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Abstract

Background: One part of manufacturing a Plate Heat Exchanger (PHE) is to leak
test them before delivery. Today, helium is used extensively in leak testing. How-
ever, it is unsustainable to use helium in leak testing, because of its non-renewability
and therefore becoming more and more expensive. Also, this technology is relatively
complex. At the same, PHEs are rising in demand due to lack of energy resources in
Europe. Therefore, possibilities emerged for using air based leak testing technologies
in upcoming test lines and that is why an evaluation needs to be done to find the
most suitable technology.

Objectives: The objective of this master’s thesis is to evaluate and identify the
most suitable leak testing technology for validating the watertightness requirement
of 10−3 mbar·l/s at 1 bar pressure difference. There is a scientific gap in comparing
how different air based leak testing technologies perform with different volumes of
the test vessels. This thesis will identify the most suitable air based leak testing
technology by evaluating three technologies: Pressure Decay, Differential Pressure
Decay and Vacuum Decay. With the main focus on how different volumes impacts
the performance of each technology. Lastly, this study aims to determine an optimal
test pressure that achieves the shortest cycle time for the selected test technology.
Choosing the most suitable test technologies will result in fewer production break-
downs and interruptions. Additional, being able to phase out helium in leak testing.

Methods: The workflow for evaluating the different leak testing technologies began
with the implementation and installation of each test setup and ensuring the relia-
bility of the gathered data. After verifying the absence of leakage in the system, a
simulated leak was calibrated to match the requirement’s leak rate. Four test vessels
with original volumes of 0.10, 0.45, 1.66 and 2.50 l were utilized. Various tests were
then performed to answer the research questions, including measurements of leak
rate at different pressures, analysis of outgassing characteristics, and determination
of cycle time. Finally, by utilizing concept scoring, the most suitable leak testing
method was identified with respect to the volume.

Results: The exhibited results in this thesis manifest how the different leak testing
technologies perform depending on the volume. The relationship between leak rates
and overpressures was obtained, which was then utilized to derive the theoretical de-
tection time. The cycle time and accuracy were determined across various volumes.
According to concept scoring, Pressure Decay was deemed the most suitable leak
testing technology in terms of six different criteria.
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Conclusions: All three technologies were able to determine a leak rate correspond-
ing to the watertightness requirement. From the evaluation, Pressure Decay was the
most suitable technology to use across the majority of the volumes, with an accuracy
below 15%. The test cycle times were optimizable by selecting an optimum testing
pressure. Therefore, being able to replace the helium leak testing in future test lines.

Keywords: Leak rate, Optimization, Pressure Decay, Vacuum Technology,
Volume
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Sammanfattning

Bakgrund: En del i processen av att producera värmeväxlare är att de ska genomgå
en täthetskontroll innan de levereras till kunden. I dagsläget används helium till
största del för att göra täthetskontroller. Däremot är det inte hållbart att bruka
helium för täthetskontroller, då det inte är förnyelsebart. Därför blir allt dyrare
samtidigt som teknologin som används är komplex. Samtidigt har efterfrågan på
värmeväxlare ökat markant till följd av brist på energiresurser i Europa. Som ett
resultat av detta uppkom möjligheten att använda luftbaserade tätkontrolls teknolo-
gier i framtida testbanar och därför behövs en utvärdering göras av vilken metod
som är lämpligast att använda.

Syfte: Syftet med arbetet var att utvärdera och identifiera den mest lämpliga test-
teknologin för att validera att vattentätskravet uppfylls. Det finns idag ett veten-
skapligt gap på hur olika luftbaserade testteknologier presterar beroende på vilken
volym som testas. Denna studie identifierade den mest lämpliga luftbaserade tätkon-
torllstekniken genom att utvärdera följande tre tekniker: Pressure Decay, Differential
Pressure Decay och Vacuum Decay. Huvudfocus var på hur olika volymer påverkar
tätkontrollens prestanda. Slutligen bestämms det optimala testtrycket som ger den
lägsta cykeltiden för den valda testteknologin. Att välja den mest lämpliga test-
tekniken kommer resultera i färre haverier och avbrott i produktionslinjen, samt ge
möjligheten att byta ut helium som spårgas för täthetskontollerna.

Metod: Arbetsflödet för att utvärdera de olika teknologierna för täthetskontroller
började med att implementera och installera varje testuppställning och säkerställa
att datan var trovärdig. Efter att ha verifierat att inga läckor fanns i systemen,
kalibrerades en simulerad läcka för att matcha vattentätskravet läckhastighet. Fyra
testobjekt användes med volymerna, 0.10, 0.45, 1.66 och 2.50 l. Olika tester ut-
fördes sedan för att svara på forskningsfrågorna, samt gjordes en mätning av läck-
hastigheten vid olika övertryck, analys av utgasningskarakteristiken och cykeltiden
bestämdes. Slutligen, genom att använda concept scoring identifierades den mest
lämpliga teknologin för täthetskontroller beroende på vilken volym som testas.

Resultat: Resultatet i detta examensarbete visar hur olika testteknologier presterar
beroende på volym. Relationen mellan läckhastighet och övertryck bestämdes och an-
vändes för att härleda den teoretiska detektionstiden. Cykeltiden och noggrannheten
bestämdes för olika volymer. Utifrån concept scoring var Pressure Decay den mest
lämpliga testteknologin utifrån sex olika kriterier.
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Slutsatser: Alla tre testteknologierna kunde hitta en läcka motsvarande vattentät-
skravet. Utifrån utvärderingen var Pressure Decay den mest lämpliga testteknolo-
gin för majoriteten av volymerna med en noggrannhet under 15%. Cykeltiden var
optimerbar genom att välja det optimala testtrycket. Därför kan Pressure Decay
användas som en ersättare för helium vid tätkontroller i framtida testbanor.

Nyckelord: Läckhastighet, Optimering, Tryckfall, Vakuum Teknologi, Volym
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Nomenclature

The next list describes several symbols that will be later used within the body of the
document.

∆P Pressure difference relative ambient pressure

Ṗ Pressure change with respect to time

DPD Differential Pressure Decay

NDT Non-Destructive Testing

P Pressure

PD Pressure Decay

PHE Plate heat exchanger

PLC Programmable logic controller

Q,QL Leak rate

T Temperaure

v volume

V D Vaccum Decay
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Chapter 1

Introduction

1.1 Problem Statement

The world’s energy consumption is constantly on the rise and is projected to continue
increasing in the future. As a result, an energy crisis has emerged in Europe, with
the ongoing conflict between Russia and Ukraine being a significant contributor. The
European Union’s desire for energy independence from Russia has exacerbated the
situation. Gas is a major component of Europe’s energy mix and therefore plays
a critical role in the continent’s energy balance [4]. Despite efforts to meet the
increasing demand for energy, such as through the use of coal and gas-fired power
generators, the supply has not been sufficient. Burning fossil fuels is a primary source
of electricity, heat, and transportation. However, it is also the leading contributor
to greenhouse gas emissions, exacerbating the global climate crisis [5,6]. Companies
and government organizations worldwide have agreed to achieve the goal of carbon
neutrality by achieving the goal of the Paris Agreement and the UN’s Sustainable
Development Goals [7, 8]. Increasing the use of fossil fuels is not a viable option
since it contributes to the acceleration of global warming. Instead, one of the more
effective solutions to the energy crisis is to shift to renewable energy sources, such as
solar power and wind power. Solar and wind power are excellent options for meeting
the growing demand for energy without contributing to greenhouse gas emissions.
However, currently, they are not yet sufficiently implemented to fully meet the re-
quired energy consumption. Additionally, they can not always be relied on due to
their susceptibility to weather changes [9].

Another solution to meet the increasing energy demand and at the same time reach
carbon neutrality is to use already existing energy to its full potential, that is, in-
crease the energy efficiency. Energy efficiency will contribute to more than 40% of
the reduction in energy-related greenhouse gas emission over the next 20 years [10].
One solution to increase energy efficiency is thermal energy recovery using heat ex-
changers, as it is an effective solution. In particular, plate heat exchangers that
are characterized by high efficiency, compactness, and cost-effectiveness. Plate heat
exchangers contributes to achieving several of the UN’s Global Sustainable Devel-
opment Goals (SDG) [11]. Those SDGs are, for example, “goal 7: Affordable and
clean energy”, “goal 9: Industry innovation and infrastructure”, “goal 11: Sustainable
cities and communities”, “goal 12: Responsible consumption and production”, “goal
13: Climate action”, “goal 17: Partnership for the goals”. Technology to improve
energy efficiency already exists today but requires greater implementation. Plate

3



4 Chapter 1. Introduction

heat exchangers, in particular, offer the highest energy effectiveness among all types
of heat exchangers, with efficiency levels of up to 90%. Plate heat exchangers have
numerous applications across various industries, such as refrigeration and air condi-
tioning, energy generation, pulp and paper production, marine power systems, and
refinery and petrochemical systems [12]. More specifically heating, cooling, evapora-
tion, condensing, fuel cell stacks, biogas post-treatment, electrolyzers and more [13].
Alfa Laval in Ronneby is a plate heat exchanger manufacturer that striving to meet
this increasing demand. The production is approximately set to be doubled in 2023,
which is a significant increase. This leads to new investments in the production, and
a very important part of the production is to ensure that the plate heat exchangers
meets the costumers’ tightness requirements. Therefore, before the plate heat ex-
changers arrive at the location of the application, they must be leak tested to ensure
that different fluids will not mix or enter the environment due to leakage.

Today, helium is used extensively as a tracer gas in leak testing. However, for
low tightness requirements, the helium leak testing technology is not sustainable
for future test lines, because helium is becoming more expensive due to its non-
renewability [14], also, this technology is very complex. With the increasing pro-
duction pressure, possibilities emerged for using air in leak testing in upcoming test
lines. That is why an evaluation of the most suitable air based leak testing technolo-
gies needs to be done. In this thesis study, watertight is the tightness requirement.
The result of selecting a most suitable air based leak test technology are fewer early
breakdowns of the product, fewer interruptions in production lines due to failed leak
tests and also phase out the consumption of helium in leak testing. The upcoming
sections will describe why helium is not sustainable for leak testing and why this the-
sis will evaluate the leak testing technologies: Pressure Decay, Differential Pressure
Decay and Vacuum Decay instead of other leak testing technologies that not uses
helium.

1.2 Thesis corporation partner - Alfa Laval

Founded in 1883 by Gustaf de Laval, a native of Dalarna, Sweden, Alfa Laval special-
izes in supplying products in the field of heat transfer, separation, and fluid handling
on a global scale. The company’s first invention was a centrifugal separator, and since
then, their focus has been on improving productivity across different industries. Alfa
Laval is providing products worldwide, mainly within energy, the environment, food,
and marine industries [15].

1.2.1 Plate Heat Exchangers

Plate heat exchangers (PHE) have the highest energy effectiveness among all types
of heat exchangers, up to 90%, without mechanical moving parts and can usually
use in toxic environments [16]. PHE are widely recognized for their high efficiency,
compactness, and cost-effectiveness, making them a popular type of heat exchanger.
They have numerous applications across various industries, such as refrigeration and
air conditioning, energy generation, pulp and paper production, marine power sys-
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tems, and refinery and petrochemical systems [12]. Alfa Laval partially produces
brazed and fusion-bonded PHE, as can be seen in the Figure 1.1 below.

Figure 1.1: Brazed and fusion-bonded plate heat exchangers [1].

The manufacturing of heat exchangers consists of three different types. The first type
is the Brazed PHE. The second type is the Fusion-bonded PHE, made entirely of
stainless steel, offering a copper-free hygiene level, and complete recyclability. These
heat exchangers require almost no maintenance, can withstand high pressures and
temperatures, and are used primarily for applications that require high cleanliness,
such as cooling and heating systems for drinkable tap water [17]. The third type is
the Gas-to-liquid PHE, which can be both fusion-bonded or brazed, and is capable of
handling high temperatures and extremely asymmetrical flow rates, with a low pres-
sure drop in gas applications. These heat exchangers are used in air compression and
combined heat and power systems, such as fuel cell stacks, biogas post-treatment,
electrolyzers, and chemical processes that involve ammonia [13].

1.2.1.1 How a Plate Heat Exchanger Works

A PHE enables heat transfer between two fluids while keeping them separated within
the plate pack. In most PHEs, there are two channels, one for the hotter fluid and
the other for the colder fluid. PHEs with only one channel allow for heat transfer
with the ambient temperature. Figure 1.2 illustrates how a traditional PHE with
two channels operates. The hot liquid (depicted in red) normally enters through one
of the upper connections and exits through the lower connection. The cold liquid
(depicted in blue) enters through one of the lower connections and exits through the
upper connection. The heat between the fluids in different channels is transferred by
penetrating the thin material through conduction. The plates’ pattern is designed
to create turbulence in the fluid, which allows heat transfer within the same fluid
through convection, resulting in efficient heat transfer between the fluids with up
to 90% energy effectiveness [16]. The turbulence also prevents the accumulation
of unwanted materials, making it self-cleaning and maintenance-free. A sufficient
flow rate and flow distribution of the fluid in each plate are crucial for efficient heat
transfer. Due to the flow resistance caused by the overall internal construction,
PHEs are often designed to withstand an operational pressure up to 50 bar and
temperatures ranging from -196 oC to +550 oC [18,19].
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Figure 1.2: How two fluids with different temperature exchange thermal energy in a PHE
[2].

1.3 Background

This section presents an overview of the contextual factors that have influenced the
aims and objectives of the study. Before introducing the specific aims, objectives,
and research questions, an examination is made of the distinctions between con-
temporary leak testing technologies utilizing helium and the measurement principles
underpinning the technologies studied in the research. Afterward, the challenges
manufacturers face in the absence of the affordances offered by helium, as well as
the sustainability and geopolitical concerns associated with helium usage, are ex-
plicated. After that, the scientific gap will be described as well as why other leak
testing methods should not be evaluated. Finally, the scope of the research and the
aim and objectives as well as research questions will be addressed.

1.3.1 Difference between Mass Spectrometry and Pressure
Based Leak Testing

The use of Mass Spectrometry (MS) in conjunction with the tracer gas helium has
revolutionized the field of leak testing, making it possible to validate very high tight-
ness requirements. This method has been proven to have the highest detection sensi-
tivity among all leak testing methods, both theoretically and experimentally [20,21],
making it both fast and capable of detecting very small leak rates.
While there are several standard technologies for performing leak testing with helium,
many manufacturers have their own unique ways of conducting the test, which are
often not disclosed. To detect the presence of helium, the majority of gas molecules
in the vicinity of the test object is pumped through a mass spectrometer, which is
an instrumental technique for the separation of electrically charged species in the
gas phase [22]. An example of the: “ inside out bombing helium test ” is shown in
Figure 1.3. The test vessel is enclosed in a vacuum chamber with a vacuum outside
the vessel’s body, and the inside is filled with helium [23]. In the mass spectrometer,
all gas molecules are first ionized by a high-energy electron beam, because a mass
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Figure 1.3: Mass spectrometer leak testing in conjunction with inside out bombing helium
test.

spectrometer does not have the ability to detect neutral charged molecules. During
this ionizing process, particles will get excited, causing molecules to be unstable and
get them to fragment (breakdown) into different ions. The charged ionized particles
will then be accelerated by an electric field and deflected by a magnetic field. Lastly,
particles will subsequently be transferred into the mass analyzer that is capable of
detecting individual ions based on their mass-to-charge ratio [22,24,25]. Helium ions,
in particular, are easily detected because they have a unique mass-to-charge ratio.
The number of helium ions detected by the detector is proportional to the concentra-
tion of helium in the surrounding atmosphere, which indicates the presence of a leak.
The output of the mass spectrometer is an electrical signal, which manufacturers
need to calibrate precisely so that the measurement matches the leak rate with high
accuracy [26]. This is often done with the help of a calibrated reference pinhole leak.
Furthermore, leak testing with helium can have an approximate cycle time of 90-180
s. Also, every HE tested can have a helium cost of 3 kr/PHE with an estimated cost
of 5 kr/PHE in the future due to the increasing cost of helium described in section
1.3.3. Lastly, the test setup of helium leak testing can have an approximate energy
consumption of 1.5 kWh. Pressure-based leak testing methods rely on pressure sen-
sors to monitor changes in pressure over time, while mass spectrometry measures
the quantity of particles coming into the spectrometer to calculate the leak rate.
However, one challenge with pressure-based methods is that they require the volume
of the test medium to be taken into account to accurately convert the output signal
to the physical magnitude of the leak rate. To understand the importance of consid-
ering volume in pressure-based leak testing, a simple example with two water tanks
illustrated in Figure 1.4 can be used. The tanks have identical outlet pipes, but the
tank on the left holds less water than the one on the right. Despite having different
volumes of water in the tank, the water pressure causes the flow rate through the
outlet pipe to be the same for both tanks. Measuring only the change in pressure
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Figure 1.4: Two water tanks are draining water using the same size of pipes, with the same
water level, but different volumes. Water is flowing out from both tanks equally fast, but
the changes in water pressure at the bottoms are different.

with respect to time is not enough to determine the leak rate in both tanks. Since the
tank containing less water will have a higher pressure drop rate, while the tank with
larger water volume will have a lower pressure drop rate, with preconditions that the
pressure and leak hole size are equal. Mass spectrometer is a volume-independent
leak rate measurement technique that bases the input signals from the airflow, like
measuring the water’s outflow from the tank. Pressure based leak testing methods
need to take the test medium’s volume into account, like determining the water’s
flow rate by measuring the changes in the water pressure at the tank’s bottom.

Therefore, it is essential to take into account the volume of the test medium in
pressure-based leak testing to accurately calculate leak rates. Understanding the
limitations of each method is crucial in selecting the appropriate leak testing method
for a given application.

1.3.2 Importance of Helium in Leak Testing

From the manufacture’s perspective, selecting the right tracer gas for leak testing
is crucial, and involves various essential criteria. The ideal tracer gas should not
only offer precise and accurate measurement, but also possess a small atomic size
and weight, enabling it to easily diffuse through small leak channels for heightened
sensitivity. Additionally, high inertness ensures stability and reliability in diverse en-
vironments, while non-toxic, non-flammable, and non-explosive properties promote
environmental and human safety. Lastly, to ensure long-term feasibility, the chosen
tracer gas should be cost-effective and sustainable.

Although nitrogen (N2) has high inertness, like helium, and costs about 10 times
less [27], it is still not as effective as helium as a tracer gas for leak testing due to two
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main reasons. Firstly, helium is a rare gas in the atmosphere, with a concentration
of only 5 ppm, whereas nitrogen is the most abundant gas in the atmosphere, ac-
counting for approximately 79% at sea level. This makes it challenging to distinguish
between true leaks and residual nitrogen from the air in a vacuum system. Secondly,
even if all nitrogen has been evacuated during the vacuum process, it will still re-
lease a significant amount of molecules due to outgassing - a process where gases are
emitted from metal surfaces such as stainless steel when exposed to vacuum condi-
tions during leak testing. Outgassing occurs because the metal surface has absorbed
gas during the manufacturing process and subsequently releases it when exposed to
vacuum conditions during leak testing [28]. The gases released by outgassing can
interfere with the tracer gas and cause inaccurate measurements.

Despite hydrogen (H2), being 2.5 times cheaper than helium [29] and having 10
times less background concentration in the air with 0.5 ppm at sea level, is still not
suitable as a tracer gas for leak testing due to two main reasons. Firstly, it is a
highly reactive gas that can be dangerous to handle, which leads to concerns about
its safety. Secondly, there is a lack of suitable hydrogen detectors available for leak
testing applications [30]. Forming gas, a mixture of 5% hydrogen and 95% nitrogen,
is certified as non-flammable according to ISO 10156 [31]. However, hydrogen will
also be absorbed by metal surfaces during the manufacturing process and then re-
leased during at very low pressures [32], making it difficult to maintain the original
concentration distribution of both gases and reuse the gas mixture after many test
cycles. Therefore, even though hydrogen is cheaper than helium and has a smaller
molecular size and less weight, it is not the best choice for leak testing applications.

Air molecules consisting of different compounds can be ionized and fragmented into
various ions and fragments when subjected to a mass spectrometer [25]. Isotopes
of elements present in the air can also be detected by a mass spectrometer. For
example, helium can easily come from the decomposition of methane, while oxygen
can decompose from the ionization of water vapor.

Helium’s unique qualities as a tracer gas have made it the undisputed champion
in the world of leak testing. Its small atomic size, low background concentration in
the air, high inertness, and non-toxicity make it a safe and reliable option. While
other gases may seem like viable alternatives at first glance, they often fall short due
to technical limitations, safety concerns, or high costs. For these reasons, helium
remains the gold standard for leak testing in many industries. Using a tracer gas
other than helium to overcome technical challenges in leak testing often results in a
higher total cost for the leak testing system.

