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Explosive atmospheres (ATEX) are among the most significant concerns in many
manufacturing facilities. The European Union regulates work in ATEX environments
through the mandatory Equipment Directive and Workplace Directive. Due to the risk of
explosion and ignition, relevant technical and chemical requirements must be met to comply
with the directives. In addition to legislation, standards are implemented as good engineering
practice.

A progressive cavity pump (PCP) is a screw pump classified as a positive displacement
pump. It is designed for pumping slurries and pastes in high-viscosity media. The PCP has
various applications due to its constant flow and high pumping efficiency. To determine
whether a PCP could be used in ATEX facilities in Europe, risk assessment and testing are
required. A critical component of risk assessment is surface temperature testing, which plays
a significant role in this context: high surface temperatures may influence ignition.

The aim was to investigate whether the PCP could be classified as ATEX equipment
category 3, which ensures the requisite level of protection during normal operation, and an
explosive atmosphere caused by gas or dust is unlikely to occur. At the same time, actions
were examined to upgrade the classification to equipment category 2, ensuring the requisite
level of protection during normal operation and frequently occurring disturbances, where an
explosive atmosphere caused by gas or dust is likely to occur occasionally. Laboratory tests
showed that the dry running of the stator and the main seal posed the most significant risks.
However, tests need to be repeated once the pump components meet ATEX demands. Tests
were conducted using a standard pump to assess its behavior in ATEX conditions. After
components are suitable and the maximum permissible surface temperature is determined,
the pump can be classified as equipment category 3. Still, further tests are required to confirm
the current results. After additional testing, equipment category 2 can be considered if safety
is guaranteed by automatically monitoring ignition sources.
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Réjdhdysvaaralliset tilat (ATEX) ovat yksi tirkeimmistd huomioitavista asioista monissa
tehdasolosuhteissa. Euroopan Unioni sditelee rdjdhdysvaarallisten tilojen turvallisuutta
pakollisella laite- sekd tyopaikkadirektiivilld. R&jdhdys- ja syttymisvaaran vuoksi
asiaankuuluvat tekniset ja kemialliset vaatimukset on tdytettdvd direktiivien mukaisesti.
Lainsdddannon lisdksi standardeja kdytetddn osana alan hyvai kaytantoa.

Epékeskoruuvipumppu (PC-pumppu) on ruuvipumppuihin kuuluva syrjdytyspumppu, joka
on suunniteltu erityisesti lietteiden ja pastojen pumppaamiseen, korkean viskositeetin
vidliaineille. PC-pumpulla on wuseita kéyttokohteita johtuen sen luomasta Ildhes
pulsaatiottomasta virtauksesta ja korkeasta pumppaustehokkuudesta. Jotta voidaan
madritelld voiko PC-pumppua kéyttdd ATEX-kohteissa Euroopassa, tarvitaan
kokonaisvaltainen riskiarviointi ja syttymisvaarojen testausta. Térked osa riskiarviota on
pintaldmpdtilan testaaminen, milld on merkittiva rooli: korkea pintaldmpdtila voi itsessdadn
aiheuttaa syttymisen.

Tyon tavoitteena on tutkia, voiko PCP:n luokitella ATEX laiteluokkaan 3, joka takaa
tarvittavan suojelun tason tavallisen toiminnan aikana ja jossa kaasusta tai polysté aiheutuvat
rdjdhdystilat ovat epidtodenndkdisid. Samalla tutkitaan, mitd toimenpiteitd tarvitaan
luokituksen nostamiseksi laiteluokkaan 2, joka varmistaa tarvitun suojelun tason
normaalitoiminnan ja todenndkdisten laitevikojen aikana, kun réjdhdystila ilmenee
satunnaisesti. Laboratoriomittaukset osoittivat pumpun sekd péétiivisteen kuivakdynnin
olevan kaikkein vaarallisimmat syttymisriskit. Testipumppu tdyttdd laiteluokan 3
vaatimukset, kun maksimi pintalampdtila on méaritetty. Mittaukset on toistettava, kun
pumppukomponentit ovat ATEX vaatimustenmukaisia. Pumppu ei siis ole suoraan
luokiteltavissa laiteluokkaan 3. Pumppu voidaan luokitella laiteluokkaan 2, jos turvallisuus
taataan syttymisldhteiden valvonnalla. Tdma vaatii kuitenkin lisdtestauksia, jotta nyt saadut
alustavat tulokset voidaan vahvistaa.
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SYMBOLS AND ABBREVIATIONS

Roman characters

P Pressure
Maximum Surface Temperature of Machinery
Dust Cloud’s Minimum Ignition Temperature

5 Ignition Temperature of 5 mm Layer of Dust

Auto Ignition Temperature
FlashPoint

Abbreviations

Al Artificial Intelligence

ATEX Atmospheres Explosibles; Explosive Atmospheres

Cenelec European Committee for Electrotechnical Standardisation

CEN European Committee for Standardization

EEA European Economic Area

EFTA European Free Trade Association

EHSR Essential Health and Safety Requirements

EN European Standards

ETSI European Telecommunications Standards Institute

EPDM Ethylene Propylene Diene Monomer

EPL Equipment Protection Level

EU European Union

EU DoC The EU Declaration of Conformity

EXT Stator Surface Temperature Sensor TS2759

bar, Pa



FPM Fluoroelastomer

IMO Installation, Maintenance, and Operating Instructions
ISO International Organization of Standardization, ISO Standards
LEL Minimum Explosive Concentration

LIT Layer Ignition Temperature

MIE Minimum Ignition Energy

MIT Minimum Ignition Temperature

NBR Nitrile-Butadiene Rubber

NLF New Legislative Framework

NoBo Notified Body

NSBs National Standardization Bodies

PCP Progressive Cavity Pump

PDP Positive Displacement Pump

S1 Temperature and Vibration Sensor VB001

TUKES Finnish Safety and Chemicals Agency
UEL Upper Explosive Limit

VSD Variable Speed Drive
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1 Introduction

Recognizing process safety and risks is a crucial component of designing products to be used
in atmospheres explosibles, known as explosive atmospheres (ATEX). Machinery
manufacturers must comply with the European Union’s minimum safety requirements to
maintain an acceptable safety level. Ensuring equipment safety requires commitment from
the entire production chain, from design to assembly. This thesis aims to assess the necessary
actions for classifying the progressive cavity pump (PCP) as required by ATEX regulations.
The topic of this work has been obtained from Valmet Flow Control Oy, as classifying the

pump for explosive safety is a key objective for enhancing commercial potential.

A progressive cavity pump has a single-threaded rotor that rotates within an elastomeric
stator. It is designed for pumping slurry and paste in highly viscous media. PCP has various
applications due to its minimal pulsation and high pumping efficiency (Volk, 2005).
However, the implementation of ATEX in PCP is not a recent phenomenon. According to
Paul (2005), the first PC pump to implement ATEX was produced in 2003. Nevertheless,
public information on this subject is often difficult to find, as it typically involves materials
that must be kept confidential for commercial reasons. Since this thesis focuses on a specific
Valmet Flow Control product, the scarcity of existing studies is less critical due to the
exclusive product design. Material from Paul (2005) can be used as a hypothetical basis for
exploring the Valmet Flowrox™ pump concerning ATEX, even though the article was

published under the previous ATEX Directive.

The primary focus of implementing ATEX in PCP is determining and controlling the surface
temperature. The surface temperature of the stator is generated by the deformation of the
elastomer in the stator and by the friction between the rotor and stator. The stator's surface
temperature could be a potential ignition source, as it strongly depends on rotor speed,
medium temperature, and pumping pressure. The thickness of the elastomer material also
affects the surface temperature, which is why a uniform elastomer thickness can help reduce
it. Mistakenly running the pump dry rapidly leads to exceeding the permissible temperature.
In that case, the friction between the stator and rotor becomes so intense that the stator
elastomer can be thermally destroyed in just one minute or even less. Additionally, running

the main seal dry can also cause the temperature to exceed permissible limits. If the pressure



line of the pump is closed, the pump can generate pressure many times greater than allowed;
therefore, a pressure switch is recommended. It is emphasized that all pump applications in
ATEX environments must be considered on a case-by-case basis in close cooperation with

the operator. (Paul, 2005)

The aim of this work is first to determine what ATEX requirements affect PCP and second
to assess whether PCP can be classified under ATEX equipment category 3. A crucial part
of the study is identifying the ignition risks associated with progressive cavity pumps and
the measures needed to prevent ignitions. At the same time, the measures needed to upgrade
the classification to category 2 will be briefly examined. As required by Directive
2014/34/EU ATEX legislation, equipment category 3 mandates that a product must be safe
under normal operation, when explosive atmospheres caused by gas or dust are unlikely to
occur, while equipment category 2 demands that the product remains safe during normal
operation and frequent malfunctions when explosive atmospheres are likely to occur
occasionally. If the normal operating temperatures are known, equipment category 3
approval can be granted, whereas equipment category 2 requires monitoring for ignition

Sources.

This work focuses exclusively on EU legislation, including standards, and does not consider
explosive atmosphere legislation from other continents. The thesis establishes a
comprehensive foundation for PCP ATEX classification through risk assessment and
initiates laboratory testing. Actions for quality inspections, documentation updating,
delivery, and maintenance are not addressed in this work but can be briefly discussed during
the risk assessment. Although the work initially introduces the reader to ATEX obligations
to provide an overall picture, the work focuses only on non-electrical equipment and the
pump as part of an assembly. Therefore, the electric motor is not analyzed from the

perspective of the pump unit manufacturer.

As a crucial note to the reader, the ATEX field is a complex area. Only the framework and
relevant matters related to Valmet's progressive cavity pump in relation to laws and standards
are discussed briefly, excluding business-critical material from the public thesis. This work
should not be used as an ATEX guide in the pump industry due to the variety of pump
characteristics and materials. The interpretations of the laws and standards in this thesis are
the author's own, and it is not recommended to draw conclusions taken out of context based

on this work or to use the thesis as an ATEX guide. Artificial Intelligence (Al) was utilized



in this work for linguistic accuracy. The Al tools used were Microsoft 365 Copilot and

Grammarly, which were employed in the work.

LITERATURE REVIEW

The literature review section firstly presents pump characteristics and classifications to
identify the specialties of progressive cavity pumps compared to other types of pumps. To
fully understand the ATEX concept for PCP, it is necessary to familiarize oneself with the
fundamentals of the pump. Following that, EU laws and standards are examined to provide
a basis for ATEX legislation. Once the legal foundation and prescriptive requirements are
established, the core part of the literature review—standards—is analyzed with the help of
good engineering practices. Finally, a risk assessment for non-electrical devices is discussed,

which serves as the basis for the final ATEX classification of the product.

2 Pump Classification

Pumps are machines used to move fluids and raise the pressure of liquids (Volk, 2005). The
term "fluid" encompasses both liquids and gases, and in some cases, slurries (Mann, 2023).
Since pumps are widely used in various facilities, many types of pumps exist with different
functionalities. Thus, pump classification can be performed in several ways, such as by the
principle of energy addition, the method of energy addition, or pump geometry (Volk, 2005).
However, the classification by energy addition is the most commonly used (Europump,

2024; Volk, 2005) and is the framework applied in this study.

Pumps are divided into two groups: kinetic and positive displacement (Volk, 2005), as
shown in Figure 1. Kinetic pumps are also known as dynamic pumps (Mann, 2023) or
rotodynamic pumps (Nesbitt, 2006), and sometimes simply referred to as centrifugal pumps,
named after the most common type of pump (Hall, 2012). Kinetic pumps increase a liquid's
velocity by continuously adding energy. This category consists mostly of well-known
centrifugal pumps; however, it also includes regenerative turbines and special effect pumps.

In contrast to the kinetic category, positive displacement pumps add energy periodically by



directly applying force to the liquid, which causes an increase in pressure and liquid
movement (Volk, 2005). In summary, the primary difference is that kinetic pumps provide
continuous energy addition, while positive displacement pumps offer pulsating, periodic

energy addition directly to the liquid.

- Flexible impeller
. Gear
" Reciprocating pumps
r— Lobe
Positive displacement =—{— Rotary pumps =
- Peristaltic
e
Blow case
— S
Pump classification == crew
-
o Centrifugal Vane
Kinetic =f— Regenerative turbine
e Special effect

Figure 1 Pump classification focusing on rotary pumps modified after Volk (2005).

Positive displacement pumps are divided into three main categories: reciprocating, blow
case, and rotary pumps (Volk, 2005). A few rotary pumps and kinetic pumps are presented
as examples in the following chapters to provide an overview of what kind of pump the PCP

is and how it compares to other types.

2.1 Kinetic Pumps

Kinetic pumps have three main categories, with centrifugal pumps being the most popular
type, therefore, this chapter focuses only on centrifugal pumps. The main principle of a
centrifugal pump is its attached impeller, which rotates with a shaft, and the casing that
encloses the impeller (Volk, 2005). When impellers equipped with vanes rotate inside the
pump casing, the flow around the vanes is utilized in energy conversion (Nesbitt, 2006). The
majority of pump users and equipment engineers have a strong preference for centrifugal
pumps, where most of the reasons are related to the belief that centrifugal pumps are more

reliable and have lower maintenance costs (Volk, 2005). Hall (2012) supports the idea by



stating that kinetic pumps are low-cost machines, they are simple, generally safe, require
minimal maintenance, and have a long service life. Hall (2012) also notes that the operational
range conditions are broad for kinetic pumps. The share of kinetic pumps from sales is
approximately 70% of all pump sales (Hall, 2012), while Bachus & Custadio (2003) stated,
almost 10 years earlier, that approximately 90% of the pumps in the industry are centrifugal.

A slight decrease in centrifugal pump sales is visible.

2.2 Positive Displacement Pumps

Positive displacement pumps (PDP) differ significantly from rotodynamic pumps. The main
difference is that energy is periodically added to the liquid, resulting in increased pressure,
while force is directly applied to the liquid (Volk, 2005). Additionally, a PDP does not need
speed to develop pressure and can generate high pressures relative to the physical dimensions
of the pump type. However, velocities tend to remain generally low (Nesbitt, 2006). Positive
displacement pumps are classified into reciprocating, rotary, and blowcase pumps (Volk,

2005).

PDPs are preferred for viscous liquids and precise metering, such as dosification. Also, PDPs
are favored in high-pressure conditions with a small flow (Bachus & Custodio, 2003; Volk,
2005) Additionally, it is benefited to use positive displacement pumps in the following
conditions like self-priming, high pressure, high efficiency, low shear, seal-less pumping,
and two-phase flow. A PDP can handle fragile solids, and it maintains a constant flow (Volk,
2005). The following chapters focus on peristaltic hose pumps and progressive cavity

pumps, both of which are classified as positive displacement pumps.

2.2.1 Peristaltic Hose Pumps

The peristaltic hose pump (PHP), also known as a peristaltic pump or hose pump, features a
flexible rubber hose inside a circular housing, as presented in Figure 2. As the pump operates,
rollers in the rotor squeeze the tube, creating a vacuum that draws fluid through the pump.
(Volk, 2005) Liquid transportation can also be described as mechanically squeezing space
within a hose (Nesbitt, 2006). The peristaltic hose pump is sealles and by using compatible

hose materials, it can also handle corrosive liquids. This pump type is relatively inexpensive



option and is commonly used as a metering pump. A disadvantage is its low flow rate and
the need for hose replacement. The process acts as an equivalent way than when person
swallows (Volk, 2005). As seen in Figure 2, the Valmet PHP has 360° hose entering the
pump unit, whereas Volk (2005) presents a more typical design with a 180° hose.

Figure 2 Peristaltic Flowrox™ hose pump with an open lid. The medium enters from
the left side, completing a full 360" turn before exiting the pump on the right
(Valmet, 2025a).

2.2.2 Progressive Cavity Pumps

Progressive cavity pumps (PCP) are known as eccentric pumps, Moineau pumps, or screw
pumps (Figure 3). The main elements of PCP are a metallic rotor and an elastomer stator
(Cholet & Wittrisch, 2013). PCP typically has one screw-shaped rotor that turns inside a
flexible stator made of elastomers, generating a smooth axial flow (Nesbitt, 2006). Each
rotor rotation at a given pump rotational speed produces the same flow (Cholet & Wittrisch,
2013). As the rotor turns inside the stator, cavities progress axially, moving the medium
through the pump (Volk, 2005), with one cavity opening while another closes (Cholet &
Wittrisch, 2013).



The PCP can pump various types of liquids, from fluids to very viscous media (Nesbitt). It
can also handle fragile solids, abrasives, and shear-sensitive liquids (Volk, 2005). The PCP
is self-priming and generates minimal pulsation in fluid flow (Volk, 2005). Some
disadvantages include high floor space requirements and breakages due to dry running
(Volk, 2005), which result in a poor stator life (Nesbitt, 2006). Temperature and chemical
compatibility are limited by the elastomer material and chemical properties. The starting
phase may require a larger motor than other positive displacement pumps since the starting
torque is relatively high. Typical industrial applications include paper mills, water treatment

facilities, dosing systems, and waste pumping (Volk, 2005).

Figure 3 The Flowrox™ Progressive Cavity Pump (Valmet, 2025a).

Valmet has three different Flowrox™ models of PCP: the E-series for paper chemical
applications, pastes, tailings, and petroleum; the EL-series for demanding wastewater and
sludges; and the D-series for dosing applications. The application industries for the Valmet
PCP series include energy and environment, mining and mineral processing, pulp and paper,
chemical applications, and OEM. The E-series features an even wall stator, while the EL-
series has a more typical round stator. Both models have an elliptic rotor geometry, and the

stator has three intakes known as % 3 geometry, where the value indicates the number of

lobes; the former number refers to the rotor, and the latter number refers to the stator. The
even wall stator enables the pump to operate at 10 bar, while the round-shaped stator has a
maximum capacity of 6 bar. The D-series has % rotor geometry. (Valmet, 2025b) Figure 4

presents an exploded drawing of the E-series progressive cavity pump, which aids in



10

understanding the pump structure. The E-series is also the main series under ATEX

investigation in this work.

ITEM NO. SPDM _ITEM DESC2 Qry.
1 FRAME 1
3 [STATOR 1
4 ROTOR 1
5 DRIVE SHAFT 1
& ARTICULATED SHAFT 1
7 JOINT PIN 2
8 JOINT PIN 2
9 SUPPORT FLANGE 1
10 SHAFT RUBBER 2
1Al FRAME COVER PLATE 1
12 FRAME COVER PLATE 1
13 PLATFORM. 1
14 [THREADED BAR 4
15 GEAR MOTOR 1
16 GUIDE RING 1
17 PREFORMED CLAMP 2
18 PREFORMED CLAMP 2
19 PLUG HEX SOCKET HEAD 2
20 [THREADED STUD 2
21 KEY BAR 1
22 HEX SCREW 2
23 HEX SCREW 4
24 HEX SCREW )
25 HEX SCREW &
26 HEX SOCKET HEAD SCREW )
27 HEX NUT 19
28 HEXAGON NUT 12
29 HEX NUT 2
30 WASHER 25
32 WASHER 12
33 WASHER 8
34 PC ADAPTER FLANGE 2
35 SEAL 2
36 HEX SOCKET SCREW 9
37 HEX SOCKET SCREW 9
38 MAIN SEAL 1
39 GEAR MOTOR 1

Valmet 3 (= | s simiooc e

Figure 4 Exploded drawing of Valmet Flowrox™ progressive cavity pump E-series

(Valmet, 2025a).

The main components of the PCP are a rotor inside an elastomeric stator and a gearbox.
Valmet produces the pump unit while the drive units come from a supplier. Therefore, the
focus area is solely the pump unit itself. Flowrox™ progressive cavity pump characteristics

are presented in Table 1.

Table 1 Flowrox™ progressive cavity pump material for E-series model (Valmet,
2024b).

Stator NBR, EPDM

Rotor Carbon Steel, Stainless Steel

Rotor coating Black nitrate, Hard chromium, Tungsten carbide

Suction pipe Carbon steel, Stainless steel
Gland packing,

Seal ) )
1-stage mechanical seal, 2-stage mechanical seal

Frame Cast iron

Platform Carbon steel
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The rotor and suction pipes are made either from carbon steel or stainless steel. The stator
material can be either a nitrile-butadiene rubber (NBR) or an ethylene propylene diene
monomer (EPDM). The Valmet PCP ambient temperature is from 0 °C to 46 °C. Flowrox™
PCP E-series volume specification is 0-170 3/ . (Valmet, 2024b)

3 Law Acts & Standards in Europe

The European Union (EU) is a partnership between 28 European countries, which are also
called Member States or EU countries. All EU member countries are democracies, and other
core values include equality, freedom, respect for human dignity and human rights, and the
rule of law. (EU & ME, 2023) These values are at the heart of EU treaties, especially the
aforementioned rule of law, which is essential to every action taken. Treaties in the EU are
approved by all member states. A treaty can be understood as a binding contract among all
EU countries, which establishes rules for EU institutions, the decision-making process, and
EU objectives between member states and the EU. The current Treaty of Lisbon came into

force in 2009, which member countries are implementing (EU, n.d.a).

