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ABSTRACT 

This research focuses on a further development of the Hydrogen Effusion Probe 

(HEP), a device shaped like a cylindrical cup, for monitoring corrosion of carbon steels.  

A HEP (called HEProTM) installed at the Point Lepreau Generating Station (PLGS) 

was simulated using a computational fluid dynamics (CFD) program to solve some issues 

observed with HEPro; the curving pressure trend and the ñkinkò appeared in the curve. The 

model of hydrogen accumulation inside this HEP was also developed and solved by 

MATLAB software. The simulation result predicted the hydrogen diffusion path and 

hydrogen accumulation inside the cup. The simulation and modelling results are in good 

agreement with the plant data. 

The HEPro at the PLGS works well. However, as it was manufactured from silver, 

a vacuum pump is necessary for its operation. A cup that is manufactured from a material 

that has higher hydrogen permeability than silver would work as a diffusing membrane and 

lead to the simpler system. A piece of carbon steel 1045 was machined into two cylindrical 

membranes with two different lengths to determine hydrogen permeability and diffusivity 

in the material at several temperatures. The resulting expressions for increasing hydrogen 

permeability and diffusivity with increasing temperature were 4.832 × 10-4 exp (-8.622 × 

104/RT) mol/mĀsĀPa1/2 and 6.229 × 10-3 exp (-6.508 × 104/RT) m2/s, respectively. These 

results were used for modelling hydrogen accumulation inside the carbon steel cups, and 

also demonstrated that a carbon steel cup would work as a diffusing membrane. 

Eight cups with different geometries were manufactured from carbon steel and 

stainless steel, and welded onto a carbon steel pipe containing hydrogen gas. Two cups 

indicated leak. Therefore, six of them were tested to investigate the effect of material, size, 
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and wall thickness on hydrogen accumulation inside the cups. The results indicated that 

the hydrogen accumulation inside the cups depends significantly on the cup material. The 

plateau pressure inside the stainless steel cup was significantly higher than in the carbon 

steel cup. The change in size of the cups has a moderate effect on hydrogen pressure at 

steady state inside the cups. The difference in wall thicknesses does not have a significant 

effect on plateau pressure inside the cups. The hydrogen accumulation inside the cups 

raises the possibility of a self-moderating-pressure design. 

A computational fluid dynamics (CFD) program was used to indicate the hydrogen 

diffusion paths around the cups and hydrogen accumulation inside the cups at steady state. 

The steady state pressures inside the stainless steel cups did not agree with the experimental 

results, but the plateau pressures inside the carbon steel cups concur well with the 

experimental results. A mathematical model was developed which was capable of 

predicting plateau pressure inside the carbon steel and stainless steel cups. 
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rp,o  Outer radius of pipe (m) 

R  Gas constant (8.314 J/molĀK or 8.314 m3ĀPa/molĀK) 

Ri   Reaction rate (mol/m3Ās) 

s  Distance between the center of cup and edge of cup (m) 

S  Solubility (mol/mĀPa1/2 or cm3H2/cm3metal) 

SH   Hydrogen solubility (mol/mĀPa1/2 or cm3H2/cm3metal) 

t  Time (s) 

to  Oxide thickness (m) 

T  Absolute temperature (K) 

Teff        Effective temperature in the system (K) 

Tin    Furnace temperature (K) 

Tmean  Mean absolute temperature (K) 

TNTP  Absolute temperature at NTP (K) 

Tout Room temperature or average temperature of parts that are outside the 

furnace (K) 
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u   Velocity field (m/s) 

V        Total hydrogen gas volume (m3) 

Velement  Remaining element volume of the cup (m3) 

Vcup  Cup volume (m3) 

Vcup,min  Cylindrical cup volume based on the minimum height of the cup (m3) 

Vin   Hydrogen volume in the parts that are inside the furnace (m3) 

Vout  Hydrogen volume in the parts that are outside the furnace (m3) 

VS   Hydrogen gas volume (m3 H2/m
3 metal) 
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Chapter 1  

INTRODUCTION  

Flow Accelerated Corrosion (FAC) is a type of corrosion whereby the protective 

oxide layer on the base metal dissolves into a stream of water or steam-water mixture. The 

underlying metal corrodes to re-create the oxide film. Consequently, the metal 

continuously loses material. As a result of FAC in deaerated water, hydrogen atoms are 

produced electrochemically as iron is lost into the solution. These hydrogen atoms diffuse 

into the metallic lattice of carbon steel, and then permeate through the metal. Subsequently, 

they combine to form hydrogen molecules at the outer surface of the pipes, which can be 

collected and measured [1; 2]. Therefore, from the rate of hydrogen diffusion through the 

pipes, which is measurable, the wall thinning rate can be determined. 

FAC in feedwater systems is an important problem in nuclear power plants. It can 

lead to serious accidents (for example, the rupture of the feedwater pipe of the Mihama-3 

PWR in 2004, causing several fatalities). Moreover, one of the problems affecting the 

CANada Deuterium Uranium or CANDU reactor has been corrosion of the feeder pipes 

caused by FAC [3]. FAC causes a high rate of wall thinning (metal loss) of the carbon steel 

feeder pipes which contain heavy water coolant by the reaction between water and carbon 

steel at high temperature, resulting in deterioration of the feeder pipe [4-9]. 

In order to ensure the safety in power plant operation, accurate corrosion 

measurement is necessary. The Hydrogen Effusion Probe (HEP) is a corrosion rate 

measurement device that has been under development by the Centre for Nuclear Energy 

Research (CNER) for over a decade. It is a device shaped like a cylindrical cup that can be 
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used to measure the pipe thinning rate by measuring the quantity of hydrogen produced by 

the corrosion reaction at the inner surface of pipes, which diffuses through the pipe wall 

and accumulates in the chamber on the outside of the pipe wall, resulting in a measurable 

pressure rise. The rate of pressure increase measured by the HEP is proportional to the 

corrosion and can be used to calculate the rate of metal loss on the inside surface. 

The original HEP cups were manufactured from silver, which has a low hydrogen 

permeability, to collect the hydrogen gas. Consequently, a vacuum pump was necessary in 

order to operate the corrosion monitoring system  [10]. Hence, it is complex and 

inconvenient to make the measurements. 

Among all of the industrial metals, stainless steel and carbon steel have many 

applications and could be used as an alternative cup material. Both of them have 

moderately high hydrogen permeability and diffusivity (although that of stainless steel is 

one to two orders of magnitude lower than that of carbon steel at 300 oC), allowing the 

hydrogen to diffuse through the cup wall and achieve a plateau pressure. This means that 

it is conceivable to make the cups of these materials for operation in the corrosion 

monitoring system without the requirement of a vacuum pump [11; 12]. 

This research focuses on the further study and design of HEP. The effect of cup 

materials (carbon steel and stainless steel) and geometry (wall thickness and size) on the 

hydrogen accumulation inside the cups will be investigated. The model of hydrogen 

pressure build-up inside the cups and the mathematical computation of hydrogen diffusion 

will be developed to make possible the accurate prediction of the corrosion rate at the 

plateau pressure inside the  cups at equilibrium and during transient conditions. The 
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prediction of hydrogen accumulation in the device from the developed modelling will 

guide the re-design of the HEP device. 

This thesis consists of four main parts: 1) simulation and modelling of hydrogen 

accumulation inside the HEPro; 2) hydrogen diffusion through the carbon steel; 3) 

hydrogen accumulation inside the HEPs made of carbon steel and stainless steel, herein 

called carbon steel cup and stainless steel cup; 4) simulation and modelling of hydrogen 

accumulation inside non-silver cups. 

Chapter 2 presents a Theory and Literature Review which provides a background 

of FAC, oxide formation, hydrogen evolution and transport of hydrogen in steel. Moreover, 

the principle of HEP is also presented in this chapter. 

A HEP (called HEProTM) was installed at the Point Lepreau Generating Station 

(PLGS) and has been operated both plant pre- and post-refurbishment. The results from the 

HEPro have demonstrated the ability of measuring FAC rate on the feeder pipe, in-situ and 

in real time. The HEPro also has played an important role in providing a quick indication 

of the changes to the system chemistry; changes in pH or the presence of dissolved oxygen. 

Chapter 3 provides the details in developing a mathematical model of hydrogen 

accumulation inside this silver cup installed in the nuclear power plant. A Computational 

Fluid Dynamics (CFD) program was used to elucidate the hydrogen diffusion path and the 

hydrogen accumulation inside the HEPro at the Point Lepreau Generating Station (PLGS). 

The result from the simulation is an important key to solve the issues found with HEPro; 

the curving pressure trend and the ñkinkò appeared on the curve, and also help developing 

the modelling. The comparison of the modelling and simulation results with the HEPro 

data from the power plant is also included in this chapter. 
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As mentioned before, HEPro works well, but its system is inconvenient as it was 

manufactured from silver. A cup that is manufactured from an alternative material (likes 

stainless steel or carbon steel) that has higher hydrogen permeability than silver could be 

used as a hydrogen membrane and raises the possibility to make the system simpler. 

Therefore, an experiment on the hydrogen diffusion through the carbon steel membranes 

was performed for determining the hydrogen permeability and diffusivity in carbon steel, 

which is described in Chapter 4.  

The design of HEPs made of carbon steel and stainless steel, the installation test 

and HEPs performance in Test 1 and Test 2 including the problems found and the solution 

for the problems are described in Chapter 5. 

In Chapter 6, a mathematical model of hydrogen accumulation inside the carbon 

steel and stainless steel cups is developed to predict the hydrogen pressure inside non-silver 

cups. A Computational Fluid Dynamics (CFD) program is involved to provide a better 

understanding of the hydrogen diffusion path and hydrogen accumulation inside the cups 

in three dimensions. Furthermore, the comparison between the experiment, simulation and 

modelling results is presented in this chapter. 

While the conclusions for each part are included individually in each chapter, the 

overall conclusions and recommendations for this research are presented in Chapter 7. 
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Chapter 2  

THEORY AND LITERATURE REVIEW  

2.1 Flow-Accelerated Corrosion (FAC) 

Flow accelerated corrosion (FAC), previously referred to as erosion-corrosion 

(E/C), is a process whereby the normally protective oxide layer on carbon or low-alloy 

steel dissolves into a stream of water or water-steam mixtures and is accelerated by flow 

or flow impingement. FAC causes wall thinning (metal loss) of carbon steel piping, tubing 

and vessels exposed to flowing water or wet steam. If the damage remains undetected, the 

degraded component can suddenly rupture [13; 14]. 

In the FAC process, the inside surface of the pipe comes into contact with the 

solution. The surface is attacked and forms an oxide layer by the reaction between water 

or dissolved oxygen and steel. As the result of a high flow velocity, some of that oxide 

layer is dissolved and eroded away and carried with the flow, likely to deposit elsewhere 

downstream in the system. As conditions favor the formation of the oxide layer, a new 

layer will be formed wherever thin oxide layer is exposed, with continuous removal and 

reforming of the oxide. Consequently, the metal loss continues resulting in the reduction 

of wall thickness as shown in Figure 2.1. 
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Figure 2.1  Mechanism of FAC 

 

FAC is present in the primary heat transfer system of the CANDU reactor. The 

outlet feeder pipes undergo FAC, unlike the inlet feeder pipes. Because the coolant 

temperature increases from 265 oC to 310 oC during flow through the reactor core, where 

there is no source of iron, and as the solubility of the oxide film depends on the temperature, 

so this results in higher solubility of the oxide film in the outlet feeders. Consequently, the 

coolant in the inlet feeder pipes is over-saturated with dissolved iron, which results in a 

lower corrosion rate and a relatively thick film compared with outlet feeder pipes [5-8]. 



7 

 

2.2 Mechanism of Oxide Formation and Hydrogen Evolution 

 The understanding of the phenomena involved with FAC and hydrogen 

permeation involves linking mechanisms of oxide formation and dissolution with mass 

transfer.  

2.2.1  Magnetite Formation 

Magnetite (Fe3O4) is the structure of the oxide film that is usually present on the 

surface of the feeder pipes in a CANDU reactor. This oxide generally behaves like a 

corrosion-resistant layer on the steel. On the outlet feeders, however, it degrades from 

dissolution and erosion and loses some of its protective ability. 

Moreover, this oxide film also acts as a barrier to hydrogen transport. In 2009, 

Leelasangsai investigated hydrogen diffusion through various steels  with and without 

oxide films. Her experiment contained 100 psig of hydrogen gas in a carbon steel tube that 

was heated up and the pressure increased to 135 psig during the heating process. After two 

days of leak testing and two days of heating (approximately at 100th hour), the carbon steel 

tube was taken out of the furnace and quickly polished with 600-grit sandpaper to remove 

the oxide film formed on the external surface and then replaced in the furnace. The 

hydrogen pressure inside the carbon steel tube dropped rapidly from 105 to 85 psig after 

the removal of the oxide film, as shown in Figure 2.2. She suggested that this was because 

there was no oxide film to act as a barrier to hydrogen transport [15]. 
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Figure 2.2  The change in hydrogen pressure inside a carbon steel tube with time 

after the removal of the oxide film formed on the outside surface [15] 

 

Normally, carbon steel corrodes in high temperature water and forms a double 

oxide layer known as  the Potter-Mann layer. The inner layer  consists of small magnetite 

crystals that grow at the metal-oxide interface, replacing the  corroded volume [16]. This 

layer is compact and adherent [17] since it nucleates in the limited space. The outer layer 

consists of larger magnetite crystals that grow from solution [18] since it grows without 

space limitation. A schematic of the double oxide layer formed on carbon steel is shown in 

Figure 2.3. 
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Figure 2.3  Schematic of double oxide layer formed on carbon steel [10] 

 

In the absence of oxygen condition, the corrosion of carbon steels and low-alloy 

steels in high-temperature water involves the movement of oxygen-bearing species to the 

metal/oxide interface and the discharge of metal ions to the solution. Once the solution 

becomes saturated with soluble iron, an outer magnetite layer is formed and grows on the 

surface. Therefore, the final result is in a double magnetite layer [19].  

2.2.2  Hydrogen Evolution 

Cheng & Steward (2004) [19] described the oxygen-bearing species in high 

temperature deaerated alkaline solution. They proposed that in the absence of oxygen 

condition, the movement of oxygen-bearing species happens by diffusion of either water 

molecules or oxide ions or hydroxide ions. Oxide ions promote the formation of the oxide 

film only after an anodic potential is enforced sufficiently, and a de-protonation of H2O 

occurs, resulting in the protons loss to the solution and oxide ions migrating towards the 

steel surface. Consequently, oxide ions cannot be the diffusion species. 
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Since the pH of the coolant in CANDU reactors is around 9.8 - 10.2 and based on 

the potentialïpH diagram of ironïwater at high temperature, the electrochemical potential 

of steel is roughly within the range of -0.5 to -1 V (SHE) for the formation of magnetite. It 

is expected that the steel would be negative with reference to the solution because of the 

injection of Fe2+, Fe(OH)+ or Fe(OH)2 into the water. Because of the thin oxide film, the 

electric charge strength across the film is very high. Consequently, the electric field is 

created, and it blocks the negatively charged ions, such as OH
-
 from moving towards the 

steel surface. This confirms that hydroxide ions are not the diffusion species. Therefore, 

the only suitable oxygen-bearing species involving the formation of the magnetite layer 

must be water. 

