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CLOSE-OUT REPORT FOR THE IMPACT OF
HYDROGEN ON NTS OILS AND GREASES
PHASE 2 INNOVATION PROJECT

1.0 INTRODUCTION

This technical report details the findings of the work performed by Score Group on the ‘Impact
of Hydrogen on NTS Oils and Greases — Phase 2’ innovation project (NIA_NGT0268)
commissioned by National Gas Transmission (NGT).

Phase 1 of ‘Impact of Hydrogen on NTS Oils and Greases’ project was a desktop exercise
carried out by Wood [1], broken down into five Work Packs (WP) with the overall aim to
identify areas requiring further experimental research to better understand how the transition
from natural gas to hydrogen (hydrogen) would affect maintenance consumables, such as
lubricating oils, greases and sealants. Original Equipment Manufacturers (OEM) were
contacted to appraise the market’s current position regarding hydrogen readiness for these
consumables, therefore revealing gaps in the market to explore. In conjunction with this OEM
engagement, engineering specifications were reviewed by Wood to identify existing testing
regimes to verify consumable products for hydrogen application, leading to their testing
propositions for both oils and greases.

Phase 2, therefore, primarily focused on carrying out physical tests broadly based on Wood’s
proposals, which has been carried out for both oils and greases (sealants). The consumables
identified for testing, based on work completed in Phase 1 identifying gas-facing products,
have been chosen due to the high frequency of use within NGT’s maintenance regimes,
therefore providing the greatest immediate impact to current operations, and are listed below,
inclusive of references to their applicable Safety Data Sheets (SDS).

Oils

Greases (Sealants)

20" March 2026 Page 7 of 135 ENG-SC01-ZZ-4365 Rev 0
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2.0 BACKGROUND
21 Oils

Lubricating oils are an essential maintenance consumable for NGT as they are utilised
throughout the National Transmission System’s (NTS) rotating equipment, however not all
oils used in this equipment would be in contact with the service media, so only gas-facing oils
were considered for review. The purpose of the lubrication compounds are to reduce friction,
wear and heat between the moving components, namely compressors and turbines with
regards to NGT’s NTS, and the effectiveness of these compounds depends on their intrinsic
physical properties. A good lubricating oil will have:

¢ An optimal and stable viscosity, which does not fluctuate with temperature or (in this
particular case) in the presence of certain gases, such as hydrogen. This ensures that
the oil remains able to provide a protective film over the dynamic parts of the rotating
equipment without becoming too thin (removal of film) or too thick (increased friction and
drag) throughout the system’s operation.

e Resistance to chemical degradation, such as exposure to oxygen or (again, in this
particular case) hydrogen, ensuring the oil remains in its viscous liquid form and does not
break down into undesirable substances.

¢ Good water separation and rust prevention properties, enabling the oil to expel water and
prevent corrosion

The oil testing was subcontracted out to Savant Labs, a United States (US) based laboratory
part of the greater Savant Group consortium, who specialise in lubricant & grease testing.
Test proposals for the oils were largely in-line with Wood’s recommendations and were
designed to investigate how the oils’ physical properties change upon hydrogen exposure,
measuring key variables such as those listed above, detailed fully in Section 6.1.3, before
and after exposure in Tannas & King Quantum Pro Oxidation Tester pressure vessel (see
Appendix G. The results will determine which (if any) oil would be suitable for use in hydrogen
applications, based on their ability to retain their physical properties despite exposure to
hydrogen.

2.2 Greases

Sealant (grease) injection can be an effective maintenance strategy for minimising valve
leakage to atmosphere, or through the bore, without conducting any intrusive maintenance -
but only where the valve has dedicated injection facility ports. The most common places for
these ports are at the stem to bonnet interface or at the seat to ball interface (for ball valves),
which allows for a grease to be injected from outside the valve, through the pressure
boundary and onto the subject sealing interface. Given this can be done without taking the
valve out of line, it poses a great advantage over valve removal maintenance regimes as
system operation does not need to cease. However, it is only a temporary measure as the
leak source (cracks, scratches, scores etc.) is not being repaired. Many sealant compounds
have been tried and tested for the oil and gas industry, albeit none have been proven for the
seeking nature of hydrogen, hence the requirement for these compounds’ effectiveness to
be tested. The sealant greases testing was conducted in-house at Score’s Glenugie facility
in Peterhead.
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SUMMARY AND CONCLUSIONS

A literature review was performed to investigate current knowledge for oils and greases with
hydrogen exposure, but information was found to be sparce within the oil and gas industry.

NGT’s 3-off most utilised oils in their rotational equipment were sourced by Score and
shipped |- be subject to performance testing upon hydrogen exposure.

B =5 the top performing oil for both non-exposed and hydrogen exposed
tests, showing no reduction performance to any reportable level when exposed to hydrogen.

I o' =S the most affected oil, where 3 tests revealed a performance
change between the control sample and the hydrogen exposed sample.

3.4.1 Two out of three of these cases actually show an increase in performance of the oll
when exposed to hydrogen over the control sample, however despite this
improvement, the results were still inferior to the other 2 oils’ performances.

NGT’s 3-off most utilised sealant injection compounds in their system were sourced by Score
and subject to performance testing with forming gas (5% Hydrogen 95% Nitrogen) using a
Score manufactured test rig to determine their sealability across 7 different damage levels.
Leakage was quantified using Inficon’s Extrima Hydrogen Leak Detector (see Appendix H).

3.5.1 All 3 sealant compounds were found to reduce the leakage rate of hydrogen when
compared to a baseline leakage rate without a sealant compound present, but the
extent of their effectiveness depended on pressure application and the damage level,
where each compound offers a unique strength.

3.5.2 The ‘damage’ consisted of a singular vertical score on the test rig sealing interface,
which got increasingly deeper with each damage level, ranging from level 1 at
0.0125mm (0.0005in) to level 7 at 1.75mm (0.070in), at which point the score
resembled more of a notch.

3.5.3 The first 3 damage levels exhibited 0 leakage past the test rig O-Ring, the material of
which (MCM Grade N9012) was selected based on Score’s previous R&D project for
NGT Titled ‘Hydrogen Impact on NTS Valves & Maintenance - NIA_NGT0227’ [2].
This shows that this O-Ring grade has sealing abilities up to 0.1mm (0.004in) pit
depths.

3.5.4 Damage levels 4-7 proved too severe for the O-Ring to seal against, hence the
sealant injection compounds could be introduced to reduce the leakage, and therefore
only damage levels 4-7 provided useful data for evaluating the compounds’
effectiveness.

3.8.1 This sealant was not the best performing compound at any damage level but did not
exhibit the extreme highs and lows in performance that the other two compounds did.

3.9  Ahigh-level summary of the sealant compounds performance can be found in Table 7 within
Section 7.2.1.
20" March 2026 Page 9 of 135 ENG-SC01-ZZ-4365 Rev 0
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4.0 RECOMMENDATIONS
4.1 Oils

I - be utilised in NGT’s NTS after the introduction of hydrogen as
there are no signs of performance degradation upon exposure to hydrogen.

411

4.1.3 Further testing to be carried out on | GGG o the identified

oils in this scope) using a select set of rotating equipment. These tests can be used
to highlight the significance of the property changes shown in the |l test
report of these two oils and what likely physical impact they may have in-situ on NGT’s
rotating equipment.

4.1.4 Further oil testing, similar to what was completed in this report, to be carried out for
other oils that are deemed similar to the [l range regarding physical properties

(such as relative density, kinematic viscosity etc.). This can be carried out to find an
oil with similar hydrogen resilience to , but compatible with the
equipment better suited to the " range oll iroierties, in the case where the

further testing detailed in Section 4.1.3 reveals the | ' range cannot be utilised
by NGT.

4.1.5 Temperatures at which rotational equipment can reach are to be established by NGT
to determine if High Temperature Hydrogen Attack (HTHA) may be a concern. Score
advise that if temperatures above 400°C are reached, HTHA can be an issue, which
may be exacerbated by the oil’s gas retention.

4.2 Greases

-

4.2.2 Score recommend that further investigative work is undertaken into sealant
performance on the 36” x 600# " 2've from Score’s previous R&D project
for NGT [2], to allow for seat to ball interface testing.
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5.0 LITERATURE REVIEW

Hydrogen possesses several physical and chemical properties that distinguish it from typical
hydrocarbons, including small molecular size, high diffusivity, low viscosity and high
permeability through materials. These properties increase the likelihood of leakage through
sealing mechanisms and influence tribological interactions within mechanical equipment.
Research into hydrogen compatibility has expanded significantly over the past two decades,
focusing primarily on metallic materials which are subject to hydrogen embrittlement and on
polymeric materials used as seals. However, relatively little work has addressed the
performance of maintenance consumables, such as lubricating oils and valve sealant
injection compounds which are widely used in natural gas systems. Lubricants are essential
for protecting rotating equipment such as compressors and turbines, while sealant injection
compounds are routinely used as temporary mitigation measures to reduce valve leakage.
As hydrogen networks develop, understanding how these consumables behave in hydrogen
environments becomes increasingly important [3].