Treaties are implemented through several different legal acts, some of which are binding.
These acts are called regulations, directives, decisions, recommendations, and opinions.
Regulations are binding legislative acts that are applied comprehensively throughout the EU.
Directives are legislative acts that outline goals EU countries need to achieve. Each
individual EU country must decide its own legislation for reaching the goals defined in the
directive. Decisions are binding on those to whom it is addressed. A decision can be directed
at an EU country or an individual company, for instance, and it is directly applicable. (EU,
n.d.b) Harmonization requirements can be found in directives: minimum harmonization
requirements set a minimum standard, meaning some Member States may already have
higher standards and are allowed to exceed the minimum required by harmonization.
Maximum harmonization requires EU countries to establish rules with both minimum and

maximum standards as defined in the directive. (EUR-Lex, 2022)

Recommendations and opinions are not binding legal acts. Recommendations are used to

make institutions' views heard and to suggest lines of action, while opinions are instruments
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for institutions to make a statement. Opinions can be issued by the main EU institutions,
such as Parliament, and opinions are given from a specific viewpoint while laws are being

made. (EU, n.d.b)

Standards are voluntary technical specification guidelines developed by private
standardization organizations. Their aim is to protect the environment and consumers' health,
while helping products and services achieve a certain level of quality and reliability. (EU,
2023). The European Committee for Standardisation (CEN), the European Committee for
Electrotechnical Standardisation (Cenelec), and the FEuropean Telecommunications
Standards Institute (ETSI) are the three European standardization organizations (ESOs)
officially recognized by the EU and the European Free Trade Association (EFTA) (CEN,
n.d.a).

The national level standardization is managed by national standardization bodies (NSBs)
that transpose all European standards into national practice and withdraw incompatible
national standards. (EU, 2023.) SFS Finnish Standards is the central standardization
organization in Finland and a member of CEN (SFS, n.d.a). 97 % of approved standards in

Finland have an international background or origin (SFS, n.d.b).

Global standardization is carried out by the largest standardization organization in the world,
known as the International Organization for Standardization (ISO). The following parties

are involved in standardization industries (SFS,n.d.b):
1 ISO International Organization for Standardization
1 EN European Committee for Standardization’s (CEN) standards
1 SFS Finnish National Standards

Standards are a tool developed to comply with European rules and regulations. EU
harmonized standards are established through Regulation EU No 1025/2012 at the request
of the European Commission, supporting EU legislation and policies. (CEN, n.d.b) The
utilization of harmonized EU standard usage proves products or services meet the relevant

technical requirements of EU law (EU, 2023).

CEN approves certain ISO standards as EN standards; subsequently, these specific standards
must be applied as EN ISO standards by all CEN partner countries. (SFS,n.d.b) As a note

for the reader, this work primarily focuses on the European Economic Area (EEA).
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Following Chapter 4, ATEX focuses on potentially explosive atmospheres, which are

regulated by EU directives and guided by standards.

4 Explosive Atmosphere (ATEX)

An explosive atmosphere, ATEX, means a state under atmospheric conditions that contains
a potentially explosive mixture with air, such as flammable gas, mist, vapor, or dust
(Directive 2014/34/EU). Once ignition occurs, combustion spreads to the entire unburned
mixture (Directive 1999/92/EC). A potentially explosive atmosphere describes a situation
likely to become explosive due to local and operational conditions (Directive 1999/92/EC).
Standard atmospheric conditions are defined as a temperature range between -20 °C and +60
°C, with pressure from 0.8 to 1.1 bar, and normal air oxygen content at 21% v/v related to
explosion characteristics (SFS-EN IEC 60079-0:2019). Jespen (2016) notes that if
operational conditions exceed the prescribed atmospheric parameters, it falls outside the
scope of standard conditions. Additionally, the start-up and shut-down phases may present

atmospheric conditions that necessitate compliance with ATEX directives.

Consequently, equipment and protective systems in ATEX facilities must ensure safety for
persons, domestic animals, and property. (Tukes, n.d.a.) Generally, there are two ATEX-
related directives: one for manufacturers and one for employers, in addition to the need for
compliance with the Machinery Directive (Jespen, 2016). Furthermore, harmonized national
laws and technical standards for best practices regulate ATEX obligations and
recommendations (Wolinski, 2018). The following chapters explore the Machinery
Directive and ATEX legislation, providing a comprehensive framework for safe operation
in potentially explosive atmospheres. Since the other ATEX directive is about providing
safety and health protection for workers in explosive environments, it is beneficial for
manufacturers to be familiar with the end user’s workplace ATEX directive. Thus, from the
manufacturer's perspective, the Workplace Directive will be reviewed thoroughly, and

ATEX standardization will also be assessed.
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4.1 Machinery Directive

Machinery is defined as an assembly for a specific application. It is fitted with, or intended
to be fitted with, a drive system but is not directly powered by human or animal effort. It
consists of linked parts or components, with at least one moving part. (Tukes, n.d.b) This
means that all pumps fall under the legislation of the Machinery Directive. The Machinery
Directive 2006/42/EC insists that machinery comply with EU requirements, which ensures

the free movement of products and a higher level of safety.

The Decree on the Safety of Machinery 400/2008 is a Finnish implementation of the
aforementioned directive. It specifies the obligations of machinery manufacturers, health and
safety requirements regarding the design and construction of machinery. It also indicates
machinery’s conformity and assists in placing it on the market. The Machinery Decree
applies to new machinery introduced to the EU markets or manufactured for own use. It also
applies to second-hand machinery imported from outside the EU. Machinery must bear the
CE marking, along with any other necessary markings. (Tukes, n.d.b) The ATEX legislation
and conformity assessment encompass similar requirements to those of the Machinery
Decree. Therefore, it is sufficient for the reader to have a basic understanding of the
Machinery Directive and be aware of its existence. Notably, the new EU regulation
2023/1230 on machinery will repeal Machinery Directive 2006/427EC and will take effect
in January 2027. Until then, the current Machinery Directive remains in force, although a

few articles will apply earlier. (EU Regulation 2023/1230)

4.2 ATEX Workplace Directive 1999/92/EC

The ATEX Workplace Directive is a mandatory piece of legislation that applies in
atmospheric conditions where potentially explosive atmospheres exist. Employers are
obligated to prevent and protect against explosions, conduct explosion risk assessments, and
generate explosion protection documents. (Directive 1999/92/EC) The ATEX Workplace
Directive does not provide detailed practical guidance (Jespen, 2016); therefore, the EU
Commission has published guidelines of good practice that are non-binding but serve as
guidance nature, (Directive 1999/92/EC), intended to be used alongside the ATEX
Workplace Directive. Also, standards can be used to comply with ATEX directives, and
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many of these standards have normative references to other documents that include content

required by the specific standard.

From a manufacturer’s point of view, workplace directives do not directly affect it. However,
it is essential to understand the customers’ situation and needs, as equipment must be
appropriately categorized. Additionally, manufacturers may explicitly become advisers and
subsequently bear indirect responsibility for implementing workplace directives due to the
complexity of the ATEX field. (Jespen, 2016) It cannot be emphasized enough that the
ATEX Workplace directive sets a minimum standard, as national legislation may have

stricter requirements (Jespen, 2016; Versloot et al., 2008).

The employer must classify potentially explosive atmospheres into different zones as
presented in Table 2. Zones are categorized into dust and gas, based on the frequency and
duration of an explosive atmosphere's occurrence. Equipment selection criteria are also
outlined in the following table. Unless specified otherwise in risk assessment or protection
documents, equipment and protective systems for all areas are selected according to the
equipment categories designated for specific zones. (Directive 1999/92/EC) Zones 0-2 are
for gas, while zones 20-22 are for dust. Generally, a smaller zone number indicates a greater
and more likely probability of hazard. The requirements for zones categorized as high-risk

are much stricter than those for zone classes with a lower probability of hazard.

While investigating explosion risk, the employer (user) must consider not only normal
maintenance conditions but also malfunctions, foreseeable fault conditions, reasonably
foreseen misuse, and commissioning and decommissioning (European Commission, 2003).
If the explosion risk remains after prevention measures, actions for explosion protection are
necessary, such as explosion-resistant design, explosion relief, and flame prevention
(Versloot et al., 2008). Chapter 4.3 focuses more on equipment selection, and a risk

assessment is discussed in Chapter 5.



Table 2

Classification of hazardous places separately for gas and dust, as Directive
1999/92/EC determines and Equipment Categories according to ATEX
2014/34/EU Guidelines, 2024.
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Zone 0

A place in which an explosive atmosphere consisting of a

mixture with air of flammable substances in the form of
gas, vapour or mist is present continuously or for long

periods or frequently.

Zone 1

A place in which an explosive atmosphere consisting of a
mixture with air or flammable substances in the form of
gas, vapour or mist is likely to occur in normal operation

occasionally.

l1or2

Zone 2

A place in which an explosive atmosphere consisting of a
mixture with air of flammable substances in the form of
gas, vapour or mist is not likely to occur in normal
operation but, if it does occur, will persist for a short

period only.

1,2,0r3

Zone 20

A place in which an explosive atmosphere in the form of a
cloud of combustible dust in air is present continuously, or

for long periods or frequently.

Zone 21

A place in which an explosive atmosphere in the form of a
cloud of combustible dust in air is likely to occur in normal

operation occasionally.

lor2

Zone 22

A place in which an explosive atmosphere in the form of a
cloud of combustible dust in air is not likely to occur in
normal operation but, if it does occur, will persist for a

short period only.

1,2 0r3

An illustrated view of ATEX zones is presented in Figure 5. Zone 0 is the place where an

explosive atmosphere is present continuously, as seen inside the fuel storage tank and fuel

truck. The farther it is from the most critical explosive atmosphere, the lower the risk of an

explosion. Thus, the immediate environment around the gas storage is classified as zone 2,

while the air surrounding those areas is considered zone 3.
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one 2

Figure 5 ATEX zone classifications presented in petrol station.

The ATEX Workplace Directive addresses only the occurrence of explosive atmospheres
but does not specify frequency terms, and it may leave scope for interpretation. Limits to
ATEX zones have not been officially adopted (HSE GOV UK, 2004), but the most common
durations in accordance with good engineering practices are presented in Table 3. The

occurrence across the three classes is significant, and as a result, the required actions differ.
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Table 3 Guidance for hazardous area classification by frequency and duration of
explosive atmospheres (Jespen, 2016; HSE GOV UK, 2004).

Zone 0 and 20 Continuous More than 1000h / year

Zone 1 and 21 Occasionally present More than 10 h / year

Not likely to occur or only for a short
Zone 2 and 22 ) Less than 10 h / year
time

4.3 ATEX Equipment Directive 2014/34/EU

The aim of directive 2014/34/EU is to enhance safety by establishing regulations for
equipment used in potentially explosive atmospheres. One of the core principles is that the
equipment should be designed with an explosion safety integrated. Thus, the manufacturer
shall, as far as possible, prevent the formation of explosive atmospheres and their release, as
well as prevent ignition. However, in the event of an explosion occurs, fire should be stopped
immediately, or the range of the flames should be limited. Also, the explosion pressure must

be confined to a sufficiently safe level. (Directive 2014/34/EU)

The ATEX Equipment Directive applies to equipment, protective systems, and their
components in potentially explosive atmospheres. It also applies to safety, control, and
regulation devices outside of explosive atmospheres that contribute to the safe operation of
equipment concerning explosion risks. Protective systems are defined as devices that limit
an explosion’s effective range and function autonomously. The ATEX Equipment Directive
does not apply to offshore units or equipment used in explosive hazard atmospheres, where
explosions occur due to the presence of explosive substances or unstable chemicals.
(Directive 2014/34/EU) The directive defines equipment as follows:
‘equipment’ means machines, apparatus, fixed or mobile devices, control
components and instrumentation thereof and detection or prevention systems
which, separately or jointly, are intended for the generation, transfer, storage,
measurement, control and conversion of energy and/or the processing of

material and which are capable of causing an explosion through their own
potential sources of ignition;
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The EU Guidelines on the ATEX directive serve as a manual for all parties affected by
ATEX directive 2014/34/EU. The purpose is to ensure consistent application of the directive.
The manual clarifies issues addressed in the directive and should be used in conjunction with
it. (ATEX 2014/34/EU Guidelines, 2024) The EU Guidelines provide two important aspects
regarding ATEX principles: The first is non-electrical equipment detailed in §42, and the

second is combined equipment, i.e., assemblies, found in §44.

Non-electrical equipment is typically considered mechanical equipment that must be
connected to a power source, such as an electric motor. A potential ignition source in non-
electrical equipment usually comes from moving or rotating parts causing hot surfaces or
friction sparks. Pumps are generally classified as non-electrical equipment. The conformity
assessment procedure can be conducted separately for a non-electrical part, if the equipment
assembly includes clearly separable electrical apparatus. Also, the combination of electrical
and mechanical parts must not form any additional ignition hazards for the assembly.
Electrical equipment is defined as containing electrical elements used, for example, for the
generation or conversion of electrical energy, such as gearmotors. (ATEX 2014/34/EU

Guidelines, 2024)

By combining a pump with an electric motor, a completely functional assembly is created.
These types of equipment are placed on the market by the assembly manufacturer and are
considered as a one functional unit. An assembly manufacturer may assume conformity of
equipment if being placed on the market by a different manufacturer and complies with the
directive. As a result, the assembly manufacturer can limit their own risk assessment of the
assembly to final combination’s additional ignition hazards and other hazards of the final
combination. Generally, assemblies in this case contain items that qualify as ATEX
equipment in their own right and are assessed separately. (ATEX 2014/34/EU Guidelines,
2024)

A pump and an electric motor can be considered separately when assembling, as long as the
pump and motor do not create additional ignition hazards. A manufacturer can supply a
pump-motor assembly with only one EU declaration of conformity. The assembler must
conduct an ignition risk assessment, and if there are no additional ignition risks, the
assembler draws up technical files, affixes the required ATEX markings, and signs the EU
declaration of conformity covering the entire assembly. The assembler takes complete

responsibility for the assembly. (ATEX 2014/34/EU Guidelines, 2024)
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Intended use means the allowed usage of a product as defined by the manufacturer. This
involves assigning the product to a specific equipment group and category, and the
equipment must be used accordingly. Equipment is classified into two groups based on the
intended usage of places and subdivided into device categories for the required level of

protection. Equipment categorization is presented in Table 4.

Equipment group I is used in underground mines and other above-ground locations where
the risk of explosion arises from gas or dust associated with mining. It is divided into two
equipment categories, M1 and M2, based on energy principle classification. M1 remains
energized, while M2 de-energizes in the event of rare incidents and the presence of an
explosive atmosphere. Since M1 group remains functional, its protection level is very high.
Correspondingly, M2 has a high protection level. The M1 category must have two
independent means of protection, or the requisite level of protection is assured in the event
of two faults occurring independently of each other. (Directive 2014/34/EU) For M2, the
efficiency of protection is ensured during normal operation and severe operating conditions

(Tukes, n.d.a).
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Table 4 Equipment classification to groups and classes (Directive 2014/34/EU,

Tukes, n.d.c, SFS-EN 13237).

Equipment is used in underground ) ) ) . .
; i Equipment is used in other potentially explosive
mines and their above-ground parts, ) i
) o atmospheres caused by mixtures of air and
where the risk of explosion is based ) ) .
o gases, vapours or mists or by air/dust mixtures.
on gas or dust from mining.
M1 M2 1 2 3
Very high High Very high High Normal
Normal to Frequently
o Rare _
Rare incidents severe . occurring
) ) malfunctions ; Normal
relating to operating, ) disturbances )
; relating to ; operation
equipment expected ) or equipment
- equipment
malfunctions faults
Energy principle of classification Explosive atmosphere probability
Remains
functional De-energizes ) Unlikely to
) ) . Continuously, )
(energized) in the | in the event of ) Likely to occur, or for
. long periods or
event of an an explosive occur a short
) frequently }
explosive atmosphere period only
atmosphere

Equipment group II is used for any other explosive atmospheres. It is divided into three
equipment categories 1, 2, and 3, which are in order from the strictest to the least demanding
(Directive 2014/34/EU). The categories are defined by the probability of explosive
atmospheres (Tukes, n.d.a). Group II Equipment category 1 is designated for environments
where explosive atmospheres caused by air and gases are present continuously, frequently,
or for long periods. Group II category 1 must have two independent means of protection, or
the requisite level of protection is assured in the event of two faults occurring independently
of each other. Group II Equipment category 2 efficiency of protection is normal operation

and anticipated frequently occurring disturbances or equipment faults (Tukes, n.d.a). Group
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I equipment category 3 ensures the requisite level of protection only during normal
operation, so it does not observe faults (Directive 2014/34/EU).
Equipment and protective systems must be designed and manufactured after
due analysis of possible operating faults in order as far as possible to preclude

dangerous situations. Any misuse which can reasonably be anticipated must be
taken into account. Directive 2014/34/EU.

Pumps used in explosive atmospheres are typically classified under group II, categories 2 or
3. Pumps used in mines are classified as group I, category M2. (Europump, 2019) It is worth
noting that this work does not focus on underground mining or group I. Additionally,
Valmet's interest in progressive cavity pumps is primarily in group II categories 2 and 3,

therefore, the focus is on these categories.

4.3.1 Conformity Assessment and EU-type Examination

Equipment used in potentially explosive atmospheres must be designed with explosion
safety integrated into it. The product needs to be accompanied by safety instructions
regarding its service initiation, usage, assembling and dismantling, maintenance, installation,
and adjustment. (Directive 2014/34/EU). The manufacturer's key obligations include
ensuring technical requirements, preparing technical documentation and information,
conducting conformity assessments, guaranteeing compliance, and product marking (Jespen,

2016).

The EU Directive 2014/34/EU determines manufacturer’s responsibility to mark all
equipment and protective systems legibly and indelibly in potentially explosive atmospheres

with the following minimum particulars:

1 Name, registered trade name or trademark, and address of the
manufacturer

CE marking
designation of series or type
batch or serial number if any

year of construction

= =2 =2 =2 =2

the specific marking of explosions protection @ followed by
the symbol of the equipment-group and category,
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1 for equipment-group II, the letter ‘G’ (concerning explosive
atmospheres caused by gases, vapours, or mists),

and/or

1 the letter ‘D’ (concerning explosive atmospheres caused by dust)

The ATEX Directive claims CE marking (Figure 6) to be mandatory for devices under
ATEX classification. CE marking fulfills the requirements of the ATEX directive
2014/34/EU and is outlined in Regulation (EC) No 765/2008. The CE marking serves as a
declaration of conformity by the manufacturer, indicating that the product has undergone the
necessary conformity assessment procedures (ATEX 2014/34/EU Guidelines, 2024) and
complies with the applicable Union harmonization legislation that applies to it and provides
for CE marking. The marking is affixed by the manufacturer or their authorized
representative and it is placed to the product or its data plate. Marking can only be done after
completing the required conformity assessment procedures (Commission Notice 2022/C
247/01, 2022). Generally, components do not carry CE marking (ATEX 2014/34/EU
Guidelines, 2024). The marking must be easily accessible and have a minimum height of 5
mm. If CE marking cannot be applied visibly, legibly, and indelibly, the equipment must
come with a written attestation. It is advisable to attach the CE marking to the packaging and
accompanying documents if it cannot be made adequately visible (ATEX 2014/34/EU
Guidelines, 2024). It is important to note that CE marking does not serve as proof of a
product’s compliance with EU legislation (Commission Notice 2022/C 247/01, 2022). The
use of the marking requires compliance with all relevant EU legislation, and misuse is

monitored by the EU Commission (Jespen, 2016).

'

1]
111

IRuau|

I T
INESAN

|

Figure 6 CE Marking consists of the initials “CE” (Regulation (EC) No 765/2008, 2008)
and ATEX marking “Ex” (ATEX 2014/34/EU Guidelines, 2024).
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A notified body (NoBo) is an organization that does conformity assessments for certain
ATEX products before placing them on the market. Notified bodies are authorized by an EU
member state. A list of NoBos is published in the NANDO information system by the EU
Commission. (EU, n.d.c) A NoBo performs a conformity assessment for predetermined
ATEX equipment categories according to Directive 2014/34/EU. After the NoBo completes
the conformity assessment, the product can be placed on the market. If the product does not
meet essential safety and health requirements, the NoBo insists that the manufacturer make
the necessary adjustments to comply with the standards. (Directive 2014/34/EU)
Manufacturers must affix the NoBo identification number to products that require the NoBo
procedure and are in compliance with the type described in the EU-type examination
certificate while satisfying the applicable requirements of Directive 2014/34/EU. In other
words, the NoBo identification number is only affixed if the notified body is involved in the
production phase. (ATEX 2014/34/EU Guidelines, 2024) Table 5 presents the obligated

conformity assessment procedure for equipment group II other than mines.
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Table 5 Conformity assessment procedure for equipment group II, which is used in
potentially explosive atmospheres other than mines. (Directive 2014/34/EU;
ATEX 2014/34/EU Guidelines, 2024). The focus is on equipment group II
category 3.

