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Task Description

For subsea oil and gas fields to produce hydrocarbons, there must be enough
pressure to force the fluids to the surface. In some cases, it may be necessary
to artificially increase the pressure. Reasons include deep water, ageing field
(pressure drops as a field ages) and long tieback distances.

For predominantly liquid hydrocarbons (i.e, oil), pump-based boosting has
been used for several years in a large number of fields worldwide. Gas boosting,
by using compressors, is in its infancy, used only on two fields on the Norwegian
continental shelf. There are significant technical issues to overcome before gas
boosting becomes commonplace.

To investigate issues connected to gas boosting, the Department of Pro-
duction and Quality Engineering at NTNU wishes to construct a lab, at a cost
of approximately 150.000 NOK. In this project, master students will design
and construct this lab.

This master project is a continuation of work done during the autumn
project “Subsea Gas Boosting: Laboratory Design” undertaken during the au-
tumn semester of 2015. As part of that project, the design of the lab was
largely completed. The tasks for the master project is completing the re-
maining parts of the design (mostly connected to the sensor system and the
electrical system) and constructing the lab. Designing the software to operate
the lab is not part of the project.

Key aspects of this project are:

• Literature review of existing and future subsea gas boosting systems.

• Designing laboratory facilities, selecting equipment, choosing vendors
and solving other practical issues as may arise.

• Budgeting and ordering of parts from selected vendors.

• Finalizing the physical construction of the lab, including the electrical
system.

• Write the documentation necessary to use and maintain the lab.
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Abstract

Enhanced oil recovery has been a major focus area for the oil and gas industry
over the past years. The need for more and better recovery methods has
increased as many of the major oil and gas fields are entering the last phases
of their lifetime. Subsea boosting technology was introduced as a result of
this. The most common boosting methods are subsea multiphase pumping
for transport over longer distances and water injection for increased reservoir
pressure.

The latest development in subsea boosting is subsea gas compression. In
this project the different existing subsea gas compression solutions are pre-
sented.

To investigate issues connected to gas boosting, the Department of Pro-
duction and Quality Engineering at NTNU wanted to construct a laboratory.
The goal of this master project was to design and construct this laboratory,
at a cost of approximately 150.000 NOK.

The lab objectives include control of the flow in the system, mapping of
the compressor characteristics, using the lab as a pre-testing facility before
full-scale testing at the Department of Energy and Process Engineering, and
using it for educational purposes.

The main components of the lab are a turbocharger, a piston compressor,
a separator, a cooler and flow control valves.

It is possible to run three different scenarios to emulate the different existing
wet gas compression solutions. The first is wet gas compression with separa-
tion where the gas and liquid are boosted separately before being rejoined in
a multiphase pipeline. The second scenario is wet gas compression without
separation. The separator is bypassed and the two-phase flow is compressed
in the wet gas compressor. The last scenario is dry gas compression.

The final design of the lab was highly influenced by HSE. Risk analysis
were conducted to find the most critical components in view of both personnel
and system safety. In order to lower the risk for damage to personnel, safety
measures were made that changed the physical layout of the lab.

Many of the system components had to be handmade by the student group.
The main reason for this was to stay within the given budget of the lab. One
example is the construction of the separator where the total cost ended at
approximately 70 % less than the offer made by a potential supplier.

The lab is not yet completed. Before experiments can be conducted, soft-
ware for control and monitoring of the flow has to be implemented. In addition,
the lab location has to be decided to complete the final physical layout.
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Chapter 1

Introduction

This master thesis is a continuation of the specialization project ”Subsea gas
boosting-Laboratory design” from the autumn of 2015. Excerpts taken from
the specialization project will be explained and referred to in the thesis.

1.1 Objective

The objective of this master project is to perform a literature study of existing
solutions, plan, design and build a subsea gas boosting laboratory. All aspects
concerning the laboratory is part of the project. This means budgeting, design,
component selection, laboratory placement, construction and procurement. In
the report, the laboratory will be referred to as the lab. To limit the scope of
the thesis, only wet gas compression was studied as a subsea boosting method.

1.2 Method

The design of the lab was based on existing subsea gas compression solutions.
This is to be able to use the lab as a test facility when investigating gas boosting
as the task description states. Another source of inspiration was the wet gas
compression lab at the Department of Energy and Process Engineering (EPT)
at NTNU.

1.3 Report structure

Chapter 1 presents subsea boosting and existing solutions. Chapter 2 presents
an overview of the lab objectives and purpose. Chapter 3 presents a thorough
description and explanation of the chosen design of the lab. Chapter 4 presents
the HSE aspects of the lab, with respect to personnel safety and component
reliability. The results of the project, as well as a detailed description of
future work and how to implement the remaining components into the system,
is presented in Chapter 5.
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1.4. BACKGROUND

1.4 Background

Enhanced oil recovery (EOR) has received more and more focus from oil com-
panies worldwide over the past years. The need for better recovery methods
has increased as the production rate in ageing oil and gas fields naturally de-
creases. In addition, the focus on cost reduction and effectiveness has increased
over the past two years as the oil price has dropped dramatically forcing com-
panies to be more careful with investments. It is often more economical to find
solutions to increase the lifetime of an existing field, rather than finding and
developing a new and perhaps more challenging field.

Boosting technology was developed to increase the recovery rate from old,
existing fields, as well as using this infrastructure for development of new fields.
As the oil and gas field ages, the reservoir pressure decreases. The pressure
reduction decreases the production rate of the well, which in the end will stop
the total production if no actions are taken.

Figure 1.1 shows the potential increase in plateau, maturation and tail
production of an oilfield with EOR methods.

Figure 1.1: Production rate with and without enhanced oil recovery [39].

In the beginning, water injection was the only EOR method. After a while,
the technology evolved and was moved subsea for other purposes such as trans-
port over long distances and tie-back of new wells and fields into existing infras-
tructures. Subsea boosting is a major part of the finalization of the ”subsea
factory” where the production, processing and storage equipment is moved
from topside to the seabed. The oil and gas industry has worked for this since
the beginning of subsea technology in the 1980’s [65].

By installing a subsea boosting method, the pressure over the wellhead is
decreased as the hydrostatic pressure in the riser is removed. This allows the
reservoir fluid to flow more freely.

Subsea boosting has increased the lifetime of many offshore fields around

8
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the world and the technology allows a much higher recovery rate from oil and
gas reservoirs than what was possible just a few years ago. In addition, it allows
production from new and more challenging fields. New fields may be in ultra
deep waters or in remote areas such as the arctic where ice is a major obstacle
to overcome. Subsea boosting enables production from these reservoirs which
was unthinkable in the past. An overview of past, existing and future subsea
boosting solutions is given in the following sections.

1.4.1 Water injection

Water injection was the first boosting method developed. Water is injected
into the reservoir to increase the pressure and thereby the production. This
technology was developed in the US in the 1920’s, and by the 1970’s most
onshore oilfields in the US and China where using water injection as a boosting
method [49].

The water used in injection may be external brine water or water produced
with the hydrocarbons. It is then re-injected into the formation. It is some-
times necessary to filter and process the water before injection. This is to
ensure that no material or bacteria growth clogs the formation pores. In addi-
tion, oxygen is often removed from the water to reduce corrosion in production
pipes and equipment.

There are different techniques for determining where the injection wells
should be drilled. The five-spot pattern is one technique. Four injection wells
are drilled in a square around one production well. This is repeated around all
the production wells resulting in four injection wells surrounding one produc-
tion well and vice versa. There are also techniques where the wells are drilled
in line patterns. The effectiveness of water injection can vary from 5-50 % in-
creased recovery, depending on the formation characteristics. Figure 1.2 gives
a schematic overview of water injection. [53]

One of the greatest contributors to increased production on the Ekofisk
field in the North Sea was the introduction of water injection in 1981. The
Ekofisk field was discovered in 1969 and was the first commercial oil discovery
on the Norwegian Continental Shelf. The pilot water injection well was the
first ever to be drilled in a chalk reservoir, and at the time many believed that
it was impossible to produce from such a reservoir at all. After positive results
from the pilot well, a new water injection platform was installed and injection
began in 1987. Today, the operators are still injecting water into the field to
maintain the production rate. [22]

Water from the production flow can also be used for re-injection into the
reservoir. The water must be separated from the well stream. To avoid ex-
cessive pipelines from seabed to the platform, subsea separation for water
injection was introduced. The water is separated at seabed and redirected
into the reservoir.

The worlds first subsea separation unit was installed on the Troll field in
the North Sea in 2001. This field is operated by Statoil and the Troll C separa-
tion station (Troll pilot) is located 3.5 km from the Troll C platform at a water

9



1.4. BACKGROUND

Figure 1.2: Water is pumped into the reservoir which forces the hydrocarbons
to the surface [46].

depth of 340 m [66]. The well stream enters a horizontal separator and the
water is directed into a centrifugal re-injection pump. This results in a further
pressure increase of the water [34]. When separated from the water, the oil
and gas flows back to the Troll C for further treatment and transportation to
shore. [44]

1.4.2 Subsea pumping

The oldest subsea boosting methods are single and multiphase subsea pumping.
As mentioned in Section 1.4.1, water injection was the first boosting method
that was developed. However, this was for topside use and not subsea. The
subsea multiphase pumping technology started its development in the late
1980’s when the natural production rate of several oilfields started to decline.
To increase the oil recovery rate, several companies investigated the possibility
of installing subsea pumps to increase the kinetic energy in the oil and gas
mixture. This would allow transportation over long distances.

Since the 80’s, many different subsea single- and multiphase pump types
have been developed. The choice depends on several factors such as gas volume
fraction (GVF) in the flow, desired differential pressure, flow rate, viscosity of
the flow and the particle content. Table 1.1 shows the most common pump
types and their applications.

The first multiphase subsea pumping system was installed on the Draugen
field in the Norwegian Sea in 1994. The field was operated by A/S Norske
Shell and the system was designed by Framo Engineering.

The pump was installed 4 km from the Rogn South subsea well and 6 km

10



1.4. BACKGROUND

TYPE CONFIGURATION
APPLICABILITY FOR
SUBSEA BOOSTING

CENTRIFUGAL
HORIZONTAL OR
VERTICAL

Highest differential pressure
capability amongst pump types.
Handles low Gas Volume Fractions
<15 % at suction conditions.

HYBRID (CENTRIFUGAL &
HELICO-AXIAL)

VERTICAL

Combination of helico-axial and
centrifugal impeller stages.
Primary application is for use
downstream of separator or in low
Gas Oil Ratio (GOR) applications
where GVF is consistently <38 % at
suction conditions.

MUDLINE ELECTRIC
SUBMERSIBLE PUMP (ESP)

HORIZONTAL OR
VERTICAL

Widely deployed technology used for
boosting in wells, caissons, flowline-
risers, and mudline horizontal boosting
applications.
Applicable for conditions of
GVF <50 % (continuous) and for
improved flow assurance.

HYDRAULIC SUBMERSIBLE
PUMP

HORIZONTAL OR
VERTICAL

Compact hydraulic drive boosting
pump for wells, caissons & mudline
applications.
Applicable for conditions of GVF <75 %
(continuous) and for improved flow assurance.

HELICO-AXIAL VERTICAL

Applicable for higher GVF boosting
applications - typical range of
30-95 % GVF at suction conditions.
Moderate particle tolerance.

TWIN SCREW
HORIZONTAL OR
VERTICAL

Good for handling high GVF - up to
98 % GVF at suction conditions.
Preferred technology for high viscosity fluids.

Table 1.1: Different subsea pump types and their applications [37].

from the Draugen platform on an existing water injection template.

The fluid flowed through a 4 km flow line into the multiphase pump, where
it was boosted to reach the Draugen platform. The installation increased the
production rate from the Rogn South subsea well by 40 % [30].

The pump used in this project was a hydraulic submersible pump based
on the helico-axial technology. It was selected after several years of testing
and evaluation. Other alternatives such as the twin screw and piston pump
were also considered. The helico-axial pump was preferred because it could
operate with a gas volume fraction of up to 100 %. It had a very simple and
robust design, relatively low weight and the pressure boosting capabilities were
good. In addition, it was easy to deploy [47]. The technology was developed
by the Poseidon group which consisted of the French Institute of Oil, Total
and Statoil [45].

Since the Draugen project in 1994, many subsea single- and multiphase
pumps have been installed around the world. The pumps have continued to
develop from the hydraulic driven submersible pump at Rogn South subsea
field. Due to heavier oil, deeper water and longer tie backs, the pump require-
ments have changed since the first installation. A higher differential pressure
is often required and thereby also the power requirements for the pumps. The
projects after Draugen have used electrically driven pumps instead of hydrauli-
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1.5. EXISTING SOLUTIONS

cally driven. The reason for this development is to avoid excessive hydraulic
lines, hydraulic reservoir and to shorten the response time.

Not only helico-axial, but also centrifugal, hybrid and twin-screw pumps are
used. For example in 2013, two centrifugal pumps were installed at Tyrihans.
These could provide a differential pressure of up to 225 bar. This is a massive
increase compared to Draugen’s 53 bar differential pressure.

1.4.3 Gas compression

Gas compression is the boosting method in gas fields. It has the same purpose
as multiphase pumping in oilfields. Compression is also used to re-inject nat-
ural gas into producing oil wells to maintain reservoir pressure and lift liquids
to the surface, also known as gas lift operations [75].

In recent years, subsea gas compression has been developed for increased
production from gas wells and for enabling longer transport lines which again
leads to drilling of wells in remote areas [31]. Subsea gas compression research
has lasted for many years and for a long time it has been the next step in the
subsea factory development. The challenge has been to find a compressor type
that can compress a wet gas as traditional compressors are damaged by liquid.
Wet gas is characterized by a water fraction of 2-20 % [42].

Today there exists two different solutions for subsea wet gas compression.
One can compress wet gas and the other relies on full separation of gas and
liquid before compression. These will be explained in detail in the following
section.

1.5 Existing solutions

1.5.1 Ormen Lange subsea compression pilot system

The Ormen Lange field was discovered in 1997 and started production ten years
later in 2007 [64]. The field is operated by A/S Norske Shell [64]. It consists
completely of subsea installations and produces gas and gas condensate.

The flow is transported to the onshore process facility at Nyhamna before
it is transported directly to the UK in gas transport lines on the seabed. It
delivers up to 20% of the total gas consumption in the UK [48].

Since the production started, there have been plans of implementing a
compression stage to increase the recovery rate when the production starts to
decrease. Two alternatives were considered for the compression stage. The
first alternative was to have onshore compression at Nyhamna together with
infield compression using a semi-submersible rig. The other alternative was to
have the same onshore compression, but rather than having the topside infield
compression, subsea compression was considered. This way resources would
be saved by removing the need for a rig in the field.

The subsea compression was the preferred alternative, but it introduced
several new challenges. At the time, no company had field experience with

12



1.5. EXISTING SOLUTIONS

subsea compression. This meant that everything had to be designed from
scratch [48].

Ormen Lange is located far from shore, which causes a power distribution
challenge. Since there are no topside facilities at Ormen Lange, the power
distribution has to be delivered from Nyhamna. This also includes the control
system for all the electrical components on the template.

To develop and test possible solutions, a full scale test rig was designed
and built at Nyhamna. A/S Norske Shell worked together with Aker Solutions
on the pilot project. If the testing proved successful, the system would be
installed at the Ormen Lange field.

The components making up the compressor system was a centrifugal com-
pressor, a cooler, a multiphase pump, a vertical separator, electrical motors for
the compressor and the pump, and a variable speed drive for both motors. The
compressor used in the system was a 12.5 MW centrifugal compressor. This
compressor was not able to handle any liquid fraction in the gas, therefore the
reservoir fluid was separated in a vertical separator upstream the centrifugal
compressor. This was to separate sand and condensate from the gas.

The dry gas was led into the centrifugal compressor where the pressure
increased from 80 barg to approximately 140 barg. After compression, the gas
would be transported to shore.

The condensate and sand, that was separated from the gas, left the sep-
arator was guided to a 400 kW multiphase pump before it was rejoined with
the gas in the multiphase pipeline to shore. The gas and condensate would be
separated again when it reached the process facility at Nyhamna. The reason
the gas and condensate would be transported together to shore was to avoid
the cost of installing an extra subsea pipeline.

Figure 1.3 shows the Ormen Lange test pit.

Figure 1.3: The Ormen Lange test pit [70].
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The testing seemed very promising, however, in 2014 the installation plans
were postponed. The reason for this was an updated cost analysis for the
project and uncertainty regarding the remaining reserves in the reservoir. [4]
[43]

1.5.2 Åsgard wet gas compression system

The Statoil operated Åsgard field started production in 1999 and produces
both oil, gas and condensate. The field is one of the biggest on the Norwegian
Continental Shelf when it comes to infrastructure development. It consists of
a production ship, a storage ship and a semi-submersible rig [60].

The Åsgard subsea compression project started in 2005, and in 2010 Aker
Solutions was given the contract to deliver the compression system to Statoil.

The system is based on the same design as the Ormen Lange subsea com-
pression system where the condensate is separated from the gas before com-
pression. The system is made up of two identical compressor trains which
consists of a vertical separator, a cooler, a 10 MW centrifugal compressor and
a multiphase pump. It receives power from the floating production ship Åsgard
A.

The well stream flows into the separator, where the dry gas is separated
before it is compressed and sent to Åsgard B for further treatment. The
condensate exits the separator and flows to a multiphase pump before it joins
the dry gas again for further treatment at Åsgard B.

Figure 1.4 shows the layout of the compression system.

Figure 1.4: Field layout of Åsgard subsea wet gas compression system [23].

The final system was installed during the summer of 2015 and is expected
to increase the recovery rate at the Midgard reservior from 67 % to 87 %. In
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addition, the system boosts the gas from the Mikkel reservoir increasing the
recovery rate from 59 % to 84 %. In total, it is estimated that the subsea
wet gas compression system will give an additional 306 million barrels of oil
equivalents [67].

1.5.3 Gullfaks wet gas compression

The Gullfaks field is operated from three production platforms, Gullfaks A,
B and C. It produces both oil and gas and production started in 1986, 1988
and 1989 respectively. Since the production started, several satellite wells have
been drilled on the Gullfaks field. These are all subsea wells and are remotely
operated from Gullfaks A and Gullfaks C.

The operators decided to invest in a subsea wet gas compression system in
the subsea satellite wells Gullfaks Sør in 2012. The wells are connected to the
Gullfaks C platform. It is estimated that the wet gas compression installation
could potentially increase the recovery rate of the Gullfaks Sør field from 63 %
to 73 % [63].

OneSubsea was given the task of developing the wet gas compression sys-
tem for the Gullfaks Sør field, in collaboration with Statoil and Shell. They
presented a solution that is especially designed for small and medium size
reservoirs. In addition, the technology is very flexible which means it can be
implemented in both new and existing fields. One of the goals for the wet gas
compressor was to eliminate the need for subsea separation and hence make
it small and compact, and more economical. To achieve this, OneSubsea had
to develop a gas compressor that could handle both gas, liquid and sand. The
innovative solution was a counter-rotating compressor that could handle all
liquid fractions in addition to sand. The design was based on the well proven
multiphase helico-axial pump that has been used for many years in subsea
multiphase boosting.

Two 5 MW wet gas compressors were installed on the Gullfaks Sør tem-
plate. The flow from the reservoir passes through a mixer to ensure a homoge-
nous flow through the compressor. After the mixer, the flow passes through a
cooler in order to increase the density of the gas. The increased density ensures
a more efficient compression. To be able to withstand the mixed flow from the
reservoir that contains gas, oil, water and even sand, the two compressors
operates at a relatively low speed.

Both compressors are actuated by their own 2.5 MW electric motor, which
receives its power from the Gullfaks C platform. The two compressors can be
run either in parallel or in series, depending on whether a higher flow or higher
pressure regime is desired. When running in parallel, the pressure increase is
32 barg. However, since this is a low pressure production, the compressors are
running in series, ensuring a pressure increase of 60 barg. This is only an issue
when using centrifugal compressors. [62][40]

Figure 1.5 shows the two wet gas compressors installed at Gullfaks.
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Figure 1.5: The two wet gas compressors installed at Gullfaks [40].
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Chapter 2

Lab objectives

The purpose of this lab is to emulate wet gas boosting as it is done in the oil and
gas industry. An existing full scale wet gas compression lab is located at the
Department of Energy and Process Engineering (EPT) at NTNU. The small
scale lab designed in this project differs from this. It is based on educational-
rather than experimental capabilities like the one at EPT. The full scale lab is
often used by the industry, thus making it unavailable for students. In addition,
students not belonging to EPT have to make appointments and internal rent
has to be paid to conduct educational experiments.

By designing a small scale lab at the Department of Production and Quality
Engineering (IPK), there will be less restrictions on the use as the system flow
and pressure will be much lower than at EPT. A small scale lab can also be
used as a test facility before conducting an expensive full scale experiment at
EPT.

The components and the design of the lab are based on the lab objectives
set in this project. At the same time keeping the design as general as possible
to ensure a wide application use, both now and in the future. A presentation
of the lab objectives are listed below.

Control
The main objective of the lab is to control the flow in the system. By alter-
nating the rotational speed of the compressors and regulating the flow control
valves, the flow characteristics will change. The control system can be based
on pressure-, temperature- and rotational speed readings.

Wet gas compressor characteristics
Another objective is to map the compressor characteristics of the wet gas com-
pressor with different water levels in the flow. Small scale wet gas compressor
is not a typical application in the industry, therefore neither one of the com-
pressors for the lab are especially made for this use. However, one of the
compressors is assumed to handle water and mapping of the characteristics is
therefore of interest.

Pre-testing facility
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The lab can be used as a pre-test facility before full scale testing at EPT. This
is to prove that a full scale test is necessary. This way internal rent can be
saved in case of a failed pre-test.

Educational use
The lab can function as a lab and test facility for university subjects which
contains control systems, compressors, anti-surge systems, motor control, valve
control and temperature/pressure measurement. It will also show compression
processes and valve effects in practice.
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Chapter 3

Design

Section 1.5 presented the two existing system solutions for wet gas compression
on the market today. The subsea boosting lab will test both of these. This lab
was therefore based both on the Ormen Lange and the Gullfaks gas boosting
design. In order to test the different technologies, the lab was designed as a
loop with two sub-loops. The inner loop is a separation loop where the water is
separated from the multiphase flow. The gas is compressed and the separated
water is pumped and rejoined with the gas flow in a multiphase pipe. In the
outer loop the separator is bypassed and the flow is boosted as a mixed flow.

The main components of the lab are:

• Turbocharger

• Piston compressor

• Counter flow cooler

• Gravity separator

• Gear pump

• Flow control valves

The turbocharger was assumed to handle water fractions and will be used
as a wet gas compressor. This is explained in detail in Section 3.6. Figure 3.1
shows the system drawing of the lab.

3.1 Test scenarios

Before conducting experiments on the lab, the system has to be pressurized.
This is to make sure there is enough air to run the compressors. The lab will
test mainly three scenarios:

• Wet gas compression with separation.
In this experiment, ball valve 1 is closed and ball valve 2 is open, see
Figure 3.1. The air is separated from the water in the separator and
leaves through the air outlet at the top through a coalescence plate. The
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Figure 3.1: Subsea wet gas compression lab, system drawing

dry gas is then fed to the turbocharger via the piston compressor by-pass
line. The gas is cooled in the counter flow cooler after the turbocharger.
It is then joined by the water stream from the separator. The water
level in the separator is controlled by a level transmitter which activates
a gear pump.

The pressurized water flows through a choke valve that depressurizes the
stream to the same pressure as the dry gas. This ensures that the two
streams can mix and become wet gas again. The wet gas flows through
another choke valve to reduce the pressure of the total flow before it
re-enters the separator for new separation.