A schematic of the mechanism of FAC at steady-state is shown in Figure 2.4. Water 

molecules diffuse through the inner oxide layer and react directly with steel at the 

steel/oxide interface. Iron dissolution occurs under the oxide layer. The produced protons 

at the steel/oxide interface receive electrons and discharge as hydrogen atoms at the 

steel/oxide interface. The reactions of iron dissolution and hydrogen production occurring 

at the steel/oxide interface are: 

 ὊὩO ὊὩ ςὩ  Equation 1 

 Ὄὕ Ὡ ᴼὌ ὕὌ  Equation 2 

 The ferrous ions (Fe2+) or the dissolved irons at the steel/oxide interface combine 

with hydroxyl ions to form dissolved ferrous hydroxide (Fe(OH)2). Ferrous hydroxide is 

soluble in water, however, under the absence of oxygen condition, half of is oxidized to 

magnetite (Fe3O4) and releases hydrogen molecules that diffuse towards the fluid via the 



11 

 

reaction in Equation 3. The other half diffuses through the oxide and is itself released to 

the bulk fluid [20]. 

 σὊὩὕὌ ᵶὊὩὕ ςὌὕ Ὄ  Equation 3 

  Magnetite itself is soluble in water, but it can be reduced by hydrogen to ferrous 

hydroxide at the oxide/water interface (reversing the reaction).  

 

Figure 2.4  Schematic of the mechanism of FAC at steady-state associated 

stoichiometrically balanced chemical reactions and transport processes [20]. 

 

As in Equations 2 and 3, these reactions indicate that hydrogen atoms and 

molecules are produced by the dissolution of iron and magnetite formation at the 

steel/oxide interface. However, only the hydrogen atom that is produced from iron 
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dissolution at the steel/oxide interface will go through the steel. The produced hydrogen 

from magnetite production will go to the water (Mancey, personal communication, 2016, 

June 24). 

2.2.3  Hydrogen Emission during Steel Corrosion 

Tomlinson (1981, 1989) studied the hydrogen emission from the oxidation of steel 

in water at 450 ï 552 oC. He reported that protons produced from the corrosion process 

diffuse in both directions across the oxide. Hydrogen atoms are generated at both the 

metal/oxide interface and the oxide/water interface. At the oxide/water interface, hydrogen 

atoms are either released by electron diffusion across the oxide or diffuse through the oxide 

as protons which are discharged at the metal/oxide interface. Under the concentration and 

potential gradient, protons at the oxide/water interface diffuse rapidly through the oxide 

layer and discharge as hydrogen atoms at the metal/oxide interface. 

The experimental evidence indicates that up to 90% of the hydrogen atoms are 

generated at the metal/oxide interface during the corrosion of carbon steels by high 

temperature deaerated water. Because of the low hydrogen permeability of the oxide film, 

more than 99% of these hydrogen atoms will diffuse through the steel at the temperature 

of interest. Hydrogen diffuses through the metal 330 times more rapidly than through the 

oxide [21; 22]. It is suggested that if the ratio of the rate of growth of the inner layer to the 

rate of growth of the outer layer is constant, then the ratio of hydrogen emission from metal 

and oxide surfaces should also be constant. Furthermore, the fraction of hydrogen 

transporting through the steel appears to increase with the amount of oxide deposited on 

the tube surface [21; 22]. 
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2.3 Transport  of Hydrogen through Steel 

 Hydrogen transport through steel depends on many factors; a reaction occurring 

on the steel surface, a reaction occurring in the steel, the isotope of the diffusing substance, 

structure of steel, and surface of steel. Furthermore, hydrogen permeability, diffusivity, and 

solubility are the three important hydrogen transport coefficients which involve an 

understanding of the transport of hydrogen.  

2.3.1  Mechanism of Hydrogen Transport Through Steel 

Hydrogen permeation in metals and alloys is a complicated phenomenon including 

several successive stages [23]. In addition to its diffusion through the bulk metal, the 

permeation of hydrogen through steels involves its entrance at one surface and its exit at 

another surface. There are seven postulated steps that take place before the hydrogen is 

detected on the output side. The permeation of hydrogen through a metallic membrane 

essentially involves the consecutive steps as shown in Figure 2.5. 
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Figure 2.5  Seven steps of hydrogen permeation 

 

This model indicates that there are seven steps in the permeation of hydrogen 

through a metallic membrane with the presence of surface films at both sides of surfaces. 

They are: 

1. Adsorption of the hydrogen molecule from the gas phase to the surface (Van der Waals 

adsorption). 

2. Dissociation of the molecule to single atoms or adsorbed atoms on the surface 

(chemisorption). 

3. Permeation of adsorbed atoms from the surface to the bulk of the metal through the 

surface film (dissolution of gas in the metal). 

4. Diffusion of atoms through the metal under the concentration gradient established. 

5. Permeation of atoms through the film on the output side. 
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6. Recombination of atoms to form hydrogen molecules on the surface. 

7. Desorption of the hydrogen molecules from the surface. 

In principle, any one of the above seven steps might be sufficiently slow to become 

the rate-determining or limiting step. Generally, for thin membranes, the rate of permeation 

is diffusion-controlled which refers to step 4 as the slowest step. Since the above steps are 

consecutive, the rates at which all the others proceed will become equal to the diffusion 

rate when the steady state is reached. If the kinetics of the other processes are inherently 

more rapid than the diffusion step, equilibrium of the surface concentrations on either side 

of the membrane will be established with the respective gas pressures [24]. 

2.3.2  Hydrogen Diffusion in Stainless Steel 

Stainless Steel (SS) 316, or 316 SS, is an austenitic steel that is commonly used  in 

components of nuclear fission  and fusion reactors. Reports on hydrogen-isotope 

permeation through 316L SS or 316 SS are found in the literature. However, deuterium 

permeation has only been studied by a few researchers. 

In 2014, Lee et al. [25] investigated deuterium transport and isotope effects in type 

316L stainless steel over a wide temperature range of 350-850 oC for nuclear fusion and 

nuclear hydrogen technology applications. In this study, it was found that the hydrogen 

permeability, diffusivity, and solubility in 316L SS follows: 

 ( )RTH

37 109.68exp1025.5 ³-³= -f      Equation 4 

 ( )RTDH

37 101.55exp104.12 ³-³= -
 Equation 5 

 ( )RTSH

3108.13exp42.0 ³-³=  Equation 6 
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where Hf  (mol m-1 s-1 Pa-0.5) is hydrogen permeability in 316L SS. DH (m2 s-1) is the 

diffusivity of hydrogen, and SH (mol m-3 Pa-0.5) is the corresponding solubility. R (J mol-1 

K-1) is the gas constant of 8.314, and T (Kelvin) is the absolute temperature. 

 Permeability, diffusivity, and solubility are related to each other. Permeability is a 

product of diffusivity and solubility. If the diffusion coefficient is constant, the relationship 

between the diffusion coefficient, the permeation coefficient, and the solubility coefficient 

simplifies to ‰ ὈϽὛ. 

Hydrogen permeability obtained by Lee et al. [25] is in agreement with the results 

reported in the study of both Shiraishi et al. [26] and Grant et al. [27] who also studied the 

permeation of hydrogen and hydrogen isotopes through 316 SS at various temperatures. 

Their results indicated that the permeation and diffusion coefficients follow the correlations 

given below. 

 ( )RTH

47 1073.6exp1015.4 ³-³= -f  Equation 7 

 ( )TH

37 10)08.019.8(exp10)7.01.8( ³°-³°= -f  Equation 8 

 ( )TDH

37 10)11.030.6(exp10)9.03.7( ³°-³°= -
 Equation 9 

where Hf  is the permeation coefficient in (mol m-1 s-1 Pa-0.5), DH is the diffusion coefficient 

in (m2 s-1), R is the gas constant of 8.314 (J mol-1 K-1), and T is the absolute temperature in 

(K). 

 In 1980, Van Deventer and Maroni [28] studied hydrogen permeation 

characteristics through some austenitic and nickel-base alloys, and reported that the 

permeability of hydrogen through 316 stainless steel follows the behavior presented in 

Figure 2.6. The hydrogen permeability obtained in their results is slightly low compared to 
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the results represented in the study of Lee et al. [25], Shiraishi et al. [26], and Grant et al. 

[27]. However, it is still in good agreement with the recommended value for austenitic 

stainless steel reported by Le Claire [29] and other researchers. 

 

Figure 2.6  Hydrogen permeability as a function of reciprocal Kelvin temperature 

for 316-SS [28] 

 

2.3.3  Hydrogen Diffusion in Carbon Steel 

Carbon steel (CS) is used extensively in industry. It can be alloyed, singly or in 

combination, with chromium, nickel, copper, molybdenum, phosphorous, and vanadium in 

the range of a few percent or less to produce low-alloy steels. There are many types of 

carbon steel, like CS 1010, CS 1035, and etc., which are different in strength. However, 
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the most important attribute is much better resistance to atmospheric corrosion as obtained 

in the low alloys. 

 In 1980, Robertson and Thompson [30] measured hydrogen trapping in 1045 steel. 

They reported hydrogen permeability in carbon steel 1045 as shown the Figure 2.7. 

 

Figure 2.7  Hydrogen permeability in 1045 steel as a function of temperature [30] 

 

 Gadgeel and Johnson [31] studied permeability, diffusivity, and solubility of 

hydrogen in various types of carbon steel at temperatures between 500 and 900 K. Their 

results are shown in Table 2.1 in which R and 0  are gas constant (8.314 J mol-1 K-1) and 

hydrogen partial pressure (Pa), respectively. 
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Table 2.1  Equations for permeability (◖), diffusivity (D), and solubility (S) of 

hydrogen in steel 

Type of 

Carbon 

steel 

Equations 

1010 

‰ ὧάὔὝὖ ὧά ί  ὖὥϳ χȢχρυρπÅØÐστȟρψπὙὝϳ  

Ὀ ὧά ί ρȢχππ ρπÅØÐωȟτψπὙὝϳ  

Ὓ ὧάὌ ὧά άὩὸὥὰ τȢυσψρπὖ
ϳ
ÅØÐςτȟχππὙὝϳ  

1020 

‰ ὧάὔὝὖ ὧά ί  ὖὥϳ ψȢτυρπÅØÐσυȟπχπὙὝϳ  

Ὀ ὧά ί ςȢσχπ ρπÅØÐρρȟυσπὙὝϳ  

Ὓ ὧάὌ ὧά άὩὸὥὰ σȢυφυρπὖ
ϳ
ÅØÐςσȟυτπὙὝϳ  

1035 

‰ ὧάὔὝὖ ὧά ί  ὖὥϳ ψȢπχφρπÅØÐσφȟρφπὙὝϳ  

Ὀ ὧά ί ρȢωρπ ρπÅØÐρρȟυσπὙὝϳ  

Ὓ ὧάὌ ὧά άὩὸὥὰ τȢςςψρπὖ
ϳ
ÅØÐςτȟφσπὙὝϳ  

1050 

‰ ὧάὔὝὖ ὧά ί  ὖὥϳ τȢχππρπÅØÐστȟρσπὙὝϳ  

Ὀ ὧά ί ςȢυσπ ρπÅØÐρσȟπσπὙὝϳ  

Ὓ ὧάὌ ὧά άὩὸὥὰ ρȢψυψρπὖ
ϳ
ÅØÐςρȟρππὙὝϳ  

1065 

‰ ὧάὔὝὖ ὧά ί  ὖὥϳ σȢυωπρπÅØÐστȟχσπὙὝϳ  

Ὀ ὧά ί ςȢττπ ρπÅØÐρσȟρωπὙὝϳ  

Ὓ ὧάὌ ὧά άὩὸὥὰ ρȢτχρρπὖ
ϳ
ÅØÐςρȟυτπὙὝϳ  

1095 

‰ ὧάὔὝὖ ὧά ί  ὖὥϳ ςȢσςψρπÅØÐσσȟτσπὙὝϳ  

Ὀ ὧά ί ςȢτχυ ρπÅØÐρτȟρυπὙὝϳ  

Ὓ ὧάὌ ὧά άὩὸὥὰ πȢωτρρπὖ
ϳ
ÅØÐρωȟςψπὙὝϳ  
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In 2014, Kongvarhodom studied the diffusion of hydrogen through carbon steel 

A106-B pipe at 200 oC, 250 oC, and 300 oC. Carbon steel A106-B is a representative 

material for many pipelines and pressure components in the nuclear industry, pulp and 

paper mills, and petroleum refineries. Its chemical composition is shown in Table 2.2. In 

this research it had a low chromium content. 

Table 2.2  Elemental content of carbon steel A106-B in research [10] (mass fraction 

in %; balance Fe) 

C Si Mn P S Cr Mo 

0.20 0.31 0.62 0.02 0.012 0.019 0.004 

Moreover, she reported that the hydrogen permeability, and diffusivity obtained for 

CS A106-B were: 

 ‰ ρȢψφπρπÅØÐσςȟωςτὙὝϳ  Equation 10 

 Ὀ ρȢςχσ ρπÅØÐωȟσχσὙὝϳ  Equation 11 

where f (mol m-1 s-1 Pa-0.5) is the hydrogen permeability. D (m2 s-1) is the diffusivity of 

hydrogen. R (J mol-1 K-1) is the gas constant of 8.314, and T (Kelvin) is the absolute 

temperature [10]. 

2.3.4  Hydrogen Diffusion in Silver 

 Silver is an expensive material which has many good properties. It is the best 

conductor of heat and electricity due to its having the highest electrical and thermal 

conductivity known for any material. It is strong and ductile. Moreover, it also has very 

low hydrogen permeability and diffusivity. 
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 In 2005, Kurokawa et al. [32] investigated hydrogen diffusion process in metals 

and alloys. They reported the hydrogen diffusion coefficients in palladium and silver as 

shown in Figure 2.8. 

 

Figure 2.8  Hydrogen diffusion coefficients in palladium and silver [32] 

 

2.4  Hydrogen Effusion Probe (HEP) 

 A HEP consists of a silver cup, connected via silver and stainless steel tubing to a 

valve, pressure transducer, vacuum pump, and includes a data acquisition system (see 

Figure 2.9). In order to avoid the loss of hydrogen from the device, high purity silver is 

used due to the low permeation rate of hydrogen through it at high temperatures [33]. When 

the cup is sealed to the vessel wall a vacuum tight seal is achieved. The pump is used to 

create a vacuum within the cup and tubing. The valve, when closed, maintains the vacuum. 

Hydrogen diffusing through the vessel wall is collected within the cup, resulting in an 

increase in pressure. A pressure transducer measures the hydrogen pressure. The system is 
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re-evacuated once a predetermined pressure set-point is reached; 2000 Pa is recommended 

[34]. The data from the pressure transducer are used to calculate the corrosion rate. Multiple 

thermocouples provide data to allow for temperature compensation of the calculated 

corrosion rate. A data acquisition and control system is used to control the vacuum pump 

and valve operation and to record readings from the pressure transducer and thermocouple 

[35].  

 

Figure 2.9  Schematic of the hydrogen effusion probe components 

 

2.4.1  Hydrogen Probe Principle 

 The HEP can measure the pipe thinning rate since the quantity of hydrogen 

diffusing through the carbon steel pipe is proportional to the rate that iron is lost into 

solution as a consequence of FAC. Once the corrosion process has occurred, one of the 
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products is hydrogen atoms (see Equation 2). These generated hydrogen atoms diffuse 

through the carbon steel pipe and are liberated at the exterior surface. They then recombine 

to hydrogen gas which is collected in the sealed chamber outside of the pipe wall, which 

causes the increase in pressure.  The pressure transducer measures the hydrogen pressure 

rise which can be used to calculate the wall thinning rate. 

The pipe thinning in CANDU reactor primary coolants occurs because iron ions 

(Fe2+) in the steel dissolve into the coolant as a consequence of FAC. All of the hydrogen 

liberated in the corrosion reaction diffuses through the pipe wall and one mole of hydrogen 

gas is produced from one mole of iron losses (Mancey, personal communication, 2016, 

June 24). The reaction is shown below. 