EU-Type examination with
conformity to type based on
a) quality assurance of the

) Yes
1 21 1 1 production process
or

b) product verification

Electric: EU-Type examination with
conformity to type based on

a) internal production control with
supervised product testing Yes
or

b) quality assurance of the product

Non-Electric:

Internal production control and
technical documentation provided to No
a NoBo

2 22 I 3 Internal production control No

According to the ATEX directive, the EU-type examination applies to equipment group II
category 1 and electrical products from category 2. The EU-type examination is conducted
by a notified body, which reviews a product and its technical design. The purpose of this is

to determine whether the product complies with the requirements of the directive. The
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manufacturer submits the EU-type examination application to the notified body, along with
the technical documentation, including drawings and diagrams of the manufacturing process,
a list of the harmonized standards applied, and test reports. After receiving the application,
NoBo examines and verifies the documentation and conducts appropriate examinations and
tests to find out if the requirements of the standard are met. If the product meets the
requirements, an EU-type examination certificate is issued to the manufacturer. Conversely,
if the product does not satisfy the requirements, the certificate is denied, and the reason for
refusal is pointed out. For group II category 1, conformity to type based on quality assurance
of the production process is essential. This means that the manufacturer must meet the
demands and ensure responsibility for the conformity of the products as described in the EU-
type examination. Additionally, the directive requirements must be fulfilled. The
manufacturer needs an approved quality system for production, which is assessed by the

notified body. (Directive 2014/34/EU)

Production control accompanied by supervised product testing (II 2, electric) requires
manufacturers to take necessary measurements and monitor manufacturing to ensure
conformity of the product. Each individual product manufactured needs to be tested on at
least one aspect by the manufacturer. The notified body is responsible for testing; therefore,
tests are carried out under its responsibility. The NoBo’s identification number is affixed to

the product during the manufacturing process. (Directive 2014/34/EU)

Product quality assurance (II 2, electric) requires an approved quality system for testing and
inspection of products by the manufacturer. The manufacturer submits an assessment
application about the quality system to the NoBo. The application includes technical
documentation and quality system records. The purpose of the quality system is to ensure
compliance and to describe the examinations and tests conducted, inspection reports, test

data, and so on. The identification number of the NoBo is affixed. (Directive 2014/34/EU)

Internal production control requires a manufacturer to create technical documentation that
presents the design, manufacturing, and operation of the product in a satisfactory manner.
Also, it should specify applicable requirements. A general description of the product,
conceptual design, manufacturing drawings, descriptions of the drawings, a list of the
applicable harmonized standards, test reports, results of design calculations, and
examinations. The manufacturer is also responsible for preparing an EU declaration of

conformity. (Directive 2014/34/EU) Technical documentation does not require the



27

involvement of a notified body; only documentation needs to be sent to a NoBo. A
manufacturer can conduct the required testing independently or use an independent
laboratory if necessary. Tests are defined by the standards and/or technical solutions

adopted. (ATEX 2014/34/EU Guidelines, 2024)

The Commission Notice 2022/C 247/01 (2022) determines the EU Declaration of
Conformity (EU DoC) as follows:
“The EU Declaration of Conformity (EU DoC) is a document in which the
manufacturer, or his authorised representative within the European Economic

Area (EEA), indicates that the product meets all the necessary requirements of
the Union harmonisation legislation applicable to the specific product.”

The EU DoC must also include the previously mentioned manufacturer's responsibility
markings, and it needs to be signed by an individual working for the manufacturer or their
authorized representative as a manufacturer’s guarantee. The manufacturer must sign the EU
DoC that accompanies each product, but not the component. The technical documentation
and the EU DoC need to be drawn and kept for 10 years after placing the product on the
market. Additionally, the manufacturer must retain the identity of the economic operators to
whom they have supplied products for 10 years after the last product has been placed on the
market (Commission Notice 2022/C 247/01,2022). The EU DoC is paired with CE-marking,
as neither can occur without the other (Jespen, 2016). An example of the EU Declaration of

Conformity is presented in Appendix 1.
4.3.2 ATEX Marking

The ATEX directive requires explosion protection to be indicated with a symbol, @

followed by an equipment group and category marking. For group II (other than mines), the
letter ‘G’ represents gases, vapors, and mists, while the letter ‘D’ represents dust. (Directive
2014/34/EU). If the equipment contains its own ignition source and is intended for use in
explosive atmospheres, it must be marked with round brackets. (ATEX 2014/34/EU
Guidelines, 2024). Table 6 presents examples of ATEX markings from the ATEX guidelines
(ATEX 2014/34/EU Guidelines, 2024). Mining products, classified as group I, have simpler
markings compared to non-mining products in group II. Round brackets can be used to

indicate a part of the equipment that belongs to a more demanding category.
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Table 6 Equipment marking examples from ATEX 2014/43/EU Guidelines (2024).

@ I M2 & Mining products
Non-mining product, used in gass
@ I ! G gp gassy
atmospheres.
Non mining product, used in dust;
& 1 b s 7
atmospheres
Non-mining product, gas and dust
™ il 2 GD
atmosphere
Non-mining product containing
@ 11 2(1) G safety device for category 1
equipment

* Gas or Dust symbol not in use for group I

If the aforementioned CE and mandatory ATEX markings are combined, the result is an
identification number of a notified body as presented in Equation 1. However, if the
conformity assessment procedure does not require it, the notified body number is not

included in the ATEX marking.

c € 1234 @ 12 GD (1)

The example marking (1) begins with CE marking, followed by the 4-digit notified body
number (1234), and Ex marking, followed by explosive atmosphere equipment group II,
category 2 for gas and dust. Assembly marking is defined as the lowest level of safety,
meaning that the lowest requirement dictates the overall assembly marking, even if some
individual parts have a higher level of safety. Consequently, the assembly is marked

according to its weakest part. (ATEX 2014/34/EU Guidelines, 2024)

Note for the reader, ATEX marking is continued in standards by adding equipment
protection marking after the mandatory ATEX marking. As recommended by the EU (ATEX
2014/34/EU Guidelines, 2024), legal marking from the directive and optional additions
determined in standards should remain separate to avoid confusion. Therefore, the legally
mandatory part is presented here, while the marking according to standards is outlined in

Chapter 4.5 ATEX Marking Standard.
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4.4 ATEX Standards

The ATEX Equipment directive determines a framework for safety principles in equipment
and requires that manufacturers provide safety markings with essential information for safe
use. Within this framework, the European standards for electronic and non-electronic
products in potentially explosive atmospheres must be followed, as they outline a detailed
and comprehensive marking specification to be used as an addition to the mandatory ATEX

marking. (ATEX 2014/34/EU Guidelines, 2024)

Standard “Explosive atmospheres - Part 0: Equipment - General requirements” (SFS-EN
IEC 60079-0:2019) governs the marking method for Ex equipment. The Ex-marking is used
with mandatory ATEX marking (Chapter 4.3.2), and it is determined separately to gas and
dust atmospheres. Marking starts with the letters Ex, which means equipment to have one or
more types of protection (SFS-EN IEC 60079-0:2019). The following paragraphs outline the
requirements for the Ex marking by category for both dust and gas atmospheres. This chapter
first introduces vital aspects of ATEX safety and then provides a comprehensive overview

of Ex marking, focusing on equipment categories 2 and 3 in dust and gas environments.

Note for the reader: the following chapters concentrate only on the most relevant part of the
standards from the viewpoint of the PCP field. It is good to be aware that the following
paragraphs only represent the author's interpretation of standards. Thus, quoting texts is not
recommended, nor taking texts out of this context. Focus area is on three following
standards: Explosive atmospheres — Part 0. Equipment — General requirements (SFS-EN
IEC 60079-0); Explosive atmospheres part 36: Non-electrical equipment for explosive
atmospheres. Basic method and requirements. (SFS-EN ISO 80079-36); and Explosive
atmospheres. Part 37: Non-electrical equipment for explosive atmospheres. Non-electrical

type of protection constructional safety “c”’,

immersion “’k’’ (SFS-EN ISO 80079-37). It should be noted that other harmonized standards

control of ignition sources “b’’, liquid

relate context entity ATEX-classification for non-electrical equipment and assemblies.
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4.4.1 Equipment Grouping

Since the total harmonization of the EU, the standard SFS-EN IEC 60079-0 aligns with the
principles of the ATEX directive. The grouping of equipment is comparable: Group I is for
mines, group II is for explosive gas atmospheres other than mines, and group III is for
explosive dust atmospheres, other than mines. However, the standard provides a more
detailed classification for these groups. Group Il is subdivided according to the nature of the
gas atmosphere, as presented in Table 7. (SFS-EN ISO 80079-36)

Table 7 Equipment of Group II subdivisions by nature of gas (SFS-EN ISO 80079-
36).

ITA IIB IIC

propane gas ethylene gas hydrogen gas

The subdivision is determined by assessing the maximum experimental safe gap or the
minimum igniting current (MIC) ratio of the explosive gas atmosphere where the equipment
may be installed. The MIC ratio refers to the minimum current required for ignition. IIC
hydrogen is the strictest class, and only the IIC classification is suitable for it. However, IIC
can be applied if the required class is IIA propane or IIB ethylene. Similarly, IIB is
appropriate for ITA, but the latter one is suitable only for propane gas. (SFS-EN IEC 60079-
0)

Similarly, group III is divided based on the nature of the explosive dust into categories
outlined in standard SFS-EN IEC 60079-0 (Table 8). Classification is based on flyings, non-
conductive, and conductive dust. The same principle applies as in group II subcategories;
IIIC is the strictest group and therefore suitable for applications in both IIIA and IIIB, but
IITA is only applicable to the IITA class. (SFS-EN IEC 60079-0)
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Table 8 Equipment of Group III subdivisions by nature of explosion dust (SFS-EN
ISO 80079-36).

[ITA I11B IIC

) ) ) flyings, non-conductive dust and
flyings flyings and non-conductive dust )
conductive dust

4.4.2 Ambient temperatures and the maximum surface temperature

Pumps in gas (Group II) ATEX facilities must be classified by temperature class, which
relates to the maximum surface temperature that can occur on the machine. Pumped liquids
impact the pump’s surface temperature, along with heat generated by bearings and low flow
rates. Therefore, pumps in dust ATEX facilities are classified based on the maximum
allowable surface temperature. (Europump, 2019) Equipment with a surface temperature
greater than 80% of the autoignition temperature of the gas should not be installed (Ex
testing, 2024). Consequently, pumps require test measurements under various conditions and
in cases of malfunction. A crucial aspect of the ATEX risk assessment is determining the

ambient temperature and the maximum surface temperature.

Normal ambient temperature is defined to be from -20 °C to +40 °C in SFS-EN IEC 80079-
36. The ambient temperature range does not need to be marked if it remains within the
specified limits. Otherwise, the marking must include the symbol, , along with both the

upper and lower ambient temperatures to indicate special equipment. (SFS-EN IEC 60079-
0)

The maximum surface temperature of the equipment must be determined as part of the
ignition source assessment. It refers to the highest surface temperature adjusted by a safety
margin defined in SFS-EN ISO 802079-36, separately for all ATEX groups. Temperature is
defined under the most adverse conditions, when the most unfavorable load is present.
Determining the maximum surface temperature must include the requirements of the
equipment protection level (EPL) in question. The equipment protection level is discussed
more accurately in Chapter 4.4.3. The maximum surface temperature can be determined by

measuring or calculating in the most adverse conditions for which the equipment is designed,
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and at the maximum ambient temperature. Group II equipment in potentially explosive
atmospheres caused by gas maximum surface temperature cannot reach the classification
limits presented in Table 9; alternatively, it should be defined by surface temperature, or the
auto-ignition temperature of the specific gas must not be exceeded. (SFS-EN ISO 80079-36)

Table 9 Maximum surface temperature classification for group II equipment
according to standard SFS-EN ISO 80079-36.

Tl <450
T2 <300
T3 <200
T4 <135
TS <100
T6 <85

The higher number in the temperature classification is suitable for lower classifications. For
instance, the T6 class is suitable for all aforementioned classes from T1 to T6, but the T2
classification is only suitable for classes T1 and T2. Therefore, the T6 class is the strictest to
achieve. However, if the maximum surface temperature depends on operating conditions
rather than the equipment itself, information must be provided in the instructions.
Additionally, the equipment should include a marking of the temperature class range or a
specific temperature range. Group III equipment is defined by the actual maximum surface

temperature. (SFS-EN ISO 80079-36)

4.4.3 Equipment Protection Level

Equipment Protection Level (EPL) is based on equipment’ likelihood on how potentially it
will become an ignition source, distinguishing differences between explosive atmospheres
in gas and dust areas, as well as in mines susceptible to firedamp. There are eight different
EPL categories, of which two, Ma and Mb, are for mines, while the rest are for other
equipment in explosive atmospheres. EPL categories for equipment other than mines are

divided into gas (Ga, Gb, Gc) and dust (Da, Db, Dc) categories, as indicated by the first
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letters. (SFS-EN IEC 60079-0) Another general rule is that if the EPL category name
includes the letter ‘a’ (such as in Ma, Ga, and Da), it indicates a very high level of protection.
The letter ‘b' represents a high level of protection, while the letter ‘c’ for having an enhanced
level of protection. (SFS-EN IEC 60079-0) Ma and Mb have stricter rules, as the mining

industry demands a higher level of explosion safety.

EPL Ma equipment is installed in mines susceptible to firedamp. A very high level of
protection is needed, which means need for sufficient security, that it is unlike to become an
ignition source in normal operation, expected malfunctions, or rare malfunctions, even when
the equipment remains energized. EPL Mb equipment is also intended for mines and has a
high level of protection, with the equipment being de-energized in the event of a gas
outbreak. Sufficient security is needed, and it is unlikely to become a source of ignition
during normal operation or expected malfunctions in the timetable between a gas outbreak

and the de-energizing of the equipment. (SFS-EN IEC 60079-0)

EPL Ga and EPL Da have only one difference; one is for dust and the other for gas
atmospheres. Both Ga and Da have a very high level of protection, which demands that the
equipment be safe in normal operation, during expected malfunctions or in rare
malfunctions. EPL Gb and Db are for equipment which are safe and not the source of ignition
in normal operation or expected malfunctions. EPL Gc and Dc are for equipment in normal
operations, and those may have additional protection to ensure remaining inactive as an
ignition source or regular expected occurrences. EPL defines the scenarios that must be
assessed to avoid ignition hazards. Table 10 presents the relationship between Directive

2014/34/EU, equipment protection level, and ATEX zones. (SFS-EN IEC 60079-0)
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Table 10 Summary of ATEX Equipment directive together standards including
equipment protection level relationships for other ATEX environments than
mines (EN 80079-36.2016).

2G II Gas Gb 1

3G Gce 2
1I

1D Da 20

2D IIT Dust Db 21

3D Dc 22

4.4.4 Non-electrical type of protection

The standard “Explosive atmospheres. Part 37: Non-electrical equipment for explosive
atmospheres. Non-electrical type of protection constructional safety ‘c’, control of ignition
sources ‘b’, liquid immersion ‘k’ SFS-EN ISO 80079-37:2016)” sets requirements for non-
electrical equipment design and structure for usage in potentially explosive atmospheres. It
is essential to notice that the standard SFS-EN ISO 80079-37:2016 complements and
partially modifies the previously presented standard SFS-EN ISO 80079-36.

Constructional safety refers to ignition protection where construction measures are applied.
This means it is safeguarded against ignition from sparks, hot surfaces, and adiabatic
compression generated by moving parts. Control of ignition sources serves as ignition
protection, where non-electrical equipment is used alongside mechanical or electrical
devices to reduce the risk of ignition through monitoring, such as sensors. Liquid immersion
enhances explosion safety by partially or fully submerging the equipment in a protective
liquid. This chapter briefly focuses on the main requirements of construction safety ‘c’ and
the control of ignition sources ‘b’ from a PCP perspective. It should be noted that before
choosing to protect equipment as the standard dictates, an ignition hazard assessment must

be conducted. (SFS-EN ISO 80079-37:2016)
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The aim of controlling ignition sources is to use simple systems for as long as possible to
achieve the required protection level. A simple system can be a sensor with a warning light,
for instance. The manufacturer must determine control parameters through type testing or
calculation if they choose to utilize protection type ‘b’ to reduce ignition sources. The
manufacturer needs to identify each critical value concerning safety. From the perspective
of monitoring ignition sources, the set points must be provided in the instructions of the
controlled device and marked as critical. Examples of determined critical control parameters
include maximum surface temperatures generated by the machine, maximum allowable
over-pressure, and maximum allowable vibration. Additionally, the performance
requirements and operating characteristics of the ignition prevention system must be
established, including sensor response times, and included in the instructions. The standard
also presents ignition protection types bl and b2, which define the relationships between
group II-III equipment and the necessary control system with ignition protection types. (SFS-

EN ISO 80079-37:2016)

Constructional safety ‘c’ provides general requirements for equipment. The most important
requirements are for gland packings and lubricated seals from a PCP viewpoint. If the packed
gland is used, the manufacturer gives instructions on how to limit the maximum surface
temperature or alternatively provides an automatic means to control it. Lubricated seals must
ensure a sufficient amount of lubricant. If that is not possible, the manufacturer must provide
a monitoring means to track the amount of lubricant, or detect temperature rise, or design
the equipment to bear a dry run test. Additionally, equipment lubricants must consider the
auto-ignition temperature. Lubricants must bear at least 50 K higher temperature than the

maximum surface temperature of the equipment. (SFS-EN ISO 80079-37:2016)
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4.5 ATEX Marking Standard

The ATEX marking is specified in standard SFS-EN ISO 80079-36:2016 for non-electrical
equipment. Since the legal marking part should not be mixed with the optional additions
determined in the standards, the combined marking in Table 11 distinguishes the markings.
This chapter briefly and simply focuses on ATEX marking.

Table 11 Combined ATEX marking for gas and dust atmospheres. The legal marking
part is on the left, whereas the additional marking part is on the right.

CE | @ 1l 2 G Ex h 1c T6 Gb

c € 1234 @ 1I 2 D Ex h IIIC T85°C Db

After the legal part, the standard type marking begins with the symbol ‘Ex’ and a level of
protection ‘h’. Next is the equipment group specification, including any relevant
subdivisions. Then the temperature class or the maximum surface temperature for group II
is added. Additionally, the maximum surface temperature in degrees is marked for group III
equipment. The EPL section presents the protection level, such as Gb, Ge, Db, or Dc as

appropriate. (SFS-EN ISO 80079-36:2016)
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5 Risk Assessment

Safe use of machinery is a crucial subject in the context of traditionally understood
chemicals, process accidents, and construction work within occupational safety and health.
Machinery safety requires efforts from both manufacturers and users. Manufacturers must
provide safe machinery by ensuring a sufficiently safe design and construction. Products
released to the market must include appropriate safety information and guidance. At the end-
user’s location, it is essential to minimize risks and ensure the controlled use of the

machinery under the employer's responsibility. (Jespen, 2016)

Geitner & Bloch (2006) define hazard as the source of harm, which can be experienced by a
certain possibility called risk. Hazard and risk assessment of machinery features are used to
identify harm or threat that could affect the safety of the environment, personnel, or property.
To define and estimate risk, the following questions need to be answered (Geitner & Bloch,

2006):

“What can go wrong?
How likely is it to go wrong?

What are the effects and consequences?”’

By answering these questions, a series of accidents or incidents are recognized, the
probability of given scenarios is estimated, and the extent of damage is determined. (Geitner
& Bloch, 2006) Hence, a comprehensive risk assessment is needed to avoid hazards. To
determine if the product holds a serious risk, an appropriate and coherent risk assessment is
needed. The nature of the hazard and the likelihood of its occurrence need to be considered

by a comprehensive risk assessment. (Regulation (EC) No 765/2008, 2008)

Afterall, risk reduction is done by prevention and protection after risks are defined. Risk
analysis for explosive atmospheres is done according to demands from SFS-EN ISO 80079
series part 36 “Non-electrical equipment for explosive atmospheres. Basic method and
requirements” and 37 “Non-electrical equipment for explosive atmospheres. Non-electrical
type of protection constructional safety ‘c’, control of ignition sources 'b’, liquid immersion

rkJn
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Additionally, risk assessment for non-electrical equipment used in potentially explosive
atmospheres is governed by SFS-EN 15198 Methodology for the risk assessment of non-
electrical equipment and components for intended use in potentially explosive atmospheres
(2008), and SFS-EN ISO 80079-36 Non-electrical equipment for explosive atmospheres -
Basic method and requirements (2016). Specific sections refer to SFS-EN IEC 60079-0:2019
Explosive atmospheres - Part 0: Equipment - General requirements. The following chapters
first focus on ignition and explosion condition necessities, after which prevention is briefly
discussed to frame the risk assessment for equipment used in potentially explosive

atmospheres. The aforementioned standards provide the background for this assessment.

Machinery risk assessment is a logical process that includes a systematic way to identify,
analyze, and evaluate risks associated with processes. The limits of machinery need to be
specified, which include its characteristics and performance. Notably, foreseeable misuse

must be considered alongside intended use in the assessment. (Jespen, 2016)

Csaszar et al. (2024) emphasize that even products classified as ATEX-safe, explosion
protection characteristics can be affected due to several parameters, such as incorrect
installation, incorrect selection of equipment, and failure of inspection operations. Risk
assessment should consider speed and power of moving parts, seal types, lubrication, and

bearings (Jespen, 2016).

5.1 Preventing Explosions & Fire

To fully understand the principles of explosion and fire, the fire triangle and the explosion
pentagon are beneficial. The required elements for fire to ignite are fuel, oxidant, and ignition
source. If one element is not present, an ignition cannot happen. (Ramamurthi, 2023) It is
essential to notice that, by removing one of the three, the fire hazard will be eliminated.
Followingly, an explosion hazard occurs when the fire triangle is combined with
confinement and dispersion at the same time, leading to an explosion pentagon. Dispersion
means that fuel and oxygen are being premixed in the right proportions. When dispersion is
sufficiently confined for rapid energy release, temperature increases, and at the same time,
pressure rises significantly. Heat transfer happens rapidly, allowing an explosion to form.