The reason the piston compressor is bypassed is because it is very sen-
sitive to water and particles. The flow out of the separator cannot be
controlled to a satisfying level to ensure that the air is completely dry.
The piston compressor was originally intended to be part of the ”wet gas
compression with separation” scenario, but after close evaluation it was
decided that the risk for failure was too high. However, this is a part
that can be improved at a later stage. That is why the bypass line is
still a part of the system.

• Wet gas compression without separation.
Before this experiment is conducted the decided water volume fraction
has to be added to the system, ball valve 2 needs to be shut and ball
valve 1 opened. To avoid slugs, the water inlet is located upstream the
separator for longer travelling distance into the turbocharger. The piston
compressor is bypassed again and the water and gas will flow into the
turbocharger and be compressed as one. The compressed flow is cooled
in the counter flow cooler and returned through choke valve 2 to the
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turbocharger for re-compression.

• Dry gas compression.
The reason for testing only dry gas is to be able to control the electrical
motor of the piston compressor. The piston compressor does not handle
any water. In this experiment there is no water in the system, and
the separator can be bypassed. Both the piston compressor and the
turbocharger will compress in series. The gas is cooled and flows through
the main choke valve before it is compressed again in the same way.

It is important to know the exact water volume of the flow in the system.
This is to map the compressor characteristics and to verify that the flow regime
is within the turbocharger’s compressor map to avoid surge and choking, see
Section 3.6. The calculation procedure for calculating the water volume in
the system is given in Appendix C. In addition, the excel file is found in the
electronic appendix.

To alter between the three scenarios the system has to be shut down. The
reason is that the adjustment is controlled by the manual ball valves and no
personnel should be close to the lab during operation.

In addition to the main components, there are a lot of small components
for monitoring and for control of the system. These components, as well as
the main components, are explained in detail in Section 3.3.2–3.10.

Figure 3.2: Model of the lab in Solid Works
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3.2. DESIGN LIMITATIONS

3.2 Design limitations

There were a lot of factors that limited the design of the lab. These were
chosen deliberately by the group to design and construct the lab in a satisfying
manner within the given time frame. In addition, there were other limitations
that influenced the design that were set by the department.

The first limitation the group set for the lab was to neglect the surrounding
reservoir and hydrostatic conditions that a subsea boosting system would ex-
perience on the seabed. The lab is located in a dry environment at atmospheric
pressure. In addition, the flow in the system will consist of pressurized air and
water. The reason for this is their relatively similar behaviour to reservoir
fluids as well as their ease to handle and obtain compared to oil and reservoir
gas.

The lab was designed as a loop to avoid unnecessary spilling and waste to
the environment. A flow velocity of 5 m/s was chosen to dimension a suitable
turbocharger for the system. This in return gives a flow rate of 9.8 l/s based
on the inner diameter of the pipes. A maximum pressure in the system of 4
barg was chosen based on the choice of using a turbocharger. This will be the
maximum differential pressure that can be achieved for the system. All of the
components have been chosen to ensure a pressure safety margin of at least 2
to secure safe operation when running the lab.

The budget, at NOK 150.000, was the biggest limitation set by the depart-
ment. This meant the lab had to be made as economical as possible, but at the
same time fulfilling the lab objectives. This influenced the choice of compo-
nents greatly. Different solutions from different suppliers had to be evaluated
and compared, and where the demands were not met, the student group had
to design and construct the relevant components. An example of this was the
construction of the separator. An offer was made from a supplier to construct a
custom made separator for the system. The price of the offer was NOK 19.752,
without VAT and shipping, see Appendix B. The cost of this relatively simple
component would have been more than 13% of the total budget of the lab,
which was not acceptable. The separator was therefore custom made by the
group and the total cost ended at NOK 5.269. An overview of the laboratory
expenses are given in Appendix E.

Time was another major limitation for the project. The natural time frame
was two university semesters, which is about 10 months. Within this time,
planning, budgeting, design, procurement, construction and report writing
had to be done. Due to the relatively short period of time, a construction
limitation had to be made. The group decided to focus on the hardware, while
the software had to be postponed for later implementation.

The most time-consuming part of the project was the procurement phase.
Every component of the system had to be carefully selected based on system
requirements. The reason this phase was prolonged was due to the need for
component research before a potential supplier could be contacted. In addition,
the supplier had to have time and knowledge to give an offer of the correct
parts. This proved to be much more time-consuming than anticipated as most
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of the suppliers were very busy. A selection was made, after repeatedly having
to contact the same suppliers to receive an offer, based on delivery time and
price.

The location and size of the lab was the last limitation set by the depart-
ment. It is not yet decided where the lab location is going to be, therefore
it was designed to be movable. This directly affected the size since it has to
be moved by a forklift. In order to have as much space as necessary and at
the same time being movable, the lab was designed in two separate modules
connected via disconnectable hoses.

3.3 Separator

The calculations in the following section were obtained from the project report
[17, ch.3].

As explained in the introduction of Chapter 3, both existing subsea wet
gas compression technologies will be tested. Therefore, a separator had to be
part of the system. Vertical separators are normally used for separation of
fluids with high GVF. Due to the difference in density between water and air,
a simple gravity separator with coalescence plates was designed. Figure 3.3
shows the separator mounted in the frame.

Figure 3.3: The separator mounted in the frame.

The mixed flow enters the separator where the gas, which has a much
lower density than the liquid, will start to rise before it leaves at the top.
The liquid will fall to the bottom. To dimension the separator, the minimum
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cross-sectional area had to be found based the on system specifications. The
separator capacity equation was used [39, Ch.9,p.15]. It is expressed by the
gas volume flow into the separator.

qGs.c = AGKs

√
ρL − ρG
ρG

(
p

ps.c

)(
Ts.c
T

)
1

z
(3.1)

Where:

qGs.c Gas volume flow at standard conditions [m3/s]
AG Cross-sectional area of separator [m2]
Ks Separation constant [m/s]
ρL Density of liquid [kg/m3]
ρG Density of gas [kg/m3]
p Pressure in the separator [Pa]
ps.c Pressure at standard conditions [Pa]
T Temperature in the separator [K]
Ts.c Temperature at standard conditions [K]
z Compressibility factor

The pressure and temperature in the separator was assumed to be 3×105 Pa
= 2 barg and 303.15 K = 30 C respectively. The separation constant, Ks, was
set to 0.05 m/s, which is recommended by API [39]. Based on these values the
cross-sectional area of the separator was calculated to be 35×10−4 m2.

The air in the system was assumed to be an ideal gas and therefore, z ≈
1. This assumption was based on the generalized compressibility chart in
[3, p.138]. Here the operational pressure, pop, and temperature, Top, has to
satisfy the conditions pop << pcr and Top > 2Tcr for a gas to be ideal. The
critical pressure of air is pcr = 37.71 barg [71], and the critical temperature
is Tcr = −140.5◦C [71]. The operational pressure range for the lab is 0 barg
< pop < 4 barg and Top will never fall below the temperature of the cooling
medium, see Section ??. Hence, the conditions were satisfied and the gas could
be treated as ideal.

With 35×10−4 m2 as the calculated required cross-sectional area of the
separator, the necessary diameter was calculated to be d = 0.067 m and the
advised length, L = 3×d= 0.201 m [39]. The separator was greatly over-
dimensioned in the design process to have the possibility of a higher water
volume in the system to ensure a sufficient flow in the pipes. It was also
designed to withstand an internal pressure of 4 barg in case of a choke failure.

When choosing the materials for the separator there were different factors
to consider. To limit the risk of corrosion and leakage due to poor welding, a
PVC pipe was chosen as material for the outer shell. The pipe has an outer
diameter of 400 mm and length 900 mm. The pipe can handle an internal
pressure of 4 barg with a safety factor of 2, see Appendix B. The lids were
made of aluminium. This choice is explained in Section 3.3.1.
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3.3.1 Material selection of the lids

The detailed calculations and explanation of the lid material selection below
were obtained from the specialization project report [17, ch.3,p.15].

For a material to be used as a lid for the separator, it had to fulfill require-
ments on both thickness and deflection. The maximum thickness was set to
30 mm. A thickness above this limit will make the machining process harder.

The gasket used to seal the shell is 4 mm thick. The lids were mounted to
the pipe with threaded rods. In this process the lids were assumed to deflect
and the gasket was assumed to compress from its original thickness, αo =4 mm,
to αc =2 mm. The deflection could cause the plates to lose contact with the
inner point of the gasket. This would increase the pressurized area inside the
separator, resulting in a higher force on the lids as shown in Figure 3.5. The
possibility of leakage in this case is high, and is therefore set as the deflection
limit. Figure 3.4 illustrates how the maximum deflection was calculated. In
reality, the lid will have a curvature shape, the straight representation is a
simplification.

Figure 3.4: Maximum deflection of the lid

The maximum angle of deflection is given by

tan(θmax) =
αc

Bw

(3.2)

tan(θmax) =
δmax

L
2

(3.3)

where

θmax Maximum angle of deflection [rad]
αc Thickness of the compressed gasket [mm]
Bw Wall thickness of the shell [mm]
δmax Maximum deflection [mm]
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L Length of the lid [mm]

The wall thickness of the shell is Bw = 15 mm and the inner diameter is
370 mm which results in L

2
= 185 mm.

Inserting (3.2) into (3.3) gives a deflection limit δmax ≈ 24.6 mm at the
center of the lid.

The chosen material therefore had to fulfill the following two requirements:

• A maximum thickness Hmax= 30 mm

• A maximum deflection of δmax ≈ 24.6 mm

The required thickness of the lid material to withstand the internal sepa-
rator conditions, was calculated by the elastic bending moment equation for a
rectangular beam

Mmax =
BH2

6
σy,max

H =

√
6Mmax

Bσy,max

(3.4)

where

Mmax Maximum moment on the lid [Nm]
B Width of lid section [mm]
H Thickness of the lid [mm]
σy,max Maximum yield strength [MPa]

Figure 3.5: Three-point bend-
ing setup of the plate.

Figure 3.6: Free body diagram of
the lid section.

As seen in Figure 3.5 and 3.6, the maximum pressure is an equally dis-
tributed load on the lid section, pmax = 0.4 MPa and F1 = F2 = 1

2
Fmax. The

free body diagram in Figures 3.5 and 3.6 shows the forces acting on the lids.

F1 =
pmaxBL

2
(3.5)
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where

F1 Force acting on the lid from the threaded rods [N]
pmax Maximum pressure inside separator [MPa]
B Width of lid section [mm]
L Length of lid [mm]

By inspection, F4 is equal to F1. This implies that Fs = 0. Mmax is found
from the moment balance-

ΣM = 0

−Mmax − F4
L

4
+ F1

L

2
= 0

Mmax = F1

(
L

2
− L

4

)
Mmax = F1

L

4

(3.6)

Inserting (3.5) into (3.6)

Mmax =
pmaxBL

2

8
(3.7)

and inserting (3.7) into (3.4) results in

H =

√
3pmaxL2

4σy,max

(3.8)

The second requirement the chosen material had to fulfill was a maximum
deflection δmax = 24.6 mm. This was calculated by

δmax =
FL3

48EI
(3.9)

where

δmax Maximum deflection of the lid [mm]
F Maximum force on the lid [N]
E E-modulus of the lid material [MPa]
I Moment of inertia on the lid [kgm2]
L Length of the lid [mm]

I =
BH3

12
(3.10)
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Inserting (3.10) into (3.9) gives

δmax =
FL3

4EBH3
(3.11)

Polycarbonat (PC) and polymethylmethacrylate (PMMA) was considered
as polymer materials for the lids.

For PC with a yield strength of σy,max = 60 MPa [6], the thickness is
calculated to be HPC ≈ 26mm < Hmax.

The E modulus for PC is EPC = 2500 MPa [6]. This gives δmax,PC ≈
41.9 mm, which exceeds the limit and therefore the material was discarded.

PMMA has a yield strength of σy,max = 130 MPa [7], which gives a re-
quired minimum thickness of HPMMA ≈ 17.8 mm < Hmax using (3.8). The E
modulus for PMMA is EPMMA = 3300 MPa and the deflection is calculated
to be δmax,PMMA ≈ 101 mm >> δmax. PMMA was therefore also discarded.

A third option was to consider aluminium. Aluminum alloy 5754 has a
yield strength of σy = 160MPa. Performing the calculations for the necessary
thickness gives Halu ≈ 16 mm which is within the limits.

The E modulus for this alloy is E = 68GPa [1]. The deflection was calcu-
lated to be δmax,alu ≈ 6.7 mm < δmax.

Aluminium can handle both heat and high pressure, is corrosion resistant
in the lab environment, [5], and has good machining properties. Because of
these factors, aluminum was selected.

3.3.2 Assembly of the separator

Figure 3.7 shows a model of the separator. The threaded rods were used to
force the lids to the shell. Corrosion resistant metallic grids, called coalescence
plates, were inserted for improved separation. Small water droplets in the air
that are not separated by gravity will coalesce at the grid. This way the air
at the separator outlet will be dry.

All three main in-/outlets of the separator were assembled by the same
principle. They consist of a threaded fitting, a rubber sealing, and a nut
with an integrated washer. The fittings were passed through the relevant hole
in the separator from the inside with the rubber gasket attached. The nut
was fastened from the outside compressing the flange and the rubber gasket
towards the separator wall/lid.

The water and air outlets were placed in the middle of the bottom and
top lid respectively. Grooves was machined into the plates to keep the rubber
gaskets in place when tightening the fittings. The multiphase inlet of the sepa-
rator was drilled through the PVC shell. In the bottom lid, a drain connected
to a water hose with a simple ball valve, was drilled. The separator drain
outlet was placed at the lowest level of the lab to secure proper drainage of
the system.
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Figure 3.7: Model of the separator. The shell is made transparent to show the
inside.

A level transmitter is used to control the water level in the separator. It was
mounted on the inside wall as shown in Figure 3.8. The level transmitter starts
or stops a gear pump that is connected to the water outlet of the separator.
The transmitter consists of two floaters that behave like switches. When the
water level rises, both floaters will rise and the switches are in on position. An
Arduino, which is a type of micro-controller used to control physical devices,
is used to signal the pump to turn on in this case.

When the water has decreased to the level where the switches are in off
position, the pump will turn off. The water from the outlet is pressurized
through the pump and is transported towards the choke valve.

The separator was pressure and leakage tested. When running the lab the
separator will be filled with compressed air, in some situations up to 2 barg. To
avoid blow outs and dangerous situations which can occur with compressed air
during pressure testing, the separator was pressurized with water up to 8 barg
and was sealed off for 30 minutes. The first test proved there was a leakage
in the threading through the PVC wall. The rubber gasket had deformed and
was pushed out from under the nut. The rubber gasket was then replaced with
an aluminium gasket. During the second test there was still a small leakage in
the same threading. It was decided to glue the aluminium gasket to the PVC
and fasten the nut. This proved to be a good solution as there was no leakage
in the third test.
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Figure 3.8: Level transmitter mounted in the separator. The picture was
obtained when the separator was upside down. Therefore the floaters are in
the upper position.

3.4 Counter flow cooler

In a compression process, the temperature of the fluid increases significantly.
A cooler was installed after the two compressors due to the temperature lim-
itation of the PVC pipe. The pipe can only withstand a temperature of up
to 60◦C. Designing the cooler was a comprehensive process. High tempera-
tures from the compressor, space, budget limitations and a requirement for no
leakage were the main restrictions.

Due to its simplicity, compactness and efficiency, a standing counter flow
helical-coil cooler was chosen. The outside design of the cooler was identical to
the separator shell design. It was made cylindrical with aluminium lids forced
together with metallic threaded rods. The gas inlet of the cooler had to be
placed through the top aluminium lid because of the high temperature of the
flow. If the fittings were placed through the PVC shell, a local melting risk
would be introduced.

The gas outlet was placed through the bottom aluminium lid. The water
inlet was placed at the same side as the gas outlet, creating a counter flow
cooler. This will give hydrostatic back pressure on the water inlet keeping
the chamber filled with water, ensuring continuous cooling of the coils and
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aluminium lids.

The cooling medium will have a low pressure inside the cooler, and therefore
the requirement for the tank to withstand high pressures is not critical. The
water outlet ensures an opening of the cooler at all times. If a gas leakage
occurs in the coils, pressure buildup in the tank will force the water out.

The coil material was chosen to be copper due to its high thermal conduc-
tivity, low price and low yield strength which makes the pipe easy to bend into
a helix shape [27], [13]. The selected copper pipe is manufactured for water
and gas transport [61]. The pipe on the inlet of the cooler was chosen to be
silicon due to the high temperature from the compressors. The pipe at the
outlet was chosen to be PVC material due to the low temperature.

3.4.1 Calculation of copper length

The detailed calculations of the copper pipe length presented below were ob-
tained from the specialization project [17, ch.3,p.20].

The required length of the copper pipe was dependent on the heat transfer
between air and water, the logarithmic mean temperature difference and the
diameter of the pipe

L =
Q̇

U∆TLMTDAo

(3.12)

where

Q̇ Heat transfer [W]
U Heat transfer coefficient [ W

Km2 ]
Ao Area of heat transfer [m2]
∆TLMTD Logarithmic mean temperature difference [-]
L Length of copper pipe [m]

To find the required length, the temperature out of the compressors had to
be calculated. In the industry, a compression process is considered a polytropic
process [39, ch.7,p.11]. The temperature ratio is given by

T2

T1

=

(
p2

p1

)(
k−1
kηp

)
(3.13)

where

p2 Outlet pressure [Pa]
p1 Inlet pressure [Pa]
k Isentropic coefficient [-]
ηp Polytropic efficiency [-]
T1 Inlet temperature [K]
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T2 Outlet temperature [K]

At normal conditions, the inlet temperature of the piston compressor will
be 293.15 K = 20◦C, and the inlet pressure will be atmospheric pressure,
101325 Pa = 0 barg. The polytropic efficiency in a reciprocating compressor
is assumed to be 1, and the isentropic coefficient is 1.4 [39]. The maximum
outlet pressure allowed in the system when only running the piston compressor
is 4 barg. With these values, the outlet temperature of the piston compressor
was calculated to be 191◦C.

The polytropic efficiency of a centrifugal compressor is assumed to be 0.6
[39]. The maximum differential pressure the turbocharger can deliver is 2 barg.
This means with the same inlet conditions as the piston compressor, the outlet
temperature will be approximately 220◦C.

When the compressors are run in series, the maximum outlet temperature
of the turbocharger is 212◦C. The maximum inlet temperature of the cooler
is therefore 220◦C.

The outlet temperature of the cooler will be 20◦C. When calculating the
required length of the copper pipe to cool the flow by 200◦C, a flow of dry
air was assumed. This assumption was based on the enthalpy of vaporization,
which is the energy required to evaporate water. With constant pressure, the
temperature in the water will stay constant if the liquid is at its saturation line.
Further energy supplied will evaporate the water, not increase the temperature
[3]. At a pressure of 2 barg, the saturation temperature of water is Tsat =
133.52◦C [3, table A-5,p.912]. This temperature is lower than the maximum
inlet temperature in the cooler, T = 220◦C. The increased enthalpy of the
air will therefore contribute to evaporation of water, and not increase the
temperature.

The hot air in the copper pipes will be cooled by surrounding tap water.
The inlet temperature of water was assumed to be 8◦C. The heat transfer
through the copper wall is calculated by

Q̇ = UAo∆TLMTD (3.14)

where the logarithmic mean temperature difference is given by

∆TLMTD =
∆T2 − ∆T1

ln∆T2

∆T1

(3.15)

and

∆T2 Temperature difference at the top of the cooler
∆T1 Temperature difference at the bottom of the cooler

The outlet temperature of the water is dependent on the heat transfer
between the two flows. To obtain the temperature, the rate of heat transfer of
both flows has to be in equilibrium.

Q̇air = ṁair∆TairCp,air (3.16)
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Q̇water = ṁwater∆TwaterCp,water (3.17)

Q̇air = Q̇water (3.18)

which gives

∆Twater =
Q̇air

ṁwaterCp,water

(3.19)

where

Q̇air Heat transfer in air [kW]
Q̇water Heat transfer in water [kW]
ṁair Mass flow of air [kg/min]
ṁwater Mass flow of water [kg/min]
∆Tair Temperature difference of air [K]
∆Twater Temperature difference of water [K]
Cp,air Volumetric heat capacity of air [kJ/kgK]
Cp,water Volumetric heat capacity of water [kJ/kgK]

ṁair and ṁwater was assumed to be 1.25 kg/min and 12.6 kg/min respec-
tively. Cp,air = 1.03 kJ/kgK and Cp,water = 4.19 kJ/kgK [3]. With these values
the outlet temperature of water will be 12.8◦C.

The length of the copper pipe was found from (3.12) where the heat transfer
was calculated to be 4.3 kW and the heat transfer coefficient, U = 200 W

Km2

[39, ch.6]. The inner diameter of the copper pipe is 15 mm and the ∆TLMTD

was calculated to be 68.4 from (3.15). This resulted in a required pipe length
of 6.7 m. With a safety factor of 2, a 15 m copper coil was purchased. To
construct a compact counter flow cooler, the pipe was cut into three equal
sections.

The values used for the calculation is summarized in Table 3.1.

Variable Value
ṁair 1.25 kg/min
ṁwater 12.6 kg/min
∆Tair 200 ◦C
∆Tair 4.8 ◦C
Cp,air 1.03 kJ/kgK
Cp,water 4.19 kJ/kgK
∆TLMTD 68.4

Q̇ 4.3 kW
D 15 mm
U 200 W

Km2

L 6.7 m

Table 3.1: Summary of the values used to calculate the copper pipe length
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Calculations were also made for different pressures, temperatures and inner
diameters of the copper pipes. These are given in Appendix C.

3.4.2 Assembly of the counter flow cooler

Figure 3.9 shows the assembled cooler in SolidWorks and 3.10 shows the as-
sembled cooler mounted in the frame.

Figure 3.9: Model of the cooler. The
shell is made transparent to show the
copper helix inside.

Figure 3.10: The cooler
mounted in the frame.

The copper pipes were coiled by hand. Salt was poured into the pipes to
absorb the bending forces and prevent the copper kinking. However, the salt
proved to be difficult to get in and out of the pipe properly. Finely grained
sand proved to be a better alternative. The sand filled the pipe more easily
and there was no corrosion risk involved. A pipe with a suitable diameter was
found in the workshop, and the copper was coiled around this.

The manifolds have their inlets in the same orientation as seen in Figure 3.9.
This made the copper assembly more difficult as all three coils needed different
inlet angles to the manifold.

A lot of time was spent adjusting the copper pipes to fit properly into the
manifold. This was to ensure that there was no leakage in the connections and
that it fitted into the PVC shell.

When all the copper pipes were assembled in the manifolds, the system had
to be pressure and leakage tested. One of the manifolds was sealed with a plug
and the other was connected to the compressed air supply in the workshop.
Due to the small volume in the copper pipes, compressed air was used rather
than water. The coils were placed inside a container when pressurized to avoid
dangerous situations if a major leakage was to occur.
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The first pressure test was conducted in a dry environment. The system
was pressurized to 5 barg and then left alone for 30 minutes. This was to
detect a potential leakage in the connections. After 30 minutes the pressure in
the copper coil had dropped to 3 barg which proved that it was not completely
sealed. To detect in which connection point the leakage was located, the coil
system was submerged in water. Two leakage points were detected in two
different copper manifold connections. Figure 3.11 shows the pressure test of
the copper coils.

Disassembling the coils revealed malformed ends at these two points which
meant that the coil did not fit properly into the manifold. To fix the leakage,
the two malformed ends had to be straightened out and made circular. This
was done by heating up the end of the coil and forcing it through a premade
circular hole with diameter of 15 mm in a piece of wood. The coil was then
forced into the right shape and dimension. A second pressure test proved that
the corrections worked.