1.3.3 Resource and Geopolitical Concerns about Helium

In contrast to other nonrenewable resources, such as fossil oil and gas that turn into
pollution or can be difficult to recycle, helium exhibits a more nonrenewable way. Al-
though helium is one of the most common elements in the universe, once it reaches
the earth’s surface, it can easily escape the gravitational pull, making it the only
nonrenewable element out of the entire periodic table that escapes the earth and
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goes out into outer space [33]. In contrast to helium’s predecessor on the periodic
table, hydrogen, despite its low weight, does not escape the Earth’s gravitational
pull as readily. This is because hydrogen is highly reactive and can easily combine
with other molecules. The source of helium extraction is the result of the radioactive
decay of Uranium (U) and Thorium (Th) located deep beneath the Earth’s surface.
As the helium seeps through the Earth’s crust, it gets trapped alongside natural gas
deposits [3]. The half-life of U-238 is around 4.5 billion years, which means it takes
many, many millennia to produce helium. The only other way to extract helium,
aside from gas wells, is from the atmosphere. As helium has a concentration of 5
ppm in the air, it would take more than a hundred km3 of air in the atmosphere to
meet the current demand for helium [34].

The United States has been the world’s dominant helium producer for many years,
with the largest known reserves. However, recently, other countries that previously
had lower helium production, such as Qatar, Algeria, and Russia, have increased
their mining output. In 2022, the United States accounted for 47% of the world’s
total helium production, followed by Qatar with 37.5%, Algeria with 5.6%, and Rus-
sia estimated at 3.1% [35]. Nonetheless, the world’s helium supply is concentrated
in just a few countries. If any of these countries were to experience production prob-
lems, the price of helium could spike [33].

Figure 1.5: Reported used helium in million m3 in the United States in 2015 [3].

Helium, being the element with the lowest boiling point and the only one that
cannot be solidified by decreasing the temperature, makes it an excellent cooling
source. Today, helium holds an irreplaceable position in applications far beyond leak
testing and detection, particularly in cryogenic processing equipment. Figure 1.5 il-
lustrates the reported end-use consumption of helium in the United States in million
m3 and percentage for the year 2015 [36]. The biggest Helium consumption goes to
reducing temperatures for superconducting magnets, such as in Magnetic Resonance
Imaging (MRI) medical applications. Each MRI machine contains about 2,000 l of
liquid helium at any given time, and during an average lifespan of 12.8 years, it uses
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10,000 l of liquid helium [37]. The Large Hadron Collider at Conseil Européen pour
la Recherche Nucléaire (CERN) in Switzerland used 130 metric tons of liquid helium
to cool down its 1,000 superconducting magnets. Helium is used to pre-cool liquid
hydrogen in fuel tanks of space vehicles, and cooling for quantum computing [3].
Statistically, helium used in leak testing/detection has one of the narrowest scope of
application among all helium applications.

Studies have shown predictions about the world’s helium supply issue. Nuttall et
al. have predicted a growing helium shortage [38], while Cai et al. claim that there
will not be any supply problem until at least 2060 [39]. Mohr. S and Ward, J have
determined a helium production plateau around 2100 [40]. However, despite these
differing predictions, the price of helium is increasing, and it can fluctuate due to
geopolitical factors. For example, in the early-to mid-20th century, the US Gov-
ernment considered helium to be of strategic military importance, and all helium
production was reserved for the US Government use [3]. According to the US Geo-
logical Survey (USGS) Mineral Commodity Summaries from 2013 to 2023, the price
of helium sold to non-government buyers increased successively from $2.73/m3 to
$11/m3 [14].

Sweden relies entirely on imports for its supply of helium. For leak testing and
detection in applications where stringent product tightness is not required, it may
be worthwhile to investigate the feasibility of using air as a medium. This is be-
cause reducing helium usage can lead to more sustainable operating costs in the long
term, and the limited global supply of helium should be conserved for more essential
applications such as cooling.

1.3.4 Scientific Gap

As will be described in the upcoming sections 2.1, 2.2 and 2.3, the majority of the
previous work done within the area of leak testing, and more specifically for the
methods of Pressure Decay, Differential Pressure Decay and Vacuum Decay that will
be studied in this thesis, optimization efforts for each of the technologies individually
has been done. The optimization efforts in the previous related works have been done
for instance to try to increase the sensitivity, decrease the temperature fluctuations
and increase the accuracy. There is a lack of studies which compare these three
leak testing technologies using air with each other, depending on how they perform
with different volumes. This study will hopefully help fill the scientific gap about
which air-based leak test technologies to choose, depending on the volume of the
heat exchanger and in extension other similar pressurized structures. There is no
single technology that fits all kinds of leak testing. Thus, in this thesis, a comparison
between Pressure Decay, Vacuum Decay, and Differential Pressure Decay will be
conducted. Furthermore, an evaluation of the most suitable testing technology based
on varying volumes will be performed.
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1.3.5 Other Leak Testing Methods

As previously discussed, using Helium as a tracer gas for leak testing offers many
benefits. However, it is important to evaluate the possibility of replacing it with an
air-based leak testing method. Why is this necessary? Firstly, as mentioned in the
previous chapter, the use of Helium is unsustainable. Secondly, for the type of heat
exchangers being evaluated, the leak requirement is that they must be completely
watertight, with a maximum leak rate of 10−3 mbar·l/s. In contrast, Helium leak
testing can detect leaks as small as 10−9 mbar·l/s. Additionally, Helium-based leak
testing is extremely complex and expensive for these systems. Therefore, using such
a high-sensitivity leak testing method when only watertightness is required would be
wasteful.

It is worth to note that this study specifically focuses on the topic of leak testing,
which involves quantifying the size of a leak rate without identifying its location.
This is distinct from leak detection, which is a method used to pinpoint the exact
location of leaks. More information on the differences between these two methods
is available in Section 3.1. Several leak testing methods are suitable for meeting the
watertight requirement, such as the water immersion and bubble test (with or with-
out soap), which rely on water, air pressure and visual inspection by operators to
identify leaks. However, using water is subject to two primary limitations that may
make it unsuitable for certain scenarios. Firstly, reducing the humidity levels of the
test vessel after conducting a leak test with water may be challenging, especially for
intricate structures like plate heat exchangers. This can cause issues for customers
who require dry products to be delivered. Secondly, the surface tension of water can
block pinholes with small areas. During practical applications, water temperatures
may reach hundreds of degrees Celsius. At such high temperatures, the surface ten-
sion of water decreases, which allows previously blocked holes to leak. A detailed
explanation of this phenomenon is provided in Section 3.4.3.

Other leak detection methods that do not use air include the acoustical and snif-
fer techniques, which utilize different tracer gases. Although all these methods can
detect leaks beyond those related to watertightness [41], they are limited to leak
detection and cannot measure the actual leak rate. Therefore, they are not suitable
for evaluation in this thesis work.

Micro-Flow is another leak testing method that could be evaluated. It is a rev-
olutionary technology for leak testing that differs from traditional pressure-based
measurements by utilizing airflow. The company Pfeiffer is at the forefront of this
technology and provides specialized equipment that is essential for its implemen-
tation. According to Pfeiffer, with its patented Micro-flow sensor, the theoretical
sensitivity of Micro-Flow is 5·10−3 mbar·l/s [42]. Although Micro-Flow is marketed
as a promising solution, it is important to note that the unique equipment required
for its implementation can only be obtained through Pfeiffer, as it is a patented so-
lution. Consequently, its inclusion in this study would be more of an evaluation of
the equipment than the method itself. It is important to emphasize that comparing
leak testing methods to Micro-Flow without access to the necessary experimental
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equipment could result in an unfair comparison and unreliable conclusions. Despite
this limitation, Micro-Flow remains a valuable technology that warrants further ex-
ploration in future studies.

As mentioned earlier, there are several leak testing methods that may appear rele-
vant, but they are not suitable for this thesis due to their limitations. Instead, the
air-based pressure leak testing methods are a better fit and should be evaluated to
meet the requirements. These methods utilize various pressure sensors, making them
a quantitative approach [43]. Moreover, the air-based pressure methods look promis-
ing because their sensitivity theoretically surpasses the watertight requirement. The
next section will outline the aim of this master’s thesis.

1.4 Aim and Objective
The aim of this master’s thesis is to evaluate and determine the most suitable leak
testing technology between the air based test methods, Pressure Decay, Differential
Pressure Decay and Vacuum Decay for validating the watertightness of plate heat
exchangers and also fill the scientific gap as mentioned in section 1.3.4. Choosing
the most suitable test technology will also result in fewer early breakdowns of the
product and fewer interruptions in production lines due to failed leak tests. This
information is beneficial for any company that produces products that must meet
watertight requirements. The requirements for being watertight correspond to a
maximum leak rate of 10−2 mbar· l/s, but 10−3 mbar· l/s according to this specific
industry standard. The evaluation will be based on different volumes, and studies will
be conducted to determine how these volumes affect the leak testing’s performance.
To determine the most suitable leak testing technology across various volumes, the
total test cycle time will be determined by examining the gathered data. The leak
rate for overpressures between one and six bar will also be determined to find the
detection time. Additionally, the stabilization time needs to be determined to find
the test cycle time. This thesis also aims to find the optimal test pressure for the most
suitable test technologies that give an optimized test cycle time for different volumes.
The final objective of this thesis is to deliver a recommendation on which leak testing
method is most suitable to use for watertight products for different volume ranges.

1.5 Research Questions
• Which air-based leak test technology is the fastest and most reliable, depending

on test vessel’s volumes?

– What is the test cycle time across various volumes and test pressures?

– What is the performance in terms of accuracy depending on the volume?

• How does leak rate change with different overpressures?

• Depending on the test vessel’s volume, which air-based leak test technology is
the most suitable to choose?
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• For the most suitable leak testing technologies, is there any optimal test pres-
sure to acquire the lowest test cycle time depending on the volume, and if so,
what pressure is it?

1.6 Limitations
The leak testing technologies studied in this thesis will be pressure-based by using
only air as the test medium. There will be three test technologies that need to be fully
functional to perform the research experiments (Pressure Decay, Vacuum Decay, and
Differential Pressure Decay). The experiment setups will include planning, learning,
implementing, testing, and troubleshooting. Every stage can have unpredictable
problems occurring, which can make it very time-consuming to fix the issues. For
the experimental setups, the right components must be used to ensure the test result
are reliable. The needed components might not always be available at the company,
which means they have to be ordered. This can sometimes take several weeks, and the
delay in components must be taken into consideration. Other limits are as follows:

• Availability of overpressure is limited to 6 bar due to safety management.

• Only a finite range of volumes will be evaluated (0.1-2.5 l).

• Pumping speed for vacuum is limited to 500 l/min.
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Related Works

2.1 Pressure Decay

There are limited research studies that focus on optimizing the Pressure Decay
method and determining the best ways to improve it, most studies tend to focus
on evaluating the feasibility of this method for specific products. Leak testing using
compressed air is a commonly used method in industrial applications, but it can
lead to pressure fluctuations caused by the adiabatic process during the rapid filling
of vessels. These fluctuations can impact the accuracy and efficiency of the test.
Several studies have been conducted to address these pressure fluctuations and im-
prove the effectiveness of the pressure decay leak testing method [44–46]. The goal
of these studies can be broadly divided into two main areas of optimization: time
and sensitivity.

One common method to avoid pressure fluctuations during leak testing is to wait
for the temperature to stabilize. However, for products with large volume and low
heat conductivity with the ambient, this can be time-consuming. Particularly in
high-output production lines. Products with short stabilization times, may not re-
quire further optimization of the Pressure Decay test technology. A. Garcia and the
rest of the research team conducted research on a solution to reduce the impact of
the adiabatic process. The way they did it was to use soft computing models to com-
pensate for temperature fluctuations in regular leak testing machines. Their results
helped to mitigate the pressure fluctuation and improve the accuracy and efficiency
of the test [44]. However, this solution is not suitable for test lines that are intended
to be versatile and suitable for a wide range of products.

W. Harwick studied an alternate approach to negate the effects of ambient and
adiabatic temperature is by preconditioning the air [45]. However, practically, this
method may not be convenient as the temperature of the product before testing is
not always uniform, the preconditioning of the air can be difficult to adjust.

Nyander C. has proposed an enhancement to the Pressure Decay method by re-
placing air with hydrogen [46]. This pressure-based test method aims to achieve
higher sensitivity and shorter test cycle times compared to traditional methods us-
ing air. The use of hydrogen also allows for the ability to locate the leak. However,
other gases than air are outside this research scope. Additionally, this research is
interested in determining the size of the leak, not its location.

15
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According to R. Gomes, J. Sousa and A.S. Marques in their work on water losses in
water distribution systems there is a relationship between pressure and leakage. The
relationship between pressure and leak rate can be described as a power function:

L1 = L0 · (
P1

P0

)N1 (2.1)

L1 is the leak rate at an overpressure P1 and L0 is the original leak rate at the pressure
P0. According to their study, the exponent, N1 is depending on different systems
but generally varies between 0.5 and 1.5. In real-world situations, the relationship
between leak rate and pressure is hard to estimate. Therefore, this relationship is
usually based on experiments [47]. R. Gomes, J. Sousa and A.S. Marques aim to
reduce water loss with pressure management by handling the relationship between
pressure and leak rate, which also will be done in this thesis. R.Gomes, J.Sousa and
A.S.Marques showed that the relationship is complex and needs to be determined
experimentally [47], therefore, in this thesis, the relationship will be determined,
since there is no general model for the relationship.

2.2 Differential Pressure Decay

Differential Pressure Decay method is based on the principle that it can be considered
as an optimized version of the traditional Pressure Decay method. The main objec-
tive of this method is to increase the sensitivity level of the Pressure Decay method,
while also reducing the temperature and pressure recovery time in some cases. The
sensitivity level of Pressure Decay can improve by increasing the time of waiting
the temperature to settle down and by choosing high accuracy manometer [48]. By
comparing the pressure difference can be utilized in the Differential Pressure Decay
method, which allows for a sensitivity level that is 10 times higher in measuring
leak rate compared to the traditional Pressure Decay method. Other studies on this
method are improvements to equalize the recovery time between the master pressure
vessel and the tested vessel [49]. A study by Harus et al. investigated the relation-
ship between temperature recovery time and theoretical thermal-time constant for
different volumes at different pressures [50]. They also made a predicted model on
the determination of the recovery time for this type of test method [51]. Considering
different volumes is the most relevant previous work to this thesis work. The main
difference is that the comparison between different air-based leak testing methods
was not included in their study.

In the study "Temperature effect compensation for fast differential pressure decay
testing" by Yan Shi, Xiaomeng Tong and Maolin Cai they propose a way to im-
prove the testing efficiency without having the temperature fully stabilized before
leak testing.To improve the testing, a mathematical model for Differential Pressure
Decay was made to be able to analyze the temperature and pressure during the test
period. They divide the test period into two parts, one exponential caused by tem-
perature recovery and a linear caused by a leak, and with obtained data they identify
the parameters for the exponential part to be able to compensate for the tempera-
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ture recovery. This temperature compensation method shows to be a faster method
with good precision and accuracy when the compensation time is proportional to
four times the theoretical thermal-time constant [52]. Shi’s work is related to this
thesis in the way they intend to improve/optimize the Differential Pressure Decay
method, and they look at how well it performs with respect to different volumes and
pressures. What they did not say was how good their method is in comparison with
other leak testing methods, which is one of the aims of this thesis work.

2.3 Vacuum Decay
Vacuum decay does not have the drawbacks of an adiabatic process like the previ-
ously mentioned test technologies. Many studies about Vacuum Decay pertain to
the validation of this method for evaluating the closure integrity of specific prod-
ucts, mainly in the lyophilized products in the pharmaceutical and food industries
to ensure that the packages are bacteria-proof. A study was conducted to evaluate
the closure integrity of prefilled syringes using Vacuum Decay method in compar-
ison to Dye Ingress Testing and High-Voltage Leak Detection. The results of the
study demonstrated that Vacuum Decay method exhibited superior sensitivity, and
exhibited the highest level of reliability and repeatability [53]. However, it should
be noted that the previous study only evaluated sensitivity in leak detection and
did not take cycle time into consideration which is an important aspect to consider
when comparing with this thesis work’s test methods. Another study has compared
Vacuum Decay with other integrity test methods such as Helium leak detection [54].
The results showed that Helium leak detection had the highest sensitivity. However,
this study also did not consider cycle time in the evaluation. Despite not being di-
rectly comparable to this thesis work’s test technologies, this study provides useful
information for comparing Vacuum Decay with Helium test, which is the most com-
monly used leak testing technology in plate heat exchangers

Previous studies have primarily focused on surveying various test technologies and
validating optimization concepts. However, there is a gap in research on determining
the most suitable test technology for a test vessel by taking into consideration its
physical conditions such as volume and heat conductivity. Our research aims to fill
this gap by evaluating and selecting the most appropriate test technology for a spe-
cific range of volumes, rather than providing a general solution for different product
geometries.





Chapter 3
Theoretical Backgrounds

3.1 Differences between Proof testing, Leak test-
ing and Leak detection

Non-destructive structural testing methods that are used to evaluate the integrity
and reliability of a component can be divided in three separate principals: Proof
testing, Leak testing and Leak detection. It is common for individuals to improp-
erly use the terms “leak testing” and “leak detection” interchangeably [55]. However,
these are distinct processes that should be clearly understood and properly applied
in order to ensure the accuracy and effectiveness of their use.

Proof testing is a structural integrity test where only the durability of the ves-
sel to carry a predetermined load is interesting [56]. The vessel is pressurized to a
higher level than its designed application pressure in order to confirm that it will
not fail under normal operating conditions. Compressed air is the most common
medium used in proof testing. If the vessel’s structure fails, there will be a signifi-
cant rapid drop in the vessel’s internal pressure. Any gross leaks in the vessel will
be detected during proof testing [57]. This process is typically performed before ex-
ecuting the leak test and leak detection. The vessel that has failed a proof testing
will not proceed further. In the event that tracer gases are necessary for leak testing
and detection. This will help to prevent the unnecessary large release of tracer gases
into the environment.

Leak testing is a test method where the values of the leakage can be determined.
When executing a leak testing of a vessel, questions such as: “How great is the leak
rate?” and “Does it leak more or less than the determined tightness requirement?”
can be answered. The most common technique is to create a difference in pressure
between the vessel’s internal volume and the vessel body’s surroundings. When a
leak is present, the molecules of the fluid escape through the leak holes due to the
pressure difference [58]. Leak testing in the industries, sensors that measure changes
in pressure or mass spectrometers that measure the passage of a specific tracer gas
are the most common [59]. However, this method does not provide information on
the location of the leak, which a leak detection does. It is necessary to conduct a
leak test before performing leak detection. If the vessel already meets the tightness
requirements, further leak detection is not required.

Leak detection on the other hand, involves identifying the location of a leakage,

19
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but in this case, the amount of leakage is not of interest. It is often necessary to
undertake this process when the vessel that has failed a leak test is deemed reparable.
Electronic leak detection devices with sniffers are utilized to achieve lower detectable
leak rate ranges in the detection process. Helium and nitrogen gas are commonly
used as tracer gases in this application. At greater leak rates, observation with
sight is sufficient in some detection techniques such as bubble immersion test and
Foam-spray test. The process is often performed by human labor, which requires
high attention to small details. In case of very small leak rates, it can be difficult to
locate the leak, and the process can be time-consuming. The individual conducting
the inspection may inadvertently compromise their awareness of safety by increasing
the internal pressure of the vessel in an attempt to increase the detectability. [60]

3.2 Understanding the Concept of a Leak

When a tire has sustained a puncture, a significant leak will be noticeable. This is
commonly referred to as a “ leakage”. Does a new and undamaged tire not leak when
it has an overpressure? If so, does this mean that the tire will never again require
additional air during its entire lifespan? The answer is no. There has definitely been
a reduction in the number of gas molecules in the tire since the last time it was filled
with air. However, the reduction was occurring at a sufficiently slow rate that it
could be considered fully acceptable for normal usage scenarios. Technically, it is
impossible to prove something that is absolutely tight, only sufficiently tight [55]. If
the leak rate has been demonstrated to be below a certain threshold, as specified in
the tightness requirement, the product can be tightness approved.

For a leak to be possible, there must be a physical opening in the structure through
which molecules can escape when a pressure difference is present. According to ISO
20484:2017, openings can be divided primarily into holes, porosity, and permeable el-
ements, or other structures in the wall [58]. Explanations about leak types in terms
of particle losses are presented in the following text:

A hole can be a simple pinhole or capillary that is typically caused by an unin-
tended crack in the wall’s structure. A pinhole is a channel with a diameter much
greater than the leakage path length, resulting in a gross leak, or orifice leak [58].
See the left image in Figure 3.1. Molecules escape rapidly through the channel. The
leak rate becomes high, resulting in leaks in a relatively short leak testing time [21].
A capillary is a channel, often not straight and less visible than a pinhole, with a
smaller diameter compared to the length of the leakage path [58]. See the middle
image in Figure 3.1. Particles at the overpressure side of the wall will not emerge as
quickly as they would through a pinhole. The leak rate becomes low, which makes
the leak testing with in a short amount of time more difficult [21].