Due to the small size of the hydrogen molecule, it can present challenges with maintaining a
pressure boundary as the gas can permeate through materials as well through the smallest
leak paths. The “particle size” of a gas can be defined as the molecular diameter, however,
for gas flow in small leakage paths the “kinetic diameter” is used. The kinetic diameter is
related to the mean free path of the molecule which determines whether the gas will be able
to leak through very small paths and gives a measure of how the molecule will interact with
its surroundings and other molecules. This low-level flow is known as Knudsen Flow or
Molecular Streaming. Typical kinetic diameters are given below in Table 1. Compared with
methane, hydrogen has a significantly smaller kinetic diameter and lower viscosity. This
enables hydrogen to diffuse through microstructural defects and porous materials more
readily than typical hydrocarbon molecules.

Kinetic Diameter

Molecule Molecular Mass (pm or 1 x 102 m)
Hydrogen 2 289
Helium 4 260
Methane 16 380
Nitrogen 28 364
Propane 44 430
Chlorine 70 320

Table 1 : Molecular Mass and Kinetic Diameter

Permeation of hydrogen through materials occurs primarily through diffusion mechanisms. In
polymers hydrogen molecules can migrate directly through the polymer matrix, whereas in
metals hydrogen typically dissociates into atomic hydrogen before entering the crystal lattice.
The difference in transport mechanisms results in varying susceptibility to hydrogen
exposure. The high diffusivity of hydrogen also means that even minor imperfections in
sealing surfaces can result in measurable leakage. Consequently, sealing systems designed
for natural gas service may experience increased leakage when exposed to hydrogen or
hydrogen-blended gas streams. The behaviour of elastomeric seals exposed to hydrogen
has been extensively reviewed, elastomers are widely used as O-Ring seals and seal
components in valves, compressors and other pressure systems. A review conducted by
Zheng et al. examined the effect of high-pressure hydrogen on elastomeric sealing materials
used in hydrogen infrastructure [4] [5]. The study highlighted several degradation
mechanisms including hydrogen permeation, swelling, mechanical property degradation and
rapid gas decompression damage. Hydrogen permeation into elastomers occurs due to
pressure-driven diffusion through the polymer matrix. The amount of absorbed hydrogen

increases with pressure and temperature and_is often_proportional to the applied pressure
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according to Henry’s Law. As hydrogen accumulates within the material, swelling may occur
which alters the mechanical properties and sealing behaviour [6].

Rapid Gas Decompression (RGD) is a critical failure mode observed in hydrogen sealing
systems. When a hydrogen-saturated elastomer is depressurised rapidly, dissolved
hydrogen may then nucleate within the polymer matrix, forming internal voids that can then
propagate as cracks. These cracks reduce the sealing performance and may lead to a
catastrophic failure. Recent reviews of O-Ring seal degradation mechanisms in hydrogen
environments confirm that hydrogen permeation, swelling and decompression damage
remain significant risk factors to long term reliability of elastomeric seals in hydrogen service
and underscore the importance of carefully selecting seal materials that are suitable for the
service. While there has been significant research carried out on elastomeric materials
themselves, relatively little work has examined how damaged sealing interfaces interact with
hydrogen or how sealants typically utilised to mitigate leakage perform in hydrogen service.
In addition to the effects upon a material’s physical properties, hydrogen environments can
also influence tribological behaviour through changes in surface chemistry. Hydrogen is a
strongly reducing gas and can suppress oxide formation on metal surfaces. Since many
tribological systems rely upon oxide layers to stabilise friction and wear behaviour, the
absence of these films may alter wear mechanisms. Experimental studies on polymer-metal
contacts have demonstrated significant changes in tribological behaviour under hydrogen
environments. For example, investigations of PTFE sliding against steel in hydrogen showed
increased wear rates and altered transfer film formation due to hydrogen reducing effect on
surface chemistry [7] [8]. The tribological behaviour of sealing interfaces is particularly
important for valve applications. Repeated actuation causes sliding contact between sealing
surfaces, and any changes of friction or wear behaviour may affect operating performance
over time.

Lubricating oils are critical to the operation of rotating equipment such as compressors,
turbines and pumps used within the National Transmission System (NTS). Hydrogen
exposure may influence lubricant performance through several mechanisms such as the
dissolution of hydrogen within the lubricant. Hydrogen solubility in liquids depends on
pressure, temperature and fluid chemistry. Dissolved hydrogen may influence lubricant
properties such as viscosity, air release and foaming tendency. Research examining
tribological contacts in hydrogen environments has demonstrated that lubricants can
influence hydrogen-related degradation processes. Certain lubricant films may reduce
hydrogen ingress into metallic surfaces limiting the exposure of fresh metal surfaces during
sliding contact [6]. However, most available research has focused on hydrogen combustion
engines or laboratory tribology experiments rather than industrial compressor systems as
used within the NTS. Consequently, relatively little data exists concerning the behaviour of
commercial compressor oils exposed to hydrogen gas environments. Additional research is
required to determine whether commonly used industrial lubricants maintain their
performance characteristics when exposed to hydrogen service conditions [9].

Typically, leakage occurs through damaged sealing surfaces such as scratches, corrosion
pits and erosion damage which create leakage paths that bypass the intended sealing
mechanism. The leakage across the sealing interfaces is strongly influenced by defect
geometry, including the overall depth of the defect, the width and orientation relative to
sealing direction. Even a relatively minor surface defect may produce measurable leakage
when sealing hydrogen due to the gas’s high diffusivity and low viscosity. Experimental
investigations have confirmed that variations in surface roughness and defect morphology
can significantly influence sealing performance. Evaluating sealing behaviour across a range
of defect geometries is important when assessing hydrogen compatibility of sealing systems.
Despite this, most existing studies have focused on simplified sealing geometries rather than
realistic valve assemblies [10].
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Valve sealant injection compounds are commonly used in the oil and gas industry as a
maintenance strategy for mitigating valve leakage without removing valves from service.
These compounds are typically grease-based formulations injected through dedicated valve
ports. Once injected, the sealant spreads across the sealing interface and fills surface
defects, forming a temporary sealing barrier capable of withstanding high-pressure
differentials. Products such as | 2 < videly used in natural
gas transmission systems. Despite the widespread use of these compounds, there is very
limited peer-reviewed research investigating their performance in hydrogen environments.
Most available information originates from manufacturer documentation rather than
independent experimental studies. Consequently, the effectiveness of conventional valve
sealant injection compounds in mitigating hydrogen leakage remains uncertain [11].

Previously Wood PLC investigated the impact of hydrogen on lubricating oils, greases, and
sealant injection compounds used within the National Transmission System (NTS) for
National Gas Transmission (NGT). The primary objective of the study was to identify gas-
facing lubricants and sealants used within the NTS and assess their suitability for hydrogen
service through a combination of literature review, manufacturer engagement, and proposed
experimental testing methodologies. A database of consumables was compiled, and
manufacturers were contacted to determine whether hydrogen compatibility data existed for
their products. However, the study found that very limited information was available from both
literature and OEMSs, with most manufacturers unable to provide evidence supporting
hydrogen compatibility. Engagement with equipment OEMs further revealed that, in many
cases, lubricants are not expected to come into direct contact with the process gas under
normal operating conditions. For example, compressor systems used within the NTS are
typically designed such that lubricating oils are isolated from the gas stream, particularly in
dry seal or electrically driven compressor configurations. As a result, the risk to lubricants is
considered to be indirect in many applications. However, this assumption may not hold under
abnormal conditions such as seal failure, transient operation, or contamination pathways. In
contrast, sealant injection compounds were identified as inherently gas-facing products and
therefore represent a more critical area of concern. Despite this, the study highlighted a
significant lack of available data regarding the performance of sealants in hydrogen
environments. Manufacturer engagement confirmed that some suppliers currently do not
have sealants qualified for hydrogen service and are still in the process of developing suitable
products. Furthermore, industry standards such as IGEM guidance were found to contain
minimal information on oils and greases, although they do emphasise the need for
qualification of non-metallic materials for hydrogen service. The study also identified that
existing literature on hydrogen compatibility of oils and greases is sparse, with no clear
evidence either supporting or rejecting their suitability for hydrogen exposure. This reinforces
the observation that maintenance consumables have not been a primary focus of hydrogen
research compared with structural materials and sealing elements [1].

To address these knowledge gaps, the study proposed a series of laboratory-based testing
methodologies to evaluate the impact of hydrogen on key material properties. For lubricating
oils, recommended test parameters include viscosity, oxidation stability, flash point, and
emulsification or gas solubility behaviour. For sealants, permeability and hardness were
identified as critical properties influencing performance under hydrogen exposure. In addition
to laboratory testing, the study evaluated the feasibility of asset-level testing and in-service
monitoring. It was concluded that in-service monitoring of lubricants represents a practical
and cost-effective method for assessing long-term performance under real operating
conditions, particularly as existing monitoring infrastructure already exists within the NTS.
Overall, the findings of this study highlight a critical gap in current knowledge. While hydrogen
compatibility has been widely investigated for structural and sealing materials, there remains
a lack of validated data for lubricants and sealant injection compounds used in gas
transmission systems. The study therefore reinforces the need for targeted experimental
research to support the safe transition of existing infrastructure to hydrogen service.
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6.0 WP2 - EXPERIMENTAL TEST PROGRAMME
6.1 Oils
6.1.1 Testing Schedule

I instructed Score that their testing schedule would comprise of exposing the
sample oil to pure hydrogen in the Oxidation Tester pressure vessel
(see Figure 1 & Appendix G), pressurised to 100 psi and rotated at 100 rpm for 24 hours.
This ensures the oil is preconditioned with an even exposure across its entire volume to
hydrogen for the tests to follow (see Section 6.1.3). hydrogen exposed oil test results would
then be compared to their respective control sample of the same oil grade, therefore providing
a suitable benchmark value to determine whether hydrogen exposure affects the oils’
properties in any meaningful way. The following oils were to be tested:

Figure 1: Tannas & King Quantum Pro High Pressure Oxidation Vessel

6.1.2 Test Parameters

Exposure Gas: 100% hydrogen
Exposure Time: 24 hours
System Pressure: 100 psi

Rotational Speed: 100 rpm
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6.1.3 Test Types

Tests performed to evaluate the three different oils were conducted as per the list below,
most of which were detailed in Wood’s test proposal from their Phase 1 desktop exercise
within “WP5: TEST & VALIDATION PLAN PROPOSAL [1]". There are some extra inclusions
to Wood’s proposal, indicated with an asterisk (*) and two exclusions (D943-02 Oxidation
Test & D7843-21 Varnish Test). The below list was decided upon with assistance from

taking their expert advice on useful tests that they could conduct on board, whilst still
pertaining to the original scope proposed by Wood in Phase 1 of the investigative project as
much as possible.
ASTM D445 KV 40 °C Viscosity Testing [12]
ASTM D4052 40 °C Density of Fluid * [13]
ASTM D3427 Air Release at 50 °C (air entrainment test) [14]
ASTM D892 Sequence | Foam test at 24 °C * [15]
ASTM D4172 4-Ball Wear Testing - Method B * [16]
ASTM D7563 Water Emulsification Test [17]
ASTM D92 Induced Flash Point Test [18]

ASTM D665 Rust Prevention (Distilled water method) * [19]

P @ o e e e

6.1.4 Salient Test Results

I cooried the results to Score Engineering on 27" February 2026 via a
PowerPoint slide document, provided in Appendix |. It was noted that over all the 24 tests
conducted on the hydrogen conditioned oils (8 test types over 3 different oils), 4 tests showed
a reportable differing result to their respective control example. Table 2 below indicates which
tests showed significant changes in performance when the oil was exposed to hydrogen,
denoted by an ‘X'.

Oils Showing Performance Changes with hydrogen
Test Exposure

D445 KV Viscosity Testing
at40°C

D4052 Density of Fluid at
40°C
D3427 Air Release
at 50°C

D892 Sequence
| Foam test at 24°C

D4172 4-Ball Wear Testing
- Method B

D7563 Water Emulsification
Test

D92 Induced Flash Point
Test

D665 Rust Prevention

Table 2: I Oils Testing Salient Results
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It can be seen from Table 2 that displays no change in performance when
exposed to hydrogen across all tests, whereas has 3 properties where

performance can be expected to change upon hydrogen exposure. This section will
showcase the differing results, whereas all other tests that showed comparable results
between the hydrogen conditioned oils and their respective control examples can be found

in Savant Labs’ slides in Appendix I.

6.1.4.1 Air Release Test Results

, air release tests were completed in accordance
with ASTM D3427 and “measure the rate of air release from petroleum oils at 50 °C. High
rates of entrainment can result in accelerated oxidation, pump cavitation, compression

change and film strength reduction”. As it can be seen in Graph 1, the time taken to release
the air (Y-axis) remains the same for the

Graph 1: Air Release Test Results

6.1.4.2 Foam Test Results

Foam tests are used to determine how readily an oil forms foam when air is blown through a
diffuser into the oil, and also how long it takes for the foam to collapse. Foaming is not a
desirable tendency for the oil as it reduces the oil’s ability to protect the metallic materials as
the consistency of the oil is not optimal.

As shown in Table 3|} I sho\ved a tendency to foam during both control
and hydrogen tests, actually performing better with hydrogen exposure, taking over a minute

for the foam to collapse and return to its original consistency. Considering both the other oils
showed no signs of foaming, it can be concluded that although * showed
better results when conditioned with hydrogen over air, there are still adverse reactions that
are undesirable within NGT's NTS.
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Tendency (1) @ 24.0°CmL

1 Minute (1) Stability mL

10 Minutes (I) Stabdity mL

Collapse Time (1) d(s)

Table 3: Foam Test Results

6.1.4.3 | - 4-Ball Wear Results

This test uses the average wear scar diameter over 3 stainless steel balls, created by a larger
fourth ball, which are coated in the subject oil and held in a cradle. This test is used to
determine wear resistance under applied load, boundary film stability and the effectiveness
of anti-wear additives. This will be imperative when considering oils to be used in rotational
equipment within NGT’s NTS such as turbines and pumps. Results from the 4-ball wear test
can be seen in Table 4 below,

Table 4: 4-Ball Wear Test Results
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6.1.5 Discussion

Also, given these oils are employed in rotational equipment, high temperatures may be
experienced within these components which, when paired with prolonged hydrogen
exposure, can lead to risks associated with High Temperature Hydrogen Attack (HTHA), in
addition to Hydrogen Embrittlement (HE) and Hydrogen Induced Cracking (HIC) [20], “High
temperature hydrogen attack (HTHA) is an irreversible deterioration of the mechanical
properties of steel due to the reaction of hydrogen with carbon at high pressures and
temperatures, typically in excess of 400°C, for prolonged periods”. Therefore, temperatures
within NGT’s rotational equipment shall be assessed to determine if HTHA resistant materials
should be utilised.

The 4-ball wear test is a useful test to observe how stainless steel will deteriorate over time
under load and how this deterioration is affected when the oil is exposed to hydrogen. The
results are a direct measure of physical wear patterns, as opposed to measuring changes in
the oils’ properties and estimating the impact these changing properties would have on a
physical object (i.e. density, viscosity, air release etc.). Essentially, this test removes the
theoretical aspect and proceeds to directly measure the physical impact and what could be
expected in-service.

Given this will directly impact rotational equipment’'s ability to operate efficiently and
effectively over its intended service life, these results are an ideal marker to indicate which

oil should be employed throughout NGT’s NTS. Again, the clear standout oil
. boasting the lowest average scar diameter of all three oils. Interestingly, this oil shows
a lower scar diameter with the hydrogen conditioned oil (0.393mm to 0.409 mm) over its
control counterpart (0.419mm to 0.506mm), yielding a scar diameter reduction of up to
23.72%. On the contrary, | N results were extremely inconsistent as ﬁ
were unable to get repeatable results. This indicates an unreliable ability to provide wear
resistance, albeit there were signs that exposure to hydrogen did assist reliability and
erformance, but not to the levels ofi Finally, the performance of io
was reliable and offered no reportable difference between hydrogen conditioned and

control sample oils, where the average scar diameters did not vary more than 0.015mm. but
were around 22% larger than ﬁ
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6.2 Greases
6.2.1 Testing Schedule

Due to costs, logistics and applicability, the testing regime proposed by Wood for these
compounds could not be followed as strictly as they were for the oils, where emphasis was
placed more on product performance rather than physical property changes of compounds.
The proposal from Wood involved measuring hardness levels of the sealant, where the scale
starts at “extra soft” (the equivalent of a marshmallow) which, given sealant greases are more
of a paste-like substance, would not be wholly applicable. The selected sealants for testing
do not harden or ‘cure’, but instead remain a viscous fluid, which can fill the leakage inducing
gaps and cracks, thereby reducing the leakage rate.

Also, as sealant injection compounds are typically used as a temporary measure for
emergency sealing, their main purpose is to provide a quick sealing solution until the next
available chance to remove the valve for repair. On this basis, the sealing performance upon
its initial introduction to hydrogen takes precedence over effects of long-term exposure,
hence the testing programme was altered to reflect this.

Score’s test proposal, 4342 Rev 0@ [21] was to design a sealant injection annulus test rig
and subject this sealing arrangement to a series of controlled damage, simulating surface
finish defects that a valve would likely see in-line over the course of its service life. By
measuring the leakage rate before and after the inclusion of sealant injection compounds,
the expected leakage mitigation performance for each compound could be determined. A
general overview of the testing steps can be found listed below:

1. Test rig subject to forming gas pressure test at 25 barg increments, up to
113 barg (1.1x ASME B16.34 [22] Group 1.2 600# rating), without sealant grease.
Leakage measured using Inficon Extrima hydrogen Leak Detector.

2. Testrig depressurised and injected with |l to repeat step 1 to detect change
in baseline leakage. Test rig depressurised, disassembled and sealant grease
cleaned out.

Repeat Step 2 for the remaining two sealant compounds.

Test rig sent to Score Machine Shop to have the next damage level manufactured to
seal face, then returned to Score’s Glenugie facility to repeat Steps 1 - 3 in full.

This was deemed an appropriate methodology by Score to accurately determine how
effective sealant injection compounds will perform in line when NGT would inject to minimise
leakage to atmosphere, thereby preferred over testing the sealant’'s permeation and
hardness properties.
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6.2.2 Test Rig — Plate Modifications

During a previous NGT research and development (R&D) scope conducted by Score
(Hydrogen Impact on NTS Valves & Maintenance - NIA_NGT0227 // Score Job Number
665997 EDC [2]), Score manufactured two rigs to test ex-service O-Rings. One rig was
manufactured based on the body to adaptor sealing arrangement, whereas the other rig was
based on the bonnet to stem sealing arrangement, both for the 36” x

subject ball valve. The bonnet to stem plate was chosen to modify for sealant injection trials
based on its smaller size for easier machining, transportation and handling. Comprising of
two plates, one plate incorporated the geometry of the valve bonnet (bonnet bore with internal
O-Ring grooves) and the other the geometry of the stem (stem plain outer diameter).