Figure ?? shows the copper coils inside the shell of the cooler.

Figure 3.11: The final pressure test of
the copper helix.

Figure 3.12: Copper helix in-
side the cooler shell.

The tank and the aluminium lids were sealed in the same way as the sepa-
rator, with threaded rods. Both holes for the gas inlet and outlet of the cooler
were threaded in order to reduce the risk of leakage. A threaded connection
pipe was used through both holes to connect the main pipe to the manifolds
in the cooler. Thread tape was applied to the threads to prevent leakage and
a gasket was placed on the outside of both lids and compressed with a nut.

Closing the tank with the coil attached to the pipes through both alu-
minium lids was a great challenge. It was not possible to connect the top
lid to the coil and tighten it from the inside, where the connection was lo-
cated. This could be done on the bottom lid since the tank was not yet sealed.
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Therefore the top lid had to be connected and tightened from the outside. To
overcome this problem, a hexagonal shape was milled into the inside of the
aluminium lid. This was to force the end nut on the manifold into the milled
hexagonal shape so that it would not move when the threaded connection pipe
was fastened through the inlet of the lid.

Figure 3.13 shows the milled hexagonal shape in the aluminium lid.

Figure 3.13: The milled hexagonal shape in the aluminium lid

To prove the cooler was leakage free, it was filled with water after it had
been assembled.

Several problems occurred during the construction of the cooler. The result
was a more time-consuming process than anticipated in the planning phase.
The greatest challenge was the adaptation of the copper pipes and making the
connections leakage free. In addition, time was spent trying to find missing
parts for connection and a suitable area for the pressure test of the copper
pipes. The workshop could not provide all the necessary parts, therefore both
money and time was spent on equipment for testing. This was not considered
or thought of during the planning of the cooler construction.

3.5 Piston compressor

A piston compressor was placed in the loop to provide a higher differential
pressure when used in series with the turbocharger for dry gas compression.
In addition, it was desirable to control the compressor with an electrical motor.
For a turbocharger to pressurize the flow in the system, a very high rpm is
required. This is not possible to achieve with an electrical motor without an
expensive gear system. Therefore a motor controlled piston compressor was
installed in addition to the turbocharger.

A piston compressor is a type of displacement compressor. Gas is let into a
fixed volume chamber. A piston moves in a reciprocating movement, reducing
the volume of the chamber and thereby compressing the gas. The compressed
gas is then discharged into the system and towards the turbocharger.

The piston compressor is very sensitive to particles, dirt and water and
will be damaged if exposed to these over a longer period. Therefore, it will
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only be run when compressing dry gas. The compressor will be bypassed when
running wet gas in the system to avoid water from entering the chamber.

Since there is no humidity sensor after the separator, the compressor is
bypassed even though the gas has been separated from the water in the sepa-
rator. It is not possible to verify that the gas is completely dry when it leaves
the separator. As mentioned in Section 3.1, this can be a potential future
improvement to implement in the system.

The piston compressor is belt-driven by a 4 kW AC induction motor. The
belt is attached to a pulley on the shaft of the motor and the wheel of the
compressor. It will run at 1370 rpm. The motor is controlled by a frequency
converter. The frequency converter alters the frequency of the alternating
current (AC), which in return increases or decreases the rpm of the motor.
The compressor and motor are shown in Figure 3.14.

Figure 3.14: Belt driven piston compressor with electrical motor.

Figure 3.15: The tightening system for the motor and the piston compressor
marked with the red circle.

Since the motor and compressor were bought separately, they had to be
made compatible with each other. In order for the belt to be properly tight
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between the two components, giving the correct rpm in a safe manner, a tight-
ening system was designed. Another reason why this was necessary is that the
belt will loosen as it ages, meaning an adjustment will have to be made in the
future. The design of the tightening system is shown in Figure 3.15.

The system is made up of two solid pieces of metal that are bolted together
on either side of the wooden frame as seen in Figure 3.15. Two parallel 260 mm
oblong holes with a diameter of 12.5 mm are drilled through the two pieces
of metal and the wooden frame. The base of the motor is attached to the
metal pieces through these two holes with bolts. The motor can slide up and
down the oblong holes when the bolts are loose, meaning that the belt can
be tightened and loosened. When the belt is properly tight, the motor can be
fastened in the right position with the bolts. This design ensures easy and fast
adjustment of the belt controlling the rpm of the piston compressor.

3.6 Turbocharger

A turbocharger is a device for compressing more air into the cylinders of a
combustion engine than is being supplied in a traditional naturally aspirated
engine. The pressure increase results in a higher density of the air, which
in return increases the amount of oxygen being fed into the cylinders. This
allows for more fuel injection which increases the power of the engine [32]. A
turbocharger is often installed with an intercooler in series with a combustion
engine in order to increase the efficiency of the turbocharger. The cooling of
the air increases the density.

A turbocharger consists of a turbine and a compressor impeller connected
by a common shaft. When the exhaust gases are fed into the turbine, they
experience a pressure- and temperature drop between the inlet and the outlet.
This pressure drop is converted by the turbine into rotational kinetic energy
[18]. The rotational energy is conveyed by the shaft to the compressor impeller.
The rotating impeller applies a high velocity to the gas in the compressor which
increases its kinetic energy. Because of the increase in centrifugal force due
to the rotation of the impeller, the static pressure of the gas increases as it
moves along the impeller blades. It is then decelerated in the diffuser part of
the compressor, increasing the pressure of the air due to the transformation
from kinetic to potential energy [25]. The transformation giving the pressure
increase of the flow is described by Bernoulli’s equation

p1

ρ
+
C2

1

2
+ gz1 =

p2

ρ
+
C2

2

2
+ gz2 (3.20)

Where:

p1 Inlet pressure [Pa]
p2 Outlet pressure [Pa]
ρ Density of the gas [kg/m3]
C1 Velocity of the gas at the inlet [m/s]
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C2 Velocity of the gas at the outlet [m/s]
g Gravitational constant [m/s2]
z1 Elevation of the inlet [m]
z2 Elevation of the outlet [m]

From (3.20), it is seen that the specific potential energy, gz, and pressure

increases when the specific kinetic energy,
C2
i

2
, decreases.

The challenge was to choose a turbocharger that would fit the system re-
quirements. Turbochargers are designed for dry gas in combustion engine
ambient pressures and temperatures. However, in this lab it will be exposed
to other environments which directly affects the turbocharger selection.

When selecting the turbocharger, the compressor map had to be considered
in order to meet the system requirements. This is a map showing the mass
flow- and pressure regime on the compression side of the turbocharger. The
turbocharger may experience surge or choke if the flow and pressure of the gas
is outside the limits of the compressor map. Since the maximum pressure of
the system is already defined, the mass flow will decide the operating point
of the turbocharger. The mass flow was therefore the property with the most
influence on the choice of the turbocharger. If the mass flow is too low the
operating point of the turbocharger is in the surge region of the map. If it is
too high it is in the choke region. Figure 3.16 shows the compressor map of
the chosen turbocharger.

Surge in a centrifugal compressor, such as a turbocharger, is highly un-
wanted as it may damage or break the compressor. A compressor may ex-
perience surge when its operating point is moved left of the surge line in the
compressor map. The surge line is the left boundary line in Figure 3.16. Surge
occurs when air pockets are formed around the impellers of the compressor.
The air pockets have a significantly lower rotational velocity than the surround-
ing air which in return reduces the air flow through the compressor. This is
called rotational stall. When the flow at the outlet of the compressor is so low
that it causes the pressure to drop beneath the pressure in the following pipe,
the compressor will experience back flow. This is known as compressor surge.
This only occurs in axial and centrifugal compressors and is not a problem for
piston compressors. [25]

To avoid surge in the turbocharger, an anti-surge line was designed. The
line goes from the turbocharger outlet and back to the inlet where the gas is
compressed again. The line is controlled by a motor controlled angle seat valve.
The opening of the valve is controlled by pressure readings from pressure sensor
4 in Figure 3.1. The valve and its behaviour is further explained in Section
3.8.

Another problem that may disrupt the flow through the compressor is
choking. In the compressor map this may happen when the operating point is
located on the right side of the boundary line. Choking occurs when the flow
rate through the compressor is very high and the pressure is low. The velocity
may be as high as sonic speed, and when this happens no further increase in
flow or pressure can be achieved [29].
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Figure 3.16: Compressor map of the chosen turbocharger, a Garrett 2252
turbocharger [72].

In order to choose a turbocharger, the mass flow had to be calculated. To
do this, the mass flow of dry air at standard conditions were needed

ṁin = q̇inρa,sc (3.21)

where

q̇in = vdAp (3.22)

and

ṁin Mass flow of air into turbocharger [kg/s]
q̇in Volume flow of air into turbocharger [m3/s]
ρa,sc Density of air at standard conditions [kg/m3]
vd Velocity of air [m/s]
Ap Cross sectional area of the inlet [m2]

The velocity of air is 5 m/s and the inside diameter for the inlet of the
turbocharger is 42 mm. This gives Ap = 1.3854 × 10−3 m2. The density, ρa,sc,
is found from the ideal gas law
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Figure 3.17: The anti-surge line

ρsc =
pscM

RTa,sc
(3.23)

where

psc Pressure at standard conditions [Pa]
M Molecular weight of air [g/mol]
R Ideal gas constant [J/molK]
Tasc Temperature of air at standard conditions [K]

psc = 101325 Pa, M = 28.97 g/mol, R = 8.314 J/molK, Tasc = 293.15 K. This
results in ρa,sc = 1204.8 g/m3. From this result, the mass flow rate was found
from (3.21), as ṁin = 0.708 kg/min.

Since the main objective of the lab is to test wet gas compression, the
turbocharger has to be dimensioned for a water fraction in the gas. This will
dramatically increase the density, and therefore the mass of the flow running
through the turbocharger. (3.21) shows that the mass flow is directly pro-
portional to density. Therefore several calculations were made with different
water fractions in the flow.

From the results, a turbocharger that fitted the widest mass flow range of
the lab was chosen. To simplify the calculations, the water and air was treated
as two different flows with different densities. Due to the compressibility of
air, it was calculated at different pressures and therefore also density as seen
in (3.23). To find the average mass flow through the turbocharger the two
flows were added together. These calculations were used to find a suitable
turbocharger.

As previously calculated, the minimum mass flow of air at standard con-
ditions will be 0.708 kg/min. As the units in the compressor maps of the
turbochargers were given in pounds/minute (lb/min), the mass flow therefore
had to be converted into this. The converted mass flow gave 1.56 lb/min. The
maximum mass flow is at 4 barg and 20 % water fraction.

The upper layer of the water is assumed to have the same velocity as the
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gas. Due to friction between the pipe wall and water droplets, the bottom
layer of the water will have no velocity. This is called no slip condition and
results in an average water velocity of vw = 1

2
∗ vd [19].

With the water velocity assumption, the maximum mass flow was cal-
culated to be 137.8 lb/min. In the turbocharger assortment at Garrett there
were no turbochargers that fitted both the minimum and maximum mass flow.
Therefore a turbocharger with the highest mass flow range within the system’s
limits was chosen. The map, Figure 3.16, shows that an experiment with only
air at standard conditions will lead to surge, and therefore the system has to
be pressurized before start-up. In addition, to avoid choking, the maximum
water fraction in the gas is 3 % at 3 barg.

(3.23) shows that the density of air changes with temperature. When run-
ning the lab with both compressors, the inlet temperature of the turbocharger
will increase. In these experiments there will be no water added as the piston
compressor does not handle water. The maximum outlet temperature of the
piston compression is 191◦C [17], and the pressure will be 4 barg. With these
conditions the density of the air will be 1.79 kg/m3 and the mass flow will be
3.94 lb/min. In the compressor map of the chosen turbocharger it is seen that
these values will result in surge. In order to avoid this situation, the system
has to be pressurized to 2 barg before start-up. The relationship between pres-
sure and temperature is given in (3.24). To be within the system maximum
pressure limit, the piston compressor will only increase the pressure by 1 barg
and the resulting outlet temperature will be 56◦C in accordance with (3.24).
This will result in a sufficient mass flow of 5.55 lb/min into the turbocharger.

(
p2

p1

)(
k−1
kηp

)
=
T2

T1

(3.24)

Where

p1 Inlet pressure [Pa]
p2 Outlet pressure [Pa]
k Isentropic efficiency [-]
ηp Polytropic efficiency [-]
T1 Inlet temperature [K]
T2 Outlet temperature [K]

Figure 3.18 shows the selected turbocharger.

Normally, in a two step compression, an intercooler is installed to reduce
the work needed to compress the gas in the second step. (3.25) is the polytropic
equation for specific work of a compressor [38], where the work is proportional
with the temperature ratio. Reducing the temperature at the compressor inlet
will result in a reduction of the temperature at the compressor outlet. This
gives a smaller temperature ratio which, according to (3.25), will result in
a reduction of the required work needed to compress the gas to the desired
pressure.
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Figure 3.18: The selected turbocharger [72]

W = p1v1

(
kηp
k − 1

)(p2

p1

)(
k−1
kηp

)
− 1

 (3.25)

where

W Specific work [J/kg]
p1 Inlet pressure [Pa]
p2 Outlet pressure [Pa]
v1 Velocity [m/s]
k Isentropic coefficient [-]
ηp Polytropic efficiency [-]

Even though the required work is reduced when cooling the gas before com-
pression, an intercooler was not implemented between the piston compressor
and the turbocharger. Having an extra component between the compressors
will increase the internal resistance of the system causing a potential pressure
drop of the gas flow. Due to the low flow and pressure in the system, it is
assumed that a compressor work reduction will not weigh up for the increased
internal resistance an intercooler will give to the loop. In addition, this com-
ponent would increase the cost and prolong the construction process of the
lab, due to the need for extra connections and potential custom-made parts.

3.6.1 Oil loop

Turbochargers are normally oil lubricated from the combustion engine’s lubri-
cation system. Meaning it is added to the engine’s own oil loop. In this lab,
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the turbocharger is disconnected from its usual environment which means it
has no form of lubrication. To avoid mechanical friction and overheating of
the ball-bearings, an oil loop was designed. The loop consists of an oil gear
pump, filter, choke valve, oil cooler, oil reservoir, flexible hoses and fittings.

The oil is pressurized by a 250 W oil pump. The electrical motor driving
the pump is connected to a gear system which lowers the rotational speed of
the pump and increases the torque. This ensures high pressure and low flow of
the oil. A choke valve in front of the turbocharger will be used for regulating
the pressure.

The oil is filtered before it reaches the turbocharger to avoid damaging
particles in the bearings. A spin on filter was used. In order to connect the
oil filter to the system, an oil filter adapter was needed. The inlet and outlet
fittings of the adapter was not compatible with the flexible hoses. They were
therefore handmade by the students.

A ball-bearing turbocharger requires an inlet oil pressure of 2.76 to 3.10 barg
[33]. From conversation with the vendor, a flow of 0.8 litres to 2.5 liters per
minutes was required. If the oil pressure is too low, the metal components
inside the bearing will come in contact. This will cause premature wear which
leads to bearing failure. If the oil pressure exceeds 3.10 barg, it could lead to
unwanted leakage in the turbocharger seals. Oil leakage into the compressor
impeller will lead to contamination of the gas flow.

Figure 3.19: Sketch of the oil loop.

Almost all the pressure will be burned off in the turbocharger bearings and
the residual pressure will be used to transport the oil into the cooler. The
cooler is an air cooled heat exchanger.

The oil is transported back to the oil reservoir which has a volume of 5
liters. An air vent is located at the top of the reservoir tank and must be open
during operation. This ensures no pressure build-up in the tank. In addition,
the oil level can be measured from this opening. It should not be completely
full to allow for thermal expansion of the oil.
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The oil inlet of the reservoir tank consists of a copper pipe. The outlet of
the pipe is located at the bottom of the tank ensuring a minimum amount of
air bubbles mixing into the oil.

Oil is continuously fed to the turbocharger via the pump. The oil has to
be replaced after a certain time to avoid damage to both the pump and the
turbocharger. Figure 3.19 shows the oil loop.

3.7 Electrical system

This section covers the electrical system required to operate the electrical mo-
tors and the control valves with focus on safety and functionality. A general
overview is presented and the subsystems are explained in detail.

The function of the electrical system is to safely distribute the main power
supply to the electrical components in the lab. The design was a comprehensive
process. No cables or other necessary components for installation were included
in the motor or valve deliveries. All necessary components for power supply
had to be bought separately.

Figure 3.20 shows a sketch of the physical layout of the electrical system.
As explained in Section 3.2, the lab was designed to be a mobile installation.
It is therefore necessary that the electrical system is movable in accordance
with the two frames. A 32 A 400 VAC extension cord from the wall will be
connected to a distribution board. From the distribution board, there are
cables going to the relevant components such as the control valves and the
motors.
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Control valves wires

Wires to motors

Wire from wall
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Figure 3.20: Sketch of the physical layout of the electrical system.
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3.7.1 Current distribution overview

The different components require different current and voltage for operation.
The parameters that affected the component selection were:

• Operation values of the motors.

• Motor control requirements.

• Valve control requirements.

• Control monitoring device requirements.

• Connection for future components.

• Electric distribution system in the workshop.

The amount of current flowing through the lines are decided by the load
they are connected to. This was obtained from Ohm’s law of alternating
current

I =
V

Z
(3.26)

where

I Current [A]
V Voltage [V]
Z Impedance [Ω]

Impedance is the sum of resistance and reactance and is frequency depen-
dent [52]. Within a range of tolerance, the voltage does not change in the
supply line. This means the impedance determines the amount of current
flowing through the lines.

To determine the number of electrical circuits, the maximum power, voltage
and current requirements of the main components were considered. These are
valid when the motors are running under full load conditions. Table 3.2 shows
these requirements.

Power [W] Voltage [V] Current [A] Description
4000 400 7.98 Motor for piston compressor
373 230 3.50 Motor for water pump
250 400 0.84 Motor for oil pump
150 230 2.00 24 VDC power supply for control circuits
120 230 0.52 Circuit for laptop
100 230 1.50 12 VDC power supply for control circuits

Table 3.2: Electrical requirements of the main components
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The rated current, voltage and power output for the electrical motors were
obtained from the nameplates located on the motors. These are shown in Ap-
pendix D. The rated current, voltage and power output for the power supplies
were provided by the vendor [73], [74].

The system was designed based on its critical point, meaning when every
electrical component is running at its maximum potential. In order to power
extra equipment, the system was designed with two extra power outlets of
230 VAC with a current capacity of 13 A.

The main circuit breaker was determined by the total rated current from
the electrical components in the system. The total current is found by adding
the branch currents [26]

Itot = IC1 + IC2 + IC3 + IC4 + IC5 + IC6 + IC7 (3.27)

where

Itot Total current [A]
IC1 Branch current for the piston compressor [A]
IC2 Branch current for the water pump [A]
IC3 Branch current for the oil loop [A]
IC4 Branch current for the PC [A]
IC5 Branch current for the 24 VDC power supply [A]
IC6 Branch current for the 12 VDC power supply [A]
IC7 Branch current for the extra power socket [A]

Itot = 29.34 A. A main contactor and a main circuit breaker were selected in
accordance with the total current in the system and the principle of selectivity.
The contactor has an operating current of 40 A in an ambient temperature of
40 ◦C [55]. A 30 A circuit breaker with a tripping characteristic class C was
selected. This means it has an instantaneous tripping current of 5 to 10 times
the nominal current, In, and a thermal tripping current of 1.13 to 1.45 times
In [41].

The principle of selectivity states that the circuit breaker closest to a com-
ponent with a failure will trip before the main circuit breaker [41]. Therefore,
the main circuit breaker was chosen to handle the maximum current in the
system and will work as a backup protection in case of an adjacent circuit
breaker failure. The principle of selectivity was then fulfilled.

3.7.2 Design of distribution box

Figure 3.21 shows the line diagram of the electrical system, and Table 3.3 is
the corresponding parts list. It gives an overview of the connections between
the electrical components and how they operate together. The dashed line, X,
at the top of the drawing and the solid line at the bottom, Y, illustrates the
physical surfaces of the distribution box. The components between these lines
are placed inside the distribution box. The components attached to or placed
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on the two lines, are located in the door of the box. L1-, L2-, L3- and the
N-line in Figure 3.21, originates from the power supply cable. The L-lines are
hot leads, meaning they are electrically powered, while the N-line is neutral.
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Figure 3.21: Line diagram of the electrical system

The line diagram is divided into two categories; power circuit and control
circuit as seen in Figure 3.21.

3.6.2.1 Power circuit

The function of the power circuit is to power the electrical components that
require 230 VAC or 400 VAC. It is divided into five sub circuits; C1, C2,
C3, C4 and C5 as illustrated in Figure 3.22. The distribution system in the
workshop is 400 VAC TN-S. For a TN-S system, a neutral wire and a PE-wire
are separated into two single and isolated wires. The PE-wire is connected to
earth. In practice, this means that there are five wires in the supply cable; L1,
L2, L3, N and PE. The PE-wire is not illustrated in Figures 3.21 or 3.22.

The power circuits were designed to withstand the maximum flow of current
the lab experiences. These situations occur during start-up of electrical motors
and continuous drive with maximum load.

During a motor start-up, the load current can increase by 3 to 7 times the
normal full-load current. This phenomena is called inrush current or starting
current [51], [2], and is due to the magnetization required to overcome the high
inertia of the electrical motor at standstill.

During continuous operation under full load conditions, the motor draws
the rated current labeled on the nameplate.
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PARTS LIST
ITEM PART NAME
Q1 Safety relay
Q2 Circuit breaker
Q3 Contactor
Q4 Motor protection relay
Q5 Contactor
Q6 Arduino relay
S1 Safety door switch
S2 System switch
S3 Valve switch
S4 Oil loop switch
P1 Signal lamp
P2 Signal lamp
P3 Signal lamp
P4 Signal lamp
P5 Signal lamp
P6 Signal lamp
F2 Fuse
F3 Fuse
F4 Fuse
F5 Fuse
F6 Fuse
F7 Fuse
A1+ 24 VDC in
A2-
PT

24 VDC out
Pressure transmitter

Table 3.3: Parts litst for the line diagram.

According to the standard NEK 400 part 430.3, it is required that a cir-
cuit is protected against current overloading and short circuiting. In case of
overloading, all the hot leads should be disconnected. Selection of contac-
tors, circuit breakers and circuit breakers for motor protection was done with
support from Siemens.

C1 - piston compressor circuit

C1 consists of a 400 VAC three phase induction motor with 4 kW power
connected in series with a frequency converter. The function of the circuit is
to convey power to the motor via the frequency converter. By regulating the
frequency, the torque and speed of the motor changes. The converter alters the
frequency by manipulating the AC. AC is converted to direct current (DC).
This causes a pulsating signal which has to be smoothed by a filtering device.
By pulse width modulation (PWM) of the smoothed DC, the converter can
reproduce AC with different frequencies [35].

The frequency converter in the system, Sinamics G120C with capacity of
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Figure 3.22: Power circuit.

4 kW, has an upper frequency limitation of 240 Hz [58].

The rated current of the motor is 7.98 A [21]. The converter is equipped
with two fail safe digital ports [57]. These can be used as an emergency shut-
down system for the 4 kW motor. The Sinamics G120C is a compact converter,
meaning that it has every necessary and required components included in the
design. It was therefore not required to implement a circuit breaker or a motor
protection device in C1.

In order to implement the frequency converter into the system, a cable with
electromagnetic compatibility for connection to the motor was required. This
is a shielded cable. The converter generates strong electromagnetic emissions
which results in major interference with the distribution network, data transfer
and other devices [54]. The shielded cable protects the system against these
emissions and it is illustrated as the three blue wires in Figure 3.22.

In order to connect the computer to the converter, a compatible USB-cable
was needed.