 ὊὩ ςὌ ᴼὊὩ ςὌ Equation 12 

 The rate of corrosion is related to hydrogen evolution and can be determined from 

the accumulation of hydrogen gas within the chamber according to the following equation: 
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where:  

Cr     is the corrosion rate (cm/yr) 

ac     is the conversion of days to year (365 days/yr) 

           
d

d

t

n

µ

µ
 is the daily accumulation of hydrogen gas (mol/day) 

 MFe   is the molar mass of iron (55.85 g/mol) 

 Ai      is the internal area of pipe (cm2) 
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Fer    is the density of iron (7.87 g/cm3). 

Since hydrogen behaves as an ideal gas at low pressures and moderate 

temperatures, the number of moles of hydrogen accumulated per day can be related to the 

change in pressure by the Ideal Gas Law. 
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where: 

 
d

H

t

P

µ

µ
2   is the rate of pressure increase (Pa/day) 

V       is the total volume of the HEP (m3) which depends on the   assembly of the 

HEP 

R is the gas constant (8.314 m3ĀPa/molĀK) 

 Teff       is the effective temperature in the system (K) 

 Since various parts of the HEP system are exposed to different temperatures the 

effective temperature is the sum of the individual temperatures multiplied by their 

respective volume in the HEP system divided by the total volume (i.e. volume%). 

The essential feature of the hydrogen effusion probe is that it is a real-time device, 

which can detect short-term upsets in the process. By getting real-time data from corrosion 

monitoring, operators can relate this data to events that caused a change in corrosion rate. 

Hence, they can lower corrosion rates by adjusting or eliminating corrosion-causing events 

[36].  
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Chapter 3  

SIMULATION AND MODELLING OF HYDROGEN EFFUSION PROBE AT 

POINT LEPREAU GENERATING STAT ION  

A Hydrogen Effusion Probe (HEP) was installed on an outlet feeder pipe of the 

primary heat transport system at the Point Lepreau Generating Station (PLGS) for 

monitoring FAC of the carbon steel pipe in both pre- and post-refurbishment. The HEP has 

provided good online real-time information regarding FAC and verified that new material 

specification for feeder pipes has reduced FAC rate. The HEP is a valuable tool for 

detecting the changes to the system chemistry also. During the channel refueling, it has a 

high capability to indicate the change to the system due to the presence of dissolved 

oxygen. The recorded data from HEP have been sent and analyzed by the Centre for 

Nuclear Energy Research (CNER) for many years to calculate the corrosion rate of the 

pipe.  

The HEP (called HEProTM) at the PLGS consists of several components; silver cup, 

silver tube, stainless steel tube, valve, pressure transducer, vacuum pump and other fittings. 

As a consequence of the corrosion reaction, hydrogen atoms are produced and diffuse 

through the pipe wall which results in a pressure rise that could be detected by a pressure 

transducer. Once the hydrogen pressure inside the device reaches a certain level, the 

vacuum pump is operated to remove all the hydrogen gas inside the device in order to 

control the pressure inside the device. Therefore, the frequent use of vacuum is necessary 

to operate the HEPro at the PLGS. 
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A Computational Fluid Dynamics (CFD) program, COMSOL Multiphysics 

Academic Classkit (Version 4.3b), was used to elucidate the hydrogen diffusion path and 

the hydrogen accumulation inside the HEPro at the PLGS. The results from the program 

will provide a better understanding on the hydrogen diffusion path and hydrogen 

accumulation inside the device in three dimensions.  

Furthermore, there were some issues found with HEPro; the curving pressure trend 

and the ñkinkò in the curve. The results from the simulation program would lead to a better 

explanation for these issues. 

The simulation generally comprised seven steps; list all modelling parameters, 

create the model geometry, set up physics (equation and conditions), build mesh, select 

type of study, compute and examine the result, and consider modification of modelling 

parameters. The software solves the mass transport equations by the ñTransport of Diluted 

Speciesò interface. 

Moreover, CNER has focused on developing a model of hydrogen accumulation 

inside the device. The model was developed based on a combination of Sievertôs Law and 

the Ideal Gas Law to be capable of accurately predicting the pressure inside the device. 

The information gained from the CFD software can be applied to help develop the model. 

The hydrogen pressure increase inside the device was modeled and solved by MATLAB 

software, and compared to the data from the PLGS to indicate the accuracy and quality of 

the model. 

Hydrogen diffusion and accumulation inside the device has been simulated under 

the power plant conditions (at 300 oC). This study focused on the time-dependent hydrogen 
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diffusion and accumulation. The results from both programs, COMSOL Multiphysics 

Academic Classkit (Version 4.3b) and MATLAB, are discussed in this chapter. 

3.1  Parameters for Modelling 

Determination of the unknown parameters is the first step in order to solve the 

mathematical simulation. The required parameters are shown below: 

- the hydrogen diffusivity of the carbon steel A106-C pipe 

- the hydrogen diffusivity of the silver cup and silver tube 

- the hydrogen diffusivity of the valve, pressure transducer and other parts  

- the hydrogen diffusivity of the oxide film formed on the outer surface of the pipe 

- the hydrogen diffusivity of the low pressure 

- the oxide thickness 

- the hydrogen flux on the inside surface of the pipe 

- the vacuum pump speed during the vacuum process 

The diffusivity of hydrogen of the silver cup and silver tube was obtained from 

Equation 15 (Mancey, personal communication, 2016, June 24).  

 Ὀ ρȢσ ρπὩὼὴτσππὝϳ  Equation 15 

where: 

 Ὀ is the hydrogen diffusivity (cm2/s) 

 Ὕ is the absolute temperature (K) 
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The hydrogen flux, J, on the inside surface of the pipe was calculated from Equation 

16. The corrosion rate in Equation 16 is the corrosion rate at the inside surface of the pipe, 

which was calculated to be 65 µm/year as corresponding to the power plant data. 

 
ὐ

ὅ”

ὓ σφυςτσφππ
 Equation 16 

where: 

 ὐ is the hydrogen flux (mol/m2Ās) 

 ὅ is the corrosion rate (µm/year) 

 ”  is the density of iron (7.87 g/cm3) 

 ὓ  is the molar mass of iron (55.85 g/mol) 

The remaining unknown modelling parameters were assumed to be. 

3.1.1  Assumptions 

The main assumptions considered in this model are:  

a) The hydrogen diffusion through the silver cup wall, silver tube, valve, pressure 

transducer, stainless steel tube and other fittings is very low. Therefore, it is 

assumed that the hydrogen diffusion coefficient or hydrogen diffusivity of these 

parts is equal to the hydrogen diffusivity of the silver tubing and there is no 

hydrogen diffusion through these parts. 

b) The hydrogen diffusivity of the carbon steel A106-C pipe to which the silver cup 

was installed is assumed to equal the hydrogen diffusivity of the carbon steel A106-

B pipe which was obtained from the study of Kongvarhodom [10]. 
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c) As an assumption made on b), the oxide film on the carbon steel A106-C pipe is 

similar to the oxide film formed on the carbon steel A106-B pipe, and the diffusivity 

of the oxide film on the carbon steel pipe was obtained from the study of 

Kongvarhodom [10]. 

d) As an assumption made on b) and c), the thickness of the oxide film on the outer 

surface of the carbon A106-C pipe is assumed to be similar with the thickness of 

the oxide film formed on the outer surface of the carbon A106-B pipe reported in 

the study of Kongvarhodom [10] which is approximately 1.00 ɛm. However, due 

to the meshing quality and time required for solving, the thickness of oxide films 

was created as 100 times thicker which equals to 0.1 mm or 10-4 m. 

e) All hydrogen diffusivities are the values at 300oC. 

f) As the oxide film was created 100 times thicker for computation efficiency, the 

diffusivity of the oxide film used in the calculation is 100 times higher than in the 

literature. 

g) As the silver tube and the stainless steel tube are very long, the silver tube is created 

for only a certain length, 1 cm, to reduce the meshing and time consumed for 

computing. The volumes of the remaining silver tube, valve, pressure transducer, 

stainless steel tube, and other fittings are combined into one cylinder which is at 

the top of the silver tube. 

h) The hydrogen diffusivity in vacuum is undefined. Therefore, the hydrogen 

diffusion of the low pressure was selected instead, and it is assumed to be constant 

at 1.00 m2/s for the calculation purposes. 



30 

 

i) During the vacuum process, as the pump speed is unknown, the hydrogen gas is 

assumed to rapidly diffuse through the cylinder wall, removing the hydrogen gas 

inside the device. Consequently, the diffusivity of the cylinder wall during the 

vacuum process is assumed to be much higher than the diffusivity of the silver cup 

and the silver tube, 0.0015 m2/s. 

Based on the literature values, calculations, and the assumptions, the parameters for 

the hydrogen diffusion and accumulation inside the device are summarized in Table 3.1. 

Table 3.1  Parameters for the hydrogen accumulation simulation inside HEPro at the 

PLGS 

Parameters Symbols Values [Ref] 

Corrosion rate (µm/year) CR 65 - 

Hydrogen Flux (mol/m2Ās) J 2.90×10-7 - 

Oxide thickness thickness (m) to 1.00×10-4 - 

Hydrogen diffusivity in the carbon steel 

pipe (m2/s) 
dp 1.78×10-8 [10] 

Hydrogen diffusivity in oxide film (m2/s) doxide 2.06×10-12 [10] 

Hydrogen diffusivity in silver (m2/s) dsilver,dc 7.17×10-11 - 

3.2  Modelling of Three-Dimensional Hydrogen Accumulation inside the Silver Cup 

This section investigates the hydrogen diffusion path into the cup and out from the 

cup by determining the concentration of hydrogen inside the cup and hydrogen flux with 

the commercial CFD program, COMSOL Multiphysics Academic Classkit (Version 4.3b).  
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3.2.1  Geometry of Silver Cup on Carbon Steel Pipe  

The silver cup on the carbon steel pipe was simulated in three dimensional 

geometry in COMSOL Multiphysics software. The geometry consisted of five main parts 

as shown below: 

Part 1: the pipe and the oxide film formed on the outer surface of the pipe; 

Part 2: the silver cup; 

Part 3: a part of the silver tube; 

Part 4: the cylinder at the top of the silver tube which represent the volumes of the 

remaining silver tube, valve, pressure transducer, stainless steel tube, and other fittings; 

Part 5: the chamber inside the cup, silver tube and cylinder for hydrogen accumulation. 

As the geometry is symmetric, the 3-D geometry in this study was only one quarter 

of its original size to reduce the time consumed for computation. Moreover, in this study, 

the length of carbon steel pipe is greater than the outer diameter of the cup to ensure the 

distribution of mass transfer is uniform and not affected by the end of the pipe. 
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i 

 

ii  

Figure 3.1  3-D geometry of apparatus on the pipe (i: original & ii: zoom to the cup) 

 

3.2.2  Physics 

Transport of Diluted Species interface was selected to solve the mass transport 

equations, Fickôs law, provided by the program as shown in Equation 17 and Equation 18. 

 ‬ὧ

‬ὸ
Ͻɳ Ὀ ὧɳ όϽɳὧ Ὑ Equation 17 

 ὔ Ὀ ὧɳ όὧ Equation 18 

where:  

ci  is the concentration of hydrogen (mol/m3) 

Di  is the hydrogen diffusivity (m2/s) 

u  is the velocity field which is 0 m/s 

Ri  is the reaction rate (mol/m3Ās) which is 0 mol/m3Ās 
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Ni  is the hydrogen flux (mol/m2Ās) 

The initial hydrogen concentration throughout the system was set to zero mol/m3 

as shown in purple on Figure 3.2 (a). The hydrogen flux on the inside surface of pipe, as 

shown in purple on Figure 3.2 (b), was set at Hflux×0.0062 mol/s (based upon a selected 

corrosion rate) where 0.0062 m2 is the inner surface area of the pipe in the geometry. The 

hydrogen diffusivity in the pipe, as shown in purple on Figure 3.2 (c), was assigned as dp. 

The hydrogen diffusivity in the oxide film formed, as shown in purple on Figure 3.2 (d), 

was set at doxide. The purple on Figure 3.2 (e) is the cup wall, which has its diffusivity set 

to dc.  Similarly, for the silver tube wall and cylinder wall shown in purple on Figure 3.2 

(f), the hydrogen diffusivity was set to dc. 1.00 m2/s was the hydrogen diffusivity in the 

chambers of the cup, the silver tube and cylinder, as represented in purple on Figure 3.2 

(g). Zero hydrogen concentration was applied to the outer surfaces of the oxide film as 

presented in purple on Figure 3.2 (h). At the cross-sectional surfaces within the pipe and 

the outer surfaces of the silver cup, silver tube, and cylinder shown in purple on Figure 3.2 

(i), these surfaces were set to be no flux. The cross-sectional surfaces of the apparatus as 

shown in purple on Figure 3.2 (j) and (k) were set to be symmetrical. As corresponding to 

power plant operation, during the vacuum process, the diffusivity of the cylinder wall was 

set to 0.0015 m2/s and the hydrogen concentration at the outer surface on the top of the 

cylinder was set to zero mol/m3 as shown in Figure 3.2 (l) and (m).  
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(m) 

 

Figure 3.2  Areas of boundary conditions for modelling hydrogen accumulation 

inside the silver cup 

 

3.2.3  Mesh 

Mesh quality and resolution influence the accuracy of the simulation and the time 

consumed in the computation. The mesh for the whole geometry was created in the form 

of many unstructured tetrahedral of different sizes. A variety of different mesh resolutions, 

custom, extremely fine, fine, and extremely coarse, were used in this study as shown in 

Figure 3.3. The mesh resolution in the pipe was custom (0.1 µm to 1 mm), selected to be 

finer than the extremely fine (0.143 µm to 14.3 mm) resolution given by the program. This 

was due to the pipe being connected the oxide film which is very thin. The thickness of the 

oxide film is smaller than the fixed minimum element size in the extremely fine resolution 

given by the program. Consequently, it is not possible to create mesh at the connection 

between the pipe and the oxide film with extremely fine resolution given by the program. 

The extremely fine mesh resolution was selected to apply in the cup. The mesh resolutions 

of the oxide film formed on the pipe and the remaining parts were set to be fine (6.7 mm 

to 53.6 mm) and extremely coarse (46.9 mm to 335 mm), respectively. 
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ii  

Figure 3.3  3-D mesh resolutions of apparatus on the pipe (i: original & ii: zoom to 

the cup) 

 

3.2.4  Study 

Three studies were used sequentially in this section; a stationary or steady-state 

study, a time-dependent study for the vacuum process, and a time-dependent study for 

hydrogen accumulation. The stationary or steady-state study, Study 1, was used to 

demonstrate hydrogen concentration inside the cup at steady state, and also to get a certain 

level of hydrogen concentration inside the pipe, cup, and other parts before vacuum. Then, 

the time-dependent study, Study 2, was selected to apply to the apparatus to simulate the 

vacuum process for investigation of the hydrogen diffusion path and hydrogen 

concentration in the apparatus as a function of time. As corresponding to power plant 

operating conditions, this study was computed for only one hour as the vacuum pump in 
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the plant normally runs for one hour for every vacuum process. Lastly, another time 

dependent study, Study 3, was selected to simulate the hydrogen concentration increase 

inside the cup as a function of time after the vacuum process, and also to investigate the 

hydrogen diffusion path. This study was computed for 168 hours, which corresponds to the 

power plant operating condition (the hydrogen pressure inside the device had been 

measured and collected for approximately 168 hours before the device was restarted at 

vacuum). 

3.2.5  Results 

The results of the computation were separated into three different parts for each 

study. 

3.2.5.1  Stationary Study, Study 1 

 The result of the stationary study in 3-D is presented in Figure 3.4. The colour range 

on the right of the figure presents the hydrogen concentration in each part in the unit of 

mol/m3. The hydrogen steady state concentration inside the cup was 0.0702 mol/m3 which 

was equal to 4383 Pa by using Equation 19 in which ὠ is hydrogen gas volume (m3 H2/m
3 

metal) which is also equivalent to the hydrogen solubility as shown in Equation 20 [31]. 