The stem plate (see Figure 2) plain outer diameter spigot was modified to include 3-off
grooves (see Figure 3), where their purposes are detailed below. The bonnet plate (see
Figure 4) was modified to remove the original internal O-Ring grooves and make the bore a
solid diameter, ready to receive the scratch/score damage. This was completed by removing
material from the inner diameter to remove the grooves, then welded back up to the original
inner diameter as a plain solid diameter without grooves. In addition to the bore being
smoothed out, this plate was also modified to accommodate sealant injection ports. The face
O-Ring groove which would house the O-Ring to provide a boundary seal with the other plate
remained the same as per original manufacture.

Modification drawings for the stem plate and bonnet plate can be seen in Figure 5 & Figure
6 respectively, whereas a Solidworks cross sectional model of the assembly conveying the
sealing arrangement can be seen in Figure 7, Figure 8 and Figure 9.

6.2.2.1 O-Ring Groove

The bottom groove, closest to the large flat mating face of the plate, is to accommodate an
O-Ring which created a lower boundary for the sealant grease, essentially representing either
a seat insert or stem to bonnet O-Ring. Given the manufactured damage to the bonnet plate
would align with this O-Ring, any forming gas that passed by the sealant barrier was expected
to also pass by the O-Ring and into the tell-tale port but still retaining the sealant grease to
form its boundary.

6.2.2.2 Sealant Grease Annulus

The middle groove is the sealant annulus, a channel for the sealant grease to spread around
the plate diameter and create a barrier that was to be tested.

6.2.2.3 U-Cup Seal Groove

The top groove housed a unidirectional U-Cup seal, allowing forming gas pressure to pass
by it yet retaining the sealant grease to form the upper barrier. This works in tandem with the
lower O-Ring to create the sealant grease housing but still allows pressure to enter the
system to allow for a valid test. Had this seal been bi-directional, the test pressure would not
be able to reach the sealant grease, thereby creating a false 0 leakage reading during tests.
It was imperative that a sealing arrangement allowed for system pressure to build and reach
the sealant grease without letting the grease escape its channel.
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Figure 4: Bonnet Test Plate
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Figure 5: Stem Test Plate Modifications
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6.2.3 Test Rig — Manufactured Damage

The ‘bonnet’ test plate which contains the sealant injection ports received a vertical score on
the sealing face to represent in-line damage (see Figure 9), which was incrementally
worsened after each test cycle, as per Table 5 below. The first damage level was decided
upon based on a previous failure investigation conducted by Score [23]. Pit depths from a
trunnion bore, trunnion and seat pocket were measured, the deepest of these being
0.0125mm (i.e. damage level 1), hence damage began at this depth. Damage was
manufactured on the test plate fitted stationary to a lathe, where a small scratch using a
cutting tool was completed by a machinist, the depth of which was shown on a digital readout
to ensure accuracy. The depth of the scratch was increased for each damage level, again
being controlled by the digital readout on the lathe. Images of the first damage level being
made in the lathe can be seen in Figure 10, whereas the resultant damage for each damage
level can be seen in Figure 11 to Figure 16, albeit images of level 2 were excluded in error.

Defect Stage Depth (mm) Depth (thou)

1 0.0125 0.5
2 0.0500 2

3 0.1000 4

4 0.2500 10
5 0.5000 20
6 1.0000 40
7 1.7500 70

Table 5: Defect Depth Proposal

Black Marker
on Area Being
Scratched

Cutting Tool 8

Figure 10: Bonnet Test Plate in Lathe
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Figure 12: Damage Level 3
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Figure 16: Damage Level 7
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6.2.4 Test Set-Up

To test the sealant compounds, the test gas pack was connected to a control panel so that
pressure could be introduced to the test plates incrementally in a controlled manner. From
the control panel, a hose was connected to the test plate assembly via Snap-On fittings and
into the plate inlet port. A bubble pipe was fitted to the Tell-Tale port which was where the
hydrogen detector probe was placed to quantify the leakage. Prior to testing the sealant
compounds, the sealant would be injected into the assembly via the injector fittings using a
foot pump. The sealant was typically charged to around 1000psig. The final assembled test
plates can be seen in Figure 17, whereas the test set-up from gas pack to test rig can be
seen in
Figure 18 and Figure 19.

Figure 17: Test Rig Assembly

This test set-up showcases an accurate representation of a stem to bonnet sealing
arrangement complete with sealant injection facilities, typical of a I Va've design
which are commonplace in NGT's NTS. Given O-Rings are commonly employed as the main
seat insert throughout valve range, this set-up could also be considered to
represent the seat to ball interface, as an O-Ring is in contact with a solid metal face which
may have material loss damage, requiring injection grease to seal the resultant leakage.
However, as the ‘bonnet’ face is perfectly perpendicular to the O-Ring, there is scope to
create a set-up that more aligns with a seat to ball interface.

As detailed in the Hydrogen Impact on NTS Valve project (NIA_NGT0227 // Score Job
Number 665997 EDC [2]), there is an ex-service NTS valve in Score which has been
repurposed to be hydrogen ready, and could potentially be employed to carry out further
grease injection trials. As these tests would be conducted on a valve similar to NGT’s valve
population, this will further enhance Score and NGT’s knowledge on how sealant greases
will react to hydrogen.
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6.2.5 Test Parameters

Listed below are the basic test parameters for the sealant injection trial testing:

Pressure: 113 barg (in 25 barg intervals)

Temperature: Ambient

Test Gas: Forming Gas (5% hydrogen/95% nitrogen mix)
Sealant Compounds:

Sealant Settling Time: 5 minutes (charged to 1000psi)

Pressure Hold Time: 5 minutes (per interval)

Hydrogen Detector: Inficon Extrima

Calibration Intervals: Prior to each sealant compound test

6.2.6 Inficon Extrima Hydrogen Leak Detector

The hydrogen leak detector used during pressure testing with forming gas was the Extrima
hydrogen detector manufactured by Inficon. The detector is not a mass spectrometer as it
does not have a vacuum to suck the trace gas into its sensor but rather depends on a flow to
transport the hydrogen atoms into the probe. Once the gas enters the probe, any hydrogen
atoms will diffuse into a metal plate (or gate) within the probe, which is sensitive to hydrogen
only. Once diffused, the hydrogen atoms become hydrogen ions (protons) which change the
gate’s surface potential, essentially creating an electrical flow which is converted into a
concentration (ppm) or flow (mbarlL/s) reading. The detector is far smaller than a mass
spectrometer and has an attachment strap so can be transportable around site, making it
ideal for tracing and detecting leaks on-site.

It is Ex rated meaning it is intrinsically safe, particularly important when detecting a gas as
unstable as hydrogen. The device can and should be calibrated regularly with a calibration
gas of the same composition as the subject gas to be detected, which Score have sourced
from Inficon’s preferred gas supplier, Buse. To calibrate the detector, a calibration fitting with
a known “leak rate” is attached to the outlet of the calibration bottle regulator, allowing the
trace gas to flow through the fitting at a fixed rate. The fitting has been developed by Inficon
and is accompanied by a calibration certificate, stating the fixed flowrate at which the fitting
will allow trace gas to flow through, which is the value to be inputted to the Inficon Extrima
detector to calibrate. The manual for this equipment can be found in Appendix H.

6.2.7 Test Results

Graph 2 to Graph 5 below show a visual comparison of the test results for all 3 compounds
across each damage level, whereas the individual readings for each test can be found in
Table 8 to Table 11 in Appendix J. It should be noted that as the measured baseline leakage
for damage levels 1 to 3 were 0, it was deemed unnecessary to inject any sealant compound
and re-test, as there was no baseline leakage measurement to compare to, hence no sealant
injection trials were carried out at these damage levels. Also, the baseline leakage rate (i.e.
leakage without sealant) was measured to be the same for damage levels 4 — 7 as the
hydrogen Leak Detector appeared to ‘max out’ at these values, meaning the actual leakage
may be higher than displayed on the readout.
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Graph 2: Damage Level 4 Results
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Graph 3: Damage Level 5 Results
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Graph 5: Damage Level 7 Results
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6.2.8 Discussion
6.2.8.1 General

Overall, each sealant compound did manage to offer a reduction in leakage measured by the
Extrima across all damage levels to some degree, however not one compound could be
identified as a clear “best option” when compared to each other. Each compound has their
own advantages and disadvantages over each other, which shall be discussed below and
are also summarised in Table 7. Leakage readings may show large variance upon first
glance; however, it should be considered the small scale that these readings are being taken
at. For example, the smallest and largest leakage readings for |l at damage level 4
are, respectively, 6.6x10*ppm and 9.6x10*ppm. The largest value is over 45% higher than
the lowest, however this equates to an actual change of a mere 0.0003 ppm. Therefore,
when considering results, more emphasis should be placed on the leakage result order of
magnitude, as this is a clear indication of performance. Logarithmic by nature, the variance
in results at higher order of magnitudes (x10 and higher) carry a greater weight than they
do at the lower order of magnitudes (x10* and less).

