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The objectives of the project has been

to

investigate the correlation between com-

plexity and accuracy when calculating the

gas pressure and temperature in a hy-

draulic accumulator using a number of d

ferent real gas models. A literature sur-

vey has been carried out to identify su

f-

t-

able models. Five models was identified
together with the ideal gas equation. The

models was ranging in complexity from

4

constants to 32 constants. The models was

validated in two test rigs with varying ag
cumulator sizes.

No clear conclusions could be drawn for

the gas temperature due to insufficie
measuring equipment. Nor could any cle

nt
ar

conclusions regarding pressure be made

for the large accumulator as problems ¢

cur during the test runs. But for the small

C-

accumulator a clear tendency could be ¢b-

serve. Based on this it is recommended
use Van der Waals equation of state {

to
or

normal and warm ambient temperatures.
For cold ambient temperatures it is recom-
mended to use Beattie-Bridgeman equa-

tion of state. The both shows very very g

C-

curate results with differences of some few

percent.




Preface

This report documents the Master Thesis written by JeppevdduLarsen. The project
followings the study regulations for 10th semester in Etedllechanical Systems Design
at Aalborg University. The project is titled Validation diuof real gas models.

The purpose of the project is to study a number of differend@f®to calculate the pres-
sure and temperature in a gas and to compare them with daturedan a test rig.

The project is devised by instructions of Professor Torbel\@ernsen and Associate
Professor Henrik C. Pedersen.

The author would like thank Peter Windfeld Rasmussen, FatmSEnergy for outstand-
ing support and guidance throughout the project.

Cite references are made by the Harvard method with [Authar, page reference]. More
detailed information about the sources are located in tleearce list of literature placed
at the back of the report.

The project is documented through a main report and a sepefrajices. The main report
can be read as a self-contained work, but is supported byndp@s containing more
derivations, describtion of the test rig and experimengglorts. Enclosed in the main
report is a CD containing main report, data sheets, to theaestteey have been available,
program code, SIMULINK models and additional information.

Jeppe Mulvad Larsen
Aalborg University
February 8th, 2010
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Executive Summary

The objectives of the project have been to investigate tmeekedion between complexity and accuracy
when calculating the gas pressure and gas temperature urautig accumulator for a number of real gas
models. The problem thesis of the projectNihat mathematical model describes the gas pressure during a
cycle in a hydraulic accumulator most precisely, when caommgeaccuracy with complexitgnd this will be
studied throughout the report which the following chapt@rse project have been performed in cooperation
with Fritz Schur Energy.

In the first chapter of the project the results of a literatuevey are presented. This survey have been carried
out to identify which real gas models that should be usedeénpttoject. In total five real gas models was
selected together with the ideal gas model. The five real gakets are; Van der Waals, Beattie-Bridgeman,
Benedicte-Webb-Rubin, Jacobsen & Stewart and Benderieguatstate. They range in complexity with
three, six, nine, 20 and 33 constants respectively wherieléat gas model only have one.

To validate the models two test rig where developed and nedd@lhe difference between the two test rigs
was the size of the accumulator. The next five chapters ingihert are presenting the models. In total four
models was presented, namely a mechanical, a hydraulis prgasure and a gas temperature model. The
first two was not of big interest of the project which is whyyHgave only been given little focus. The
third model, the gas pressure model, was based on theliterstirvey. The last model, the gas temperature
model, was based on an energy balance for the gas side ofdhmalator. It turned out that this balance
was a function of among others the pressure of the gas, wksahdy in total six sub models was produced.

Above part is followed by two chapter dealing with test valés and the test schedule. A discussion about
what variable should be working as the reference is predefte the small accumulator the position should
work as the reference signal. In this way there will be toteitool of the volume of the accumulator, which
is beneficial due to some sub experiments that should berpestb Furthermore the chapter describe at
what temperatures the test runs should be performed. Témggeratures was chosen, namely 260 Kelvin,
300 Kelvin and 350 Kelvin. The latter chapter presents atédt schedule to be followed during the test
runs.

