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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]. 
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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 
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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. 
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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. 
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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 
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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
) 


























































































































































































































































































































































