The hydrogen solubility of carbon steel 1020 was applied to this calculation since the pipe 

that the cup was installed on was assumed to be the same pipe used in the study of 

Kongvarhodom [10] and the carbon content of Gadgeel and Johnsonôs sample, 0.23 weight 

%, which is similar to that of the study of Kongvarhodom [10], 0.20 weight %. 

The ideal gas law is applied to convert hydrogen pressure to the hydrogen 

concentration. 



39 

 

 
ὅ
ὖ ὠ

ὙὝ
 Equation 19 

where: 

 ὠ  is the hydrogen gas volume (m3 H2/m
3 metal) which is equivalent to 

hydrogen solubility in the metal as shown in Equation 20 [31] 

ὖ   is the pressure at NTP (Pa) 

Ὑ  is the ideal gas constant, 8.314 m3Ā Pa/molĀK 

Ὕ  is the absolute temperature at NTP (K) 

 Ὓ σȢυφυρπὖȢὩὼὴςσυτπὙὝϳ  Equation 20 

where: 

 Ὓ  is the hydrogen solubility (m3 H2/m
3 metal) 

ὖ  is the hydrogen pressure (Pa) 

Ὑ  is the ideal gas constant (J/molĀK) 

Ὕ   is the furnace temperature (K) 

The entire pipe and cup were calculated to be red, which indicated that they reached 

the equilibrium from the given boundary condition, and the hydrogen concentration was 

high before the vacuum process, Study 2. The gray arrows showed the hydrogen flux and 

its diffusion path inside the apparatus as shown in Figure 3.5. This result demonstrated that 

there was hydrogen going out around the bottom of the cup (edge effect), which 

corresponds to the study of Kongvarhodom [10]. In addition, it can be seen that the 

hydrogen diffusing area under the cup at steady state was smaller than the actual outer 

surface area of pipe under the cup, which was 5.826×10-4 m2. The result of hydrogen flux 



40 

 

in the form of tubes was also presented in Figure 3.6 to provide clearer hydrogen diffusion 

paths. 

  

Figure 3.4  Hydrogen concentration in the apparatus at steady state (Study 1) 

 

 

Figure 3.5  Hydrogen diffusion path at steady state in arrow form 

 

Hydrogen concentration 

colour legend (mol/m
3
) 

Hydrogen concentration 

colour legend (mol/m
3
) 
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Figure 3.6  Hydrogen diffusion path at steady state in tube form 

 

3.2.5.2  Time-Dependent Study for Vacuum Process, Study 2 

Figure 3.7 (a), (b) and (c) represent the apparatus under vacuum at 6, 30, and 60 

minutes, respectively. The result showed that the hydrogen left the cup by rising up the 

tube and diffusing out through the cylinder, which is similar to the actual HEP installed at 

the PLGS when the vacuum pump was turned on. Moreover, the result at the 6th minute 

shows that the representation of the hydrogen concentration inside the cup turned to dark 

blue, which indicated that hydrogen concentration inside the cup was approximately zero 

mol/m3. This means that all hydrogen was removed, and the cup was under vacuum by the 

first six minutes of operation. After that, the hydrogen inside the pipe under the cup started 

diffusing out and migrated from the pipe. Consequently, the hydrogen concentration inside 

the pipe under the cup became lower when the time passed, which is represented by the 

expanding blue area at 30 and 60 minutes of vacuum. This indicated that a long vacuum 

Hydrogen concentration 

colour legend (mol/m
3
) 
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time will draw in hydrogen from farther down the length of the carbon steel pipe and result 

in approximately zero hydrogen concentration for a certain area of pipe under the cup. 

 

(a) 6 minutes of vacuum

 

(b) 30 minutes of vacuum 

Hydrogen concentration 

colour legend (mol/m
3
) 

Hydrogen concentration 

colour legend (mol/m
3
) 



43 

 

 

 

 (c) 60 minutes of vacuum 

Figure 3.7  Hydrogen path and hydrogen concentration in the apparatus at different 

times under the vacuum process 

 

3.2.5.3  Time-Dependent Study for Hydrogen Accumulation, Study 3 

After the cup was placed under vacuum for 60 minutes, another time-dependent 

study was performed to investigate hydrogen accumulation inside the apparatus for 168 

hours. The hydrogen concentration and its diffusion path in the tube from inside the 

apparatus at different times are illustrated in Figure 3.8, in which Figure 3.8 (k) ï (p) are 

the close-up views of the cup to show the transfer around the bottom of the cup (the edge 

effect); the hydrogen diffusing areas under the cup were similar as time passed. 

Hydrogen concentration 

colour legend (mol/m
3
) 
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(a) At 1st hour 

 

(b) At 5th hour 

 

(c) At 10th hour 

 

(d) At 15th hour 

 

(e) At 20th hour 

 

(f) At 30th hour 
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(g) At 40th hour 

 

(h) At 50th hour 

 

(i) At 60th hour 

 

(j)  At 70th hour 

 

(k) At 70th hour (zoom in) 

 

(l) At 80th hour 
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(m) At 100th hour 

 

(n) At 120th hour 

 

(o) At 140th hour 

 

(p) At 168th hour 

  Figure 3.8  Hydrogen diffusion path and hydrogen concentration inside the 

apparatus at different times under hydrogen accumulation process 

 

 The representations of hydrogen concentration inside the cup at the beginning (last 

picture of Study 2) and until first hour after the pumped shut off remained blue. However, 

as time passed, the colour changed to light blue, yellow, orange, and red, due to hydrogen 

accumulation inside the cup. Similarly, the colour of the carbon steel pipe under the cup 

changed from blue to red. This indicated that once the pump was switched off, the hydrogen 

in the carbon steel pipe around the cup and hydrogen created from corrosion at the inner 
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surface of the pipe entered the cup by diffusion through this area again. Consequently, 

more hydrogen accumulated and concentrated in this area. 

 Figure 3.8 also demonstrates that the diffusing area for hydrogen under the cup 

changes with pressure. Therefore, these affected diffusing areas at different pressures were 

calculated from the width of the hydrogen diffusion path coming into the cup, ri, obtained 

from the simulation results by using the equation developed in the study by Kongvarhodom 

[10]. The areas are plotted against hydrogen pressure inside the cup as shown in Figure 3.9 

in order to obtain the equation of area as a function of hydrogen pressure. For more detailed 

information on how the value was determined see Appendix B. The result indicated that 

the effective diffusing area changed with hydrogen pressure inside the cup according to the 

equation: 

ὃὖ υȢψωρπ ὖ σȢφσρπ ὖ ρȢψτρπ ὖ χȢυσρπὖ

ςȢσρρπ g 

Equation 21 

 It can be seen that the effective diffusing area increased significantly when the 

pressure inside the cup ranged from 0 to approximately 1500 Pa. After that, it dropped 

dramatically and reached approximately 0.0001 m2 once the pressure reached 4000 Pa. The 

reason for this result is once the pump was shut off, the more concentrated hydrogen in the 

carbon steel pipe around the cup created a path towards the area underneath the cup that 

had a lower concentration and, then, diffused into the cup. Consequently, the diffusing area 

was enlarged from this hydrogen diffusing pathway. Following this, the hydrogen 



48 

 

concentration in the pipe underneath the cup increased and caused the lower hydrogen 

diffusion from the surrounding part of steel, which caused the diffusing area to decrease.    

 

Figure 3.9  Effective diffusing area under silver cup with hydrogen pressure 

 

 Additional evidence is that, at the beginning, there was also a hydrogen diffusion 

path going into the cup from the carbon steel pipe around the cup; this is the hydrogen flux 

at the outer surface area of pipe underneath the cup, which is shown in purple in Figure 

3.10. The hydrogen flux on this area as a function of hydrogen pressure inside the cup is 

displayed in Figure 3.11. 
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Figure 3.10  Outer surface area of pipe underneath the cup 

 

 

Figure 3.11  Hydrogen flux coming into the cup as a function of hydrogen pressure 

(at constant corrosion rate of 65 µm/year) 
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 It can be seen that Figure 3.9 and Figure 3.11 do not correspond. Hydrogen flux 

continuously decreased when the pressure increased. On the other hand, the effective 

diffusing area increased to a certain point and then decreased. If there was only hydrogen 

from the corrosion at the inner surface area of pipe that diffused into the cup, both graphs 

should be similar. Therefore, there should be another hydrogen diffusion path that by-

passed this purple area and entered the cup. Moreover, as can be seen in Figure 3.8 (a) and 

(b), there were some gray tubes, which represented hydrogen flux, starting in the middle 

of the carbon steel pipe and going directly into the cup. This indicated that there was also 

hydrogen diffusion entering the cup from the carbon steel pipe around the cup at the 

beginning of the accumulation period. Consequently, the hydrogen path that caused the 

hydrogen flux to be not proportional to the calculated diffusing area at the beginning was 

the hydrogen diffusion from the steel around the cup. 

The hydrogen concentration and pressure inside the cup with time from simulation 

software are plotted in Figure 3.12 and Figure 3.13. The comparison between the 

simulation result and plant data is described in the later part of this chapter.  
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Figure 3.12  Hydrogen concentration inside the silver cup with time (at constant 

corrosion rate of 65 µm/year) 

 

 

Figure 3.13  Hydrogen pressure inside the silver cup with time (at constant 

corrosion rate of 65 µm/year) 
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 It can be seen from both figures that once the vacuum pump was turned off, the 

concentration and pressure of hydrogen inside the cup increased rapidly and approximately 

linearly at the beginning. Then, the accumulation rate decreased with time. This was due 

to a lower amount of hydrogen diffusing from the steel around the cup and entering the cup 

combined with the decreasing hydrogen diffusing area under the cup as hydrogen built up 

inside the cup. Furthermore, there was a slight rise in both hydrogen concentration and 

pressure from 70 to 168 hours. This result caused by the smaller effective hydrogen 

diffusing area under the cup combined with the edge effect can be seen in Figure 3.8. 

 All of these results affect the conversion of dP/dt (measured) to system corrosion 

rate and must be modelled. 

3.3  Modelling Hydro gen Pressure Build-Up inside the Silver Cup 

 The model of hydrogen diffusion and accumulation inside the HEP at the PLGS 

presented in this section is derived and developed based on a combination of Sievertôs Law 

and the Ideal Gas Law. Corresponding to the assumptions made for 3-D modelling, the 

main assumptions considered for calculation are: 

a) There is no hydrogen diffusion through the cup, silver tube, stainless steel tube and 

other parts. 

b) As hydrogen is a diatomic gas and the volume/mole of hydrogen in this research is 

greater than 5 L/mole, hydrogen gas is assumed to behave as an ideal gas [37]. 

c) Hydrogen gas that accumulates inside the cup comes from the hydrogen atoms that are 

produced from the corrosion reaction at the inner surface of the pipe and there is one 
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mole of hydrogen gas produced per one mole of iron lost (Mancey, personal 

communication, 2016, June 24). 

d) The hydrogen permeability of the carbon steel A106-C pipe on which the silver cup 

was installed is assumed to be equal to that of the carbon steel A106-B pipe, which was 

obtained from the study of Kongvarhodom [10]. 

e) Hydrogen atoms diffuse though the pipe locally, recombine as hydrogen molecules at 

the external surface [23] and do not diffuse back through the pipe wall due to the fact 

that the concentration of hydrogen on the permeate side is very low. 

Based on these assumptions and the results from the simulation, the hydrogen 

accumulation inside the cup is described by Equation 22. 

 Ὠὖ

Ὠὸ

ὙὝ

ὠ
ὃ ὐ Equation 22 

 where: 

P  is the pressure rise inside the cup (Pa)  

V  is the total gas volume (m3) 

R  is the ideal gas constant (m3·Pa/mol·K) 

Tmean  is the mean absolute temperature (K) 

A  is the effective diffusing area, which is the effective surface area of pipe 

under the cup that is changed with the pressure inside the cup (m2) 

J  is the hydrogen diffusion flux going into the cup (mol/m2Ās) 

From literature and the results from the previous simulation, hydrogen transfer 

around the bottom of the cup was found as in the study of Kongvarhodom [10]. 

Consequently, Equation 22 was developed to include the effect of hydrogen transfer around 
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the bottom of the cup, in which the first term represents the hydrogen coming into the cup 

and the second term represents the hydrogen transfer around the bottom of the cup or edge 

effect. 

 Ὠὖ

Ὠὸ

ὙὝ

ὠ
ὃ ὐ

ὴ ‰ ὰ ὖȢ

ὰ
 Equation 23 

where: 

 pc is the perimeter of the cup (m) 

lH is the width of hydrogen diffusion path leaving the cup (m) 

lc is the length of diffusing element, which is the distance on the pipe that is under 

the cup wall (m) 

f  is the permeability of A106-B carbon steel pipe material at 300 oC 

(mol/m·s·Pa1/2) 

ὖ  is the hydrogen pressure inside the cup (Pa) 

The total hydrogen gas volume and cup perimeter were calculated from the 

equations developed in the study of Kongvarhodom [10]. Similarly, the diffusivity of 

hydrogen in carbon steel A106-B pipe and in the oxide film on the carbon steel pipe were 

obtained from the study of Kongvarhodom [10] also. The hydrogen flux was calculated 

from Equation 16. As represented in the simulation result, the effective diffusing area of 

pipe under the cup and the width of the hydrogen diffusion path leaving the cup change 

with the hydrogen concentration (pressure) inside the cup. Consequently, the calculated 

diffusing area and the leaving width around the bottom of the cup were obtained from the 

simulation result using COMSOL Multiphysics Academic Classkit (Version 4.3b). For 

more detailed information on how the values were determined see Appendix B and C.  
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In addition, as mentioned earlier, after the pump was shut off, hydrogen atoms that 

entered the cup came from the corrosion reaction at the inner surface of the pipe and the 

carbon steel pipe around the cup. Therefore, at the beginning of the accumulation process, 

the calculated effective surface area was affected by the hydrogen atoms that went into the 

cup directly and the hydrogen atoms that went only into the steel nearby the cup. However, 

as indicated by assumption (c), the hydrogen diffusing area should be affected from the 

produced hydrogen atoms from the corrosion reaction only; it followed this assumption 

after a certain pressure build-up inside the cup. Consequently, the effective diffusing areas 

were recalculated based on the hydrogen flux at a certain pressure inside the cup.  The 

values of hydrogen flux and the diffusing area at the beginning (0.5th hour) and the end of 

the process (168th hour) were selected and used for the calculation. The recalculated 

effective diffusing area was calculated using the Rule of three or interpolation and was 

directly proportional to the hydrogen flux, as shown in Figure 3.14.   

 

Figure 3.14  Effective diffusing area was directly proportional to hydrogen flux 

The physical outer surface area of pipe 

under the cup was 5.826×10-4 m2. 
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 Figure 3.15 presents the relationship of the new effective diffusing area with 

hydrogen pressure inside the cup. It can be seen that the area changed with the pressure 

according to equation: 

 ὃὖ ρȢρωψσὖ Ȣ  Equation 24 

 

Figure 3.15  Recalculated effective area with hydrogen pressure 

 

Furthermore, Figure 3.8 shows that there was an edge effect and also presents the 

width of hydrogen diffusion path leaving the cup (lH), which is the distance that was 

measured from the outer surface of pipe to the closest hydrogen diffusion path leaving the 

cup in the steel underneath the cup wall.  However, the width of the hydrogen exit path 

changes with time, being zero at the beginning of the accumulation process and increasing 

when there was a certain amount of pressure inside the cup. The width of the hydrogen 

diffusion path leaving the cup was, thus, obtained from the result after the 70th hour as 

shown below. 
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(a) At 70th hour 

 

(b) At 80th hour 
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(c) At 100th hour 

 

(d) At 120th hour 
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(e) At 140th hour 

 

(f) At 168th hour 

Figure 3.16  Width of the hydrogen path leaving the cup at different times 
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The average width of the hydrogen diffusion path leaving or exiting the cup (lH) 

was applied in Equation 23 for modelling hydrogen accumulation inside the silver cup, 

which is the sum of the widths of the hydrogen diffusion path leaving the cup at each time 

divided by six, as there were six times that had been selected (Figure 3.16). 