Finally four chapters presents the outcome from a numbealadations. Firstly the test rig itself are vali-
dated to determine the variability. This gives an picturb@# reliable the measure data is. The conclusion
was that the test rig has a very low variability. Secondlyrgslt from the experiment for determining the
thermal time constant was presented. The thermal time&otista measure for how fast the pressure drops
when the accumulator is exposed to a step change is voluneeprBlssure drops because the temperature
drops as it interacts with the surround air. Finally two dieappresents the outcome from the validation of
the models found in the literature survey.

Some problems with the test rig has unfortunately resuligtoblems with drawing clear conclusions for
the temperature models and the large accumulator. But éosihall accumulator it is clear to see, that
the Van der Waals equation of state is the most precise fonalcgind warm ambient temperature ranging
from 300 Kelvin to 350 Kelvin. No significant differences wasbe found when comparing pressures.
Furthermore it turned out that for cold ambient temperatutiee Van der Waals equation of state was not
the best equation to use. In this case the Beattie-Bridgeagaation of state was recommended. It should
be mentioned that the large accumulator showed a tendeatgulpports the conclusion that the same is
valed for the large accumulator as for the small. Finalljaligh no clear conclusions can be made for the
temperature model, it is also assumed that the same comadusie valid for this as well. This is assumed as
the temperature and pressure models are closely linkedhahthe approach for calculating the temperature
are supported by other sources.
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The project has therefore shown that it is not necessary d¢oves/ complex models to obtain accurate
results when calculating the pressure in a hydraulic actatow The opposite has actually shown to be
the case, namely that the least complex real gas model¢a@sulthe most accurate results. The above is
valid for temperatures ranges from 260 Kelvin to 350 Kelypirecharge pressures from 50 bar to 150 bar,
maximum pressures of 250 bar and minimum pressures of 40 bar.



Introduction

Today hydraulic accumulators are used in a vast number afaljid systems such as in the landing gear
of an aeroplane, in the pitch control system of a wind turhiméydraulic cranes, in suspension systems of
vehicles and much more. The accumulator can work either atetyslevice engaging when the pressure
in the system is not sufficient (e.g. when the power pack ifunationing) or it can smoothen out any
pressure peaks or drops that may occur in a hydraulic sy3teenaccumulator works as an energy storing
device (like a battery) where hydraulic fluid is stored ungi&ssure. The energy is supplied to the system
when the oil pressure drops to below the pressure of the adaton As the applications for hydraulic
accumulators are diverse, the environments that the adatonshould work in are equally diverse meaning
that an accumulator should work in temperatures ranging feqg. -25C to 60°C and also in off-shore
conditions/[Rasmussen, 2009]

The accumulator consists of two sides, hamely the oil sidketha gas side. The two sides are separated
from each other by either a piston, a bladder or diaphragre.gds side acts as a spring on the oil side,
storing and delivering energy to the hydraulic system whegeded. In fact the gas side can also be fitted
with a spring. The normal gas to use in a accumulator is néndgecause it is cheap and inert. Other gas
types like argon and helium can although also be used, bhtdfdhem have some disadvantages, e.g. a
high price [Pourmovahed, 1993]

When the accumulator is used as a safety device it is cru@aliie engineer is able to size it correctly.
Something that have caused many problems over time. Yearthagas in the accumulator was assumed
to be ideal, making it very easy to calculate the gas proggerbut this have in many cases also shown to
result in large errors[Pourmovahed and Qtis, 1985]. In the ohapter a small example are made to shown
the difference when using different models.