Porosity leaks consist of many pinholes or capillaries located together in a re-
gion of the wall [58]. See the right image in Figure 3.1. The leak rate can be between
a gross leak and a single capillary leak depending on the size and numbers of the
leak channels.
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Figure 3.1: Illustration of pinhole, capillary and permeation leaks viewed from the cross-
section of the wall.

Hole and porosity is the diffusion of the gases from the region of higher concen-
tration of the gases, represented by a region with higher pressure, to the region of
lower concentration, represented by a region with lower pressure [61].

Permeation leaks are invisible holes or channels on the wall that still allow par-
ticles to pass through [58]. The wall is penetrated by small gas molecules, such as
helium, through diffusion.

3.3 Defining Leak Rate

A leak refers to the loss of a certain quantity of molecules of a fluid, which may be
a gas or a liquid. In the industries, the word “ leak rate” is essential when describing
how tight something is. The designations: “ leak flow ” and “ leakage flow ” instead of
leak rate are not rare in other literatures. The leak rate is defined as the amount
of change in quantity over a given time period. This quantity can consist of either
pressure or number of particles. Measurements of the number of particles is done by
using a mass spectrometer with a tracer gas, as previously mentioned in the context
of leak testing in 3.1. A general equation for leak rate relating to changes in pressure
is shown in Equation (3.1).

Q =
dPυ

dt
= Ṗ υ (3.1)

Where Ṗ is the change in pressure with respect to the measured time’s length and
υ is the internal volume where the pressure is measured. The SI unit for Q is
Pa·m3/s but the unit mbar·l/s is more common in Europe. The United States often
uses atm·cc/s. In some other regions, units Torr·l/s and sccm, “Standard Cubic
Centimeters per Minute” are a common unit to record the leak rate. See Table 3.1
for unit conversion.

Table 3.1: Leak rate units conversions.

Different leak rate units relative to mbar·l/s
Pa·m3/s atm·cc/s Torr·l/s sccm

1 mbar·l/s 0.1 ≈ 1 0.75 60



22 Chapter 3. Theoretical Backgrounds

3.3.1 Leak Testing Using Air as Medium

To consider that Q = 1 cm3/s is equal to 1 mbar·l/s at a pressure difference of 1
bar between the inner and the outer environment is appliable when converting to the
change in volume of air [62]. However, this leak rate to volume-flow conversion is
only applicable when the air can be treated as an ideal gas, which occurs at low air
pressures. At higher pressures, the mean free path (the distance molecules needs to
travel before collisions) becomes shorter, causing many gases to deviate significantly
from the ideal gas law and the state of gas starts to liquify [63]. The temperature of
a gas also affects its behaviour as an ideal gas. At higher temperatures, the kinetic
energy of the gas increases. Which means, a higher temperature can compensate
for the effects of higher pressure on an ideal gas. At room temperature (298 K),
nitrogen can be considered approximately ideal at pressures below 100 bar, ideal
oxygen requires much lower pressure at this temperature [64]. Air, which is primary
composed of approximately 80 % nitrogen and 20 % oxygen, is considered to follow
the ideal gas law with negligible deviations at pressures below 10 bar.

3.4 Correlation of Leak Rate between a Gas and a
Liquid

In the event that technology allows for the use of gas as a test medium in a leak test
and there are no standards to align with, it is necessary to convert the leak rate from
a liquid to a gas. This conversion allows for the selection of a threshold to determine
if the leak-tested product meets tightness requirements. The conversion is found in
Equation (3.2) [65].

Qgas =
ηliquid
ηgas

· qliquid ·
P1 + P2

2
(3.2)

Where ηliquid is the Dynamic viscosity of the liquid, ηgas is the Dynamic viscosity of
the gas, P1 is the pressure of the leak source and P2 is the external pressure. qliquid is
the volume flow of the liquid with SI-unit m3/s. The easiest way to calculate Qgas or
Qliquid is first by using SI-unit, and then converting it into mbar·l/s. However, this
formula has certain limitations. In reality, leakages often have different geometries
and dimensions, which can cause airflow to differ [66]. There is no mathematical
formula that perfectly describes the conversion between leak rates for gas and liquid
for all types of leakage flow. This equation is accurate for leaks with laminar flow,
occurring at a higher pressure than the low vacuum region (higher absolute pressure
than 1 mbar) [67]. The leak rates for gas at this pressure range, Qgas is greater than
10−4 mbar·l/s.

Here is an example: Pure water is leaking from a vessel with a bubble diameter
of 1 mm/s. The vessel has a pressure of 0.5 MPa, how great is the leak rate when
using air in leak testing for the vessel?

Answer : The water is leaking with a volume flow at:

qwater =
4

3
· 0.0013 · π = 4 · 10−9 m3/s
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The dynamic viscosity for water and air are 1 ·10−3 Pa·s and 18.19·10−6 Pa·s. With
the values we achieve:

Qair =
1 · 10−3 Pa·s

18.19 · 10−6 Pa·s
· 4 · 10−9 m3

s
· (0.5 + 0.1) · 106 Pa

2

= 0.07
Pa·m3

s
= 0.7

mbar·l
s

This example will help to understand about watertight as a tightness requirement
later in section 3.5.1.

3.4.1 Correlation between Leak Rate and Hole Diameter

The leak rate, Q, can be determined by the product of the pressure difference relative
to ambient pressure, ∆P , and the air flow velocity multiplied by the area of the leak
hole. Mathematically, this can be represented as:

Q = ∆P · vair · Ahole (3.3)

As shown in Equation (3.3), the leak rate Q is increasing proportional to the pressure
difference ∆P , and the velocity of the airflow vair. The area of the hole Ahole is πd2

4
,

thus, the leak rate increases squarely to the diameter of the hole d. It should be
noted that the above equation assumes a steady state flow and a small diameter
hole, which may not always be the case in very gross leaks. The leak rate, denoted
by Q, is determined by the Equation (3.3). It is important to note that the flux of
gas molecules through an area is physically not dependent on the internal volume
of the vessel. The cause of a leak is the probability of gas molecules striking the
hole, which is determined by the number of gas molecules, the pressure difference or
internal temperature, and the hole’s area. See Appendix A.1 for a derivation of the
relationship between a hole’s area and molecular flux. This means that if a hole of
the same size exists in a different vessel with a different internal volume, but the same
pressure difference to the ambient, the leak rate Q will remain unchanged. However,
the pressure change with respect to time Ṗ will differ; the larger the volume, the
slower the pressure change Ṗ . This is similar to a water hose draining a water tank;
the water flow is the same as long as the water pressure at the hose is the same,
regardless of the volume of water in the tank.

3.4.2 Conversion of Leak Rate between two Different Gases

The greatness of leakage is depending on the physical property of the gas, but also
in which pressure condition. In laminar flow condition, which often happens when
pressure is not at vacuum at neither side of the wall, the leak rate conversion in
Equation (3.4) can be used:

Q2 =
n1

n2

·Q1 (3.4)
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Where Q1 and Q2 are the leak rates for the two gases. n1 and n2 are the dynamic
viscosities for the gases [68]. In the example of conversion from leak rate of helium
to leak rate to air at room temperature 293 K. The dynamic viscosity of helium is
1.96·10−5 Pa·s, and 1.82·10−5 Pa·s for air. It then follows that a leak rate of helium
of 10−5 bar/s corresponds to a leak rate of air at:

Qair =
1.96

1.82
·Qhelium = 1.077 ·Qhelium (3.5)

When escape of gas molecules is occurring at low pressure conditions at one side
of the wall, the flow of the molecules are no longer depending on each other. The
leak flow is considered to be molecular flow, this type of flow is depending on the
gases’ molecular mass. The relative flow rate is less for a gas with higher molecular
mass [69]. In molecular flow, the velocity of gas molecules is proportional to the
square root of absolute temperature and inversely proportional to the square root of
molecular mass, as expressed by the following equation:

v =

√
kBT

m
(3.6)

where v is the velocity of the gas molecules, kB is the Boltzmann constant, T is
the absolute temperature, and m is the molecular mass, this equation is derived in
appendix A.1. Since the velocity of the gas molecules is inversely proportional to the
square root of their molecular mass, the flow rate of a gas with a higher molecular
mass will be lower compared to a gas with a lower molecular mass [70]. Therefore,
this correction factor takes into account the difference in molecular masses of air and
helium, and adjusts the flow rate of air to give the flow rate of helium.

Q1 =

√
M2

M1

·Q2 (3.7)

In essence, Equation (3.7) provides a way to predict the relative flow rate of different
gases based on their molecular masses, and can be useful in determining the leak
flow in air (with a molecular mass at 28.996 g/mol) by using a reference pinhole leak
which is calibrated with helium (with a molecular mass at 4 g/mol).

Qair =

√
28.996

4
·Qhelium = 0.37Qhelium (3.8)

It follows that the leak rate in air in molecular flow is 2.7 times less than helium at
the same condition.

3.4.3 The Effect of Fluid Surface Tension on Leak Holes

Not all fluids leak in the same way through the same hole, especially liquids with
some degree of surface tension due to attractive forces between the molecules of the
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liquid (cohesive forces) and attractive forces between the liquefied subject and the
solidified subject (adhesive forces) with capillary effects. This means that a hole can
cause different leak rates depending on the tension properties of the liquid. Capillary
effects can result in a leakage that is tightened by the liquid itself, making small sizes
of leaks difficult to determine [55]. This is why leak testing with gases is more useful
than with liquids because it can provide higher measurement sensitivity.

A maximum pinhole diameter where it can be blocked by the liquid is given by
Equation (3.9):

dmax =
4 · σ · cos(ϕ)

∆P
(3.9)

Where σ is the liquid’s surface tension, ϕ is the wetting angel and ∆P is the pressure
difference between the beginning and the end of the leak channel. When d > dmax

the diameter of the hole exceeds the maximum dimension for the liquid to block the
channel, a leak will occur.

Surface tension σ for water at 0, 20, 100 and 300oC are 0.076, 0.073, 0.059 and
0.014 N/m, respectively. The surface tension of water decreases as the temperature
increases, but it can also be reduced by the addition of surfactants such as soap and
ethanol, which have lower surface tensions than water. The wetting angle ϕ has to do
with the adhesive forces, defined as angle that the tangent to the liquid surface makes
with the solid surface at the point of contact [71]. The surface tension is wetting (or
attracting) the solid wall surface when ϕ < 90o, and not wetting (not attracting)
when ϕ > 90o. In the case of pure water and a stainless steel surface, ϕ is around
83o at room temperature and decreases linearly to 78o as the temperature increases
to 120oC. From 120 to 210oC, ϕ decreases at a greater rate, reaching around 65o

at 210oC. At temperatures above 210oC, the linear decline becomes greater [72, 73].
ϕ has according to these experiments, showed no changes due to pressure varia-
tions [74, 75].

3.5 Tightness Requirement

In order to determine whether a product meets the tightness requirement, it is nec-
essary for a sensor to detect a measurable quantity, rather than simply indicating
the presence of a leak. This allows for the determination of the magnitude of the
leak. As mentioned in section 3.1, Leak testing is the method that can address and
resolve the issue at hand. In this section, understanding of the tightness requirement
in the study will be clarified. When setting a tightness requirement, it is not enough
to simply specify a value for the leak rate. This is especially true when the medium
used in the leak test is not the same as the medium used in the vessel during actual
application. For example, when air is used to validate the watertightness of a prod-
uct. Additionally, due to the different reactions of fluids at different pressures and
temperatures, it is necessary to specify environmental conditions in the tightness re-
quirement. In summary, it is necessary to include following background informations
to a leak testing in order to validate a product’s tightness requirement [55]:
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– Which medium is used to execute the leak testing.

– Pressure relative to the ambient pressure.

– Temperature.

– Maximum permitted leak rate.

There are ways to determine the permitted leak rate for the gas in the test. One
method is to first define the fluid’s permitted leak rate as Equation (3.2) sates. An-
other method is determining the size of a hole that can be blocked by the liquid
and then determine the permitted leak rate as Equation (3.3) and (3.9) states. Un-
fortunately, theoretical formulas based on thermodynamics and fluid mechanics are
very ideal cases and are often only rough approximations. In reality, by only using
theoretical calculations, many requirements may not be met due to various factors
such as viscosity, surface tension, and temperature. It is important to consider these
factors and test under realistic conditions to accurately determine the leak rate and
determine if a product meets the necessary requirements. In order to set sophisti-
cated requirements, it is often necessary to conduct experimental tests in order to
draw accurate conclusions. This information can be used to refine the requirements
and ensure that they are based on real-world data rather than theoretical approxi-
mations.

3.5.1 The requirement of watertight

Pressure is the primary adjustable parameter during pressure-based leak testing.
However, adjusting temperature, which may differ from ambient temperature, can
be challenging and costly in order to align with the product’s environmental appli-
cation conditions. The most efficient method to validate tightness requirements is
to establish the permitted leak rate for the test medium utilized. According to most
literature, watertight with compressed air as the test medium has a maximum leak
rate at 10−2 mbar·l/s.

Watertight : Qair < 10−2 mbar·l/s

10−2 mbar·l/s is the minimum requirement for watertight [62, 76], due to it is only
valid for pure water at room temperature. As mentioned in section 3.4.3, the surface
tension for water is decreased at higher temperature, resulting the maximal physical
size of the leak hole to be smaller. Any other chemical mixtures in the aqueous
solution, such as surfactant that can decrease the liquid’s surface tension require the
permitted leak rate to reduce to a lower value. For example, a brake fluid reservoir
should have an air leak rate between 10−2 mbar·l/s to 10−3 mbar·l/s. A SCR (selective
catalytic reduction) tank should have an air leak rate less than 5·10−5 mbar·l/s [77].
Good to notice is that Equation (3.2) only is valid for laminar flow with Qgas >
10−4 mbar·l/s. Since watertight for pure water at room temperature is Qair < 10−2

mbar·l/s, Equation (3.2) is applicable for a broad scope of determination of Qair for
watertightness. In practice, how easily different leak rates can be measured and how
accurate the measurement is, is highly depending on the leak testing technology.
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3.6 Pressure-Based Test Technologies with Air

The objective of this study is to investigate the use of air for leak testing, by using
the techniques of Pressure Decay, Differential Pressure Decay, and Vacuum Decay.
The consensus among manufacturers is that using air for leak testing has several
advantages, including compatibility with high production rates, lack of additional
cost and pollution, and the ability to be integrated into high automation processes
[66]. The primary differences between the test technologies employed in this study
are their levels of reliability, sensitivity, and cost. It is important to evaluate the
suitability of each method for a specific type of test vessel before determining the
most appropriate method. Only by doing so, can the most suitable method be
selected [78].

3.6.1 Pressure Decay Testing

Pressure Decay is considered to be the most common leak testing technology in manu-
facturing production lines due to its simplicity, low cost, and ease of automation [46].

The Pressure Decay method involves injecting compressed air into a test vessel to
create an overpressure within the vessel. The potential energy is higher at the higher
pressure side, as a result, air molecules tend to escape to the lower pressure side when
a leak is present, causing a drop in pressure within the vessel over time. This drop in
pressure is measured. The leak rate, denoted as Qair, can be calculated using Equa-
tion (3.1). The theoretical sensitivity of this method is in order of 10−4 mbar·l/s,
although in practice the sensitivity is typically lower. Despite this, the Pressure De-
cay method is still capable of detecting leak rates lower than 10−2 mbar·l/s [21, 59],
making it a viable method for determining the water tightness of a vessel at room
temperature.

The test procedure can be divided into three distinct phases: Pressurization, Stabi-
lization, and Testing. Once each test cycle is completed, the compressed air within
the vessel can be released, as shown in Figure 3.2. The Stabilization phase is a cru-
cial and essential part of the Pressure Decay method, with the primary objective of
recovering temperature and pressure. During Pressurization, the internal pressure of
the test vessel increases when filled with compressed air. This phase will continue un-
til the designed pressure has reached according to the tightness requirements. Most
of the time, the pressurization becomes so high that it undergoes an adiabatic pro-
cess, causing the gas temperature to increase. This leads to higher internal pressure
compared to pressurization with a slower airflow rate, such as an isothermal process.
The increased temperature will eventually decrease as the heat transfer is ongoing
from the internal to the surrounding environment of the vessel. This will result in a
drop in pressure even when there is no leak present. This is the reason why stabiliza-
tion need to initiate to settle down the pressure fluctuation before leak testing. The
significance of the pressure fluctuation is a phenomenon depending on the volume
dimension and the heat conductivity between the inner and outer environment of the
test vessel. The larger the volume of the test vessel and the higher the pressure, the
more time is required for temperature and pressure to stabilize [50]. A significant
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pressure fluctuation is always followed by a time-consuming stabilization which many
manufacturers consider to be the biggest drawback of Pressure Decay.

Figure 3.2: Illustration of pressure fluctuation during Pressure Decay.

3.6.2 Differential Pressure Decay Testing

The Differential Pressure Decay (DPD) method of leak testing is distinct from Pres-
sure Decay in that it measures the pressure difference between a reference vessel and
the tested vessel. Instead of a gauge pressure sensor, that measures actual pressure,
this method employs a differential pressure sensor that isolates the exchange of gas
molecules between the two vessels [79]. Typically, a differential pressure sensor is
more sensitive to small variations in pressure compared to a gauge pressure sensor.
In particular, gauge pressure sensors with a large measurement range often have a
reduced sensitivity to small pressure changes [80], much like a scale is less sensitive
to weight deviations than a balance scale. It follows logically that the DPD method
benefits from leak testing at very high pressures in terms of sensitivity compared to
Pressure Decay. Moreover, the DPD method has the potential to provide a shorter
test cycle time if the test setup is Symmetric, meaning the reference vessel or the
master vessel has the same geometry and thermal conductivity properties as the ves-
sel being tested. In contrast, if the setup is Asymmetric, the test cycle time cannot
be shortened, but it offers greater adaptability and higher levels of automation when
changing between different types of test vessels.

3.6.2.1 Symmetric Differential Pressure Decay

As previously discussed in Section 3.6.1, a stabilization time is crucial before deter-
mining the presence of a leak in Pressure Decay. If the vessel has a large internal
volume and poor thermal conductivity, the stabilize time can be long. However, if
the change in pressure during the entire test cycle for a tight vessel is known, the
leak testing stage can commence before the stabilize time is complete. This is only
possible if the reference vessel and the testing vessel have the same physical proper-
ties, pressurize at the same rate, and the timing of opening and closing the valves
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is equal for both vessels [21]. In the presence of a leak in the tested vessel, the leak
will always result in a decrease in pressure over time, causing an overpressure on the
reference side, and thus enabling detection of the leak. See Figure 3.3

Figure 3.3: During the pressurization and stabilization stages, there is no pressure dif-
ference as the internal pressure equalizes between the reference and test vessel. However,
once the stabilization stage ends and the valve closes, airflow between the reference and test
vessel is separated, resulting in a pressure difference. If there is a leak in the test vessel, an
overpressure will develop on the reference side. This is indicated on the pressure graph by
a positive value on the reference side.

3.6.2.2 Asymmetric Differential Pressure Decay

The Asymmetric Differential Pressure Decay test method allows for leak testing of
vessels with dissimilar physical properties without the need for the reference vessel
to possess identical properties to the tested vessel. However, a stabilization period
is necessary to account for the effects of adiabatic processes, and cannot be avoided.
On the other hand, the test line does not require changes to the reference vessel,
even when the leak testing vessel has varying dimensions and thermal conductivities.
This reduces the amount of labor required by the operator and simplifies the test
setup.

3.6.3 Vacuum Decay Testing

The Vacuum Decay method of leak testing functions in a corresponding manner
to the pressure decay method, but in reverse. Another name for this method is
“Pressure Increase Test” . In order to perform the leak test, a backing pump is
employed to reduce the pressure within the vessel by evacuating the gas molecules.
As the pump transports the molecules out of the vessel, it creates an underpressure
on the inlet side, causing air to flow into the pump’s inlet until a pressure equilibrium
is reached. Due to technical limitations, most of the vacuum pumps with an initial
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working pressure of 1 bar are unable to reduce the pressure to levels above high
vacuum region (an absolute pressure below 10−4 mbar) [24,81]. To achieve a higher
vacuum level, an additional high vacuum pump with a higher operating range must
be implemented. Once the pressure equilibrium between the vessel and the inlet side
of the vacuum pump is reached, gas molecules can only escape if they “accidentally”
strike the pump’s inlet due to their random movement [82]. It is highly challenging
to evacuate all molecules within the vessel to achieve a pure vacuum and the process
can be time-consuming when attempting to reduce the pressure to very low values.
When leak testing with Vacuum Decay, the theoretical maximum pressure difference,
∆P is 1 bar. The sensitivity level of this test method in practise is 5 times greater
than Pressure Decay, which means the lowest detectable leak rate is 5 time less, with
a value at ≈ 10−3 mbar·l/s [20, 21].