The parameters used for modelling the hydrogen accumulation inside the cup are 

summarized in Table 3.2. 

Table 3.2  Summarized modelling parameters of silver cup at the PLGS 

Parameters Value [Ref] 

Tmean (K) 342.0085 - 

V (m3) 1.3455 × 10-5 [10] 

A (m2) 1.1983 × ὖ Ȣ  - 

Hflux (mol/m2Ās) 2.90×10-7 - 

pc (m) 0.11176 [10] 

 1.934 × 10-11 [10] (mol/m·s·Pa1/2) ה

lH (m) 6.75 × 10-4 - 

lc (m) 4.62 × 10-3 - 

 

As shown in Table 3.2, the diffusing area (A) is a function of hydrogen pressure 

inside the silver cup, which also establishes that it is a time-dependent variable. 

Consequently, Equation 23 was solved by MATLAB software. 
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3.3.1  Modelling result 

The model of hydrogen pressure accumulation inside the cup with time is shown in 

Figure 3.17.  

 

Figure 3.17  Modelling result of hydrogen accumulation inside the HEP at the PLGS 

 

 Once the vacuum pump was switched off, the hydrogen pressure increased initially 

and was approximately linear. Then, the accumulation rate decreased dramatically with 

time due to the smaller diffusing area and increasing edge effect. However, the pressure 

continued to increase moderately after the 140th hour without any sign of the achievement 

of steady state or plateau pressure. The hydrogen pressure reached 2000 and 4000 Pa at 

approximately the 20th hour and the 90th hour, and probably would have achieved 5000 Pa 

after 180 hours. 
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3.4  Comparison of Modelling Result with Power Plant Data 

The results from modelling and plant data are superimposed in Figure 3.18. The 

model representation is in good agreement with the plant data in the first 40 hours. The 

small difference between the modelling and plant values in this period may be attributed 

to the dissolved hydrogen atoms in the carbon steel pipe around the cup, diffusion into the 

cup at the beginning and the calculated diffusing area, which was based on hydrogen flux. 

On the other hand, after 40 hours, there was a significant difference between both values. 

This might be due to the width of the hydrogen diffusion leaving path that was applied in 

modelling was the average value. Consequently, the hydrogen diffusion out from the cup 

was still low at the end of the calculation and resulted in high hydrogen pressure. However, 

in order to prove the effect of the width of the hydrogen diffusion path, the modelling was 

recalculated with the width of the hydrogen diffusion path changed to the value at 168th 

hour, 1.08 × 10-3 m; the result is presented in Figure 3.19.  

 

Figure 3.18  Comparison of the HEPro data from PLGS and the modelling result 



63 

 

  

Figure 3.19  Comparison of the HEPro data from PLGS and the modelling result 

with  the hydrogen diffusion path changed to 1.08 × 10-3 m 

 

 As the thickness of the pipe was 7 mm, the maximum width of the hydrogen 

diffusion path, 1.1 mm, was only approximately 1/7 of the pipe wall thickness. 

It can be seen that the modelling result and plant data are in good agreement in the 

first 40 hour period, the same as the result when the width hydrogen diffusion leaving path 

was an average value. Moreover, after 40 hours, in this case, both modelling and plant 

values were still approximately similar with only a small difference at the end. In contrast, 

Figure 3.18 indicates that applying the average width of the hydrogen diffusion path in the 

calculation gave a dramatic difference between modelling and plant values in the end.  

Consequently, the width of the hydrogen diffusion path at the end of the simulation, which 

is the maximum value, should be applied in modelling for better results. Furthermore, this 

result indicated that the width of the hydrogen diffusion path has a slight effect on the 
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hydrogen accumulation at the beginning, but it affects significantly the hydrogen 

accumulation inside the cup when the hydrogen pressure inside the cup is high.  

3.5  Comparison of Modelling and Simulation Results with Power Plant Data 

To compare the modelling and simulation results with the plant data, all data are 

presented in Figure 3.20. 

 

Figure 3.20  Comparison of the results from modelling and simulation with the 

HEPro data from the PLGS 

 

As shown in Figure 3.20, the hydrogen accumulation inside the silver cup at the 

PLGS predicted from the modelling agrees very well with the plant data. However, a small 

deviation of the modelling and plant data was found. This may be attributed to the 

assumptions made for the model;  the hydrogen permeability of the carbon steel A106-C 

pipe on which the silver cup was installed is assumed to equal the hydrogen permeability 

of the carbon steel A106-B pipe, which was obtained from the study of Kongvarhodom 
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[10], and no hydrogen diffusion through the silver cup, silver tube, stainless steel tube and 

other parts. 

In contrast, the COMSOL simulation result is in good agreement with the plant data 

only at the beginning and the end of the computation. There is a significant difference from 

the plant data at the middle of computing period. This may also be a result from the 

assumptions made for the simulation; the hydrogen diffusivity of the carbon steel A106-C 

pipe on which the silver cup was installed is assumed to equal the hydrogen diffusivity of 

the carbon steel A106-B pipe, the oxide thickness is 100 times thicker and its diffusivity is 

100 times higher than in the literature, and no hydrogen diffusion through the silver cup, 

silver tube, and other parts. 

3.6  Curving pressure trend and ñkinkò found in the curve of HEPro data 

As seen in Equation 22, if the corrosion rate is assumed to be constant, the hydrogen 

flux coming into the cup is constant. With the constant diffusing area, the plot of dP/dt 

should be a straight line. However, curving of the dP/dt pressure trend was seen in the data 

from HEPro as shown in Figure 3.18 and Figure 3.20. The CNER has been focused on 

determining the cause of the curvature of the plot for many years. 

The COMSOL simulation results demonstrated that there were changes in the 

effective diffusing area and hydrogen leaving around the bottom of the cup, the edge effect 

(Figure 3.8). Moreover, the modelling results agree very well with the plant data when the 

effective diffusing area in the modelling was a function of hydrogen pressure inside the 

cup and the hydrogen exiting from the cup term (edge effect) was included in the modelling 

as seen in Equation 23. 
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The results from both simulation and modelling established that the curvature of 

the dP/dt plot found in HEPro data is likely caused by the change in effective diffusing area 

and hydrogen leaving around the bottom of the cup. 

Another issue observed in the curve is the ñkinkò which can be seen in Figure 3.21. 

 

Figure 3.21  A typical pressure trend exhibiting curving and a ñkinkò [38] 

 

 The ñkinkò in the pressure data is a decrease in accumulation rate for a short period 

of time. It might be the result from the pump-down process which could be explained by 

Figure 3.7 - Figure 3.9. 

Figure 3.7 indicated that the long pump-down time would draw in hydrogen from 

farther down the length of the carbon steel pipe and result in approximately zero hydrogen 

concentration for a certain area of pipe surrounding the cup.  

It can be seen from Figure 3.8, once the vacuum pump was switched off, the more 

concentrated hydrogen in the carbon steel pipe around the cup created a path towards the 

area underneath the cup that had a lower concentration, and then, diffused into the cup. 

Consequently, the diffusing area was enlarged from this hydrogen diffusing pathway. 

ñkinkò 
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Following this, the hydrogen concentration in the pipe underneath the cup increased and 

caused the lower hydrogen diffusion from the surrounding part of steel into the cup, which 

caused the diffusing area to decrease (Figure 3.9) and resulted in lower hydrogen 

accumulation rate or ñkinkò. After the ñkinkò, the hydrogen concentration in the pipe 

underneath the cup increased and achieved the equilibrium value again, which resulted in 

constant pressure increasing for a short period of time before the curving trend was seen 

due to the change in effective diffusing area. 

3.7  Conclusions 

When the hydrogen concentration inside the cup is high, there is a hydrogen 

diffusion around the bottom of the cup, called the edge effect, at the cup and pipe interface. 

The diffusing area under the cup at steady state is smaller than the actual outer surface area 

of pipe under the cup. The hydrogen atoms dissolve in the pipe and cup at a certain 

concentration level before the vacuum process, Study 2. 

Hydrogen concentration inside the cup drops to approximately zero by the first six 

minutes of an applied vacuum. A long vacuum time will draw in hydrogen from farther 

down the length of the carbon steel pipe and result in a very low hydrogen concentration 

in the pipe under the cup. 

At the beginning of the hydrogen accumulation process after a pump-down, 

hydrogen enters the cup from two sources; the hydrogen in the carbon steel pipe around 

the cup and the hydrogen created from the corrosion reaction at the inner surface of the 

pipe.  
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The effective diffusing area under the cup changes with hydrogen concentration 

(pressure) inside the cup. It was high at the beginning of the hydrogen accumulation 

process. It became smaller when the concentration inside the cup increased. 

The hydrogen accumulation rate decreases with time due to the combination of a 

smaller effective diffusing area under the cup and the edge effect. 

The model of hydrogen accumulation inside the cup was developed from Sievertôs 

Law and solved by MATLAB software. Considering the hydrogen transfer around the 

bottom of the cup and the changes in diffusing area as a function of pressure obtained from 

the CFD program, the predicted hydrogen accumulation inside the cup is in good 

agreement with the plant data. 

In addition, the width of the hydrogen diffusion path, lH, significantly affects the 

final hydrogen pressure inside the cup. 

 The COMSOL simulation result is in good agreement with the plant data only at 

the beginning and the end of the computation. There is a significant difference from plant 

data at the middle of the computing period. 

 The issues observed with HEPro were shown by the COMSOL simulation results 

to be an effect of internal cup pressure and pump-down time. The curvature of the dP/dt 

plot found in the HEPro data is likely caused by the change in effective diffusing area and 

hydrogen leaving around the bottom of the cup, the edge effect. Furthermore, the ñkinkò 

might be the result from the pump-down process and re-establishment of the hydrogen 

gradients in the steel at steady-state. 
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Chapter 4  

HYDROGEN TRANSPORT THROUGH CARBON STEEL  

As described previously, a silver cup has been used for collecting hydrogen gas in 

the HEPro. Silver has a very low hydrogen permeability which leads to the requirement of 

vacuum pump. A cup that is manufactured from other materials which have higher 

hydrogen permeability than silver could work as a hydrogen diffusing membrane for 

hydrogen diffusion out from the cup and achieve a plateau pressure. This indicates that it 

is possible to eliminate the use of a vacuum pump by replacing the silver cup with the cup 

made from these materials.  

Among all of the industrial metals, carbon steel has a potential to be used as an 

alternative cup material. Consequently, hydrogen transport through carbon steel 1045 

membranes was studied in these experiments for determining hydrogen permeation 

coefficient and diffusion coefficient in carbon steel 1045. 

4.1  Experimental Set-Up 

Two cylindrical membranes (6 mm diameter x 0.25 mm-thick wall) were 

manufactured from carbon steel 1045 with two different lengths, 15 mm (short) and 30 mm 

(long), and attached to stainless steel caps at one end and blind glands at the other end by 

silver solder which had a melting point between 660 oC and 710 oC.  Other connections 

were made using Swagelok and VCR fittings. 

The composition of the carbon steel 1045 in this research is 0.43-0.50 wt% carbon, 

0.60-0.90 wt% manganese, 0-0.04 wt% phosphorus, 0.15-0.30 wt% silicon, 0-0.05 wt% 

sulfur, and the remainder is iron. 
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 The test apparatus was attached to a regulator on a hydrogen gas cylinder on the 

inlet side. The other side of the testing apparatus was opened to the atmosphere. A pressure 

transducer (PT) was connected to the membrane via stainless steel tubing and other fittings. 

The pressure change inside the apparatus was continuously recorded by a data acquisition 

system, Opto 22. A thermocouple (type K) installed inside the furnace was used to measure 

the temperature inside the furnace containing the membrane and some parts of the 

apparatus. A vacuum pump was used for establishing the vacuum in the system. All valves 

and the pressure transducer were located outside the furnace. Approximately three-fourths 

of the stainless steel tube was in the furnace (at furnace temperature). Consequently, one-

fourth of the stainless steel tube was outside the furnace (at room temperature). A schematic 

of the hydrogen permeation apparatus is shown in Figure 4.1. An actual apparatus of the 

hydrogen permeation test is shown in Figure 4.2. 

 

Figure 4.1  Schematic of the hydrogen permeation apparatus 
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Figure 4.2  Actual apparatus of the hydrogen permeation test 

 

 

Figure 4.3  Short membrane 
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Figure 4.4  Long membrane 

 

4.2  Experimental Procedure 

The experimental procedure of hydrogen transport through the carbon steel 1045 

membrane comprised two steps: leak testing and hydrogen permeation. 

4.2.1  Leak testing 

Once the test apparatus and all fittings were connected as shown in Figure 4.1, the 

entire system was tested for leaks before a hydrogen permeation test following the 

procedures as following: 

1. Set the furnace to the temperature of interest. 

2. Evacuate the system at the desired temperature by opening the vacuum pump and 

both valves, V-1 and V-2. 
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3. After 1 hour, close both valves, V-1 and V-2, while the vacuum pump is still 

running. 

4. Turn off the vacuum pump. 

5. Monitor the pressure change in the system for 24 hours. 

The largest acceptable pressure change in the system was 0.25 psig (1.72 kPa) at a 

constant temperature. If the increasing pressure was less than or equal to this value, the 

hydrogen permeation step of the experiment could be performed. If the increasing pressure 

was greater than this value, a seal and fitting inspection were required before re-

establishing the vacuum for leak testing. 

4.2.2  Hydrogen permeation 

Hydrogen diffusion through both carbon steel membranes was investigated at four 

operating temperatures; 250, 275, 300 and 350 oC. Four runs were performed for each 

membrane with the pressure of hydrogen on the inlet or feed side at the beginning of 130 

± 1 kPa, and the other side, outlet or permeate side, exposed to air (1 atm). The pressure 

reduction in the feed side was monitored and recorded with time to determine the rate of 

hydrogen transport through the membrane and the transport coefficients through carbon 

steel 1045. 

 

 

 

 

 



74 

 

Table 4.1  Operating conditions of hydrogen permeation through membrane testing 

Run no. Membrane length (mm) 
Initial  

hydrogen pressure (kPa) 

Temperature 

(oC) 

1 15 130 ± 1 250 ± 1 

2 15 130 ± 1 275 ± 1 

3 15 130 ± 1 300 ± 1 

4 15 130 ± 1 350 ± 1 

5 30 130 ± 1 250 ± 1 

6 30 130 ± 1 275 ± 1 

7 30 130 ± 1 300 ± 1 

8 30 130 ± 1 350 ± 1 

 

Once the leak test was performed, the hydrogen permeation test was conducted as 

following: 

1. Open the hydrogen cylinder and adjust the inlet port of the regulator to 

approximately 130 kPa. 

2. Slowly open the outlet port of the regulator to the test section. 

3. Slowly open valve V-1 and monitor pressure in the system to ensure that the desired 

pressure in the system is reached, 130 ± 1 kPa. 

4. Close valve V-1 and the outlet port of the regulator and close the valve of the 

hydrogen cylinder. 

5. Monitor the hydrogen pressure decreasing with time. 
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4.2.3  Equations 

The apparatus consists of several components: the membrane, stainless steel tubes, 

a cross, valves, and a pressure transducer. The method of connecting the membrane to the 

system is important. Consequently, the experimental set up and volume of the components 

must be considered in this calculation for accurate results. The hydrogen permeability and 

diffusivity were calculated under the same conditions as the experiment. 