The performance of Ml can be described as consistent, but not the best performer
in any bracket, as can be seen from Graph 2 to Graph 5. Except for damage level 4,

- was the 2" best performer, where leakage was reduced to similar values throughout
testing. This trend is not true however for the full test pressure on the deepest notch test
(level 7 damage), as can be seen from Graph 5. Leakage rates spiked to the maximum
readout value on the Extrima for this trace gas, where the pressure gauge was dropping
rapidly, hence the sealant grease offered no means of a sealing barrier at max test pressure.
This was to be expected as the notch was deeper than any corrosion damage would be
expected to reach, hence it can be concluded that —,would likely suffice for sealant
injection as a leakage mitigation method against hydrogen at typically expected corrosion
damage levels. Given a sealing barrier was provided at max damage level up to 75 barg, it
appears | hHas some offering of extreme damage sealing protection, but
reliable sealing performance cannot be guaranteed at this level of damage.

I (- sourced in stick . which is the most common

size and would be applied throughout a wide range of activities across Score Group’s
portfolio. It is a tested and proven compound for the Oil and Gas industry, providing great
leakage reduction for isolation valves, namely ball valves, on both liquid and gas applications.
The stick format was easy to load into the pump chamber and easy to charge through the
hose and into the test rig. || GG, o as thin or sticky as u

sits in the middle of these two compounds with regards to its viscosity and
consistency, resulting in an easy to inject and easy to flush sealant grease. Upon disassembly
of the test rig after the maximum damage level test with d Figure 20 & Figure 21
shows that the compound spreads out sparsely and inconsistently over the entire plate face.
It is proposed that this occurs due to the compound being fairly viscous,

which shall be discussed in the following section.

Finally, given Score are an approved distributor of | ] Bl Score can easily source this
sealant compound should NGT decide to select this grease as their preferred hydrogen
leakage mitigation sealant injection compound.
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Results were superior to [l for damage level 4 at around 1x10 ppm (see Graph 2),
but performance did drop off during damage level 5 testing by a full order of magnitude,
yielding leakage results around 1x103ppm - 10x higher than at level 4 (see Graph 3). It
should be noted however that these results are still offering some form of sealing barrier as
the pressure gauge was holding steady, showing that measured leakage by the Extrima does
not necessarily equate to a pressure drop off.

Technicians stated that the grease was the most difficult to handle as the consistency was
extremely ‘sticky’. Its stickiness resulted in the grease being challenging to remove from its
packaging and into the pump chamber, sticking to most tools used to scrape the grease into
the piston chamber. Similar challenges were encountered when attempting to clean out the
pump chamber after ﬁtests were complete, meaning there was remanence of
the grease throughout the pump and hose. Also, it was noted that many air bubbles were
being formed when compressing the grease in the pump chamber using the piston rod,
meaning it was harder to charge when pumping. The other compounds retained their stick
form better, resulting in an easier loading process.

When removing the test plates from each other, the stickiness of the compound can clearly
be shown in Figure 22 and Figure 23 from the raised ridges where the grease was clinging
to both plates, which was not evident for * The grease began to
perform better at the higher damage levels, showing 0 leakage up to 75 barg at damage
levels 6 and 7 (see Graph 4 and Graph 5). When the compound did show leakage for
damage levels 6 & 7 at 75 barg and above, they were comparable to leakage

readings at level 5 (approx. 3x10 ppm), and were also superior to
leakage readings for level 6 & 7.

Upon closer inspection of the grease, it appears that || | | | BB contains small pieces
of PTFE flakes throughout (see Figure 24). It is thought that these flakes could not fit into the
machined notch at damage levels 4 & 5 but had more success in the deeper score depths
from damage levels 6 & 7. The grease itself is less viscous than ﬁ
I and is theorised to be too thin to provide a suitable barrier by itself but instead appears to
act as an ideal carrier for the flakes into the larger, deeper scores. Hence, when the score
was too small for the PTFE flakes to enter and be relied upon for a seal, its performance was

low but improved when the notch was large enough for the PTFE to coagulate and provide a
solid barrier.

When inspecting the plates upon disassembly after level 7 damage testing, remanence of
grease that was once formed into the machined notch could clearly be seen, resembling a
solid column (see Figure 22 & Figure 23), which is not the case for other greases. This
supports the premise that the PTFE flakes help to form a strong, solid barrier in these larger
notches which the other greases cannot do, resulting in a sealant compound which is more
tailored for larger defects.

It can be concluded that | | I ould be a great sealant injection solution to
mitigate hydrogen leakage for NGT’s NTS valves. Although its performance is not optimal at
the typically expected corrosion damage levels (4 and 5), it does still offer a sealing barrier
which only improves as the damage worsens, resulting in a solution that can be applied to
valves with high leakage rates. Finally, given Score have a distribution agreement with

, Score can easily source this sealant compound should NGT decide to select this
grease as their preferred hydrogen leakage mitigation sealant injection compound.
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B os <asily the best performing compound at intermediate damage levels
(level 4 and 5), as can be seen in Graph 2 and Graph 3, boasting 0 leakage throughout all
tests. Technicians noted whilst loading the sealant pump that the consistency was the most
dense and viscous of all 3 compounds, hence it was thought that the 0 leakage results were
attributed to its physical properties. || | | |} . this compound was easy to handle,
easy to load and, despite its thicker consistency, easy to inject to the test rig. The 0-leakage
trend did end during level 6 damage however, as hydrogen leakage was detected by the
Extrima after 50 barg pressure application (see Graph 4), albeit the pressure gauge showed
minimal pressure drop off, meaning a barrier was still formed.

Despite this, Graph 4 and Graph 5 shows that |||} I became the worst performing
compound from all 3 at the higher damage levels (6 and 7), giving way to a pressure drop
off leakage at the same point asi did, which was above 50 barg at the maximum
damage level. Again, similar to , the remnants of the grease upon disassembly
of the test rig after the maximum damage test showed a sparse and inconsistent spread
across the face (Figure 25 and Figure 26). Given both compounds which exhibited this
phenomenon was subject to a pressure drop off leakage at test pressure for the maximum
damage level (*), it can be concluded that this is not a desirable

effect.

- would incur, hence Score can recommend this sealant for general
hydrogen leakage mitigation application. When deeper scores are present however, as is
the case ﬂ the performance does drop off. ﬁ does have some
offering of extreme damage sealing protection, but reliable sealing performance cannot be
guaranteed. It appears h have a directly opposite
performance trend when subject to the same test conditions, meaning where one sealant
fails, the other succeeds, so — could be W begins
to fail at these higher damage levels. Finally, unlike no distribution
agreement is in place . Score can therefore not guarantee supply of this

compound should NGT decide to select this grease as their preferred hydrogen leakage
mitigation sealant injection compound.
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7.0 WP4 - IN-SERVICE ASSESSMENTS

71 Oils In-Service Assessment Plan

It is proposed by Score that NGT || S \/h<re possible in their NTS upon
transition to hydrogen, as it disilaied no change in performance when exposed to hydrogen

across all tests conducted by . All key variables (such as water separation, air
release, 4-ball wear, viscosity and density) showed no reportable changes when comparing
the hydrogen conditioned oil sample to the control sample, verifying the oil’s indifference to
being exposed to hydrogen, thereby proving its compatibility.

7.1.2 | Application Expansion

Given some oils are more tailored to certain equipment and components than others
(depending on variables such as oil density or viscosity levels requirements), Score cannot
comment on the effectiveness of * across all of NGT’s rotating equipment.
However, it can be confirmed that no performance drop would be expected upon the
introduction of hydrogen where the oil is currently being utilised. Both other oils showed signs

of property changes upon hydrogen exposure; therefore it may be beneficial to investigate
the wholescale application of & where appropriate.

7.1.2.1 Rotating Equipment Testing

It may be the case that the subject oils have been chosen for certain applications or
components within the NTS based on physical parameters, such as its kinematic viscosity
levels for example. Certain viscosity levels may provide optimal protection and lubrication in
specific equipment, thereby excluding the consideration of utilising the other oils. The below
list shows the kinematic viscosity of the 3-off tested oils as per h results.

This means that, for example, if a certain piece of equipment requires an oil with a kinematic
viscosity of around 33 cSt for optimal operation (i.e. h), an hydrogen
compatible oil will need to be found with similar physical properties to ensure safe operation
of the equipment. Given the hydrogen proven may not be viscous
enough for that equipment or application, it cannot be proposed to be utilised without

confirmation of equipment compatibility testing.

Moving forward, trial testing could be conducted on equipment that does not currently use
as its lubricant to investigate the possibility of adopting this as a ‘go-to’
lubricant across the entire NTS. By running tests on a select humber of rotating
equipment/components, both on its current lubricating oil and with || . -
comparative study can be completed. This will help NGT’'s understanding of where
can and cannot be used throughout their rotating equipment population
within the NTS.
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7.1.3 I Concerns
I -oth exhibited signs of degradation upon

hydrogen exposure, the former more so than the latter. On this basis, Score cannot
recommend these oils for use in NGT’s NTS upon transition to hydrogen until further research
has been carried out on these oils to alleviate concerns; or to further confirm its unsuitability.
It is expected that may be in a better position to be utilised than i

superior performance in the 4-ball wear test, but again cannot be
conclusively stated at this time.

Further testing could include a comparison of the performance of select rotating equipment
with unconditioned oil and its hydrogen conditioned oil counterpart. Selecting equipment that
already uses d range would be imperative as the unconditioned oil tests
would be an accurate baseline measurement of the equipment’s actual performance in line.
Comparing these results to that of the equipment's performance with the hydrogen
conditioned oil provides a physical test that will highlight the significance of the property
changes shown in the & test report. It may be the case that the property changes
reported during lab testing has a minimal impact on the equipment’s actual performance,
giving a more pragmatic testing approach. However, it should be noted that the 4-ball wear
test does fulfil these criteria in some regards, therefore on that basis, only testing of

would be recommended given || NN poor 4-ball wear
performance.