3.6.3.1 Evacuation time is depending on the effective pumping speed

Since practically no pumps can evacuate all gas molecules and reach absolute zero
pressure in a test vessel, the absolute pressure can only be lowered to a certain value,
which is the vacuum pump’s “Ultimate Pressure” Pend. The time required for the
pressure to reach exactly Pend is infinite. However, when Pend is much lower than the
actual pressure, it is fully possible to evacuate the vessel to that pressure, and the
pump-down time tdown can be determined by knowing the effective pumping speed
Seff and the volume of the test vessel υ. The pressure’s time derivative created by
the pump can be described as:

−dP

dt
=

Seff

υ
· P (3.10)

Where Seff is the effective pumping speed in l/s. Starting from atmospheric pressure
(P = Patm) at time t = 0, and continuing until a rough vacuum is reached (with
pressure P ≪ Pend), the pump-down time t can be determined by integrating the
left-hand side with respect to pressure and the right-hand side with respect to time.
To do this, first divide both sides of the equation by P to obtain P on the left-hand
side, and then multiply both sides by dt to obtain t on the right-hand side.

P∫
Patm

dP

P
= −Seff

υ
· t (3.11)

The pressure change with respect to time P (t) can be derived from Equation (3.11).
Where υ

Seff
becomes the time constant for the evacuation. See Equation (3.12).

P (t) = Patme
−

Sseff
υ

t (3.12)

To know the evacuation time for a system with a given Seff , down to a designed
pressure with the precondition that P ≪ Pend is by solving the pump-down time t
in Equation (3.12) from the equation above obtains:

t =
υ

Seff

ln(
Patm

P
) (3.13)
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3.6.3.2 Desorption in vacuum

Opposite to the Pressure Decay method, the measurement quantity in the Vacuum
Decay method is the observation of whether the vacuum within the vessel is dis-
appearing due to the overpressure in the ambient. Since gases are evacuating the
vessel, the effect of adiabatic processes will not be present. However, this method still
requires a stabilization time before testing for leaks. This is due to a phenomenon
called outgassing. The outgassing phenomenon is the release of adsorbed gases and
vapors on solid surfaces, can pose a significant challenge when testing plate heat
exchangers for leaks using vacuum technology. This is because plate heat exchangers
are constructed with multiple layers of plates, resulting in a large surface area within
the vacuum volume. The outgassing process begins when the pressure is reduced to
around the medium vacuum region (≈ 10−1 mbar). Between the medium to high
vacuum region (around 10−3 mbar), the majority of gases released are water vapor
(between 75 % to 95 %), with the remainder being nitrogen and oxygen. This is also
the theoretical pressure that can be achieved by a mechanical vacuum pump without
the use of additional high vacuum pumps. The number of adsorbed molecules is
highly dependent on environmental conditions, with an increase in temperature and
humidity resulting in a higher number of adsorbed molecules similar to the conden-
sation of water vapor [82].

Figure 3.4: How pressure changes with time during Vacuum Decay leak testing.

Different materials exhibit varying levels of adsorption for different gases, and dif-
ferent gases have different adsorption energies. For instance, stainless steel without
surface treatment has an outgassing rate of less than 9 · 10−7 mbar·l/s per cm2 [28].
This is relatively low compared to other construction metals. Fusion bonded stain-
less steel that has been baked is expected to have an even lower adsorption rate.
However, during vacuum testing, there may be additional factors that contribute
to outgassing, such as the air hose and sealing materials containing rubbers. The
bonding strength of gas molecules adsorbed on a surface is on the order of Van der
Waals forces, typically measured in kJ/mol. Gases with the highest Van der Waals
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force are the most difficult to evacuate, even with ultra-high vacuum. Gas molecules
are attracted to the surface due to the Van der Waals force between them and the
surface molecules [83]. When reducing pressure from atmospheric pressure, O2, H2O,
and N2 are typically the first gases to be released, from medium up to high vacuum
regions (1 to 10−6 mbar). CO and CO2 are subsequently released up to ultra-high
vacuum region (10−9 mbar). H2 and CO are the main contributions to outgassing at
extremely low pressures (10−11 mbar) [84,85].

The release of adsorbed gases and vapors from solid surfaces, can greatly disrupt
the Vacuum Decay leak testing method. This is because outgassing can make it
difficult to distinguish between a real leak and the release of gases from the surfaces
of the vessel or other testing components [86]. The presence of outgassing can also
make the total test cycle time longer and the leak testing more challenging, as the
release of adsorbed gases can obscure the presence of a true leak. A stabilization time
is therefore required for the outgassing to stabilize at a constant level. To make the
outgassing due to water vapor less significantly, the pressure can be kept above the
pressure for outgassing, but this will result in a longer detection time. Alternatively,
high vacuum pumps can be used in conjunction with mechanical vacuum pumps to
evacuate most of the water vapor, but this increases the evacuation time and energy
costs [83].



Chapter 4

Method

4.1 Approach

Prior to commencing the evaluation, theoretical studies on leakages and best prac-
tices for conducting a leak test were reviewed. This involved examining technical
documents related to similar products, such as heat exchangers. This research es-
tablished a foundation that included types of leaks, physical quantities required for
measuring leaks, acceptance leak rate levels to ensure water tightness, and the ben-
efits and drawbacks of various testing technologies.

In order to evaluate the leak testing technics, experimental setups need to be im-
plemented, and the experimental data needs to be sufficiently reliable. Therefore,
this thesis project includes the installation and implementation of test setups. The
test instruments are digital and can be controlled via programmable logic controller
(PLC), and data will be gathered by conducting multiple tests with different test
techniques and a range of different heat exchangers. This testing is necessary to be
able to evaluate which test method is most suited for different applications. The
implementation and data gathering was done according to the following flowchart:

Figure 4.1: Workflow for creating test setups, gathering data and evaluating.

33
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A suitable evaluation model will be used in order to assist selection of the most
optimum test technology for different heat exchanger applications or duties. The
evaluation was done using concept scoring.

Lastly, the test pressure will be optimized to find the minimum test cycle time.
This was done finding the local minimum. Optimization possibilities will be iden-
tified in more detail for its specific application scenario. Optimization will be an
attempt to maximize the benefit and minimize the disadvantage.

4.2 Experimental Setup
The experimental setups for different leak testing technologies involved the use of
four distinct test vessels. The most significant difference between the vessels used in
this research was their varying volume, as shown in the relative differences illustrated
in Figure 4.2. The original volumes per channel of the selected channels for the test
vessels numbered 1 to 4 were 0.10, 0.45, 1.66, and 2.50 l, respectively. It is worth
to note that the internal volume of the selected channel was of interest, as it was
where the space for leak testing occurred, rather than the external volume of the
test vessels themselves. Test vessel 1 had only one channel, whereas the remaining
vessels each had two channels. Consequently, the external volumes of test vessels 2,
3, and 4 were approximately twice the size of their respective channel volumes, e.g.
the channel volume of test vessel 4 is 2.50 l and since it has two channels the external
volume will be 5.00 l.

The reason for selecting those test vessels to represent the variations in volumes
was because those plate heat exchangers were available and their tightness was val-
idated. All vessels had only one specimen available, except vessel 1, which had two
specimens. One specimen of vessel 1 was used as the test vessel, while the other
specimen was used as the reference vessel in the Differential Pressure Decay (DPD)
test. This will be described in more detail in Section 4.2.2.

(a) Top view of the test vessels (b) Side view of the test vessels

Figure 4.2: Test vessels from left to right in both (a) and (b): 1 (0.10 l), 2 (0.45 l), 3
(1.66 l) and 4 (2.50 l).
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4.2.1 Pressure Decay

Several experiments were conducted to determine the pros and cons of the Pres-
sure Decay test method. One standard Pressure Decay setup could measure all the
evaluation parameters. As section 3.6.1 describes, Pressure Decay was achieved by
pressurizing the test piece and measuring the pressure inside it, as shown in figure
3.2. The entirety of the experimental setup for this study was no different. Figure 4.3
and 4.4 show the experimental setup and the Boundary Block Diagram, respectively.

Figure 4.3: Pressure Decay experimental setup.

Figure 4.4: Boundary Block Diagram for Pressure Decay experimental setup.
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Multiple instruments and parts were used in the experimental setup. Firstly, the
process was controlled and the measurement data was collected using a PLC (the
device that is located in the upper left of Figure 4.4). The reason for choosing a PLC
to control the experiment was its effectiveness, safety, and ability to meet required
objectives while increasing productivity, accuracy, and precision [87]. This device is
commonly utilized in many industries.

The applied pressure to the test vessel was controlled using a pressure regulator
(the device that is located in the lower left of Figure 4.4). The regulator allowed for
overpressures between 0 and 9 bar, but due to limitations of compressed air, this was
also the limit for the regulator. The pressure regulator had a flow rate of 1500 l/min.
The output pressure was controlled via the PLC sequence.

To restrict the flow of air from entering or leaving the pressurized test vessel, a
2 port pneumatic process valve was used (the device that is located in the lower
right of Figure 4.4). The valve had a flow rate of 1500 l/min and was chosen for its
high capability of restricting the flow of air molecules. It could be opened and closed
by applying an air flow to it. Therefore, the air flow to the 2 port pneumatic process
valve needed to be regulated, which was done using an electronic air flow regulator
(This device is located in the upper right of Figure 4.4) which works in the following
way:

– Voltage applied: Air flow through first channel.

– No voltage applied: Air flow through second channel.

This means that the 2-port pneumatic process valve was connected to the first chan-
nel. The valve would open when voltage was applied and close when no voltage was
applied.

Lastly, an electronic manometer, also known as a gauge pressure sensor, was used
to measure the overpressure inside the test vessel. This device (located in the upper
middle of Figure 4.4) has a measurement range from 0-10 bar. The signal from the
electronic manometer is current and ranges from 4-20 mA, which is fed into one of
the ADC (analog to digital converter) channels on the PLC. However, since the PLC
can only measure voltage, the signal needed to be converted from current to voltage.
To accomplish this, the current was passed through a resistor of 500 Ω. According
to Ohm’s law, the voltage over the resistor would be 1-10 V, which could then be
read by the PLC.

4.2.2 Differential Pressure Decay

The second leak testing method, Differential Pressure Decay, needed to be evaluated
according to the criteria. Just like Pressure Decay and Vacuum Decay, all the nec-
essary data for evaluation had to be collected by building an experimental setup.
Differential Pressure Decay was closely related to Pressure Decay, with the differ-
ence that the pressure difference between two objects was measured instead of the
pressure in one object. The experimental setup was being conducted according to
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how a standard Differential Pressure Decay setup looked like, for example, as shown
in Figure 1 in [52]. The Differential Pressure Decay setup can be seen in Figure 4.5,
and the boundary block diagram can be seen in Figure 4.6.

Figure 4.5: Differential Pressure Decay experimental setup.

Figure 4.6: Boundary Block Diagram for Differential Pressure Decay experimental setup.

Just like the previous setup, the control and data collection for Differential Pressure
Decay were being carried out using a PLC due to its many abilities and preciseness.
Firstly, a pressure regulator was being used to control the test pressure. The pres-
sure regulator was pressurizing both the test specimen and the test reference. The
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overpressure between 0 and 9 bar could be regulated by the pressure regulator, which
had a flow rate of 1500 l/min.

Between the regulator and the reference and test specimen, three 2-port pneumatic
process valves were present. Two of those three valves were directly connected to
the reference and test vessel to be able to stop the air flow after the stabilization
and then start the leak detection. The third valve was directly controlling the air
flow from the regulator. When the test pressure was reached, this 2-port pneumatic
process valve was closed to begin the stabilization process.

The output side of the reference and test specimen was connected to the differential
pressure sensor. Two more 2-port pneumatic process valves were present between
the sensor and the outputs. One valve was connected to the reference and the other
to the test vessel. These valves were only present to protect the differential pressure
sensor as it could not be exposed to a too high pressure difference.

Lastly, as mentioned earlier, data collection was being carried out using a differ-
ential pressure sensor. The sensor had a measurement range from 0 to 160 mbar,
and the output signal was 0-10 V. The output was connected to the ADC channel
on the PLC to collect all the necessary data required for the evaluation.

4.2.3 Vacuum Decay

In order to evaluate vacuum decay and identify its strengths, weaknesses, and detec-
tion time, several precise experiments had to be conducted, similar to the experiments
conducted for pressure decay and differential pressure decay. Vacuum decay can be
described as a reverse operation of pressure decay, where one measures if there is
an increase in pressure under a vacuum, rather than a pressure drop as described
in section 3.6.3. To conduct these experiments, an experimental setup for vacuum
decay had to be built in accordance with the theoretical description of how a vacuum
decay test should be implemented. Simply put, the setup involved a vacuum pump
evacuating the test vessel, and the pressure was measured with a vacuum sensor (the
device that is located in the lower left of Figure 4.8). The vacuum decay setup could
be seen in Figure 4.7, and the boundary block diagram could be seen in Figure 4.8.

To evacuate the test vessel, a vacuum pump (the black device to the right in
Figure4.7) with a pumping speed of 500 l/min and the ability to reach a vacuum
down to 10−3 mbar was used.

For experimentation control and data collection, a PLC was utilized for the same
reasons as explained in section 4.2.1. A 2-port pneumatic process valve was installed
between the input channel of the test vessel and the vacuum pump to restrict the
airflow. The valve’s tightness and being an industry standard at Alfa Laval were the
reasons for choosing it, and it had a specified flow rate of 1500 l/min. It was operated
by controlling the air inflow to open or close it. An electronic air flow regulator was
utilized to regulate the flow to the valve, and it was operated in the following way:

– Voltage applied: Air flow through first channel.
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Figure 4.7: Vacuum Decay experimental setup.

Figure 4.8: Boundary Block Diagram for Vacuum Decay experimental setup.

– No voltage applied: Air flow through second channel.

So, then, the valve was opened by applying voltage, and the air could flow through
it. When no voltage was applied, the valve was closed, thus no airflow.

Finally, data was being collected using a vacuum sensor with a measurement range
from 10−4 to 1015 mbar. The sensor’s measurement was scaled logarithmically using
the Pirani equation. The output from the sensor was then fed into the PLC, where
the signal was scaled from voltage to pressure using the inverse Pirani equation.
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4.3 Simulated Leak
To evaluate the different test technologies based on the chosen criteria, it was neces-
sary to integrate a simulated leak into the experiments. This integration was essential
for answering the research questions and determining cycle time and accuracy, as well
as determining the time required to detect the leak rate requirement of 10−3 mbar·l/s
at different test pressures. A simulated leak could be created in various ways, such
as using a calibrated leak or an adjustable needle valve, as shown in Figure 4.9.

Figure 4.9: Needle valve and calibrated leak for simulation of a leak.

A calibrated leak was a small tube consisting of a smaller tube within it that was
merged with epoxy to create a very small leak rate. This leak was calibrated with
helium at 1 bar upstream and around 10−3 mbar downstream, at 293 K. Calibrated
leaks were available in the leak rate range of 10−3 mbar·l/s to 10−8 mbar·l/s. However,
due to calibration with helium, the leak rate needed to be converted to a correspond-
ing leak rate for air using Equation (3.7). Thus, the leak rate for air was 2.7 times
smaller. For instance, a calibrated leak of 10−3 mbar·l/s for helium corresponded to
3.7 · 10−4 mbar·l/s for air. However, this leak rate for air was much smaller than the
requirement for water tightness. As a result, calibrated leaks were not suitable for
the experiments, even though they were highly precise.

An alternative to using calibrated leaks was the adjustable needle valve. Needle
valves were accurate valves that were controlled by turning a knob to adjust the
position of a needle inside a hole. Once the simulated leak had been calibrated to a
sufficient level of accuracy, tests could be conducted to determine the true leak rate
for all test vessels. To create a robust needle valve, several tests were performed.
The calibration was conducted at a pressure of 1 bar, and different revolutions of
the knob were tried to find the one corresponding to a leak rate of approximately
10−3 mbar·l/s. To validate the leak rate for a specific revolution of the knob, several
tests were performed. For each test, the valve was closed and then set to the targeted
revolution to ensure repeatability and robustness. Finally, the mean value of each
test was calculated to determine the average leak rate at the chosen revolution.

In this thesis, the method of simulating a leak rate was utilized with the needle
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valve. This was because a needle valve offered the flexibility to adjust the leak rate
by simply turning a knob, which was crucial for the evaluations.

4.4 Lowest Possible Readable Value

In an absolutely ideal scenario, the detection time could be determined by looking
at the slope of the measured pressure by taking two points on the line, as shown
in Figure 4.10, and then determining k in the straight line equation, y = kx + m.
Since QL = Ṗ υ, Ṗ is the time derivative of pressure, which is equal to k, and then
by multiplying the change with υ, the leak rate can be determined. However, in
reality, the measured pressure needs to be acquired by the PLC via analog to digital
readings, which introduces some degree of uncertainty.

Figure 4.10: Illustration of difference between digital reading and reality when pressure
decreases linearly in a noise free scenario.

The blue “Digital reading” in Figure 4.10 would be resembled by the measurements.
This was because of the limitation in resolution from the PLC and also because of the
measurement range of the sensor and the analog output signal from it. Therefore,
the lowest possible readable change in pressure can be described by the following
equations derived from measurement for the different test technologies.

Lowest readable change PD =
Mesurement range sensor

2bits · Highest output signal - Lowest output signal
Highest outpur signal

(4.1)

Lowest readable change VD =
log10(

Highest measurable Pressure
Lowest measurable Pressure )

2bits · Highest output signal - Lowest output signal
Highest outpur signal

(4.2)

Lowest readable change DPD =
Mesurement range sensor

2bits · Highest output signal - Lowest output signal
Highest outpur signal

(4.3)

The description of the lowest readable change was important as it would later be
used to determine how long the detection time would be for each of the leak testing
technologies.
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4.5 Detection time

The detection time is the time it takes to determine a leak. The detection time is
crucial to answer the first research question Which air-based leak test technology is
the fastest and most reliable, depending on test vessel’s volumes?. The theoretical
lowest possible detection time for each technology could be calculated by rewriting
equation 3.1 as t = dP

QL
· υ and then replacing the pressure change dP with the

lowest readable value described in section 4.4. This would give the lowest possible
theoretical detection time, which could be described as:

tdetection =
Lowest readable change

QL

· υ (4.4)

However, this time might not have been able to be reached in reality. Therefore,
experiments were being conducted to validate the detection time. A reference leak
was being used in the setup in order to know what leak rate was to be expected. At
the start of an experiment, the pressure was starting to drop or increase depending on
the technology due to the reference leak. During the stabilization stage, the pressure
was dropping or increasing before reaching equilibrium. Therefore, the leak couldn’t
be detected until the stabilization time was over, otherwise false leaks would appear.
So, after the stabilization time, the detection time was being validated. When the
pressure was dropping “one step” or the lowest readable value, that was where the
detection time was being found. As seen in Figure 4.11, there, the drop in pressure
was after the stabilization, and the detection time was being found.

Figure 4.11: Validating detection time.

This was being validated for all combinations, that is, overpressures 1-6 bar for Pres-
sure and Differential pressure Decay for the four different volumes and for Vacuum
Decay at absolute pressure of 1 mbar for the four different volumes.
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4.6 Determination of Quantities to Approach the
Research Questions

The approaches that were selected to answer this thesis work’s research questions
are described in this section. The aim of these experiments was to investigate which
method was the fastest in detecting a leak corresponding to the tightness requirement
(10−3 mbar·l/s at ∆P = 1 bar). The theoretical estimation of the Detection time was
outlined in section 4.5, using the findings from these experiments. By combining the
estimated pressurization time or evacuation time, stabilization time, and detection
time, a total cycle time could be calculated for a specific volume at a particular
pressure. This answered the first main research question: Which air-based leak test
technology is the fastest and most reliable, depending on test vessel’s volumes? The
data collected from the tests further contributed to establishing a trend in how
the pressurization time, stabilization time, and detection time varied across different
pressures for a particular volume. This helped answer this thesis’s third main research
question: For the most suitable leak testing technologies, is there any optimal test
pres- sure to acquire the lowest test cycle time depending on the volume, and if so,
what pressure is it?

4.6.1 Pressure Decay

The aim of these experiments was to investigate whether a leak could be detected
more rapidly at higher overpressures than the pressure required for tightness (10−3 mbar·l/s
at ∆P = 1 bar), under the condition that the overpressure did not cause any harm.
The data collected from the experiments for determining the leak rate would help
determine the Accuracy of this test technology.

4.6.1.1 Calibration of the volume

In addition to the test vessels themselves, the gas volume in the pressurization sys-
tem also includes additional volume from the pipe parts. The total additional volume
from all pipe parts was estimated to be 0.04 l.

