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Abstract

Centrifugal compressors are one of the most important turbomachines utilized and play a
fundamental role in the existing world energy situation. Due to the enormous amount of power
associated with their industrial applications, even short downtime results in substantial financial
losses. Thus, high demands are placed on manufacturers and operators concerning operational

reliability. A critical problem that can create downtime is a phenomenon named surge.

Surge is an unsteady flow phenomenon occurring at low inlet flow rates. As the compressor is
operating under surge condition, the pressure fluctuates cyclically through the compressor. In the
worst case, mechanical breakdown occurs. Because of these dangers in operation, surge prediction is
crucial, which requires reliable process data. This is especially relevant for the compressor inlet
volume flow. Hence, knowledge regarding flow measurement is pivotal when investigating the surge

cycle in terms of accuracy, transient, and reverse flow.

The main objective of the work has been to contribute to the investigation of surge cycle research in
the Norwegian University of Science and Technology (NTNU) compressor test facility related to
reliable flow measurements. An uncertainty analysis and pressure test has been performed to
investigate if the existing flowmeters give an accurate and reliable measurement under the surge

cycle.

The applied uncertainty analysis shows a relative expanded uncertainty of over 5 % with a mass flow
rate under 0.5 kg/s on the compressor test facility orifice plate. The pressure test shows a slow

response time and a signal delay of 160 ms between the orifice plate and venturi meter. Based on an
overall assessment, new differential pressure transmitters were acquired to improve the accuracy at

low flow rates, give a faster response time and remove the signal delay.

Further, how reverse flow affects the venturi meter is vital in the investigation of the surge cycle. An
experimental test has been conducted using a reliable orifice plate as a reference to see how reverse
flow affects the venturi meter. The experimental result reveals that the venturi meter gives a
significant measuring error under reverse flow compared to normal flow. In addition, a compressor
surge cycle experiment has been explored. A negative DP value was detected on the venturi meter,

which of the principle of fluid mechanics should not occur and calls for further investigations.






Abstract in Norwegian

Sentrifugalkompressorer er en av de viktigste turbomaskinene som brukes og spiller en sentral rolle i
den navaerende energi situasjonen. Pa grunn av den enorme mengden effekt assosiert med de
industrielle applikasjonene vil selv korte stopp resulterer i vesentlig finansielle tap. Dermed stilles
hgye krav til produsent og operatgr i forhold til operasjonell palitelighet. Et kritisk problem som kan

generer stopp er et fenomen kalt surge.

Surge er et ustabilt stremnings fenomen som opptrer ved lave innlgps strégmninger. Nar
kompressoren operer i surge vil trykket fluktuere syklisk giennom kompressoren og i ytterste
konsekvens oppstar mekanisk sammenbrudd. P4 grunn av farene dette medfgrer er det a kunne
forutse surge veldig viktig, noe som krever palitelige prosessmalinger. Dette er spesielt relevant for
malinger av volum strgmninger ved kompressorens innlgp. Derfor er kunnskap angaende
strammsmalinger grunnleggende for a kunne undersgke surge syklus i form av ngyaktighet,

pulserende og reverserende strgmning.

Hovedmalet med denne oppgaven har veert a bidra i undersgkelsen av surge syklus ved kompressor
anlegget hos Norges Teknisk-Naturvitenskapelige Universitet (NTNU) relatert til palitelige
stremningsmalinger. En usikkerhetshetsanalyse og trykktest har blitt giennomfgrt for & undersgke

om de eksiterende gjennomstrgmningsmalerne gir ngyaktige og palitelige malinger under surge.

Den anvendte usikkerhetsanalysen viser en relativ utvidet usikkerhet pa over 5 % med en
massestrem pa under 0.5 kg/s pa kompressor anleggets blendeplate. Trykktesten viser en langsom
responstid og en signalforsinkelse pa 160 ms mellom blendeplaten og venturimeteret. Basert pa en
helhetsvurdering er nye differensial trykktransmittere anskaffet for a gke ngyaktigheten ved lave

stromninger, gi raskere respons tid og fjerne signalforsinkelsen.

Hvordan reverserende strégmning pavirker venturimeter malingene er avgjgrende for undersgkelsen
av surge syklus. En eksperimentell undersgkelse er giennomfgrt med bruk av en palitelig maleblende
som referanse for a se hvordan reverserende strgmning pavirker venturimeteret. Testen viser at
venturimeteret maler vesentlig feil under reverserende stremning sammenlignet med normal
stromningsretning. | tillegg er et forsgk med kompressor surge syklus undersgkt. Et negativ
differensial trykk ble oppdaget pa venturimeteret som ifglge fluidmekanikkens lover ikke skal

inntreffe og dette ma undersgkes naarmere.
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1 Introduction

This chapter introduces this master’s thesis and highlights the background for the chosen topic, gives

a presentation of the scope of work, and an outline of the thesis structure.

1.1 Background

Centrifugal compressors play a fundamental role in the current world energy situation, especially in
the oil and gas industries. Due to the enormous amount of power associated with their industrial
applications, even short downtime results in substantial financial losses. This places greater demands

on reliable systems and the ability to prevent downtime.

A centrifugal compressor's performance is defined by its head versus inlet flow map bounded by the
surge and stall regions illustrated in Figure 1. This map is critical to assess a compressor's operating
range for both steady-state and transient system scenarios. Surge is a critical problem, as it can
results in mechanical breakdown due to cyclical flow and pressure pulsations in the compressor.

These pulsations can be violent and lead to full flow-reversal—called deep surge [1]

»~

Surge line

Head (H,)

Stall

Inlet volume flow (Q,)

Figure 1 The surge cycle

Thanks to anti-surge systems surge are normally effectively prevented in the industry, controlling
minimum inlet flow by recycling. However, some unpredictable transient or power supply
breakdowns can generate surge before the anti-surge systems can react. Due to safe operation and
the economic aspects of surge, the industry has an incentive to get better knowledge into the surge

cycle phenomenon and how it should be modeled.

To correctly predict and prevent surge, dynamic process simulation models play a pivotal role. To
utilize dynamic process models, reliable process data and validation of the measurement tool are
necessary. This is especially relevant for the compressor inlet volume flow, which controls the
compressor performance. Therefore, the focus is given to the experimental validation of the surge

cycle, especially steady-state and transient inlet flow measurements.



1.2 Scope of work

The inlet flow at NTNU's centrifugal compressor is measured with a standard orifice plate positioned
25 m upstream of the compressor. Recently, a former student designed a portable venturi tube to fit
the compressor test facility, which is placed close to the compressor inlet, allowing reverse flow
measuring. To ensure that the venturi meter is measuring reverse flow and the accuracy of its

measurements, the goals of the thesis are summarized below:

e Conduct an uncertainty analysis of the orifice plate.
e Validate the time delay in measurements between the orifice plate and venturi meter.
e Validate the accuracy of the venturi meter.

e Conduct a venturi meter measurement under compressor surge transients.

According to an approved standard, an uncertainty analysis of the compressor test facility orifice
plate is carried out. This analysis covers mainly the steady-state flow measurements. A sensitivity
analysis is presented to document how the flow uncertainties can be apportioned to different
sources of uncertainty in the flow calculation input parameters. The intention is to elucidate which
input parameters affect the output uncertainty the most and which changes are recommended to

reduce the output's overall uncertainty.

A pressure measurement between the orifice and the venturi's differential pressure (DP) transmitter
is included. The focus is to document the time delay between the two transmitters' output signals
and determine if the transmitters are capable of detecting rapid pressure pulsation at the
compressor inlet. By using the orifice plate as an accurate reference, the accuracy of the venturi
meter in relation to the orifice plate is compared, both for normal and reverse flow. Emphasis is
placed on steady-state measurements, and a venturi flow factor to correct the difference in

measurements is established.

Since the venturi does not have any device to determine the flow direction, proposed solutions
based on current instrumentations and flow calculations are made. Based on proposed solutions, a

case within compressor surge is studied by utilizing the venturi meter.



1.3 Thesis structure

Chapter 1 introduces this thesis, a description of the scope of work, and thesis structure.

Chapter 2 describes the concept of centrifugal compressor performance and presents the problem

the thesis is facing.

Chapter 3 gives an overview of the flow measuring principle related to the NTNU's compressor test

facility.

Chapter 4 briefly describes NTNU's compressor test facility, relevant instrumentation, and the choice

behind the flow calculation.

Chapter 5 is an uncertainty and sensitivity analysis of the evaluated orifice plate, with associated

results and recommendations for improvements.

Chapter 6 summarizes the work related to giving reliable flow measurements in the test facility

during the investigation of the surge cycle and compressor surge case.
Chapter 7 includes a conclusion and provides recommendations for further work.
Chapter 8 presents applied references.

Chapter 9 is an Appendix including risk assessment, datasheets, sensitivity coefficients, and

transmitter evaluation.

The work has been performed in NI DIAdem and Figures made in Visio.



2 Centrifugal compressor

The experiments presented in this thesis are based on the centrifugal compressor. The following
section gives a brief description of the centrifugal compressor, the problem the industry is facing, and
the focus of this thesis. Parts where no sources are specified comes from the specialization course

TEP 04 “Gas Turbines and Compressors”.

2.1 Principle

A centrifugal compressor is an energy-absorbing machine that adds energy to a fluid, where the
purpose is to increase the pressure of the gas with centrifugal effects. The centrifugal compressor
consists of a rotating impeller and a diffuser called a compressor stage. A multistage compressor
consists of several stages placed one after the other. Figure 2 demonstrates a single centrifugal stage
representing the NTNU's centrifugal compressor. Fluid enters the eye where it flows through the
inducer in an axial direction which is the first part of the impeller. Then the radial part of the impeller
accelerates the flow in the radial direction. The purpose is to transfer mechanical energy from the
impeller to fluid energy (total enthalpy) in terms of

increasing kinetic energy and pressure. At the exit of Compressor outlet

the impeller, the fluid enters the diffuser. The diffuser Diffuser
has a small increase in area, where the kinetic energy benpeRer
is converted to flow energy through diffusion, and one Y )
Eye ekl
. . . _ :
gets an increase in pressure. No work is done in the Hub P

! .
\s

diffuser. The fluid leaves the diffuser in the radial )
Inducer section

direction and is guided to the outlet of the . .
Figure 2 Centrifugal compressor

compressor [1].

2.2 Compressor thermodynamics

To ensure that the compressors are thermodynamically assessed for the same performance, the
industry utilizes the polytropic analysis. ASME PTC-10 and ISO 5389, both based on the Shultz
approach [2], works as an internationally recognized standard for testing the performance of

centrifugal compressors.



2.2.1 Performance analysis

To increase the pressure from P1 to P2, a certain amount of energy is required. This is known as
Head (H) for a real system. It follows the real compression path from 1 to 2 and is seen in Figure 3.
The isentropic head (Hs) moves from 1 to 2s and is a compression process where there is no entropy

change. A polytropic analysis is used to get a better approach to the actual amount of energy

required.
h P2
2
2s
dh H
dh
/ ; Py
Hs
1

Figure 3 Compression process

The total polytropic head (H,) is the sum of the infinitesimal isentropic steps (dh,) for all the steps

along the compression line:

2
H, = Ede| steps — © (2.1)
1

The polytropic head is then the integral of the specific volume between 1 and 2 and is defined as:

2
n
Hy = fl vdp = n, — 1 [p2v2 - P1v4] (2.2)
Introducing pv =Z R T and pv™ = constant, give:
Z,R,T =}
Ny, Zikelq (Pz)nv—l
H, = — -1
P =1 MW [ e ] (2:3)

The polytropic efficiency (1) is found by the polytropic head divided by the actual head as follows:

Hy

=" (2.4)



2.3 Performance characteristic

To get a graphical representation of how the specific centrifugal compressor operate, a performance
characteristic map is used. The shape of the performance characteristic is based on the compressors
measured test condition (Qu, p1, T1, p2, T2) for a new compressor machine, where the polytropic head
(Hp) and polytropic efficiency (n,) plotted as a function of inlet volume flow (Q1). This is used as a
reference when the machine is operating and as a measure of degradation and where the polytropic
head characteristic forms the basis for stability and anti-surge analysis. Figure 4 shows the NTNU's
compressor performance map modeled [3]. With a constant speed of 9000 RPM, the compressor
efficiency will reduce when the flow rate is increased beyond, or reduced below, the best efficiency

point at 1.2 m¥/s.
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Figure 4 Performance map NTNU's
centrifugal compressor [3]

2.4 Compressor system
The compressor responds according to the system, which consists of all surrounding process
equipment. The compressor test facility shown in Figure 5 this includes pipes, valves, separator,

pressure tank, flow meters, and safety system and forms the basis of the systems resistance curve.