C2 - Water pump circuit

The C2-circuit consists of a 230 VAC single phase induction motor, the con-
tactor, Q3, and the circuit breaker for the motor protection, Q2. The circuit
will convey power to the waterpump on the command from an Arduino.

A contactor is an electromagnetic relay. It functions as a switch when it

50



3.7. ELECTRICAL SYSTEM

is powered by its control terminals. When the Arduino sends its command
signal, the contactor, Q3, is powered and closes the C2-circuit. Q2 protects
the motor and circuit in the case of short circuiting or current overload. A
normal circuit breaker utilizes two different principles to break the circuit. In
case of short circuiting, an electromagnetic relay is activated which breaks the
circuit [41]. When current overload occurs, bi-metal strips are affected by the
heat generation and activates a trip function causing the circuit to break.

A two-wired cable is required to implement the motor in the circuit consist-
ing of one hot lead and one neutral. L3 was chosen in order to balance the load
as equally as possible between the hot leads. The contactor and the circuit
breaker was chosen as a three-pole component instead of a two-pole compo-
nent, due to price. By correct wiring, the three-pole component could be used
in a two-wired circuit. The rated current for the motor is 3.5 A. Therefore,
a circuit-breaker, SZ S00, for motor protection in the range of 2.8–4 A was
chosen.

C3 - Oil loop circuit

C3 consists of an induction motor, a contactor, Q5, and a circuit breaker, Q4,
for motor protection. The motor is compatible with 230 VAC or 400 VAC, and
single- or three-phase. For the lab, it was decided to use the 400 VAC three-
phase connection alternative as this draws the least current. Q4 is the circuit
breaker for motor protection which ensures protection of the motor in case of
overloading or short circuiting. A rotary switch is used to activate the contac-
tor Q5 that closes the circuit. The dimension of the circuit breaker is based
on the properties of the motor. The motor draws 0.84 A when star connected
with 400 VAC applied. Therefore, a circuit breaker for motor protection in
the range of 0.7–1 A from Siemens was chosen.

C4 - Extra power socket

C4 consists of four power sockets and the circuit breaker F7. The function of
the circuit is to supply power to extra equipment that requires electrical power
of 230 VAC. Both of the power sockets share the same circuit breaker. This is
illustrated by the dashed line between the switch symbols to the right in figure
3.22. F7 is a two-pole circuit breaker with tripping characteristic class C.

The circuit is designed for extra equipment such as electrical tools. A circuit
breaker with C-characteristics was therefore desired. The tools may differ in
size, but a normal requirement is approximately 1000-2500 W [14][15][12]. A
circuit breaker with 13 A rated current, and therefore a power capacity of
2990 W, was chosen. For comparison, a normal household circuit breaker is in
the range of 10–16 A [28].

C5 - Power socket for PC

C5 is the same circuit as C4, but assigned for the PC in the system.
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3.6.2.2 Control circuits

The control circuits will control the power circuit and supply power to com-
ponents that is dependent on 12 VDC and 24 VDC. Therefore, the control
circuit is divided into a 12 VDC and a 24 VDC circuit.

12 VDC circuit

The function of the 12 VDC circuit is to power the Arduino and the pressure
transmitter, PT, located in the oil loop. The circuit consists of two branches,
D1 and D2. D1 contains the Arduino which is connected to the Arduino relay.
D2 consists of the oil pressure transmitter. The components are powered with
power supply. This converts 230 VAC current to 12 VDC and is illustrated in
Figure 3.23 with its terminals V+ and V-.

V+

Arduino

A1-

A2+

Q6

PT

F3

V-

D1

D2

Parts List

ITEM File Name

Q6
Arduino relay

22&23

Signal wires

V+&V-

Power supply

terminals

A1+

Control circuit inlet

for Arduino relay

A2-

Control circuit for

Arduino relay

PT

Oil pressure

transmitter

D1 Circuit 1

D2 Circuit 2

F3 Circuit breaker

Figure 3.23: 12 VDC Control circuit powering the Arduino and the oil pressure
transmitter.

24 VDC circuit

Figure 3.24 shows the 24 VDC circuit layout.
The main function of the 24 VDC circuit is to enable operation of the

electrical components in the lab. In addition, the circuit conveys power to the
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Figure 3.24: 24 VDC Control Circuit

indication lamps that gives the status of many components. The system is
designed with 24 VDC components due to simplicity, compatibility and price.
Most 24 VDC components are less expensive compared to similar 230 VDC
components. In addition, unskilled personnel can legally connect components
below 50 VDC as long as the power does not exceed 200 W [10]. This made
the assembly process less expensive and less time consuming.

B1

B1 consists of the fuse, F2, an emergency shut down switch, a main power
switch, S1, a safety door switch, S2, and the main contactor, Q1. This circuit
has several functions. When activating S1, B1 becomes a closed circuit which
powers the contactor in the circuit. When activating Q1, the power circuit
becomes a closed circuit meaning that voltage is applied over the electrical
motors in the system. This can be seen from Figure 3.22. Paragraph 29,
in the Norwegian regulations for low voltage facilities, states that a quick
manual disconnection is required to prevent hazardous situations [11]. For the
electrical system, this is solved by implementing a certified emergency shut
down switch in B1. This is a highly reliable normally closed switch, meaning
that it is conducting electrical current in normal situations. It opens when it
is activated, resulting in an open circuit which powers off the power circuit via
Q1.

S2 is a spring loaded door switch which acts a safety disconnection switch.
When the door of the distribution board is opened, B1 is powered off. This
ensures that the main power is always disconnected from the electrical motors
when the door is opened.
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F2 is a fuse that will trip in case of a failure in the circuit. This will result
in a disconnection of the power circuit.

B2

B2 consists of the fuse F4 and a fan, Fan1. The function of the circuit is to
drive the fan which ventilates the distribution board. F4 ensures disconnection
of B2 if an electrical failure causing overloading occurs. Since it is connected in
parallel, it will not interrupt any of the other circuits when disconnected. This
fan will start ventilating when the extension cord is connected to the wall.

B3

B3 is the circuit that powers the control valves. It consists of the fuse F5, the
rotary switch S3, the green diode P1, and a distribution system for the control
valves. F5 has the same function as the fuses in B1 and B2. S3 ensures manual
start of the valves. The distribution system consists of terminal blocks which
are joined, creating a common node.

B4

B4 controls the oil pump. It is designed to be manually powered by a rotary
switch. The circuit consists of the fuse F6, the rotary switch, S4, and the
contactor, Q5. When S4 is switched on, B4 becomes a closed circuit which
powers Q5. Q5 activates and closes the power circuit C3 illustrated in Figure
3.22.

B5

B5 controls the water pump. The circuit consists of the contactor Q3 and
the Arduino relay Q6. The fuse F7, located between B4 and B5 covers all the
circuits form B5 to B11. If one of these circuits experience an electrical failure,
F7 disconnects every circuit it covers.

When the Arduino receives a signal from the level transmitter that the
separator is full, it powers Q6 which activates Q3. This results in a closed
circuit of C2, applying voltage over the water pump.

When the separator is emptied, the Arduino receives a signal from the
level transmitter, which opens the Arduino relay. B5 is then opened, and Q3
disconnects C2, stopping the water pump.

B6

B6 supplies power to the fan, Fan2, for the oil cooler.

B7

B7 is an indication circuit. It consist of a green diode P1 that will be lit when
the distribution board is connected to the wall. Thus, if one of these circuits
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is exposed to an electrical failure, this will disconnect every circuit from B5 to
B11.

B8

B8 indicates if the main circuit is powered. The contactor Q1 is equipped with
two auxiliary contacts, a normally open (NO) and a normally closed (NC).
B8 is connected to the NO contact. When the Q1 is activated, B8 becomes a
closed circuit and the green diode P2 is lit.

B9

B9 is a circuit that indicates when the oil loop is manually powered. The
circuit consists of the green diode P3 and the NO contact located in the Q5
contactor. When the rotary switch S4 is closed, Q5 is activated, which closes
the B9 circuit and P3 is lit.

B10

B10 indicates if the water pump is powered. The circuit consists of the green
diode P5 and the NO contact in the Q3 contactor. When Q3 is powered by
the Arduino system, the NO contact closes B10 and P5 is lit.

B11

B11 indicates if the fuse for motor protection, Q2, is tripped. The circuit
consists of a red diode P6 and a NO contact in Q2. When Q2 trips, this
contact closes and P6 is lit.

3.7.3 Assembly of the electrical system

The main component of the electrical system is the distribution box. This
component distributes power from the wall to all its connected equipment.
All of the components in the line diagram, Figure 3.21, except the motors
with its associated cables, are located in the distribution box. To construct
the box, research and ordering of the correct components had to be done
before the physical layout could be designed. AutoCad was the preferred
design software for the physical layout as drawings of the circuit breakers and
contactors could be downloaded from the vendors’ web page. The rest of the
components were drawn by the students. Figure 3.25 shows the physical layout
of the distribution box.

The distribution box consists of a 60 × 60 × 38 cm metal cabinet with a
mounting plate on the inside for component assembly. Similarly to the line
diagram in Figure 3.21, the distribution box is divided into a power circuit
and a control circuit. The power circuit is located to the right in Figure 3.25,
while the control circuit is placed to the left, separated by a cable channel in
the middle.
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Figure 3.25: AutoCad drawing of the components in the distribution box.

The terminal blocks for the power supply was mounted in the bottom left
corner of the distribution box, Figure 3.25. The five TN-S power cord wires
require one terminal block each. For the PE wire, an earthed terminal block
was required. This is equipped with a metal grab ensuring proper metal contact
to the box and has the same colour indication as the wire; yellow and green.
The blue neutral wire was connected to the blue terminal block. L1, L2, and
L3 were connected to the grey blocks.

From the L1, L2, L3 terminal blocks, wires were connected to the main
circuit breaker, F1. From F1, wires were connected to the main contactor,
Q1. This is the main circuit. The 24 VDC circuit is the only branch that was
connected between F1 and Q1. This circuit operates Q1 and must therefore
be powered at all times. If an electrical failure occurs in this circuit, it will be
protected by F1.

The circuits for the 12 VDC control circuit, oil pump, water pump, extra
power sockets and for the piston compressor were connected in parallel after
Q1.

The electrical system was designed to be mobile. This was solved by im-
plementing a power inlet for the supply cable, and by distributing the power
to the electrical motors for the oil pump, water pump and for the extra equip-
ment through power outlets. These are illustrated at the bottom of Figure
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3.25. Further, the electrical motors for the oil pump and the water pump
will be equipped with power plugs. Thus, the electrical motors could be con-
nected to the distribution box via extension cords. To reduce the possibility
of electromagnetic interference of the components in the distribution box, the
frequency converter will not be equipped with a power outlet. The converter
will be connected to the motor with an uninterrupted shielded cable. If the lab
has to be moved, this cable must be manually disconnected from the motor.

The wires drawn are coloured according to the standard colour code [68].
L1, is coloured black, L2 is brown and L3 is grey .

During the board construction, some improvements to the physical layout
were made. The main improvements are shown in Figure 3.26 with the red
numbered rectangles.

Figure 3.26: The mounting plate with the installed components.

Number 1 shows the new position of the 12 VDC terminal blocks. The
change was due to the installation bolts on the mounting plate. Number
2 shows the added Arduino breadboard. This can be convenient for future
arrangements. Number 3 shows the two extra neutral terminal blocks for
connection of components requiring the neutral wire. Number 4 shows the
repositioning of the main contactor, Q1. This resulted in better space on the
din rail and made the wiring easier. Number 5 shows the extra contactor, Q5,
for the oil loop. This will be controlled by a switch in the front panel. Number
6 shows the small parallel cable channel intended for the control circuit wires.

The front panel of the distribution box is the interface between the electrical
system and the lab personnel. The switches, signal lamps and the emergency
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shut-down button were mounted in the front panel. Figure 3.27 shows the
component layout of the front panel.

Door hinge

EMERGENCY

STOP

P1 P2 P3 P4 P5 P5

S1 S4 S3

System

on/off

Oil

Pump

on/off

Control Valves

on/off

Power

connected

to board

Main circuit

powered

Oil pump

on

Control

Valves

on

Water pump

on

Water pump

fuse tripped

Door lock

Figure 3.27: Schematic view of the physical layout of the front panel.

The standard NEK400, part 537.4.2.7, states that equipment for emergency
shut-down should be positioned in such a way that it should be simple to
identify and easy to handle. It was therefore determined to place the emergency
shut-down button at the top of the panel.

The on/off switches for the system, oil pump and control valves is posi-
tioned in the middle row. Each switch has an associated signal lamp which
is positioned below the relevant switch. If a signal lamp is lit, the associated
circuit is powered.

P1 to P5 are green, while P6 is red. P1 indicates when the supply cable
into the distribution board is connected to a power outlet. This means the lab
is powered when P1 is lit.

P2 indicates when the main circuit is powered by the switch S1. This means
that power is applied to the power outlets at the bottom of the distribution
box.

P3 indicates that the oil pump is turned on by the switch S4.
P4 indicates that the power to the control valves is turned on. The water

pump is controlled by an Arduino located inside the metal cabinet, therefore
no water pump switch is located in the front panel. This makes it harder to
diagnose the status of the water pump circuit, C2. Therefore, a red alarm
lamp is mounted into an auxiliary contact in the circuit breaker Q2. If Q2
trips, the red signal lamp is lit.

All of the components inside the distribution box are generating heat due
to power loss. The most heat generating component is the frequency converter.
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Figure 3.28: Physical layout of the front panel

According to its data sheet, it experiences a power loss of 0,150kW [56] and
requires an air flow of 18 m3/h for cooling. The increase in temperature affects
the circuit breakers negatively. With increasing temperature, the current over-
load mechanism in the circuit breakers will trip prematurely [41]. Therefore, a
24 VDC fan with a maximum volumetric airflow of 23.5 m3/h [69] was placed
at the top of the metal cabinet. This will ensure that the temperature inside
the cabinet is kept as close to the outside ambient temperature as possible.

Figure 3.29: Board ventilation fan with protection at the top of the distribution
box.

To protect the fan from outside physical impacts, a steel mesh was placed
in front of the fan as shown in Figure 3.29. Two air filters ensures that the air
is filtered reducing dust exposure to the electrical components inside the box.
Figure 3.30 shows the distribution box from the outside.
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Figure 3.30: The distribution box from the outside

3.8 Valves

In total there are four actuated valves and nine manual valves in the lab.
The actuated valves are used for flow control, while the manual valves are
used to decide which scenario is to be tested, see Section 3.1. The actuated
control valves are angle seat valves and are used for three different purposes.
Two valves are used for pressure reduction of the flow, one valve is used for
pressure control of pressurized air into the turbocharger and the last is used
as an anti-surge valve. There are two types of manual valves in the system,
ball valves and one-way valves. The one-way valves are installed to ensure no
backflow in the pipes. The system drawing, Figure 3.1, shows the placement
of the valves.

The valve used for pressure reduction of the flow is an ASCO 290 propor-
tional 2/2 valve NC. It has an actuator and a positioner to control the opening
of the valve. One is located after the water pump and is used to choke the
water pressure down to the same pressure as the flow coming out of the cooler.
Figure 3.31 shows the valve [9].

The other is located just before the separator and is used to depressurize
the system flow before it enters or bypasses the separator. This is to en-
sure that there is no uncontrolled pressure buildup in the system. The valve
is pneumatically controlled by the actuator. This means that the actuator
receives pressurized air from the workshop and uses it to open or close the
valve without the possibility to regulate the opening. The valve is normally
closed, meaning when the air supply from the actuator is shut off, the valve
automatically closes as a fail safe mechanism.

It is desirable to regulate the pressure of the flow in the system. To do this
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Figure 3.31: Asco 290 angle seat valve with actuator and positioner [9].

the valve opening has to be controllable, meaning that the seat of the valve
has to be able to stop in every position. A positioner is used to achieve this.
The positioner controls the air supply to the valve in order to keep the seat in
a certain position between open and closed.

The opening of the valve will be regulated based on pressure readings from
pressure transmitters 2, 3 and 6 in Figure 3.1. The sensor signals are sent
to the control software on the computer. The pressure readings are analysed
and based on this, the controller sends a signal to the positioner of the valve
controlling the seat opening. The response time for the valve from open to
closed position is 2 seconds. From closed to open position the response time
is 2.5 seconds. The dimension of the valve is 1 1/2 inches. The reason for
choosing this dimension was to reduce the venturi effect as much as possible,
which will cause a pressure drop in the pipe.

Asco 290 2/2 motorized valve is used for both the anti-surge valve and the
pressurized air valve for the turbocharger. The reason this valve was preferred
is because it has a lower response time than ASCO 2/2 proportional valve. This
valve works with the same principle as the ASCO 290 proportional 2/2 valve
NC. However, it is electrically controlled rather than pneumatically controlled.
Figure 3.32 shows the valve.

The response time for the valve from closed to open position is 1.1 seconds.
In order to avoid surge, a valve with as low response time as possible was
desired. This way the valve will react to the surge pressure readings before
surge occurs. In addition, it is important to be able to alter the rpm of the
turbocharger without a long time delay. There were no actuated valves with
a dimension of 1 1/2 inches that satisfied the response time requirements.
Therefore, a valve with a dimension of 3/4 inches was chosen to achieve a
faster response time. The reduction of the valve dimension will not impact the
pressure in the system, since the anti-surge line is normally closed unless the
turbocharger experiences surge. The pressurized air line is not a part of the
main system as it only feeds air to the turbine of the turbocharger.
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Figure 3.32: Asco 290 2/2 motorized valve [8].

The valve controlling the pressurized air is controlled by the desired rpm
of the turbocharger. The turbocharger has a built-in rpm transmitter that
signals the computer. A logic converts the rpm into the necessary mass flow of
air needed to achieve the desired rpm, which again controls the seat position
of the valve.

The anti-surge valve opening is based on pressure readings from pressure
transmitter PT 4 in Figure 3.1. As described in Section 3.6, surge occurs in
a compressor when the pressure at the outlet is so low that a backflow occurs
through the compressor. The pressure transmitter has continuous readings of
the flow out of the turbocharger. If a sudden pressure drop were to happen,
a logic sends a signal to the anti-surge valve to open. The flow will then be
guided through the valve back to the turbocharger inlet.

3.9 Pipes and connections

There were several important factors to consider when choosing the pipes and
pipe connections for the lab. The most important factors for the material
selection were the system pressure and temperature.

There is a high pressure and high temperature side and a low pressure
and low temperature side in the lab. Because of this, different materials were
chosen for the pipes in different places. Due to a wide range of dimensions and
components, many different types of pipe connections are used. Where it was
not possible to find a compatible connection between components, connections
were handmade by the students.

The number of connections in the lab made water and gas leakage a serious
concern for the integrity. This was a big challenge when constructing the
lab. Leakage tests were performed during construction and improvements were
made where necessary to ensure leakage-free operation of the lab.

The large frame has both a high pressure and low pressure side. However,
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the temperature is much lower compared to the small frame. The temperature
will never exceed 20◦C as explained in Section 3.4.1. To be able to visually
characterize the flow, transparent PVC pipes with an outer diameter of 50 mm
were chosen. The pipe can withstand a pressure of up to 10 barg and a
temperature up to 60◦C [50]. This is well within the requirements for the pipe
material in this frame.

To bend and connect the transparent pipe, quick-connect connections in
PVC were used. These are especially designed for high pressure water systems.
These were also used to install the two choke valves, manual valves and the
pressure transmitters in the large frame. Using the PVC connections along
with the PVC pipe has advantages compared to using metal. Perhaps the
biggest advantage is the elimination of corrosion. The connections are very
easy and quick to install and disconnect, in addition to being relatively low
priced.

Figures 3.33 and 3.34 shows examples of how pipes were connected in the
system.

Figure 3.33: Pressure transmit-
ter installed in the system

Figure 3.34: Pipe connections
with one-way valve located on
the big frame.

In the small frame there are both high and low pressure and temperature
zones. This means that the material selection for both connections and pipes
had higher requirements than the equivalent in the big frame. Section 3.4.1
shows that the maximum temperature at the outlet of the turbocharger will
be approximately 220◦C. The PVC pipe used in the large frame was therefore
not applicable for the small frame. Stainless steel was considered. However,
this would complicate the installation process since the students would have to
rely on help from external personnel for welding. In order to achieve a simple
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installation process and to avoid external assistance, silicon hose was chosen.
This ensured an easy connection and disconnection with hose clamps and it
removed the need for bend-connections. In addition, time would saved as the
students can install the hoses themselves.

Some of the components in the small frame did not have compatible inlets
or outlets with regular threaded hose nipples. To connect the silicon hose to
the relevant component, the connections were handmade. This was done for
the turbocharger turbine inlet and both the inlet and outlet of the piston com-
pressor. A connection for a pressure transmitter was also made in the piston
compressor inlet. Otherwise it was made in the same way as the turbocharger
turbine inlet connection.

3.10 Instrumentation

Instrumentation will be an essential part for running and control of the lab.
However, the implementation of software and logic has to be at a later stage
due to time limitations as explained in Section 3.2. The instrumentation
will consist of components such as pressure-, rpm-, temperature- and level-
transmitters in addition to software interface and logic systems for component
control. Without this, the lab will just be a loop without the possibility for
control and no means of recording results in accordance with the lab objectives.

There are a total of six pressure transmitters, four temperature transmit-
ters, one level transmitter and one rpm transmitter in the system. The purpose
of all these transmitters are explained in the relevant system descriptions they
are part of. They will therefore not be explained in detail in this section apart
from component specifications and scope. The data sheets for all transmitters
are found in Appendix A.

The chosen pressure transmitter is a Siemens SITRANS P200 transmitter.
The transmitter has a pressure range from 0 to 10 barg and can be used
in both the low pressure and high pressure side of the lab. In addition, the
transmitter has a measurement accuracy of more than 99.75 %. To measure the
pressure difference, the transmitter uses a piezoresistive measuring cell with
a diaphragm. It converts the pressure that is exerted on the piezoresistive
measuring cell into electric charge which is sent to the computer software for
further translation.

Figure 3.35 shows the pressure transmitter installed in the system.
When selecting the temperature transmitters, the difference in temperature

range had to be accounted for. As two of the transmitters were to be placed in
the low temperature side of the lab, the need to withstand high temperatures
was not present. Therefore there are two different types of temperature trans-
mitters used in the lab. The low temperature transmitter is a Jumo PT100
transmitter with a temperature range from -5 to 80 ◦C. The high temperature
transmitter is a Lutron PT100 transmitter with a temperature range from -50
to 400 ◦C.

Figures 3.36 and 3.37 shows the two different temperature transmitters
installed in the system.
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Figure 3.35: Siemens SITRANS P200 transmitter [59].

Figure 3.36: Lutron temperature trans-
mitter [24].

Figure 3.37: Jumo temperature
transmitter [20].

As described in Section 3.8, an rpm transmitter is mounted on the turbine
shaft of the turbocharger in order to give rpm readings that can be used
to control the mass flow of air into the turbocharger. The transmitter was
machined into the shaft by the workshop personnel with instructions from
the manufacturer. It measures the frequency of compressor blades passing.
The number of blades in the turbine is known, and the rpm can therefore be
calculated from the frequency.

A level transmitter will be used to control the water level in the separator.
The function of the transmitter is explained in detail in Section 3.3.2.
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Chapter 4

HSE

During the design and construction of this laboratory there were many health,
safety and environment (HSE) aspects to consider. The main concern was
to prevent personnel injuries, both when running the lab as well as when
constructing it. Preventing unnecessary damage to equipment and lab area
was also important. NTNU has their own HSE measures that have to be
followed by personnel using the workshop and lab area. For example, safety
goggles have to be worn when handling tools and materials that creates ricochet
particles. Protection shoes has to be worn at all times when walking around
in the workshop.