The main assumptions considered for calculation are: 

1. The hydrogen diffusion through the carbon steel membrane is much higher than 

diffusion though the other parts. It is assumed that there is no hydrogen diffusion 

through the other parts. 

2. The width of silver solder on the membrane is one mm in total. 

Based on these assumptions, the following equations have been employed: 

4.2.3.1  Permeation 

 Ὠὲ

Ὠὸ
ὲ ὲ  Equation 25 

where:     

ὲ          is the total moles of hydrogen in the system (mol) 

 ὲ  and ὲ  are the molar flow rates of hydrogen going into the system (which is 

zero mol/s) and going out from the system, respectively (mol/s) 

The total moles of hydrogen is the summation of moles of hydrogen inside and 

outside the furnace, and was determined from the Ideal Gas Law: 

 ὲ ὲ ȟ ὲ ȟ   Equation 26 
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ὲ

ὖὠ

ὙὝ

ὖ ὠ

ὙὝ
 Equation 27 

where: 

ὲ ȟ and ὲ ȟ are the hydrogen moles in the parts that are inside and outside the 

furnace, respectively (mol) 

 ὖ  and ὖ     are the hydrogen pressure in the parts that are inside and outside 

the furnace, respectively (Pa), which ὖ  = ὖ  = ὖ  

 ὠ  and ὠ    are the hydrogen volumes in the parts that are inside and outside the 

furnace, respectively (m3) 

Ὑ     is the ideal gas constant, 8.314 (PaĀ m3/molĀK) 

Ὕ  and Ὕ    are the furnace temperature and the room temperature, respectively 

(K) 

Then, Equation 25 becomes: 

 Ὠὖ

Ὠὸ

ὠ

ὙὝ
 
Ὠὖ

Ὠὸ

ὠ

ὙὝ
ὲ  Equation 28 

The molar flow rate of hydrogen diffusing out through the membrane was 

calculated from Sievertôs Law: 

 

ὲ
ς“ὰ‰ὖ

ȟ

Ȣ ὖ
ȟ

Ȣ

ὰὲ
ὶȟ
ὶȟ

 Equation 29 

where:   

 ὰ      is the length of membrane (m) 

‰      is the hydrogen permeability (mol/mĀsĀPa1/2) 
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ὖ ȟ
  and ὖ ȟ

     are the hydrogen pressures at the feed side and the permeate side 

(the latter is zero Pa), respectively (Pa) 

ὶȟ and ὶȟ     are the outer and inner radius of the membrane, respectively (m) 

Equation 28, becomes: 

 
Ὠὖ

Ὠὸ

ρ

ὠ
ὙὝ

ὠ
ὙὝ

ς“ὰ‰ὖȢ π

ὰὲ
ὶȟ
ὶȟ

 Equation 30 

4.2.3.2  Diffusivity 

The diffusion coefficient was calculated from Equation 31 [31]. 

 
Ὀ

‰ ὖȢ

ὅ
 Equation 31 

 Therefore, Equation 30 becomes: 

 
Ὠὖ

Ὠὸ

ρ

ὠ
ὙὝ

ὠ
ὙὝ
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ὰὲ
ὶȟ
ὶȟ

Ὀ ὅ Equation 32 

where: 

 Ὀ  is the hydrogen diffusivity (m2/s) 

ὅ  is the hydrogen concentration (mol/m3) 

The ideal gas law is applied to convert hydrogen concentration to the hydrogen 

pressure by using Equation 19 [31] in which ὠ is hydrogen gas volume (m3 H2/m
3 metal) 

which is also equivalent to the hydrogen solubility as shown in Equation 33Equation 20 

[31]. 

 Ὓ ρȢψυψρπὖȢὩὼὴςρρππὙὝϳ  Equation 33 
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where: 

 Ὓ  is the hydrogen solubility (m3 H2/m
3 metal) 

ὖ  is the hydrogen pressure (Pa) 

Ὑ  is the ideal gas constant (J/molĀK) 

Ὕ   is the furnace temperature (K) 

The final equation is:  

Ὠὖ

Ὠὸ

ρ

ὠ
ὙὝ

ὠ
ὙὝ

ς“ὰ

ὰὲ
ὶȟ
ὶȟ

ὖ

ὙὝ
ρȢψυψρπὖȢὩὼὴςρρππὙὝϳ  

Equation 34 

4.3  Leak Testing of System 

The pressure changes inside the short and long membranes at the desired 

temperature during one-day leak tests are shown in Figures 4.5 (a)-(d) and 4.6 (a)-(d). 

 
(a) Leak test before Run 1 performed at 250 oC (short membrane) 
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(b) Leak test before Run 2 performed at 275 oC (short membrane) 

 
(c) Leak test before Run 3 performed at 300 oC (short membrane) 
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(d) Leak test before Run 4 performed at 350 oC (short membrane) 

Figure 4.5  Leak-tightness testing of short membrane at different temperatures 

 

 
(a) Leak test before Run 5 performed at 250 oC (long membrane) 
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(b) Leak test before Run 6 performed at 275 oC (long membrane) 

 
(c) Leak test before Run 7 performed at 300 oC (long membrane) 
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(d) Leak test before Run 8 performed at 350 oC (long membrane) 

Figure 4.6  Leak-tightness testing of long membrane at different temperatures 

 

It can be seen from both figures that the pressure changes in both membranes at all 

desired temperatures were within acceptable limits. The absence of any significantly 

noticeable change in pressure for 24 hours indicated that the leak rate was negligible, 

therefore the membranes were ready to perform the next step of the experiment.  

4.4  Hydrogen Permeation test 

4.4.1  Experimental Results 

 The hydrogen pressures, decreasing with time at 250, 275, 300 and 350 oC, in both 

membranes are shown in Figures 4.7 and 4.8. 
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Figure 4.7  The change in hydrogen pressure inside the short membrane (15 mm) 

with time 

 

 

Figure 4.8  The change in hydrogen pressure inside the long membrane (30 mm) 

with time 
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 The trend of hydrogen pressure changes was similar for both membranes. Once the 

hydrogen gas was charged into the system, the pressure in a membrane declined 

continuously. The diffusion rate decreased gradually with time as the pressure in the system 

became lower. As expected, the decreasing rate of hydrogen pressure at 350 oC was the 

highest, followed by 300, 275, and 250 oC, respectively. 

 The hydrogen diffusion in the long membrane was significantly faster than the short 

membrane due to its having twice as much diffusing area as the short membrane.  

4.4.2  Hydrogen Permeability Through Carbon Steel 1045 

 The permeability of hydrogen in both membranes at various temperatures, 

calculated from the data in Figures 4.7 and 4.8 and using Equation 30, is presented in Table 

4.2. 

Table 4.2  Temperature dependence of hydrogen permeation coefficient in carbon 

steel 1045 

Temperature 

(oC) 

Hydrogen permeability, ‰ (mol/mĀsĀPa1/2) 

Short 

membrane 

Long 

membrane 
Average 

Literature 

value 

250 1.220×10-12 1.106×10-12 1.163×10-12 7.621×10-12 

275 3.708×10-12 1.972×10-12 2.840×10-12 1.090×10-11 

300 7.253×10-12 7.505×10-12 7.379×10-12 1.512×10-11 

350 2.960×10-11 2.519×10-11 2.740×10-11 2.687×10-11 

 

As shown in Table 4.2, the hydrogen permeability values in both membranes were 

similar at the temperatures of interest. The average hydrogen permeability is presented on 
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Arrhenius plots in Figure 4.9 to determine the temperature dependence of the hydrogen 

permeability in carbon steel 1045.  

 

Figure 4.9  Hydrogen permeability in carbon steel 1045 as a function of reciprocal 

temperature 

 

The figure demonstrates that the hydrogen permeability follows the Arrhenius 

relationship. It is given as a function of temperature by the following equation: 

 
‰ τȢψσςρπὩὼὴ

ψȢφςς ρπ

ὙὝ
 Equation 35 

4.4.3  Hydrogen Diffusivity Through Carbon Steel 1045 

The diffusivity of hydrogen in both membranes at various temperatures, calculated 

from the data in Figures 4.7 and 4.8 and using Equation 34, are presented in Table 4.3. 
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Table 4.3  Temperature dependence of hydrogen diffusion coefficient in carbon steel 

1045 

Temperature 

(oC) 

Hydrogen diffusivity , ╓ (m2/s) 

Short 

membrane 

Long 

membrane 
Average 

Literature 

value 

250 2.023×10-9 1.834×10-9 1.929×10-9 1.264×10-8 

275 4.927×10-9 2.620×10-9 3.774×10-9 1.449×10-8 

300 7.874×10-9 8.148×10-9 8.011×10-9 1.642×10-8 

350 2.252×10-8 1.916×10-8 2.084×10-8 2.045×10-8 

 

Similar to the hydrogen permeability, there is not much difference in the hydrogen 

diffusivity between the short membrane and the long membrane at the desired 

temperatures. The average hydrogen diffusivity is presented on Arrhenius plots in Figure 

4.10 to determine the temperature dependence of the hydrogen diffusivity in carbon steel 

1045.  
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Figure 4.10  Hydrogen diffusivity in carbon steel 1045 as a function of temperature 

 

The figure demonstrates that the hydrogen diffusivity follows the Arrhenius 

relationship. It is given as a function of temperature by the following equation: 

 
Ὀ φȢςςωρπὩὼὴ

φȢυπψ ρπ

ὙὝ
 Equation 36 

The permeability and diffusivity obtained in this study are compared with the 

Arrhenius equation data from the study of Gadgeel and Johnson [31] who used carbon steel 

1050 as a diffusing medium (the carbon content of Gadgeel and Johnsonôs sample, 0.48 

weight %, is similar to that of this study, 0.43-0.50 weight %) as presented in Table 4.4. 
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Table 4.4  Temperature dependence of hydrogen transport coefficient in carbon 

steel 1045 

Temperature 

(oC) 

Hydrogen permeability, ‰ 

(mol/mĀsĀPa1/2) 
Hydrogen diffusivity , ╓ (m2/s) 

Experimental 

value 

Literature 

value 

Experimental 

value 

Literature 

value 

250 1.163×10-12 7.621×10-12 1.929×10-9 1.264×10-8 

275 2.840×10-12 1.090×10-11 3.774×10-9 1.449×10-8 

300 7.379×10-12 1.512×10-11 8.011×10-9 1.642×10-8 

350 2.740×10-11 2.687×10-11 2.084×10-8 2.045×10-8 

 

It can be seen from Table 4.4 that the permeability and diffusivity values in this 

study are lower than the literature values at low temperatures. The differences are due to 

the different grade of carbon steel. Other factors contributing to the difference could be 

metal properties: impurities, defects, and different microstructures. 

4.5  Conclusions 

The hydrogen diffusion rate in the long membrane was dramatically faster than the 

short membrane due to its diffusing area being twice that of the short membrane. The 

hydrogen permeabilities and diffusivities that were obtained from both membranes were 

similar at the temperatures of interest. The average coefficient of hydrogen permeation in 

carbon steel 1045, the cup material, determined in this study varied from 1.163×10-12 to 

2.740×10-11 mol/mĀsĀPa1/2 over the temperature range of 250 ï 350 oC while the average 

coefficient of hydrogen diffusion varied from 1.929×10-9 to 2.084×10-8 m2/s. The 
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permeability and diffusivity increased with temperature according to the Arrhenius Law 

over the temperature range studied.  

This experiment demonstrates that a carbon steel cup would work as a diffusing 

membrane, potentially replacing the silver components used in the HEP system. 
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Chapter 5  

HYDROGEN EFFUSION PROBE PERFORMANCE 

As mentioned earlier, the silver cup works well, but its system is inconvenient.  

From previous chapter, carbon steel 1045 has a potential to be used as a cup material which 

would act as a hydrogen membrane allowing the hydrogen to diffuse through the cup wall 

and achieve a plateau pressure. Furthermore, from literature, stainless steel that has 

moderate hydrogen permeability would be capable to be used as an alternative cup material 

also. 

The performance of the non-silver hydrogen probes is investigated from the 

hydrogen accumulation inside both carbon steel 1045 and stainless steel 316 cups which 

also simulate various geometries of non-silver HEP via diffusion through a carbon steel 

pipe. The plateau pressure was determined for understanding the effect of concentration 

gradients of hydrogen in and out around the cups. This study was focused on the effects of 

hydrogen pressure inside the carbon steel pipe, and the material, size and wall thickness of 

cups on the hydrogen diffusion through the pipe wall that was collected inside the cups. 

5.1  Experimental Set-Up 

Eight ñcupsò were manufactured from two different materials, stainless steel 316 

and carbon steel 1045, in different geometries, and were machined to match the curve of 

the carbon steel pipe on which they were installed. Four different dimensions of cup per 

material were fabricated and installed on a carbon steel A106-B pipe (16.83 cm  diameter 

x 30.48 cm long, 0.6027 cm thick) by welding. The outer surface of the pipe was polished 
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at the location where the cups were welded. Silver solder which had a melting point 

between 660 oC and 710 oC was used to attach a tube on the top surface of the cup. 

The composition of the carbon steel 1045 in this research is 0.43-0.50 wt% carbon, 

0.60-0.90 wt% manganese, 0-0.04 wt% phosphorus, 0.15-0.30 wt% silicon, 0-0.05 wt% 

sulfur, and the remainder is iron. It is stronger than low-carbon steel with equally good 

machinability. For stainless steel 316 in this research, its composition is 58.23-73.61 wt% 

iron, 0-0.08 wt% carbon, 16.0-18.5 wt% chromium, 0-1 wt% copper, 0-2 wt% manganese, 

0-3 wt% molybdenum, 10-15 wt% nickel, 0-0.1 wt% nitrogen, 0-0.045 wt% phosphorus, 

0-1 wt% silicon, 0.35 wt% sulfur, and 0.7 wt% (maximum) titanium. The addition of 

molybdenum gives this stainless steel 316 good corrosion resistance.  

There were two sets of cups that have the same geometry, but manufactured using 

different materials to study the effect of the material on hydrogen permeation. To evaluate 

the effect of cup size on hydrogen permeation, two cup sizes of the same material and wall 

thickness were used to run the experiments. Similarly, two cups of the same inner volume 

and diffusing area of pipe under the cup, but different thickness were used to study the 

effect of thickness on hydrogen permeation. These cups were installed on the same pipe 

and put in the furnace at the same temperature. The materials and dimensions of cups are 

shown in Table 5.1. 
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Table 5.1  The materials and dimensions of each cup 

No. Materials Grade 

Outer 

Diameter 

(mm) 

Inner 

Diameter 

(mm) 

Thickness 

(mm) 

Inner 

Height 

(mm) 

1 

Carbon Steel 1045 

21 4 8.5 9.5 

2 23 4 9.5 9.5 

3 23 6 8.5 9.5 

4 25 6 9.5 9.5 

5 

Stainless Steel 316 

11 4 3.5 9.5 

6 21 4 8.5 9.5 

7 13 6 3.5 9.5 

8 23 6 8.5 9.5 

 

The schematic diagram of the gas permeation apparatus is shown in Figure 5.1. The 

actual apparatus is shown in Figure 5.2. The  cups were installed in two lines longitudinally 

at 30o from one another; in a line. The cups were installed 7 cm apart from the edges and 

5.1 cm apart from each other. The pipe and cup connections were made using Swagelok 

and VCR fittings, respectively. 



93 

 

 

Figure 5.1  Schematic diagram of gas permeation apparatus 

 

 

Figure 5.2  Actual apparatus 
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The pressure transducers were connected to each cup via silver tubing (6.0 mm 

outer   diameter x  600 mm long, 1.0 mm thick) and used to measure the pressure change 

inside the cups labelled as PT-1 to PT-8, and also connected to the test pipe labelled as PT-

9, which were recorded by a data acquisition system, Opto 22. The temperature inside the 

furnace was measured by a thermocouple (type K) installed inside the furnace, TC-1. Two 

vacuum pumps; VP-1 and VP-2, were used for establishing the vacuum in the system. The 

flow rate of fluid inside the test pipe was controlled by a flow meter, FM, located after the 

vacuum pump, VP-2. All valves; V-1 to V-10, and transducers were outside the furnace. 