Pressure

tank Separator

Anti-surge system {%}

Flowmeter

Orifice Venturi Compressor

Figure 5 PFD NTNU compressor test facility



The interaction between the system resistance curve and performance curve pinpoints the operating
point, illustrated in Figure 6. A small change in temperature, pressure, and velocities can cause the

system characteristic to adjust.

Surge line

Surge point Compressor curve |

Operating point

Choke line

Polytropic head (Hp)

System resistence curve,

Ve

~
-~

—
—

v

Inlet volume flow (Q;)

Figure 6 Compressor system

Understanding where the operating point is on the compressor curve is essential to avoid ending up
in surge or choke. If the compressor is operated near the surge line, airfoil boundary layer separation
can be created, causing turbulent flow, which can lead to airfoil stall. If a compressor is operating at a
constant speed and experiences reduced flow, the downstream flow pressure can develop higher
than the discharge pressure from the compressor. This will instigate the flow to re-enter the

compressor ultimately and is called compressor surge.

2.5 Surge

With too low inlet flow rate and too high polytropic head in the performance characteristic, a major
aerodynamic instability named surge can occur. The surge point at zero head rise of the
characteristic curve, shown in Figure 6. When surge occurs, one can experience pressure oscillation
of the flow through the compressor. Surge causes huge differences in the inlet and outlet conditions

of the compressor and can generate mechanical damage to the compressor.

The surge phenomenon can be divided into different stages based on strength. The strongest and
most damaging, deep surge, creates pressure oscillations large enough to reverse the flow direction
periodically. The magnitude of the surge flow-reversing cycle depends on the design and operating
condition of the machine but is characterized by a precipitous drop in flow [4]. The flow will typically
drop from its set-point to its minimum in less than 0.05 seconds. No other physical phenomenon can

cause such a drop in flow [5].



S .
Pressure ratio Surge line

Inlet volume flow (Q,)

Figure 7 The surge cycle

The compressor performance map is suitable for steady-state and slowly changing operating
conditions but is not fully applicable for rapidly transient compressor flow conditions. As surge is
highly transient, involving pressure differentials across the compressor, the surge flow is a strong
function not only of the compressor but also of the associated piping system. Head is then replaced

with compressor pressure ratio in the performance map, illustrated in Figure 7.

Moreover, to take advantage of the compressor performance map, knowledge of the negative
volume flow is essential. Substantial amounts of literature have been published to model the deep
surge cycle, but all are questionable, as the accuracy of evaluated reversed volume flow is specified

to be doubtful, and the test data used isn’t compared to laboratory quality test data [6] [7] [8].

2.6 Summary and conclusion

Surge is a highly undesirable event in the operation of a compressor, which can occur in fractions of
a second. This sets high demand for the systems response time. To identify the surge cycle, both
pressure ratio and flow measurement must be measured accurately. However, the compressor
pressure ratio is a straightforward measurement in comparison to flow measurement. Therefore,
the focus must be on the principles regarded the NTNU's compressor flow measurements in terms of

accuracy, transient flow, and backflow.



3 Differential pressure meter

Accurate and reliable flow measurements are a critical part of determining the surge cycle and how it
should be modeled. Two single-phase differential pressure meters (DPMs) are available for flow
measurements, an orifice plate, and a venturi tube in the compressor test facility. This section gives

an overview of the DPMs and measuring principles.

3.1 Principle

DPMs obstruct the flow and thus operate by producing a difference Upstream
in static pressure between the upstream and the device's throat Throat
illustrated in Figure 8. AspiU; — [Apous

From Bernoulli's theorem for incompressible flow in a horizontal

streamline crossing the upstream and the throat planes, and . . .
Figure 8 Flow illustration

conservation of mass:

1 2 1 2
p1+ S PUL = P2 + S P (3.1)

m = pAu (3.2)

The ideal mass flow equation become:

. 1 T
Migear = \/1?[342 d*\/2App, (3.3)

Where the diameter ratio (B) is defined as B = d/Dgipe. This is an equation in which frictional pressure

loss and compressibility effects are ignored. To compensate the empirical discharge coefficient C and

expansibility factor € are introduced:

M = Migeq - C - € (3.4)

There are different methods to perform orifice flow calculation (related to C and €), like
ASME PTC 19-5 and ISO 5167. Comparisons have been made, and little difference is expected in the
choice of calculation method [9]. As the venturi tube in the compressor test facility is designed in

accordance with 1SO 5167, this is selected.



3.2 Orifice plate

An orifice plate is a plate with a hole machined through it inserted into a pipe. As flow passes through
the hole, it generates a pressure difference across the hole. The pressure tappings of the orifice plate
can be installed in different positions and create the basis for flow calculation in the standard. An
orifice plate manufactured according to ISO 5167 will have an uncertainty in the flow rate between
0.5 and 1 % under suitable conditions. Suitable conditions are referred to as steady-state
measurements, the circularity of the bore, long enough straight lengths, customized DP transmitter,

good upstream surface conditions, and edge sharpness [10].

3.3 Venturi tube

A venturi tube is a DPM consisting of an entrance cylinder, a convergent section, a throat, and a
divergent section illustrated in Figure 9. For all venturi tubes, the convergent angle (a) is 21° + 1°, and
the divergent angle () is in the range 7°-15°, where it is recommended that the angle is between

7° and 8°. All DPMs cause a permanent pressure loss, and the intention of the divergent section

(recovery section) is to minimize the total pressure loss, where the flow follows the boundary of the

tube closely. The reason the venturi Convergent Divergent
section Throat section

tube is designed with a longer

divergent section than the

converging section is such that the

adverse pressure gradient is too

weak to invoke separation. A venturi
p1 Total pressure loss
meter is expected to have an mE_——_______-----ZZ---°-- -

-\ Pressure recovery

uncertainty in the flow rate of little
PRPF——————————

more than 1 % under suitable

conditions [10]. Figure 9 Venturi tube

3.4 Reverse flow in differential pressure meters

As the surge cycle creates negative flow, knowledge of the effect of reversing flow in the DPMs is
important. Much of the published literature related to revered flow have notable deficiencies when
considered general application. In most of the literature, the DPMs are not fully described. So, no
general flow-rate error correction is stated related to revered flow in DPMs, but a significant margin

of error is expected for the orifice plate [10] [11].
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3.5 Differential pressure transmitter

Because of the square-root relationship between DP

and flow rate (Equation 3.4), the DP transmitter plays a

F 9
Flow

fundamental part in accuracy at low flow measurements,

illustrated in Figure 10. The uncertainty of measurements

increases at low flow rates with a wrongly adjusted

transmitter.

The DP transmitter should also be as fast

as possible during an investigating of the surge cycle. The

»
' 4

DP

Figure 10 DP - Flow relation

response time is interesting when fast measurements are required and the transmitters time before

the output signal reflects 99 % of the pressure change, illustrated in Figure 11. Manufacturers

operate with different forms of response time, and it is important to understand the total response

time of the transmitter. Most electronic DP transmitters have a time constant adjustable called

damping. Damping is a delay of the output signal in relation to the measured pressure change.

Damping is used where a very turbulent process pressure exists and where it is not desirable to

communicate it to the control system. It is essential that damping is set to zero seconds during the

surge experiment. Figure 12 illustrates how DP transmitters with different damping produce the

initial precipitous drop and subsequent oscillations in flow associated with surge.

Total response time
.

Signal 1

)

99%

90%

10%

T~

Current output

M

J

Dead time Rise time

Time

Figure 11 Response time

v

11

Flow

Start of
J/surge

Actual flow

b

Figure 12 Damping
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Time



When a transmitter shows a particular output reading, there is a lower limit on the magnitude of the
change in the measured input quantity producing an observable change in the transmitter called
resolution [12]. Figure 13 shows how necessary a good resolution is when investigating low volume

flow as under a surge.

Start of

Flow / surge

Measured
flow

L npnnnann
VRARAAAARY

Actual flow

5

Time

Figure 13 Resolution

This is particularly relevant for the compressor test facility at NTNU, where low volume flow is
expected (Figure 4). As low volume flow is expected, DP transmitters intended for low DP are
appropriate. However, since the surge cycle can create abrupt and powerful DP values, the

transmitter should have a high “max working pressure!”.

3.6 Summary and conclusion

Orifice plate and venturi meter are well suited for single-phase flow metering under the right
conditions. However, the measurement quality is affected by the DP transmitter, transient
conditions, and reverse flow. Therefore, the focus must be directed to validate the test facility DPMs
accuracy, where properly adjusted DP transmitters are installed related to surge cycle detection.
Exploring how reverse flow effect the test facility DPMs under steady-state and transient conditions

must also be studied before investigating the surge cycle.

1 Max working pressure = The maximum pressure a transmitter can withstand, without being damaged.
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4 NTNU Wet gas compressor test facility

The experiments and the thesis framework have been conducted in the wet gas compression test
facility at NTNU. This section briefly describes the test facility, how the flow calculation has been

performed, and which restrictions they set.

4.1 Compressor test facility

The test facility is located in the basement of the Department of Energy and Process Engineering at
NTNU. It is an open-loop configuration consisting of a full-scale single-stage centrifugal compressor,
driven by a 450 kW electric motor with a maximum rotational speed of 11000 RPM. The motor is

controlled by a Variable Speed Drive (VSD). Figure 14 illustrates the test facility with the relevant

components and straight lengths.

Pressure tank

RO,

TT - Temperature Transmitter @ @

PT - Pressure Transmitter | |

DPT - Differential Pressure Transmitter ——==-=-=-=
HT - Humidity Transmitter | Ambient air metering

ST - Speed Transmitter | station
TM - Torque Meter

©00 SliGe

R [ S
| | r——- l
| | I | |
|
Air I
5100 mm I H 2100 mm Y
Orifice Venturi Compressor Electric motor

Figure 14 PI&D of relevant equipment at compressor test facility

The compressor utilizes low-pressure ambient air (water if necessary) as working fluid at atmospheric
conditions. The volume flow of the ambient air is measured using an orifice plate delivered by AUTEK
placed at the inlet pipe section. A portable venturi meter, designed by a former student, is placed
close to the compressor inlet. The pipe distance between these DPMs is approximately 25 m. A 3 m3
pressure tank is installed in the downstream pipe section of the compressor to provoke reverse flow
if necessary. The test facility allows both steady-state and transient testing. For a deeper description

of the test facility, see Bakken et. al. [13].
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4.2 Orifice plate

The orifice plate manufactured by AUTEK has two @

. [ -
different plates to choose between, both where the I L
pressure tapping is installed with corner tappings. 70mm )
Normal flow direction D Id
Figure 15 illustrates the test facilities orifice plate with ™
mounted transmitters, and Table 1 shows the main
Orifice plate

dimensions and the requirements that should be satisfied . . .

Figure 15 Test facility orifice plate
to take advantage of ISO 5167-2 [14] flow calculation and
corresponding uncertainty. The orifice plate with installed DP transmitter are intended to measure
volume flow rate at the compressor curve (Figure 4) with a DP value around 50-500 mbar depending
on plate size and operating conditions.