7.1.3.2 Further Other Oils Testing

As discussed above, it may be the case that the most resilient oil to hydrogen ([ Gz
) may not be compatible with some of NGT’s rotating equipment. Should this be the case,
as an alternative to testing rotating equipment, further testing on a different suite of oils can
be carried out. This could be done in a similar way as discussed in this report to find an oil
with comparable hydrogen resilience | I but with suitable physical
characteristics for its application.

NGT could share their decision-making process with Score regarding which rotating
equipment (or other oil compounds), to which Score can then conduct
further testing on a range of oils that have similar physical properties with the view of replacing
iwith an oil which has similar hydrogen resistance as . This
can be done on any oil which NGT currently utilise, was used as an example in
this case given its poor performance during

7.1.4 OEM Responses & Procurement List
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7.2 Greases In-Service Assessment Plan
7.2.1 Forming Gas Allowable Leakage Guidance

As per Table M.3 from APl 6D Annex M Section M.8.4.3.3 [24], the allowable leakage when
conducting FATs on valves using forming gas depends on the component, the geometry of
that component and the emission tightness class (see Figure 27). For the test set-up detailed
in this report, the relevant sealing diameter would be 7.718in (as per Figure 6), equating to
196mm. The allowable leakage for this set-up was calculated and shown in Table 6 below,
accompanied by the relevant sealant grease and damage level which met this allowable

leakage.
Table M.3—Fugitive Emission Test Acceptance Criteria—Forming Gas
Allowable leakage rate Allowable leakage rate
Emission Tightness Class stem seal * ¢ body seal " ©
mbar-l/'s per mm diameter mbar-l/s per mm diameter
A® <593 x 10* <593x10°
Be <583 x 107 <593 x 10°®
FOOTNOTES

* For stem seals, diameter shall be the stem diameter n milimeters at the pomt of measurement

® For body-to-bannet or body-to-cover seals. diameter shall be the outer diameter of the gasket i milimeters at the
point of measurement. For non-circular gaskets, the equivalent diameter shall be taken as the petimeter divided by
(p)

¢ To be measured with forming gas tracer gas in mbar-l's per mm dlameter

® Due to the constraints of the sniffer techmque, for stem seal dameters equal to or smaller than 34 mm, the
maximum leakage shall be 2 1 x 10* mbar-I/'s, and for body seal diameters equal or smaller than 340 mm, the
maximum leakage shall be 2 1 x 10° mbar-U's

* Due 1o the constraints of the sniffer techmque, for stem seal diamalers equal of smaller than 4 mm, the maximum
leakage shall be 2 4 x 10 mbar-/s, and for body seal diameters equal or smaller than 40 mm, the maximum leakage
shall ba 2 1 x 10 mbar-i's

Figure 27: API 6D Table M.3 - Allowable Forming Gas Leakage

Calculated Allowable Forming Gas Leakage

Leakage Class Stem Body Seal
A 1.16 x10-° (mbar. L/s) 1.16 x10-¢ (mbar. L/s)

B 1.16 x10-* (mbar. L/s) 1.16 x10- (mbar. L/s)

Sealant Greases Meeting Allowable Leakage

Levels 6* & 7* Levels 6* & 7*
Level 4
Lel\_lels I46§ 5 Layal B
5 Level 6*
Level 4 * *
Levels 6" & 7* Leuel 97 e
Levels4 &5 Levels4 & 5

Level 6*
(*)upto 50 barg (**) up to 75 barg

Level 6*

Table 6: Forming Gas Allowable Leakage for Subject Test Set-Up
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7.2.2 Sealant Injection Grease Performance Overview

Overall, each sealant compound did manage to offer a reduction in leakage measured by the
Inficon Extrima hydrogen detector across all damage levels to some degree. When compared
to each other, there is not a single sealant grease which could be described as the “best
option” as each have their own advantages and disadvantages over the other, which shall be
discussed below and are summarised in Table 7. However, when compared to the allowable
leakage rate stipulated in APl 6D Annex M (see Section 7.2.1), ﬂ emerged as the

best performer, followed closely by | EGcNNING

Sealant
Compound

Advantages Disadvantages

e Sealing capabilities hindered

e Consistent Performance at higher damage levels

e e ¢ Did not offer optimal

performance at any damage

* Easyto Handle level (see Table 6)

e Exceptional severe damage

performance at lower ¢ Difficult to handle

pressures . P ” t

(see Table 6 and Graph 5) POy peliommdarnced
intermediate damage levels
(see Graph 2 and Graph 3)

e Readily Available

e Exceptional intermediate
damage performance
(see Table 6, Graph 2 and
Graph 3)

e Poorer sealing capabilities at
higher damage levels (see
Graph 4 and Graph 5)

« Easy to Handle ¢ Not readily available

Table 7: Sealant Compound Comparison

7.2.3 Sealant Injection Grease Discussions

The performance of [l can be described as consistent as it always provided a similar
leakage measurement across most damage levels, not fluctuating in performance like the
other two greases did. However, despite the consistency provided by the grease, the leakage
measurements were consistently above the allowable leakage required to meet APl 6D,
therefore these tests would have been deemed a failure. On this basis, ||| NN is not
recommended for wholescale application across NGT’s NTS, albeit the grease would still be
expected to help curb leakage to some level.
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It can be concluded that || | Bl \would be a suitable sealant injection solution to
mitigate hydrogen leakage for NGT's NTS valves. Although its performance fluctuated
throughout testing, it was found that it did meet APl 6D Annex M allowable leakage levels for:

e Stem (Level 4 Damage - Leakage Class B)
o Stem (Level 6 & 7 Damage - Leakage Classes A + B, up to 50 barg)
o Body Seal (Level 6 & 7 Damage - Leakage Classes A + B, up to 50 barg)

This was the best performing grease at the higher damage levels, offering a solution that can
be applied to valves with high leakage rates, which would be expected for valves in-situ
without maintenance for a considerable time period. These deeper scores (damage level 6
[1mm] and level 7 [1.75mm]) would be representative of severe damage and is likely above
and beyond what corrosion would inflict, more aligning with galling or severe material loss.
This is a possible scenario for a portion of NGT's NTS valve population, meaning

I could be employed to help reduce leakage for valves exhibiting high emissions. It is
proposed that ﬁ offers better leakage mitigation at higher damage levels due
to the PTFE flakes within the grease. It is theorised that these flakes could not fit into the
machined notch at damage levels 4 & 5 but had more success in the deeper score depths
from damage levels 6 & 7. The grease itself is less viscous than ﬁ
and is theorised to be too thin to provide a suitable barrier by itself but instead appears to act
as an ideal carrier for the flakes into the larger, deeper scores. Finally, given Score have a
distribution agreement with |l Score can easily source this sealant compound should
NGT decide to select this grease as their preferred hydrogen leakage mitigation sealant
injection compound.

B os casily the best performing compound at intermediate damage levels
(damage level 4 [0.25mm] and level 5 [0.50mm]), as can be seen in Graph 2 and Graph 3,
boasting 0 leakage throughout most tests. These damage levels would be a fair
representation of the damage that severe pitting corrosion could exhibit within NGT’s valve
population. The performance does drop off at higher damage levels, performing worse than
on the most part, but did still offer some leakage mitigation meeting API 6D Annex

M across a wide range of levels, as per the below:

e Stem (Level 4 & 5 Damage - Leakage Class A + B)

e Stem (Level 6 Damage - Leakage Class A +B, up to 50 barg)

e Body Seal (Level 4 Damage - Leakage Classes A + B)

e Body Seal (Level 5 Damage — Leakage Class A, up to 75 barg)

e Body Seal (Level 5 Damage — Leakage Class B)

e Body Seal (Level 6 Damage - Leakage Classes A + B, up to 50 barg)

On this basis, it can be concluded that |} Il would be a suitable sealant injection
solution to mitigate hydrogen leakage for NGT’s NTS valves.
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7.2.4 Sealant Injection Grease Recommendations

Upon reviewing results, Score Engineering recommend a hybrid solution, implementing both
I (0 NG's maintenance schedule.

For standard, moderate leakages, || ]}l would be the best solution, as this looks to
offer a sealing barrier pertaining to Leakage Class ‘A’ from APl 6D Annex M for damage
levels consistent with pitting corrosion damage.

Where excessive material loss damage and high leakages are present, it is proposed that

could be the optimal solution, as this offered 0 leakage at various pressures
at the extreme damage levels during in-house testing.

7.2.5 Sealants OEM Responses

Score reached out to the following greases manufacturers to gain an insight on their testing
and qualification regarding hydrogen readiness, submitting an OEM RFI to be filled out (see
Appendix L).

API1 622 ‘Low E’ qualification for valve emission conformance, as shown in Appendix M.