The project will deal with this problem, by presenting a nemaf mathematical models that describes a gas
under pressure i.e. the gas side of the accumulator. Thelsnadebe identified through a comprehensive
literature review. A hydraulic system involving a hydrausiccumulator of the piston-type will be modeled
and simulated using the identified models. The results oktmeilations will be evaluated against a full
scale test setup, with multiple accumulator sizes and fardift pressures and temperatures. The result will
be presented and compared based on complexity and acceinaaly a user-friendly model adjustable for
other sizes of piston type accumulators should be produced.

The above leads to the following problem statement

2.1 Problem statement

What mathematical model describes the gas pressure duriygla in a hydraulic accumulator most
precisely, when comparing accuracy with complexity.

The statement leads to the following sub questions, thatitibe addressed in the report:

e Which models should be included in the comparison?

e How are the gas temperature calculated?

e At what gas temperature, ambient temperature and pressa¢ise models valid to use?
e Is the accuracy of a model proportional to the complexity?

-3-
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Why this study?

As mentioned in the introduction it is often crucial to beeatd calculate the right pressure when designing
accumulators. The differences between using differentcgmies are shown in the following example.

Scope

Assuming that in a wind turbine five hydraulic accumulatashewith a volume of 20 liters are installed
for every wing. The accumulators are used when the emerg&ogyis engaged and should supply two
hydraulic pistons g125mm with enough oil so that the pis@mesmoved 600mm in 10 seconds witch is
equal to 15 liters of oil. The accumulators each have a prgeharessure of 100 bar, the system have a
maximum pressure of 200 bar and the final pressure should fienomn 150 bar. The temperature is 300
Kelvin and only the final pressures are of interest.

The process can be divided into three different parts, namel

1. Before pressurizing the system
The volume of the gas is 20 liters and the pressure is 100 bar

2. During normal operation
The pressure will be 200 bar and the volume is unknown

3. When emergency stop is engaged
The pressure should be minimum 150 bar and the volume areaises with three liters per accu-
mulator compared with normal operation

Isothermal

Using this approach the following equation should be used:

p1Vi = p2Va (3.1)

Ideal gas equation

The ideal gas equation are given with[Cengel and Turnerl 2(339)]

pv = RT 3.2)

Van der Waals

Finally a simple real gas model is used, namely the Van detd/égaation of state. This is given by[Cengel and Turner,
2001, (3-21)]

(p n %) (v—1b) = RT (3.3)
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and
2TR2T? RT,
=———c b= —= 3.4
64pcr 8pcr ( )
27. (296 79 [P‘””SDQ (126.2 [K])? 206.79 [Pa‘m"’} -126.2 [K]
_ : kg-K . _ . kg-K . (3 5)
64 - 3.39 - 106[Pa] 8 -3.39 - 106[Pal '
Pa-mS m3
=174.58 | ——— =1.38-107% | — .
7 58[ i } 38-10 {kg} (3.6)
Results
The results of the calculations are presented in Table 3.1
Model Part 1 Part 2 Part 3
p[bar] | V[m?3] | p[bar] | V[m?3] | p[bar] | V[m?3]
Isothermal 100 | 0.0200| 200 | 0.0100| 154 | 0.0130
Ideal gas equation 100 | 0.0200| 200 | 0.0076| 138 | 0.0106
Van der Waals 100 0.0200| 200 0.0076 | 142 0.0106

Table 3.1: Results for three different pressure calculations

As seen the result differs significant and for this case i &lave quite an substantial effect on the final
result. If the first calculation methods was used, the resoiltld yield that a pressure of more then 150 bar
was archived when the hydraulic pistons was moved 600mmu&ng the more correct ideal gas equation
the result yields only 138 bar. Finally the Van der Waals ¢éigueof state yield 142 bar, which must be

considered to be the most accurate of the methods.

The above example shown the importens of using the right leedeen designing hydraulic accumulators.
Otherwise essential pressure might not be reached.



Method

This chapter will explain how the writer has approached thggxt in relation to gaining information about
the topic. A combination of different methods to obtain Kedge has be used in the project. They will all
be presented in the chapter. But first an explanation will veig for how the project has been approached
holistically.