The lab was designed with two modules that can be disconnected and
transported separately if necessary. The electrical- and rotating components
were separated from the wet components such as the cooler and separator.
This was to avoid the risk of short circuiting the electrical components in case
of a water leakage. The exception is the water pump which is a part of the
separation loop and therefore had to be located on the wet frame.

All electronics were chosen in accordance with regulations and will con-
nected by a professional.

Both frames were coated to ensure that the wood can withstand a water
leakage. The frame containing the rotating components has a pulse absorbing
layer in order to minimize the vibrations on the frame which can have a nega-
tive impact on the pipes. The rotating components were also bolted to metal
plates instead of the wood to ensure that the bolts stayed in place.

All adjustable components that need adjustments during operation were
made automatic and controllable from a computer interface. Examples of
this are the two actuator controlled choke valves. The opening of the valve
will be controlled based on pressure readings from the pressure transmitters.
In addition, these two valves ensure no uncontrolled pressure buildup in the
system.

Any manual adjustments have to be made when the system is shut down,
e.g. the manual ball valves that decides which loop is being used. An emer-
gency stop button is installed in the distribution box to shut down the whole
system in case of an emergency.
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4.1 Risk analysis

To create the lab as safely as possible, and to ensure no damage to personnel
or equipment during construction and running of the lab, potential unwanted
incidents had to be mapped. By doing this, the lab and the building process
was designed and planned based on the probability and consequences for the
unwanted incidents to happen. This is essential to prevent damage to per-
sonnel. In addition, potential unwanted incidents concerning only the system
were mapped. This way the most critical components were identified and these
have to be monitored more carefully than the less critical components. Risk
analysis was used to find and analyse the potential unwanted incidents that
can happen to personnel and the system during construction and running of
the lab.

Risk analysis is a method of defining a threat or a hazard to people or
a system and identifying the probability and consequence for the event to
happen. The higher the probability and consequence the higher risk of the
event. This analysis is an important tool in improvement of the HSE-level in
a workplace. By identifying the risk, precautions can be made to prevent it
from happening.

The analysis can be qualitative or quantitative based on the component’s
average lifetime or probabilities of an unwanted event to happen. If there are
no numbered probabilities, the analysis is made qualitative. The risks are then
based on the likelihood and the consequence of them to occur.

Table 4.2 shows a risk matrix which is used in a qualitative risk analysis.
The red areas indicates high risk meaning that the system has to be monitored
at all times in order to prevent the events from happening. Yellow is a moderate
risk and personnel must to be aware of the incidents that may take place in
order to prevent them from happening. The green area indicates an acceptable
level of risk.

Table 4.1: Risk matrix where an event is categorized by the likelihood and
impact on personnel, equipment and surroundings [16].

Table 4.1 was used as a model to identify the risk level of each of the
identified unwanted incidents concerning both personnel and the system. To
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place each event in the risk matrix, the impact and likelihood of the events
were categorized in Table 4.2.

Very low Low Medium High Very high
Likelihood Once per 100

years
Once per 10
years

Once per year Once per 6
months

Once per month

Impact Minimal or no
damage to
system
or personnel.
For example a
dent in the
wooden frame.

Minor damage
to system
components
or personnel.
For example
bruising
of skin.

Some damage
to system
components
or personnel.
For example
leakage in the
compressed
air supply for
the turbocharger.
The system may
not
work optimal.

Severe damage
to system or
personnel.
For example
damage
to personnel
causing
them to be
hospitalized.

Very severe
damage to the
system or
several people.
For example the
wooden
frame catching fire.

Table 4.2: Description of the different categories in the risk matrix.

When designing the lab, two risk analysis were conducted. One for person-
nel and one for the system while the lab is running.

Table 4.3 shows the complete risk analysis for the system components when
the lab is running. There are a few incidents that have ”very high” or ”high”
impact on the system which will lead to total system failure. The reason not
all of these are in the high risk category is that the likelihood for these to
happen are ”low” or ”very low”. This means that the events are either in the
green risk area or the yellow risk area of the risk matrix. The three high risk
events must be monitored while running the lab to prevent them from taking
place.
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Risk analysis for the system when the lab is running
Incident Likelihood Impact Risk
Wooden frame catches fire Very low Very high Moderate
The vee belt on the piston
compressor and motor breaks

Low High Moderate

The bolts securing the piston
compressor to the wooden frame loosens

Very low Medium Low

Inlet or outlet leakage of piston compressor Low Low Low
Motor or piston compressor wheel goes off Very low Very high Moderate
Failure to start motor Low High Moderate
Bolts securing the motor to the wooden
frame loosens

Low Low Low

Bolts securing the turbocharger to the wooden
frame loosens

Low Low Low

Leakage in compressed air inlet of turbocharger Low Medium Moderate
Leakage of cooling medium from the cooler Medium Low Low
Leakage of water onto electrical components Medium High High
Oil pump failure Low High Moderate
Main choke failure Low Very high High
Separator blow out Very low High Low
Pipe connections blow out Low Very high High
Leakage from separator and pipe
connections

Medium Low Moderate

Broken oil filter Low High Moderate
Compressed air choke valve failure Low High Moderate
Copper coil leakage Medium Low Moderate
Water pump failure Low Medium Moderate
Water choke failure Low Medium Moderate
Level transmitter failure Low Medium Moderate

Table 4.3: Risk analysis of the system when the lab is running
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Risk analysis for personnel when the lab is running
Incident Likelihood Impact Risk
Wooden frame catches fire Very low Very high Moderate
The belt on the piston compressor
and motor breaks

Low High Moderate

The bolts securing the piston
compressor to the wooden frame
loosens

Very low Medium Low

Inlet or outlet leakage of the piston
compressor

Low Medium Moderate

Motor or piston compressor wheel
goes off

Very low Medium Low

Electricution of personnel when
handling the motor due to grounding fault

Very low High Low

Bolts securing the motor to the wooden
frame loosens

Low Low Low

Bolts securing the turbocharger to the wooden
frame loosens

Low Low Low

Leakage in compressed air inlet of turbocharger Low Medium Moderate
Leakage of cooling medium from the cooler Medium Very low Low
Electricution of personnel when handling
the water pump

Low High Moderate

Electricution of personnel when handling
the oil pump

Low High Moderate

Main choke failure Low Medium Moderate
Separator blow out Very low High Low
Pipe connections blow out Low High Moderate
Leakage from separator and
pipe connections

Medium Very low Low

Pressure transmitter failure Low Medium Moderate
Temperature transmitter failure Low Medium Moderate

Table 4.4: Risk analysis for personnel when the lab is running
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Table 4.4 shows the completed risk analysis for personnel operating the
lab. As opposed to high risk system events, unwanted high risk personnel
events are not acceptable as this can lead to severe injuries or death of per-
sonnel. The analysis gave no high risk events for personnel when operating
the lab. However, there were many moderate risks for unwanted events. Since
these risks can lower the personnel safety, they are highly unwanted and safety
precautions should be made to lower the risk level from moderate to low.

Based on the risk matrix for personnel when the lab is running, the design
of the lab was altered in order to create a safer environment. It was clear from
the risk matrix that different moderate risk level components had to have
safety and fail safe mechanisms.

According to the risk matrix, there is a moderate risk for a pipe connection
blow-out. To lower the risk, pressure relief valves will be installed. These are
located in the separator as this is the most critical component if a blow-out
were to occur. If the pressure reaches its upper limit, the relief valves will vent
the pressure to an acceptable level. The reason the valves are placed in the
separator is because of its big volume. The separator contains about 100 l of
compressed air which will cause a huge force when expanded.

To ensure the safety of personnel and equipment if a blow out were to
happen, in spite of the pressure relief valves, the lab will be protected with
walls. The walls are made of wood with a window made out of polycarbonate
with a high impact strength [6].

Installing the safety wall around the lab also impacts the risk of other
incidents. The impact of all incidents involving blow out, component ricochets
and gas leakage are lowered, resulting in a reduced risk.

The water pump is built in a housing to protect the electronics from water
in case of a water leakage on the frame.

Table 4.5 shows the updated risk matrix for personnel during operation. It
shows that many of the moderate risks in the first matrix have been reduced
to low risk after the precautions were implemented in the design.
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Risk analysis after preventive actions for personnel when the lab is running
Incident Likelihood Impact Risk
Wooden frame catches fire Very low Very high Moderate
The vee belt on the piston compressor
and motor breaks

Low Low Low

The bolts securing the piston compressor
to the wooden frame loosens

Very low Low Low

Inlet or outlet leakage in piston compressor Low Very low Low
Motor or piston compressor wheel goes off Very low Low Low
Electricuting of personnel when handling
the motor due to grounding fault

Very low High Low

Bolts securing the motor to the wooden
frame loosens

Low Low Low

Bolts securing the turbocharger to the wooden
frame loosens

Low Low Low

Leakage in compressed air inlet of turbocharger Low Low Low
Leakage of cooling medium from the cooler Medium Very low Low
Electricution of personnel when handling
the water pump

Low High Moderate

Electricution of personnel when handling
the oil pump

Low High Moderate

Main choke failure Low Low Low
Separator blow out Very low Meduim Low
Pipe connections blow out Low Low Low
Leakage from separator and pipe
connections

Medium Very low Low

Pressure transmitter failure Low Low Low
Temperature transmitter failure Low Low Low

Table 4.5: Risk analysis for personnel when running the lab after safety precautions were
made to the design
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A risk analysis was also performed to map potential unwanted incidents to
personnel during construction of the lab. The results are shown in Table 4.6.

Risk analysis for personnel during construction
Incident Likelihood Impact Risk
Tool drop on bodyparts High Low Moderate
Injuries to personnel when using sharp tools Low High Moderate
Injuries to personnel when carrying
heavy objects

Low Low Low

Splint ricochet when cutting metal or wood Low Low Low
Hair stuck in rotating tools Low Medium Moderate
Untidy workplace causing personnel to trip Medium Medium Moderate
Damage to bodyparts due to improper
securement of drill element

Low Medium Moderate

Squeeze fingers High Medium Moderate
Damage to fingers when releasing a
quick release clamp

Low Low Low

Wooden frame catches fire Very low Very high Moderate
Personnel hit by a forklift Low High Moderate
Spilling of chemicals onto skin Low Low Low
Contaminated compressed air in
unwanted places

Low Low Low

Hearing injuries Low Medium Moderate

Table 4.6: Risk analysis for personnel during construction of the lab

This analysis is made under the assumption that no protection clothing is
worn in order to find the most probable impact it will have on a person. It
shows that there are a lot of moderate risks for damage during construction.
By using the correct protection equipment such as goggles, shoes, gloves, hair
tie and hearing protection, the risks for the relevant incidents are lowered. The
analysis proves the importance of appropriate protection equipment.

The risk analysis shows the importance of HSE focus when designing and
constructing a test facility. If HSE is neglected, the danger of serious injuries
to personnel and system breakdown is increased.
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Chapter 5

Results

The main purpose of the lab is to emulate wet gas boosting as it is performed
today, the laboratory was designed with two loops with two different compres-
sors to emulate the two different existing solutions. The two compressors are
a turbocharger and a piston compressor. The turbocharger will work as the
wet gas compressor while the piston compressor will be used for motor control
and increased system pressure when running dry gas.

After compression, the temperature of the gas will increase and a cooler is
needed. Both the separator and cooler was designed and constructed by the
students due to expensive pre-fabricated alternatives.

The flow in the system will be controlled by the two compressors and
the two choke valves in the system. The rpm of the compressors will be
adjustable by an electrical motor and pressurized air. The two choke valves
have adjustable openings for better control of the flow.

Since there are no small scale wet gas compressors, it is desirable to be
able to map the compressor characteristics of the turbocharger with different
water fractions in the gas. To achieve this, pressure transmitters were installed
before and after the turbocharger. The mass flow through the turbocharger
will be calculated from the water volume in the system. The water volume
must be carefully added via the water inlet.

HSE greatly affected the design of the lab. It is designed to ensure the
safety of all personnel using it and its surroundings. Risk analysis have been
performed in order to find where the greatest risks for component and personnel
damage were. Based on the results from these analysis, improvements of the
design were made to ensure the safety of both personnel and equipment. It
became clear that safety measures such as a safety wall and a safety housing
for rotating equipment was necessary. By implementing this in the design, the
risk for personnel damage decreased considerably.

Many challenges arose during the design and construction phase of the
project that caused the construction of the relevant component to exceed the
estimated time schedule it had been given in the planning phase. One example
of such a challenge was the construction of the cooler. Fitting the copper coils
inside the cooler in the right place proved to be much more difficult than
anticipated. Due to small leakages in the connection points that could not be
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visually detected, a lot of time was spent assembling and disassembling the
cooler. This meant that the design and construction of other components had
to be postponed until the cooler was finished.

Another time consuming challenge in the project was the procurement
phase. A lot of time was spent trying to select components based on the
system requirements. In addition, when contacting a potential supplier, the
students were dependent on the supplier’s time schedule and ”good will” for
help to pick out the correct parts. Suppliers often had to be contacted several
times before an offer could be made. The time spent on the procurement phase
was perhaps underestimated by the group.

Figure 5.1 and 5.2 shows the laboratory at the end of the project.

Figure 5.1: The lab with the intended silicon hoses illustrated with black lines.

Figure 5.2: The lab with the oil loop.
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5.1 Future work

There are still some construction and installation work that has to be done
before the lab is fully operable. The main reason for this is time restriction.
The design and construction process took more time to finish than anticipated
as explained in Chapter 3. Another reason why the lab is uncompleted is that
there is still no specific allocated area for it to be placed. This means that the
ordering of certain components had to be postponed.

The turbocharger currently has no compressed air hose connecting the wall
to the turbine side. The reason for this is the uncertainty of the placement
of the lab. The necessary length of the hose is not possible to decide before
the placement is certain. A long hose could have been bought, but due to a
relatively high price per meter the group decided to postpone the purchase to
avoid unnecessary costs. All of the components that are necessary for connect-
ing a compressed air hose to the turbocharger and the pressurized air valve,
such as hose nipples, are provided.

Figure 5.3: Compressed air nipple [36].

The hose must have an inner diameter of 3/4 inch that can withstand a
pressure of up to 10 barg. The hose has to be cut in two pieces in appropriate
lengths to be connected to the compressed air outlet in the workshop, pressur-
ized air valve and the turbocharger. The hose is connected to the valve and
turbocharger with hose clamps on the hose nipples. A compressed air nipple,
Figure 5.3, has to be attached to the hose with hose clamps in order to connect
it to the compressed air outlet in the workshop. Figure 5.4 shows where the
compressed air hose with nipple is to be connected to the turbocharger.

In addition to the turbocharger pressure hose, the hose to pressurize the
system has to be purchased. The length of this is also dependent on the
placement of the lab. There are no special requirements on the diameter of
this hose as long as it can withstand a pressure of up to 10 barg. In order
to connect it to the compressed air supply in the workshop, compressed air
nipples has to be attached on both sides of the hose. Figure 5.5 shows the
connection point for this hose in the system. It is important to monitor the
pressure in the system through the pressure transmitter to ensure it does not
exceeds the system limit.

The silicon hoses for the high pressure and high temperature side of the
small frame was not delivered in time to be installed. These have to be attached
to the appropriate parts with the corresponding 2- and 3

4
inch nipples that are

provided. To ensure leakage free connections, hose clamps must be fastened
to the connection points of the nipple and hose.
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Figure 5.4: Compressed air inlet of the turbocharger.

The two pneumatic valves also needs a compressed air supply. This has to
be supplied from the workshop. Installation instructions for implementation of
compressed air supply hoses to the valves are found in the instructions manual
for the valves in Appendix A.

The oil loop must be installed on the small frame and be connected to the
turbocharger. The choke valve has to be purchased and added to the loop as
seen in Section 3.6.1. This valve could be a manual choke valve.

The 24 VDC cooling fan for the oil cooler has to be installed. The fan is
provided.

The most important part that remains to be implemented into the system
is the control and monitoring of the lab. This means all the software that is
going to be used. This part of the lab was deliberately postponed early in the
construction phase. The reason for this was that it became clear, at an early
stage, that it was not possible to complete everything within the given time
frame. The main focus was to complete the building of the lab so that the
software development could be started the following semester by a different
student group.

As explained in Chapter 4, the lab was designed with protective walls and
housing around rotary and electrical equipment in order to protect personnel
close to the lab. These protective measures came after performing a risk anal-
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Figure 5.5: The compressed air connection point in the system.

ysis of the lab. They still have to be designed and built before start-up. This
includes:

• Protective wall around the whole lab.

• Protective housing for the piston compressor.

• Protective housing for the turbocharger.

• Safety valves in the separator.

• Protective housing for the water pump after the separator.

The lab cannot be run or tested before these safety features have been built
and implemented where they belong.

Due to the complexity of the electrical system of the lab, the construction
was not finished. However, the design of the system was completed and the
majority of the components were ordered and installed. The wires to the
electrical motors and inside the distribution box have not been dimensioned
or ordered. This has to be done when all the components have been installed.

The wiring of the power- and control circuits for the distribution board,
described in Section 3.7, remains. A qualified electrician is required to per-
form the wiring of the power circuit while the control circuit can be wired by
unskilled personnel.
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Ordering and installation of the cables going in and out of the distribution
box, have intentionally been postponed. Due to the unknown allocation of the
lab, the length of the cables could not be decided.

Wiring of the power inlet and outlets located at the bottom of distribution
box remain. These wires have to be carried through the bottom of the metal
cabinet via cable glands.

Wiring the electrical motors remain. Power plugs for the oil pump and for
the water pump is provided.

The terminal blocks on the distribution board has to be marked. A corre-
sponding terminal block table explaining the function of every terminal block
must be added to the distribution box.

5.2 Concluding remarks

As an oil or gas field ages, the reservoir pressure naturally decreases. To extract
more hydrocarbons from these fields, enhanced oil recovery was introduced.
Early on in the offshore oil industry, water injection was introduced as an
EOR method. Water was injected into the reservoir to increase the pressure
and force oil to the surface. This method is still used today.

Another method that is widely used is multiphase pumping, either topside
or subsea. The idea is to reduce the back pressure on the wellhead, which will
allow more oil from the reservoir to be extracted. In later years, more gas
fields have been discovered and as these fields naturally age, their production
decreases. Therefore, like in oil fields, a method of extracting more gas is
needed.

Unlike oil, gas is compressible, hence a compressor has to be used to boost
the flow. Most gas found offshore is wet, which means that it contains a liquid
fraction of 2–20 %. A traditional compressor cannot handle any liquid, and
therefore new solutions for gas boosting had to be developed.

This report has described in detail the two existing subsea gas boosting
technologies on the market today. These are the Gullfaks wet gas compres-
sor and Åsgard wet gas compression system. In the Gullfaks field, a wet gas
compressor was developed which is based on the design of subsea multiphase
pumps. The Åsgard solution separates oil and gas before the dry gas is com-
pressed in a centrifugal compressor. Gullfaks, unlike the system at Åsgard, is
specifically designed to avoid separation of the flow. This means it can handle
any liquid fraction in the gas flow. Based on these two solutions a subsea gas
boosting laboratory was designed and constructed.
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FEATURES
•	 High flow due to angled seat design
•	 Anti-waterhammer design (fluid entry under the disc)
•	 Actuator rotatable through 360°
•	 In option closing of the valve in case of power failure
•	 Fluid isolation between electrical actuator and valve body
•	 LED valves status display
•	 The valves satisfy Pressure Equipment Directive 2014/68/EU, article 3.3
•	 The motorised valves comply with the essential requirements of EMC Directive 

2014/30/EU (EN-IEC 61000-6-2 and EN-IEC 61000-6-4) and Low Voltage Directive 
2014/35/EU (EN-IEC 60730)

•	 Vacuum operation up to 10-2 mbar
•	 The valves satisfy all relevant EC Directives and with the provisions of the Directive 

RoHS 2

GENERAL 
Differential pressure	 See «SPECIFICATIONS» [1 bar =100  kPa]
Maximum allowable pressure	 10 bar
Ambient temperature range	� -10°C to +50°C 

-10°C to +40°C (for steam at 145°C)
Maximum viscosity	 600 cSt (mm2/s)
Actuating time	 < 1,3 s (opening) / < 1,3 s (closing)

fluids () temperature range (TS) seal materials ()
air and gas groups 1 & 2

water, oil, liquids groups 1 & 2 -10°C to +90°C NBR (nitrile)

steam up to +145°C FPM (fluoroelastomer)

CONSTRUCTION
MATERIALS IN CONTACT WITH FLUID

()  Ensure that the compatibility of the fluids in contact with the materials is verified

  
 NBR / PBT
«K»

FPM / 316L
«X»

Valve body AISI 316L AISI 316L
Stuffing box housing PBT, GF reinforced AISI 316L
Stem valve AISI 316L AISI 316L
Stuffing box packing NBR FPM
Wiper seal NBR FPM
Disc seal NBR FPM

OTHER MATERIALS
Top cover operator Translucent polyamide (PA)
AC to DC housing (AC) PA66, GF reinforced

ELECTRICAL CHARACTERISTICS
Connector Spade plug (cable Ø 6-10 mm)
Connector specification ISO 4400 / EN 175301-803, form A

Motor consumption 12 W in operation, 0 W hold
Max. peak current: 0,7 A

Visualisation valve (switching) LED
Electrical safety (adapter AC to DC) IEC 335 (EN-IEC 60730), class 2
Electrical enclosure protection IP65 (EN 60529)
Standard voltages DC (=)	:	24V ±10 %, max. ripple 5%
(EN-IEC 61131-2) AC (~)	:	� 110V to 250V / 50-60 Hz 

24V to 48V ±10 % / 50-60 Hz

RECOMMENDATION FOR MAXIMUM DUTY CYCLE
FOR NBR / PBT “K” VERSION
Ambient temperature:	+20°C 9 cycles/min (1)

	 +50°C (max.) 4 cycles/min (1)

RECOMMENDATION FOR MAXIMUM DUTY CYCLE
FOR FPM / 316L “X” VERSION
Ambient temperature:	+20°C 9 cycles/min (1) fluid temp.:	 +20°C
	 +50°C (max.) 4 cycles/min (1) +50°C
	 +50°C (max.) 2 cycles/min (1) +120°C
	 +40°C (max.) 2 cycles/min (1) +145°C
()	 Ensure that the compatibility of the fluids in contact with the materials is verified.
(1)	 For other cycles, contact us.

MOTORISED VALVES
stainless steel body

threaded ports, 3/8 - 1/2 - 3/4

1

2

2/2
Series 

290

12

360°

DC construction

12

360°

AC construction

All leaflets are available on: www.asconumatics.eu
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V406-2

MOTORISED VALVES SERIES 290

SPECIFICATIONS 15-DIGIT PRODUCT CODE
piping

(ISO 6708) flow
coefficient

Kv

operating pressure
differential (bar)

operator
diameter

th
re

ad
  

ty
pe

di
m

en
si

on
s 

/ 
ty

pe
 (1

)

basic code

voltage code

24
 V

...
48

 V
 / 

 
50

-6
0 

H
z

11
0 

V.
..2

50
 V

 / 
 

50
-6

0 
H

z

24
 V

/D
C

pipe
size

DN min.

max.

air, water, oil
()

steam
(m3/h) (l/min) (mm)

Motorised valve, entry under the disc - NBR / PBT «K» version
3/8 10 2,7 45 0 6 - 67 G* 1 E290C52V0KA00

UA VW V11/2 15 3,8 63 0 5 - 67 G* 1 E290C53V0KA00
3/4 20 6 100 0 4 - 67 G* 1 E290C54V0KA00

Motorised valve, entry under the disc - FPM / 316L «X» version
3/8 10 2,7 45 0 6 4 67 G* 1 E290C52V0XA00

UA VW V11/2 15 3,8 63 0 5 4 67 G* 1 E290C53V0XA00
3/4 20 6 100 0 4 4 67 G* 1 E290C54V0XA00

(1) For dimensions, see drawing(s) for each construction type on the following page(s).
()  Ensure that the compatibility of the fluids in contact with the materials is verified.