The system has a poppet check-valve installed with a cracking pressure of 10 psig but a 

real operating range of -4.5 to 7 psig. This upper limit (7 psig) is never to be exceeded 

during experiments to prevent undue venting of hydrogen. 

The hydrogen gas flowed into the pipe in which the devices were installed. The 

hydrogen atoms, then, diffused through the pipe wall, recombined into hydrogen gas, and 

was collected in these devices which registered a pressure increase that was detected by 

pressure transducers. The hydrogen permeation rate through the pipe wall was determined 

by the rate of hydrogen pressure increase in the cups with time. These data were collected 

every 3 minutes until the steady state was achieved. 

5.2  Experimental Procedure 

5.2.1  Leak testing 

Once the cups were installed as required and all fittings were tight and ready for 

service, the vacuum for leak testing was established. The cups were evacuated by opening 

valves; V-1, V-2, V-3, V-4, V-5, V-6, V-7, and V-8. Then the vacuum pumps were turned 
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on to suck the air out of the system. The valve on the flow meter was always 100% open 

throughout the experiments to prevent damage to the vacuum pump. The furnace was 

brought to the temperature of interest. All eight cups and the pipe were allowed to be 

evacuated at temperature for 24 hours. The pumps, then, continued to run for 24 hours with 

valves; V-1, V-2, V-3, V-4, V-5, V-6, V-7, and V-8 open. All valves afterwards were 

closed while the vacuum pumps were still running. The vacuum pumps were then turned 

off. The pressure increases in all eight cups were monitored over a 24-hour period. The 

largest acceptable change in pressure in the cups was 0.25 psig at constant temperature. If 

the pressure increase was less than or equal to this value, the next step of the experiment 

was performed. If the pressure increase was greater than this, a seal and fitting inspection 

was required before re-establishing the vacuum for leak testing. 

5.2.2  Hydrogen Permeation testing 

 The accumulation of hydrogen inside the cups due to hydrogen permeation through 

the metal was measured using the pressure transducer. The hydrogen permeation rate 

through the pipe wall was determined by the rate of hydrogen pressure increase with time 

in the cups of varying dimensions welded to the carbon steel pipe measured by the pressure 

transducers as shown in Figure 5.1. 

The permeation test consisted of three steps, re-establishing vacuum on the cups 

and pipes after leak tests and establishing the hydrogen pressure in the pipe. 

5.2.2.1  Re-establishing vacuum on cups and pipe 

After leak testing, re-establishing vacuum on the cups and pipe needed to be 

achieved by turning on the vacuum pump and leaving VP-1 running until establishing the 
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hydrogen pressure in the pipe was complete. Next, the valves; V-1, V-2, V-3, V-4, V-5, V-

6, V-7, and V-8, were opened for 60 minutes and then closed. The vacuum pump VP-2 was 

turned on. Finally, valve V-9 was opened for 30 minutes and then closed. 

5.2.2.2  Establishing the hydrogen pressure in the pipe 

As corresponding to power-plant primary side temperature and the work of 

Kongvarhodom (2014), the temperature for this study was 300 oC and the pressure of 

hydrogen to be applied inside the pipe was 5 ± 0.5 psig (135.8 ± 3.4 kPa). A temperature 

of 300 oC was chosen as the highest temperature permeation test because of the furnace 

limitation. 

As the pipe and cups were under vacuum, a hydrogen cylinder (99.999% purity) 

was attached to the test pipe using the line with V-10 attached and the appropriate regulator. 

With vacuum pump VP-2 still running, it was ensured that V-9 and V-10 were closed, then 

the gas cylinder was opened and adjusted to the line pressure using the line-pressure-

adjusting valve to that required for the run (5 psig) before slowly opening the outlet port, 

V-10, to the testing tube completely. At this step, it was checked that pipe pressure (PT-9) 

fell to within the acceptable limits. After checking, valve V-9 was opened very slowly 

while monitoring the pressure on PT-9 and the flow meter until the flow (measured on the 

flow meter) reached 200 mL/min. Next, if pipe pressure (PT-9) remained stable and was 

within the acceptable limits, the vacuum pump VP-1 was turned off. Hydrogen was 

collected within the cups until the pressure in each cup had reached a plateau. The system 

was maintained in this condition until steady state was achieved. 
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5.2.2.3  Reducing the hydrogen pressure in the pipe 

After the pressure in the cups reached the steady state, the hydrogen pressure in the 

pipe was reduced to -5 ± 0.5 psig (66.9 ± 3.4 kPa). The system was maintained in this 

condition for 60 days or until a new steady state was achieved. 

The results were analyzed in the form of two graphs by materials, carbon steel and 

stainless steel. For determining the effect of materials, sizes, and thicknesses, the results 

from two of cups were compared in the same graph. 

5.3  Leak-Tight Testing of System 

The pressure changes inside the cups at the temperature of interest during one-day 

leak test are shown in Table 5.2. 

Table 5.2  First leak-tightness testing of cups 

 Cup 1 

(psig) 

Cup 2 

(psig) 

Cup 3 

(psig) 

Cup 4 

(psig) 

Cup 5 

(psig) 

Cup 6 

(psig) 

Cup 7 

(psig) 

Cup 8 

(psig) 

Initial 

Pressure 
-14.32 -14.37 -14.41 -14.20 -0.25 -14.39 -14.29 -13.31 

Final 

Pressure 
-13.95 -14.03 -13.85 -14.20 0.05 -13.22 -13.62 0.00 

Pressure 

Change 
0.37 0.34 0.56 0.00 0.30 1.18 0.67 13.31 

 

It was found that only Cup 4 indicated no leak. Consequently, troubleshooting by 

inspecting the seals and fittings was performed. The fittings were tightened, and the gaskets 

were changed. Furthermore, a sealant was applied around the solder and weld lines between 
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the cups and pipe and between the cups and silver tubes. The sealant that was used in the 

study was Vacseal® Vacuum Leak Sealant With Brush, Original Formula Clear. The 

sealant was brushed and cured at 300 oC for 24 hours. After tightening the fittings, changing 

the gaskets, and applying the sealant several times, the leak tests were performed again. 

The results are shown in Table 5.3. 

Table 5.3  Leak-tightness testing of cups after troubleshooting 

 Cup 1 

(psig) 

Cup 2 

(psig) 

Cup 3 

(psig) 

Cup 4 

(psig) 

Cup 5 

(psig) 

Cup 6 

(psig) 

Cup 7 

(psig) 

Cup 8 

(psig) 

Initial 

Pressure 
-14.34 -14.30 -14.18 -14.41 -14.04 -14.51 -14.18 -14.25 

Final 

Pressure 
-14.22 -14.31 -13.75 -14.41 -13.76 -13.58 -12.91 -14.05 

Pressure 

Change 
0.12 -0.01 0.43 0.00 0.28 0.93 1.27 0.20 

 

This research deals with measuring hydrogen pressure in the HEP devices; the 

pressure transducers that were used in this experiment have the percent of full scale 

accuracy or full scale error (% FS) approximately 0.1% FS or 0.0001, which means that 

there was some error in measuring pressure. 

The pressure transducers that were used in this research have the range of output 

signal of 4 - 20 mA and can measure the pressure from -14.7 psig to 100 psig or from 0 

kPa to 790.8 kPa, which means that if the pressure transducer detects the pressure at 100 

psig, the signal output should be at 20 mA. However, because of 0.1% FS error, the signal 
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output could be between 19.984 mA and 20.016 mA which is calculated by the equation 

below. 

ϷὊὛ
ίὸὥὲὨὥὶὨ έόὸὴόὸ ίὭὫὲὥὰ έόὸὴόὸ ίὭὫὲὥὰ

έόὸὴόὸ ίὭὫὲὥὰ ὶὥὲὫὩ
ρππ 

So, 

έόὸὴόὸ ίὭὫὲὥὰςπ 
πȢρ

ρππ
ρφ 

Consequently, the detected and shown pressure could be ± 0.12 psig. This can 

explain the negative pressure change in Cup 2. 

It can be seen that the pressure changes in only Cups 1, 2, 4 and 8 were in the 

acceptable limits, less than 0.25 psig. Other cups were not ready to perform the next step 

of the experiment. Therefore, the apparatus needed to be checked and repaired by a 

technician. However, before the apparatus was sent to repair the leakages, the experiment 

was started in order to get some useful results. 

5.4  Establishing the Hydrogen Pressure in the Pipe (Test 1A) 

The pressure increases with time for all the cups, grouped for carbon steel cups and 

stainless steel cups are shown in Figures 5.3 - 5.5. The conditions are the pressure of 

hydrogen inside the pipe was 5 ± 0.5 psig (135.8 ± 3.4 kPa) and the furnace temperature 

was 300 oC. 
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Figure 5.3  The changes in pressure inside all cups with time 

 

 

Figure 5.4  The changes in pressure inside carbon steel cups with time 
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Figure 5.5  The changes in pressure inside stainless steel cups with time 

 

Once the hydrogen gas was introduced into the carbon steel pipe, the pressure in 

each cup continuously increased with time. The fluctuations of the pressures were caused 

by the changes in room temperature. 

It can be seen clearly from Figures 5.3 and 5.5 that the pressure in the Cups 5 and 

8 rose rapidly to approximately 100 kPa after a few hundred hours. This was due to the 

applied sealant being broken so that air leaked into the systems through small holes. These 

results confirmed that the sealant performed well for only a few hundred hours at 300 oC. 

Consequently, there was a possibility that there were some air leakage into other cups also. 

In addition, the fluctuation of pressure in the Cup 7 at approximately 400 hours might be a 

result of the sensor error. Furthermore, the results in Figure 5.4 combined with the results 

from leak test indicated that the pressure increases in all stainless steel cups were the 

accumulation of both hydrogen gas and air; the results could not be used to compare the 
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effect of material, size, and wall thickness, and also could not explain the performance of 

HEPs that were manufactured from stainless steel. 

Figures 5.3 and 5.4, and the results from the leak test indicated that there was some 

air leakage into the system of Cups 2 and 3. The pressures inside both cups were increasing 

continuously and resulted in higher pressure than the pressure inside Cup 4 at 

approximately 1000 hours, which should not be possible because Cup 4 was the thickest 

and largest cup among carbon steel cups. On the other hand, the increasing pressure inside 

Cup 1 did not show any significant air leakage into the cup, but the accumulation rate was 

much lower than expected. This result may be caused by some material coated on the 

surface of carbon steel pipe underneath Cup 1 during the cupôs installation. Therefore, the 

diffusion of hydrogen through the pipe was blocked and the hydrogen transfer rate was 

slowed down. Furthermore, the pressure drops in Cups 1, 2, and 3 at approximately 300 

hours were due to the program accidentally being reset to its original set up, for which the 

maximum and minimum detected pressure were not 100 psig and -14.7 psig. Therefore, 

the pressure reading was wrong for an amount of time before the program was fixed. 

It is apparent from the figures that among carbon steel cups, only Cup 4 reached 

the plateau pressure. The increase of hydrogen pressure inside the cup was approximately 

linear with time at the beginning of hydrogen accumulation. The accumulation rate 

decreased gradually with time and became zero at approximately 700 hours when the 

steady state was achieved due to the hydrogen transfer through the cup wall. The plateau 

pressure inside the cup was in the range 67 to 72 kPa, which is below the pipe pressure.  

This result raises the possibility of a self-moderating pressure design.  
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5.5  Test 1A Conclusions 

The significant loss of vacuum inside many cups, due to the air ingress, was 

observed during the first leak test. Only Cup 4 indicated no leak. After tightening the 

fittings, changing the gaskets and applying the sealant around the solder and weld lines 

several times, the absence of any significantly noticeable change in pressure for one day 

was established in only four cups, Cups 1, 2, 4, and 8.  The leak rate in the other four cups 

could not be negligible at 300 oC. Therefore, the apparatus need to be checked and repaired 

by the technician. 

The sealant, Vacseal® Vacuum Leak Sealant With Brush, Original Formula Clear, 

performed well for only a few hundred hours at 300 oC. The pressure increased rapidly to 

atmospheric pressure after the seals were broken. 

The pressure increases in all stainless steel cups were the combination of both 

hydrogen gas and air ingress and could not be used to investigate the effect of material, 

size, and wall thickness. 

For the carbon steel cups, only Cup 4 reached the plateau pressure at approximately 

700 hours and could be used to determine the performance of HEPs manufactured from 

carbon steel. The result from Cup 4 raises the possibility of a self-moderating pressure 

design. 

5.6  System Repair 

The previous section indicated that only Cup 4 reached steady state with no air 

leakage into the system. Thus, the apparatus was sent to be checked and repaired to prevent 

leakage.  
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The apparatus was repaired by a technician at the University of New Brunswick. 

The weld fillet and the surrounding area were cleaned by using a Die Grinder and a 1/8ò 

solid carbide ball cutter. Then, reheating the weld fillet was performed for weld repairs. A 

Gas Tungsten Arc Welding (GTAW) machine was used with no filler material being added. 

The weld fillet was allowed to cool naturally until it solidified.  

The apparatus was tested by the technician after it was repaired. A pressure decay 

test was chosen for a leak test method. The cups were pressurized by helium gas to 100 psi 

for 24 hour period, and any loss of pressure was noted. The technician reported that there 

was no indication of leakage from all cups after 24 hours. Consequently, the apparatus was 

return to the lab and connected with the valves and other fittings as described in the 

previous section. Then, the leak test was performed. 

5.7  Leak-Tight Testing of System of the Repaired Systems 

The Leak-Tight testing was composed of two steps, the bubble formation test and 

the pressure built-up test.  

5.7.1  Bubble Formation test 

The leakage at the connections between tee and valve, and tee and pressure 

transducer was checked by the bubble formation test. A nitrogen tank was connected to the 

tee that connected to the pressure transducer and valve V-1 to V-8 via VCR fitting. With 

valve V-1 to V-8 fully closed, the valve on nitrogen tank was opened and adjusted to the 

desired pressure, 100 to 200 psig, using a regulator before slowly opening the valve after 

the regulator. Then, the bubbling agent, Snoop, was applied at the connections. If there was 

the formation of a bubble, troubleshooting by inspecting the fitting was performed. The 



105 

 

fittings were tightened or changed. The bubble test was not applied to the system of Cup 4 

due to its indicating no leak from the previous tests. The results of the bubble test are shown 

in the table below. 

Table 5.4  Bubble Formation testing 

 Cup 

1 

Cup 

2 

Cup 

3 

Cup 

4 

Cup 

5 

Cup 

6 

Cup 

7 

Cup 

8 

Bubble formation  

at the connection 
   

 

    

- Tee and 

valve 
No No No No No No No 

- Tee and 

pressure 

transducer 

No No No Yes Yes No No 

 

The results in Table 5.4 indicated that there were problems at the connections 

between tees and pressure transducers (PT-5 and PT-6). Both tees were taken out and the 

defects were found on the threading as shown in the figures below. The tees on the system 

of Cup 7 were switched to the system of Cup 5, and from Cup 8 to Cup 6 before the bubble 

formation test was performed again in order to check the threading of the pressure 

transducers. The results indicated no bubble formation at all connections. 
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Figure 5.6  The defect on the tee threading from the system of Cup 5 

 

 

Figure 5.7  The defect on the tee threading from the system of Cup 6 

 

5.7.2  Pressure build-up test 

The pressure changes inside the cups at the temperature of interest during one-day 

leak tests are shown in Table 5.5. 
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Table 5.5  Pressure build-up test of repaired systems 

 Cup 1 

(psig) 

Cup 2 

(psig) 

Cup 3 

(psig) 

Cup 4 

(psig) 

Cup 5 

(psig) 

Cup 6 

(psig) 

Cup 7 

(psig) 

Cup 8 

(psig) 

Initial 

Pressure 
-14.89 -14.95 -14.84 -14.86 -14.82 -14.89 

  Final 

Pressure 
-0.50 -14.96 -14.85 -14.87 -14.83 -14.53 

Pressure 

Change 
14.39 -0.01 0.00 -0.01 -0.01 0.36 

 

There were no results of leak test from Cups 7 and 8 due to their tees being switched 

and installed on the system of Cups 5 and 6. Therefore, there was no tee installed on the 

system of Cups 7 and 8. It was found that only Cups 2, 3, 4, and 5 indicated no leaks. 