Table 1 Test facility orifice plate dimension and requirements

Parameter Requirements Model Quantity
d Orifice diameter d>125mm 100.4458/160.0018 mm
D Pipe diameter 50 mm <D <1000 mm 250 mm
B Diameter ratio 0.1<B<0.75 0.4018/0.6401
P1 Pressure PCE-28 Range: 1.6 bar
DPT | Differential pressure LD300 D-2 Range: 500 mbar
T Temperature CTP 5000 Range: -50 to 200 °C

The value of the arithmetical mean deviation of the roughness profile, Ra, shall be such that it is less
than the maximum value specified in Table 1 and greater than the minimum value given in Table 2 in
ISO 5167-2. As no internal roughness is measured, Ra's approximate value is obtained from reference

Table B.1in ISO 5167-1. With a pipe material of steel welded longitudinally, Ra is < 0.03 mm.

10*- 0.03 mm

" 250mm
This value represents that the Reynolds number, Rep, can be no higher than 3 - 10°if the orifice beta
factor (B) is 0.6401 to satisfy the uncertainty values in ISO 5167-2. This value is a very conservative
approach as the ISO values are not intended for precise interpolation while extrapolation is not
permitted, and Ra can be smaller than 0.03 mm. With a beta factor of 0.4018, all Reynolds number is
within the limit. Another point considering the surge cycle is that the flow rate has to go through zero
flow before reverse. ISO 5167-2 requires the Reynolds number to be greater than 5000 to document

the uncertainty.
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4.2.1 Flow calculation ISO 5167-2

The test facility orifice mass flow rate is determined by the following formula [14]:

%dz,/ZAppjL (4.1)

m

C
e

The discharge coefficient (C) for the orifice plate equipped with corer tappings is given by the Reader-

Harris/Gallagher equation:

6 o 0.7
10°8
C = 0.5961 + 0.02618% — 0.2163% + 0.000521
Rep (4.2)
106\ %3
+ (0.0188 + 0.00634)53> (—)
ReD
Where A is given:
1 0.8
a=( 90003) (4.3)
ReD
And Repis the Reynolds number calculated with respect to D:
4m (4.4)

Rep =
b D

The expansibility factor (€) is determined by using the pressure ratio and the isentropic exponent for

air at reference conditions, x = 1.401:

/K
£=1-(0.351+ 0.2564* + 0.938%) [1 — (2—2)1 ] (4.5)
1

Static DP is given between upstream and downstream pressure tapping:
Ap =p1 —p2 (4.6)
The fluid density at the orifice plate is given:

_ p1
ZRT,

Py (4.7)

The volume flow is given:

(4.8)

2|3
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As the discharge coefficient is dependent on the Reynolds number, which itself is dependent on mass

flow rate; iteration has to be done to obtain the correct mass flow rate, illustrated in Figure 16.

‘ NO
Calculate Calculate Correct

Figure 16 Orifice plate mass flow rate iteration

4.2.2 Steady-state and pulsating flow

ISO 5167 is applicable for the measurement of steady-state flow and is not suited to flows that
contain any periodic flow variation or pulsation. To compensate for this, ISO 3313 [15] is used under
processing pulsating flow. However, it is not valid for conditions where the flow direction becomes
reverse in the measuring section. ISO 3313 defines the threshold between steady-state and pulsating

flow when measuring with DP type flowmeters, where the flow can be treated as steady-state if:

A
% <0.10 (4.9)

Pp
Where Ap,, is the time-mean value and Ap,, gy is root mean square of the periodic DP fluctuations.

ISO 3313 states techniques for the detection and determination of pulsation flow characteristics. A
technique suggested for the orifice plate is a fast-response DP transmitter. The response time of the
system has to be much shorter than the time period of the pulsation in order to allow correct
measurement. Otherwise, the signal will be low pass filtered. The investigation of measuring error
due to pulsating flow requires a secondary instrument, and validation of pulsating flow in the test
facility is not optimal due to the distance between the orifice plate and venturi meter. Thus, the

focus has been directed on steady-state measurement.
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4.3 Venturi tube

Last year a portable venturi tube was designed to fit the test facility, intended as a dry gas venturi
meter according to ISO 5157-4 [16]. Figure 17 and Table 2 show the venturi with dimension and
instrumentation data. In the test facility, the venturi meter operates around

0-50 mbar, depending on operating conditions. A deeper description is found in Mehlum et.al. [17].

Normal flow direction
 —

e

“+ A
981 mm 1000 mm
Figure 17 Test facility venturi meter
Table 2 Test facility venturi meter dimension and requirements
Parameter Requirements Model Quantity

d Throat diameter 20mm <d<187.5mm 150 mm
D Pipe diameter 50 mm <D <250 mm 230 mm
B Diameter ratio 0.4<B<0.75 0.652
a Convergent angle 20.4°
® Divergent angle 7.4°
P1 Pressure PCE-28 Range: 1.6 bar
DPT1 | Differential pressure LD300 D-2 | Range: 500 mbar
DPT2 | Differential pressure UNIK 5000 | Range: 500 mbar
T Temperature CTP 5000 Range: -50 to 200 °C

4.3.1 Flow calculation ISO 5167-4

The test facility venturi meter mass flow rate is determined by the following formula [16]:

c T
s —q2
m_\/ﬁm%d V2Apps (4.10)
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The discharge coefficient (C) is given for different size of venturi meter and type of convergent
section. The venturi at NTNU has a C = 0.995, with a relative uncertainty of £1 %. The expansibility

factor (€) is determined by using the isentropic exponent for air, k = 1.401 and the pressure ratio T

(p2/p1):
KT2/% 1— 34 1 —7(k-1)/k
- =) ) 5=)

The static pressure difference exists between the upstream section and the throat section of the

venturi:
Ap = p1 —p; (4.12)
Density is measured at venturi inlet:
_  h (4.13)
PL= 7 RT,
The volume flow is given:
m
Q=— (4.14)
pP1

4.4 Instrumentation data

The instrumentation of the test facility is performed in accordance with ASME PTC-10, where the
data acquisition system is based on National Instrument PXI ensures time consistent measurements
up to 20 kHz. To ensure the validity of the relevant instrumentation, calibration has been performed
by the author?. Both the orifice plate and venturi meter use the LD300 D-2 as DP transmitter, but
where the orifice DP transmitter is ten years old compared to the one-year-old venturi transmitter.
The DP transmitters are “smart cells”, where it is possible to change the span3. Table 3 shows the

main DP instrumentation data.

Table 3 DP transmitter test facility

Parameter Quantity
Total response time 100 ms
Damping 0ms
Resolution 0.023 mbar

2 The calibration is not valid in an uncertainty analysis as the calibration instrument has no documented
certificate and is intended as a check of the instrumentation.
3 Span = The transmitters' work range, set by the user. Must be equal to the range or smaller.
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4.5 Risk assessment

Risk assessment was performed before conducting the experiments following the department’s
procedure. A form for Risk assessment is given in Appendix A. Co-supervisor Erik Langgrgen was
responsible for driving the compressor and verifying that operating parameters appeared within
limits.

4.6 Summary and conclusion

The venturi meter is most suited to measure the surge cycle in the test facility due to its location.
However, an appropriate measurement validation against the manufacture orifice plate with
documented accuracy is necessary to determine its performance. As the orifice plate and venturi
meter have 25 m with pipe (of different material) between them, the main objective is steady-state
validation. As reverse flow is expected in the surge cycle, resulting in low flow, there are limitations

in the flow calculations related to document the uncertainty.
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5 Uncertainty and sensitivity analysis

Establishing accurate and reliable flow measurements is paramount, as they form a necessary basis
for investigating the surge cycle. The objective is to utilize the venturi meter located directly
upstream of the compressor, where it also has reliable flow measurement at reverse flow. To
validate the venturi meter a reliable reference is needed. The standard orifice plate manufacture by

AUTEK is regarded as a reliable reference if the uncertainty is documented.

This chapter will then present an uncertainty analysis of the orifice plate at the compressor test
facility. Furthermore, a sensitivity analysis has been performed to evaluate how uncertainties in the
output can be appointed to different sources of uncertainty in the inputs, thus identifying the main
contributors to the uncertainties. Finally, suggestions for improvements of the uncertainty related to

surge experiments will be made based on available offers and opportunities.
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5.1 Uncertainty analysis

All measurements include errors. The error in a measurement is specified as the difference between
the measured value and the actual value of the physical property in question. This error is usually not
known but can be approximated by utilizing an uncertainty analysis. The analysis is a numeric
methodical approach, defining the potential error that is present in all data. From the uncertainty
analysis, it is possible to obtain a confidence interval where the actual value will be placed within a
specified probability. All errors must be determined at the same confidence interval, where the

industry uses 95 % as the standard probability of the confidence interval [18] [19] [20].

There are different standards to present the uncertainty, like AMSE PTC 19.1 and ISO 98. The most
recognized international standard for evaluating uncertainty is the Guide to expression of uncertainty
in measurement (GUM), presented in ISO 98. The GUM gives three different methods to identify the

uncertainty:

o TypeA
o TypeB
e The Monte Carlo Method (MCM)

Probability distributions are the basis of both Type A and Type B evaluation in GUM, where standard
deviations and variance specify the uncertainty components. Type A evaluation estimate the variance
with a statistical method of the data obtained by direct measurements, while Type B is calculated by

decision using all related information on the variability of the uncertainty, such as:

e Manufactures specification.
e (Calibration certificates.
e Previous measurement data.

e Uncertainties assigned to reference data taken from handbooks.

The MCM is an alternative numerical method to Type A and Type B evaluation, where the standard
uncertainty might be unreliable and unrealistic coverage intervals might be the outcome [20] [21]

[22].

A prerequisite for doing a valid Type A evaluation is identical measurement conditions, which are not
guaranteed in the test facility. This thesis focuses on the Type B evaluation as the information related

to standard uncertainty is available.
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5.1.1 Type B evaluation
The general implementation of Type B evaluation is defined as:

The measurand Y (output quantity) is mostly not measured directly, but determined from N other

guantities, X1,Xz...,Xn through a functional relationship f:

Y =f(X1,X2, ""XN) (51)

y symbolizes the estimate of the measurand Y and the input estimates x1,xa,..,Xn» Symbolizes the input
guantities X3,Xz,...,Xn. Thus, the output estimate y, which is the result of the measurement, is defined

as:

y = f(xq, %2, xn) (5.2)

If the input estimate x; is taken from a manufactures specification and the quoted uncertainty is
stated to be a particular multiple of a standard deviation, the standard uncertainty u(x;) is the
quoted value divided by the multiplier. If the quoted uncertainty of x; is not given in as a multiple of

standard deviation, one may assume a normal distribution.

The combined standard uncertainty u.(y), is the positive square root of the combined variance

u2(y). This is based on that all input quantities are independent and not correlated with each other.

nooaf\?
L2(v) = 2 (_) W2 (X (5.3)
(=), (5x) w00
n af 2
uc(y) zn:l (6Xi> u?(X;) (5.4)
The partial derivatives % are often called sensitivity coefficients and describes how the output

estimate y varies with changes in the value of the input estimates x1,x,,...,xi. To define the expanded
uncertainty denoted by U, which is an interval around the measurement result based on the required
confidence level, the standard uncertainty of the output estimate, u(y) is multiplied with a

convergence factor.

U=k-u(y) (5.5)

A flow chart presented in Figure 18 represents the Type B evaluation.
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Figure 18 Type B evaluation
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5.2 Orifice uncertainty analysis

An uncertainty analysis is carried out on the orifice plate with beta factor (B) equal 0.6401. A
description of each component in the orifice plate calculation is presented. Not all uncertainty
budgets will be filled in as some parameter depends on operating conditions. ISO 5167-1 [23] give

the specific working formula for relative expanded uncertainty of the mass flow rate:

. 2 2 2 2 2 2 2 2
R Y O T T

The uncertainty to discharge coefficient (C) and expansibility factor (g) is given in ISO 5167-2 [14],
while the other parameters (3, D, d, Ap and p,) are determined by the test facilities orifice plate
specification. As some parameters depend on others, they are presented in the order listed in

Table 4.