8.0 DISTRIBUTION LIST
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Appendix B: I
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Appendix G: Tennas & King Quantum pro Oxidation Tester
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Quantum Pro

L OXidationester,
NN T
ASTM D2272, D2112, D4742, D7098, IP229

Principle
LS s« wmws  Oxidation Stability: Test material, placed in a
stainless steel pressure chamber, is exposed to oxygen at a spacific test temperature and
pressure. As the antioxidants are consumed, the sample reacts with the axygen and the

prosus hops ASTM D2272, D2112, 1P229
History RPVOT: Rotating Pressure
e s mmms  HO1 0il baths of varying sizes have long been used in the Vessel Oxidation Test
industry for running the Rotating Pressure Vessel Oxidation Test (RPVOT, formerly known as
RBQT) and the Thin-Film Oxygen Uptake test (TFOUT). These bath types expose the ASTM D4742, D7098
operator ta hot oil fumes and adaors, are prone to leak, need reqular maintenance, and are TFOUT: Thin Film Oxygen
generally messy and potentially hazardous to operate. Uptake Test
As laboratosy facilities strive to improve their workplace conditions and encourage healthy
environments, altemative approaches to running these tests are necessary. Common Applications
Innovation « Steam Turbine Oils
P —  waws 1ANNAs CO, sets a higher standard by eliminating the « New & In-Senice Oils
hazards and mess of hot oil baths. The Quantum” Pro Oxidation Tester is the sole source « Insulating Oils
of supply for A.STM D2272 when running critical oxidation tests. Qur technology is simple, « Gasoline Engine Oils
clean, and efficient.
Features
poc LR L L L

« Front-loading, easily accessible pressure chamber,

« Small, bench-top footprint. No laptop or PC required.
« Non-liquid 'Dry-Cyfinder’ sample heating — eliminates hot, hazardous, liquid bath mess and odor.
« Automated fill and purge control.

« Integrated controls and data acquisition with touchscreen
interface.

« Onboard test data storage.

« Integrated Water Calibration.

« Live graph of test data.

« LED lighting scheme based on operating conditon

« Closed loop motor speed control (no calibration required).

« Lower power usage (20 - 30%).

+ Lower heat loss, improving extemnal instrument temperature,
« USB ports to transfer records to flash drive or PC.

« Automated test report submission over Ethemet (full or restricted network),

8 Tess Sescon lo

Banpi SO0 PG Bk HInC ot SPAO0
. aon

.

HMI Touchscreen Interface

v
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ASTM D2272 & D2112 (RPVOT):

200853 RPVOT Sample Beaker

200651 Copper Catalyst Coils

200910 Magnetic Sample Cup w/ Spring Clip
200480 Magnetic Sample Cup Tester
200035: Sample Extraction Device Assembly
040028: QMR Reference Oil {D2272 only}
040027: QHR Reference Oif (D2272 only)

ASTM D4742 & D7098 (TFOUT):

200104 TFOUT Conversion Package
200106: TFOUT Segmented Glass Dish
010047 TFOUT Catalyst A Package
010049 TFOUT Catalyst B Package

All Applications:

200916: Oxygen Regulator
200914: Certified Reference Oxygen Gauge
040045 VarClean Cleaner

Tannas Foam Air Bath (TFAB)
«ASTM D892, DE0B2, D188, DT840, IF 146
« Nan-liqud bath
« 24°C 10 150°C range

Instrument Specifications

Dimensions 23(w) x S04y x A1) em | {9 x 19.65 x 16 in)

=~ 159kg |35 1bs)

Weight
Voltage 100 240 VAC

Froquency | S0/60 Hz.

mm Dry CySrdar heating system - no hot ofl bath

=y : Singfe position staniess steel pressure vesssd
v 3 N SAPRCRY. Designed for multi-unit alignment, each independent

Temperature: 160° £ 0.1°C recommended max
Tast mm Oaygen Charge: 100 & 0.1 psi recommended max
Vessel Rotation: Varabie speed control

Continuous tempesature & cxygen pressure readaut

L

Auto-Stuaod! ot end of test
Current leniting fuses

Over. pressure sensor & rebef
Over-temperature ot fuse
CRN Appeoyed & CE Marked
Marrial il and purge control

‘Shipping Weight | -26 kg (56 bs.) approx.
& Dimensions | -53x 46 x $3.cm (21 ¥ 18x 23 inches] approx.

Additional TANNAS CO. Precision Laboratory Instruments

TBS 3000 HTHS Viscometer
+ASTM DME82, DE616, CEC L 36, 2370
« High-Termperature, Migh-Shear (HTHS)
«80°C, 100°C, 150°C testing

Noack S2* Volatility Test
«ASTM D5800. Procedure D, CEC L-40
« Phaspharus Volatility
« Nan Wood s metal heating system
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Appendix H: Inficon Extrima Calibration Manual & Example Certificate
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Calibration Leaks

4 1NFICON

The easy way to calibrate hydrogen leak detectors

Leak testing is a matter of quantifying leaks. To

be able to correctly accept/reject test objects you
need to measure to a set standard. You also need
to calibrate your leak detector against a reliable
reference leak. INFICON calibration leaks for
hydrogen leak detectors cover a wide range of leak
rates to suit your specific application.

For maximum accuracy, our calibration leaks are
equipped with a specially developed diffuser nozzle.
This nozzle allows the gas to spread evenly after leaving
the leak withoul variations caused Dy air convection.
The distinctive diffuser holder also efiminates the risk
of varying or irregular readings depending on the way
the probe approaches the leak. The calibration leaks
are designed to sult INFICON Hydrogen Leak Detector
Sensistor Sentrac, but can easily be used to calibrate
most gas detectors, The INFICON family of calibration
leaks for hydrogen leak detectors include bigger leaks

ADVANTAGES AT A GLANCE
s Suitable for industnial applications

? Refillable and simple to use

s Special nozzles included for all INFICON hydrogen
leak detector hand probes (nol Leak A)

8 Traceable to NIST, NMIJ, NPL, PTB

¥ Certificate included

8 Available in gifferent flows

¢ Suit different concentrations of hydrogen tracer gas

(Types A-C) and smaller leaks (Types E and G). Leak
Type A is intended for accumulation testing only. All
leaks are traceable to NIST, NMIJ, NPL, PTB, etc.,
through the “Mutual Recognition Arrangement of the
BIPM®,

TYPES AND CONNECTIONS
A-C
* Sintered stainless steel

« Inlet: Compression connector for 6 x 4 mm and 1/4" x
5/32" tubing. ISO G1/8" internal behind connector

« Qutlet ISO G1/8" external
« Purge valve: Plug to be opened with 2.5 mm Allen key
(hex drive), M5 internal behind plug. Fits also UNF10-32

E AND G
» Cnmped metal capillary

« Filling connection: 1/4™ male NPT, adapter for male
1SO 1/4" included
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REFERENCE LEAKS

CONTENT AT DELIVERY
Type A

+ Calibration leak assembly comprising leak and purge valve assembly
1 Red G1/8" gasket
1+ Collet nut for connection to 1/4" tubing (marked red)
«+ Calibration certificate (o) .
e

v+ Delivery and storage case
+ Manual

Type Band C

+ Calibration leak assembly comprising leak and purge valve assembly
+ Diffusor halder (for hand probe calibration)

«+ Diffusor filter (2 pcs)

1+ Probe guide rings, 8-11 mm diameter (4 pcs) G

+ Red G1/8" gasket 0

+ Collet nut for connection to 1/4” tubing (marked red)

1 2.5 mm Allen key (hex drive) for purge valve and assembly of diffusor & /\

s Calibration certificate .

1+ Delivery and storage case

+ Manual ° ° = °
Wmm
9

f mm
1

Type Eand G

+ Reference leak assembly
« Deffusor holder (for hand probe calibration)

+ Diffusor filter (2pcs)

1 Probe guide rings, 8-11 mm diameter (4 pcs)

1 2.5 mm Allen key (hex drive) for assembly of diffusor
1 Calibration certificate

SPECIFICATIONS AND ORDERING INFORMATIONS

Targoet flow for standard leaks:

Type ooido Nomt’:‘.’mﬂ“" — E“:",'.'ﬁ'ﬁ'f . F“..ﬁﬂ',f-'.‘f: ':n"f.'?".'.‘ w b U7 o gt ool (WMD)
At 590-420 Sx10¢(Aur) £2 % multiply with 1 multiply with 1.04

B $90-421 Sx10° (Al £2 % multiply with 1 muttiply with 1.04

C 590-422 5x10 (A} £2% multiply with 1 multiply with 1.04

£ 590-427 7x10°(5%H /95%N } £10% 0 maltiply with 0.96 multiply with 1

G 590-429 2x10" (554 /95%N, | +10% 3 multiply with 0.96 multiply with 1

A-C leaks are certified at 1 bar pressure, £ and G leaks shall be pressurized according to certificate.

“Type A leaks are delivered without diffuser nozzie and are recommended for accumutation testing only.
They can not be used for calibrating hand probes with 5% H /95% N

**A-C leaks are delivered with leak size within £10% of nominal flow, E and G leaks with leak size within £25% of nominal flow.