(Jespen, 2016) The fire triangle and the explosion pentagon are presented in Figure 7.
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Figure 7 Fire triangle and explosion pentagon (Jespen, 2016).

5.2 Explosion parameters

Materials that can generate an explosive atmosphere are divided into four groups: flammable
gases, flammable liquids, flammable mists, and flammable dusts. Flammable gases are
typically compounds of hydrogen and carbon, which require only a small amount of energy
to start a reaction with atmospheric oxygen. Also, ammonia is part of this group. Flammable
liquids (vapors) are usually hydrocarbon compounds that can create an explosive atmosphere
at room temperature if sufficient quantities appear near the surface, causing a change to
vapor. Flammable mists can ignition from spraying a flammable liquid consisting of small
droplets with a large overall surface area. Flammable dusts are generally particles of organic
materials with diameters less than 0.5 mm that can burn if evenly divided and dispersed in
sufficient concentrations in the air. Additionally, some metals or non-metallic inorganic

materials can be classified as flammable dusts. (Jespen, 2016)

It should be noted that explosive atmospheres generated by gas and vapor, compared to those
generated by dust, have major differences due to their distinct natures. For instance, dust
first creates a cloud, which will settle over time. However, dust remains with the potential
to be stirred up again, forming a flammable cloud. Gas and vapors are likely to explode only
when the lower explosive limit (LEL) is exceeded. (Jespen, 2016) The following chapter

focuses on explosion risk parameters for gases and dusts separately.
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5.2.1 Gas & Vapour Explosion Risks

Gas explosion risk concerns three vital parameters, which are flash point, explosion limits,
and density. Parameters are used in hazardous area classification. Table 12 presents

examples of gas and vapor explosion parameters. (Jespen, 2016)

Table 12 Examples of gas explosion parameters. Modified after Jespen (2016).

Acetylene 0.9 Gas 2.3 100 305 IIC
Butane 2.1 Gas 1.4 9.3 372 ITA
Carbon

0.97 Gas 11 74 607 1IB
monoxide

Hydrogen 0.07 Gas 4 77 560 IIC

The flash point (T) refers to the volatility of a flammable fluid, and it determines the extent
of rapid vapour formation. Explosive limits determine the concentrations of gas concerning
ignition. The lower explosive limit (LEL) is the minimum concentration of gas or vapor at
which the flame can spread after ignition. The upper explosive limit (UEL) is the maximum
concentration that enables flame propagation following ignition. Explosion limits are
affected by temperature and pressure increase, leading to the limit range widening. Both

LEL and UEL are percentages of the limit of explosions.

Relative density ratio refers to the behavior and movement of vapor. If relative density is
higher than 1, vapor tends to settle, whereas vapor rises and mixes with air slowly if the
density is under 1. The table also presents the auto-ignition temperature Tiz, which

determines the lowest temperature where spontaneous ignition might occur. (Jespen, 2016)
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5.2.2 Dust Explosion Risk

Dust explosion risk parameters contain minimum explosive concentration, minimum
ignition energy, minimum ignition temperature, layer ignition temperature, maximum
explosion pressure, and maximum rate of pressure rise. The minimum explosive
concentration (LEL) determines the lowest concentration at which the dust is ignitable. Most
of the dusts have an LEL range of 20-60 g/m>. The minimum ignition energy (MIE) is a
measure of spark sensitivity. It helps to assess static and mechanical ignition sources.
Typically, the range for dusts is 10-100 mJ. Dust risk parameters concerning temperature are
minimum ignition temperature (Tig) which refers to the lowest surface temperature that
ignites a dust cloud and layer ignition temperature (Ts). The layer ignition temperature
determines the lowest temperature at which a 5 mm thick dust layer ignites. The maximum
explosion pressure (Pmax) refers to the enclosed explosion’s highest explosion pressure.
Lastly, the maximum rate of pressure rise is the highest rate of pressure rise. It is formed by
an enclosed dust explosion. (Jespen, 2016) Table 13 presents examples of the

aforementioned dust explosion parameters for wood dust and cellulose dust.

Table 13 Dust explosion parameter examples. Modified after Jespen (2016).

Wood dust 30-60 8.9-10.5 130-190 420-520 310

Cellulose 125 8.9 56 480 270

The dust explosion parameters depend on the physical properties of dusts, such as particle
size distribution so previous table should be used only as an illustrative example.
Additionally, the flash point presented in vapor explosion risk parameters is not applicable

for dust explosion risk. (Jespen, 2016)
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5.3 Risk Assessment Methodology

An ignition hazard assessment is a formal documentation that identifies all potential ignition
sources. The assessment considers ignition sources during normal operation, expected
malfunctions, and rare malfunctions of the machinery. Even though there is no specific
manner to conduct the ignition hazard assessment, the standard SFS-EN ISO 80079-36:2016

describes a way to conduct the analysis by following these five steps:

1) Identification and analysis of ignition hazards and their causes
2) Preliminary ignition hazard estimation and evaluation for hazards

3) Reducing the likelihood of an ignition hazard by determining protective
measures

4) Final estimation and classification of ignition hazards after containing protective
measures.

5) Determination of the Equipment Protection Level (EPL)
The first step, identification of ignition hazards, generates a background of all applicable
hazards related to the equipment. A list of potential ignition sources is observed, and
subsequently, each possible ignition source is determined with a brief description. Non-
present ignition sources can be ignored, and ignition sources are assessed without protective
measures. Then, ignition sources are considered separately, reflecting which conditions may
cause the ignition hazard in question. At the same time, operating conditions, structural
variations, and the mutual effects of parts are considered, assessing how often the hazard in
question may become active. Ignition sources are for instance hot surfaces, flames, and
mechanically generated sparks. (SFS-EN ISO 80079-36:2016) It should be noted that in
potentially explosive atmospheres, self-ignition of dusts is also classified as ignition sources

(SFS-EN 1127-1:2019).

The determination of protective measures is necessary if the equipment poses an ignition
risk and therefore, an appropriate level of equipment protection must be achieved. The goal
is to define measures in such a way that ignition sources cannot become effective. Another
option is to reduce the likelihood of ignition to an acceptable level. The assessment should
include a description of the measure, references to standards, technical rules, and
experimental results known from literature. Also, technical documentation that provides
evidence of relevant features from the measures needs to be applied. This documentation

should cover equipment specifications, including technical descriptions, drawings, test
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results, certificates, and a determination of the safe operation, for instance. It is important to
note that protective measures mean a broader sense, which includes all measures during
putting into service, maintenance, operation, warning notices, and so on, aiming to reduce
the likelihood of ignition sources becoming effective. Protective measures should not be
confused with types of protection, which are generally a subset of the measures. (SFS-EN

ISO 80079-36:2016)

After these, the ignition hazard estimation and categorization are concluded. Each ignition
hazard is assessed regarding the frequency of its occurrence and the measures determined in
the previous step. By doing so, each hazard will result in categorization to the EPL (see
chapter 4.4.3). However, some restrictions regarding intended use are often necessary, such
as maximum surface temperature or limitations for single substances. When every ignition
source is assessed individually, the resultant EPL represents the worst-case scenario of all
individual categorizations summarized. (SFS-EN ISO 80079-36:2016) By completing the
assessment, risks are identified and summarized in a comprehensive layout. The risk

assessment is summarized in Figure 8.
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Figure 8 Ignition risk assessment for equipment or component modified from SFS-EN

15198 (2008).

Ignition risk assessment can be understood as a cycle that keeps rolling until equipment
conformity is achieved. It all starts with product basics, such as description and lifetime, and
then proceeds to risk assessment (green base in Figure 8). If the intended safety level is not
achieved, the assessment starts again from the basics to identify the root cause of not

achieving equipment conformity.
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EXPERIMENTAL PART

This chapter presents PCP risk assessment, testing, and ATEX classification by applying the
EU law and standards. The experimental part is conducted to test whether the pump can be
used in explosive atmospheres and to determine if adjustments are needed to achieve the
required safety level. Firstly, a risk assessment is conducted to determine the necessary
experiments, after which tests are performed, leading to the results of the PCP explosion

safety and ATEX classification.

It should be emphasized that these tests are preliminary, therefore, the test pump does not
include all ATEX conformity components. Thus, tests must be conducted carefully and
repeated once suitable components are utilized. This experimental part can only be
considered indicative of the results. In the following sections, testing is discussed in more
detail, along with the modifications the pump needs to be suitable for the ATEX

environment.



6 Risk Assessment for the Progressive Cavity Pump

An initial assessment for the PCP was conducted in accordance with the requirements of
SFS-EN ISO 80079-36:2016, resulting in a list of potential ignition sources categorized by
different ignition mechanisms, as listed in Table 14. Generally, the significant risks for PCP

are hot surfaces, mechanical sparks, flames, static electricity, and chemical reactions. In this

step, all kinds of ignition source risks are considered, and no limitations are made.

Table 14

Initial assessment of non-electrical PCP related ignition sources modified

from SFS-EN ISO 80079-36:2016.

Hot Surfaces Yes PCP has many possibilities for generating hot surfaces; the most
important aspect is dry running.

Mechanical Sparks Yes PCP has metallic parts, which can lead to friction and sparks.

Flames & Hot Gases Not present.

Outside No
Dry running can ignite the pump.

Inside Yes

Electrical Sparks No Out of scope.

Stray Electric Currents No Not present.

Cathodic Corrosion No Not present.

Protection

Static Electricity Yes Static electricity can form in various situations, such as during
cleaning or when using non-conductive materials in the PCP.

Lightning No Not present.

Electromagnetic Waves No Not present.

Ionising Radiation No Not present.

Ultrasonic No Not present.

Adiabatic Compression No Not present.

Chemical Reaction Yes Possible with different process mediums and process conditions.

Other No No other ignition sources.
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The next step dives deeper into specific potential ignition sources, and every recognized risk
is managed separately. This part aims to describe the core causes and assess the frequency
of occurrence without employing any preventive measures. The assessment was conducted
with the assistance of a PCP team at Valmet, focusing on carrying out a comprehensive risk
analysis. Only relevant risks are taken into account. Table 15 presents the ignition hazard
analysis when the potential ignition source is caused by hot surfaces. Table 16 presents an
analysis of potential ignition sources that include flames, hot gases, mechanically generated

sparks, static electricity, electrical equipment, or other ignition sources.
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Table 15 Ignition Hazard Analysis when hot surfaces cause potential ignition source.

a b a b ¢ d e
o 3 = (=} (=} =
. D tion of th = 28 28
Potential escription of the basis g £ s g 2 §
ignition cause S s E 3 E e E 3 Reasons for risk assessment
source Which conditions originate 2 g, £ = Bl =
the ignition hazard? E e SE|B8E| g
=)
The main seal is dry The main seal is lubricated
and generates during normal operation. The
excessive heat. Two access of the lubricant to the
Hot . . .
1 surfaces seal options: a) gland seal is blocked, or there is no
packing lubricant at all, or only tiny
b) 2-acting amounts of it, which is a

mechanical seal.

foreseeable situation.

Friction between
moving and static
parts in
a) gland packing seal
b) 2-acting
mechanical seal
generates heat.

Heating caused by friction in
normal operation is common.
Missing lubricating fluid is a
predictable consequence of
normal leakage rates.

Gland packing seal
heats due to
excessive tightening
torque.

Gland packing heats up due to

incorrect installation. The pre-

tightening must be done before
start-up and final tightening
when the pump is operating.

Dry running of the
pump when there is
only a little or no
medium at all causes
excessive heat.

Uncontrolled heating inside and
outside of the pump when the
medium is missing during a
foreseeable malfunction is an
expected scenario.

Heating from the
internal parts of the
pump is caused by a
foreign object inside

the pump.

A foreign object inside the
pump causes additional heat to
the pump and prevents the flow

of the medium.

Medium temperature
affects the surface
temperature of the

pump.

The temperature of the pumped
medium can significantly affect
the surface temperature of the
pump, or the medium can be
hotter than allowed.

Mechanical parts of
the articulated shaft
wear out.

The shaft rubber in the
articulated shaft may break.
Joint lubricant inside the shaft
rubber can escape and cause
more friction to the joints.
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continued. Ignition Hazard Analysis when hot surfaces cause potential ignition
source.

a b a b c d e
5 9 S 0 =1 o = =
Potential Description of the basis g é % % g % §
ignition . cause - 58 | E 3 g| 25 v Reasons for risk assessment
cource Which conditions originate s | £8 £l ES =
the ignition hazard? E o S gl & e
o
The discharge side of
the pump is blocked, An unintended medium blocks
resulting in a X the pump, or the valve is
significant rise in closed.
temperature.
An unintended medium is
h
The stator swells, pump stlonine stat.or
.. . experiences heat, causing the
leading it to break into
. stator to swell, and become
pieces because of X . . .
. fragile as time goes leading to
overheating or > . .
. . the stator breaking into pieces
chemical reaction. . ..
leading friction amount to
change.
The layer of dust that
accumulates on the If proper cleaning is not
surface of the pump X arranged, dust might cause
can be a source of ignition hazards.
ignition
. . The maximum temperature in
Losses dissipate into .
heat X the pump during normal
) operation.
The maximum temperature in
. th ri 1
Mechanical energy ¢ pump .du. ng forma
. . X operation. Frictional losses due
dissipates into heat.
to pump contact and pumped
medium viscosity.
If the pump stops
operating due to a
malfunction and the ]
. If the pump is not cooled after
process medium is not .
a malfunction, the surface
present, the surface X .
) temperature might be an
temperature will ...
. . 1gnition source.
continue to rise after
the pump is shut
down.
The stat . .
. O KT TIovTT Migration of the rubber
surfaces detaches from the ; -
! . X material with the pumped
and static | metal shell, which may . . -
- . medium. Possible heating.
electricity cause overheating.

Hypothetically, the most severe risks in hot surfaces as ignition sources are dry running of

the pump, dry main seal, and friction. Most of the listed risks occur during normal operation

or a foreseeable malfunction.
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Then, other ignition sources were investigated in more detail, including flames and hot gases,
mechanically generated sparks, grounding, static electricity, electrical equipment, and other
potential ignition sources. The assessment does not consider electrical equipment, sensors,
or other pump assembly parts other than those related to the PCP body itself. However, these
are mentioned in the risk analysis as a sign that these risks have been identified, although

they are not relevant to the pump manufacturer.

Static electricity holds a significant risk in the pump assembly during normal operation. Most
of the risks associated with static electricity can be eliminated by selecting appropriate

materials, ensuring proper grounding, and following other relevant guidelines.
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Ignition Hazard Analysis when the potential ignition source is caused by
other than hot surfaces.

a b a b c d e
TVS -
Potential Description of the basis g g " _—% ,§ § ,§ §
S cause s B g o 2 2 5] q
ignition . .. .. S Z o & o E - Reasons for risk assessment
Which conditions originate 2 g 5 8 & -2 & &
source the ignition hazard? _g ° S g 3 g =
The pump’s possible
) Flames and Chemical reaction X mediums are limited and
hot gases inside the pump. assessed on a case-by-case
basis.
Mechani- The articulated shaft bangs
The articulated shaft against the suction pipe,
cally .
3 detached from the X generating sparks when
generated . . .
rotor, causing sparks. proper installation has been
sparks
neglected.
Breaking of the drive A single impact spark might
shaft generates a X cause ignition in rare
single impact spark. malfunction conditions.
Rusting is caused by the wear
of the coating before the
Pt ol fhe aier pump is stored. The risk of
X sparking occurs when a
causes sparks. )
rusted rotor rubs against a
worn-out stator’s metallic
shell.
The joint of the articulated
The joint of the X shaft rubs when the joint
articulated shaft rubs. rubber is broken and there is
no lubrication.
The stator rubber
(EIEO from.the The rotor bangs against the
metal shell, leading to X X . .
stator’s metallic shield.
metal-to-metal
contact.
Joint rubber’s A hose clamp rubs against the
preformed clamps are < suction pipe, which might
poorly tightened or cause sparks. Happens after
not tightened at all. neglecting proper installation.
. The pump body may charge
Static . .
4 . Pump body charges. X during normal operation due
Electricity . .
to material selection.
Stator rubber might charge
Stator rubber charges. X oy nprmal operatl.on,
depending on material
selection.
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Continued. Ignition Hazard Analysis when potential ignition source is caused
by other than hot surfaces.

a b a b c d e
9 .0 9 S o =1 o S =
Potential Description of the basis g £ 0d 2 t e §
ignition cause N £8 E ODE 3 Reasons for risk assessment
Source Which conditions originate 50 2 = £ & E
the ignition hazard? _% S S g S g g
Gland packing might be
4 Gland packing is . insulating in normal
non-conductive. operation, depending on
material selection.
. . The material must be
2-acting mechanical . .
S X conductive and suitable for
: ATEX areas.
The stator and the joint
Stator rubber . J
. X rubber material must be
material. :
conductive.
Cleaning pump Cleaning with a dry cloth
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Electrical equipment is a crucial part of the assembly, and it poses a serious risk in the ATEX

environment. The standard pump does not have any sensors; however, adding sensors to an

ATEX pump helps to prevent ignition from happening if engineered and designed correctly.
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After the risk analysis, tests are conducted one by one for a standard PC pump under various
conditions. Some risks can be reduced by correct installation, instructions, maintenance, and
by determining intended usage for PCP, and therefore are not being evaluated. One crucial
aspect is determining chemical compatibility, although the pump manufacturer must be in
close contact with the customer to address the risks of chemical reactions or blockages in
the pump. This work does not present applied measures preventing the ignition source from
becoming effective, nor the frequency of occurrence, including measures. The risk
assessment is done internally in Valmet, but it will not be entirely published due to
confidentiality reasons. However, the need for tests is identified after risk analysis, which is
presented earlier in this chapter. Some tests and the following steps to achieve ATEX

classification are being discussed later in this work.

7 Progressive Cavity Pump Laboratory Testing

Tests were conducted using the Flowrox Progressive Cavity Pump E35, where the number
35 indicates the pump size. The test pump had various assemblies depending on the test type.
The stator rubber was a nitrile rubber (NBR) or a fluoroelastomer (FPM), and the rotor was
hard chromed stainless steel. The suction pipe was painted with structural steel. Gland
packing and 2-stage mechanical seals were both used. Gland packing was used in normal
operation tests and malfunction tests of gland packing. The 2-stage mechanical seal was used
only in its malfunction test. Shafts and seal housing were black-nitrated. The dual-acting
mechanical seals were stainless steel. The test pump unit’s technical specification is

presented in Table 17. An inverter drives the gear motor.
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Table 17 Valmet Flowrox™ Progressive cavity laboratory test pump and SEW-
Eurodrive gearmotor specification (Valmet, 2024b; SEW-Eurodrive).

Manufacturer Valmet
Model E35/10
Pump Weight 350 kg
Maximum flow 26,6 3/
Maximum pressure 10 bar
Maximum viscosity 30000 cp
Manufacturer SEWEurodrive
Model FAF77 DRN132L4/TF
Motor power 9.2 kW
Voltage 400 / 690 A/Y
Gear motor | rpm (motor; gear) 1470; 285
Frequency 50 Hz
Cos ¢ power factor 0.77
Gear ratio 5.16
Thermal class 155(F)

The test environment lacked temperature and humidity control options. All tests were done
at room temperature on a scale of 18-20 °C, and therefore, tests were not done in maximum
ambient temperature as examination would require. Tests were conducted with maximum
and minimum frequencies, which in this scenario are 50 Hz (maximum pump speed) and 20
Hz (minimum pump speed). The latter frequency is the lowest possible frequency without
an extra fan. If the motor is running below 20 Hz for an extended period of time, the
mechanically operated fan does not cool the motor enough, causing the motor to heat up and
most likely trip over time. When the pump assembly is operated at 50 Hz, the motor rpm is
1470 while the gear and pump rpm are 285. Likewise, when the pump is operated at 20 Hz,
the motor rpm is 588, and the gear and pump unit rpm are 114.

The test pump was not fully ATEX compatible because the goal was to assess how the
standard PCP would perform in harsh conditions, and adjustments are being made based on
the results. Therefore, measurements do not lead to instant ATEX classification results and
should be repeated with a proper pump including ATEX-suitable components. The pump

itself is relatively old, and there may be peeling-off paint, which will affect resistance
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measurements. One crucial material in the pump unit is the elastomers used in the stator and
shaft rubber, which currently do not meet explosion safety requirements. Chapter 8 addresses

the necessary modifications to achieve ATEX classification.

The flow chart in Figure 9 illustrates the general test arrangement: the flow starting point is
a water tank, which leads to a knife gate valve for adjusting the water flow. Next is the test
pump, which connects to the returning pipeline with a manual ball valve at the end of the
pipe for pressure adjustment. It's important to note that the system does not include a heat
exchanger or exhaust for water. The same water circulates continuously within the system.
The total amount of water used in tests was approximately 284 liters, while the water

container's volume was 390 liters.

g Manual ball
Water tank - valve
Knife gate valve
Flow, flow temperature and
Progressive @ pressure sensors

cavity pump N

Figure 9 Process flow diagram for most of the tests. The same water circulates in the
system. After one meter of the pump is a flow and pressure sensor, after which
the pipeline rises vertically to a ball valve.