All leaflets are available on: www.asconumatics.eu
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INSTALLATION
•	 The valves can be mounted in any position without affecting operation
•	 Pipe connections (G*) have standard combination thread according to ISO 228/1 and ISO 7/1
•	 Other pipe connections are available on request
•	 Installation/maintenance instructions are included with each valve
•	 2D/3D CAD models - In 3D 
•	 LED indicators for operating status display

st
at

us

valve OPEN green
valve CLOSED orange
valve moves to open green flashing
valve moves to close orange flashing

15-DIGIT PRODUCT CODE
E 290 C 5 4 V 0 K A00 V1

Pipe thread Voltage
E	=	ISO 228/1 & ISO 7/1 (combination thread) V1	 =	 24 V DC - class B
8	 =	NPT (on request) VW	=	 110 V...250 V 50/60 Hz - class B

UA	 =	� 24 V...48 V 50/60 Hz - class B
Product series
290

Revision letter A00 = Standard
C	=	Initial release Options

EFC	=	�Fail closed

Fonction C12	=	�M12 (contact us)
5	 =	Standard

Materials
DN K	 =	�AISI 316L body,  

SS 316L stem,  
PBT stuffing box & NBR

2	 =	DN 10
3	 =	DN 15
4	 =	DN 20 X	 =	�AISI 316L body, 

SS 316L stem,  
AISI 316L stuffing box & FPM

Port
Motorised operator dia. 0	 =	2 way
V	=	Ø 67 mm

ACCESSORIES
AC to DC adapter: �110V to 250V/50-60 Hz 

code: P290CA430078001 
24V to 48V ±10 % / 50-60 Hz 
code: P290CA438907001

OPTIONS
Fail closed (closing of the valve in case of power failure)
M12 connector adapter (1) 

(1)	 Contact us.
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All leaflets are available on: www.asconumatics.eu
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WIRING AC

24 V...48 V ±10 % / AC 50/60 Hz 110 V...250 V / AC 50/60 Hz 

3

4

1
2

1 phase (Ph) 3
1

2
1 phase (Ph)

2 neutral (N) 2 neutral (N)

3 control 3 control

4 feedback signal - -

With PLC With PLC

3

1
2

1

23
24 V..48 V

N

Ph ~

4

4

3

1
2

1

23

110 V..250 V
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Ph ~

Without PLC Without PLC
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1
2 N
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1

23

~

4

24 V..48 V
4

3

1
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1

23

110 V..250 V

~

input

input

WIRING DC
24 V ±10 % / DC

4

1

2
3

1 24 V / DC

2 0 V

3 control

4 feedback signal

With PLC

4

3

1

2 0V

24V1
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4
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input

output

input
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MOTORISED VALVES SERIES 290
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WIRING AC

24 V...48 V ±10 % / AC 50/60 Hz 110 V...250 V / AC 50/60 Hz 
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4

1
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1 phase (Ph) 3
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1 phase (Ph)
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3 control 3 control
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(*)	 Initialisation
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MOTORISED VALVES SERIES 290

All leaflets are available on: www.asconumatics.eu

DIMENSIONS (mm), WEIGHT (kg)   

type Ø A B C D E Ø F
weight (1)

NBR / PBT «K» FPM / 316L «X»

DC version

01
3/8 135 141 129 55 67 0,40 0,45
1/2 142 145 131 65 67 0,45 0,55
3/4 150 152 136 75 67 0,55 0,65

AC version

02
3/8 171 189 175 55 71 0,50 0,60
1/2 178 191 177 65 71 0,55 0,65
3/4 186 196 180 75 71 0,65 0,75

(1)	 Incl. connector.

TYPE 02
AC version (accessories)
67 mm motorised operator with AC adapter
Fluid entry: under the disc at 2
ISO 4400 connector

C

ØF

57,5

ØA

D

E

B
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1 2

360°

C

ØF

ØA

D

E
B

50
°

1 2

360°

01
01

9G
B

-2
01

6/
R

01
A

va
ila

bi
lit

y,
 d

es
ig

n 
an

d 
sp

ec
ifi

ca
tio

ns
 a

re
 s

ub
je

ct
 to

 c
ha

ng
e 

w
ith

ou
t n

ot
ic

e.
 A

ll 
rig

ht
s 

re
se

rv
ed

.

TYPE 01
DC version
67 mm motorised operator
Fluid entry: under the disc at 2
ISO 4400 connector
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MOTORISED VALVES SERIES 290

All leaflets are available on: www.asconumatics.eu
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V162-1

B

FEATURES
•	 Precise, quick-acting and robust valve suitable for 

use in outside industrial environments
•	 Exceptional long service life
•	 Variable flow proportional to the control signal
•	 Real-time control
•	 Ready-to-use valve
•	 The positioner can be directly connected to an 

external sensor (double loop control)
•	 Power saving function and no air consumption when 

position is reached
•	 Manual valve operator
•	 LED indicators for valve status display

GENERAL
Differential pressure	 0 to 16 bar [1 bar =100  kPa]
Maximum allowable pressure	 16 bar
Ambient temperature range	 0°C to +50°C
Maximum viscosity	 600 cSt (mm2/s)
Pilot fluid	� Air or inert gas, filtered 25 µm, unlubricated, 

condensate-free and water-free (observe the  
pressure dew point) (6)

Pilot pressure	 4 to 8 bar
Pilot fluid temperature	 0°C to +50°C
Response time	 See page V402-7
Fluids	 �For type, temperature and materials compatibility, 

see the catalogue pages for the standard valves 
V410, V420, V431 and V703

ELECTRICAL CHARACTERISTICS 
Setpoint reached output	 ON/OFF, 24 V PNP / max. 500 mA
Analog position feedback signal	 0-10 V / 4-20 mA
Analog setpoint	 0-10V (Rin = 200 kΩ); 4-20 mA (Rin = 250 Ω)
Nominal supply voltage	 24 V DC ± 10%, max. ripple 10%
Power	 7,6 W (3,6 W, setpoint reached)
Connection	 Screw terminals, cable gland (cable Ø 5-10 mm)
	 or connection M12 (CNOMO E03.62.520.N) 
Degree of protection	 IP66 (EN 60529) 
Electromagnetic compatibility	 EMC 2004/108/EC
Regulation characteristics 	 Hysteresis < 2% ; Accuracy < 2 % ; Repeatability < 1 %

CONSTRUCTION
Valve construction	 See sections D and F
Valve disc (2/2)	 Profiled disc, stainless steel and PTFE
Valve disc (3/2)	 Standard disc
Positioner body	 Aluminium anodised
Cable gland	 Plastic (cable Ø 5-10 mm) 
Cover	 PA 12, transparent

single loop double loop for positioner with directly  
connected external sensor

(1)	� Setpoint
(2)	� Value measured by the process sensor

(1)

(2)

Pp

(1)

(2)

Pp

open or closed loop control closed loop control

SPECIFICATIONS (NC valves, fluid entry under the disc)

analog setpoint

suffix for proportional valve and positioner (3)

delivered assembled
fail in last position (4) fail close (5)

2 way 3 way (7) 2 way 3 way (7)

cable gland M12 cable gland M12 cable gland M12 cable gland M12

PositionerD, single loop
0 - 10 V DC PDB64 PDB68 B64 B68 PDB66 PDB70 B66 B70
4 - 20 mA PDB65 PDB69 B65 B69 PDB67 PDB71 B67 B71

PositionerD, double loop
0 - 10 V DC - - - - PDB72 PDB74 B72 B74
4 - 20 mA - - - - PDB73 PDB75 B73 B75

(3)	 Place the indicated suffix after the catalogue number of the valve selected.
(4)	� Valve disc remains in its last position on loss of power.
(5)	� Valve returns to closed position on loss of power.

(6)	� The actuator exhaust air is used to ventilate the electronics housing.
(7)	� Top orifice of this version is not tight, for the tight version contact us.

PROPORTIONAL VALVES
WITH POSITIONERD

pressure operated
all standard connection types

NC

2

1

P

•

• •

•

•

(2) (1)

2 way
3 way
Series

3
P

•

• •

•

•

(2) (1)

2

1
•

290/390

1

2

input control signal
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V162-2

PROPORTIONAL VALVE + PositionerD SERIES 290/390
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VALVE SPECIFICATIONS

pipe
size

(DN)

orifice
size

pilot
pressure

(bar) operator
diameter

flow coefficient (Kv), programmable opening of proportional valve
2 way, threaded 2 way, flanges 3 way, threaded

bronze,  
stainless steel   
(E290) (V410)

clamp / butt welding (S290)
(V420)

bronze (T290)
(V431)

bronze
(E390)
(V703)min. max.

(1)

(mm) 2 way (2) 3 way (mm) (m3/h) (l/min) (m3/h) (l/min) (m3/h) (l/min)

NC - Normally closed, entry under the disc
1/2 (15) 15 3 / 5 2 / 3 8 63 4,6 77 - - 6 100

3/4 (20) 20 3 / 5 - 8 63 7,1 118 - - - -
- 3 / 5 8 63 - - - - 9,6 160

1 (25) 25 3 / 5 3 / 5 8 63/90 15 250 11 183 16,2 270

1 1/4 (32) 32
3 / 5 5 8 63/90 21 350 14 233 24 400
3 / 5 3 / 5 8 125 22 367 15 250 - -

1 1/2 (40) 40
4 3 / 5 8 63/90 29 483 21 350 42,9 715
4 5 8 125 44 733 32 533 42,9 715

2 (50) 50
4 5 8 63/90 40 667 26,5 442 52,8 880
4 5 8 125 66 1100 44 733 52,8 880

2 1/2 (65) 65
4 - 8 90 72 1200 - - - -
4 - 8 125 84 1400 - - - -

(1)	� For best control loop operation, we recommend the following pilot pressures: 
max. 3 bar (valve with 1,5 bar operator) ; max. 5 bar (valve with 2,5 bar operator) ; max. 7 bar (valve with 4 bar operator)

(2)	� 3 bar (valve with 2,5 bar operator) ; 5 bar or 4 bar (valve with 4 bar operator)

OPTIONS AND ACCESSORIES
•	 Standard 2/2 NC valve, fluid entry under the disc, with profiled disc only, use suffix PD, example: E290A016PD
•	 	 Female M12 connector:	 straight	

- 5 pins, with screw terminals, catalogue number: 88100256
- Supply cable 5 m, 5 x 0,25 mm2, catalogue number: 88130212
- Supply cable 5 m, 6 x 0,5 mm2, catalogue number: 88100728
- Supply cable 10 m, 6 x 0,5 mm2, catalogue number: 88100730

•	 APC software for modification of control parameters (software required for double loop control) available for download at:  
www.asconumatics.eu

•	 RS-232 converter, 2 m cable with 9 pin Sub-D connector for PC link, catalogue number 88100732
•	 Oxygen service (except DN 65), pressure limited to 15 bar, temperature limited to + 60°C, suffix N
•	 Vacuum applications up to 1,33 10-3 mbar, suffix VM
•	 Other pipe connections are available on request

INSTALLATION
•	 Pilot port G 1/8 according to ISO 228/1
•	 Compatible with ASTM 1, 2 and 3 oils
•	 Installation/maintenance instructions are included with each valve
•	 LED indicators for operating status display and diagnostic functions (Unit can be rotated through 360° around the centreline of 

the valve operator)

st
at

us

hold position

 

valve OPEN
valve CLOSED
valve moves to open
valve moves to close
positioner in initialisation mode
positioner in manual mode

di
ag

no
st

ic
s setpoint > 20,5 mA / 10,25 V

setpoint < 3,5 mA
positioner not initialised
component error

 Electrical connection:
PositionerD, single loop
screw terminals M12

5

41

32

1 + 24 V DC, supply 1
2 GND supply 3
3 + setpoint (0-10 V or 4-20 mA) 2
4 GND setpoint 3
6 disc position feedback 4
7 + 24V ON/OFF output 5

PositionerD, double loop
screw terminals M12

5

41

32

1 + 24 V DC, supply 1
2 GND supply 3
3 + setpoint (0-10 V or 4-20 mA) 2
4 GND setpoint 3
5 external sensor input 4
7 + 24V ON/OFF output 5
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V162-3

B

ORDERING EXAMPLES:
E 290 A 016 PDB64
E 390 A 016 B64
E 290 A 059 PDB68
E 290 A 102 PDB71

pipe thread
basic number suffix

ORDERING EXAMPLES KITS:
C131204
C140206
C140205 VM

basic number suffix

SPARE PARTS KITS
spare parts kit no.

PositionerD only
cable gland (cable Ø 5-10 mm) connection M12

Fail position maintained, single loop
0-10 V 60566108 60567108

4-20 mA 60566308 60567308
Fail close, single loop

0-10 V 60566118 60567118
4-20 mA 60566318 60567318

Fail close, double loop
0-10 V 60566418 60567418

4-20 mA 60566518 60567518
Mounting kit

all C140423 C140423

pipe
size

(DN)

spare parts kit no.

bronze, stainless steel (E290)
clamp / butt welding (S290)

bronze
(T290)

bronze
(E390)

Valve disc seals
1/2 (15) C131204 (1) - C140021 (1)

3/4 (20) C131205 (1) - C140022 (1)

1 (25) C131206 (1) C140017 (1) C140023 (1)

1 1/4 (32) C131207 (1) C140018 (1) C140024 (1)

1 1/2 (40) C131208 (1) C140019 (1) C140025 (1)

2 (50) C131209 (1) C140020 (1) C140026 (1)

2 1/2 (65) C131622 (1) - -
(1)	 Standard suffix VM is also applicable to kits (see V435).
	-	 Not available.

DIMENSIONS (mm), WEIGHT (kg)   

�Weight of positioner without valve: 0,3 kg1 	M16 x 1,5 mm cable gland (cable Ø 5-10 mm)
2 	M12 connection
3 	G 1/8 pilot connection

TYPE 01
Enclosure with cable gland
63 to 125 mm operator
Fluid entry:
under the disc at 2

PROPORTIONAL VALVE + PositionerD SERIES 290/390
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TYPE 02
Enclosure with M12 connection
63 to 125 mm operator
Fluid entry:
under the disc at 2

8466

11
2

1

3

1

2

1/8

84

11
2

53

2

3

1

2

1/8
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V162-4

PROPORTIONAL VALVE + PositionerD SERIES 290/390
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3 wires, optional Pt 100 ohm Temp. probe for TM-946 , TM-947SD

PT 100 ohm TEMP. PROBE
Model : TP-101 ISO-9001, CE, IEC1010

LUTRON ELECTRONIC
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Pt 100 TEMPERATURE PROBE
Model : TP-101

Features Cooperate with an 0.00385 alpha

coefficient, meet DIN IEC 751.

0  resistance℃ 100 ohm.

Measuring -50 to 400 .℃

Range -58 to 752 .℉

Plug/Wires Ear phone plug, 3 pins/3 wires.

Class Class A.

Accuracy ± (0.15 + (0.002 x T)) .℃

T : measuring temperature.

For example :

 Accuracy is 0.15  for 0  reading.℃ ℃

 Accuracy is 0.35  for 100  reading.℃ ℃

 Accuracy is 0.95  for 400  reading.℃ ℃

Dimension Sensing head 152 mm tube, 

3.2 mm Dia.

Probe handle length 130 mm.

Cable length 1000 mm.

Remark TP-101 is the optional Pt 100 Temp. probe

for TM-946, TM-947SD.
* Appearance and specifications listed in this brochure are subject to change without notice. 1301-TP101
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JUMO GmbH & Co. KG
Delivery address: Mackenrodtstraße 14

36039 Fulda, Germany
Postal address: 36035 Fulda, Germany
Phone: +49 661 6003-0
Fax: +49 661 6003-607
E-mail: mail@jumo.net
Internet: www.jumo.net

JUMO Instrument Co. Ltd.
JUMO House
Temple Bank, Riverway
Harlow, Essex CM20 2DY, UK
Phone: +44 1279 635533
Fax: +44 1279 635262
E-mail: sales@jumo.co.uk
Internet: www.jumo.co.uk

JUMO Process Control, Inc.
8 Technology Boulevard
Canastota, NY 13032, USA
Phone: 315-697-5866

1-800-554-JUMO
Fax: 315-697-5867
E-mail: info@jumo.us
Internet: www.jumo.us

2012-01-11/00305166

Push-in RTD Temperature Probe
with Connecting Cable

■ Temperature range from -50 to +400 °C
■ As single or double RTD temperature probe
■ In 2-wire, 3-wire or 4-wire-circuit
■ Connecting cable PVC, silicone, PTFE, metal braiding 

Push-in RTD temperature probes are mainly used for measuring temperature in liquids and gas-
ses. The application areas, among others, are the air conditioning and refrigeration industry, in
the construction of heating systems/furnaces/equipment, and in laboratory technology.
Depending on the version, the connection cables are suitable for dry or moist rooms with a tem-
perature range between -50 to +400 °C. The connecting cable transition points are strain-
relieved. An anti-kink protection is available as an option.
A Pt100 temperature sensing element according to DIN EN 60751, class b in 2-wire circuit is
used as a measuring insert by default – versions with Pt500 or Pt1000 are also possible. The
connection is also available in 3-wire and 4-wire circuits as an option.

Technical data
Connection Cable ends stripped bare, with ferrules

available with push-on contacts or multi-pole plug connector 

Connecting cable PVC, ambient temperature -5 to +80 °C (+105 °C)
PUR, ambient temperature -5 (+5) to +105 °C
Silicone, ambient temperature -50 to +180 °C
PTFE, ambient temperature -50 to +260 °C
Metal braiding, ambient temperature -50 to +260 °C (+350 °C / +400 °C)

Protection tube Stainless steel 1.4571, Ø 3 mm, Ø 4 mm, Ø 5 mm, Ø 5.2 mm, Ø 6 mm, and Ø 8 mm

Measuring insert Pt100 temperature sensing element, DIN EN 60751, class B, 2-wire circuit

Response times In water 0.4 m/s / in air 3.0 m/s
Ø 6 mm: water t0.5 approx. 4 s, t0.9 approx. 10 s / in air t0.5 approx.  32 s, t0.9 approx.  98 s
Ø 8 mm: water t0.5 approx. 7 s, t0.9 approx. 18 s / in air t0.5 approx. 50 s, t0.9 approx. 140 s

Accessories For pipe screw connections and flanges refer to data sheet 909750
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Data Sheet 902150 Page 2/6

2012-01-11/00305166

Dimensions

Basic type 902150/10 Basic type 902150/20 Basic type 902150/30

Basic type 902150/40 Basic type 902150/42 Basic type 902150/44
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Order details: Push-in RTD temperature probe with connecting cable 

(1) Basic type

902150/10

Push-in RTD temperature probe
with connecting cable,
single-section protection tube
made of stainless steel

902150/20

Push-in RTD temperature probe
with spiral connecting cable,
single-section protection tube
made of stainless steel

(2) Operating temperature in °C/connecting cable
 x 378 -50 to +180 °C / silicone
 x 386 -50 to +260 °C / PTFE
 x 388 -50 to +260 °C / metal braiding
 x 402 -50 to +400 °C / metal braiding
 x 724 -5 to +80 °C / PVC
 x  x 730 -5 to +105 °C / PVC or PUR
 x 912 5 to +105 °C / PUR (only with 1x Pt100 in 2-wire circuit)

(3) Measuring insert
 x 1001 1x Pt 100 in 3-wire-circuit
 x  x 1003 1x Pt 100 in 2-wire circuit
 x 1011 1x Pt 100 in 4-wire circuit
 x 2001 2x Pt 100 in 3-wire-circuit
 x 2003 2x Pt 100 in 2-wire circuit

(4) Tolerance class according to DIN EN 60751
 x  x 1 Class B (standard)
 x  x 2 Class A

(5) Protection tube diameter D in mm
 x 3 Ø 3 mm (only as 1x Pt100 in 2-wire circuit with PTFE connecting cable)
 x 4 Ø 4 mm (only as 1x Pt100 in 2-wire circuit with silicone, PTFE connecting cable, or metal braid)
 x 5 Ø 5 mm
 x 5.2 Ø 5.2 mm
 x  x 6 Ø 6 mm

(6) Insertion length EL in mm
 x 30 30 mm (standard with D 3 mm and D 4 mm)
 x 45 45 mm (standard with D 5 mm and D 5.2 mm)
 x  x 50 50 mm (not for D < 6 mm)
 x 60 60 mm (not for D < 6 mm)

(7) Connecting cable end
 x  x 03 Blank connection wires
 x  x 11 Ferrules (standard)
 x  x 13 Push-on contact 6.3
 x  x 80 Multi-pole plug connector (specify type in plain text)

(8) Connecting cable length AL in mm (AL 500 to 500,000 mm for basic type 902150/10
 x 1100 1,100 mm (effective)

 x 1500 1,500 mm
 x 2500 2,500 mm
 x ... Please specify in plain text (500 mm steps)

(9) Extra codes
 x  x 000 Without extra code
 x 315 Strain relief spring
 x 316 Strain-relief spring hose
 x  x 317 Shielded connecting cable
 x 858 Waterproof, protection type IP65 (only for EL 60 mm with PUR or silicone connecting cable)

(1) (2) (3) (4) (5) (6) (7) (8) (9)
Order code - - - - - - - /  , ...1

Order example 902150/10 - 378 - 1001 - 1 - 6 - 50 - 11 - 2500 / 000

1 List extra codes in sequence, separated by commas.
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JUMO GmbH & Co. KG
Delivery address: Mackenrodtstraße 14

36039 Fulda, Germany
Postal address: 36035 Fulda, Germany
Phone: +49 661 6003-0
Fax: +49 661 6003-607
E-mail: mail@jumo.net
Internet: www.jumo.net

JUMO Instrument Co. Ltd.
JUMO House
Temple Bank, Riverway
Harlow, Essex CM20 2DY, UK
Phone: +44 1279 635533
Fax: +44 1279 635262
E-mail: sales@jumo.co.uk
Internet: www.jumo.co.uk

JUMO Process Control, Inc.
8 Technology Boulevard
Canastota, NY 13032, USA
Phone: 315-697-5866

1-800-554-JUMO
Fax: 315-697-5867
E-mail: info@jumo.us
Internet: www.jumo.us

Order details: Push-in RTD temperature probe with connecting cable 

(1) Basic type

902150/30

Push-in RTD temperature probe 
with connecting cable,
multi-part protection tube (welded) 
made of stainless steel

902150/40

Push-in RTD temperature probe 
with connecting cable,
multi-part protection tube right-angled (welded) 
made of stainless steel

(2) Operating temperature in °C / connecting cable
 x 378 -50 to +180 °C / silicone
 x 386 -50 to +260 °C / PTFE
 x 388 -50 to +260 °C / metal braiding

 x 397 -50 to +350 °C / metal braiding
 x 402 -50 to +400 °C / metal braiding
 x 724 -5 to +80 °C / PVC
 x 912 5 to +105 °C / PUR (only with 1x Pt100 in 2-wire circuit)

(3) Measuring insert
 x 1001 1x Pt 100 in 3-wire-circuit
 x  x 1003 1x Pt 100 in 2-wire circuit
 x 1011 1x Pt 100 in 4-wire circuit
 x 2001 2x Pt 100 in 3-wire-circuit
 x  x 2003 2x Pt 100 in 2-wire circuit

(4) Tolerance class according to DIN EN 60751
 x  x 1 Class B (standard)
 x  x 2 Class A