Table 4 Uncertainty section

Parameter Covered in section
Differential pressure (Ap) 5.2.1
Density ratio (p4) 5.2.2
Pipe diameter (D) 5.2.3
Orifice diameter (d) 5.2.3
Diameter ratio (B) 5.2.3
Expansibility factor (g) 5.2.4
Discharge coefficient (C) 5.2.5
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5.2.1 Differential pressure transmitter

The DP transmitter installed at the orifice plate is an LD300 D-2 from Smar technology company, with
an Upper Range Limit* (URL) on 500 mbar and an adjustable span. Essential parameters from the

datasheet are extracted and presented. The datasheet is listed in Appendix B.1.
1. Pressure transmitter uncertainty, W(AP 7, qnsmitter):

The manufactures uncertainty specification (0.075 % of span) is used as a conservative
approach, where the linearity, hysteresis, and repeatability effects are included. If the DP
transmitter had been calibrated with documented uncertainty, the transmitter uncertainty
could be further reduced. The span is set from -50 to 200 mbar, i.e. 250 mbar, gives a
standard uncertainty:

0.00075 - 250

u(ApTransmitter) = - 2 = 0.094 mbar

2. Stability, u(AﬁStability):

The manufacturer’s stability represents an increasing or decreasing offset in the readings
with time and is given as 0.1 % of URL for 24 months. Based on the DP transmitter is valid
every two years, the standard uncertainty of the transmitter caused by stability becomes:

[(0.001 -500) %]

> = 0.250 mbar

u(AﬁStability) =

3. Temperature effect, u(AﬁTempertature effect):

The manufacture specifies a temperature effect as (0.02 % URL + 0.1 % span) per 20 °C
temperature change. Temperature change is referred to as a change in ambient temperature
relative to the ambient calibration temperature. Since the transmitter is not calibrated with a
valid calibration process, the ambient calibration temperature is set to 25 °C as specified in

the datasheet.

4 URL = Transmitter upper measurement range, given by the manufacture.
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Ambient temperature will gradually increase during testing. In the “worst-case” scenario, the
transmitter is exposed to a temperature of 30 °C. With a calibration temperature equal to
25 °C, the max temperature change is 5 °C. The standard uncertainty due to temperature

effect then becomes:

[(0.0002 -500 + 0.001 - 250) 25—0]
2

u(ApTemperature effect) = = 0.044 mbar

4. Static pressure effects, U(APg;q¢ic pressure effects):

The static pressure effect consists of two types of errors, zero and span. Zero error is a
systematic error that can be eliminated with a valid calibration. In this analysis, the
uncertainty is considered as the most conservative approach, where the manufacturer
datasheet specifies the uncertainty to £0.1 % URL per 7 MPa. This means that the operating

conditions affect the standard uncertainty:

Ll son Gty
u(APZero error) = 5 —y mbar

Span error is in the manufacturer sheet given as £0.2 % of reading per 7 MPa, and the size of

the standard uncertainty become:

(0_002 _Operating pressure )

7-10*
2

u(ApSpan error) = =y mbar

5. Power supply and mounting position effects:

The manufacturer datasheet specifies the power supply effect as +0.005 % of calibrated span
per volt. Due to this uncertainty representing a small value, this value is insignificant.
Mounting position effects are due to the transmitter consisting of oil-filled fluid and may
influence the uncertainty if the transmitter is incorrectly attached. This thesis assumes that

the transmitter was installed correctly.
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Table 5 Uncertainty budget - DP transmitter LD300 D-2

Relative expanded uncertainty (95 % confidence level) U(AP)/AP

Input uncertainty Combined uncertainty
Source Expanded Confidence | Con. | Standard Sens. | Variance
uncertainty | level factor | uncertainty | coeff.
k
Transmitter | 0.188 mbar | 95 % 2 0.094 mbar |1 0.008 (mbar)?
uncertainty
Stability 0.500 mbar | 95 % 2 0.250 mbar |1 0.063 (mbar)?
Temperature | 0.088 mbar | 95 % 2 0.044 mbar |1 0.002 (mbar)?
effect
Static * 95 % 2 * 1 *
pressure
effects
Sum of variance uZ(AP) 0.073 mbar+*
Combined standard uncertainty u.(AP) 0.271 mbar+/*
Expanded uncertainty (95 % confidence level, k = 2) U(AP) 0.541 mbar+2+v/*
Operating DP AP X

(0.541 mbar+2+/*)/X

* Will change according to the operating conditions.
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5.2.2 Density

The density at the orifice plate inlet is given:

_ P1
Z1RT;

P1 (5.7)

The pressure is measured with an absolute pressure transmitter PCE-28, and the temperature is
measured with a CTP5000 thermometer probe connected to a CTR5000 precision thermometer. The
most significant inaccuracy should always be used where several devices produce the output signal.
With pressure lower than 10 bar and normal operating temperature, the conditions are considered

ideal, and Z is set to 1.

Absolute pressure transmitter PCE-28:

The most important parameters from the datasheet are extracted and presented, where the

datasheet is listed in Appendix B.2.

1. Pressure transmitter uncertainty, W(Pr,qnsmitter):

The manufactures uncertainty specification (0.2 % of range) is used as a conservative
approach, if the transmitter had been calibrated, the transmitter uncertainty could be

further reduced. The transmitter range is from 0 to 1.6 bar and gives a standard uncertainty:

~ 0.002-1.6
u(PTransmitter) = — = 0.002 bar

2. Stability, u(f’swbi,ity):

The transmitter stability (0.1 % of range/year) is affected by the years between calibration.
The transmitter was installed ten years ago and has not been calibrated since. The standard
uncertainty caused by stability becomes:

[(0.001 .1.6) %]
2

u(ﬁStability) = = 0.008 bar

3. Temperature effect, u(ﬁrempertaure effect):

The manufactures specify a temperature effect as (+0.2 % range) per 10 °C temperature
change. Temperature change is referred to as the change in ambient temperature relative
to the ambient calibration temperature. Since the transmitter is not calibrated, the

ambient calibration temperature is set to 25 °C as specified in the datasheet.
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Ambient temperature will gradually increase during testing. In the “worst case” scenario
the transmitter is exposed to a max temperature of 30 °C. With a calibration temperature
equal to 25 °C, the max temperature change is 5 °C. The standard uncertainty due to
temperature effect then becomes:

) [(0.002 - 1.6) 15—0]
u(PTemperature effect) = 2 =8.00-10"*bar

4. Hysteresis and repeatability, u(f’Hysteresis and repeatability):
Hysteresis and repeatability are not included in the transmitter accuracy and is specified as
0.05 % of range in the datasheet. The standard uncertainty due to hysteresis and
repeatability is thus:

. (0.0005 - 1.6) .
u(PHysteresis and repeatability) = f =4.00-107" bar

Table 6 Uncertainty budget - Absolute pressure transmitter PCE-28

Input uncertainty Combined uncertainty
Source Expanded Confidence | Con. | Standard Sens. | Variance
uncertainty | level factor | uncertainty | coeff.
k

Transmitter | 0.003 bar 95 % 2 0.002 bar 1 2.56-10°® (bar)?
uncertainty
Stability 0.016 bar 95 % 2 0.008 bar 1 6.40-10 (bar)?
Temperature | 0.002 bar 95 % 2 8.00-10* 1 6.40-107 (bar)?
effect bar
Hysteresis 8.00-10* 95 % 2 4.00-10* 1 1.60-107 (bar)?
and bar bar
repeatability
Sum of variance uZ(P) 6.66-10° (bar)?
Combined standard uncertainty uc(ﬁ) 0.008 bar
Expanded uncertainty (95 % confidence level, k=2)  U(P) 0.016 bar
Operating pressure P X
Relative expanded uncertainty (95 % confidence level) U(P)/P (0.016 bar/X)
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Thermometer CTP5000/CTR5000

The most important parameters from the datasheet are extracted and presented, where the

datasheet is listed in Appendix B.3.
1. Temperature transmitter uncertainty, W(T7nermometer):

The temperature manufactures uncertainty specification (0.01 K) is used as a conservative

approach, since the thermometer is not calibrated, gives a standard uncertainty:

- 0.01
u(TTermometer) = 5 = 0.005K

2. stability, w(Tseqpiriey):

The temperature probe stability (10 mK per year) is determined on the years between each
calibration. Since the temperature probe is not calibrated after installation, three years is set,

and the standard uncertainty caused by stability becomes:

_ (0.01) %
u(PStability) = — =0.015K

Table 7 Uncertainty budget - Temperature transmitter CTP5000/CTR5000

Input uncertainty Combined uncertainty
Source Expanded Confidence | Con. | Standard Sens. | Variance
uncertainty | level factor | uncertainty | coeff.
k
Transmitter | 0.010K 95 % 2 0.005 K 1 2.50-10° (K)?
uncertainty
Stability 0.030 K 95 % 2 0.015 K 1 2.25:10* (K)?
Sum of variance u?(7T) 2.50-10* (K)?
Combined standard uncertainty u.(T) 0.016 K
Expanded uncertainty (95 % confidence level, k = 2) U(T) 0.032K
Operating temperature T X
Relative expanded uncertainty (95 % confidence level) U(T)/T (0.032 K/X)
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Table 8 Uncertainty budget - Density

Source

Input uncertainty

Combined uncertainty

Relative expanded uncertainty (95 % confidence level)

u@@/p

Expanded Confidence | Con. | Standard Sens. | Variance
uncertainty | level factor | uncertainty | coeff.
k

Pressure 1600 Pa 95 % 2 800 Pa Eq. 1M | *
transmitter
Temperature | 0.032 K 95 % 2 0.016 K Eq.2n | *
transmitter
Sum of variance u2(p) *
Combined standard uncertainty u.(p) *
Expanded uncertainty (95 % confidence level, k = 2) u(p) *
Operating density D *

* Will change according to the operating conditions.

A The sensitivity coefficient is listed in Appendix C.
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5.2.3 Diameter ratio

From the orifice plate datasheet given in Appendix B.6 the relative expanded uncertainty to pipe

diameter (D) and orifice diameter (d) is specified as:

UD

(7) =0.30% = 0.75 mm (5.8)
Ud

(7) = 0.05% = 0.08 mm (5.9)

Tabel 9 Uncertainty budget - Diameter Ratio

Input uncertainty Combined uncertainty
Source Expanded Confidence | Con. | Standard Sens. | Variance
uncertainty | level factor | uncertainty | coeff.
k
Pipe 7.50-10*m | 95% 2 3.75:10"*m |1 1.41-107 (m)?
diameter
Orifice 8.00-10°m | 95% 2 4.00-10°m |1 1.60-:10° (m)?
diameter
Sum of variance uZ(p) 1.43-107 (m)?
Combined standard uncertainty uc([;’) 3.78:10%m
Expanded uncertainty (95 % confidence level, k=2)  U(f) 7.55:10*m
Operating diameter ratio ¢ 0.6401
Relative expanded uncertainty (95 % confidence level) U(£)/f 0.118 %
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5.2.4 Expansibility factor

_ /i
£=1-(0.351+ 0.2568* + 0.935%) [1 —~ (plp—Ap) ] (5.10)
1

ISO 5167-2 [14] stated that when B, p;, Ap and k are assumed to be known without error, the relative

expanded uncertainty of the expansibility factor is equal to:

Ue Ap
(—) =35—% (5.11)
€ Kp1

Both B, p1, Ap and k have a small error so an uncertainty budget shall in principle be used. The

sensitivity coefficients are listed in Appendix C.