Laboratory testing for PCP was carried out by using sensors and data collection, as well as
manual measurements. Sensors are presented later in Chapter 7.2. Tests focused on electrical
conductivity measurements of the pump unit, expected malfunctions, and finding the most
severe conditions for the pump. The test medium was pure water. The following chapters
present conductivity measurements, sensor usage, data collection platforms, normal
operation, and various malfunction scenarios. The need for specific assessments was

identified in ignition risk assessment, which was presented in Chapter 6.
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7.1 Electrical resistance measurements

The aim was to determine if the pump assembly had charged or insulated conductive parts
in accordance with SFS-EN ISO 80079-36 requirements. Additionally, the objective was to
determine if there were any changes in resistance within the pump unit between the pump
parts. Measurements were made without equipotential bonding or grounding, and the pump
was not connected to the pipeline. The measurement was performed by dividing the pump
into section-based parts and measuring their individual resistance and the resistance of the
complete structure. The pump was also measured from end to end, from the motor fan
housing to the rotor. Measurement points were named in alphabetical order and are presented
in Table 18. The measurements were conducted to determine if the pump exhibited

resistance discontinuities that could pose an ignition risk.

Table 18 PCP measurement points described for electrical resistance tests.

Motor fan housing screw (measurement origin)

Motor to frame attachment

Seal housing

Suction pipe to stator attachment
Stator

Stator to support flange attachment
End of articulated shaft

Platform to factory floor attachment

Frame to suction pipe attachment

Support flange to the platform attachment

Rle|=|lZm|lQ|m|lm|g|a|=|»>

Rotor on the discharge side of the pump

The measurement points are presented in Figure 10. The pump was measured by using a
Fluke 114 True RMS Multimeter, which was last calibrated in November 2023. The device
was set to resistance measurement mode, and scaling was switched to manual mode to

measure ohms in the same unit of measurement scale.
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Figure 10 Electrical resistance measurement points in the pump assembly, modified from
Valmet (2025).

The measured resistance values are presented in Table 19. The highest measured value was
1.9 ohms between the motor fan housing (A) and the seal housing (C). The lowest resistance
value was 0.1 ohms from between the suction pipe to the stator attachment (D) to the support
flange (J). The end-to-end value was 0.6 ohms. The measured resistance indicates that the

material allows electric current to pass through, with no insulating parts detected.

Table 19 Resistance values, where A to K is the end-to-end value.
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Results are relatively close to each other. The contact surface of the probe might cause
discrepancies between individual measurements. The test pump is old, and paint might have
come off from some surfaces. Also, rust may affect results. It should be noted that the pump
assembly is not ATEX compliant, nor is the motor. Because of these reasons, measures must
be retaken with a fully compliant assembly. This means that materials must be suitable
according to ATEX principles. As a hypothesis, if components are ATEX-suitable,

measurement would have less variation.

However, the age of the test pump has been acknowledged, and measures to prevent
resistance disturbances in new pumps have been designed. As a safety precaution, grounding
wires will be installed on all ATEX PC pumps, as shown in Figure 11. Once the shaft
grounding system is added to the articulated shaft, it will prevent potential discontinuity in
conductivity caused by an oil layer in the gearbox when the pump is running. Additionally,
surfaces under all screws of the measuring points must be cleared of paint to establish metal-

to-metal contact and be lubricated with conductive grease to prevent corrosion.

Figure 11  Grounding points installed on the ATEX PCP for ensuring safety. I means
grounding wires from the shaft grounding system to the platform, II is
grounding wires from the stator to the platform. III is the place for a screw and
a washer in the platform, which connects grounding wires from I and II. The
washer under a screw ensures grounding contact. Pump assembly modified
from Valmet (2025).
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The purpose of the test was to highlight the importance of proper equipotential bonding and
grounding for PCP used in ATEX areas. The test helps prevent possible electrostatic
discharges by scratching the painting to create a metal-to-metal connection, applying grease,
adding grounding wires, and ensuring proper grounding. The inspection tests need to be
repeated after the pump has all ATEX components. The test needs to be conducted separately
for each manufactured ATEX PCP ensuring safety, reliability, and verifying the conformity
of the assembly. The stator rubber conductivity must also be measured with suitable

equipment for ensuring ignition safety.

7.2 Pump testing and data collection sensors

To measure and track pump behavior, sensors were attached to the pump, as shown in Figure
12. Surface temperatures of the stator were monitored using three different temperature
sensors, and temperature was tracked near to stator vibration sensor. Temperature
monitoring is critical in the ATEX field to determine whether the pump poses a risk of
ignition. The flow rate was measured one meter away from the pump outlet. Motor power
and torque were collected from a variable speed drive. Vibration sensors also tracked crest,
fatigue, friction, and impact to help identify any potential malfunctions indicated by changes

in vibration behavior.

For this occasion, a digital environment based on a LINUX industrial PC solution was
created. It relies on open-source data processing and databases. The sensor data is collected
from industrial sensors via the IO-LINK field bus. The sensor data is verified through
mathematical functions, transferred to the user interface, and stored as a time series in the
database. The data can be retrieved from the database to the user interface or downloaded as
a CSV file for further processing. All hardware components are commercially available
products, so only the software was customized for this purpose. The data recording interval

1s 500 ms.
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Figure 12 The PC pump in the monitoring system and sensor view (Valmet, 2024c).

Sensor specifications, such as the measuring range and unit, are presented in Table 20. The
flow sensor SA5000, manufactured by IFM, was used to simultaneously track flow and
temperature using the calorimetric measuring principle. The pressure was monitored by the
IFM sensor PN7514. Three temperature cable sensors, TS2759 (IFM), measured stator
surface temperatures. Two of the sensors were capacitive vibration sensors VVBO001 from
IFM. None of the sensors were ATEX classified, as they were only used to track data from

the laboratory test PCP.

Root mean squares (RMS) are used in vibration sensor data collection. v-RMS represents an
effective value of vibration velocity, which describes the overall condition of the machine
and machine looseness conditions. a-RMS is the effective value of acceleration that indicates
a constant mechanical load or rubbing, such as friction. a-Peak is the maximum acceleration
value that detects sudden shocks or bumps. Crest is the ratio between a-Peak and a-RMS,

indicating abnormal vibrations and the overall condition of the machine. (IFM, 2025a)



Table 20

61

Sensor types and functionalities modified after IFM (2025b).

SEW
motor speed SEW LTP-B - rpm | Tracks motor speed from the variable speed drive.
Calculates pump rotational speed from motor speed and gearbox
pump speed - - - rpm )
ratio.
motor power - - - kW Tracks motor power from the variable speed drive.
motor torque - - - % Track motor torque from the variable speed drive.
Ratio of the peak vibration amplitude (a-Peak) to the root mean
crest sl IFM VVB001 1...50 - square (RMS) value of the vibration signal in the stator.
Indicates abnormal vibration peaks.
Ratio of the peak vibration amplitude (a-Peak) to the root mean
crest s2 IFM VVB001 1..50 - square (RMS) value of the vibration signal in the gearbox.
Indicates abnormal vibration peaks.
Tracks how much wear the stator is experiencing. Based on the
fatigue s1 IFM VVB001 0...45 mm/s | effective value of the vibration velocity rate (v-RMS), it
indicates mechanical stress over time and machine load.
i Tracks how much wear the gearbox is experiencing. The
mm/s
fatigue s2 IFM VVBO001 0...45 effective value of the vibration velocity (v-RMS) indicates
mechanical stress over time and machine load.
flow IFM SA5000 - I/mi 1 Tracks the flow rate from 1 m of the pump outlet.
flow Measures temperature from the pump medium from 1 m of pump
IFM SA5000 -20...90 °C
temperature outlet.
Measures the average friction type of vibration level (a-RMS) of
friction sl IFM VVBO001 0...490 m/s? | the pump’s stator based on the effective value of the
acceleration.
o Measures the average friction type of vibration level (a-RMS) of
friction s2 IFM VVB001 0...490 m/ s? ) )
the gearbox based on the effective value of the acceleration.
Measures the sudden impact type of vibration from the stator. a-
impact sl IFM VVBO001 0...490 m/s? | Peak is the single highest vibration peak, which is a measure for
forces occurring on the machine.
Measures the sudden impact type of vibration from the gearbox.
impact s2 IFM VVBO001 0...490 m/s? | a-Peak is the single highest vibration peak, which is a measure
for forces occurring on the machine.
pressure IFM PN7514 -1...16 bar Measures pressure from the 1 m of the pump outlet.
temperature Measures temperature from the stator rubber surface, placed
IFM TS2759 -30...180 °C .
EXT 1 near to the suction pipe.
temperature Measures temperature from the stator rubber surface, placed in
IFM TS2759 -30...180 °C
EXT 2 the middle of the stator.
temperature Measures temperature from the stator rubber surface, placed on
IFM TS2759 -30...180 °C . .
EXT 3 the discharge side of the stator.
temperature sl IFM VVBO001 -30...80 °C Tracks temperature near the stator vibration sensor.
temperature s2 IFM VVBO001 -30...80 °C Tracks temperature near the gearbox vibration sensor.
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As tests were repeated and some components had to be changed to the pump, sensors needed
to be reinstalled. Each sensor setup was repeated and measured precisely in the correct
locations for normal operation and stator dry run tests. Sensors were installed at the same
depth. For instance, in Figure 13, stator surface temperature sensors (TS2759: temperature
EXT 1, 2, and 3) were consistently installed in the same numerical order at the highest points
of the stator, and holes were drilled through the steel to mount the sensors on the rubber
surface without damaging it. The stator sensors did not touch the process medium. Other
specific sensor locations are not detailed in this work but were outlined in the previously

presented Table 20.

':4
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LA

Figure 13 Laboratory PCP stator showing sensor assembly. The first sensor from left is
VVBO001, which measures stator crest, fatigue, friction, impact, and
temperature. The following three sensors are stator rubber surface temperature
sensors TS2759 named temperature EXT 1, temperature EXT 2, and
temperature EXT 3.

To ensure surface temperature correctness along sensors, Roline 307 digital thermometer
and InfriRay P2 PRO thermal camera were used. The camera has 12 pm infrared detector
and it was connected directly to a smartphone. The measurement range for InfiRay P2 PRO
is -20°C...600°C, with measuring error £2°C. (Infiray, 2025). The thermometer and camera
were compared, resulting in approximately a 10-degree difference. Values obtained from the
sensors’ temperature detection, thermometer, and thermal camera were not consistent, but

they were nevertheless parallel. While assessing the thermal camera, it was found that it is
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sensitive to reflections, for instance, the clear surface of the water tank reflected, so the
camera could not measure surface temperature accurately. However, this was considered

while measuring surfaces.

The collected data was treated to be appropriately handled before investigating results in
Excel. Generally, the time step was one minute, which meant that for one minute, the average
was calculated and stored as a collectible value, because many of the tests did not require
data as frequently as every 0.5 seconds. That means, for the test, the first starting value is
really the one that sensors give, and for the rest of the values, they are averages from the
wanted time period, which is typically one minute. For some tests, the time step needs to be
shorter than one minute, but the principle is the same: the collected value is the average from
the current time step. Each test separately indicates the time span of the measurement in

question.

7.3 Normal operating in most severe conditions

Normal operating tests were conducted under the most severe conditions to determine which
conditions are the most severe for PCP. As a hypothesis, the conditions were maximum
pressure with the highest possible flow and maximum counter pressure with the lowest
possible flow. According to Randall (2011), vibrations tend to change as speed and load
change, so to investigate PCP vibration, speed and load need to be constant. Therefore,
normal operation was tested using water as the process medium due to its non-lubricating
nature at maximum counter pressure (10 bar) and maximum frequency (50 Hz), which
generates the maximum speed of the pump. Tests were also conducted at maximum counter
pressure (10 bar) and minimum pump speed with a 20 Hz frequency. The highest
temperatures and vibrations can be achieved in either scenario. The lowest flow rate was
selected because heat generation needed to be investigated. When the pump assembly is run
with 50 Hz, the motor rpm is 1470 while the gear and pump rpm is 285. Likewise, when the
pump is used with 20 Hz, the motor rpm is 588, and for the gear and pump unit, the rpm is
114. Because a heat exchanger was not used the same water circulates in both test conditions
and heats over time. The test began with room-temperature water. The water flows

turbulently during normal operating tests.
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It was known before that medium temperature affects the pump surface temperature directly.
The test aimed to identify the most severe conditions and determine the hottest surface
temperatures of the pump assembly. Also, the maximum surface temperature needs to be
found out and to determine how much surface temperature depends on the process medium.
Vibration data was also collected in the tests to track natural vibration levels and later
compared with dry running tests. Both test scenarios with different frequency rates were

repeated three times to create comparable results.

7.3.1 Maximum counter pressure and maximum flow

Tests with maximum counter pressure and maximum frequency were conducted three times,
leading to comparable results. Tests were named as MAX I, MAX II, and MAX III. The
starting temperature was approximately room temperature in all cases, although it was never
precisely the same. Starting temperatures and the last temperatures for flow and stator
sensors are presented in Table 21.

Table 21 Flow and stator temperatures when maximum pressure and maximum

frequency tests were about to start (t=0) and when the test was stopped (t =
245 minutes).

Flow temperature 19,4 18,9 19,4
Stator temperature EXT 1 18,0 24,0 24,8
Stator temperature EXT 2 19,0 24,8 25,6
Stator temperature EXT 3 19,5 24,8 25,6

Stator temperature S1 17,0 24,2 253
[ Sensor.timet=24Smin |  Mast [  MaIl [ Mt |

Flow temperature 77,9 75,0 76,9
Stator temperature EXT 1 75,3 73,0 74,6
Stator temperature EXT 2 78,6 76,2 77,8
Stator temperature EXT 3 79,0 76,8 78,3

Stator temperature S1 59,6 58,1 60,0

Water was manually cooled after the tests. Since the tests were conducted on consecutive
days, the water temperature did not cool down and stabilize to the exact same value.

Consequently, the starting temperatures vary slightly between the tests. This variation is also
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evident in the MAX II and MAX III starting values, as the stators are much warmer than in
the MAX I. This is because when the water was cooled, the pump ran for a while, which
warmed up the pump. However, these temperature variations do not affect the comparability
of the results. The temperature of the medium impacts the surface temperature of the pump,
rather than vice versa, at low temperatures. Therefore, it was more important to make the

medium's temperature as similar as possible at the start of the test.

Tests were stopped when the flow temperature started to reach 80 °C (t = 245 minutes). Flow
temperature has a significant impact on the pump surface temperature in the stator.
According to sensor results, the hottest parts of the stator were closer to the discharge side
(EXT 3) while the stator inlet was cooler (EXT 1). One of the most apparent differences was
that sensor S1 was significantly cooler than the EXT temperatures, which is caused by the
sensor measuring location being 2 centimeters higher than the actual surface of the stator.

Additionally, the S1 (VVBO001) sensor's temperature range ends at 60 °C.

The highest surface temperature (80 °C) was recorded on the stator in every test and is shown
in Figure 14. Thermal images of the gearmotor and suction pipe are presented in Appendix
3. The gearmotor's highest temperature (58 °C) occurs at the motor and gear attachment. The
gearmotor does not heat up as it operates in the design area. The suction pipe’s highest
temperature (76 °C) occurs at the inlet, as the hot process medium continuously flows from

it to the pump faster than heat can be transferred to the environment.
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Figure 14  Max I test, stator-rotor complex surface temperatures measured with InfiRay
P2 PRO when operating conditions were 10 bar counter pressure, 50 Hz
frequency, and maximum pump rpm 285. The surface temperature is hottest in
the last third of the stator. The discharge side of the pump is on the right. The
thermal image was taken at t = 239 minutes, when stator surface temperature
sensor values were EXT 1 74.4 °C, EXT 2 77.7 °C, and EXT 3 78.3 °C.

The highest surface temperatures occur in the last third of the stator, near the discharge side.
The stator-rotor complex cools slightly from the ends due to heat convection; however,
higher temperatures develop in the middle of the stator. The shape of the stator surface
influences heat transfer, as hot spots can form in the canyons between the stator ridges. Rotor
geometry also impacts heat generation, depending on what temperature compensation is
used in the rotor, or whether there are deviations in the geometry or dimensions.
Consequently, heat increases at the end of the stator, where the pressure is also higher on the
output side, leading to greater losses. Geometric variations can also occur between individual

stators at the stator ridges.

Counter pressure during maximum tests increased over time, as shown in Figure 15
alongside the flow temperature. Counter pressure was adjusted in the beginning with a

manual ball valve. The aim was to set the pressure close to 10 bar. The pressure increase is
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probably due to a simultaneous increase in temperature. As the temperature rises, the stator-
rotor complex begins to tighten, forming more compression on the rotor. The phenomenon
of a tight stator-rotor complex effect should be tested with a heat-compensated rotor to find
out if counter-pressure stabilises. Since the closed system of the tests is quite small, the water
circulation time is quite fast in the process, as the amount of water in the tests was
approximately 284 litres while the tank size was 390 litres. When the small scale of the

process is proportioned to the increase in pressure, it seems to be a moderate phenomenon.
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Figure 15  A) Counter pressure curves for MAX tests. Pressure was measured in the
pipeline between the pump and the water tank. B) Flow temperature curves for
MAX tests. The test conditions included a frequency of 50 Hz, and the pump's
RPM was 285 for both figures. The pump operated at maximum speed.

Flow temperature (Figure 15 B) does not reach a steady state during the test. The curve
remains linear until the very end, indicating the start of a gradual temperature stabilization.
Additionally, the flow temperature is slowly approaching the boiling point of water. Since
the tests could not be continued further for safety and technical reasons, the flow temperature
does not reach a steady state. As the pump circulates the same water continuously, it is likely
that the water temperature will also rise due to work, losses, and friction. The findings of the

test are reasonable.

Stator surface temperature was tracked with three different TS2759 sensors from the top of
the stator rubber and with one VVBO001 sensor. Appendix 4 presents temperature change
during test periods for each sensor separately. Stator surface temperature first follows a

logistic curve because stator rubber insulates more in the very beginning, after which



68

temperature rises linearly until the end of the test. The losses increase in the beginning, as
contact with the rotor and the rubber produces losses in terms of friction. The friction is
expressed as an increase in temperature in the pump, which, after an initial faster growth,
slows down as the water absorbs heat according to the principles of heat transfer. The
frictional force is supposed to increase as the compression in the stator increases with the
contact of the rotor. Since water can only cool a certain amount of the pump unit, the
temperatures in both the medium and the surface rise at approximately the same rate.

Temperatures never reach stability points during the tests.

Every stator surface temperature (Appendix 4), which was measured with an EXT sensor
(TS2759), forms a similar curve. The S1 temperature results differ slightly in the beginning,
which is caused by the sensor measuring point being 2 cm higher than the actual stator
surface. The only difference is that the EXT 1 sensor temperature does not rise as high as in
EXT 2 or EXT 3, which mainly have almost the same results. Stator temperature measured
with the friction sensor VVBO0O01 indicates that the surface temperature is approximately only
60 °C. This can only be considered as an indication, as the operation of the sensor is different
compared to other sensors. The sensor reading is lower because the temperature sensor is
located much higher from the actual surface, distorting the results. If the stator surface
temperature from TS2759 (EXT) is compared to the flow temperature, clear convergence is
visible, and both temperatures are rising steadily. Linear trendline functions for surface
temperature and flow temperature are close to each other. However, the dependence of the
surface temperature on the medium temperature cannot be obtained, as neither of the tests

reaches stability.

Impacts (sudden impact type of vibration, a-Peak) were assessed with a sensor VVBO001
located in the stator to track the individual highest vibration peaks. This test was conducted
under normal operating conditions, as the results serve as a basis for comparison with
subsequent evaluations of foreseeable malfunctions. The objective is to determine whether
individual anomalies can be indicative of unintended pump behavior. Impacts are presented
in Figure 16. Curves form a similar kind of shape in all tests. There are some minor

differences, but generally, curves act similarly at an acceptable level.
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Figure 16  Stator impact in normal operating conditions when counter pressure was
approximately 10 bar, and the pump was run with a maximum speed. The
frequency was 50 Hz. The pump was running at maximum speed. The test was
done to find out the normal impact level.

The pump had been still for a weekend before the MAX I run on Monday, while the test runs
MAX IT and MAX III were done immediately after the first one on Tuesday and Wednesday.
The pump had been running the previous week, so the high impacts in the first run should
not be due to the tightness of the stator-rotor complex. Altered results on the first run are
unlikely to be a single error, but are probably due to the starting torque difference after the
pump has been standing. The idea is supported by Cholet (1997), who states that the starting
torque of the pump is often higher than the operational resistant torque. The finding seems
reasonable, as typically water remains between the rotor and the stator, creating the stator

rubber adhesion to the metal.