Consequently, troubleshooting by inspecting the valves, V-1 and V-6, was performed as 

there was no leakage from the weld lines and connections. For more detailed information 

on how the valves were tested and the results from testing see Appendix F. 

The results revealed that both valves were faulty. Consequently, the pressure build-

up during the leak test was due to the air coming into the system through the valves. 

Therefore, valves V-1 and V-6 needed to be repaired or changed before performing the 

next step of the experiment.  

According to the valve problem, the tees on the Cup 1 system were switched to the 

Cup 7 system, and from Cup 6 to Cup 8. The bubble formation test was performed and 

indicated that there was no bubble formation. Then, the pressure build-up test was 
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performed. The pressure changes inside the cups at the temperature of interest during one-

day leak tests are shown in Table 5.6. 

Table 5.6  Pressure built-up test of repaired systems after valves testing 

 Cup 1 

(psig) 

Cup 2 

(psig) 

Cup 3 

(psig) 

Cup 4 

(psig) 

Cup 5 

(psig) 

Cup 6 

(psig) 

Cup 7 

(psig) 

Cup 8 

(psig) 

Initial 

Pressure 

 

-14.75 -14.83 -14.74 -14.78 

 

-14.70 -14.76 

Final 

Pressure 
-14.33 -14.63 -14.44 -14.61 -14.27 -14.55 

Pressure 

Change 
0.42 0.20 0.30 0.17 0.44 0.21 

 

The results in Table 5.6 indicated another problem. Cups 2, 4, and 7 that reported 

no leakage in the previous pressure build-up test showed a significant air leak into the 

systems in this test. The valves were the only components that were touched, opened and 

closed; other parts were not touched or changed. Consequently, the problem should have 

been the closed position of the valves. Therefore, the valves were tested again to find the 

proper closed position. For more detailed information on valve closed position test and the 

results from testing see Appendix G. 

The valves were turned to the proper closed positions before another pressure build-

up test was performed. The pressure changes inside the cups at the temperature of interest 

during one-day leak tests are shown in Table 5.7. 
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Table 5.7  Pressure built-up test of repaired systems after valves closed position 

testing 

 Cup 1 

(psig) 

Cup 2 

(psig) 

Cup 3 

(psig) 

Cup 4 

(psig) 

Cup 5 

(psig) 

Cup 6 

(psig) 

Cup 7 

(psig) 

Cup 8 

(psig) 

Initial 

Pressure 

 

-14.74 -14.75 -14.69 -14.80 

 

-14.70 -14.75 

Final 

Pressure 
-14.66 -14.66 -14.72 -14.81 -14.64 -14.76 

Pressure 

Change 
0.08 0.09 -0.02 -0.01 0.06 -0.01 

 

 It can be seen that the pressure changes in all cups were within acceptable limits. 

The absence of any significantly noticeable change in pressure for 24 hours indicated that 

the leak rate was negligible at 300 oC, therefore the cups were ready to perform the next 

step of the experiment. Moreover, the results from leak tests also illustrated that the air 

leakage into the system could be from many factors; the defect on threads, a faulty valve, 

and the valve closed position. 

5.8  Hydrogen Accumulation inside the Cups for both tests 

The pressure increases with time for the group of carbon steel cups, and group of 

stainless steel cups for both tests are shown in Figures 5.8 and 5.9. The conditions were the 

pressures of hydrogen inside the pipe, 5 ± 0.5 psig (135.8 ± 3.4 kPa) for Test 1B and -0.5 

psig (66.9 ± 3.4 kPa) for Test 2. The furnace temperature was 300 oC for both tests. 
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Figure 5.8  Hydrogen accumulation inside carbon steel cups for both tests 

 

 

Figure 5.9  Hydrogen accumulation inside stainless steel cups for both tests 

 

  Theoretically, diffusion is the process wherein the atoms or molecules move from 

a higher concentration region to a lower concentration region. The diffusion stops when 
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the concentration of both regions is similar. In this experiment, hydrogen atoms moved 

from inner pipe surface to outer pipe surface that are exposed to air and had lower hydrogen 

concentration. The hydrogen atoms, then, recombined into hydrogen molecules and 

resulted in pressure rise inside the cup. The diffusion should stop once the hydrogen 

concentration or pressure inside the pipe and the cup are the same. Therefore, the maximum 

detected hydrogen pressure inside the cup should be the pipe pressure. However, as shown 

in Figures 5.8 and 5.9, the results of some cups were not corresponding to the theory; e.g., 

in Test 2 the pressure inside Cup 8 was three to four times more than the pipe pressure. 

Even if there was the possible of air leakage into the system, it could not reach 

approximately 210 kPa. The apparatus was placed in the furnace at the normal room 

atmospheric pressure, 1 atm or 101.3 kPa. If  there was an air leakage into the system, the 

maximum detected pressure should be 1 atm as can be seen in Cups 5 and 8 in Test 1A 

(Figure 5.5). Consequently, there might be some problem with the pressure transducers or 

the computer program. 

5.8.1  Sensor testing 

After the experiment was finished, the pressure transducers, PT-1 to PT-8, were 

tested by vacuuming, flowing air into the system at atmospheric pressure, and charging the 

system with nitrogen gas at a variety of pressures, 4 ï 20 psig. 

From the schematic in Figure 5.1, both vacuum pumps were run with all valves 

open for getting the pressure reading at vacuum condition. The vacuum pumps, then, were 

turned off and all valves were fully open. The air was allowed to flow into the systems. 

The pressure inside the cups increased to atmospheric pressure and were recorded. 
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After the test at atmospheric pressure was finished, the line that was connected to 

vacuum pump VP-1 was removed and reconnected to the nitrogen tank. A calibrator 

pressure gauge was connected at the middle of the line as a reference to compare pressures 

inside the system. It has the percent of full scale accuracy or full scale error (%FS) 0.05% 

FS. 

 

Figure 5.10  The calibrator pressure gauge 

 

 The results of the sensors test are shown in Table 5.8 and the calibration curves 

along with the calibration equations of each pressure transducer are represented in Figures 

5.11 - 5.16. 
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Table 5.8  The results from sensors test at different pressures 

Calibration 

pressure 

gauge 

(kPa) 

Pressure Reading (kPa) 

PT-2 PT-3 PT-4 PT-5 PT-7 PT-8 

0 0.000 -6.208 22.222 54.407 -5.536 146.931 

101.325 100.525 93.927 122.416 154.740 94.659 247.224 

128.904 129.711 123.345 151.557 184.158 123.938 276.405 

156.483 158.299 151.992 180.263 212.666 152.625 304.696 

184.062 185.997 179.710 207.921 240.483 180.263 332.255 

211.641 214.208 208.376 236.430 268.783 208.870 360.922 

239.22 241.748 236.192 264.997 296.985 236.805 389.388 

 

 

Figure 5.11  The pressure calibration curve and equation of PT-2 
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Figure 5.12  The pressure calibration curve and equation of PT-3 

 

 

Figure 5.13  The pressure calibration curve and equation of PT-4 
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Figure 5.14  The pressure calibration curve and equation of PT-5 

 

 

Figure 5.15  The pressure calibration curve and equation of PT-7 
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Figure 5.16  The pressure calibration curve and equation of PT-8 

 

 It was clearly seen from Table 5.8 and Figures 5.11 - 5.16 that only pressure 

transducer PT-2 performed very well. The measured pressures from other pressure 

transducers were off by significant values. These results confirmed that there were some 

errors in measured pressures in Test 2 due to the sensor errors, and this is also the reason 

for the results in Figures 5.8 and 5.9 which were not corresponding to the theory. The 

reason that the pressure transducers measured incorrect pressures might be due to the 

modules that were installed being broken or the pressure transducers being broken as a 

result of power outages or electrical problems. 

 The modules were checked and tested by switching the pressure transducers that 

reported no problem in measuring pressure to the slot on the module where the previous 

pressure transducers were connected and showed the inaccurate pressure reading. The 

results indicate that the pressure transducers that performed well still read and measured 

approximately the same pressure as previously. Therefore, the modules that these pressure 
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transducers were installed on were not broken and were still working well. Consequently, 

the reason that the pressure transducers measured incorrect pressures might be due to the 

pressure transducers being faulty as a result of power outages or electrical problems. 

5.8.2  Actual Pressures inside the Cups 

At the beginning of the hydrogen permeation test, there was no hydrogen collection 

inside the cups. All pressure transducers were reading at the same pressure, zero kPa, as 

shown in Figures 5.8 and 5.9. This indicated that the recorded data by the pressure 

transducers were accurate at the beginning. However, the recorded pressures were 

significantly awry at the end, having deviated at some point during the experiment.  

Once the sensor testing was done, the calibrated pressures in the cups were 

calculated using the calibration equations as shown in Figures 5.11 - 5.16. Then, they were 

plotted on the same graph with the measured pressures to estimate when the sensors started 

to read incorrectly and, also, to get an idea of how the actual pressures should have been 

during the tests. The actual pressure changes inside the cups were obtained from the 

combination of the measured pressures and the calibrated pressures, and are shown in 

Figures 5.17 and 5.18. The missing data in both figures were the results of sensor errors 

and represented the time that the sensors started to read incorrectly. 
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Figure 5.17  Actual pressures change inside the carbon steel cups 

 

 

Figure 5.18  Actual pressures change inside the stainless steel cups 
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5.9  Establishing the Hydrogen Pressure in the Pipe (Test 1B) 

The pressure increases with time for the group of carbon steel cups, and group of 

stainless steel cups are shown in Figures 5.19 and 5.20. The conditions were the pressure 

of hydrogen inside the pipe was 5 ± 0.5 psig (135.8 ± 3.4 kPa) and the furnace temperature 

was 300 oC. 

 

Figure 5.19  Actual hydrogen accumulation inside carbon steel cups in Test 1B 
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Figure 5.20  Actual hydrogen accumulation inside stainless steel cups in Test 1B 

 

 Once the hydrogen gas was introduced into the carbon steel pipe, the pressures in 

the cups continuously increased until the pressure reached a steady state or nearly plateau 

pressure. The hydrogen accumulation rate in all cups was reported in the form of a line 

chart in which a total of observed days was shown in the x-axis while the y-axis showed 

the pressure rises inside the cups. The plateau pressures inside carbon steel 1045 cups were 

in the range of 80 kPa to 86 kPa. On the other hand, the pressures at steady state inside 

stainless steel 316 cups were between 100 kPa and 114 kPa. Moreover, the fluctuations in 

room temperature were significant and caused the pressures in the cups to fluctuate. As 

displayed in both figures, at approximately the 40th day, once the room temperature 

dropped, the pressures inside the cups dropped and once the room temperature increased 

again, the pressures rose also. This fluctuation was due to the thermal expansion of the gas. 
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5.9.1  Effect of Cup Materials 

The effect of cup materials, carbon steel and stainless steel, is observed from Figure 

5.21, which is the plot of hydrogen pressure accumulation inside Cups 3 and 8 as a function 

of time at pipe pressure 5 ± 0.5 psig (135.8 ± 3.4 kPa) and 300 oC. Both cups have the same 

geometry, but were manufactured from different materials. 

 

Figure 5.21  Actual hydrogen pressure accumulation inside carbon steel Cup 3 and 

stainless steel Cup 8 in Test 1B 

 

It is apparent from the figure that the trend of the variation of hydrogen pressure in 

the cups with time was similar for both materials at the temperature of interest. Initially, 

the hydrogen pressure rose approximately linearly as a function of time. Afterward, the 

accumulation rate decreased gradually with time and became zero when the steady state 

was achieved due to the hydrogen transfer through the cup wall. However, a comparison 

of the time axes of Figure 5.21 displays that the time to reach steady state, which is the 

time where the pressure in the cup does not change with time, depends on the material. The 
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data demonstrated that the achievement of steady state in the carbon steel cup was faster 

than in the stainless steel cup, approximately 150 days in the carbon steel cup and 200 days 

in the stainless steel cup. However, the attainment of plateau pressure might also be 

affected by room temperature, as it can be seen that the increasing trends of pressure inside 

the carbon steel cup and the room temperature between 50th hour and 100th hour is similar. 

Therefore, if the room temperature is constant, the steady state may be observed faster. 

Furthermore, from Figure 5.21, it can be seen clearly that the hydrogen plateau pressure in 

the stainless steel cup was significantly higher than the plateau pressure in the carbon steel 

cup. This is the result of the more rapid diffusion of hydrogen through the carbon steel cup 

wall due to its hydrogen permeability being one to two orders of magnitude higher than 

that of the stainless steel. 

5.9.2  Effect of Wall Thickness of Cups 

The effect of wall thickness of cups on the hydrogen accumulation can be seen from 

a comparison of Cup 3 with Cup 4, and Cup 7 with Cup 8 which are represented in Figures 

5.22 and 5.23. 
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Figure 5.22  Actual hydrogen pressure accumulation inside carbon steel Cup 3 and 

Cup 4 in Test 1B 

 

 

Figure 5.23  Actual hydrogen pressure accumulation inside stainless steel Cup 7 and 

Cup 8 in Test 1B 
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The relationship of hydrogen pressure and time in each couple demonstrates similar 

results in both materials. The increase of hydrogen pressure inside the cups was 

approximately linear with time at the beginning of hydrogen accumulation. The 

accumulation rate, then, decreased substantially with time.  

In the carbon steel couple, the plateau pressure in the thicker cup was slightly higher 

than that in the thinner cup, approximately 86 kPa and 83 kPa. In contrast to the stainless 

steel cups, the thinner cup yielded slightly higher plateau pressure than the thicker cup, 

approximately 114 kPa and 110 kPa. Therefore, it can be reported clearly that the 

experimental plateau pressures were approximately similar for both couples. This result 

confirmed that the change in wall thickness of the cups had only a small effect on the 

hydrogen pressure at steady state. However, this result may be affected by the silver solder 

on the top of the cups. Silver solder has a dramatic low hydrogen permeability. It acts like 

a hydrogen barrier and prevented hydrogen from diffusing out from the top of the cup. As 

shown in Figures 5.24 and 5.25, the silver solder on the thinner cups of both materials 

occupied the entire top surface of cup, while for thicker cups, it covered only 70% - 80% 

of the top surface of the cups. Consequently, there is more surface area on the top of cup 

for hydrogen loss which results in lower hydrogen pressure accumulation inside the thicker 

cups.  

The more surface area on the top of cup for hydrogen exit caused more hydrogen 

loss from the cup and affected hydrogen accumulation inside the cup. Therefore, the term 

of hydrogen loss through the top wall of cup should be involved in the modelling which 

makes the calculation more complex and very complicated. 
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Figure 5.24  Silver solder on carbon steel cups 

 

 

Figure 5.25  Silver solder on stainless steel cups 

 

Furthermore, the times to attain steady state for carbon steel cups could not be 

compared due to the data being missed as a result of sensor errors. On the other hand, in 

Cup 1 Cup 2 Cup 3 Cup 4 

Cup 5 Cup 6 Cup 7 Cup 8 




















































































































































































