Tabel 10 Uncertainty budget - Expansibility factor

Input uncertainty Combined uncertainty
Source Expanded Confidence | Con. | Standard Sens. | Variance
uncertainty | level factor | uncertainty | coeff.
k
Diameter 7.55:10%*m | 95% 2 3.76:10*m | Eq.3 | *
ratio
Static 0.016 bar 95 % 2 0.008 bar Eqg. 4 *
pressure
transmitter
DP * 95 % 2 * Eq.5 | *
transmitter
Isentropic Kk 95 % 2 - - -
exponent
ISO Eq.5.11* 95 % 2 * 1 *
Sum of variance u2(é) *
Combined standard uncertainty u:(€) *
Expanded uncertainty (95 % confidence level, k = 2) U(é) *
Operating expansibility factor é *
Relative expanded uncertainty (95 % confidence level) U(é)/é *

* Will change according to the operating conditions.

**With small temperature and pressure changes at the orifice plate the isentropic exponent is set to 1.401 with zero
expanded uncertainty.
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5.2.5 Discharge coefficient
ISO 5167-2 [14] stated that when B, D, Rep and Ra/D are assumed to be known without error, the

relative uncertainty of the discharge coefficient is equal to:

uc
(T) =0.5% (8 = 0.4018) (5.12)

(%) = 1.668 — 0.5 % (B = 0.6401) (5.13)

Since B, D, Rep and Ra/D have a small error, so an uncertainty budget shall in principle be used. As
equation 5.12/5.13 is referred to as the dominant factor [24] the remaining error can be eliminated.

When Re is smaller than 10000, a relative uncertainty of 0.5 % is added to equation 5.12/5.13.

Installation requirements

As I1SO 5167-2 sets installation requirements for the orifice plate to get a swirl-free flow, an
assessment of the test facility orifice plate installation is necessary. The installation requirements will
affect the discharge coefficient. There are three main parts to consider, upstream and downstream
straight length and circularity of the pipe. Whether the installation contains a flow conditioner
upstream or downstream of the orifice plate is decisive for which table to use. Since the orifice plate
includes neither a flow conditioner upstream nor downstream, Table 3 in ISO 5167-2 should be

followed.

Since the air intake is 5100 mm upstream of the orifice plate and represents an abrupt symmetrical
reduction, an additional uncertainty of 0.5 % should be added arithmetically to the uncertainty in the
discharge coefficient described in Table 3 in ISO 5167-2. The thermometer placed 750 mm upstream
of the orifice plate will also affect the flow, as it creates a flow pocket behind the thermometer. With
a thermometer probe diameter of 6 mm and a distance of 75 mm upstream of the orifice plate, 0.5 %
additional uncertainty shall be added. It specifies that the thermometer pocket will not alter the
required minimum straight upstream lengths, and the total added uncertainty related to upstream

fittings is 0.5 %.

With closest fittings 2100 mm downstream of the orifice plate, no additional uncertainty should be
added. The circular limit is set to 2:D measured from the orifice plate's upstream face and should
differ no more than 3 % from the orifice plate's mean diameter downstream. As the pipe has a slight

change in diameter 2700 mm from the face, there is no additional uncertainty.
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5.3 Orifice uncertainty analysis result

Figure 19 shows the result of the current test facility orifice plate installation relative expanded
uncertainty (convergence factor = 2) as a function of mass flow rate. It can be seen that the orifice
plate has a rapid increase in relative expanded uncertainty as the mass flow rate decreases below
0.5 kg/s, while a mass flow rate higher than 1.5 kg/s gives a constant relative expanded uncertainty
of 1.23 %. Further, the DP transmitter resolution sets the minimum achievable mass flow
measurement value to 0.06 kg/s.

The compressor speed and discharge throttle valve were utilized to regulate the orifice plate mass
flow rate. Since the mass flow rate is used to validate the venturi meter, it will be the basis for the
uncertainty analysis and not the obvious volume flow rate (related to compressor performance and

surge cycle)
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Figure 19 Orifice plate relative expanded uncertainty
Summary and conclusion

Establishing accurate and reliable flow measurement is paramount, as it forms a necessary basis for
investigating the surge cycle phenomenon and model simulation. An experimental uncertainty
analysis of the orifice plate at the test facility was conducted to analyze the uncertainty at different

flow rates.

The analysis shows that the existing test facility orifice plate provides a considerable relative

expanded uncertainty at low flow rates. This was also expected as the orifice plate is designed to
measure the volume flow rate on the compressor curve (Figure 4). Considering the surge cycle is
expected at a low volume flow rate, an improvement of the orifice plate should be conducted to

utilize it as a valid reference at lower flow rates.
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It is important to mention that GUM contains a more mathematical and theoretical approach to the
field of uncertainty calculations, where this thesis provides a more practical approach, where the
principles of the GUM are applied. Besides, it can be hard to give values for uncertainties with a high
level of confidence. Therefore, uncertainties also have uncertainty, such as signal processing and

flow calculation, which normally is very small and neglected in the thesis.

5.4 Sensitivity analysis results

Figure 20 shows the absolute uncertainty at a high mass flow rate and what contributes to this
uncertainty. At a mass flow rate of 1.58 kg/s, the discharge coefficient contributes to 70 % of the

total uncertainty, while the DP transmitter stands for 13 %.
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Figure 20 Orifice plate sensitivity analysis result with high mass flow rate

Figure 21 shows the absolute uncertainty at a low mass flow rate and what contributes to this
uncertainty. At a mass flow rate of 0.23 kg/s, the discharge coefficient contributes to only 1 % of the

total uncertainty, while the DP transmitter stands for 98 %.
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Figure 21 Orifice plate sensitivity analysis result with low mass flow rate
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Summary and conclusion

To be able to make improvements related to the uncertainty of the orifice plate, a sensitivity analysis
was utilized. The sensitivity analysis gives additional information to the uncertainty analysis and finds

the dominant input parameters that lead to the overall uncertainty of the orifice plate.

The analysis shows that the DP is the dominant parameter at a low mass flow rate, while the
discharge coefficient dominates at higher mass flow rates. As the surge cycle is in the lower flow
region, attention must be given to the DP transmitter. The use of the word sensitivity analysis is in
this thesis a bit misleading. The objective was to present which input parameters contributed the
most to uncertainty at different flows with a percentage distribution from equation 5.6. A credible

and well-executed analysis has a greater mathematical focus and was not the focus of the thesis [25].

5.5 Recommendation to improve the uncertainty
Figure 22 shows the relative expanded uncertainty between the different orifice plates. The smaller
plate works like a throttle valve and increases the DP, which gives lower uncertainty. The test shows

a significant decrease in uncertainty by changing to a smaller plate, but the measuring range is

reduced to cover only up to 0.8 kg/s.
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Figure 22 Orifice plate relative expanded uncertainty with different plates
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After contacting sellers within DP transmitter, three possible transmitters were recommended.
Figure 23 shows the relative expanded uncertainty between the different transmitters. Two of the
offers are from the same model (LD300) already installed but intended to measure at a lower flow
rate. The Protran transmitter has other technical specifications than models given by LD300. The

complete uncertainty analysis for each transmitter is listed in Appendix D.
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Figure 23 Orifice plate relative expanded uncertainty with different DP transmitters

Figure 24 shows the effect of a 2.4 m longer pipe upstream and the thermometer placed 0.5 m
longer upstream. This leads to eliminating the added 0.5 % uncertainty on the discharge coefficient.

The relative expanded uncertainty would then decrease to 0.84 % at a mass flow rate over 1.75 kg/s.

Current lab installation

Longer inlet pipe section

Relative expanded uncertainty (%)

0.5

} N
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Figure 24 Orifice plate relative expanded uncertainty with longer inlet pipe section
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Summary and conclusion

Changing the current orifice plate design is necessary to conduct accurate measurements at low flow
rates. A thorough assessment of the various alternatives lays the foundation for being able to decide

the appropriate solutions.

The test shows that changing the orifice plate (f = 0.4018) is a good solution to decrease the
uncertainty at low flow rates. This solution is free and requires only a proper installation.

Buying a new DP transmitter will also lower the uncertainty significantly, but this solution will cost
money. LD300 D-0 transmitter lowers the uncertainty the most, but other aspects of the transmitter
must also be studied related to surge (resolution, response time, max working pressure)

measurements.

Since the DP transmitter accounts for a large part of the uncertainty, it could have been possible to
calibrate the transmitters with a valid certificate. Thus, the accuracy and stability in the uncertainty
budget (Table 5) would be lowered. However, this would require certificate equipment or execution
of an approved calibration institution. Another solution that could reduce the uncertainty is to use
more than one DP transmitter at the orifice plate. The standard uncertainty of the DP transmitter
would then be reduced with 1/v/X (X = number of transmitters), as compared to only one
transmitter. A change in pipe layout would then be necessary and is not prioritized. Since a
significant part of flow measuring in the test facility is on the compressor curve at a higher flow rate,

Figures 21 and 24 are included, where an uncertainty below 1 % is defined as good [10].
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6 Experimental results and analysis

This chapter summarizes the work related to giving reliable flow measurements during the
investigation of the surge cycle. The topics presented here include a pressure test, new test facility

setup, venturi meter validation, and a surge case.

6.1 Pressure test

To utilize the venturi meter during the surge cycle research, establishing a reliable validation
(against the orifice plate) and a DP transmitter performance test is necessary. This section analyses
the orifice plate and venturi meters DP transmitter with a pressure test. The pressure tests were
conducted utilizing an air compressor blowing air into a T piece, with equal cable length connected

directly on the DP transmitters' high-pressure side, shown in Figure 25.
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PDT PDT
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Figure 25 Pressure test setup

Based on ten pressure tests, an average output signal delay of 160 ms on the orifice plate DP
transmitter compared to the venturi meter was detected, shown in Figure 26. An offset correction

during transient venturi meter validation is thus necessary, shown in Figure 27. A total response time

of 100 ms is given in the datasheet, while the test shows a total response time of nearly 400 ms.
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Figure 26 Signal delay Figure 27 Signal correction
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Summary and conclusion

Correct and fast enough output signal on the DP transmitters is a prerequisite to validate the venturi

meter and determine if it is suitable for detecting surge cycle in the test facility.

The pressure test detected an output delay on the orifice plates DP transmitter compared to the
venturi meter and a slow response time on both transmitters. A slow pressure response will lead to a
low pass filtered signal. Possible reasons for the signal delay may be due to the age difference of the
DP transmitters or the rig setup (cable length, mounting angle, transmitter damage). In principle, the
DP measurement should give equal value, an improvement of the pressure test setup should be
considered. Recommendations for improvements are shorter cable length and a more stable

pressure source.
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6.2 New test facility setup

A correct choice of DP transmitter is essential to give reliable flow measurement under investigating
the surge cycle in the test facility. Based on the uncertainty analysis, the pressure test, transmitter
specification, and the test facility operation area, it has been decided to purchase new DP

transmitters for both the orifice plate and the venturi meter.

Table 11 DP transmitter evaluation

Protran PR3202 | LD300 D-2 LD300 D-1 LD300-0

Accuracy OK OK

Response time

Max working pressure

Resolution

Table 12 New DP transmitters

Transmitter Range Protran transmitter was selected based on a

Orifice plate +25 mbar significantly lower response time (1 ms) compared to
Venturi PDT1 110 mbar the LD300 D-1. As a result, three new Protran DP
Venturi PDT2 +10 mbar transmitters were purchased, with the range adjusted

for their purpose, shown in Table 12.

Remarks should nevertheless be taken as the stated Protran response time is given from 10-90 %
output signal and not the total response time. However, this should provide significantly better

accuracy and response time during surge cycle investigation.