Impact (sudden impact type of vibration; a-Peak) curves decrease slightly as the run
continues. This is because the lubricant has a lower viscosity when it heats up. Measured
impact seems to be logical, since all impacts happen at the same acceleration level quite
steadily, which indicates that during normal operation, impacts are generated from the
eccentric rotation of the pump, pressure strokes, gear movement, and the rotation of the
turbulent water mass hitting the stator ridges in the pump. Findings are supported by
scientific sources about rotating machines; Pope (1997) highlights when rotating unbalance

occurs as centre of gravity does not coincide with the axis of rotation which is visible in
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vibration results; Brandt (2011) continues, that vibration in rotation machines generated by
rotating itself can become substantial without any resonance amplification and Bloch (2011)
states that pumps vibrate as a response to excitation forces such as turbulent flow and

pressure pulsation.

The friction (average friction type of vibration; a-RMS) was measured with [FM’s VVB001
at the surface of the stator, resulting in a general vibration level that describes the effective
value of acceleration observed in the vicinity of the stator. The crest (ratio of peak vibration
amplitude a-Peak to the RMS) reveals abnormal vibration peaks. Friction and crest are
presented in Figure 17. Values form almost mirror images if compared to each other. Friction
in the first test, MAX I, is lower than in the other two tests. Also, the crest for MAX I has
some blank spots at the beginning of the test, which are caused by sensor error. Firstly,
friction rises and then starts to decrease due to better lubrication of the warm pump. Crest
decreases until the middle of the test and then begins to increase slightly. The friction level
is likely reduced when the pump is well-lubricated and running. Crest findings are at an
acceptable level, as well as friction. Thermal expansion also affects these results as pump

parts are made of varied materials and therefore have different thermal expansion

characteristics.
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Figure 17  Stator friction and crest in normal operating conditions when pressure was
approximately 10 bar, and the pump was run with a maximum speed. The
frequency was 50 Hz. The pump was running at maximum speed. The test was
done to find out normal crest and friction levels.
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Fatigue (the effective value of the vibration velocity; v-RMS) indicates the mechanical stress
caused by vibration over a long period, as shown in Figure 18. The results differ slightly
because acceleration is measured at such an accurate level, but the second and third runs are
quite close to each other. Starting the pump requires a higher starting torque, which is likely
reflected at the beginning of the graph. At the end of the second test (MAX II), fatigue rose
to 0.32, while MAX I reached a value of 0.04 and MAX III 0.039. Neither impact, crest, nor
friction exhibited any higher peaks like fatigue at the end of test I, so it most likely indicates

normal stress.
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Figure 18  Fatigue in normal operating conditions when the pressure was approximately
10 bar, and the pump was run with a maximum speed. The frequency was 50
Hz. The pump was running at maximum speed. The test was done to find out
the normal fatigue level.

7.3.2 Maximum counter pressure and minimum flow

Tests were conducted three times under conditions of maximum counter pressure (10 bar),
minimum pump speed, and a minimum frequency of 20 Hz. The test setup was consistent
with that used in the MAX tests. These tests were named as MIN I, MIN II, and MIN III,
corresponding to the minimum frequency setting. In all cases, the initial temperature was
slightly above room temperature due to prior pump operation and uneven cooling before the
tests. The initial and final temperatures of the process medium and stator sensors are

presented in Table 22. Stator surface and flow temperatures were noticeably lower than those



observed in the MAX tests. Since the minimum pump speed produced smaller vibrations,

the results are presented in Appendix 5.

Table 22 Flow and stator temperatures when maximum pressure and minimum
frequency tests were about to start and when the test was stopped.

Flow temperature 21,3 19,1 22,8

Stator temperature EXT 1 23,1 18,6 25,4
Stator temperature EXT 2 23,6 18,8 26,5
Stator temperature EXT 3 23,5 18,8 26,4
Stator temperature S1 23,6 20,8 24,1

51,2

Stator temperature EXT 1 48,9 50,4 50,0
Stator temperature EXT 2 50,2 51,7 51,5
Stator temperature EXT 3 50,2 51,6 51,5
Stator temperature S1 429 44,6 434

Tests were terminated manually when the pressure exceeded the pump’s limit of 11 bar.
Pressure increase acted likewise as in the maximum tests and is similarly caused by greater
compression within the stator-rotor assembly. The counter pressure curve is presented in
Appendix 5. The flow temperature closely matched the readings from the stator surface
sensor TS2759 (EXT), while the VVBO0O01 sensor showed slightly lower readings, as
observed in the previous test. The hottest part of the stator was located near the middle and

the discharge end, with the inlet side remaining cooler.

The results align with the MAX tests: flow temperature correlates with stator temperature
when the medium is not thermally stabilized, and the hottest areas are located at the end of
the stator. Thermal camera images are not available for these runs. Flow temperature behaves
similarly in all minimum tests, failing to stabilize during the rest period (Appendix 5).
However, the temperature remained lower, reaching only 50 °C compared to 80 °C in the
MAX tests. The maximum frequency results in the highest pump rotational speed, generating
higher surface temperatures. Flow temperature and surface temperatures for the minimum

tests are presented in Appendix 5.

Impacts defined as sudden impact vibrations (a-Peak) were assessed in the same manner as

the maximum tests: the VVBO0O01 sensor was positioned on the stator surface to track the
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highest vibration peaks. The resulting curve is presented in Appendix 5. Compared to the
MAX tests, where impacts typically ranged from 85—100 m/s?, the minimum tests showed
lower impact levels, generally between 75—-85 m/s%. This impact difference likely results
from turbulent water striking the stator walls, eccentric rotor motion, and motor operation.
As the pump runs at full speed, impacts are notably higher than when the pump is running

at the minimum speed.

Friction, defined as average friction type of vibration (a-RMS) measured on the stator as
well as crest ratio (ratio of peak vibration amplitude a-Peak to the RMS), are presented in
Appendix 5. Notably, both parameters exhibit four significant peaks in the latter two
minimum tests, with friction reaching up to 40 m/s?> and crest up to 35. Such peaks were
absent in the MAX tests. These anomalies in MIN II and MIN III may result from external
disturbances or background noise, though random peaks during normal pump operation
cannot be ruled out. Friction values in the minimum tests ranged from 10—14 m/s?, slightly
lower than the 12—16 m/s?> observed in the MAX tests. The crest ratio remained mostly
between 5-8 in both test sets. These findings are consistent with expectations, as lower pump

speeds in the minimum tests naturally result in reduced vibration levels.

Fatigue, defined as effective vibration velocity (v-RMS) measured on the stator surface, is
presented in Appendix 5. Similarly, in crest and friction, fatigue in minimum II and
minimum III tests displayed four distinct high peaks, which were not observed in the
maximum tests. The highest recorded fatigue value was 0.29 m/s?, appearing abnormal
relative to the general trend. Specifically, MIN I and III maintained fatigue levels between
0.017-0.019 m/s?, while MIN II ranged from 0.019-0.022 m/s?. In comparison, MAX test
fatigue values were higher, ranging from 0.035-0.045 m/s?. Despite the occasional high
peaks in the minimum tests, the overall lower fatigue levels align with the reduced rotational

speed used in these tests.

The tests conducted at maximum and minimum frequencies aimed to identify the most
severe conditions during normal operation and to determine the locations of the highest
surface temperatures on the pump. The highest temperatures were observed at a counter
pressure of 10 bar and a frequency of 50 Hz, corresponding to maximum pump speed. These
hotspots were located on the stator surface, as confirmed by both thermal imaging and sensor
data. Stator surface temperature is influenced by the medium temperature and the pump’s

design.
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However, the tests did not reach thermal equilibrium, as the process medium continued to
heat throughout the test duration. Consequently, it was not possible to determine a stable
surface temperature or to directly compare the stator surface temperature with the medium
temperature. In typical operating conditions, the medium temperature is often constant,
making direct comparison with these test results inappropriate. To accurately assess the
influence of medium temperature on surface temperature and to determine the true maximum
surface temperature, further testing at controlled medium temperature stages is

recommended.

The vibration measurements provided insight into the natural vibration levels under specific
conditions, although the exact location and direction of the vibrations could not be
determined on these tests. Nevertheless, the results can be used as an indication for
comparison with those from malfunction tests. All sensors operated within their

measurement ranges, supporting the reliability of the data.

Given that gear-generated signals are often harmonic as integer multiples of shaft rotation
speed (Randall, 2011), it remains unclear how much of the vibration originates from the
pump versus the gearmotor. Additionally, due to the sensitivity of vibration measurements,
vibration data contains background noise, which might affect the results. Background noise
is considered as concurrent equipment testing, walking in the testing area, and overhead

crane operations in the multi-purpose facility for instance.

Despite these limitations, the findings appear consistent within the defined measurement
framework. Lower pump and gear rotational speeds in the minimum frequency tests resulted
in reduced flow rates and fewer turbulent impacts on the stator wall, leading to lower overall
vibration levels. This observation aligns with Cholet & Wittrisch (2013), who noted that
required input power increases as fluid speed increases. Therefore, it is logical that the

general vibration level rises through faster rotation motion.

7.4 Stator dry running

Stator dry running tests were conducted, as dry running is considered one of the biggest risks
for progressive cavity pump usage in ATEX areas. The aim was to find out how rapidly dry

running malfunctions occur once the process medium fails to enter the pump. Additionally,
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the study aimed to determine whether temperature or vibration measurements could serve as
early indicators of dry running, potentially enabling automatic shutdown before critical
damage occurs. Addressing these questions supports the potential classification of PCPs
under ATEX equipment category 2, which requires monitoring of ignition sources. Dry
running was tested under two foreseeable malfunction scenarios: 1) normal operating of the
pump after the feed valve is blocked or process medium flow is interrupted, and 2) pump
startup without any process medium. Prior knowledge indicated that such malfunctions

rapidly elevate surface temperatures.

7.4.1 Stator dry running after the inlet valve is closed during normal running

Stator dry running following the closure of the inlet valve during normal operating simulates
a scenario in which the pump is functioning under intended conditions and the feed valve
becomes unexpectedly clogged or the process medium is lacking. The pump was first
operated at maximum speed (50 Hz) for four minutes, after which the feed valve was
manually closed using a handwheel. The valve closure took 76 seconds, and a distinct change
in sound was noted after approximately 35 seconds of closure (t =275 s), indicating the onset
of clogging. The test continued for six minutes following the initiation of valve closure. The
used stator rubber material was NBR (nitrile butadiene rubber). Post-test visual inspection
revealed that the stator was damaged, while the rotor remained intact. The wear on the stator

caused by dry running is illustrated later in Figure 27.

The highest surface temperatures were observed on the stator at the end of the test, as shown
in the thermal image in Figure 19a. Temperatures rose even higher after the pump was
stopped. It is important to note that this thermal image was captured from a different angle
than the previous ones: the suction side of the pump is on the right, while the discharge side
is on the left. Initially, the thermal images aligned with temperature sensor readings;
however, by t = 6 minutes, the thermal image indicated a temperature approximately four

degrees higher than that of the EXT sensors.

When the pump stopped, the temperatures in the stator continued to rise. Figure 19b presents
a thermal image captured two minutes after the pump was shut down, showing an increase
of nearly 10 °C during that period. This highlights the importance of considering post-

shutdown heating in dry running scenarios, as the stationary pump components remain in
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contact, allowing rapid heat accumulation. Therefore, it is essential to notice, especially in
ATEX environments, that preventing potential ignition risks requires considering the critical

need for cooling the pump after a stator dry run.

L1 R1
Avg:49.2°C

Figure 19  Dry running test when the inlet valve was suddenly closed. The thermal image
is taken A) during dry running at t = 10 minutes, B) two minutes after the test
was stopped. Images were taken with Infiray P2 PRO from the stator surface,
creating three temperature tracking horizontal lines to the stator surface.
Operating conditions were 50 Hz frequency, and the pump rpm was 285. The
discharge side of the pump is on the left, and sensors are named in the figure.
Stator surface temperature was hottest in the first third, close to the stator inlet,
and for line L1, which is located on the top of the stator.

The highest temperature was recorded near the stator inlet, coinciding with the closure of the
supply valve. Water remained in the outlet head, providing some cooling to the discharge
side. The inlet side was the first to operate without process medium, and it experienced the
initial dry contact between rotor and stator. This explains the heat accumulation at the stator
inlet. The suction pipe remained significantly cooler than the stator inlet, where heat built up

due to mechanical losses and friction.

Surface and flow temperatures from the stator are presented in Figure 20. The flow
temperature remains relatively stable until the very end of the test, during which a general
increase in stator temperature leads to a corresponding rise in flow temperature. This
temperature increase is attributed to mechanical stress and energy losses, which cause the
stator elastomer to overheat. The stator surface temperature sensors, EXT (TS2759), exhibit
similar behavior until the inlet valve is fully closed. After this point, the temperature
recorded by EXT 1 rises significantly more than the other sensors. This is likely due to its

position, making it the first sensor to experience the effects of dry running. The remaining
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EXT sensors register slightly lower temperatures, likely because some water remains at the

end of the stator due to the presence of negative pressure.

The VVBO001 (S1) sensor tracks noticeably lower temperatures compared to the other
sensors. The EXT sensor reading remained consistently lower than those from thermal
images, particularly at the end of the test. Similarly, the VVBO001 sensor (S1) did not register
temperatures as high as the TS2759 EXT sensors. Nevertheless, the sensor data is considered

acceptable and indicative of the thermal behavior observed.

The most critical observation regarding temperature behavior is that the temperature changes
occur too slowly to serve as a reliable indicator of pump dry running. This is because the
stator’s rubber and the associated heat transfer to the outer surfaces are relatively slow, even
though the internal temperature may already be significantly elevated. These findings align
with Cholet & Wittrisch (2013), who reported that dry running in PCPs causes rapid
excessive heating when the elastomer overheats and becomes hard and cracked, resulting in
its rapid failure. They further explain that elastomer thermal swelling increases frictional

interference between the stator and rotor, thereby requiring greater torque and power input.
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Figure 20  Stator surface temperatures when the inlet valve is closed. The pump was
operated at 50 Hz for four minutes after the valve started to close. The pump
was running at maximum speed.

The variation in flow rate during the test is illustrated in Figure 21. It clearly demonstrates
the change in flow rate as the valve is being closed. The flow rate sensor is installed

horizontally, approximately one meter from the pump outlet. Water seems to oscillate within
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the sensor’s measurement zone. Therefore, it is likely that the water remains within the pipe
and the pump end. This interpretation is supported by thermal imaging, which revealed that
the stator end is significantly cooler than the stator inlet, suggesting that cooling occurs in
the stator end. The water appears to move back and forth because the pump lacks sufficient
power to lift it vertically through the pipeline. The pipe rises vertically immediately after the
flow sensor. Additionally, when the feed valve is closed, the is probably negative pressure

in the suction pipe, which helps water flow backward.
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Figure 21  Flowrate change when the inlet valve is closed suddenly in the dry run test.
The valve closing started at t = 240 s and ended at t = 316 s. The flow rate
started to drop at t=289 s. The pump was run at 50 Hz. The pump was running
at maximum speed.

Impacts measured on the stator surface (Figure 22) were approximately 100 m/s? before the
valve closure. These impact values are consistent with those observed during the maximum
test conditions. When manual valve closure begins at t = 240 s, the impact reaches its peak

value of 379 m/s? at t = 282 s. All values remain within the sensor’s measurement range.

Compared to the decrease in flow rate, which starts at t = 288 s, the impact response occurs
earlier. Therefore, it is not possible to conclusively determine how much closing the valve
with the handwheel influences the impacts. Nevertheless, it can be assumed that operating

the handwheel affects the vibration results as the valve gate moves.
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Figure 22 Stator impact when the feed valve is closed during normal operation. The valve
closing started at t=240 s and ended at t=316 s. The flow rate drop started at
t=288 s, impact reacts before the flow rate starts to change, and reaches the
highest impact value on t=282 s. The pump was run at 50 Hz. The pump was
running at maximum speed. Impact values are on the sensor’s measuring range.

After the highest impact peak, impacts begin to decrease to levels even lower than those
present at the start of the test, although occasional higher individual peaks still form. The
highest peak indicates a sudden impact on the pump, leading to the onset of dry running,
which causes the rubber to wear. The rubber material wears rapidly due to excessive heat,
becoming hard and cracked (Cholet & Wittrisch, 2013). Impact peaks as the valve closes are
most likely due to the adhesion between the rotor and the stator. As the rubber heats as dry,
it becomes sticky and sticks to the metallic rotor. In this case, the rubber rotates with the
metal for a while and detaches when it has stretched enough. At the same time, the rubber
tears in the rotational direction which are also visible in Figure 27. While the rubber is
clinging, the rotation slows down slightly and speeds up as the rubber detaches from the
metal. Vibration behaviour most likely also contains the significant roughing of the stator

rubber material caused by dry running, leading to worn rubber material exiting the pump.

As the rotor-stator complex has such a tight fit, the rubber likely wears within seconds,
generating impact peaks. The pump might start to cavitate for a brief period, as it attempts
to suck water generating under pressure conditions. Vapor bubbles might form in the pump,
and when they collapse, mechanical impacts occur. A different noise was heard att =275 s,

suggesting that the pump probably started to cavitate.
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Higher impacts after valve closing may be due to the vibration of the motor and shafts, as
well as rubber adhesion. The dry running of the pump requires more power from the motor,
generating higher force going through the shafts. The articulated shaft is connected to the
drive shaft at the motor side and the rotor at the stator side. The articulated shaft contributes
to smoothing the rotation between the rotor and the stator, i.e., when the amount of the
process medium decreases and the stator rubber wears, the articulated shaft makes a greater
movement as it has a bit more room for movement. Because the connection between the
articulated shaft and the rotor oscillates and rotates eccentrically, it creates vibrations that
are amplified when more force is applied to the joints. However, it is more likely that the

vibration behaviour is generated by adhesion between the rotor and the stator.

The general impact level after the valve closing might be caused by the movement of water
between the pump and the pipeline. The supply side is closed, and after about a meter from
the discharge side of the pump, the pipeline rises vertically upwards, and the pump is unable
to raise water between the shut-off valve and the rising pipe. This causes water to wobble
back and forth between the pump and the piping. The pump tries to move the medium
forward, generating similar, but still lower impacts as in the normal running of the pump.
General vibration behavior acts reasonably, as Randall (2011) states vibration changes with

the load of the machine.

Fatigue (v-RMS) responds to the valve closing similar to impact, as presented in Appendix
6. The average fatigue level before valve closing is the same as in the maximum tests. As
the dry run begins, fatigue reaches its peak value of 32.8 mm/s at t = 283 s. Following the
highest peaks, fatigue begins to settle at 0.055 mm/s. These peaks are significantly larger
than those in other tests, as the normal fatigue range remains below 0.05 mm/s. Fatigue peaks
signifies ongoing wear and cyclic stress as the stator rubber is being destroyed. However,
the trend declines toward the end, likely due to the rubber being already worn out, allowing

the rotor more space to rotate and reducing the tight contact between the stator and rotor.

Crest and friction values react to valve closing before the flow rate starts to drop and are
presented in Figure 23. Before closing the valve, friction stays at 15 m/s?, while crest stays
at 6 m/s, which are typical levels for normal operating with maximum speed, 50 Hz. After
the valve starts to close (t = 240 s), both crest and friction reach their highest peaks and then
return to the same level but switch places with each other. Already on time 279 s, friction

reaches 1647 m/s? as the crest ratio is 1645. The highest friction value is obtained at 283 s,
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when friction is 3276 m/s?. The highest value is almost seven times higher than the sensor's
measuring range. Therefore, it is not possible to say reliably whether the peak values are
correct. However, compared to normal values, the measurement results are significantly

higher, indicating only for a short time a condition that deviates from normal operation.

The highest values of the friction initiate an abnormal load, after which the general friction
level decreases considerably. This may be due to stator damage that has already been done,
resulting in steadier rotation as the rotor loses contact with the stator. Also, when the pump
rotates, there is only an irregular amount of incompressible water, and therefore, the pump
load changes compared to normal operating, which affects the vibration level. Randall
(2011) points out that vibration tends to change due to the load of the pump. Additionally,
pressure strokes and air bubbles cause vibration changes in vibration behavior. Another
option is that water flow is being disrupted from time to time, forming pressure strokes and
creating vibration. If the inlet valve had been a control valve instead of a knife gate valve,
the result would possibly have differed. However, after this test, it cannot be reliably said
what phenomena are visible in friction or crest values. Additionally, the effect of manually
closing the valve on results is unknown. The highest peaks might also indicate the rotor and

stator’s direct contact, where friction is increased, and the elastomeric stator rubber degrades.
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Figure 23 Stator crest and friction. Valve closing started at t=240s and ended at t=316s,
while the flow rate started dropping at t=288s. The highest friction values occur
at t = 283 s. The highest measured points are out of the measuring range of the
sensor. The pump was operated at 50 Hz. The pump was running at maximum
speed.
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Although the vibration results indicate early signs of malfunction as flow decreases, it is
impossible to determine which phenomenon is causing the other in this test. The vibration
results might be caused by water flow disruption. The effect of turning the valve handwheel
on vibration is unknown, but it likely causes some vibration. Based on this test, it can be
estimated that monitoring surface temperature is not a quick or reliable method for
preventing the pump from running dry, as temperature changes occur too slowly. Heat
generation during dry running poses the greatest risk to the pump, and once dry running

begins, the pump must be shut down promptly.