(5) Protection tube diameter D in mm
 x  x 6 Ø 6 mm
 x 8 Ø 8 mm

(6) Insertion length EL in mm (EL 50 to 500 mm)
 x  x 50 50 mm
 x  x 60 60 mm
 x  x 100 100 mm
 x  x 150 150 mm
 x  x 200 200 mm
 x  x ... Please specify in plain text (50 mm steps)

(7) Connecting cable end
 x  x 03 Blank connection wires
 x  x 11 Ferrules (standard)
 x  x 13 Push-on contact 6.3
 x  x 80 Multi-pole connector (specify type in plain text)

(8) Connecting cable length AL in mm (500 to 500,000 mm)
 x  x 2500 2,500 mm
 x  x ... Please specify in plain text (500 mm steps)

(9) Extra codes
 x 000 Without extra code
 x 310 Protection tube offset
 x 315 Strain relief spring
 x 316 Strain-relief spring hose
 x  x 317 Shielded connecting cable

(1) (2) (3) (4) (5) (6) (7) (8) (9)
Order code - - - - - - - /  , ...1

Order example 902150/30 - 378 - 1001 - 1 - 6 - 50 - 11 - 2500 / 000

1 List extra codes in sequence, separated by commas.
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Internet: www.jumo.co.uk

JUMO Process Control, Inc.
8 Technology Boulevard
Canastota, NY 13032, USA
Phone: 315-697-5866

1-800-554-JUMO
Fax: 315-697-5867
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Internet: www.jumo.us

Order details: Push-in RTD temperature probe with connecting cable 

(1) Basic type

902150/42

Push-in RTD temperature probe
with connecting cable,
single-section protection tube right-angled 
made of stainless steel

902150/44

Push-in RTD temperature probe
with connecting cable and mounting borehole, 
single-section protection tube right-angled 
made of stainless steel

(2) Operating temperature in °C / connecting cable
 x  x 388 -50 to +260 °C / metal braiding

(3) Measuring insert
 x  x 1003 1x Pt 100 in 2-wire circuit
 x 1011 1x Pt 100 in 4-wire circuit
 x 2003 2x Pt 100 in 2-wire circuit

(4) Tolerance class according to DIN EN 60751
 x  x 1 Class B (standard)
 x  x 2 Class A

(5) Protection tube diameter D in mm
 x 4 Ø 4 mm

 x 6 Ø 6 mm

(6) Insertion length EL in mm
 x 9 9 mm
 x 12 12 mm

 x 20 20 mm
 x 50 50 mm

(7) Connecting cable end
 x  x 03 Blank connection wires
 x  x 11 Ferrules (standard)
 x  x 13 Push-on contact 6.3
 x  x 80 Multi-pole connector (specify type in plain text)

(8) Connecting cable length AL in mm (500 to 500,000 mm)
 x  x 2500 2,500 mm
 x  x ... Please specify in plain text (500 mm steps)

(9) Extra codes
 x  x 000 Without extra code
 x  x 315 Strain relief spring
 x  x 317 Shielded connecting cable

(1) (2) (3) (4) (5) (6) (7) (8) (9)
Order code - - - - - - - /  , ...1

Order example 902150/42 - 388 - 1003 - 1 - 6 - 20 - 03 - 2500 / 000

1 List extra codes in sequence, separated by commas.
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JUMO GmbH & Co. KG
Delivery address: Mackenrodtstraße 14

36039 Fulda, Germany
Postal address: 36035 Fulda, Germany
Phone: +49 661 6003-0
Fax: +49 661 6003-607
E-mail: mail@jumo.net
Internet: www.jumo.net

JUMO Instrument Co. Ltd.
JUMO House
Temple Bank, Riverway
Harlow, Essex CM20 2DY, UK
Phone: +44 1279 635533
Fax: +44 1279 635262
E-mail: sales@jumo.co.uk
Internet: www.jumo.co.uk

JUMO Process Control, Inc.
8 Technology Boulevard
Canastota, NY 13032, USA
Phone: 315-697-5866

1-800-554-JUMO
Fax: 315-697-5867
E-mail: info@jumo.us
Internet: www.jumo.us

Data Sheet 902150 Page 6/6

2012-01-11/00305166

Stock versions
(1) (2) (3) (4) (5) (6) (7) (8) (9) Part no.

902150/10 - 378 - 1003 - 1 - 5.2 - 45 - 11 - 2500 / 000 00326037
902150/10 - 378 - 1003 - 1 - 6 - 50 - 11 - 2500 / 000 00389771
902150/10 - 378 - 1003 - 1 - 6 - 50 - 11 - 1500 / 000 00085313
902150/10 - 378 - 1001 - 1 - 6 - 50 - 11 - 2500 / 000 00392513
902150/10 - 378 - 1003 - 1 - 6 - 60 - 11 - 2500 / 631 00492541
902150/10 - 402 - 1003 - 1 - 6 - 50 - 11 - 1500 / 317 00085311
902150/10 - 724 - 1003 - 1 - 6 - 50 - 11 - 2500 / 000 00059085
902150/10 - 724 - 1003 - 1 - 6 - 50 - 11 - 1500 / 000 00085315
902150/10 - 730 - 1003 - 1 - 6 - 50 - 11 - 1500 / 000 00085316
902150/10 - 730 - 1003 - 1 - 6 - 60 - 11 - 2500 / 631 00492539
902150/20 - 730 - 1003 - 1 - 6 - 50 - 11 - 1100 / 000 00065495
902150/30 - 388 - 1003 - 1 - 6 - 50 - 11 - 2500 / 315.317 00055718
902150/30 - 388 - 1003 - 1 - 6 - 100 - 11 - 2500 / 315.317 00055719
902150/30 - 388 - 1001 - 1 - 6 - 50 - 11 - 2500 / 315.317 00065451
902150/30 - 388 - 1001 - 1 - 6 - 100 - 11 - 2500 / 315.317 00065453
902150/30 - 402 - 1001 - 1 - 6 - 150 - 11 - 2500 / 315.317 00549701
902150/40 - 397 - 1003 - 1 - 6 - 60 - 11 - 2500 / 317 00055715
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■ Overview

The SITRANS P200 pressure transmitter measures the gauge 
and absolute pressure of liquids, gases and vapors.
• Ceramic measuring cell
• Gauge and absolute measuring ranges 1 to 60 bar (15 to 

1000 psi)
• For general applications

■ Benefits

• High measuring accuracy 
• Rugged stainless steel enclosure 
• High overload withstand capability 
• For aggressive and non-aggressive media 
• For measuring the pressure of liquids, gases and vapors 
• Compact design

■ Application

The SITRANS P200 pressure transmitter for gauge and absolute 
pressure is used in the following industrial areas:
• Mechanical engineering
• Shipbuilding
• Power engineering
• Chemical industry
• Water supply

■ Design

Device structure without explosion protection

The pressure transmitter consists of a piezoresistive measuring 
cell with a diaphragm installed in a stainless steel enclosure. It 
can be used with a connector per EN 175301-803-A (IP65), a 
round plug M12 (IP67), a cable (IP67) or a cable quick screw 
connection (IP67) connected electrically. The output signal is 
between 4 and 20 mA or 0 and 10 V.

Device structure with explosion protection

The pressure transmitter consists of a piezoresistive measuring 
cell with a diaphragm installed in a stainless steel enclosure. It 
can be used with a connector per EN 175301-803-A (IP65) or a 
round plug M12 (IP67) connected electrically. The output signal 
is between 4 and 20 mA.

■ Function

The pressure transmitter measures the gauge and absolute 
pressure of liquids and gases as well as the level of liquids. 

Mode of operation

 

SITRANS P200 pressure transmitters (7MF1565-...), functional diagram

The ceramic measuring cell has a thin-film resistance bridge to 
which the operating pressure p is transmitted through a ceramic 
diaphragm.

The voltage output from the measuring cell is converted by an 
amplifier into an output current of 4 to 20 mA or an output voltage 
of 0 to 10 V DC.

The output current and voltage are linearly proportional to the in-
put pressure.

U
const.

U
Ip I0, UB
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■ Technical specifications
 

Application

Gauge and absolute pressure 
measurement

Liquids, gases and vapors

Mode of operation

Measuring principle Piezo-resistive measuring cell 
(ceramic diaphragm)

Measured variable Gauge and absolute pressure

Inputs

Measuring range

• Gauge pressure 
- Metric
- US measuring range

1 … 60 bar (15 … 870 psi)
15 … 1000 psi

• Absolute pressure 
- Metric
- US measuring range

0.6 … 16 bar a (10 … 232 psia)
10 … 300 psia

Output

Current signal 4 ... 20 mA

• Load (UB - 10 V) / 0.02 A

• Auxiliary power UB DC 7 ... 33 V (10 ... 30 V for Ex)

Voltage signal 0 ... 10 V DC

• Load ≥ 10 kΩ

• Auxiliary power UB 12 ... 33 V DC

• Power consumption < 7 mA at 10 kΩ

Characteristic curve Linear rising

Measuring accuracy

Error in measurement at limit setting 
incl. hysteresis and reproducibility

• Typical: 0.25 % of full-scale 
value

• Maximum: 0.5 % of full-scale va-
lue

Step response time T99 < 5 ms

Long-term stability

• Lower range value and measuring 
span

0.25 % of full-scale value/year

Influence of ambient temperature

• Lower range value and measuring 
span

0.25 %/10 K of full-scale value

• Influence of power supply 0.005 %/V

Conditions of use

Process temperature with gasket 
made of:

• FPM (Standard) -15 ... +125 °C (+5 ... +257 °F)

• Neoprene -35 ... +100 °C (-31 ... +212 °F)

• Perbunan -20 ... +100 °C (-4 ... +212 °F)

• EPDM -40 ... +145 °C (-40 ... +293 °F), 
usable for drinking water

Ambient temperature -25 ... +85 °C (-13 ... +185 °F)

Storage temperature -50 ... +100 °C (-58 ... +212 °F)

Degree of protection (to EN 60529) • IP 65 with connector per 
EN 175301-803-A

• IP 67 with M12 connector
• IP 67 with cable
• IP 67 with cable quick screw 

connection

Electromagnetic compatibility • acc. EN 61326-1/-2/-3
• acc. NAMUR NE21, only for 

ATEX versions and with a max. 
measuring deviation ≤ 1 %

Design

Weight Approx. 0.090 kg (0.198 lb)

Process connections See dimension drawings

Electrical connections • Connector per 
EN 175301-803-A Form A with 
cable inlet M16x1.5 or ½-14 NPT 
or Pg 11

• M12 connector
• 2 or 3-wire (0.5 mm2) cable 

(∅ ± 5.4 mm)
• Cable quick screw connection

Wetted parts materials

• Measuring cell AI2O3 - 96 %

• Process connection Stainless steel, mat. No. 1.4404 
(SST 316 L)

• Gasket • FPM (Standard)
• Neoprene
• Perbunan 
• EPDM 

Non-wetted parts materials

• Enclosure Stainless steel, mat. No. 1.4404 
(SST 316 L)

• Rack Plastic

• Cables PVC

Certificates and approvals

Classification according to pressure 
equipment directive 
(PED 97/23/EC)

For gases of fluid group 1 and 
liquids of fluid group 1; complies 
with requirements of article 3, 
paragraph 3 (sound engineering 
practice)

Lloyds Register of Shipping (LR) Applied

Germanischer Lloyds Register of 
Shipping (GL)

Applied

American Bureau of Shipping (ABS) Applied

Bureau Veritas (BV) Applied

Det Norske Veritas (DNV) Applied

Drinking water approval (ACS) Applied

GOST Applied

Explosion protection

Intrinsic safety "i" (only with current 
output)

Ex II 1/2 G Ex ia IIC T4 Ga/Gb
Ex II 1/2 D Ex ia IIIC T125 °C 
Da/Db

EC type-examination certificate SEV 10 ATEX 0146

Connection to certified intrinsically-
safe resistive circuits with maxi-
mum values:

Ui ≤ 30 V DC; Ii ≤ 100 mA; 
Pi ≤ 0.75 W

Effective internal inductance and 
capacity for versions with plugs per 
EN 175301-803-A and M12

Li = 0 nH; Ci = 0 nF
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■ Selection and ordering data Order No. Order code

SITRANS P 200 pressure transmitters for pressure and absolute pressure for general applications
 Characteristic curve deviation typ. 0.25 %
Wetted parts materials: Ceramic and stainless steel + sealing material
Non-wetted parts materials: stainless steel

D) 7M F 1 5 6 5 - 77777 - 7777 777

Measuring range Overload limit Burst pressure

Min. Max.

For gauge pressure

0 ... 1 bar (0 ... 14.5 psi) -0.4 bar (-5.8 psi) 2.5 bar (36.26 psi) > 2,5 bar (> 36.3 psi) } 3 B A
0 ... 1.6 bar (0 ... 23.2 psi) -0.4 bar (-5.8 psi) 4 bar (58.02 psi) > 4 bar (> 58.0 psi) } 3 B B
0 ... 2.5 bar (0 ... 36.3 psi) -0.8 bar (-11.6 psi) 6.25 bar (90.65 psi) > 6,25 bar (> 90.7 psi) } 3 B D
0 ... 4 bar (0 ... 58.0 psi) -0.8 bar (-11.6 psi) 10 bar (145 psi) > 10 bar (> 145 psi) } 3 B E
0 ... 6 bar (0 ... 87.0 psi) -1 bar (-14.5 psi) 15 bar (217 psi) > 15 bar (> 217 psi) } 3 B G

0 ... 10 bar (0 ... 145 psi) -1 bar (-14.5 psi) 25 bar (362 psi) > 25 bar (> 362 psi) } 3 C A
0 ... 16 bar (0 ... 232 psi) -1 bar (-14.5 psi) 40 bar (580 psi) > 40 bar (> 580 psi) } 3 C B
0 ... 25 bar (0 ... 363 psi) -1 bar (-14.5 psi) 62.5 bar (906 psi) > 62,5 bar (> 906 psi) } 3 C D
0 ... 40 bar (0 ... 580 psi) -1 bar (-14.5 psi) 100 bar (1450 psi) > 100 bar (> 1450 psi) } 3 C E
0 ... 60 bar (0 ... 870 psi) -1 bar (-14.5 psi) 150 bar (2175 psi) > 150 bar (> 2175 psi) } 3 C G

Other version, add order code and plain text: Measuring range: ... up to... bar (psi) 9 A A H 1 Y

For absolute pressure
0 ... 600 bar a (0 ... 8.7 psia) 0 bar a (0 psia) 3 bar a (43.51 psia) > 2,5 bar a (> 36.3 psia) 5 A G
0 ... 1 bar a (0 ... 14.5 psia) 0 bar a (0 psia) 2.5 bar a (36.26 psia) > 2,5 bar a (> 36.3 psia) } 5 B A
0 ... 1.6 bar a (0 ... 23.2 psia) 0 bar a (0 psia) 4 bar a (58.02 psia) > 4 bar a (> 58.0 psia) } 5 B B
0 ... 2.5 bar a (0 ... 36.3 psia) 0 bar a (0 psia) 6.25 bar a (90.65 psia) > 6,25 bar a (> 90.7 psia) } 5 B D

0 ... 4 bar a (0 ... 58.0 psia) 0 bar a (0 psia) 10 bar a (145 psia) > 10 bar a (> 145 psia) } 5 B E
0 ... 6 bar a (0 ... 87.0 psia) 0 bar a (0 psia) 15 bar a (217 psia) > 15 bar a (> 217 psia) } 5 B G
0 ... 10 bar a (0 ... 145 psi) 0 bar a (0 psia) 25 bar a (362 psia) > 25 bar a (> 362 psia) } 5 C A
0 ... 16 bar a (0 ... 232 psi) 0 bar a (0 psia) 40 bar a (580 psia) > 40 bar a (> 580 psia) } 5 C B

Other version, add order code and plain text: Measuring range: ... up to ... mbar a (psia) 9 A A H 1 Y

Measuring ranges for gauge pressure (only for US market)
(0 ... 15 psi) (-5.8 psi) (35 psi) (> 35 psi) 4 B B
(3 ... 15 psi) (-5.8 psi) (35 psi) (> 35 psi) 4 B C
(0 ... 20 psi) (-5.8 psi) (50 psi) (> 50 psi) 4 B D
(0 ... 30 psi) (-5.8 psi) (80 psi) (> 80 psi) 4 B E

(0 ... 60 psi) (-11.5 psi) (140 psi) (> 140 psi) 4 B F
(0 ... 100 psi) (-14.5 psi) (200 psi) (> 200 psi) 4 B G
(0 ... 150 psi) (-14.5 psi) (350 psi) (> 350 psi) 4 C A
(0 ... 200 psi) (-14.5 psi) (550 psi) (> 550 psi) 4 C B

(0 ... 300 psi) (-14.5 psi) (800 psi) (> 800 psi) 4 C D
(0 ... 500 psi) (-14.5 psi) (1400 psi) (> 1400 psi) 4 C E
(0 ... 750 psi) (-14.5 psi) (2000 psi) (> 2000 psi) 4 C F
(0 ... 1000 psi) (-14.5 psi) (2000 psi) (> 2000 psi) 4 C G

Other version, add order code and plain text: Measuring range: ... up to ... psi 9 A A H 1 Y

Measuring ranges for absolute pressure (only for US market)
(0 ... 10 psia) (0 psia) (35 psia) (> 35 psia) 6 A G
(0 ... 15 psia) (0 psia) (35 psia) (> 35 psia) 6 B A
(0 ... 20 psia) (0 psia) (50 psia) (> 50 psia) 6 B B
(0 ... 30 psia) (0 psia) (80 psia) (> 80 psia) 6 B D
(0 ... 60 psia) (0 psia) (140 psia) (> 140 psia) 6 B E

(0 ... 100 psia) (0 psia) (200 psia) (> 200 psia) 6 B G
(0 ... 150 psia) (0 psia) (350 psia) (> 350 psia) 6 C A
(0 ... 200 psia) (0 psia) (550 psia) (> 550 psia) 6 C B
(0 ... 300 psia) (0 psia) (800 psia) (> 800 psia) 6 C C

Other version, add order code and plain text: Measuring range: ... up to ... psia 9 A A H 1 Y

} Available ex stock
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■ Selection and ordering data Order No. Order code

SITRANS P 200 pressure transmitters for pressure and absolute pressure for general applications
Accuracy typ. 0.25 %
Wetted parts materials: Ceramic and stainless steel + sealing material
Non-wetted parts materials: stainless steel

D) 7M F 1 5 6 5 - 77777 - 7777 777

Output signal

4 ... 20 mA; two-wire system; power supply 7 ... 33 V DC (10 ... 30 V DC for ATEX versions) } 0
0 ... 10 V; three-wire system; power supply 12 ... 33 V DC } 1 0

Explosion protection (only 4 ... 20 mA)

None } 0
With explosion protection EEx ia IIC T4 } 1

Electrical connection

Connector per DIN EN 175301-803-A, stuffing box thread M16 (with coupling) } 1
Round connector M12 per DIN EN 60139-9 (not for gauge pressure ranges  ≤ 16 bar) 2
Connection via fixed mounted cable, 2m (not for type of protection "Intrinsic safety i") 0 3
Cable quick screw connection PG9 (not for type of protection "Intrinsic safety i") 0 4
Connector per DIN EN 175301-803-A, stuffing box thread 1/2"-14 NPT (with coupling) 5
Connector per DIN EN 175301-803-A, stuffing box thread PG11 (with coupling) 6
Special version 9 N 1 Y

Process connection

G½" male per EN 837-1 (½" BSP male) (standard for metric pressure ranges mbar, bar) } A
G½" male thread and G1/8" female thread B
G¼“ male per EN 837-1 (¼“ BSP male) C
7/16"-20 UNF male D

¼"-18 NPT male (standard for pressure ranges inH2O and psi) E
¼"-18 NPT female F
½"-14 NPT male G
½"-14 NPT female H
7/16"-20 UNF female J
M20x1.5 male P

Special version Z P 1 Y

Sealing material between sensor and enclosure

Viton (FPM, standard) } A
Neoprene (CR) B
Perbunan (NBR) C
EPDM D
Special version Z Q 1 Y

Version
Standard version } 1

Further designs

Supplement the order no. with "-Z" and add order code.

Manufacturer’s test certificate M per DIN 55340, Part 18 and ISO 8402 (calibration certificate) supplied C11

Oxygen application, oil and grease-free cleaning
( only in conjunction with the sealing material Viton between sensor and enclosure) 

E10

} Available ex stock

D) Subject to export regulations AL: N, ECCN: EAR99H.

FI01_2012_en_kap02.book  Seite 8  Donnerstag, 17. November 2011  4:31 16

© Siemens AG 2011© Siemens AG 2011

Appendix A

111



Pressure Measurement
Transmitters for basic requirements

SITRANS P200
for gauge and absolute pressure

2/9Siemens FI 01 · 2012

2

■ Dimensional drawings

SITRANS P200, electrical connections, dimensions in mm (inch)

SITRANS P200, process connections, dimensions in mm (inch)

Cable gland
with cable
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 (0
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)
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1/2-14 NPT
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)
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max. 20 Nm
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■ Schematics

Connection with current output and connector per EN 175301

Connection with current output and connector M12x1

Connection with current output and cable

Connection with current output and cable quick screw connection

Connection with voltage output and connector per EN 175301

Connection with voltage output and connector M12x1

Connection with voltage output and cable

Connection with voltage output and cable quick screw connection

Version with explosion protection: 4 ... 20 mA

The grounding connection is conductively bonded to the trans-
mitter enclosure

Connection with current output and connector per EN 175301 (Ex) Connection with current output and connector M12x1 (Ex)

UB Power supply
RL Load
IO Output current

Connection: 1 (+),
     2 (-)IO

UBRL

1+ +
2-

1
2

+
Connection: 1 (+),
                 3 (-)
IO Output current
RL Load
UB Power supply

UBRL

IO

3-

1+

1
3

Connection: br (brown),
     gn (green)
IO Output current
UB Power supply
RL Load

UB
RL

IO

gn

br +

UB Power supply
RL Load
IO Output current

Connection: 1 (+),
     2 (-)IO

UBRL

1+ +
2-

1

2

UB Power supply
RL Load
UO Output voltage

Connection: 1 (+UB),
     2 (-),
     3 (+UO)

UO
UBRL

1+ +
3+

2-

1
3

2

+

3-

Connection: 1 (+UB),
                 3 (-),
                 4 (+UO)
UO Output voltage
RL Load
UB Power supply

UBRL

UO

4+

1+

1
34

Connection: br (+UB, brown),
     gn (+UO, green),
     ws (-, white)
UO Output voltage
UB Power supply
RL Load

UB
RL

UO

gn

ws

br +

1

2 3
UB Power supply
RL Load
UO Output voltage

Connection: 1 (+UB),
     3 (-),
     2 (+UO)

UO
UBRL

1+ +
3+

2-

UB Power supply
RL Load
IO Output current

Connection: 1 (+),
     2 (-)IO

UBRL

1+ +
2-

1
2

+

4

Connection: 1 (+),
                 3 (-),
                 4 (   )
IO Output current
RL Load
UB Power supply

UBRL

IO

3-

1+

1
34
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■ Overview

The pressure transmitter SITRANS P210 measures the gauge 
pressure of liquids, gases and vapors.
• Stainless steal measuring cell
• Measuring ranges 100 to 600 mbar (1.45 to 8.7 psi) relative
• For low-pressure applications

■ Benefits

• High measuring accuracy 
• Rugged stainless steel enclosure 
• High overload withstand capability 
• For aggressive and non-aggressive media 
• For measuring the pressure of liquids, gases and vapors 
• Compact design

■ Application

The pressure transmitter SITRANS P210 for gauge pressure is 
used in the following industrial areas:
• Mechanical engineering
• Shipbuilding
• Power engineering
• Chemical industry
• Water supply

■ Design

Device structure without explosion protection

The pressure transmitter consists of a piezoresistive measuring 
cell with a diaphragm installed in a stainless steel enclosure. It 
can be used with a connector per EN 175301-803-A (IP65), a 
round plug M12 (IP67), a cable (IP67) or a cable quick screw 
connection (IP67) connected electrically. The output signal is 
between 4 and 20 mA or 0 and 10 V.