It is worth mentioning that the NTNU compressor test facility is instrumented with transmitters more
accurately than those found in a standard compressor facility. A standard compressor facility is
designed for safety and control and will not be sufficient for detailed transient analyses. However,
current research is highly dependent on test data from real-scale compressor rigs, such as the
compressor test facility built at the NTNU. It thus provides a unique opportunity to explore different

operation scenarios that are not possible in a standard compressor facility.
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Figure 28 shows the relative expanded uncertainty effects of the new DP transmitter on the orifice
plate combined with changing the plate size. A new LD300 D-2 transmitter with a range of 500 mbar
was also purchased for the orifice plate, with the intention of equalizing the signal delay between the

orifice plate and venturi meters output signal.
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Figure 28 Orifice plate relative expanded uncertainty for current and new setup

The new DP transmitters will be delivered after submission of the thesis, and the orifice plate is
B =0.6401 as another student needs to take advantage of the entire compressor curve. Thus, the

current setup is the basis for further investigation in this thesis.
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6.3 Validation of venturi meter

Establishing accurate and reliable venturi meter measurement is paramount, as it forms a necessary
basis for investigating the surge cycle in the test facility. This section analyses the venturi meter
accuracy for normal and reverse flow by utilizing the orifice plate as a reliable reference. The focus is
on steady-state measurements, but as surge is a highly transient appearance, a transient validation is

conducted to see if it correlates with the steady-state measurements.
Steady-state venturi meter validation

Figure 29 shows the venturi meter measuring deviation compared to the reliable orifice plate under
steady-state measurements with normal flow. The different steady-state validation points

(marked square) were established by utilizing the compressor speed and discharge throttle valve to
regulate the orifice mass flow rate. It can be seen that the venturi meter measures too much to
about 0.4 kg/s, but above this point, the venturi meter measures too small with an approximately
linear deviation in relation to the orifice mass flow rate. The relative deviation between the orifice

plate and the venturi meter is in the range of +2.5 %.
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Figure 29 Steady-state venturi meter validation under normal flow

Based on the test a correction factor for the venturi meter mass flow rate at normal flow direction

has been established (Regression line):

massflow = —0.010 + (0.031 - measured massflow ) + measured massflow (6.1)

44



Since the venturi meter is portable, it was turned 180° with the divergent section in front to validate
reverse flow measurement. Figure 30 shows the venturi meter measuring deviation compared to the
reliable orifice plate under steady-state measurements with reverse flow. The test shows that the

venturi meter measures with a significant deviation under reverse flow, where the relative deviation

between the orifice plate and the venturi meter mass flow rate is approximately 20 %.
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Figure 30 Steady-state venturi meter validation under reverse flow

Based on the test a correction factor for the venturi meter mass flow rate at reverse flow direction

has been established (Regression line):

massflow = 0.012 + (0.221 - measured massflow ) + measured massflow (6.2)
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Transient venturi meter validation

As surge is a highly transient phenomenon, a transient venturi meter validation is necessary for

normal and reverse flow. Two different scenarios were investigated. Table 13 and 14 shows the test

matrices for the two scenarios. The purpose of the high mass flow rate test was to see if these

coincide with the steady-state measurement and build credibility to the correction factor, although

the focus must be directed to low mass flow rate validation.

Table 13 Test conditions - Transient - Low flow

Table 14 Test conditions - Transient - High flow

Parameter

Quantity

Compressor speed

2000 RPM

Parameter

Quantity

valve

Discharge throttle

100 % = 40 % - 100 %

Compressor speed

9000 RPM

Hold time/Rise time

45s/2s

Discharge throttle
valve

100 % = 40 % > 100 %

Hold time/Rise time

4s/2s

Figure 31 and 32 shows the transient test at a low flow rate. At normal flow direction, there is a

negligible difference between the orifice plate and the venturi meter. Under reverse flow, a

significant venturi meter measurement deviation occurs, equivalent to the steady-state validation.
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Figure 31 Transient validation normal low flow
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Figure 32 Transient validation reverse low flow

Figure 33 and 34 shows the transient test at a high flow rate. The test shows that measurements with

reversing flow become more unstable than at low mass flow rate. Otherwise, they indicate the same.
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Figure 33 Transient validation normal high flow Figure 34 Transient validation reverse high flow
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Summary and conclusion

Accurate venturi meter measurement is the basis for reliable surge cycle measurement in the test
facility. How reverse flow affects the test facilities venturi meter is of particular interest. A
comparison of the measured mass flow rate between the reliable orifice plate and venturi meter for

normal and reverse flow was made to determine the measurement deviation.

The test reveals only a small measurement deviation at normal flow, while the venturi meter
measures a significant deviation at reverse flow under steady-state and transient measurement
validation. Thus, the test shows the importance of a correction in the venturi meter by reversing flow

to obtain correct measurements during an examination of the surge cycle.

A more comprehensive transient validation should be performed, but the test indicates a good
correlation with the steady-state validation. The correction factor established for steady-state
normal and reverse flow can thus also be used during transient surge cycle investigation. The
uncertainty analysis documented that the relative expanded uncertainty to the reference orifice
plate at a low mass flow rate is high. Thus, there is also more significant uncertainty associated with

the validation of the venturi meter at a low mass flow rate.
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6.4 Surge case

The current section investigates the surge cycle based on the current test facility instrumentation,
uncertainty analysis, and venturi meter validation. This section describes how to determine if there is
normal or reverse flow in the venturi meter and investigate the flow measurement under

compressor surge.

Calculation

An orifice plate design will give a negative DP value in reverse flow, while a venturi meter should in
principle always give positive DP values (3.1 Principle) regardless of flow direction. Understanding
whether there is normal or reversed flow in the venturi meter is a prerequisite for analyzing the
surge cycle. Using the DP transmitter 2 (Figure 17) can determine the flow direction, where a positive
or negative pressure loss (Figure 9) over the venturi meter indicates the direction. The pressure loss

will be significantly higher during reverse flow due to the venturi meter design.

J(DPT2)?

Flow direction = DPT2 (6.3)
1 = Normal flow — 1 = Reverse flow
Using this in equation 4.10:
. C T, o
m=———¢&e—d*,/2App; * Flow direction (6.4)
1= B* 4

The pressure loss over the venturi meter in the test facility is very low at normal flow and a bit higher
at reverse flow. Thus, the DP transmitter has to have great performance at low flows and handle a
higher "'max working pressure’. The Protran transmitter with a range of £+10 mbar was purchased for
this purpose. Test of the venturi meter compared to the orifice plate shows a good correlation on
flow direction, but further tests with the new transmitter have to be conducted to validate flow

direction by utilizing the pressure loss.
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Test

In order to be sure that the compressor operates in the surge area and provides reverse flow, the
pressure tank was utilized. By utilizing the pressure tank, the orifice plate also experiences reverse
flow, which certainly gives a reversing flow in the venturi meter and provides credibility to the

detection of flow direction. Table 15 shows the test matrices for the experiment.

Table 15 Test condition - Surge case

Parameter Quantity

Compressor speed 9000 RPM

Discharge throttle valve | 30 %

Pressure tank 3.2 bar 2 0 bar

Figure 35 shows the initiation of the experiment. The compressor operates far up the compressor
curve towards the surge line when the manual pressure tank valve was opened. A distinct drop in
compressor speed confirms that the pressure enters the compressor, and flow oscillation through
the compressor is provoked before the VSD starts recovering the speed. Simultaneously the DP at the

venturi meter gives a constant negative value in 2.5 seconds.
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Figure 35 Surge case

As a negative DP on the venturi meter in principle never should happen, it is uncertain about the flow
in the venturi meter. A DP value of zero is expected when the flow direction is just about to change
direction, and never a longer negative DP value. In consultation with the supervisor, it was decided to

stop a further investigation of the surge cycle in this thesis.
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Summary and conclusion

The surge cycle represents a serious concern for a centrifugal compressor. It is vital to have reliable
flow measurements to detect the surge cycle, distinguishing between normal and reverse flow. An

experimental test was conducted to attempt to analyze the surge cycle utilizing the venturi meter.

Utilizing the pressure loss over the venturi meter works to decide the flow direction, given that the
DP transmitter is customized. Further investigation is necessary to validate the venturi flow direction.
Possible solutions are to place treads inside the venturi meter to validate the flow direction in
conjunction with the pressure loss. Another solution may be to use the suction pressure the
compressor creates. As the DP at the venturi meter gives a negative value under the test, there is
difficult to give reliable flow measurements, and further investigation has to be conducted. The test

shows how vital reliable flow measurements are when analyzing the surge cycle.
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7 Conclusion and recommendations for further work

7.1 Conclusion
Based on an evaluation of the NTNU compressor test facility, the main objective was to discover and
document if it was appropriate to detect an accurate and reliable surge cycle. The following list

presents the most important discoveries in this thesis:

e Reliable flow measurement is vital to investigate the surge cycle in a centrifugal compressor,
in terms of accuracy, transient, and reverse flow. As the surge cycle gives reverse flow, flow

calculation based on standards using DP devices has its limits in low and reverse flow.

e The portable venturi meter is the most appropriate DPM in the NTNU compressor test facility
to detect the surge cycle, but a validation of the accuracy against the standard orifice plate is

necessary.

e The orifice plate is not suitable for low flow measurement with the current test facility setup.
A high relative expanded uncertainty at a low flow rate is detected. A new DP transmitter
and a smaller orifice plate are necessary to get better accuracy at a low flow rate and thus

improve the venturi validation.

e The present DP transmitter in the venturi meter is not appropriate for surge cycle
measurement due to slow response time and poorly fitted range. Based on an overall
evaluation, Protran PR3202 with adapted range is the most suitable transmitter for surge

cycle research for both the orifice plate and venturi meter.
e Reverse flow in the venturi meter provides a significant measuring error compared to normal
flow. A relative deviation of 20 % was measured. A correction factor when measuring reverse

flow using a venturi meter is thus necessary during the surge cycle research.

e The surge experiment gives a negative DP value at the venturi meter. The test shows how

important reliable flow measurement is when analyzing the surge cycle.
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7.2 Recommendations for further work
Establishing the accuracy of the venturi meter during normal, transient, and reverse flow with the
new Protran transmitter is a good starting point when investigating the surge cycle in the test facility.

This requires a better reference orifice plate. The following steps are recommended:

e Change the plate size to f = 0.4018 and install the new Protran transmitter on the orifice
plate.

e Install new DP transmitter on the venturi meter, both DPT1, and DPT2.

e Pressure test to validate the response time and signal delay between the orifice plate and
venturi meter DP.

e Validation of the venturi meter. Investigate solutions to place the orifice plate and venturi
meter close to each other and perform a reliable transient validation.

e A more comprehensive test that determines the direction of flow in the venturi meter.
Possible solutions are to use threads inside the venturi meter in combination with a high

speed-camera connected against the measurements system.

e More studies are necessary for a deeper surge cycle analysis based on the findings related to

negative DP in the venturi meter.
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A Risk assessment

NTHNU Prepared by
Risk assessment

Unit: Department of Energy and Process Enginesring

Line manager: Lars Eirik Bakken

Participants in the identification process: Erlend Randen, Erik Langergen
Short description of the main activity/main process: Operating comprassor
Is the project work purely theoretical? NO

Date: 24/3/2021

Responsime supervisor: Enk Langargen Student: Eriend Randen

Activity Potential Likelihood: Consequence: Risk Comments/status
undesirable Likelihgod Human  |Environm |Economy/ |Value Suggested measures
incident/strain (1-5) [A-E) ent material  |(human)

[A-E) [A-E)
Use of hearing protection.

Operating compressor Moise 1 2 1 1 2

Operating compressor Flying small parts 1 2 1 1 2 Use of goggles

Operaing compressor Breakdown 1 4 3 2 4 Trainning and knowledge of

where the emergany stop
are

Operating compressor Heat run 1 1 1 3 1 Knowledge of the

COomo

Likelihood, e.g.- Conseguence, e.g.: Rigk value {each one ro be esaimared separarely):

1. Minims! A Esfe Human = Likelihood x Human Consequence

2 Low B Refstively safe Environmental = Likelihood x Environmental consequence

3 Medium G. Damgerus Financial/mazerial = Likelihood x Consequance for Economy‘mareriel

4 Hi 0. Cntical

S WVery high E  \ery entizal

Potential undesirable incident/strain

|dentify possible incidents and conditions that may lead to situations that pose a hazard fo people, the envirenment and any materiellequipment
involved.