7.4.2 Stator dry running when the pump starts operating without process medium

A stator dry running test was done to simulate a situation where the pump is started without
any process medium. This test focused on a newly assembled stator-rotor complex, which
means there is still glycerol from the installation in the pump. The pump unit was
disconnected from the pipeline, which means that the gland packing was also dry. The pump
was operated at maximum speed, with a frequency of 50 Hz and without counter pressure.
In this case, the stator material was FPM instead of NBR, which was used in previous tests.
The aim was to find out how rapidly the stator is destroyed and how temperature and

vibrations change during pump misuse.

It took 30 minutes from the start of the dry run to begin destroying the pump, which lasted
for three minutes until the pump was stopped. Visible signs of dry running included smoke
rising at the end of the test and the scent of burning. Flying rubber pieces were not visible to
the naked eye but were captured by a thermal camera, as shown in Figure 24. The surface
temperature was highest in the last third of the stator, while the ends of the stator were cooler,

according to the thermal image.

It was surprising how long the pump functioned normally before it ran dry. The glycerol
used in the installation lubricated the stator before it wore out or evaporated. Glycerol’s
boiling point is 290 °C (PubChem, 2025), so it is more likely that the lubricant wore out.
However, as the assembly did not have a temperature sensor inside the stator, it is unknown
how high the temperatures rose inside the pump. A broken stator is presented later in Figure

27.
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Figure 24  Stator dry running when the pump is started without process medium. Rubber
pieces fly from the pump due to mechanical stress. The pump was operated at
a frequency of 50 Hz. The thermal image is taken with Infiray p2 PRO just
before stopping the pump. On the left is the stator inlet, and the discharge side
is on the right.

Temperatures were tracked as in the previous test and results are presented in Figure 25.
Temperatures increased on the stator surface continuously; after 30 minutes of operation, the
discharge side sensor EXT 3 began to react significantly. At the same time, the EXT 2 sensor
temperature started to rise, while the suction side sensor EXT 1 began to cool slightly. In
comparison to the S1 (VVBO001) sensor, the temperature of the EXT sensors does not align,
remaining clearly behind in its temperature behavior due to its installation location. Stator
rubber insulates thermal conductivity and prevents heat from being transferred effectively to

the stator surface.
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Figure 25  Stator temperatures when the pump is operated without any process medium.
The effect of sensor locations on the temperatures is visible. EXTs (TS2759)
are installed on the stator rubber surface, S1 (VVBO001) is installed on the stator
metal surface, and the sensor in the S1 is located higher than the actual surface.
Temperature differences are high due to the sensor's nature.

The friction levels during normal operating tests and dry run after valve closing (50 Hz)
mostly remained between 13-15 m/s?, while in this test, the overall level was notably lower,
below 1 m/s®.. The impact levels in previous tests ranged from 80-100 m/s?, which is
significantly different from this test, where the overall level measured 3 m/s?. The crest ratio
was nearly in line with its previous range (5-7), now at approximately 4. The lack of process
medium affects the results, as all general vibration levels stayed significantly lower than
before. In this test, the medium does not strike against the stator walls. However, it is not
known in which direction the vibration bounces or whether there are crossed vibration waves
that dampen each other. Because the stator rubber is flexible, a counterforce may absorb

shocks.

Vibration level (Figure 26) differs from normal operating tests, as the load and pressure
changes (Randall, 2011), and turbulent water impacts inside the stator are not absent.
Similarly, rotor movement happens without counter-pressure. However, load changes again
as the dry run starts properly and the rotor-stator complex squeezes against each other.
Vibration level rises but still doesn't reach the level of previous tests. As glycerol does not
lubricate the pump sufficiently, proper dry running begins, while crest, friction, and impact
vibration react (Figure 26). The crest value first increases after it starts varying more,

differing in behavior from the previous dry run test, where the crest value tripled and
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remained at that level. Impact doubles and remains on a higher level. If the finding is
compared to stator dry running when the feed valve is suddenly closed, the impact level is
now enormously lower, but increases slightly after the dry run starts in a completely dry run
test. The friction level is also much lower than in the valve closing test. However, the most
surprising finding is that in the completely dry run test, the impact and the friction level rise
as the dry run starts, while in the valve closing test, the friction and impact levels drop. Both
tests behave differently during dry running, depending on whether a tiny amount of process

medium is present or not.
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Figure 26  Crest, friction, and impact values on dry running of the pump when the
frequency was 50 Hz. The pump was running at maximum speed. Values were
significantly lower than in the other 50 Hz tests due to a lack of process
medium and counter pressure.

Fatigue in the dry running test is presented in Appendix 7. As the pump starts, fatigue rises
to its normal level (0.04 mm/s). When the dry run begins, the fatigue level increases
significantly and fluctuates between 0.045 and 0.089 mm/s. Fatigue is the only measurement
in the complete dry running test that is relatively close to previously conducted
measurements. Variations in stator tolerance may influence the fatigue curve, as
compression differences in the stator may vary. However, stator rubber wear and tight

contact between the rotor and stator are visible in the fatigue level.
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7.4.3 Stator wear in dry running tests

Stator dry running tests were conducted in two ways as presented earlier: first, with a process
medium when the feed valve is closed during the run, and second, without any process
medium. Both tests yielded different results, as completely dry running without medium
produces different results and smaller vibration values than before. The first test had
similarities to normal operating tests. Stator rubber is damaged differently in both tests,
illustrated as split in Figure 27. The rubbers were made from two different materials, NBR

and FPM, with FPM performing better at higher temperatures.

The NBR stator in the closing valve test showed wear on the initial third of the stator rubber,
likely the first area to experience dry impacts. Additionally, water remains partly in the pump
end, which lubricates and cools the stator outlet. The FPM stator broke in the final third of
the stator rubber, closer to the discharge side. Also, temperatures increased on the discharge
side, possibly due to rotor movement and the amount of glycerol worn. Variations in stator
rubber wear may result from differing compression at the compression points between the
rotor and the stator, affecting which surface experiences the most compression and friction.
If dry runs were repeated more often with stators of the same material, wear would likely be

observed in several distinct areas.
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Figure 27  Stator rubber wear in different lubrication circumstances to simulate expected
malfunctions. Left side: NBR stator dry running when the valve is clogged
during normal operation. The pump was operated at 50 Hz and 285 pump rpm.
Right side: FPM stator dry running when the pump is started without process
medium. The pump feed side is on the bottom, and the discharge side is on the
top for both stators. The rubber tears out in the direction of rotation.

Stator dry running should be tested without installation grease to determine how quickly dry
running occurs, allowing for the creation of an accurate response time to shut down the
ATEX pump. The hypothesis is that dry running occurs faster than in 10 seconds. The
options for preventing dry running should be examined in more detail. The challenge is to
ascertain whether dry running is still detectable using vibration measurements. If the pump

begins to dry run, the necessary cooling must be ensured after the emergency stop.

7.5 Seal tests

Seal tests were conducted with two different seal options, which are standard options in
Flowrox™ progressive cavity pumps. Gland packing tests included two different scenarios
without packing water: first, normally tightened gland packing and second, a dry gland

packing seal that is over-tightened. These tests were selected because the installation of the
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gland packing is ambiguous from the perspective of ATEX, as clear instructions must be
provided for sealing installation. This is necessary because the gland packing should always
leak slightly, and the appropriate tightening level should be adjusted occasionally. The gland
packing should always be lubricated, particularly with equipment category 2 in mind. The
ignition risk associated with dry gland packing should be evaluated. A dry run of a double-
acting mechanical seal was also tested, as operating without liquid lubricant poses a risk of
higher surface temperatures than intended. For ATEX equipment category 3, normal
operating surface temperatures are sufficient, while category 2 considers individual fault
situations, necessitating testing of seals without lubrication. Flitney (2014) supports the
investigation of seal dry runs, noting that most mechanical seal failures (25%) occur due to

dry running.

In these tests, the pump was disassembled, leaving only the seal, drive shaft, body, and
gearmotor. This allowed for easier examination of how the tests impacted the condition of
the shaft surface; however, it excluded other phenomena occurring within the pump,
particularly the resistance generated by the stator-rotor. The testing assembly was
disconnected from the pipeline, as there was no water feed at any stage of the tests. The S1
(VVBO001) sensor was relocated from the stator to near the sealing point to enable

simultaneous examination of vibrations and temperatures.

7.5.1 Gland packing seal tests

Gland packing seal is an old seal type, also known as compression packing or packing, which
1s commonly used in rotary shafts. The most widespread principle is that braided fibrous
cords are compressed axially from the seal. Usually, packing is made from PTFE or graphite.
Packings are fitted next to each other (gland housing) and axially compressed when radial
expansion creates a sealing force. One of its benefits is that replacing a new packing does
not require a machine strip-down. The tightening of the packing depends on the application
and should be assessed correctly. (Flitney, 2014) Packing should be appropriately adjusted
to a correct tightness, which provides an optimal leakage. Too tight packing causes wear to
the shaft and packing as well as motor overloading. (Cholet & Wittrisch, 2013) The pump
manufacturer must advise on how to limit maximum surface temperatures in gland packing

seals or provide a method to restrict surface temperatures.
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The gland packing dry run test was operated with a maximum pump speed (50 Hz) to
generate the highest shaft speed inside the gland packing. There was no counter pressure on
the test. The test was done only once, and the results are not directly comparable to
previously done tests, since the sensor location and pump assembly were changed. The gland
packing material was graphite due to its properties, such as high thermal conductivity and
lubricant nature. Figure 28 presents a thermal image of a dry run of gland packing. The
highest temperature was achieved at the end of the test when the thermal camera result was
48.7 °C. The temperature increase was moderate, as the starting temperature was room

temperature.

P1
Temp:48.7°C

Figure 28  Thermal image taken with Infiray P2 Pro of dry running of graphite gland
packing at the end of the test when t=323 min. On the left is a gearmotor which
is attached to the drive shaft and a seal. The temperature is highest on seal
housing. The sensor was located on the packing body.

The surface temperature measured near the gland packing is presented in Figure 29. The

temperature first rises from room temperature to 40 °C in 80 minutes, after which the
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temperature change slows down and reaches an almost stable level, although it continues to
rise slowly. The final temperature was 46.9 °C, which is slightly lower than 48.7 °C from

the thermal image.
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Figure 29  Temperature measured in gland packing dry run when there was no counter
pressure and frequency was 50 Hz. The pump was running at maximum speed.

Since the sensors S1 and S2 were relatively close together in this test, with S1 in the seal and
S2 in the gearmotor, the following figures compare the vibration values recorded by these
sensors. Based on this, it can be hypothetically considered whether the vibrations originate

from the seal or the gearmotor.

The impacts in the seal area first decrease after reaching a level of 1.3 m/s?>. Compared to
gear motor impacts, the two curves appear different. Impacts are illustrated in Figure 30.
From this figure, it can be seen that gear motor impact does not affect seal impacts; however,
since the frequencies are unknown, this is merely an assumption. Both curves stabilize at
their respective levels. Because the seal’s normal impact level is not known, the change in
impact remains uncertain. Additionally, the impact level is lower than in any previous tests.
Seal impacts maintain a steady level due to the packing sets around the axis and the self-

lubricating graphite cord.
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Figure 30 A) Impacts, B) Friction, both from the gland packing seal and the gearmotor,
as the gland packing was dry running. Frequency was 50 Hz. The pump was
running at maximum speed.

The friction level on the gland packing dry run is presented in Figure 30b. From this figure,
it can be observed that the vibration in the seal and the motor probably do not affect each
other. Since the friction level remains almost constant, it is logical that the temperature also

remains at the same level. Friction comes from the gland packing cord's slight wear.

Fatigue in gland packing dry running is presented in Appendix 8. As the pump is turned on,
fatigue reaches its highest peak, which indicates that the graphite gland packing firstly
attaches tightly (high starting torque), and then the packing warms and lubricates itself. The
fatigue level evens out, creating occasional spikes as signs of stress. Fatigue results might
indicate that peaks come from the seal but are still visible as smaller peaks in the gear motor

sensor. Crest ratio is also presented in Appendix 8.

After the test was completed, the drive shaft was examined with the naked eye and found to
still be in good condition. Figure 31 shows the section of the shaft where the gland packing
was attached. Since the surface material was made of black nitrided metal, the packing did
not wear down its surface. However, the surface of the drive shaft may have experienced

some wear, but this cannot be confirmed through visual inspection alone.
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Figure 31 A picture of the shaft taken at the gland packing location after the seal had been
run dry. The surface of the shaft is black-nitrated and withstood the dryness of
the seal well, as only small lines are visible. The shaft surface was polished
before the test.

If the findings from dry gland packing are summarized, the gear motor’s effect on the results
is likely small, and gland packing probably transmits its vibration to the gear motor.
However, since normal operating vibration values for the seal are unavailable, the test results
cannot be compared to previously conducted tests. It is essential to determine the natural
frequencies of the pump and the motor, including their multiples, and to compare whether

they align with the same frequencies as, for example, friction and impact.

The next step was to evaluate gland packing as overtightened and without lubricant.
Generally, this test scenario combines two independent misuse events. Therefore, it would
be beneficial to test an overtightened seal when gland packing is lubricated. Packing was

tightened as much as possible, approximately 8 mm tighter than intended usage. Figure 32
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presents a thermal image of the test at t = 33 minutes. The test ended after the thermal image
was taken. The highest surface temperature was 102 °C, which is more than twice that of
another gland packing test. The temperature of 114 °C was measured with a manual

thermometer.

P1
Temp:101.6°C

Figure 32 Dry and overtightened graphite gland packing test. The picture is taken with
the Infiray P2 Pro. On the left is a gearmotor which is attached to the drive
shaft and a seal. The image is taken at the end of the test, at t = 33 min from
the seal housing.

The surface temperature near the seal, measured with a sensor, is presented in Figure 33.
The figure indicates that the temperature starts to increase after a stable period, but begins
to stabilize slightly over time until a sensor malfunction happens. Mechanical stress
generates heat through friction at the surface, causing the temperature to rise. However, even
as the temperature starts to stabilize, the increase is significant in a short time. From ATEX’s
perspective, the water supply should be monitored, and overtightening should be avoided.
Sensor malfunction begins at t = 1200 seconds, when the sensor values become unreliable
as they approach almost 3500 °C and freeze at that level. The last accurate temperature
reading from the sensor is 77 °C. The sensor (VVB001) has a maximum measuring

temperature of 80 °C. The test continued for 800 seconds after the temperature sensor
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malfunctioned. The highest surface temperatures exceeded 100 °C in the gland packing area

and were measured with a thermal camera.
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Figure 33  Temperature plot for an over tightened dry gland packing before sensor
malfunction. Sensor malfunction began at t = 1200 seconds, as the curve line
shows. The pump was operated at 50 Hz. The pump was running at maximum
speed.

Friction, crest, and impact reached their highest peak at t =9 seconds. The maximum values
for each are presented in Table 23. Afterwards, measurements fell below 5 m/s>. The
maximum impact values were clearly outside the measuring range. Nevertheless, the values
indicate significant mechanical stress and friction as the shaft begins to turn. This is realistic,
as the starting torque due to overtightened gland packing is enormous. As the shaft starts to
rotate, the packing likely wears out slightly and adapts better to the surface while lubricating
itself.

Table 23 Maximum values for crest, friction and impact when gland packing was dry
and over tightened.

Crest, - 1654 3276
Friction, m/s? 1638 3277
Impact. m/s? 1641 1652

Overall friction, crest, and impact rates are shown in Figure 34. If general vibration results
are compared to the dry gland packing test, both impact and friction are now noticeably

higher. Likewise, the highest peaks are also significantly greater. However, the crest value
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remains at the same level as observed in the dry gland packing test. Results cannot be reliable
compared to normal operating tests (50 Hz, maximum speed), but the overall vibration level
is now distinctly lower. However, the highest peaks due to over-tight gland packing are
greater than the vibrations observed in normal operating tests. These peak values are clearly
visible, yet they occur rapidly and quickly return to a low level. Thus, vibration does not
provide continuous signs of malfunction, as indicators of over-tightened gland packings may
not be evident for an adequate duration. The test indicates that over-tightening and dryness
can only be observed in the first 10 seconds of the test (Appendix 8). After that, vibration

stabilizes and probably disappears among other vibrations in the pump.
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Figure 34  Crest, friction and impact reviewed on general measurement level, when gland
packing is over tightened and dry. Pump was operated with 50 Hz. The pump
was running on a maximum speed. Highest peaks at t = 9s are ruled out of the
view.

When the shaft starts spinning, a tight packing around it causes mechanical stress. This stable
friction level is achieved as the gland packing slides a certain amount on the shaft's surface.
Lower values are likely to occur as the gland packing cord bends. It should be noted that
lower values appear after fatigue has increased. This is probably due to the cord’s stress

resulting in a slight bend.

After the gland packing test was overtightened and dry, the drive shaft appeared to be in
good condition. The shaft may be worn in ways that are not visible. The seal must not run
dry in ATEX environments, however, according to classification, a dry run would be
acceptable for equipment category 3. Overtightening should be avoided in any case, even if

the seal type is common in the industry. The gland packing tests were conducted in a manner



96

that significantly altered the examination of the entire pump unit. The rotor-stator is the main
component of the pump where resistance occurs. Therefore, the results obtained are distinct
from the actual seal failure, as there is no rotor or stator present. In some scenarios, the gland
packing cords may also start to rotate with the drive shaft if the packing cords are worn,
however, this did not occur during these tests. Even though the results are not directly
comparable, they suggest that changes in vibration, indicating excessive packing’s
tightening, and dryness, may not be distinguishable from normal vibrations. To validate
these assumptions, additional tests are required. As a hypothesis, the highest individual peaks
that occur within one second may be visible while other generated vibrations fade into

background noise.

7.5.2 Dual acting mechanical seal test

Generally, a mechanical seal has radial faces where one remains stationary while the other
rotates, forming a dynamic seal when pressed together (Flitney, 2014). The rotating seal face
is fixed to the shaft, and therefore it rotates with the shaft. The stationary seal face is attached
to the equipment housing and remains stationary. Double mechanical seals are used to isolate
the sealed fluid from the atmosphere. A double seal consists of two distinct seals, each
operating in a separate barrier fluid. Seal lubrication is ensured by maintaining a higher
pressure of the barrier fluid than that of the product in the seal chamber area (Monroe T. &
Monroe P, 1996). Typically, there is a lubricating water (barrier fluid) film on the sliding
surfaces of the seal between the rotating and stationary faces. This lubricant is sourced
externally. If the barrier fluid pressure drops between the seal faces, a dry run begins, as the
faces come into full contact since the liquid pressure can no longer push them apart (Aesseal,
2025). The objective was to examine how the dual acting mechanical seal behaves during a

dry run when the barrier fluid is absent.

As other seal tests indicated that temperature monitoring was not at a robust level, one EXT
sensor was placed alongside the VVBO0O0I sensor in an adapter flange to ensure proper
temperature monitoring. During the test, a loud chafing noise was heard. The hottest spots
were observed on the seal’s outer surface and in areas that are open and visible from the
outside. The coldest spots were located on the outer flange perimeter of the seal, which is

reasonable since there is a larger amount of metal, causing it to take longer to heat up. A
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thermal image is presented in Figure 35. Due to reflections, the thermal image is not as

accurate and shows lower temperatures than those collected by the VVB001 sensor.

P1
Temp:66,5°C

Figure 35  Dual acting mechanical seal’s thermal image on seal dry running test when t =
154 min. The hottest spot is on sliding surfaces, which rub against each other;
in normal operation, rubbing would not occur. The thermal image was taken
with Infiray P2 Pro.

Surface temperatures were measured with two different sensors (VVBO001 & TS2759) in the
seal area. Figure 36 shows how the temperature changes and nearly stabilizes during the test.
Initially, the temperature rises rapidly according to both sensors, then starts to stabilize as it
rises and cools alternately. VVB0O01 provides a more accurate view of temperature behavior,
while TS2759 remains clearly at a lower level. Heat is generated because the lack of barrier
fluid causes the seal faces to be in direct contact. As one face rotates, friction occurs, which

is evident in the temperature rise and thermal cracking of the seal.
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Figure 36  Temperature measured from dual acting mechanical seal dry run with two
different sensors. The pump was operated at 50 Hz. The pump was running at
maximum speed. Sensors were in the adapter flange.

Impact, friction, and crest behaved similarly, as all three tests had values on only three
horizontal lines, which are multiples of each other, as seen in Figure 37 and Appendix 9.
Crest and friction had the same values, while impact slightly differed. Most impacts occurred
below 500 m/s?, and the fewest impacts were observed over 3200 m/s%. As the upper limit
for impact measurement was 490 m/s?, most values exceeded this range. Therefore, the

results are not accurate but still indicate mechanical stress and friction in the seal.

The vibration level is significantly higher than in previously conducted tests. Although the
results are not entirely reliable, they clearly indicate how seal faces compress against each
other, generating friction, wear, and thermal accumulation. Even in the case of sensor
malfunctions, the results indicate that vibration levels were significant. Fatigue followed the
same principle as other vibration-based results in mechanical seal tests. Fatigue forms
(Appendix 9) a curve pattern that is exactly the same shape as that of friction, impact, and
crest, but the data points are at a lower, more fatigue-typical level. Fatigue remained within
the measuring range of the sensors. Still, as all measured vibrations form a similar result
pattern, it is unknown whether the sensor provides indicative results or if the pattern is due

to sensor malfunction, even if fatigue is within the measuring range.
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Figure 37  Impact measured from double acting mechanical seal dry run. Impacts generate
three levels, which are multiples. The sensor measuring range was mostly
exceeded. The pump was operated at 50 Hz. The pump was running at
maximum speed.