I EIRPROIN st maivmins

www.inficen.com teachusitinficon.com

Dhae 30 000 CONBaing DAOGraen of DrOdut IQITee e SO0 CBLatons oo SLLpect 13 INangs wihiut ackoe
ntdlet-J (2183 CO000 INFIOOM
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(JON i o

CALIBRATION CERTIFICATE

Darte & Caltration: - 70" Ocrober 2023 Coruficme Numam - 25055

~

Calorated by - C Pagne Signest - O Db
Cstomer - mfcon AB

Dwser iption: - Standard Calbrated Lash

Manufncturer < JON Scemcs iy

e Number - 505

Sara Number - SCLABSA Caibration Dyw Dete - Urctoner 2024

This instrumert has Leen factory catbrated to Aully docwmented crocedures In accordance with ouf 150 9001-201% Chaakty
Management Lystem

Meassrement standorts are dedyed frem velumetric ang tvne sourcat shich heve been calibrated 3t an sccradited laboratory
tracesble to National or imermatonal stendarae. The fodawing sl ndcetes the seral numbess of eqspment used during the
catbration procetae

BARDS __aom DL | RowG == [ 1

L
| — b

The mstrument has been calibrated t & temperature of 20.7°C + £ 35°C and # Sarometric pressare of S72.8 mhat ¢ ) mhw

ON Saerce harety cortify 1hat on the day of caldr eion the instrument was working sccording o the monufactier s ongine wes
s Ficatiom 1 chocked by the Wilitabon procedure, uriess otherwas tated

Copi of this certficate may enly be reproduoed in full

Cothrations are vald as certified ondy on dase of calbiraten

RESULTS ON DESPATCH

Appled Pressure Meussurmd Flow

LBwG  Aw E3¢10* mlhe

The estimated measurerment unceriemty is £ LO%

Comments. -

POFWORS.OY

Pioneering Gas Sensing Technology.
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Appendix J: Sealant Injection Raw Test Result Data
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Appendix K: Oils OEM RFI

20" March 2026 Page 127 of 135 ENG-SC01-ZZ-4365 Rev 0
Data Classification: RESTRICTED



score

Request For Information - Hydrogen Ready

L. Introcuction

This is a request far nformation refating to :al;{lm:h.lﬂlnglmrl:.:l:mg and Frydraulic ails| for Hydrogen service. As part of clean energy inibatives, gas transmission system aperators are
evaluating the introduction of Hydrogen into their networks, with antiopated staged blending inte naturad gas systems ranging from approximately 5% up to 100°% Hydrogen.
Consequently, valves and associated equipment currently operating on natural gas duty within transmission systems may, in future, be required to operate on Hydragen or
Hydrogeny/Natural Gas blends as the service medum

Scove Group has been commissioned by 2 major chent 1o evaluate the impact of Hydrogen on pipeline equipment perfarmance and associated maintenance practices. in this instance,
particular focus is placed on the performance and suitabibty of oils used within the transmission systems, including lubneation of moving companents, compresser systems, and any
hydrauli: functions. Hydrogen service introduces specific chalienges such a5 increased permeation, potential for accelerated degradation, reduced lubricity, and compabhility
cancemns with elastomers and metallic materials.

accordirgly, a key aspect of this evaluation is the availability, sutabiity, and praven performance of ails that are compatible with Hydrogen service. This indudes bath existing
products marketed as Hydrogen-ready, as well as any oils that have undergone testing or qualificatan for use in Hydrogen or Hydrogen-hlended eriranments. This Request for

Informatean [RF1) aims ko assess the ourrent market foe-.""l,gnI'H'pﬂ'\:@en compadtibie ails, induding ary s.-Jpp-nrhrgvall:latl:ln,m’.urg data, or dewelopment work demonstrating
performance under rebevant serdce conditians,

It would therefore be greatly aparedated if you could respord to the falkowing questons where possiole. Your input will support our evaluation ard infarm the selection and
recommendation of sutable oil praducts and manufacturers for fubure consideration and deployment in Hydrogen servce apalications

Z Manufacturer Detalls

Manufacturer Business address Technical Contact Phone Na. Email

3. General

Bedow we have a set of iretial guestians / queries that we are asking to try and help us with the evaluation. Where vou believe questions are nat refesant, or infoemation is nat
avadable, please beave Blank.

031 Have any opsrators or users enquired about hydragen spedfic ol grades to date?
Le. have you seen a commescial interest in hydrogen ready oils?

Arewer:

Q32 What cils do you currently supply that you consider suitable for ydrogen serice, if any?
Arewer:

033 Would the pressure limits of your current sealant & lubmcation compounds change an hydragen service ¥
Breweer:

034 Would the temperature limits of your aiks change on fiydrogen sendce?
Arewer:

[=ER If you have developed any bydrogen ready oils, have they been developed as a brand new preduct, or are they an extersion/modified version of a cumrent praduct
Arewer:
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The below questions focus on any hydrogen specific testing carried cut on the sealant & lubrication compourd range, where applicable.

q4.1 Do you have a test faclityftest rig you would typically test your oil products in to prowe their effectiveness?

if s, which parameters/acceptance criteria do you look at during testing to approve 2 product

Data Classification: RESTRICTED

Arewer:
4.2 What pressure,tem peratune would you typically test your ail praducts ta?
‘Winuld pressure/temperature cyckes be conducted?
Arewer:
4.3 ‘What fluid would you typically test your seakant and |ubrication compounds with? Le. air / methane f hpdrogen
Arewer:
4.4 Hawe any af yaur ail products been tested with hiydrogen gas?
- if 5o, vwias this a hydrogen blend or 100% hydrogen?
Arewer:
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Appendix L: Greases OEM RFI
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Request For Information - Hydrogen Ready

L ntrodyction

This is & reguest for nfarmeton relating to seslant/hbiizants for stydrogen service. As part of clesn snergy et yystam 1013 are jooking o the poturtial
of iIntredusng Mydrogen gas into ther retworks, wis this biely Seng dended with nateral gas in stages, from a 3% mix op to 100% Hydrogen Thersdore valves that am curreetly
operating on natural as duty within Thi tranemission spstem, may in future be reauines 10 operate oo Hydregen (o Hydngen ¢ Natural Gas Bhand) as the service medium,

Score Group have teen commissianed by one of our major clients bo evaluate the elfect npdrogen may Rave o0 pipelioe valves, and It thes particular instance, t=e effect hpcrogen
iy have co thar » » st i Ak e leakage mEgation strategy dnd greakng compounds ss & ubeication strategy

Thetwioce, ore of the key options i tha In the and of waslant mjecticn anc graming which s - with hydregan. This RF| abmz to
help asess the current offenng of Hytrogen ready sealant/preasing compounds v the marketplace as wed as any testing / development that may have been carried out 1o prove
parfoemance = this partcular servics madia

Therwlone it wocld be greatly aspraciatad If yoo codd samw the Deiow guesticns whers podsicle, as thes will help oo svaluation and allow the proposal of sealert compounds and

mamacturars for future and uwe ke open wwvice
1 Manudscturer Ontalls

Manufacturer Businers adcress Technical Contact Pecne No. Email
A Gsnmnl.

Baloa we baruw » set of nitisl guestions [ queries that we are sdong 1o try aod he'p wx with the seslustion. Where yoo belwye guestions are mot relevart, or informason i not
vatobie, piease ievve tionk

Q31 Have any valve DEMs or clients enquived abost Ipdrogen spacic seviant & ibrication compownds to date |
L. Nare you dean & commersal isterst o dysrogen ruady compeunds?

Argwer:

032 Wrat sealant & lubvication compounds 0o you currently Supply that pou consider suitabile for tydrogen sendce. Y amy?

Arcmer

asa Would the pressure Grmits of your current malint 3 fubrication sampounds cheangs on hydragen service?

Aramwr

Q3 Wiould the tamperature lisits of your sewant & ds change on hytragen service?

Qs # you have ceveloped amy fwdrogen ready sealsnt & brcation compounds, have they been developed a5 8 krand new composnd. or are they an
astenson/moditied wrkos of & current compousd?

Argwer

4 Testing.
The below Questions 1000 0N Aty PSrogen specific testing camied out on the sealant & lubecation compound range, mhere appicable,

oe&t D0 yOU harve & 132 faciity st rig you would tppically 152 your e alant and fubekeation composndt i 10 2rone thelr effectveness?
4 10, which patematnn/actostince criturls 4o you look at during testing 1o sppros & compound? (i Inabuge rate, fricsion reduction wte §

- Would thess parametess/accentance orterid change Sepending on 3 static o dyrami: sealing arrargement?

Arnmwr
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20" March 2026 Page 131 of 135 ENG-SC01-ZZ-4365 Rev 0
Data Classification: RESTRICTED



score

0e2 WA pressir R tamperatu e would you typically 165t your seslant sod lubrication compounds 1o®
» Weuld o »/ Cyzhas ke o?

Ardmar

ney What thaid would you typizaly test yoer ssalant and lutreation compounss wes?

Ammer

néa Have any of your seslaet and jubrication somponnss beers tasted with hrydrogen g
« 17 30, was this 3 hydrogen blend or 100V hydroges?

Arcaer

0es o tunting has Swart carried cut 03 paer Q43 wan it 3ed party wtneusd? Please crovde coples of ary teat schwdolen/restis wiere powilie

Aramwr

2.l

The below guestions are fncssec uzon the 1pecific deslgn condtionm of the sealant & lubrication

Qst Wiould the wifectiveness of your malent & lubeication compounds sgamat rpdeagen g depend on sy design paramestens?
«1e valve sim. component |stem o seat], Infection tacibty design, materials etc ?

Aramer

Qs? = therw & known Imt o the sealng arrsngement Scuung condtan in which yuur sealant compounds zan efactivey stup lestage
e & ihere 3 madeum pit depthiscore depts/ surtace zoughness in which 2 seat 10 ball or 3 stess to tonset nterface can be wsltably seaied by pour compounds?

Ardmer

053 Would there be sny specialsed equpment/design quired to Your hydeogen ready 10 cbitsn L/ 7

Ardimer
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