The resulting test volumes for pressure decay from each test vessel are shown in
table 4.1:

Table 4.1: Pressure Decay: Resulting test volumes for each vessels

Test vessel Original test volume (l) After additional pipe parts (l)
1 0.10 0.14
2 0.45 0.49
3 1.66 1.70
4 2.50 2.54
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4.6.1.2 Determine the pressurization time for Pressure Decay

Ideally, the time required for the test vessel to raise its pressure from no overpres-
sure to the designed pressure could be determined to calculate the pressurization
stage. However, pressure fluctuations caused by the adiabatic process, as explained
in section 3.6.1, may result in an overshoot behavior of the pressure. As a result,
the highest achieved pressure throughout the test period may exceed the designed
pressure. In reality, the data collected during a recorded test is not continuous in
time, but rather discrete. Therefore, the resolution with respect to the time horizon
is limited by the sample rate from the recording of the test. In cases of high-speed
dynamics, such as when air is rapidly filled into a small volume at a high pressuriza-
tion rate, the pressure rise may occur almost instantaneously, with few or no data
points between the theoretical initial pressure and the designed pressure. This makes
it challenging to accurately determine the theoretical pressurization time.

An alternative and more reliable method for determining the pressurization time
was under consideration. The duration between the initial pressure just before the
rise of pressure and the highest overshot pressure achieved during the test was being
timed to determine the pressurization time. In experiments that were being con-
ducted, it was found that the deviation in time relative to the theoretical time was
adequately small when this method was used. An example in Figure 4.12 is presented
to illustrate this method.

Each test vessel was pressurized at 1, 2, 3, 4, 5, and 6 bar overpressure for the

Figure 4.12: By zooming in on the beginning of the process, pressurization was
initiated at the point represented by the red vertical line. The end of pressurization
was marked by the purple line.
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trials, and the average value of the pressurization time for that specific test ves-
sel’s volume was calculated. This experiment was conducted in conjunction with the
next experiment to determine the stabilization time, with no simulated leak present,
thereby effectively saving time. The duration of each test was set to 5 min for every
test vessel.

4.6.1.3 Determine the stabilization time

The absence of any leaks was of utmost importance when determining the stabi-
lization time, especially when dealing with higher overpressures. In the presence of
a leak, the magnitude of the leak rate was escalating with increasing overpressure,
which caused a rapid decline in pressure that exceeded the Lowest readable change
within a brief period of time. This made it hard to figure out when the pressure fluc-
tuations had actually stopped, so it was best to not use any simulated leaks when
trying to determine the stabilization time. However, this method may not have been
accurate at higher overpressures since a leak could have contributed to a more rapid
decline in pressure, resulting in a potentially shorter stabilization time and earlier
detection. Despite this drawback, the method without simulated leaks was still pre-
ferred since it ensured that the detection time could always be initiated regardless
of the magnitude of the leak rate in other scenarios.

The pressure recovery time of the test vessel was measured to determine the sta-
bilization time. This time was the duration between the time when the pressure
first reached its final value from its highest point of overshooting. In other words,
the stabilization time was the duration between the moment when the pressure was
at its peak and the earliest time when the pressure had fully stabilized to the final
pressure value. Figure 4.13 is presented to illustrate this method.
Similar to the experiment used to determine pressurization time, tests were being
conducted on each test vessel to determine the stabilization time at overpressures
of 1, 2, 3, 4, 5, and 6 bars. The final value for the stabilization time was being
calculated as an average of the results obtained from the three tests.

4.6.1.4 Determining the leak rate from a Pressure Decay test

In this experiment, the calibrated simulated leak was used and was calibrated ac-
cording to the description in section 4.3.

To accurately estimate the slope of the curve, the equation Q = Ṗ · υ was being
utilized, where Ṗ represented the slope of the curve. The slope of the curve was
being estimated using MATLAB’s Curve fitting method. The determination of an
appropriate recording time was a critical aspect of these experiments. As mentioned
in section 1.3.1, the pressure decline rate was decreasing as the volume increased for
the same size of leak. To have a sufficient recording time to determine the accuracy
of the leak rate, the number of reliable data had to be sufficient, which was depen-
dent on the measurement’s resolution. Resolution about the test setup was being
described in section 4.4. The pressure had to decrease to at least “one vertical step”
to be able to determine the leak rate. By inserting the values corresponding to the
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Figure 4.13: The time it takes for the pressure curve to reach its final value after
pressurization has been initiated was defined as the stabilization time

.

sensor and PLC from the test setup into Equation (4.1), the test duration required
to achieve the lowest readable change was being determined for Pressure Decay.

The drop in pressure that could be visible for “one vertical step” represents the
pressure difference between P2 and P1. More about detection time will be described
in section 4.5. In practice, to ensure an accurate test results, the pressure drop
needed to have more than “one vertical step”, a safety factor of 3 was implemented.
This means that the duration of pressure drop for every volume should consist of at
least 3 steps.

The detection time was expected to be shorter as the overpressure was increasing.
However, the exact time required was unknown since the leak rate was also unknown.
The easiest way to determine the appropriate time was through trial and error. Table
4.4 below was providing the total test recording time for all test vessels at different
overpressures. It was being noticed that the test duration for determining the leak
rate at higher overpressures than 1 bar wasn’t being derived from any equation, since
the leak rate at that particular pressure was unknown.
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Table 4.2: PD. Total test recording time in min for all test vessels at different overpressures.

Test vessel 1 bar 2 bar 3 bar 4 bar 5 bar 6 bar
1 (0.14 l) 25 20 15 10 8 5
2 (0.49 l) 75 70 65 45 40 35
3 (1.70 l) 230 210 190 180 170 160
4 (2.54 l) 385 370 360 350 340 330

The data used for estimation was collected from the point where stabilization ended
until the last data point was recorded. The test results for each overpressure and
each test vessel were calculated by taking the average value. The next step involved

Figure 4.14: Test recording of the output signal from the gauge pressure sensor for test
vessel 1. To accurately determine the leak rate from the recording, it was necessary to
determine the slope of the curve. Based on this particular recording, it was suggested that
the determination of the slope should begin at approximately 244 s marked with a red line.

identifying the first data point from the recording that was suitable for determining
the slope of the curve using the curve fitting tool. This was a crucial procedure
to ensure accurate determination of Ṗ . Figure 4.14 illustrates the selection of the
first data point for determining Ṗ for this specific volume in order to determine the
corresponding leak rate Q.

4.6.2 Differential Pressure Decay

This section describes how to determine the pressurization time and, stabilization
time for Differential Pressure Decay by following the experimental setup described
earlier in section 4.2.2. Furthermore, this section will describe how to determine leak
rate by using this test technology.
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4.6.2.1 Calibration of the volume

The total volume from the added parts was estimated to be 0.09 l by summing up the
internal volume of all the pipe components, in addition to the test vessels themselves.
As a result, the test vessel volumes are shown in Table 4.3.

Table 4.3: DPD: Resulting test volumes for each vessel.

Test vessel Original test volume (l) After additional pipe parts (l)
1 0.10 0.19
2 0.45 0.54
3 1.66 1.75
4 2.50 2.59

4.6.2.2 Recalibration of the simulated leak

The simulated leak had to be recalibrated in this test setup due to the additional
volumes introduced by the pipe parts to ensure that the tightness requirement of 10−3

mbar·l/s at ∆P = 1 bar was met. A method similar to that used in the Pressure
Decay test was used to adjust the needle valve to achieve this calibration. Specifically,
the valve nut was opened by 1 1

12
revolutions, as the airflow in this case followed the

same path as in the Pressure Decay test, from overpressure to atmospheric pressure.

4.6.2.3 Determining the pressurization time and stabilization time

The appropriate total cycle time, including the time for detection, was aimed to
be determined through the experiments, and the determination of the stabilization
time was helpful in achieving this objective. The level of overpressure in the system
was measured with a gauge pressure sensor incorporated in the test setup, and the
same procedures used in the Pressure Decay tests were followed to determine the
pressurization time and stabilization time. The tests were carried out for various
volumes and overpressures, as described in sections 4.6.1.2 and 4.6.1.3, without using
the simulated leak.

4.6.2.4 Determining the leak rate from a Differential Pressure Decay test

The leak rate Q was aimed to be determined with adequate data instead of finding
the leak in the shortest time, in accordance with the requirements. Furthermore, the
recorded test times were longer than the theoretical times according to Equation (4.4)
in the upcoming subsection due to instrumental sources of error. The causes of these
sources of error will be discussed in the Discussion section. The test times for each
test vessel at different overpressures are listed in Table 4.4. It should be noted that
the test duration for determining the leak rate at higher overpressures than 1 bar was
not derived from any equation, since the leak rate at higher overpressure was yet to be
known. The principle of Q = Ṗ ·υ was also followed for the determination of the leak
rate, using the output signals from the differential pressure transmitter, as illustrated
in Figure 4.15. However, it was evident from the figure that the pressure difference
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Table 4.4: DPD. Total test times in min for each test vessel at different overpressures.

Test vessel 1 bar 2 bar 3 bar 4 bar 5 bar 6 bar
1 (0.19 l) 15 13 11 9 7 5
2 (0.54 l) 17 15 13 11 9 7
3 (1.75 l) 20 20 18 18 16 16
4 (2.59 l) 20 20 20 20 18 18

was beginning to increase much later than the theoretical value. Therefore, the first
data point on the graph representing the slope of the pressure difference should have
been at the point where the graph was clearly beginning to increase. The data point
represented in the time domain also corresponded to the practical detection time for
detecting leaks of the same size as calibrated for the simulated leak.

Figure 4.15: Test recording of the output signal from the differential pressure transmitter
for test vessel 2. To accurately determine the leak rate from the recording, it was necessary
to determine the slope of the curve. Based on this particular recording, it was suggested
that the determination of the slope should begin at approximately 100 s, where the curve
displayed a significant increase, marked with the red vertical line.

4.6.3 Q−∆P Diagram

The objective of this approach was to support the theoretical estimation of the Detec-
tion time at higher overpressures (up to 6 bar), which was being discussed in section
4.5. It also helps to answer the third research question: How does leak rate change
with different overpressures?. Since this diagram only talked about the relationship
between overpressures and the leak rate, this diagram was only valid for Pressure
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Decay and Differential Pressure Decay. To illustrate the correlation between the
magnitude of overpressure ∆P and the corresponding leak rate Q at that particular
overpressure, a diagram was constructed. The ∆P was being plotted on the hori-
zontal axis, whereas the leak rate as a function of overpressure Q(∆P ) was being
represented on the vertical axis.

As discussed in section 1.3.1, the magnitude of the leak rate was independent of
the volume of the test vessel and was solely dependent on the magnitude of over-
pressure and the size of the leak hole. In the previous section 4.6.1.4, various test
vessels were used to determine the leak rate, all of which had different volumes but
the same overpressures and simulated leak hole size. Hence, following this reasoning,
the Q−∆P diagram for all the test vessels should have been identical.

4.6.4 Vacuum Decay

The methodology used to determine the leak rate QL for Vacuum Decay is described
in this section. To answer the first research question: What is the test cycle time
across various volumes and test pressures?, the evacuation time, stabilization time
for outgassing, and the detection time were determined from the experiment’s data.
In this experiment, changes in pressure within the test vessel were observed over time
by monitoring the pressure.

4.6.4.1 Recalibration of the volume

Since the components for the Vacuum Decay test setup changed, the total volume
exposed to vacuum also changed. Therefore, the additional volume caused by the
pipe part needed to be determined. The total sum of all additional pipe parts for
Vacuum Decay was estimated to be 0.05 l. See Table 4.5 for volumes after additional
pipe parts.

Table 4.5: VD: Resulting test volumes for each vessel.

Test vessel Original test volume (l) After additional pipe parts (l)
1 0.10 0.15
2 0.45 0.50
3 1.66 1.71
4 2.50 2.55

4.6.4.2 Determine the time for the outgassing rate to stabilize

It was known that the halting of outgassing as time approached infinity was even-
tually arrived at. However, the initiation of leak detection did not need to wait
until this asymptotic limit was reached. Instead, a more time-effective approach was
adopted, whereby leak detection was initiated when the rate of outgassing had been
stabilized. In a linearly-scaled pressure versus time (P-t) diagram, the onset of out-
gassing could be observed when the pressure began to increase from its minimum
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value in the end of the evacuation stage. The slope of the P-t curve became approx-
imately constant when the outgassing rate had been stabilized, indicating that this
was the optimal time to commence leak detection. Figure 4.16 is presented to show
how to determine the stabilization of the outgassing rate. As shown in the figure, the
pressure rise resulting from outgassing becomes noticeable right after the evacuation
is finished and the valve is shut. Eventually, the curve’s slope levels off to a constant
value. In this example, it takes about 200 s (marked with the red vertical line) for
the slope of the curve to become constant, which is indicated by the vertical black
line. As time progresses towards infinity, the slope of the curve remains constant.

Figure 4.16: Example on how to select the stabilization time for outgassing in VD.

4.6.4.3 Recalibration of the simulated leak

The leakage characteristics of a simulated leak in a vacuum system were investigated
in this study. The downstream pressure conditions of the simulated leak were in the
vacuum region, requiring the needle valve to be recalibrated. A design vacuum level
of 1 mbar was selected to ensure that air could be evacuated from all volumes within
a reasonable time by the vacuum pump, while maintaining an acceptable differential
pressure (∆P ).

To obtain reliable results in vacuum tests, consistency in the outgassing process
is crucial. In order to achieve this, it was necessary to ensure that the duration of
the outgassing process was adequate. This was accomplished by exposing the test
vessel to the design vacuum level (≈ 1 mbar) for a sufficient amount of time, until the
outgassing rate became repeatable for all future tests, meaning that the outgassing
rate stabilized at a consistent level across all tests.
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A standardized method was implemented to ensure consistent and repeatable out-
gassing characteristics. As the amount of outgassed molecules is proportional to the
surface area exposed to vacuum, the test vessel with the largest surface area required
longer exposure in vacuum, as shown in Table 4.6. Three rounds of testing were

Table 4.6: VD. Method to obtain a consistent and repeatable outgassing characteristic.

Test vessel Exposed time at designed pressure of 1 mbar.
Before implementation of the simulated leak.

1 (0.14 l) 3 × 10 min
2 (0.50 l) 3 × 10 min
3 (1.70 l) 3 × 15 min
4 (2.55 l) 3 × 20 min

conducted on all test vessels without any leaks. A new testing round was immedi-
ately initiated after the completion of the previous round. All tests were recorded to
verify if the outgassing levels remained consistent during the last two rounds. The
simulated leak was recalibrated following the method outlined in Section 4.9. The
needle valve was recalibrated to 1/6 revolution, with a leak rate of approximately
1.2 · 10−3 mbar·l/s. This setting was considered acceptable because the nut under
the needle valve’s knob had six corners, making it easy to aim more accurately by
dividing an integer number by six.

4.6.4.4 Determining the leak rate from a Vacuum Decay test

The duration of each test cycle could not be easily estimated using theoretical ap-
proaches. Due to the phenomenon with outgassing, the practical cycle time needed
to sufficient long. For the experiment that was performed, all test vessels had the
same duration for the entire test, which was 10 minutes.

The ideal approach for selecting the pressure change over time was identified as being
to identify the pressure rate during the most linear section after the completion of
the evacuation stage, similar to the process of determining leak rate from pressure
decay. This approach made it easier and more reliable to gather the magnitude of
the leak rate with minimal distortions from outgassing. The “true” leak rate, which
was the pressure increment caused solely by the inward diffusion of air molecules
into the test vessel, was determined by conducting a pre-study on the outgassing
characteristics of the specific test vessel. The true leak rate was calculated as the
difference between the total pressure increment and the pressure increment caused
by outgassing, as shown in Equation (4.5).

Ṗleak = Ṗtotal − Ṗoutgassing

⇒
Qleak = Ṗleak · υ

(4.5)

After the simulated leak is calibrated sufficient exactly, Vacuum Decay tests for de-
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termining the true leak rate for all test vessels were done in the following order:

1. Obtain an outgassing characteristic by performing a test sequence on the test
vessel without presence of the simulate leak.

2. Obtain a total pressure increment characteristic by performing a test sequence
with the simulated leaks.

3. Determine the slope of the curve at the linear part for outgassing only. Corre-
sponding to the recorded data gathered from step 1.

4. Determine the slope of the curve for the total pressure increment over approxi-
mately the same length of time and starting point as outgassing. Corresponding
to the recorded data gathered from step 2.

5. Determine the true leak rate by following Equation (4.5.)

4.7 Cycle Time
The most important parameter in determining the most suitable leak testing technol-
ogy among Pressure Decay, Vacuum Decay and Differential Pressure Decay was the
cycle time, which helped to answer the first research question Which air-based leak
test technology is the fastest and most reliable, depending on test vessel’s volumes?
The cycle time was defined as the total time taken to conduct a leak test. Therefore,
the cycle time for Pressure Decay and Differential Pressure Decay was calculated by
summing up the pressurization time, stabilization time, and detection time described
in previous sections and was being calculated as follows:

tcycle time = tpressurization time + tstabilization time + tdetection time (4.6)

For Vacuum Decay, the cycle time was defined as the summation of the evacuation
time, stabilization time, and the detection time. Therefore, the cycle time for Vac-
uum Decay could be calculated as:

tcycle time = tevacuation time + tstabilization time + tdetection time (4.7)

4.8 Accuracy
To answer the research question: How good is the performance in terms of accuracy
depending on the volume? accuracy needed to be determined. According to ISO,
the accuracy of a specific measurement method should have been described with two
parameters, “trueness” and “precision”. Precision is the deviation between all test
results, and trueness was the deviation from the mean of all tests conducted in rela-
tion to a reference value. Accuracy could also be briefly described as “The closeness
of agreement between a test result and the accepted reference value” [88]. Therefore,
the accuracy of the leak test methods would have also been described in this thesis,
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according to “trueness” and “precision”.

The determination of the accuracy for all test technologies together with result from
cycle time would have helped to answer both the first and the second research ques-
tions, making it an important aspect to study. In order to validate the accuracy
for each test method, a reference leak was used. Three tests were conducted with
the reference leak calibrated to approximately 1.42 mbar · l/s at 1 bar for each test
method (Pressure Decay, Vacuum Decay, and Differential Pressure Decay). The
slope for each test was then calculated in Matlab using curve fitting. A polynomial
of the first order was used to fit the data since the pressure drop was assumed to be
linear, as shown in figure 4.17. The slope calculated with the curve fitting was then
multiplied by the volume of the tested heat exchanger, which gave the leak rate from
the experiment. The precision was then calculated with the standard deviation SD

Figure 4.17: Matlab curve fitting to find the time derivative of pressure.

as shown in Equation (4.8):

SD =

√∑n
i=1(x− xi)

n
(4.8)

Trueness was also calculated with the standard deviation but with x being the cali-
brated reference leak rate. The deviation in percent for precision was then calculated
as taking the precision deviation divided with the mean leak rate value times 100
and trueness in percent was calculated as the deviation in trueness divided with the
calibrated leak rate times 100.

4.9 Ranking

The method of concept scoring was chosen to evaluate which test method was most
suitable for volumes between 0.1 and 2.5 l. This method was chosen because concept
scoring is one of the most commonly used concept selection methods in the industry.
The method involves a numerically weighted Pugh method and is considered an ef-
fective and easy-to-use tool for addressing design requirements more extensively [89].

Concept scoring is a widely used method in industry to evaluate and select the best
design concepts based on predetermined criteria. In this case, the concept scoring
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Table 4.7: Concept scoring matrix used to select most suitable concept from some weighted
criteria.

method is being applied to evaluate different leak testing technologies in relation to
each other, rather than design concepts. The evaluated leak testing technologies were
Pressure Decay, Differential Pressure Decay and Vacuum Decay. Pressure Decay was
set as a reference to the others, and a rating of 3 was given to the reference on all
criteria, as it is the middle point on a scale from 1 to 5. The other two technologies
were rated in relation to the reference as following:

1: Much worse than reference

2: Worse than reference

3: Same as reference

4: Better than reference

5: Much better than reference

For example, if Pressure Decay has a cycle time of 100 s, Differential Pressure Decay
150 s and Vacuum Decay 200 s. Then 100 s is the reference mark set as 3 points.
Then Differential Pressure Decay will get 2 points since it is slower than Pressure
Decay but faster than Vacuum Decay, which will get 1 point since it has the slowest
time among the three.

The criteria were selected from gathered knowledge from reviews of leak testing
literatures and what different papers think is the most important when conducting
a leak test. When the criteria were selected, a discussion with the experts engineers
at the company took place to validate the selected criteria and to determine if it
was realistic criteria to use in a selection of which leak testing technologies to use in
future test lines. The criteria selected for evaluating the most suitable leak testing
technologies were, cycle time, accuracy, complexity, cost of equipment, cost for safety
and ambient impact. The weighting for each of the criteria was determined together
with the company’s expert engineers to mach the costumer’s requirement.