After the double acting mechanical seal tests were completed, the shaft appeared
undamaged. However, the seal may have caused some damage to the drive shaft that is not
visible to the naked eye, potentially affecting vibration as well. The test results are not
entirely reliable, as the sensor readings exceed the measuring range. Vibration values seem
to be stuck at certain levels, which are multiples of each other. Nonetheless, the test results
can be used as indicative data with caution: the double seal generates considerable friction
during dry runs, leading to thermal cracking of the seal faces as the rotating seal face rubs
against the stationary one. It is important to note that when water was not run in the pump
simultaneously and the pump unit was minimally disassembled, the overall vibration
scenario remains unclear. Dual seal malfunctions are likely observable alongside the pump’s
natural vibration or its multiples, but this cannot be confirmed until tests are repeated with
the complete pump unit. Currently, vibration levels are separated from the pump vibration,

leaving the actual effects of total vibrations unexamined.
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8 Discussion

This thesis first focused on ATEX legislation and standards to create a comprehensive
framework for the reader about the ATEX field and its complexity. However, the aim of the
work was not to fully present ATEX mandatory issues; therefore, to fully comprehend

ATEX, further study is recommended.

After the ATEX review, a risk assessment was conducted to identify the ignition risks
associated with the PCP and to determine how to mitigate these risks. This document
compiles a comprehensive risk assessment for the PC pump, after which the pump tests were
started. The most significant identified risks for the PCP include the pump dry run and the
seal dry run. Since the aim of the work was not to complete the ATEX classification but
rather to initiate the process, the effort was deemed successful. Further tests are still
necessary to identify protective measures. The progressive cavity pump can be classified as
ATEX equipment category 3 once maximum surface temperatures are established, the pump
structure is confirmed safe, and internal production control is updated. Testing should occur
at the maximum ambient temperature. Classification as equipment category 2 is feasible
when the identified risk conditions have been analyzed using the risk assessment as a guide,
and when ignition sources are monitored as required by standard SFS-EN ISO 80079-
37:2016. Additionally, updating of internal production control is necessary, and

documentation must be submitted to a notified body.

The case study used quantitative research methods. Since this thesis focuses exclusively on
a specific progressive cavity pump, the findings cannot be directly compared or generalized
to other pumps. Consequently, it was difficult to find existing research material specifically
related to the pump in question. The risk analysis conducted in the thesis provided valuable
insights into the structural changes necessary to prevent ignition hazards in the pump unit.
By altering the structure, a safer design is achieved. The thesis recommends replacing inner
parts to stainless steel, using EPDM for the stator and joint rubbers, switching to a silicone-
based lubricant, and utilizing stainless steel with a chromium coating for the rotor to enhance
wear resistance. It is essential to note that if sensors are employed in the assembly, they must
be ATEX suitable as well. While the electrical resistance was acceptable, it should be re-

measured after the components are changed and grounding is provided.
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Laboratory experiments involved multiple variables simultaneously, making the interactions
between these variables uncertain. For example, the pump load varied during malfunction
tests, resulting in different vibration scenarios that led to distinct experimental conditions,
making them incomparable to other results. Sensor locations and pump structures were
altered across different tests, leaving the cause-and-effect relationships unclear. Further
research should emphasize minimizing the number of variables to better establish cause-and-
effect relationships, such as through regression analysis. Additionally, more data is needed

from different scenarios, including vibration behavior.

The thesis identified that the hottest surface area forms on the stator during normal operation
and in a stator dry run. However, surface temperature rises slowly due to the insulating
properties of the stator rubber. Therefore, the best option for dry run monitoring is not
temperature measurements. The need to cool the pump during an emergency stop is crucial.
Surface temperatures increase faster after the pump is shut down and hot parts come into
direct contact. After conducting laboratory testing in this thesis, the maximum surface

temperatures are still unknown.

The hypothesis was that changes in vibration behavior indicate pump malfunctions,
especially dry running. However, vibration levels varied significantly based on the presence
of the pumped medium. The degree of variation was surprising, as the absence of process
medium and counter pressure caused the measured vibration velocities to drop to
exceptionally low levels, even during dry runs. Therefore, vibrations need to be explored in
various scenarios, such as the effects of physical properties in different process medium. It
is also crucial that the experiments were capable of detecting large fluctuations in vibration
levels. Based on this, it can be predicted that monitoring vibration is not currently the most
effective method for preventing pump failures. Monitoring percentage changes in vibration
may be more effective than relying solely on numerical threshold values, although different

scenarios affecting vibration should still be assessed.

The seal tests showed that only the dual-acting mechanical seal's dry run is clearly visible in
vibration. However, since the normal vibration level of the pump unit is unknown, further
investigations are required. The use of gland packing in equipment category 2 is also
questionable, as dry running may not be sufficiently visible to sensors, even though it
increases the risk of ignition. The tests facilitated the determination of the general vibration

level of the PC-pump in terms of accelerations, which simplifies subsequent investigations.
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Future studies should account for changes in vibrations due to variations in medium, size,
pressure, and pump speed. Natural vibrations and their harmonics should be evaluated if
vibration monitoring is intended. The thesis established a basis for comparing future results

with the tests conducted.

During vibration and temperature tests on the stator, gearmotor vibration was also
monitored. The gearmotor had similar vibration and temperature sensors. Motor torque and
power were monitored from the variable speed drive. Since this thesis did not focus on that
specific area, the results are not presented in this work. However, the results show that power
and torque clearly indicate a pump dry run, as the motor does more work once the dry run

begins. The findings are reasonable and should be further assessed.

Further research questions frequently arise. The most critical one involves examining the
behavior of surface temperature using medium temperature at a constant level. It is essential
to first determine the maximum permissible medium temperature as well as the maximum
permissible ambient temperature for the pump. Testing should be conducted at maximum
ambient temperature to see how high surface temperatures rise. In this scenario, the cooling
of the pump occurs more slowly due to the minimal difference between the medium and
ambient temperature. Typically, the maximum ambient temperature is 40 °C, while the
medium temperature range is determined by pump properties. Currently, these measures

cannot be implemented due to a lack of process equipment.

The usage of gland packing and its safety require further assessments and safety
development, as installing the gland packing with the proper tightness is not straightforward.
Currently, there is a need to clarify the written instructions more unambiguously in the
installation guidelines to technically prevent overtightening of the cords. Excessive tightness
of the packing results in a significant temperature rise, posing an ignition hazard.
Furthermore, the manufacturer must provide instructions on how to limit the surface
temperature when using gland packing. Consequently, the usage of gland packing should be

restricted only to equipment category 3, after its surface temperature is limited.

Vibration analysis for detecting progressive cavity pump malfunctions requires further
investigation to effectively prevent dry running. Ahmed & Nandi (2019) state that almost
80% of rotating machine problems occur due to misalignment and imbalance. Since these

scenarios are not assessed and the pump itself is eccentric, it remains unclear how these
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conditions truly affect vibration in the PCP. These could be evaluated using the Fast Fourier
Transform algorithm, for instance. Malfunction errors such as density changes in the
material, casting porosity, tolerances, and material losses during operation generate high-
amplitude vibrations in the shafts (Guilherme et al., 2016). Therefore, it is essential to study
vibration behavior more comprehensively and to determine vibration location and direction
in the future. Bloch (2011) notes that vibration is typically measured in the X, y, and z (axial)
directions, but in these tests, vibration was collected only in a single direction and location,

creating a 1D view of vibration.

The biggest challenge in this work was that the specific natural vibration of the pump and
gearmotor was not known, nor was the natural frequency measured. Since the frequency can
be used to examine which phenomena appear in vibration and running speed factorials, as
Ahmed & Nandi (2019) and Bloch (2011) state, it is extremely important to clarify this in
the following tests, especially if vibration sensors are used as part of dry run prevention. The
core reasons for vibrations are still unknown. However, the eccentric rotation and the process

medium significantly affect vibration.

The effects of pressure and load on vibration should be studied further, as both increase
vibration as they rise. It is also unclear how friction behaves at different points in the pump
or how the flow characteristics affect the level of vibration. Water flow disruption as the
inlet valve closes creates different scenarios and random vibrations in the pump,
necessitating a detailed study. Furthermore, potential fault situations caused by the
gearmotor and their impact on vibration have not been investigated. To enhance the
confidence level in using vibration for condition monitoring, dry run tests should be repeated
under more controlled conditions and variables, including tests on seals with a fully

operational pump unit.

The sensor selection and monitoring of ignition sources are vital for preventing PCP
malfunctions. During tests, sensors did not always function correctly, as evidenced by the
normal operating tests where the sensor measuring range was occasionally exceeded.
Therefore, it is essential to choose appropriate sensors and evaluate how well the selected
ones perform. Using only one sensor at a time is insufficient since simultaneously employing
several types of sensors can help ensure a safety level even in the event of a sensor

malfunction.
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The next step involves identifying the optimal and most reliable sensor combination for
detecting pump faults. Sensors should be set up to trigger the pump shutdown when limit
values are exceeded or when values fall below specified thresholds. It is important to note
that optimal sensor combinations may vary depending on the medium. For example, flow
and pressure sensors might be fundamental to the sensor combination, but they cannot be
used when starting the pump since neither flow nor pressure is present. Therefore, better
options would be temperature and liquid detection sensors. However, sticky media can
adhere to the capacitive liquid sensor, causing it to continually detect the presence of medium
in the pump, even if the actual situation is different. Another thing to consider is how sensor
calibration is performed and how safety is ensured for the selected process. Sensor usage
should be clear and straightforward to ensure that the end-user incorporates them as a vital

part of their ignition protection.

Thermal surface sensors can serve as an indicative pump tripping mechanism. Due to the
insulating properties of stator rubber, heat conduction to the stator surface occurs slowly. It
is likely that the stator rubber of the pump has already been damaged before the heat-induced
sensor activates the pump's shutdown mechanism. Nevertheless, if tripping the pump can
prevent ignition, it remains a valuable safety measure. However, based on tests, temperatures
rise significantly after shutting the pump down when the process medium is absent,

necessitating immediate cooling due to heat accumulation.

As stated earlier, pressure significantly impacts the behavior of the pump. Pressure sensors
or switches could be utilized to identify and prevent the formation of both negative pressure
(partial vacuum) and overpressure. Low pressure on the discharge side may indicate dry
running. Negative pressure can occur on the pump inlet side when the process medium is
absent, but the pump continues to operate. Monitoring should be arranged by combining a
pressure sensor with system logic; for instance, if the pump has been running for 20 seconds
and the pressure remains low, the system should stop the pump. Overpressure on the
discharge side most likely indicates a line blockage, and the pump should be stopped.
Pressure sensors can be an integral part of the monitoring system, though further research is
still required. Additionally, process tanks are often equipped with surface level sensors,
making it beneficial to monitor the tank level before the pump and stop the pump if the
process medium level is too low. This approach can prevent dry running; however, it may

not clearly detect pipe blockages or valve closures.
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Utilizing a variable speed drive (VSD) would be beneficial for condition monitoring. With
the help of a VSD, it becomes possible to clearly indicate when the motor is exerting
increased effort, which is often associated with fault conditions. If the variable speed drive
is employed to monitor motor torque and power, it can also help prevent pump failures and
shut down the pump when values exceed the permissible range. The advantage of using a
variable speed drive is that no additional sensors are necessary to monitor motor torque;
however, it does require logical determination for the control system. Poyhonen (2021) has
examined the use of VSDs as a monitoring method in centrifugal pumps, yielding promising
results. The ATEX directive 2014/34/EU demands that foreseeable misuse must be
considered in equipment safety. Therefore, using sensors may introduce risks if sensors are
not assembled by the manufacturer, placing the responsibility on the user to assemble and
calibrate the sensors. The risk of neglecting sensor assembling can be considered foreseeable

misuse.

In summary, forming a reliable sensor combination requires further research. These issues
demand additional investigation, and it is crucial to discuss the customer's needs and
processes to select appropriate and reliable safety mechanisms. It’s also important to ensure
that condition monitoring is designed simply enough to ensure that protective measures are

effectively used by the end user.
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9 Conclusions

The research aim was to create an ATEX framework for a progressive cavity pump to assess
explosion safety. The goal was to investigate whether PCPs could be classified as ATEX
equipment category 3 and what actions are necessary to update conformity to category 2.
Experiments conducted after the risk assessment indicate that PCPs can be classified under
ATEX category 3 once structural changes are made and laboratory tests are completed.
However, category 2 requires additional actions to meet stricter classification requirements.
The challenge lies in developing a reliable, safe, and user-friendly ignition monitoring
system. To achieve ATEX safety, close cooperation with the manufacturer and the client is

essential.

The risk assessment indicates that PCPs are safe to use under normal operating conditions;
however, in cases of expected malfunctions, safety measures are needed. The dry run of the
pump or the main seal poses the most severe ignition risks due to rapid heat increases. The
pump structure must be secure, which requires changing the materials to stainless steel and
using conductive elastomers to prevent sparks. Also, the lubricant must be changed. The
experiments show that the surface temperatures of PCPs are significantly influenced by the
medium temperature. This indicates that the manufacturer must establish the maximum
permissible medium temperature as well as the maximum permissible ambient temperature
to ensure safety and provide an ignition-safe machine. The results also emphasize the need

for monitoring ignition sources, such as the dry run of the pump.

Future research should primarily focus on structural changes and tests to identify the
maximum surface temperatures after which falling under equipment category 3 is possible.
Once the temperatures are established, the manufacturer can determine the permissible
maximum medium and ambient temperatures. Investigating ignition sources and identifying
a reliable monitoring system are vital for updating the ATEX assessment to category 2. The
monitoring of variable speed drive should be assessed in depth, along with temperature,
pressure, and flow sensors. Studies from an economic assessment perspective, including
cost-effectiveness and commercial potential, are crucial to conduct since monitoring

applications increase manufacturing costs.
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The development of ATEX-classified PCPs enhances the safety of machinery and, in the
best case, extends pump life. Similarly, workplace safety and risk associated with PCPs that
pose explosion hazards are reduced. ATEX compliance allows for broader applications of
PCPs. However, to achieve cost-effective ignition source monitoring, more studies are
required. Once future research is conducted, pump performance and safety in explosive

atmospheres will improve, creating greater commercial potential for the product.

The research demonstrates the significance of explosion safety in factory facilities. The EU
legislation and standards provide strict guidance on how to achieve machine safety.
Compliance leads to improved performance and safety, as well as increased commercial

potential. The PCPs have promising potential for use in explosive atmospheres.
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Appendix 1. An example of an EU Declaration of Conformity (Tukes,n.d.d).

EU Declaration of Conformity

1. Product model: Model/type
2. Name and address of the manufacturer or his authorised representative:

Company name
Postal address
Postcode and city
Telephone number
E-mail address

3. This declaration of conformity is issued under the sole responsibility of the manufacturer.
4. Object of the declaration:

Equipment: Equipment designation
Brand name: Brand name
Maodel/type: Model/type

Other descriptive information

5. The object of the declaration described above is in conformity with the relevant Union harmonization
legislation:

Fill in the directives and regulations that apply to the equipment, e.g.

Low Voltage Directive (LVD) 2014/35/EU,

Electromagnetic Compatibility Directive (EMC) 2014/30/EU,

Restriction of Hazardous Substances (RoHS) Directive 2011/65/EU,

Ecodesign Directive 2009/125/EC and

Commission Regulation (EU) No xx/xx regarding ecodesign reguirements for xox

6. References to the relevant harmonised standards used or references to the other technical
specifications in relation to which conformity is declared:

LvD: Fill in one below the other the LVD standards that have been applied, e.g.
EN 60335-2:2012
EN 60335-2-7:2010

EMC: Fill in one below the other the EMC standards that have been applied, e.g.
EN 55014-1:2006 + A1:2009 + A2:2011
EN 55014-2:1997 + A1:2001 + A2:2008

RoHS: Fill in one below the other the RoHS standards that have been applied, e.g.
EN 50581:2012

HHK Fill in other possible standards and declarations
7. Signed for and on behalf of:
Place and time

Manufacturer/Authorised representative: (choose the alternative you represent)
Company name

Mame and position of the signatory




Appendix 2. An example of an ATEX checklist for explosion-proof drives, which is filled
by the customer and then assessed by the manufacturer. (Valmet,
2024).

1. Check list and Inquiry Form for Explosion-proof Drives

STEP Criteria Condition Decision{mark X) Continue with step
G 2
1 Potentially explosive mixture of air and... 25
Dust 7
For Gas
2 Drive to be installed in Zone 1 3
Zone 2 5
3 In case of zone 1, the protection type of motoris |Flameproof enclosure (d) 4
prescribed by customer as
Increased safety ( e) 5
In case of motors with flameproof enclosure, desin 5
4 X p g TB with flameproof enclosure (d)
of the terminal box (TB) —
TB with increased safety (e) 6
1A
5 Group spesification 1B 6
11C
T3
N T4
6 Temperature class ( for gas/ air mixtures) 9
T5(only flameproof enclosure)
T6(Only flameproof enclosure)
Zone 21
Zone 22 (flammable flint
7 Drive to be installed in ( ' ] 8
Zone 22 (non-conducting dust)
Zone 22 (conducting dust)
T120°C
Maximum permit surface temperature (for dust/air
8 P ) P ( T140°C 9
mixtures) -
T150 "C ( Only for synchronous Servo
motors)
Company Address
9
Customer




Appendix 3. Thermal images of maximum counter pressure and maximum flow test.

Thermal images are with InfiRay P2 PRO. Operating conditions were 10 bar counter

pressure, 50 Hz frequency, and the pump was running at full speed, 285 rpm.

Thermal image of stator-rotor complex at the end of the test, at t = 239 minutes. The

discharge side of the pump is on the right.

Thermal image of gearmotor at t =246 minutes. The gearmotor does not heat up as it operates

within its design parameters.




Thermal image of the suction pipe at t = 246 minutes. On the left side, the suction pipe is
attached to the gear motor. At the top is the inlet of the suction pipe, and on the right is the
outlet of the suction pipe, where it connects to the stator. The highest temperature is found

at the inlet because the hot process medium flows to the pump faster than heat can be

convected into the environment.




Appendix 4. Stator surface temperatures were tracked in the maximum counter-pressure (10
bar) and maximum flow (285 rpm/50 Hz) test.

Temperatures were monitored with three TS2759 sensors from the top of the stator rubber
and with one VVBO0OI sensor from the actual stator surface. Temperature values are
presented for each sensor separately. Every figure presents temperature values for three
different tests for each sensor separately. EXT 1 is located nearest to the stator inlet; EXT 2
is in the middle, and EXT 3 is closest to the discharge of the pump. The pump was running

at maximum speed.
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Appendix 5. Stator surface temperatures and other results from the maximum counter
pressure (10 bar) and minimum flow (114 rpm/20 Hz) test.

Temperatures were monitored using three TS2759 sensors placed at the top of the stator
rubber and one VVBO001 sensor positioned on the actual stator surface. Temperature values
are provided for each sensor individually. Every figure includes temperature values for three
different tests. EXT 1 is situated nearest to the stator inlet; EXT 2 is in the middle, and EXT
3 is closest to the pump discharge. During Test MIN III, some sensors experienced

malfunctions at the beginning of the test.
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Flow temperature in a minimum pump speed test. An average R2 value for all linear

trendlines was 0,97.
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Stator crest and friction in the minimum pump speed test.
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A zoomed view of the stator crest and friction during the minimum pump speed test. The

highest crest and friction peaks are excluded from the figure.
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Appendix 6 Results for stator dry running after the inlet valve is closed.

The pump was operated at full speed, with 50 Hz. The valve closing started at t=240 s and
ended at t=316 s. The drop in flow rate started at t = 288 s.

Stator fatigue when the feed valve is suddenly closed.
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Appendix 7 Results for stator dry running when the pump starts operating without any
process medium.
The pump was operated at full speed, 50 Hz, without any process medium.

Crest, friction, and impact values on dry running of the pump. Vibration values were

significantly lower than in the other 50 Hz tests due to a lack of process medium and counter

pressure.
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Fatigue on dry running test. The dry run of the pump increases from the fatigue normal level

(~0.04 mm/s, 50 Hz) to a significantly higher level. (~0.1 mm/s).
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Appendix 8 Gland packing seal tests results

The seal test was conducted as the pump was disconnected from the pipeline and pump
assembly was disassembled. The pump was operated at full speed, 50 Hz. Two different
scenarios: 1) Gland packing seal is dry, 2) Gland packing seal is dry and over tightened.

Scenario 1.

Fatigue is measured from a gland packing seal and a gear motor.
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Scenario 2.

Crest, friction, and impact are assessed more closely for the first 40 seconds.
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Fatigue when gland packing is over tightened and dry. The highest fatigue value was on

t =9 s, when fatigue reached 32.8 mm/s
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Appendix 9 Double acting mechanical seal test

The seal test was conducted as the pump was disconnected from the pipeline and the pump
assembly was modified. The pump was operated at full speed, 50 Hz. The double acting

mechanical seal was dry running.

Friction and crest ratio. The sensor measuring range is exceeded.
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Fatigue from dual acting mechanical seal. Similar behavior is observed than in the previous
figure. Results were within the measuring range.
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