Criteria for the agssessment of likelihood and consequence in relation to fieldwork
Each activity is azsessed according to a worst-case scenarno. Likelihood and consequence are to be assessed separately for each potential
undesirable incident. Before starting on the quantification, the participants should agree what they understand by the assessment criteria:

Likelihood
Mimimal Low Medium High WVery high
1 P 3 4 3
Once svery 50 vears or less Once svery 10 vears or less Onee 3 year or less Onee 3 month or less Onee 3 wesk

recovery time

Congequence
Grading Human Environment Financialimaterial
E May producs fatalitylies Wery profongsd, non-reversible Shutdown of work =1 year.
Very critical damape
[ Permanent injury, may produce | Prolonged damage. Long Shutdown of work 0.5-1 year.
Crifical serious s=nous hasith recovery time.
damage/sickness
C Eerious personal injury Minor damage. Long recovery Ehutdown of work < 1 manth
Dangerous time
B Injury that requires medics! Minor damage. Short recovery Shutdown of work < Twesk
Relatively safe treatment time
A Injury that requires first sid Inzignificant damage. Short Shutdown of work < 1day
Safe

The unit makes its own decision as to whether opting te fill in or not consequences for economy/materiel, for example if the unit is going to use
particularly valuable equipment. It iz up to the individual unit fo choose the assessment criteria for this column.

Risk = Likelihood x Congequence
Please calculate the risk value for “Human®, “"Environment™ and, if chosen, “Ecenomy/materiel”, separately.

Figure 36 Risk assessment




B Datasheets

The complete datasheets are given to the supervisor.

B.1 LD300 D-2

™ | Technical Characteristics ( 1p300 Serie

Y Performance Specifications

A .1\:‘I |

eet - LD300 D-2

Figure 37 atash



B.2 PCE-28

GPLISEN S*

ALW and ALM type
Aluminum casing with programable local display. The design of the casing enables the use of
a local display, rotation of the display, rotation of the casing by 0-345° relative 1o the sensor.
Electrical connection DIN EN 175301-803, IP85 (special verison with cable electrical
connection and IP&T).

Display with backlight allows to read:
- measured pressure in user units or % of measuring range
= currant in output loop in mA

Application and construction
The PCE-28 pressure transmitter is applicable to the measurement of the pressure, underpressure and absolute pressure of gases, va-
pours and ligulds. The active sensing element is a plezoresistant sllicon sensor separated from the medium by a diaphragm and by spe-
cially selected type of manometric liquid. The electronics is placed in a easing with a degree of protection from IP 65 1o IP 68, depending
on the type of electrical connection applied.

Calibration
Potentiometers can be used to shift the zero position and the range by up to £10%, without altering the settings (not possible with ALM and
S casing).

Installation

The transmitter is not heavy, so it can be installed direcily on the installation. When the pressure of steam or other hot media is measured,
a siphon or impulse line should be used. The needle valve placed upstream the transmitter simplifies installation process and enables the
zero point adjustment or the transmitter replacement.
When the special process connections are required for the measurement of levels and pressures (e.g. at food and chemical industries), the
transmitter is provided with an Aplisens diaphragm seal. Installing accessories and a full scope of diaphragm seals are described in detail
in the further part of the catalogue.
Measurements under explosion hazard
ATEX Intrinsic safety version is available for taking measurements in zones under explosion hazard. The installation of the transmitter in a
Zome under explosion hazard requires the use of a Ex power supply. We recommend the use of the Aplisens Z5-30MEx power supply and
separator.
Technical data

Any measuring range 0...25 mbar + 0. 1000 bar (over pressure, under pressure); 400 mbar + 80 bar (absolute pressure)

Measurement of lower pressure ranges, possible using transmifter PRE-50G with GP process connection.

Measuring range
25 mbar 100 mbar 4DD mbar 0...1 bar + 160bar 0...160 bar + 100087
E;mﬁrm“nymema 1bar 1 bar 2,5 bar 4 % range 2 % range: max 1200 bar
Drarmaging On 2 bar 2 bar 5 bar & x range; max. 2000 bar
Accuracy 0ES 0.3% 0.2% (0, 16% - special varsion)
Long term _ stability D.6% / year 0.2% | year 0,1% / year
Typically 0,5% / 10°C Typically 0,3% / 10°C Typically 0,2% 7 10°C
Tharmal erce Max 0,6% / 10°C Max 0,4% ! 10°C Mae 0.3% | 10°C
Hysteresis, repeatability 0,05% Output signal 420 mA, two wire transmission
Response time < 120 ms 0.0V
varsion TR: < 30 ms -
Thermal compensation range -10..80°C Material of wetted parts 316Lss, Hastelloy C 276, Au
Operating temperature range (ambient temp.) -40_80°C Material of casing 304ss, 316Lss
Medium temperature range -40..130°C Pawer supply
. | . . output 4..20maA
over 130°C — measurement with use an impulse line or
diaphragm seals _ 8. 36VDC (Ex9.28VDC)
version TR, version Safety. 10,5...36 V DC (Ex 12..28 V DC)
CAUTION: the medium must not be allowed to freeze ALW and ALM version: (11...38V DC)
in the impulse line or close to the process connection output 010V
of the transmitter 13..30vVDC
Error due to supply voltage changes 0,005%
Load resistance Ry < %

Figure 38 Datasheet - PCE-28



B.3 CTP5000/CTR5000

Specific probe data 1)
Temperature range
Resistance at 0 °C [32 °F]
Temperature coefficient
R(Ga)/R(TPW)
Annual drift 2)
Recommended measurement current
Self heating error in water at 0 °C [32 °F]
Sheath material

Dimensions
Probe diameter
Probe length

Cable
Length
Connection

-50 ... +200 °C [-58 ... +392 °F]
100Q

0.00385

Ratio less than 1.11807

+10 ... 220 mK

0.5mAor 1 mA

2..5mK

Stainless steel

d=3mm[0.12in]
| =30 mm [1.18 in], fully immersible

3m[9.84 1]
Bare wire, DIN plug or SMART connector

1) Specifications may deviate; they depend on the use of the thermometer. The specified values are typical values for use in laboratories.
2) Previous ageing is required. Recommendation =T__, + 10 Kover20 h

Specifications
Model CTR5000

Hand-held thermometer

Probe types
Measuring inputs

Data entry format

Industrial platinum resistance thermometers (PRTs) and standard platinum resistance thermom-
eters (SPRTs) with Ro =25 Q and 100 Q up to an alpha of 0.00392

2 (front panel), 4 or 6 (rear panel)

Expandable up to an additional 64 channels with CTS5000 multiplexers

ITS 90 and CVD for calibrated probes; or EN 60751 for uncalibrated probes

Optional: coefficient generation from data pairs

Measuring ranges
Probe current

Temperature range

1 mA (Pt100); optional auto-select 1 mA, 2 mA
-200 ... +962 °C, depending on thermometer probe

Accuracy 1)

0.01 K, optional 0.005 K

1) The accuracy in K defines the deviation between the measured value and the reference value. (Only valid for indicating instruments.)

Figure 39 Datasheet - CTP5000/CTR500



B.4 LD300 D-1 and LD300 D-0

Referance Span sfarling at zero, temperature of 25°C (77°F). almospheric pressure, power supply of 24 Veoc, silicone
Conditions oil fill fluid, isclating diaphragms in 316L SST and digital trim egual to lower and upper range values.

For range 0, and differential or gage models and 316L 55T or hastelloy diaphragm with silicon or
halacarbon filling fluid:

0.2 URL £ span = URL: + 0.1% of span
0.05 URL = span < 0.2 URL: £ [0.025+0.015 URL/span]¥ of span

Accuracy For ranges 1, 2, 3, 4, 5 or 6, differential or gage models, and 316L 55T or hastelloy diaphragm with
silicon or halocarbon filling fluid:

0.1 URL = span = URL: £ 0.075% of span
0.025 URL = span < 0.1 URL: £ [0.0375+0.00375.URL'span]% of span
0.0083 URL = span < 0.025 URL: +[0.0015+0 00465 URLispan])% of span

6.4

Technical Characteristics

Performance Specifications
For ranges 2 to & and absolute model. For tantalum or monel diaphragm. For fluorolube filling fluid:

0.1 URL £ span £ URL: £ 0.1% of span
0.025 URL = spam < 0.1 URL: + 0.05]1+0.1 URL'=pan]* of span
0.0083 URL = span < 0.025 URL: + [0.01+0.006 URL/=pan]% of span

For range 1 and absolute model:
+ 0.2% of span

For ranges , 3 or 4 and level model and 316L 55T diaphragm with silicon or halocarbon filling fluid
with maximum pressure matching the flange pressure class:

0.1 URL £ span £ URL: £ 0.075% of span
0.025 URL = span < 0.1 URL: + [0.0375+0.00375.URL'span]% of span
0.0083 URL £ span < 0,025 URL: +[0.0015+0.00465.URLispan]¥ of span

Linearity effects, hysierese and repeatability are included.
For ranges 2, 3, 4, 5 and 6: £ 0.15% of URL for 5 years at 20 *C temperature change and up o 7 MFa
(1000 psi) of static pressure.

Stability For ranges 0 and 1: £ 0.2% of URL for 12 months at 20 *C temperature change and wp to 100 kPa [ 1bar)
of static pressure.

For Level model: + 0.2% of URL for 12 months at 20 °C temperature change.
For ranges 2, 3, 4 and 5:

0.2 URL = span £ URL: 1 [0.02% URL + 0.06% span] per 20 °C (68 °F)

0.0085 URL = span < 0.2 URL: £ [0.023% URL + 0.045% span] per 20 *C (68°F)

For range 1:

0.2 URL = span = URL: £ [0.08% URL + 0.05% span] per 20 °C (68 °F)
0.025 URL = span = 0.2 URL: + [0.06% URL + 0.15% span] per 20 *C (68 °F)

Temperature

Effect For range 0:

0.2 URL = span £ URL: £ [0.15% URL + 0.05% span] per 20 °C (68 °F)
0.05 URL = span < 0.2 URL: £ [0.1% URL + 0.3% span] per 20 *C (68 *F)
For leval model:

& mmHzD per 20 "C for 4™ and DN100

17 mmHz0 per 20 *C for 3" and DNEOQ

Consult Smar for other flange dimensions and fill fluid.

Zero arror:

For ranges 2, 3, 4 and 5: £ 0.033% of URL per TMPa (1000 psi)

For range 1: £ 0.05% of URL per 1.7 MPa {250 psi)

For range 0: £ 0.1% of URL per 0.5 MPa (5 bar)

Faor Level model: £ 0.1% of URL per 3.5 MPa (500 psi)

Static Pressure
Effact The zero error is 8 systematic amor that can be eliminated by calibrating at the operating static pressure.