The total score is then calculated as the sum of the score for each criterion. From
the score, the most suitable leak testing technology could be determined. This eval-
uation was conducted for the different test volumes studied in this thesis to answer
the second research question and to be able to selecting the most appropriate test
technology based on the vessel’s volume.
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4.10 Optimization
To answer the last research question For the most suitable leak testing technologies,
is there any optimal test pressure to acquire the lowest test cycle time depending on
the volume, and if so, what pressure is it?, it needed to be investigated if there was
a test pressure which led to a minimal test cycle time. It could be expected that
there was a minimal test cycle time at some test pressure. This could be expected
due to theory suggesting that faster pressurization led to longer stabilization time,
but with a higher pressure, the leak rate should be larger and therefore a shorter
detection time. If there were one increasing time in one stage of the test cycle and
one decreasing time in one stage of the test cycle, this suggested that if those times
with different pressures were combined, there should be some pressure that gave a
minimum test cycle time.

The first step in finding the optimal pressure was to create a mathematical equation
for estimating the stabilization and detection times based on different overpressures
obtained from the experimental data. How the stabilization and detection times
were obtained is explained in section 4.6.1. The method used to estimate the curves
involved plotting each stabilization and detection time against the overpressure and
using the curve fitting tool in Matlab. Once the estimations were obtained, the es-
timated stabilization and detection time were summed up and plotted. The lowest
point of the summed up curve is where the optimal overpressure and cycle time is.
This method was applied in this thesis to find the optimal overpressure for all test
vessels previously described and to discover the minimum cycle time for the selected
volume range.



Chapter 5
Results and Analysis

5.1 Leak rate with different overpressure
In this section, the measured leak rates at different overpressures will be presented
in Q−∆P diagrams. The measurement data is related to overpressure, which means
that the results are connected to both Pressure Decay and Differential Pressure
Decay. The Q−∆P result are composed of experimental data as described in section
4.6.3.

5.1.1 Pressure Decay

The relationship between pressure and leak rate is depending on many factors, for
example, material, surface roughness and internal structure and therefore the rela-
tionship need to be generated with experiments. The data extracted to determine
the relationship between pressure and leak rate is manifested in Table 5.1.

Table 5.1: Leak rate with different overpressures for Pressure Decay.

Leak rate Q [10−3 mbar· l/s]
1 bar 2 bar 3 bar 4 bar 5 bar 6 bar

Test Vessel 1 1.27 3.60 6.50 10.20 15.00 21.80
Test Vessel 2 1.30 3.40 5.90 9.20 14.80 21.90
Test Vessel 3 2.30 3.90 7.90 10.40 15.70 19.00
Test Vessel 4 0.96 3.10 5.90 10.70 15.30 25.00

Upon initial observation, it appears that the leak rate remains relatively constant
at the same overpressure, regardless of the volume. This would seem appropriate
since the theories state that if the same size of leak hole is present in different vol-
umes, the resulting leak rate will remain constant irrespective of the volume. What
instead is changing is the change in pressure with respect to time. A simpler way to
demonstrate that the leak rate is independent of volume and depends only on the
overpressure is to plot the collected data together, as illustrated in Figure 5.1.

57
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Figure 5.1: Experimental produced leak rate at higher overpressure than 1 bar.

These findings are evidence that the leak rate is not depending on volume, but instead
just a function of the overpressure. With the collected data a general equation is
derived to describe the leak rate for different overpressures even at higher pressures.
See the derived Equation (5.1).

QL = 0.000926 · P 1.756 mbar·l/s (5.1)

With the more general equation, it will be possible to know which leak rate is to be
expected at higher overpressures. This is crucial for Pressure Decay, considering one
of its strength is the possibility to do the leak testing at higher overpressures than 1
bar. Also, by knowing this leak rate, the detection time can later be determined at
higher pressures and be validated.

5.1.2 Differential Pressure Decay

Differential Pressure Decay shares a similar feature with Pressure Decay in that
it allows leak testing to be performed at higher pressures than 1 bar. However,
determining the leak rate for Differential Pressure Decay requires evaluating the
impact of varying overpressures. As such, it is necessary to determine the leak rate
at different overpressures and for different test vessels, as detailed in Table 5.2. These
findings are presented in Figure 5.2 for further analysis and summary.
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Table 5.2: Leak rate with different overpressures for Differential Pressure Decay.

Leak rate Q [10−3 mbar· l/s]
1 bar 2 bar 3 bar 4 bar 5 bar 6 bar

Test Vessel 1 1.00 3.90 5.20 7.00 8.30 10.20
Test Vessel 2 1.20 4.50 6.40 9.20 12.10 17.70
Test Vessel 3 1.10 5.80 9.40 12.00 15.60 20.30
Test Vessel 4 1.30 4.00 6.80 8.60 13.00 16.50

Figure 5.2: Experimental produced leak rate at higher overpressure than 1 bar.

The results obtained for Differential Pressure Decay exhibit a weak correlation be-
tween leak rate and overpressure, which is unexpected since the leak rate should be
independent of the volume. It is evident from the findings that the leak rate increases
with higher pressures; however, this increase is also influenced by the volume. Among
the test vessels, it appears that test vessel 3 exhibits the greatest increase in leak
rate with higher pressure, followed by test vessels 2 and 4. Conversely, test vessel
1 displays the least increase in leak rate with higher pressure. As such, there is no
discernible correlation between leak rate and volume for Differential Pressure Decay,
as the volume does not exhibit a trend of having the same leak rate just depending
on the pressure.

If the gathered data was to be fitted with a function to describe the leak rate with
different overpressure it also has to be depending on the volume, hence the data has
a big distribution. The function is described Equation (5.2).
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QL = a · P b mbar·l/s (5.2)

Where a and b values are represented in Table 5.3. The function for describing leak

Table 5.3: DPD: Experimental obtained value of a in Equation (5.2) for different vessels.

Test vessel Value of a in Equation (5.2) Value of b in Equation (5.2)
1 0.0017 1.00
2 0.0013 1.43
3 0.0023 1.22
4 0.0014 1.36

rate with different overpressures for Differential Pressure Decay is not as general as
for Pressure Decay, considering it could not be described with one single function for
all volumes.

5.2 Pressure Decay
This section presents the results of cycle time and accuracy for different volumes,
addressing the first main research question. Cycle time in this study is defined as
the sum of pressurization time, stabilization time, and detection time. In this study,
detection time could be determined theoretically. Hence, the results will include a
comparison between the theoretical and practical values of cycle time.

5.2.1 Cycle time

The first part of the cycle time that was evaluated was the pressurization stage. The
pressurization stage under a leak test for Pressure Decay consist of filling the hole
system until it reached its selected test pressure, which was between 1 and 6 bar.
The experimental collected data for Pressurization time are seen in Table A.1. For
test vessel 1 at 1 bar the pressurization time was 0.56 s and at 6 bar it was 1.01 s.
For test vessel 2 at 1 bar the pressurization time was 0.66 s and at 6 bar it was 1.08 s.
Moreover, test vessel 3 at 1 bar overpressure had a pressurization time of 1.20 s and
at 6 bar 2.76 s. Lastly, test vessel 4 had a pressurization time of 1.49 s at 1 bar and
3.11 s at 6 bar. It surfaced that the pressurization time was increasing proportionally
to the volume and the value of overpressure. It yields that the pressurization times
were almost negligible in relation to the total cycle times as the total cycle time was
between 25.45 and 8575 s and the pressurization time was between 0.56 and 3.11 s.
This was especially noticeable at overpressures below 6 bar and volumes above 0.50
l as can be seen in Table A.1.

The second part to be evaluated was the stabilization stage of the leak test. See
Stabilization times in Table 5.6 and Figure 5.3. This stage describes how long it
takes for the pressure in the system to reach equilibrium due to the fast pressur-
ization and the increase in temperature and pressure that comes with it. Based on
the experimental data gathered with overpressures between 1 and 6 bar and also
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the estimation between 0 and 20 bar, the result reveals that the stabilization times
were not proportional to the volume and overpressure as the pressurization time, see
Table A.1 and Figure 5.3. It appeared that test vessel 1 had the lowest stabilization
time between 0.9 and 18.4 s with overpressures between 1 and 6 bar, followed by test
vessel 3 between 5 and 73 s at 1 to 6 bar, then test vessel 2 between 8.75 and 87 s and
lastly test vessel 4 between 10.8 and 68 s with overpressures between 1 and 6 bar. It
is clear that there is no clear correlation between the volume and stabilization time,
which also is manifested in Figure 5.3. However, the data acquired manifest that the
stabilization time is increasing proportionally to the overpressure for all volumes,
which can be seen in Figure 5.3.

Figure 5.3: Estimated stabilization
time for overpressure between 0 and
20 bar.

Figure 5.4: Estimated detection time
for overpressure between 0 and 20 bar.

For Pressure Decay a gauge pressure sensor with measurement range 0 to 10 bar
overpressure was used, with an output signal range of 4 to 20 mA. Together with the
PLC’s 12-bit resolution, the smallest observable change in pressure the setup could
detect according to Equation (4.1) was 3 mbar. The theoretical detection time was
determined by following the Equation (4.4).

The most significant contribution to the total cycle time was the detection time with
exception for pressure over 5 bar at volumes smaller than 0.5 l where the stabilization
had the most significant contribution, see Table A.1. For example, test vessel 2 at 1
bar had a cycle time of 1502 s and the detection time was 1493 s which is 99.3% of
the cycle time. Moreover, at 3 bar for test vessel 3 the cycle time is 820 s and the
detection time was 805 s of those, see Table A.1 for more values. As can be seen in
Table A.1, Figure 5.5 and 5.6 both theoretical and experimental detection times are
established. Test vessel 1 had a theoretical detection time between 280 and 19 s for
overpressures from 1 to 6 bar, and the experimental detection time was between 244
and 6 s for overpressures from 1 to 6 bar, see Table A.1 and Figure 5.4. For test
vessel 2 the theoretical detection time was between 1470 and 68 s for overpressures
between 1 and 6 bar, and the experimental detection time was between 1493 and 33 s
also with overpressures between 1 and 6 bar, see Table A.1. With increasing volumes
the detection time is also increasing as can be seen easily in Figure 5.4. Furthermore,
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the theoretical detection time for test vessel 3 are between 5100 and 236 s and ex-
perimentally between 5768 and 205 s. This is a noticeable increase in detection time
from test vessel 2 to test vessel 3. Lastly, test vessel 4 had a theoretical detection
time between 7620 and 351 s from 1 to 6 bar and the experimental detection time
was between 8563 and 292 s from 1 to 6 bar. Both the theoretical and experimental
detection time are decreasing proportionally to the volume and overpressure, as can
be seen in Figure 5.4.

At low overpressure and large volumes the detection time is several hours (8575
s at 1 bar for test vessel 4) long, which is not suitable for any leak testing since time
is of the essence. Nevertheless, because it is possible to do leak testing at higher
pressure for Pressure Decay, for example test vessel 4, the detection time can be
reduced from 8563 s to 292 s by just increasing the test pressure from 1 bar to 6
bar, see Table A.1. What can be said about the detection time additionally is that
the theoretical detection time is consistent with the experimental detection time, see
Figure 5.5 and 5.6. At lower overpressures the theoretical detection time is slightly
shorter, for instance test vessel 2 at 2 bar the theoretical is 408 s and the experimen-
tally 415 s, but at higher overpressures the experimental detection time is shorter like
test vessel 4 at 6 bar the theoretical detection time is 351 s and the experimentally
292 s.

Figure 5.5: Experimental test results
on total cycle time with different over-
pressures for Pressure Decay.

Figure 5.6: Total cycle time under
the condition that the pressurization
time and stabilization time remain un-
changed from the experimental values,
while the detection time is a theoreti-
cal value.

When the pressurization, stabilization and detection time is put together, it results
in the cycle time. The cycle time is how long it takes to perform a leak test in
its entirety. Extracted from the experiments, the cycle time for test vessel 1 was
between 297.46 and 25.45 s for overpressures from 1 to 6 bar. Test vessel 2 had a
cycle time between 1502 and 121 s from 1 to 6 bar. Test vessel 3 had a cycle time
between, 5781 and 278 s from 1 to 6 bar. Lastly, for test vessel 4 the cycle time
was between 8575 and 362.93 s from 1 to 6 bar. See Table A.1 in Appendix for all
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gathered data. Even tho there were no relationships between the stabilization time
and the volume, the cycle time result yields that it is increasing proportionally to
the volume and overpressure, both theoretically and experimentally, as can be seen
in Figure 5.5 and 5.6. As displayed in Table A.1, increasing the pressure from 1 to 6
bar, the cycle time can be reduced by 11.7 times for test vessel 1, 12.4 times for test
vessel 2, 20.8 times for test vessel 3 and 23.6 times for test vessel 4.

Once again comparing Figure 5.5 and 5.6 it is clear that the theoretical and ex-
perimental cycle time match. The result of the cycle time evidence that the higher
pressure, the lower the cycle time becomes. This is true between 1 and 6 bar, but if
locking at a greater interval the trend for the stabilization and detection time it is
clear that the stabilization has an upwards trend in time with higher pressures and
the detection time a downwards trend in time as seen in Figure 5.3 and 5.4. This
suggest that there is an optimal pressure which result in the lowest possible cycle
time. This will be treated in later sections.

5.2.2 Accuracy

The lower the values of trueness and precision, the better the accuracy. Test vessel 1
appeared to have the best accuracy, with a trueness of 3.22% and precision of 7.12%.
Followed by test vessel 4 with trueness being 4.32% and precision of 11.5%. Test
vessel 2 had almost the same trueness and precision, with the trueness being 14.7%
and precision being 14.6%. Test vessel 3 had better trueness than test vessel 2 at
11.1% instead of 14.7% but worse precision with 15.0 % instead of 14.6% for test
vessel 2. All test vessels’ accuracy can be seen in Table 5.4.

Table 5.4: Accuracy Pressure Decay.

Calibrated leak rate, 1.42 · 10−3 [mbar· l/s]
Mean value Trueness Trueness [%] Precision Precision [%]

Test Vessel 1
(0.14 l)

1.35 · 10−3 4.57 · 10−5 3.22 9.65 · 10−5 7.12

Test Vessel 2
(0.59 l)

1.13 · 10−3 2.09 · 10−4 14.7 1.64 · 10−4 14.6

Test Vessel 3
(1.70 l)

1.19 · 10−5 1.58 · 10−4 11.1 1.80 · 10−4 15.0

Test Vessel 4
(2.54 l)

1.33 · 10−3 6.13 · 10−5 4.32 1.53 · 10−4 11.5

Almost all test vessels appeared to have higher percentage on precision than trueness
with exception to test vessel 2 having almost the same on both (14.7 and 14.6%).
This means the internal deviation on each test was not as exact every time as the
deviation from the calibrated leak rate value, as can be seen in Table 5.4. The higher
volumes manifest a larger deviation in precision with values multiplied with the power
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-4 while test vessel 1 has a multiplication with the power of -5. This can be due to
the fact that at higher volumes the pressure drop is slower than at lower volumes
as can be manifested in Figure 5.1 and Table 5.1 which shows that the leak rate is
approximately the same for all tested volumes at the same overpressure, resulting in
different rates of the pressure drop due to the volume dependency in Equation 3.1.
This can result in more unstable measurements, which also manifested itself in the
gathered data and a lower precision at higher volumes.

5.3 Differential Pressure Decay

This section presents the results of cycle time and accuracy for different volumes
for Differential Pressure Decay, addressing the first main research question. Cycle
time in this study is defined as the sum of pressurization time, stabilization time,
and detection time. In this study, detection time could be determined theoretically.
Hence, the results will include a comparison between the theoretical and practical
values of cycle time.

5.3.1 Cycle time

The pressurization stage involved filling the entire system, comprising both the refer-
ence vessel and the test vessel. The total pressurization time for Differential Pressure
Decay test increased in proportion to the volume of the test vessel and the overpres-
sure value. In comparison to the Pressure Decay test, the pressurization times were
slightly longer, particularly for higher overpressure values exceeding 1 bar. The
pressurization times for Test Vessel 1 were 0.46 s and 1.12 s at 1 bar and 6 bar
overpressure, respectively. For Test Vessel 2, the times were 0.96 s and 1.34 s, while
for Test Vessel 3, the times were 1.08 s and 2.1 s. Finally, for Test Vessel 4, the
pressurization times were 2.06 s and 3.16 s. See pressurization time in Table A.2 in
Appendix A.3.

The stabilization stage involved monitoring pressure changes in the entire system
after pressurization, before the valves separated the test vessel from the reference
vessel. The overall stabilization times for Differential Pressure Decay were shorter
than those for Pressure Decay. Moreover, the differences in stabilization time be-
tween the two leak testing technologies were more significant during stabilization
than pressurization, rendering Differential Pressure Decay a faster technology than
Pressure Decay before initiating leak detection. The stabilization times for Test Ves-
sel 1 were 2.00 s and 14.68 s at 1 bar and 6 bar overpressure, respectively. For Test
Vessel 2, the times were 2.94 s and 35.65 s, while for Test Vessel 3, the times were
2.00 s and 25.64 s. Finally, for Test Vessel 4, the pressurization times were 5.40 s and
72.7 s. See stabilization time in Table A.2 in Appendix A.3. Figure 5.7 estimates
the stabilization times at higher overpressures. In contrast to the estimated stabi-
lization times for Pressure Decay shown in Figure 5.3, only test vessel 4 increases its
stabilization time quadratically with a significantly larger rate than the other test
vessels at higher overpressures. According to the estimation, it is anticipated that
test vessels 1, 2, and 3 will experience a stabilization time increase of 2.5 s per unit
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Figure 5.7: Estimated stabilization time for DPD for overpressure between 0 and 20 bar
derived from experimental data gathered between 1 and 6 bar.

increase in pressure in bar, while test vessel 4 is expected to exhibit an increase of
approximately 20 s per unit increase in pressure in bar.

Apart from settling down the pressure fluctuation, it was also necessary to equalize
the pressure difference between the test vessel and the reference. According to the
data collected from the differential pressure sensor, the difference in pressure between
the connection inputs lasted only for maximum a half second. This implies that the
pressure equalized instantly, rendering the time required for equalization negligible
compared to the stabilization time.
A measurement range of 0 to 160 mbar in pressure difference between the inputs was
provided by the differential pressure sensor with an output signal ranging from 0 to
10 V. The lowest readable change in pressure provided by the setup was 0.04 mbar,
as calculated by inserting the values into Equation (4.3). The theoretical detection
time was determined by following Equation (4.4).

The results indicate that there was no significant correlation between the experi-
mental detection times and the theoretical detection times, either in terms of the
ratio or deviation. The relationship between the experimental detection time and
the overpressure value was more prominent for smaller volumes, particularly in test
vessel 1. However, as the volume increased, this correlation became weaker. Test
vessel 4 exhibited no correlation at all. Moreover, all experimental detection times
were considerably longer than the theoretical detection times, making it the most
time-consuming part of the entire test. Table A.2 displays detection times marked
with an asterisk (*), which were excluded due to a large inconsistency from test to
test. The values presented in the table represent the mean value of three tests. How-
ever, as the experimental detection times were unpredictable and unreproducible,
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they cannot be relied upon for practical application purposes. The results of the
experimental test cycle time, which includes pressurization, stabilization, and detec-
tion, are presented in Figure 5.8. It is evident from the figure that test vessels 1 and 2
exhibited a clear reduction in cycle time as the overpressure was increased beyond 1
bar. However, the figure does not reveal a clear overpressure value that would result
in the shortest cycle time. This is because the most time-consuming part of the test,
detection, could not be shortened by increasing the overpressure. In contrast, test
vessels 3 and 4 did not show a decreasing trend in cycle time as the overpressure
increased beyond 1 bar. This was mainly due to the detection time appeared to be
random.

Figure 5.8: Experimental test results
on total cycle time with different over-
pressures for Differential Pressure De-
cay.

Figure 5.9: This figure displays the to-
tal cycle time under the condition that
the pressurization time and stabiliza-
tion time remain unchanged from the
experimental values, while the detec-
tion time is adjusted to match the the-
oretical value.

If the detection times agree with the theoretical values in practice, as in the case
with pressure decay, the leak detection part of this test technology will no longer
be the most time-consuming. This is especially true when the leak rate is higher
at higher overpressure regions, e.g. 2-6 bar or even higher. Instead, at higher over-
pressure, stabilization will become the most time-consuming part. If the theoretical
detection times are valid, the relationship between the total cycle time and the over-
pressure value will be in agreement with Figure 5.9. In this figure, all test vessels
exhibited an optimum overpressure value of 2 bar for obtaining the shortest cycle
time, except for test vessel 3. In the case of test vessel 3, the sum of the stabilization
time and the detection time cancelled each other out, resulting in no significant cycle
time improvement between 2 and 6 bar.
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5.3.2 Accuracy

Table 5.5: Accuracy Differential Pressure Decay.