Device structure with explosion protection

The pressure transmitter consists of a piezoresistive measuring 
cell with a diaphragm installed in a stainless steel enclosure. It 
can be used with a connector per EN 175301-803-A (IP65) or a 
round plug M12 (IP67) connected electrically. The output signal 
is between 4 and 20 mA.

■ Function

The pressure transmitter measures the gauge pressure of liquids 
and gases as well as the level of liquids. 

Mode of operation

 

SITRANS P210 pressure transmitters (7MF1566-...), functional diagram

The stainless steel measuring cell has a thin-film resistance 
bridge to which the operating pressure p is transmitted through 
a stainless steel diaphragm.

The voltage output from the measuring cell is converted by an 
amplifier into an output current of 4 to 20 mA or an output voltage 
of 0 to 10 V DC.

The output current and voltage are linearly proportional to the in-
put pressure.

U
const.

U
Ip I0, UB
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■ Technical specifications
 

Application

Gauge measurement Liquids, gases and vapors

Mode of operation

Measuring principle Piezoresistive measuring cell 
(stainless steel diaphragm)

Measured variable Gauge pressure

Inputs

Measuring range

• Gauge pressure 100 … 600 mbar
(1.5 … 8.7 psi)

Output

Current signal 4 ... 20 mA

• Load (UB - 10 V) / 0.02 A

• Auxiliary power UB DC 7 ... 33 V (10 ... 30 V for Ex)

Voltage signal 0 ... 10 V DC

• Load ≥ 10 kΩ

• Auxiliary power UB 12 ... 33 V DC

• Power consumption < 7 mA at 10 kΩ

Characteristic curve Linear rising

Measuring accuracy

Error in measurement at limit setting 
incl. hysteresis and reproducibility

• Typical: 0.25 % of full-scale 
value

• Maximum: 0.5 % of full-scale va-
lue

Step response time T99 < 5 ms

Long-term stability

• Lower range value and measuring 
span

0.25 % of full-scale value/year

Influence of ambient temperature

• Lower range value and measuring 
span

• 0.25 %/10 K of full-scale value
• 0.5 %/10K of full-scale value

for a measuring range 
100 … 400 mbar

• Influence of power supply 0.005 %/V

Conditions of use

Process temperature with gasket 
made of:

• FPM (Standard) -15 ... +125 °C (+5 ... +257 °F)

• Neoprene -35 ... +100 °C (-31 ... +212 °F)

• Perbunan -20 ... +100 °C (-4 ... +212 °F)

• EPDM -40 ... +145 °C (-40 ... +293 °F), 
usable for drinking water

Ambient temperature -25 ... +85 °C (-13 ... +185 °F)

Storage temperature -50 ... +100 °C (-58 ... +212 °F)

Degree of protection (to EN 60529) • IP 65 with connector per 
EN 175301-803-A

• IP 67 with M12 connector
• IP 67 with cable
• IP 67 with cable quick screw 

connection

Electromagnetic compatibility • acc. EN 61326-1/-2/-3
• acc. NAMUR NE21, only for 

ATEX versions and with a max. 
measuring deviation ≤ 1 %

Mounting position upright

Design

Weight Approx. 0.090 kg (0.198 lb)

Process connections See dimension drawings

Electrical connections • Connector per 
EN 175301-803-A Form A with 
cable inlet M16x1.5 or ½-14 NPT 
or Pg 11

• M12 connector
• 2 or 3-wire (0.5 mm2) cable 

(∅ ± 5.4 mm)
• Cable quick screw connection

Wetted parts materials

• Measuring cell Stainless steel, mat.-No. 1.4435

• Process connection Stainless steel, mat. No. 1.4404 
(SST 316 L)

• Gasket • FPM (Standard)
• Neoprene
• Perbunan 
• EPDM 

Non-wetted parts materials

• Enclosure Stainless steel, mat. No. 1.4404 
(SST 316 L)

• Rack Plastic

• cables PVC

Certificates and approvals

Classification according to pressure 
equipment directive 
(PED 97/23/EC)

For gases of fluid group 1 and 
liquids of fluid group 1;
meets requirements as per article 
3, paragraph 3 (good engineering 
practice)

Lloyds Register of Shipping (LR) Applied

Germanischer Lloyds Register of 
Shipping (GL)

Applied

American Bureau of Shipping (ABS) Applied

Bureau Veritas (BV) Applied

Det Norske Veritas (DNV) Applied

Drinking water approval (ACS) Applied

GOST Applied

Explosion protection

Intrinsic safety "i" (only with current 
output)

Ex II 1/2 G Ex ia IIC T4 Ga/Gb
Ex II 1/2 D Ex ia IIIC T125 °C 
Da/Db

EC type-examination certificate SEV 10 ATEX 0146

Connection to certified intrinsically-
safe resistive circuits with maxi-
mum values:

Ui ≤ 30 V DC; Ii ≤ 100 mA; 
Pi ≤ 0.75 W

Effective internal inductance and 
capacity for versions with plugs per 
EN 175301-803-A and M12

Li = 0 nH; Ci = 0 nF

FI01_2012_en_kap02.book  Seite 12  Donnerstag, 17. November 2011  4:31 16

© Siemens AG 2011© Siemens AG 2011

Appendix A

115



Pressure Measurement
Transmitters for basic requirements

SITRANS P210
for gauge pressure

2/13Siemens FI 01 · 2012

2

■ Selection and ordering data Order No. Order code

SITRANS P 210 pressure transmitters for gauge pressure for low pressure applications
Accuracy typ. 0.25 %
Wetted parts materials: Stainless steel + sealing material
Non-wetted parts materials: stainless steel

D) 7M F 1 5 6 6 - 77777 - 7777 777

Measuring range Overload limit Burst pressure

min. max.

For gauge pressure

0 ... 100 mbar (0.58 psi) -40 mbar (-0.58 psi) 250 mbar (3.63 psi) 0.5 bar (7.25 psi) } 3 A A
0 ... 160 mbar (2.32 psi) -40 mbar (-0.58 psi) 400 mbar (5.8 psi) 0.5 bar (7.25 psi) } 3 A B
0 ... 250 mbar (3.63 psi) -80 mbar (-1.16 psi) 625 mbar (9.06 psi) 1 bar (14.5 psi) } 3 A C
0 ... 400 mbar (5.8 psi) -80 mbar (-1.16 psi) 1000 mbar (14.5 psi) 1 bar (14.5 psi) } 3 A D
0 ... 600 mbar (8.7 psi) -100 mbar (-1.45 psi) 1500 mbar (21.76 psi) 2.5 bar (36.26 psi) } 3 A G

Other version, add order code and plain text: 
Measuring range: ... up to ... mbar (psi)

9 A A H 1 Y

Output signal

4 ... 20 mA; two-wire system; power supply 7 ... 33 V DC (10 ... 30 V DC for ATEX versions) } 0
0 ... 10 V; three-wire system; power supply 12 ... 33 V DC } 1 0

Explosion protection (only 4 ... 20 mA)

None } 0
With explosion protection EEx ia IIC T4 } 1

Electrical connection

Connector per DIN EN 175301-803-A, stuffing box thread M16 (with coupling) } 1
Round connector M12 per DIN EN 60139-9 (not for gauge pressure ranges  ≤ 16 bar) 2
Connection via fixed mounted cable, 2 m (not for type of protection "Intrinsic safety i") 0 3
Cable quick screw connection PG9 (not for type of protection "Intrinsic safety i") 0 4
Connector per DIN EN 175301-803-A, stuffing box thread 1/2"-14 NPT (with coupling) 5
Connector per DIN EN 175301-803-A, stuffing box thread PG11 (with coupling) 6
Special version 9 N 1 Y

Process connection

G½" male per EN 837-1 (½" BSP male) (standard for metric pressure ranges mbar, bar) } A
G½" male thread and G1/8" female thread B
G¼“ male per EN 837-1 (¼“ BSP male) C
7/16"-20 UNF male D

¼"-18 NPT male (standard for pressure ranges inH2O and psi) E
¼"-18 NPT female F
½"-14 NPT male G
½"-14 NPT female H
7/16"-20 UNF female J
M20x1.5 male P

Special version Z P 1 Y

Sealing material between sensor and enclosure

Viton (FPM, standard) } A
Neoprene (CR) B
Perbunan (NBR) C
EPDM D
Special version Z Q 1 Y

Version
Standard version } 1

Further designs

Supplement the order no. with "-Z" and add order code.

Manufacturer’s test certificate M per DIN 55340, Part 18 and ISO 8402 (calibration certificate) supplied C11

} Available ex stock

D) Subject to export regulations AL: N, ECCN: EAR99H.
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■ Dimensional drawings

SITRANS P210, electrical connections, dimensions in mm (inch)

SITRANS P210, process connections, dimensions in mm (inch)
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■ Schematics

Connection with current output and connector per EN 175301

Connection with current output and connector M12x1

Connection with current output and cable

Connection with current output and cable quick screw connection

Connection with voltage output and connector per EN 175301

Connection with voltage output and connector M12x1

Connection with voltage output and cable

Connection with voltage output and cable quick screw connection

Version with explosion protection: 4 ... 20 mA

The grounding connection is conductively bonded to the trans-
mitter enclosure

Connection with current output and connector per EN 175301 (Ex) Connection with current output and connector M12x1 (Ex)
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■ Overview

The pressure transmitter SITRANS P220 measures the gauge 
pressure of liquids, gases and vapors.
• Stainless steel measuring cell, fully welded
• Measuring ranges 2.5 to 600 bar (36.3 to 8702 psi) relative
• For high-pressure applications and refrigeration technology 

division

■ Benefits

• High measuring accuracy 
• Rugged stainless steel enclosure 
• High overload withstand capability 
• For aggressive and non-aggressive media 
• For measuring the pressure of liquids, gases and vapors 
• Compact design 
• Gasket-less

■ Application

The pressure transmitter SITRANS P220 for gauge pressure is 
used in the following industrial areas:
• Mechanical engineering
• Shipbuilding
• Power engineering
• Chemical industry
• Water supply

■ Design

Device structure without explosion protection

The pressure transmitter consists of a piezoresistive measuring 
cell with a diaphragm installed in a stainless steel enclosure. It 
can be used with a connector per EN 175301-803-A (IP65), a 
round plug M12 (IP67), a cable (IP67) or a cable quick screw 
connection (IP67) connected electrically. The output signal is 
between 4 and 20 mA or 0 and 10 V.

Device structure with explosion protection

The pressure transmitter consists of a piezoresistive measuring 
cell with a diaphragm installed in a stainless steel enclosure. It 
can be used with a connector per EN 175301-803-A (IP65) or a 
round plug M12 (IP67) connected electrically. The output signal 
is between 4 and 20 mA.

■ Function

The pressure transmitter measures the gauge pressure of liquids 
and gases as well as the level of liquids. 

Mode of operation

 

SITRANS P220 pressure transmitters (7MF1567-...), functional diagram

The stainless steel measuring cell has a thick-film resistance 
bridge to which the operating pressure p is transmitted through 
a stainless steel diaphragm.

The voltage output from the measuring cell is converted by an 
amplifier into an output current of 4 to 20 mA or an output voltage 
of 0 to 10 V DC.

The output current and voltage are linearly proportional to the in-
put pressure.

U
const.

U
Ip I0, UB
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■ Technical specifications
 

Application

Gauge pressure measurement Liquids, gases and vapors

Mode of operation

Measuring principle Piezoresistive measuring cell 
(stainless steel diaphragm)

Measured variable Gauge pressure

Inputs

Measuring range

• Gauge pressure 
- Metric

- US measuring range

2.5 … 600 bar
(36 … 8700 psi)
30… 8700 psi

Output

Current signal 4 ... 20 mA

• Load (UB - 10 V) / 0.02 A

• Auxiliary power UB DC 7 ... 33 V (10 ... 30 V for Ex)

Voltage signal 0 ... 10 V DC

• Load ≥ 10 kΩ

• Auxiliary power UB 12 ... 33 V DC

• Power consumption < 7 mA at 10 kΩ

Characteristic curve Linear rising

Measuring accuracy

Error in measurement at limit setting 
incl. hysteresis and reproducibility

• Typical: 0.25 % of full-scale 
value

• Maximum: 0.5 % of full-scale va-
lue

Step response time T99 < 5 ms

Long-term stability

• Lower range value and measuring 
span

0.25 % of full-scale value/year

Influence of ambient temperature

• Lower range value and measuring 
span

0.25 %/10 K of full-scale value

• Influence of power supply 0.005 %/V

Conditions of use

• Process temperature -30 ... +120 °C (-22 ... +248 °F)

• Ambient temperature -25 ... +85 °C (-13 ... +185 °F)

• Storage temperature -50 ... +100 °C (-58 ... +212 °F)

• Degree of protection (to EN 60529) • IP 65 with connector per 
EN 175301-803-A

• IP 67 with M12 connector
• IP 67 with cable
• IP 67 with cable quick screw 

connection

Electromagnetic compatibility • acc. EN 61326-1/-2/-3
• acc. NAMUR NE21, only for 

ATEX versions and with a max. 
measuring deviation ≤ 1 %

Design

Weight Approx. 0.090 kg (0.198 lb)

Process connections See dimension drawings

Electrical connections • Connector per 
EN 175301-803-A Form A with 
cable inlet M16x1.5 or ½-14 NPT 
or Pg 11

• M12 connector
• 2 or 3-wire (0.5 mm2) 

cable (∅ ± 5.4 mm)
• Cable quick screw connection

Wetted parts materials

• Measuring cell Stainless steel, mat.-No. 1.4016

• Process connection Stainless steel, mat. No. 1.4404 
(SST 316 L)

Non-wetted parts materials

• Enclosure Stainless steel, mat. No. 1.4404 
(SST 316 L)

• Rack Plastic

• cables PVC

Certificates and approvals

Classification according to pressure 
equipment directive 
(PED 97/23/EC)

For gases of fluid group 1 and 
liquids of fluid group 1; complies 
with requirements of article 3, 
paragraph 3 (sound engineering 
practice)

Lloyds Register of Shipping (LR) Applied

Germanischer Lloyds Register of 
Shipping (GL)

Applied

American Bureau of Shipping (ABS) Applied

Bureau Veritas (BV) Applied

Det Norske Veritas (DNV) Applied

Drinking water approval (ACS) Applied

GOST Applied

Explosion protection

Intrinsic safety "i" (only with current 
output)

Ex II 1/2 G Ex ia IIC T4 Ga/Gb
Ex II 1/2 D Ex ia IIIC 
T125 °C Da/Db

EC type-examination certificate SEV 10 ATEX 0146

Connection to certified intrinsically-
safe resistive circuits with maxi-
mum values:

Ui ≤ 30 V DC; Ii ≤ 100 mA; 
Pi ≤ 0.75 W

Effective internal inductance and 
capacity for versions with plugs per 
EN 175301-803-A and M12

Li = 0 nH; Ci = 0 nF
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■ Selection and ordering data Order No. Order code

SITRANS P 220 pressure transmitters for gauge pressure, high-pressure and refrigeration 
applications, fully-welded version
Accuracy typ. 0.25 %
Wetted parts materials: stainless steel
Non-wetted parts materials: stainless steel

D) 7M F 1 5 6 7 - 77777 - 77A 0000007 777

Measuring range Overload limit Burst pressure

Mini-
mum

Max.

For gauge pressure
0 ... 2.5 bar (0 ... 36.3 psi) -0.8 bar (-11.6 psi) 6.25 bar (90.7 psi) 25 bar (363 psi) } 3 B D
0 ... 4 bar (0 ... 58 psi) -0.8 bar (-11.6 psi) 10 bar (145 psi) 40 bar (870 psi) } 3 B E
0 ... 6 bar (0 ... 87 psi) -1 bar (-14.5 psi) 15 bar (217 psi) 60 bar (522 psi) } 3 B G
0 ... 10 bar (0 ... 145 psi) -1 bar (-14.5 psi) 25 bar (362 psi) 60 bar (870 psi) } 3 C A

0 ... 16 bar (0 ... 232 psi) -1 bar (-14.5 psi) 40 bar (580 psi) 96 bar (1392 psi) } 3 C B
0 ... 25 bar (0 ... 363 psi) -1 bar (-14.5 psi) 62.5 bar (906 psi) 150 bar (2176 psi) } 3 C D
0 ... 40 bar (0 ... 580 psi) -1 bar (-14.5 psi) 100 bar (1450 psi) 240 bar (3481 psi) } 3 C E
0 ... 60 bar (0 ... 870 psi) -1 bar (-14.5 psi) 150 bar (2175 psi) 360 bar (5221 psi) } 3 C G

0 ... 100 bar (0 ...  1450 psi) -1 bar (-14.5 psi) 250 bar (3625 psi) 600 bar (8702 psi) 3 D A
0 ... 160 bar (0 ...  2320 psi) -1 bar (-14.5 psi) 400 bar (5801 psi) 960 bar (13924 psi) 3 D B
0 ... 250 bar (0 ...  3625 psi) -1 bar (-14.5 psi) 625 bar (9064 psi) 1500 bar (21756 psi) 3 D D
0 ... 400 bar (0 ...  5801 psi) -1 bar (-14.5 psi) 1000 bar (14503 psi) 2400 bar (34809 psi) 3 D E
0 ... 600 bar (0 ...  8702 psi) -1 bar (-14.5 psi) 1500 bar (21755 psi) 2500 bar (36260 psi) 3 D G

Other version, add order code and plain text: 
Measuring range: ... up to... bar (psi)

9 A A H 1 Y

Measuring ranges for gauge pressure (only for US market)
(0 ... 30 psi) (-5.8 psi) (75 psi) (360 psi) 4 B E
(0 ... 60 psi) (-11.5 psi) (150 psi) (580 psi) 4 B F
(0 ... 100 psi) (-14.5 psi) (250 psi) (580 psi) 4 B G
(0 ... 150 psi) (-14.5 psi) (375 psi) (870 psi) 4 C A

(0 ... 200 psi) (-14.5 psi) (500 psi) (1390 psi) 4 C B
(0 ... 300 psi) (-14.5 psi) (750 psi) (2170 psi) 4 C D
(0 ... 500 psi) (-14.5 psi) (1250 psi) (3480 psi) 4 C E
(0 ... 750 psi) (-14.5 psi) (1875 psi) (5220 psi) 4 C F
(0 ... 1000 psi) (-14.5 psi) (2500 psi) (5220 psi) 4 C G
(0 ... 1500 psi) (-14.5 psi) (3750 psi) (8700 psi) 4 D A

(0 ... 2000 psi) (-14.5 psi) (5000 psi) (13920 psi) 4 D B
(0 ... 3000 psi) (-14.5 psi) (7500 psi) (21750 psi) 4 D D
(0 ... 5000 psi) (-14.5 psi) (12500 psi) (34800 psi) 4 D E
(0 ... 6000 psi (-14.5 psi) (15000 psi) (34800 psi) 4 D F
(0 ... 8700 psi) (-14.5 psi) (21000 psi) (52200 psi) 4 D G

Other version, add order code and plain text: Measuring range: ... up to ... psi 9 A A H 1 Y

Output signal

4 ... 20 mA; two-wire system; power supply 7 ... 33 V DC (10 ... 30 V DC for ATEX versions) } 0
0 ... 10 V; three-wire system; power supply 12 ... 33 V DC } 1 0

Explosion protection (only 4 ... 20 mA)

None } 0
With explosion protection EEx ia IIC T4 } 1

Electrical connection

Connector per DIN EN 175301-803-A, stuffing box thread M16 (with coupling) } 1
Round connector M12 per DIN EN 60139-9 (not for gauge pressure ranges  ≤ 16 bar) 2
Connection via fixed mounted cable, 2 m (not for type of protection "Intrinsic safety i") 0 3
Cable quick screw connection PG9 (not for type of protection "Intrinsic safety i") 0 4
Connector per DIN EN 175301-803-A, stuffing box thread 1/2"-14 NPT (with coupling) 5
Connector per DIN EN 175301-803-A, stuffing box thread PG11 (with coupling) 6
Special version 9 N 1 Y

} Available ex stock
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■ Selection and ordering data Order No. Order code

SITRANS P 220 pressure transmitters for gauge pressure, high-pressure and refrigeration 
applications, fully-welded version
Accuracy typ. 0.25 %
Wetted parts materials: stainless steel
Non-wetted parts materials: stainless steel

D) 7M F 1 5 6 7 - 77777 - 77A7 777

Process connection

G½" male per EN 837-1 (½" BSP male) (standard for metric pressure ranges mbar, bar) } A
G½" male thread and G1/8" female thread B
G¼“ male per EN 837-1 (¼“ BSP male) C
7/16"-20 UNF male D

¼"-18 NPT male (standard for pressure ranges inH2O and psi) E
¼"-18 NPT female (Only for measuring ranges ≤ 60 bar (870 psi)) F
½"-14 NPT male G
½"-14 NPT female (Only for measuring ranges ≤ 60 bar (870 psi)) H
7/16"-20 UNF female J
M20x1.5 male P

Special version Z P 1 Y

Version
Standard version } 1

Further designs

Supplement the order no. with "-Z" and add order code.

Manufacturer’s test certificate M per DIN 55340, Part 18 and ISO 8402 (calibration certificate) supplied C11

Oxygen application, oil and grease-free cleaning E10

} Available ex stock

D) Subject to export regulations AL: N, ECCN: EAR99H.
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■ Dimensional drawings

SITRANS P220, electrical connections, dimensions in mm (inch)

SITRANS P220, process connections, dimensions in mm (inch)
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■ Schematics

Connection with current output and connector per EN 175301

Connection with current output and connector M12x1

Connection with current output and cable

Connection with current output and cable quick screw connection

Connection with voltage output and connector per EN 175301

Connection with voltage output and connector M12x1

Connection with voltage output and cable

Connection with voltage output and cable quick screw connection

Version with explosion protection: 4 ... 20 mA

The grounding connection is conductively bonded to the trans-
mitter enclosure

Connection with current output and connector per EN 175301 (Ex) Connection with current output and connector M12x1 (Ex)
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Nameplate for 4000kW induction motor for piston compressor 
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Nameplate for 373W induction motor for water pump 

 

 

 

 

Appendix D
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Nameplate for 250W induction motor for oil pump 

 

Appendix D
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Item Quantity Price (NOK)
Water pump 1 2543

Turbocharger 1 6500

Compressor block 1 7199

Belt 1

Belt wheel 1

Shaft connection, belt 1

AC motor for piston compresso 1 3410

PVC pipes 20m 4800

Hoses 535

Hose and pipe accecories

Level sensor 2 1209

Pressure sensor 7 7450

Temperature sensor 4 3403

RPM sensor 1 5450

Ball valves 7 3084

Choke valve 2 16813

Reguleringsventil 2

Safetyvalve 84.9

Check valve 2 1063

Separator tank 1 1708

Coalescence plates 1 1212

Separtor lids 2 1528.5

Separator gaskets 2 472

Threaded rods 10 977.2

Separator fittings 3

Copper pipe 30 2948

Cooler tank 1 1708

Cooler lids 2 1528.5

Cooler gaskets 2 472

Water hose fittings 1 179.6

Water hose 1 179

Frequency converter 1 11559

DAQ 3

Power distributer 1 307

Wood, frame material 7852

DIV 2540.2

Total 98714.9

Blank item prices are not yet provided by NTNU

Appendix E

Appendix E – Laboratory expenses
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