Span error:

For ranges 2, 3, 4, 5 and 6: comectable to £ 0.2% of reading per YMPa [ 1000 psi)

For range 1 and level transmitters: cormectable to + 0.2% of mading per 3.5 MPa (500 psi)
For range 0: corectable fo £ 0.2% of reading per 0.5 MPa (5 bar) (7 psi)

Figure 40 Datasheet - LD300 D-1 and LD300 D-0



B.5 Protran PR3202

Protran® PR3202 wov rrecure oiterentiot tranemited ("4 |

Technical Data

Sensor Technology:

Output Signak:
Supply Voltage:

Protection of Supply Voltage:

Standard Pressure Ranges (bar):
Standard Pressure Ranges (psil:

Overpressure Safety:

Common Mode ($tatic line
pressure:

Zero Offset and Span Tolerance:

Operating Ambient Temperature:

Operating Media Temperature:

Storage Temperature:

ATEXAECEx Approval Option [4-20
mi version onlyl:

ATENAECEx Safety Values:

Electromagnetic Compatibility:
Response time 10-90 %:

Pressure Connection:

Ebectrical Connection:

Piezoresistive Silicon

430 mA (2 wire) 0-5 V' [3 wire] G-10 W (3 wire)
10-36VDC 13- 30VDC 13— 30VDC
Differentisl

Protected against supply voltage reversal up o 50V

-5 mbar; 0-10 mbar; 0-20 mbar; 0-50 mbar; 0-100 mbar; 0-250 mbar; 0-500 mibar; 0-1,000 mbar [other options
available]

-2 inH20; O-4 inH20; 0-8 inH20; 0-10 inH20; 0-1 2 inH20; 0-20 inH20; 0-1 psi; 0-1.5 pai; 0-3 pst; 04 psi; 0-75 psi; 0-15
psi [other options avislsbls)

25 mibar max. for ranges 0-5 mibar to 0-10 mbar; 200 mbar max. for ranges 0-20 mbar to 0-100 mbar; 1,200 mibar
sk for ranges 0-150 mbar ta 0-1,000 mbar

375 mbar egual to both ports for ranges 0-5 to 0-10 mibar; 2 bar max. egual to both ports for ranges 0-20 mbar to
0-1,000 mibar

4-20 mA: BL < [UB - 13W]/ 20 mA (=g with supply voltage (U8} of 36V, mex load (RL) is 11500

= 203 % of span BF5L

+1.0% F5 at room temperature 5% F5 (approe ) sdjustment vis trimming potentiometers located beneath the
endosure lid

-20"C to +70 *C (4 °F to +158 *F)

=20 "Cto +70 °C (4 °F to +158 °F)
+5 °C to +40 °C (+41 F to + 104°F) Aecommended Bast Practics

2 (% F5 total error band for -20 °C to +70 "C. Typical thermal zem and span cosffickents £0.04% F5/ °C

Ex Il 1 G Ex ia BCT4 Ga [zone 0
Ex il 1 D Ex ia IICT135 °C Da (zone 200 WA
Ex | M 1 Exial Ma [group 1 M1)
Ui= 28V
li=119mA
Pi = 0.65 W
Li=0 pH WA
Ci= T4 nF
Termnperature Range = -20"Cto +70°C
Mo cable length =45m

Emizsions: ENG 1000-6-3; immunity: ENG61000-6-2; Certification: (E Marked
= 100 MO @ 50VDC
1mS
Nicke| plated brass, slicone tubing, silicon disphragm, glass filled polyamide
Maon-corrosive media such as non-lonic fluids, sir and diry gases
4 mm .0 hose [other options available)

Screw terminals for condwctor sizes 0.2-2 mma2 are located beneath the enclosure lid. Cable entry is via IPGE6 cable
gland with compression seal for cable sizes 7-10.5 mm

03 Kg

Figure 41 Datasheet - Protran PR3202



B.6 Orifice plate B = 0.6401

Calculation
Drata shest far wo | By DATE SHEET: 1 oF 1
FLOW ELEMENT SPECH: REV:
JOB W : NTHU
PO, @ NTHU
DATE : 14042008 CHK:
BY : LKS APR!
Tag. Mo, FE-DD3-Tilbud Eq./Line Ma.
Service Flowsheet
Manu. AUTEK Badel Ma. FEOR-010
ELEMEMNT DATA Edermert Type Owrilice Plate-Standard
Press. Tap Loc. | Type . Upstream ! Cormer
Elernart Matesial 304 55
Beta Raliod/D) 0,640
Elarmert Bore 160.01BD it
Thickness 0,0000 mmm
SIZING CRITERILA Sizing Madea Exacl Bore
Refarence IS0 5167-2003
FIFING DATA Flange 150% ! RF
Pipe Size & SCH
Pipe 1.0, 250,0000 —
Flamge Material 304 85
Pipe Material 316 55
COEFFICIENTS Discharge Coefl.(C) 0,605 User Factor (Fuser) © 1,000
Gas Expan. Coefl{¥1) 0,922 Murdock Wed Gas Factor (Fx)
Reynoids Mo (Pipe) 843052 92 Welosity of Approach Factor (Ev) - 1,006
Reynoids No.[Bore) 131712215 Reyreolds Mo [Pipe - Nomal) o TIEI10
PROCESS DATA Basa Maximum Flow Normal Flow Property Method
Flow Rate 3.00 kgisec
Diff. Pressure 250,00 millibar
Prassure Loss 146,09 millibar
Staflic Pressure 1,00 Bar
Base Prassure
Tedmparature 20,00 DEG C
Density 1,18 kg'md Redich-Kwong
Spec. Gravity
Z-Comprassibility Factor 0,999
Vigcosity 0,02 = User nput
k-Facior {CpiCv) : 1,4016 Redich-Kwong Equation
Flusd Masme [ Fluid Stabe © e ! Gas
Liquid Density
Gas Ouality
UMCERTAINTY DATA Uncanainty in Flow Rale
in Discharge Coefl. D,5T%
in Expansion Fachor #),EX%
in Prirnary Diarmsabar #0,05%
in Pipe Diarmeter +0,30°%
in Dersity
in Pressune
Mobes:
JIAUTEK

This report crealed by Fiowel 4.0

PRINTED:22.08.2008 09:48:08

Figure 42 Datasheet - Orifice plate f = 0.6401




B.7 Orifice plate B = 0.4018

Cabcul ation
Data sheel far no | By DATE SHEET: 1 aF 1
FLOW ELEMENT SPECH: REV: D1
JOB M : NTHU
F.O. @ NTHNU
DATE : 14042008 CHE:
BY LKS APR:
Tag. Nao. FE-003-Tilbud Eq.Line Ma.
Service Flowshaeal
Manud. AUTEK Madal Ma. FEOR-010
ELEMENT DATA Ederniant Type Orifice Plate-Standard
Press. Tap Loc. | Type ¢ Upstraam ! Cormer
Ebermart Matesial 304 35
Beta RaliofdD) 0,401
Elernearnt Bare 100 4458 mim
Thickness 00000 i
SIZING CRITERLA Sizing Maode Exact Differantial
Refarence 130 5167-2003
PIPING DATA Flange 1504 ! RF
Fipe Siza & SCH
Pipe 1.0 250,0000 -
Flange Material 04 53
Pipe Material 316 55
COEFFICIEMTS D|5d'lﬂr¥ CI:IEH.‘C:I 0,603 User Factor iFl.IS-IH':I 1,000
Gas Expan. Coeff (Y1) 0,988 Murdock Wel Gas Facior (Fx)
Reynolds Mo (Pipe) 140508 82 Welocity of Approach Factor (Ev) 1,013
Reynolds No.(Bore) 34971289 Reynolds Mo (Pipe - Normal) TIE110
PROCESS DATA Base Maximum Flow Normal Flow FProperty Method
Flow Rate 0,50 hgisec
Diff. Pressure 45,98 millibar
Pressure Loss 37,76 millibar
Stafic Pressure 1,00 Bar
Base Pressure
Tesmperature 20,00 DEGC
Diensity 1,19 Kg/m3 Redich-Hwong
Spec. Gravity
Z-Compressibility Factor 0,999
Viscosity 0,02 eP User Input
k-Factor {Cp/Cv) 14016 Redich-Kwong Equation
Flusd MNarme § Fluid State Adir ! Gas
Liguid Density
Gas Quality
UNCERTAINTY DATA Unicerainly in Flow Rate
in Discharge Coefl. 0,500
in Expansion Facior #,11%
in Prirmary Diarmebar #,05%
in Pipe Diarmster #0,30°%
in Dersity
in Pressure
Mabes .

JIHAUTEK

HWWALTEKNG

This report crealed by Flowel 4.0
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C Sensitivity coefficients
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D Uncertainty analysis

D.1 LD300 D-1

The same procedure is used as in chapter 5 in terms of stability and temperature effect. With an

intended span equal 50 mbar and URL equal 50 mbar. The datasheet is listed in Appendix B.4.

1. Pressure transmitter uncertainty, W(AP . qnsmitter):

0.00075-50

u(ApTransmitter) = f = 0.019 mbar

2. Stability, w(APgqpiity):

~ [(0.002-50)]
u(APStability) N 0.050 mbar

3. Temperature effect, u(AﬁTempertature effect):

_ [0.0008 - 50 +0.0005 - 50) %]
u(APTemperature effect) = > = 0.008 mbar

Table 16 Uncertainty budget - DP transmitter LD300 D-1

Input uncertainty Combined uncertainty
Source Expanded Confidence | Con. | Standard Sens. | Variance
uncertainty | level factor | uncertainty | coeff.
k
Transmitter | 0.038 mbar | 95 % 2 0.019mbar |1 3.52:10* (mbar)?
uncertainty
Stability 0.100 mbar | 95% 2 0.050 mbar | 1 0.003 (mbar)?
Temperature | 0.016 mbar | 95 % 2 0.008 mbar |1 6.60-10” (mbar)?
effect
Static Eliminated | 95 % 2 - 1 -
pressure when
effects installed
Sum of variance uZ(AP) 0.003 mbar
Combined standard uncertainty u.(AP) 0.055 mbar
Expanded uncertainty (95 % confidence level, k = 2) U(AP) 0.110 mbar
Operating DP AP X
Relative expanded uncertainty (95 % confidence level) U(AP)/AP 0.110 mbar/X




D.2 LD300 D-0

The same procedure is used as in chapter 5 in terms of stability and temperature effect. With an

intended span equal 10 mbar and URL equal 10 mbar. The datasheet is listed in Appendix B.4.
1. Pressure transmitter uncertainty, W(AP,,gnsmitter):

0.001-10

> = 0.005 mbar

u(APTransmitter) =
2. Stability, w(APgqpitity):

[(0.002 - 10)]

> = 0.010 mbar

u(ApStability) =

3. Temperature effect, W(APrempertature effect):

[(0.0015 .10 + 0.0005 - 10) -i]
5 _ 20
u(APTemperature effect) = >

= 0.003 mbar

Table 17 Uncertainty budget - DP transmitter LD300 D-0

Input uncertainty Combined uncertainty
Source Expanded Confidence | Con. | Standard Sens. | Variance
uncertainty | level factor | uncertainty | coeff.
k
Transmitter | 0.010 mbar | 95 % 2 0.005mbar |1 2.50-10° (mbar)?
uncertainty
Stability 0.020 mbar | 95% 2 0.010 mbar |1 1.00-10* (mbar)?
Temperature | 0.005 mbar | 95 % 2 0.003 mbar |1 6.25-10° (mbar)?
effect
Static Eliminated | - 2 - 1 -
pressure when
effects installed
Sum of variance u2(AP) 1.31-10* mbar
Combined standard uncertainty uC(AP) 0.012 mbar
Expanded uncertainty (95 % confidence level, k = 2) U(AP) 0.024 mbar
Operating DP AP X
Relative expanded uncertainty (95 % confidence level) U(AP)/AP 0.024 mbar/X

Xi



D.3 Protran PR3202

With an intended full scale (FS) of 50 mbar. The datasheet is listed in Appendix B.5.

1. Pressure transmitter uncertainty, W(AP ;- qnsmitter):

u(pTransmitter) =

2. Temperature effect, W(APrempertature effect):

u(PTemperature effect) =

2

Table 18 Uncertainty budget - DP transmitter Protran PR3202

0.003-50

— = 0.075 mbar
0.0004-50-5
—— = 0.05 mbar

Input uncertainty Combined uncertainty
Source Expanded | Confidence | Con. | Standard Sens. | Variance
uncertainty | level factor | uncertainty | coeff.
k
Transmitter | 0.150 mbar | 95 % 2 0.075 mbar | 1 0.005 (mbar)?
uncertainty
Temperature | 0.100 mbar | 95 % 2 0.050 mbar | - 0.003 (mbar)?
effect
Zero offset Eliminated | 95 % 2 - 1 -
and span when
tolarance installed
Sum of variance u2(AP) 0.008 mbar
Combined standard uncertainty u.(AP) 0.090 mbar
Expanded uncertainty (95 % confidence level, k=2)  U(AP) 0.180 mbar
Operating DP AP X
Relative expanded uncertainty (95 % confidence level) U(AP)/AP 0.180 mbar/X

Xii
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