Calibrated leak rate, 1.42 · 10−3 [mbar·l/s]
Mean value Trueness Trueness [%] Precision Precision [%]

Test Vessel 1
(0.14 l)

1.05·10−3 2.64·10−4 18.6 4.04·10−5 3.86

Test Vessel 2
(0.59 l)

1.27·10−3 1.06·10−4 7.47 2.00·10−5 1.57

Test Vessel 3
(1.70 l)

2.80·10−5 9.76·10−4 68.7 2.23·10−4 7.98

Test Vessel 4
(2.54 l)

3.05·10−5 1.20·10−3 81.2 9.90·10−4 32.5

The results for Accuracy in Table 5.5 indicate that both trueness and precision are
lowest for test vessel 2, followed by test vessel 1. Test vessel 3 exhibits relatively good
precision, which is not significantly different from that of test vessel 1, but with a
notable improvement in trueness. Test vessel 4 displays high values for both trueness
and precision, but the overall measurement accuracy is not deemed satisfactory. It
is evident that the accuracy of the Differential Pressure Decay method is better at
lower volumes and deteriorates as the volume increases. This is likely due to the
pressure drop taking longer time as the volume increases, leading to a more unstable
measurement.

5.4 Vacuum Decay

This section presents the results of cycle time and accuracy for different volumes for
Vacuum Decay, addressing the first main research question. The variations in terms
of outgassing for different volumes will be highlighted.

5.4.1 Cycle time

When comparing Pressure Decay and Differential Pressure Decay, it was observed
that the pre-stabilization stage (pressurization time) increased almost linearly with
the increase in volume. In the case of Vacuum Decay, the evacuation time did not
increase linearly with the volume increment. Instead, it exhibited a logarithmic
characteristic, as described in Equation (3.13). Table 5.6 shows the test results that
indicate that the evacuation times for test vessels 1 to 4 were 1.6 s, 3.8 s, 8.05 s, and
9.35 s, respectively. The stabilization time, which was defined as the time for the
outgassing rate to stabilize to a linear growth, was found to be significantly longer
than that of all other test technologies. As a result, Vacuum Decay was the most
time-consuming technology, particularly for small volumes. Nevertheless, the relative
stabilization time with respect to different volumes was not significant. See Table
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Table 5.6: Test times from atmospheric pressure down to 1 mbar absolute pressure with
different volumes for Vacuum Decay.

Test vessel 1
0.15 l

Test vessel 2
0.50 l

Test vessel 3
1.71 l

Test vessel 4
2.55 l

Evacuation
time

1.60 3.80 8.05 9.35

Stabilization
time

100 150 150 200

Theoretical
and experi-

mental
detection

time

0.30 0.98 3.43 5.10

instantly instantly instantly instantly

Cycle time 102 155 161 215

5.6 for stabilization times. For example, the relative stabilization time for test vessel
4 was only twice as long as that for test vessel 1, despite the former having a volume
that was 17 times larger. Figure 5.10 provides a comparison of different volumes,
indicating that the volume has a relatively lower impact on the stabilization time for
Vacuum Decay.

As the humidity within the test vessel decreased, the final pressure caused by out-
gassing for each test could be reduced. However, the time required for the outgassing
rate to stabilize remained consistent. Figure 5.11 shows a zoomed-in lapse of the out-
gassing characteristic for test vessel 3. The rate of outgassing began to stabilize at
around 150 s, regardless of the final pressure value. From this figure, it shows that
the final pressure value actually became less for each test, the tests were conducted
directly to each other. See also Appendix A.4 for how the amount of outgassing
reduced as the humidity reduces.

In Vacuum Decay, the lowest measurable absolute pressure of 5 · 10−5 mbar and a
voltage output of 0.6119 V were provided by the vacuum sensor. At its highest mea-
surable absolute pressure of 1500 mbar, the maximum output voltage was 10.2275
V. This test setup had the lowest readable change in pressure of 0.002 mbar, as cal-
culated by inserting the values into Equation (4.2).

In Vacuum Decay, the calibrated leak rate at 1.24·10−3 mbar·l/s could be detected
immediately after stabilization. Therefore, the experimental detection time was con-
sidered to be non-existent. This was possible because the instantaneous pressure at
that point could distinguish between a leak and pure outgassing. According to the
applied measurement technique, the total cycle time for detecting a leak that met
the tightness requirement was the sum of the evacuation time and the stabilization
time. The cycle times for test vessels 1 to 4 were 102 s, 155 s, 161 s, and 215 s,
respectively.
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Figure 5.10: Final pressures for all test
vessels in dry conditions without the sim-
ulated leak.

Figure 5.11: This figure shows the differ-
ence of how pressure changes with time for
test vessel 3 with and without the simu-
lated leak.

5.4.2 Accuracy

Table 5.7: Accuracy Vacuum Decay.

Calibrated leak rate, 1.24 · 10−3 [mbar · l/s]
Mean value Trueness Trueness [%] Precision Precision [%]

Test Vessel 1
(0.15 l)

1.43 · 10−3 1.34 · 10−4 10.8 1.73 · 10−5 1.21

Test Vessel 2
(0.50 l)

1.29 · 10−3 3.77 · 10−5 3.04 3.22 · 10−5 2.49

Test Vessel 3
(1.71 l)

2.49 · 10−3 8.84 · 10−4 71.3 6.56 · 10−5 2.63

Test Vessel 4
(2.55 l)

2.11 · 10−3 6.18 · 10−4 49.8 5.03 · 10−5 2.38

A key factor in measuring accuracy is the values of both trueness and precision,
with lower values being better. Test vessel 1 appeared to have the best precision, al-
though the differences relative to other vessels were not significant. Trueness, on the
other hand, varied greatly across all test vessels. Test vessel 2 had the best trueness,
followed by test vessel 1, while test vessels 3 and 4 performed poorly in trueness,
especially test vessel 3. In summary, Vacuum Decay showed higher repeatability
compared to Pressure Decay, but was less effective at achieving the calibrated leak
rate with small deviations.

The substantial difference in the trueness further shows how tricky the outgassing
can be when dealing with Vacuum Decay. As extracted, the precision is much better
for Vacuum Decay than Pressure Decay, but there is such a large deviation in the
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trueness. Outgassing is an effect not only slowing down the cycle time but as well
affecting the accuracy. Depending on the condition of the test vessel, the outgassing
strictly influence the accuracy for Vacuum Decay.

5.5 Most suitable test method

In this thesis it is crucial to determine which test technologies among Pressure Decay,
Differential Pressure Decay och Vacuum Decay that is the most suitable depending
on the volume. By choosing the most suitable test technology, it will result in fewer
early breakdowns of the product. Ensure that fluids of different temperatures do not
mix or enter the environment due to leaking after installation. Fewer interruptions
in production lines due to failed leak tests, resulting in more uptime and also being
able to phase out the leak testing using helium.

Concept scoring will provide the most suitable test technologies to use and answer
the research question, Depending on the test vessel’s volume, which air-based leak test
technology is the most suitable to choose?. The criteria used to do the evaluation are
the following: Cycle time, Accuracy, Complexity, Cost, Safety and Environmental
impact. These criteria were selected with knowledge gained from studies of different
literatures and also with discussion with engineers at the company. These criteria
are the most crucial to take into account when conducting a leak test according to
many literatures and also the company.

The weights for the first criteria, cycle time, is chosen as 40%. This is the high-
est weighted criteria due to the fact that it is the cycle time that determine how fast
a leak test can be and in extension how many products that can be tested during
one year. It also has the highest weight on the grounds that if the leak testing tech-
nologies is too slow, it can not meet the high demand of product that needs to be
tested. If not enough products can be tested, the leak testing technology is of no use.

The second-highest weighted criteria are the accuracy. Accuracy is the second high-
est weighed criteria, with the weight 30%. This is a result of accuracy determines
how repeatable and precise each leak test can be. If a leak test is too in-precise and
not repeatable, there will be products going throw this quality test which in fact do
have a leak larger than the requirement. That should never happen, as it can result
in leakage of substances that should not go into the environment.

Cost of equipment is the third-highest weighted criteria and is weighted to 15 %.
The cost of equipment is important for any one conducting leak testing. Companies
are competing with the price of products they can offer and if a very expensive leak
testing method is to be used to verify if the product has no leak the product also has
to go up in price, which is unwanted from any manufacturer.

The last three criteria are all weighted at 5%. They are all weighted the same
since they are considered to be of importance to a leak test, but can be controlled by
external factors. For example, can the safety be fixed by enclosing the test environ-
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ment with interlock. By this reason, safety, environmental impact and complexity
are only weighted with 5%.

All the selected weights are in agreement with the experts engineers at the com-
pany to validate that the weights are in compliance with the “costumer”.

Down below in Table 5.8, 5.9, 5.10, 5.11 are the resulting ranking from the con-
cept scoring for each of the test technologies depending on volume.

Table 5.8: Concept scoring for test vessel 1.

Table 5.9: Concept scoring for test vessel 2.

Table 5.10: Concept scoring for test vessel 3.
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Table 5.11: Concept scoring for test vessel 4.

The result from the concept scoring evidence that Pressure Decay is the most suit-
able test method to use for the lower and higher volumes and for volumes around
0.5 l Differential Pressure Decay is the most suitable. What is interesting is that it
yielded that Pressure Decay especially at lower volumes seems to be superior to the
other leak testing technologies. This was mainly due to the cycle time being much
faster for Pressure Decay at lower volumes and higher pressures.

As the volume increases, it almost appears that Vacuum Decay should yield the most
suitable choice. But by reason of the accuracy being dreadful at increasing volumes
for Vacuum Decay, it never gets a better score than Pressure Decay or Differential
Pressure Decay. Evidential once again the substantial impact of the outgassing for
Vacuum Decay gets in the way as this is the reason for the accuracy being so poor
as analyzed in section 5.4.2.

5.6 Optimization
From the result in previous section, Pressure Decay was the most suitable leak test
technology among the majority of the volumes investigated in this thesis work as it
got the highest score for test vessel 1, 3 and 4. Therefore, optimization depending on
what test pressure to use to gain the shortest test cycle time were made for Pressure
Decay. As mentioned earlier in section 5.2.1, the stabilization part has an increasing
trend in time with increasing test pressure. The opposite yields for the detection
time. The estimated mathematical model for stabilization and detection time can be
seen for each test vessel in the Figures 5.12, 5.13, 5.14 och 5.15. The orange is the
estimation of the detection time and the blue is the estimated stabilization time for
pressures between 0 and 20 bar. The black line represent the total cycle time, which
is the sum of the detection and stabilization time. The estimations are composite
from the gathered data.
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Figure 5.12: Optimization for test vessel 1.

Figure 5.13: Optimization for test vessel 2.



74 Chapter 5. Results and Analysis

Figure 5.14: Optimization for test vessel 3.

Figure 5.15: Optimization for test vessel 4.

The optimal test pressure for test vessel 1 was 5.8 bar and yielded a cycle time of
28.94 s as can be seen in Figure 5.12. For test vessel 2 the optimal test pressure was
5.7 bar and yielded a cycle time of 119.3 s, see Figure 5.13. Test vessel 3 had an
optimal test pressure at 7.3 bar, which yielded a cycle time of 257.6 s as is shown
in Figure 5.14. Lastly, test vessel 4 had an optimal test pressure at 10.5 bar, which
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resulted in a cycle time of 162.3 s as illustrated in Figure 5.15.

By comparing the optimized pressure and cycle time to the data collected during
the experiment, some interesting observations can be made. The optimization pro-
cess indicates that the ideal test pressure for test vessel 1 and 2 is around 6 bar,
which was verified during the experiments. It was also noted that the proposed cycle
time from the optimization process closely matched the experimental cycle time. For
test vessel 1 the optimized cycle time was 28.92 s plus pressurization time at 1.01 s
and the experimental cycle time was 25.45 while for test vessel 2 the optimized cycle
time was 119 s plus pressurization time at 1.08 s and the experimental cycle time
was 121, further validating the optimization results.

Additionally, as the volume increases, the optimal test pressure also increases. For
instance, test vessel 3 has an optimal cycle time of 258 s at 7.1 bar, resulting in a
cycle time 20 s faster than at 6 bar from the experimental that yielded a cycle time
of 278. That is 1.08 times lower than the cycle time at 6 bar and an astounding 22
times lower than the cycle time at 1 bar overpressure that was 5781 s. For test vessel
4 the cycle time became 2.24 times faster as the cycle time after optimization went
from 363 s at 6 bar to 162 s at 10.5 bar.





Chapter 6
Discussion

6.1 Contribution to Manufacturing and Sustainabil-
ity

Using the most suitable leak testing technology, Pressure Decay, to replace the tradi-
tional helium method for achieving a tightness requirement of Q = 10−3 mbar·l/s at
∆P = 1 bar can be beneficial in the long term, in terms of time, money, and environ-
mental friendliness. As mentioned in the background section 1.3.2, the helium mass
spectrometry leak testing technology usually provides a cycle time of between 90 s
to 180 s for the utilized test vessels in this study. Although Test Vessel 3 still could
not achieve a shorter cycle time than 180 s even after optimizing Pressure Decay,
the value of using Pressure Decay is still considered to be high in the future. From
the manufacturer’s perspective, time-saving is not only about reducing each cycle
time; more importantly, it is about having a stable and robust test line that does
not break down easily. Even if it does happen, it should be simple to troubleshoot
and repair back to its normal condition quickly. In comparison to today’s helium
mass spectrometry, Pressure Decay is a superior winner in terms of lower complexity.
To meet the urgent high demand for delivering energy-saving plate heat exchangers
to energy-crisis-stricken European countries and enable sustainable energy usage for
the fast-growing world population, Pressure Decay is a reliable choice for leak testing
technology.

This research studied the cycle time of Pressure Decay technology independently,
without any prior testing before leak testing. However, in reality, proof testing (as
mentioned in Section 3.1) is performed before leak testing. This means that the test
vessel is pressurized at a higher pressure than its designed application pressure. If
Pressure Decay can be initiated directly after the proof testing is approved with-
out releasing the pre-filled air, the total cycle time can be further reduced. This
is because of several reasons. Firstly, the gas is already pressurized. Secondly, the
stabilization time has already begun. Thirdly, the leak rate Q is larger when the
pressure difference (∆P ) to the ambient is greater. Unfortunately, this opportunity
is not available for Vacuum Decay, making air-based leak testing technologies with
overpressures more beneficial.

The use of air as a test medium for leak testing is cost-effective since the cost of
the natural resource is zero. High production rates can lead to significant cost sav-
ings by avoiding the use of helium. As the price of helium continues to rise, the total

77
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cost savings are expected to increase even further. Although the use of helium in
leak testing may not necessarily have a significant impact on a profit-making com-
pany’s bottom line, time is a valuable resource for such companies. A reliable and
robust test line will eventually lead to a more economically justifiable manufacturing
process. Additionally, using less of our planet’s only non-renewable natural resource,
helium, contributes to a greener world in the long run. Helium should, therefore, be
consumed where it is deemed most necessary, such as in cryogenics.

6.2 Concept scoring for evaluation

The result following the concept scoring showed that for 3 of the 4 test vessels eval-
uated in this thesis, Pressure Decay was the most suitable leak test technology to
implement in future test lines. This was partially due to the fact that Pressure De-
cay had the best accuracy in most of the cases and had good accuracy for all test
vessels, making it very robust as can be seen in Table 5.4 having both trueness and
precision lower than 15% for all test vessels. It was only for test vessel 2 Pressure
Decay according to concept scoring was not the most suitable technology. This was
very much so for the reason that DPD had much better accuracy than PD in this
case, as can be seen in Table 5.5.

This partially shows how much both the chosen criteria’s and its weights impact
the result. Changing any of the weights will result in the most suitable leak testing
technologies to alter. Therefore, when using methods like concept scoring to evaluate
different concepts or technologies, it is of highest importance to find out what the
“costumers” really want to have and what they prioritize. In this thesis, the criteria’s
and its weights were chosen from reviewing papers about leak testing and afterward
discussing with experts engineers at the company to come to a compliance which
hopefully resulted in a recommendation about what leak testing to implement in
future test lines. If others want to use the results conducted in this thesis but for
example thinks complexity is the most important for them this can easily be changed
and what leak testing technologies that suits their needs the most will be generated.

6.3 The Confusing Term of Sensitivity in Describing
Leak Rate

In various literature and studies, the term “sensitivity” has been utilized to express
how small leaks can be able to be detected, with the unit of mbar·l/s. However,
this terminology can be fuzzy for many beginners, including ourselves at the early
stages of this study. Through our study, it became evident that “sensitivity” does not
provide a clear definition of a leak testing technology’s ability to find the size of a
leak rate. Moreover, there is a lack of information regarding the circumstances under
which “sensitivity” was determined. As a leak occurs, the pressure within the vessel
will change, and the rate of pressure change is determined by the pressure differential
and the volume. Eventually, the pressure will equalize with the ambient pressure,
reaching a state of equilibrium. The total pressure difference during the entire leak-
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age will be sufficiently large that even a test setup without a highly sensitive sensor
will eventually be able to detect the total pressure change caused by the leak. For
example, it is not challenging for a gauge sensor to indicate a pressure of 5 bar for
a leaking vessel in day 1, and after 3 months, the same pressure as the atmosphere.
From this reasoning, it follows that all pressure-based leak test technologies have the
capacity to detect leaks of any size, it just the question about for how long time.
Consequently, all pressure-based leak test technologies should possess the same level
of “sensitivity” with regard to their ability to detect small leaks.

However, it is believed that “sensitivity” expressed in mbar·l/s is an appropriate
terminology when describing the ability to find leaks for non-pressure-based leak
testing technologies such as Micro-flow and leak detection technologies which pro-
vide information only about the location of a leak, but not the magnitude of the leak
rate. This is because these technologies use sensors that receive physical energy as
input signals, and the sensitivity limit of a particular technology is determined by
the weakest leak rate that its sensor can detect. Therefore, for such technologies,
the sensitivity is defined as the minimum detectable leak rate, expressed in units of
mbar·l/s. This terminology is useful in understanding the capabilities and limita-
tions of non-pressure-based leak testing technologies, where the sensitivity level is
directly related to the technology’s ability to detect leaks. In contrast, for pressure-
based leak testing technologies, as mentioned previously, every technology has the
ability to detect leaks of any size. Therefore, the term “sensitivity” does not provide
a meaningful measure of a technology’s capabilities in this context.

It is believed that a more useful physical property to describe the performance of a
pressure-based leak testing technology, after this study, is “Speed ”. In other words,
how long does it take to verify that the tightness requirement is fulfilled? Or how
long does it take to find a particular leak rate for a particular volume? This property
is more relevant for practical applications than “sensitivity”, which only indicates a
technology’s ability to detect leaks of any size.

6.4 Sensor’s impact on the overall performance

A high-quality sensor should not only provide accurate output signals, but also be
responsive to changes in input signals from the nature. The physical properties in-
herent in each testing technology determine the types of sensors that can be used,
which ultimately affect the speed and accuracy with which changes in pressure can
be detected. To ensure faster and more precise detection of leaks, the sensor chosen
should have the lowest readable change possible. This will increase the resolution of
the sensor and enable faster detection of leaks for each method.

When it comes to measuring pressure changes, Pressure Decay and Differential Pres-
sure Decay may sound like two sides of the same coin. After all, they both rely on
the same physical property of air. However, they differ in how they approach the
measurement, leading to distinct advantages and limitations. One key difference is
the narrower measurement range of the differential pressure sensor. Because of this,
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the theoretical lowest readable change for Differential Pressure Decay is higher than
that of Pressure Decay, which only uses gauge sensors. This means that the sensors
used in our experimental setup should have given Differential Pressure Decay a re-
markable 77 times faster leak detection than Pressure Decay at overpressure of 1 bar.

Theoretically speaking, the signal output from the differential pressure sensor should
have shown the first pressure change around 35 times the volume in liters in seconds.
However, when put to the test, the reality proved to be different. The first values of
pressure differential that deviated from zero actually experienced a time delay, and
this delay was random for larger volumes. Interestingly, it was discovered that the
length of the time delay could be shortened by letting the sensor “stand vertically”.
In other words, placing the pressure diaphragm within the sensor perpendicular to
the ground appeared to alleviate the issue.

When dug deeper into the differential pressure sensor’s construction and found that
the diaphragm’s deflection, caused by the pressure difference, was mechanically con-
nected to the analogue pointer that displayed the pressure difference between the
two inputs. The pointer’s displacement was solely powered by the deflection of the
diaphragm, and this increased our suspicion that the time delay was caused by the
loss in energy due to mechanical frictions that had to be overcome to displace the
pointer. If our suspicion holds true, it would explain why the time delay couldn’t
be shortened by raising the overpressure for larger volumes. That was because the
changes in pressure due to leaks were still too weak to create a sufficient pressure
difference on both sides of the diaphragm, resulting in an insufficient force to over-
come the pointer’s static friction even at higher overpressure.

If the deflection of the diaphragm to the differential pressure sensor could be free from
connections to mechanical moving parts, similar to the gauge and vacuum sensors, it
would result in negligible energy losses and an aligned total cycle time, as shown in
Figure 5.9. Consequently, the air compressor would only need to pressurize the test
vessel to around 2 bar, which would significantly reduce energy consumption over
the long term. In summary, a sensor that lacks additional mechanical components
connected to the diaphragm would offer quicker and more precise measurements, as
well as increased energy sustainability.

One potential solution to overcome the time delay issue with Differential Pressure
Decay could be intentionally creating a greater initial pressure difference. However,
this may only solve half of the problem, as long as the mechanical parts remain in
place. The loss in energy caused by dynamical friction will continue to exist, which
could make the measurement data obtained through Differential Pressure Decay less
reliable. The calibration of the simulated leak was 1 1

12
revolutions compared to 1

revolution for Pressure Decay, despite the same physical property for the leakage.
This could be a reason that the dynamical friction was non-negligible. The manu-
facturer of the differential pressure sensor that was used was the only one available
in Sweden that provided the narrowest measurement range while still tolerating a
static overpressure of 25 bar. Unfortunately, none of the sensors of this type from
this manufacturer were equipped without an analogue pointer.
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6.5 Limitations of Vacuum Technology

The results reveal that, despite its superior measurement resolution, the Vacuum De-
cay test technology did not yield the shortest total cycle time. It seems unlikely that
enhancing the vacuum pump’s performance or the physical measurement technique
would result in a significant reduction of the cycle time. However, unlike Pressure
Decay and Differential Pressure Decay, the cycle time does not exhibit significant
changes when transitioning between different volumes. This indicates that the cycle
time remains relatively stable across varying volumes. The results suggest that a
larger volume does not require a longer detection time, it is zero which will discus
more later; instead, only the stabilization time and evacuation time increase.

The vacuum sensor provided a lowest readable value of 0.002 mbar, representing
a resolution that was 1500 and 25 times higher than that of the gauge and differ-
ential pressure transmitter, respectively. This high level of sensitivity enabled us
to detect even the slightest changes in pressure instantaneously. However, we faced
the challenge of outgassing, which was the primary obstacle in achieving a faster
test cycle time while still meeting our tightness requirements. The data analysis
method used in our experiments differed from that of overpressure technologies such
as Pressure Decay and Differential Pressure Decay. In the case of overpressure, the
practical detection time was determined by the instantaneous pressure; the first ob-
servable pressure drop after stabilization, whereas in the vacuum, it was determined
by the rate of pressure change, i.e. the time derivative of pressure.

Our approach was driven by the desire to balance speed and reliability in leak detec-
tion. For test vessels that had been exposed to the design pressure of 1 mbar for a
sufficient period, the pressure increment due to outgassing became consistent. This
allowed us to determine the corresponding time for any given instantaneous pres-
sure, enabling us to detect the presence of a leak by simply confirming an elevation
in pressure. This detection could occur almost immediately after the vacuum valve
closed following the evacuation stage, resulting in a cycle time that was only a few
seconds longer than the evacuation time. However, we deemed this data processing
approach to be unsafe for arbitrary test vessels. In practical test lines, it is difficult to
reliably produce the outgassing characteristics of each vessel on the field due to two
factors. First, the size of the leakage is unknown, and pressure measurements will
only reflect the sum of outgassing and leakage. Second, the humidity levels inside
each vessel can vary, particularly for products that have undergone furnace manufac-
turing processes. The humidity levels depend on the length of time that the vessel
has been in contact with the atmosphere, and therefore can differ between vessels.
Figures about the inconsistency of outgassing for different test vessels are available
in Appendix A.4. To validate the fulfilment of tightness requirements based solely
on pressure measurements, a comprehensive database is needed, incorporating the
outgassing characteristics of each tight test vessel at every humidity level.

Our study on the outgassing characteristics of the test vessels also revealed another
phenomenon. We found that the final pressure value and pressure rate were higher
for smaller volumes, as shown in Figure 5.10. This further highlights the need to pre-
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determine the outgassing characteristics of each test vessel if leak detection is based
solely on pressure measurements. Moreover, the pressure rate differed between test
vessels, at least during the first 900 seconds of the test. It was challenging to identify
a generalizable value for pressure rate that could define when the stabilization time
had ended. Each test vessel had its own pressure rate value once the outgassing had
stabilized. We attributed the pressure rate and final pressure due to outgassing not
only to the test vessel’s volume but also to the surface area exposed to the vacuum.
In fact, it was the molecules that adsorbed onto the surface that contributed to the
total amount of outgassed molecules, whereas the pressure was caused by the gas
molecules colliding with the walls. Thus, a small volume-to-surface ratio led to a
higher frequency of collisions with the walls, resulting in a higher pressure rate and
final pressure.

The Vacuum Decay technology is a popular choice for leak testing, but it is best
suited for test vessels with consistent volume and humidity conditions. To increase
the test speed, smaller volumes are preferred. This technology is particularly advan-
tageous for sterile products, as the evacuation of gas does not cause contamination.
However, vacuum technologies are limited in their ability to detect leaks occurring
from inside the vessel to the outside, as the air molecule gradient differs depend-
ing on the direction of travel, i.e., from overpressure to atmospheric pressure or
from atmospheric pressure to vacuum. Therefore, most of the existing literature on
vacuum-based leak testing has focused on Package Seal Integrity in the Food Bever-
age and Pharmaceutical industries or the sealing integrity of spacecraft components.

6.5.1 Improvement Suggestion for Vacuum Decay

To utilize the high resolution measurements provided by vacuum sensors in leak test-
ing setups, it is necessary to modify the testing setup. Specifically, it is desirable
to eliminate the need for a database to pre-determine the outgassing characteristics
for each vessel with a unique volume-to-surface ratio at a specific humidity level.
Instead, the outgassing characteristics should be determined through a single test
that solely represents pure outgassing, without the interference of a leak. This would
result in a more reliable and accurate determination of leak rates and validation of
tightness requirements.

To achieve this goal, we propose a modified test setup that uses a vacuum chamber
and compressed air, similar to the textitinside-out bombing technique with helium
(see Figure 1.3 in section 1.3.1), but replaces the helium with compressed air and the
mass spectrometer a vacuum sensor. With this technology, the stabilized outgassing
rate can be determined before the vessel is filled with air. During the test, if a leak
is present, air molecules will diffuse out and raise the pressure in the chamber, which
can be measured by the vacuum sensor. This approach allows for both the determina-
tion of the stabilized outgassing rate and leak testing to be performed in a single test.

Although this modified test setup was outside the scope of our current study, we
believe it could be a valuable area of investigation for future research.
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6.6 More Than Volume Needs to be Taken into Con-
sideration

The experimental results from all three technologies showed a clear inverse propor-
tional relationship between pressure changes with time due to leak and volume, which
is consistent with the theoretical predictions. This finding emphasizes the critical
role of volume in pressure-based leak testing technologies. Without accurate knowl-
edge of the volume, it is impossible to validate the tightness requirement of a system.
In addition to volume, another important factor that affects the performance of leak
testing technologies is the surface of the test vessel. The previous section discussed
the impact of the area of surface on Vacuum Decay, where the surfaces were found
to be the primary contributor to the amount of outgassed molecules. This highlights
the need to consider surface effects on leak testing technologies with overpressure
as well. Interestingly, our findings suggest that it is not just the surface itself, but
rather the heat flux that plays a critical role in the stabilization time of overpressure
leak testing technologies. This heat flux is determined by a combination of factors,
including the surface material, its thickness, and thermal conductivity, as well as the
shape of the solid material that is in direct contact with the test medium and the
medium in the ambient.

The injection of gas caused rapid fluctuations in pressure and temperature. How-
ever, these fluctuations eventually decayed due to the loss of kinetic energy, which
was dissipated through heat transfer to cool down the previously heated gas. Inter-
estingly, the experimental results indicated that volume was not the only variable
that correlated with the stabilization time for overpressure leak testing technologies.
For example, Test vessel 2 in the Pressure Decay test exhibited almost the same
stabilization time as Test vessel 4 for overpressures below 3 bar. However, for over-
pressures above 3 bar, Test vessel 2 had a longer stabilization time than Test vessel 4.

In addition to heat transfer, the pressurization rate also had an impact on the sta-
bilization time. In reality, the adiabatic process occurs when the gas pressure rises
rapidly. Since the airflow rate in our setup was restricted, a small volume was the
only factor that could create a significant adiabatic process. This could explain why
the stabilization time for Differential Pressure Decay was shorter than for Pressure
Decay, as the injected air filled both the test vessel and the reference vessel simultane-
ously. Therefore, volume was the primary factor that determined the pressurization
rate and the magnitude of the adiabatic process. However, pressurization time is
correlated with the loss of thermal energy, which means that volume is not the only
factor affecting it. For example, in test vessel 1, the pressurization time was the
shortest, indicating the fastest pressurization rate among all vessels. This, in turn,
resulted in the most significant instantaneous temperature increment due to the adi-
abatic process. Nevertheless, the thin material thickness and flat shape of the vessel
facilitated easier thermal transfer with the ambient, resulting in the shortest stabi-
lization time.

In other words, Pressure Decay might not be the most suitable leak test technol-
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ogy if the test vessel has poor heat transfer. This statement can also be interpreted
as follows: A controlled pressurization rate to minimize the effect of pressure fluctu-
ation can also be an optimization possibility for Pressure Decay.



Chapter 7
Conclusions and Future Work

7.1 Final Remarks
This study aimed to evaluate three different pressure-based leak testing technologies
using air across various volumes to determine the feasibility of replacing today’s leak
testing with mass spectrometer and helium as a tracer gas. Helium is considered
as unsustainable in the long term for leak testing, for plate heat exchangers with
a tightness requirement at 10−3 mbar·l/s at a pressure difference of 1 bar to the
ambient. The results showed that all three test technologies were able to determine
a leak rate in accordance with the requirement. However, their performance in terms
of total cycle time to validate the requirement and measurement accuracy differed
between technologies. The list below are the conclusions as answers to the research
questions:

• Pressure Decay is the fastest technology for volumes around 0.1 l.

• Differential Pressure Decay is the fastest technology for volumes around 0.45 l.

• Vacuum Decay is the fastest technology for volumes from 1.7 l up to 2.5 l.

• Pressure Decay is the most reliable technology for volumes around 0.14 l and
between 1.7 l and 2.5 l.

• Differential Pressure Decay is the most reliable technology for volumes around
0.45 l.

• Pressure Decay is the most suitable leak testing technology for volumes around
0.1 l and volumes between 1.7 l and 2.5 l.

• Differential Pressure Decay is the most suitable leak testing technology for
volumes around 0.45 l.

• Pressure Decay with the volume 0.1 l has an optimal test pressure of 5.8 bar,
0.49 l has an optimal test pressure of 5.7 bar, 1.7 l has an optimal test pressure
of 7.3 bar and 2.54 l has an optimal test pressure of 10.5 bar.

Pressure Decay can serve as a replacement for the leak test with helium to meet
a tightness requirement of 10−3 mbar·l/s. From the manufacturers’ perspective,
Pressure Decay is beneficial thanks to its simplicity of its setup, making it easy to
troubleshoot and repair in case of system breakdowns. From an environmental stand-
point, not using helium where technically feasible contributes to a more sustainable
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consumption of this non-renewable resource.

The term “sensitivity” was not suitable when describing any leak testing technologies.
However, it is reasonable to use this word in describing leak detection technologies.
Many published papers did not distinguish between the use of the words “leak test-
ing” and “leak detection” properly. Many papers even described the sensitivity of
a leak testing technology by giving a number in leak rate without explaining the
measurement conditions such as speed and pressure at which the experiment was
conducted.

The physical properties of the test technology limited the types of sensors that were
suitable, affecting the speed and accuracy of watertightness validation. However, a
high sensitivity sensor with high resolution does not always provide the best leak
test technology. In this study, the vacuum sensor provided superior performance,
but outgassing was a significant challenge to overcome before Vacuum Decay could
be the best technology for all volumes.

The Differential Pressure Decay technology did not perform as expected, despite
having a more sensitive sensor and being an improved version of Pressure Decay.
Our suspicion is that energy loss of the output signal due to mechanical frictions
prevented the diaphragm’s displacement. Therefore, no conclusions can be drawn on
how well Differential Pressure Decay could perform if the sensor were free from me-
chanical frictions. As a result, the study’s conclusions can only rely on the test result.

This study was limited to the scope of how various volumes affected different tech-
nologies. In practice, other factors such as the surface area and the test vessel’s heat
transfer capability had a non-negligible impact on the overall performance of the test
technologies.

7.2 Future Work

During this thesis work, several issues were uncovered with the studied leak test-
ing technologies. Although these problems were beyond the scope of this particular
project, they may be of interest for investigation in the future. Furthermore, poten-
tial avenues for future research have been identified, with the aim of advancing leak
testing beyond its current state.

In this study, we evaluated three air-based pressure leak testing technologies. As
outlined in section 6.5.1, another technology that shares similarities with the meth-
ods examined in this study is the vacuum chamber. This technology is of great
interest and warrants further investigation and comparison to the technologies stud-
ied in this work. Such future work has the potential to aid in the selection of leak
testing technologies for watertight products and shed light on their overall perfor-
mance.

Further work is required on Differential Pressure Decay as discussed in section 6.3.
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The results obtained in this study were not entirely reliable due to limitations with
the differential pressure sensor. Therefore, it is necessary to undertake additional
studies using a different differential pressure sensor to ensure a fair evaluation and
accurate performance analysis of Differential Pressure Decay.

One of the primary challenges associated with both Pressure Decay and Differen-
tial Pressure Decay is the impact of rapid pressurization of the test vessel, resulting
temperature and pressure fluctuations. Which must stabilized before testing can
commence. The stabilization can be a time-consuming aspect of this type of leak
testing. As a result, proposed future work aims to investigate whether the imple-
mentation of a control algorithm or regulator can help reduce the stabilization time
by adjusting the pressurization rate to minimize the temperature and pressure incre-
ment.

Furthermore, as extensively discussed in this thesis, the occurrence of outgassing
during Vacuum Decay leak testing is a complex phenomenon that is difficult to man-
age and account for in an on-line leak test. Thus, it is imperative to conduct further
investigations to determine how to distinguish between an outgassing and an actual
leaks during on-line testing, with the ultimate aim of identifying a viable solution.

Finally, this work has identified the optimal test pressure for the vessels examined,
revealing that at larger volumes, the optimal pressure exceeds our current limitation
of 6 bar. Thus, future work should aim to validate the optimal pressures at levels
above 6 bar. Moreover, additional research could explore the relationship between
the optimal test pressure and volume, providing a more comprehensive understanding
of the interplay between these factors.
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Appendix A
Supplemental Information

A.1 Molecular flux due to a pinhole in the wall’s
surface

Here is a derivation of the average number of air molecules striking per cm2 of a
container wall per second.

Air primarily of nitrogen, oxygen, argon, carbon dioxide and other gases. At stan-
dard temperature and pressure, the composition is approximately 78 % Nitrogen N2

and 21 % Oxygen O2. At rum temperature 293 K and 1 atmospheric pressure (ap-
prox. 1 .01·105) at sea level, at this environmental condition, the molecular mass of
air is 28.96 g/mol. The density of air is 1.204 kg/m3 or 1.204 g/l.

Molecular mass of air: Mair = 28.96 g/mol.

Density of air: ρair = 1.204 g/l = 1204 kg/m3.

According to Avogadro’s number, the number of molecules for each mol air is:
Nair = 6.02·1023 molecules/mol.

Every liter air has 1.204 g
28.96 g/mol = 1.204/28.96 mol. This means according to Avogadro’s

number, the number of air molecules is:

nair = 6.02 · 1023 · 1.204
28.96

= 2.5 · 1019 molecules/cm3 = 2.5 · 1025 molecules/m3

It then follows that the average kinetic energy of every air molecules at
P = 1 ·105 Pa and n = 2.5·1025 molecules is:

ek =
3P

2n
=

3 · 1.01 · 105

2 · 2.5 · 1025
= 6 · 10−21 J

Or, if the temperature is known which in this case is 293 K, the equation of the
average kinetic energy for every air molecule can be expressed as: ek =

3
2
KbT , where

kb is Boltzmann constant.
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ek =
3

2
kbT =

3

2
· 1.381 · 10−23 · 293 = 6 · 10−21 J

1 air molecule has a mass of:

mair,1molecule =
Mair

Nair

=
28.96 g/mol

6.02 · 1023 molecules/mol
= 4.8 · 10−23 g

The average kinetic energy of the air molecules is:
ek =

1
2
mv2 which gives the average speed of every air molecule is:

v =

√
2ek
m

≈ 500 m/s

Since air molecules are moving randomly in all directions in space, the probability
of movement in each direction is 1/6. This includes movement in the positive and
negative x, y, and z directions. The molecular flux, represented by J̇ , is the number
of molecules per square centimeter per second.

J̇ =
1

6
· nair per cm2 · v = 2.1 · 1023 molecules/(cm2 · s)
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A.2 Experimental data PD

Table A.1: Test times with different volumes and overpressures for Pressure Decay.

Overpressure [bar] Test vessel 1
0.14 l

Test vessel 2
0.49 l

Test vessel 3
1.7 l

Test vessel 4
2.54 l

P
re

ss
ur

iz
at

io
n

ti
m

e 1 0.56 0.66 1.20 1.49

2 0.67 0.87 1.50 1.71

3 0.72 0.93 1.65 2.08

4 0.78 1.01 1.84 2.46

5 0.86 1.05 2.20 2.52

6 1.01 1.08 2.76 3.11

St
ab

ili
za

ti
on

ti
m

e 1 0.90 8.75 5.00 10.75

2 2.41 13.28 12.00 22.21

3 3.55 26.89 14.00 26.44

4 5.00 47.42 23.00 47.28

5 11.60 64.55 55.40 53.86

6 18.35 87.08 73.04 67.82

T
he

or
et

ic
al

an
d

ex
pe

ri
m

en
ta

l
de

te
ct

io
n

ti
m

e

1
280 1470 5100 7620

244 1493 5768 8563

2
117 408 1424 2116

155 415 1390 2389

3
65 226 790 1174

89 209 805 1198

4
41 144 503 747

27 111 461 858

5
28 98 342 508

20 60 286 363

6
19 68 236 351

6 33 205 292

C
yc

le
ti
m

e

1 297.46 1502.41 5781.2 8575.24

2 158.08 429.15 1403.50 2412.92

3 93.27 236.82 820.65 1226.52

4 33.78 159.43 485.84 907.74

5 32.46 125.6 343.6 419.38

6 25.45 121.16 278.03 362.93
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A.3 Experimental data DPD

Table A.2: Test times with different volumes and overpressures for Differential Pressure
Decay. (∗ means the measured value has a stochastic distribution)

Overpressure [bar] Test vessel 1
0.19 l

Test vessel 2
0.54 l

Test vessel 3
1.75 l

Test vessel 4
2.54 l

P
re

ss
ur

iz
at

io
n

ti
m

e 1 0.46 0.96 1.08 2.06

2 0.78 1.42 1.52 2.64

3 0.88 1.32 1.64 3.06

4 0.89 1.31 1.72 2.72

5 0.90 1.30 1.88 2.78

6 1.12 1.34 2.1 3.16

St
ab

ili
za

ti
on

ti
m

e 1 2.00 2.94 2.00 5.40

2 3.74 10.76 5.20 9.14

3 8.12 22.20 12.30 32.28

4 11.72 26.38 17.50 43.63

5 13.34 31.72 22.12 59.42

6 14.68 35.65 25.64 72.70

T
he

or
et

ic
al

an
d

ex
pe

ri
m

en
ta

ld
et

ec
ti
on

ti
m

e

1
7.41 21.00 68.30 101

86∗ 165∗ 194∗ 305∗

2
2.06 5.86 19.00 28.10

58∗ 115∗ 233∗ 555∗

3
1.14 3.24 10.50 15.50

48∗ 65∗ 184∗ 264∗

4
0.73 2.10 6.70 9.90

48∗ 56∗ 182∗ 266∗

5
0.49 1.40 4.55 6.73

47∗ 32∗ 141∗ 245∗

6
0.34 0.97 3.15 4.67

50∗ 43∗ 163∗ 355∗

C
yc

le
ti
m

e

1 88.46∗ 168.90∗ 197.08∗ 312.46∗

2 62.52∗ 127.18∗ 239.72∗ 566.78∗

3 57.00∗ 88.52∗ 197.94∗ 300.34∗

4 59.61∗ 83.69∗ 201.22∗ 312.35∗

5 61.24∗ 65.02∗ 165.00∗ 307.3∗

6 65.8∗ 80.99∗ 190.74∗ 430.86∗



A.4 Inconsistency of outgassing in Vacuum Decay
Figures below shows inconsistency of outgassing for different test vessels when no
leaks were present. The final pressure value decreased for each test and converge to
a constant value as the humidity reduces due to vacuum.

Figure A.1: Outgassing for test vessel 1. Figure A.2: Outgassing for test vessel 2.

Figure A.3: Outgassing for test vessel 3. Figure A.4: Outgassing for test vessel 4.
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