4.1 Using models to simulate the real world

The scope of the project is to come up with a number of mathealanhodels that describe hydraulic
accumulators in some given conditions. Models are ofted byeengineers and scientists in the approach
to understand the theory behind a given problem, althoughuttage of the models differ between the
sciences.

There are basically two types of models; namely analyticad@bs and empirical models. Empirical models
can give an output based on an input, but it normally can fiargthing about the system in between. The
analytical model on the other hand is based on mathematiodéls giving an insight in the system in all

details (a scientific approach). The later model will be usdtlis project, even though a problem with this
approach can be that some systems are very complex to desuaihematically. Therefore it is sometime
useful to simplify the system, although this method will betused initially in this project. Later the project
analysis might show that some simplification is in order (agrengineering approach)[Thurén, 2006].

All analytical models are build using the hypothetical-detive method where a hypothesis will be outlined
and a deductive conclusion will be drawn. The hypothesisiéh tcompared with the real system (the
empirical model), meaning that the model of the system valcbmpared with the real system. Based on
this inductive conclusions will be drawn and a final model wé presented.

4.2 Interviews

As an introduction to the project and the problems involuethgerview was carried out with Peter Windfeld
Rasmussen at Fritz Schur Teknik[Rasmussen,|2009]. Norraalinterview is characterized by flexibility
and no fixed rules are to be found although some guidelinesvarkable. To structure at least the beginning
of the interview a couple of questions were prepared. Thaniian with the questions was simply to make
sure that a thorough introduction to the project was givamther reason for asking the questions was to
ensure the objectives the company and the writer had to thjeqtiwere aligned. The questions are stated
below with a short explanation.

e What the company is producing and to whom
The question is not essential to the project, but will givevadjinsight in the products.

e Where the component in question (hydraulic accumulatoryseel and for what purpose
To get knowledge about the hydraulic accumulators in gaesind what performance is should
deliver.

e What conditions the component is working under
To get information about at what pressure and temperateredimponent should work under.

-7 -
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e What kind of test rig should be used for the project
To get knowledge about any components in the system thatdsheuncluded in the model.

The interview was, especially in the beginning, charazéetiby the interviewed person explaining about
the project together with the company and thereby unirgeatianswering many of the questions. Not until
the end of the interview the interviewer asked specific qoest Peter Windfeld Rasmussen will be used
throughout the project for clarification and informal intienws.

4.3 Literature review

A comprehensive literature review has been performed \Wwélobjective to obtain a large degree of knowl-
edge about the topic namely hydraulic accumulators and biediaviors together with any relevant topics.
The literature review can be divide into two sources botiedi$elow.

1. Text books

2. Scientific articles and ph.d. thesis
In the following it will be described how the objective of tliierature review has been achieved, that is how
to obtain a large degree of knowledge about the topic. THeviolg sections also presents the two sources

more thoroughly including a description of actions to find tight information. A description of how the
correctness of the information will be evaluated is alsduded.

4.3.1 Textbooks

Criteria for evaluation of correctness

Preferable only text books used in the teaching at Aalborgeysity will be used as these are all assumed
reliable sources. If a text book not used for teaching, isl@sea reference in the project, this will clearly be
stated in the bibliography including a note explaining whig tsource is assumed reliable. Criteria for this
evaluation could be recommendation from scientists, eggor other persons with knowledge within the
topic. Another criteria could be many references to the bodcientific articles or books.

Procedure for obtaining the literature

Text books are found either at Aalborg University Libraryabthe writers private book collection.

4.3.2 Scientific articles and ph.d. thesis

Criteria for evaluation of correctness

No fixed rules for how to evaluate the correctness of an articlthesis are used. But in general if an
article is published in a journal, at a conference or sintHararticle is considered reliable. The reliability is
supported if the article is cited in other articles or bodkisernatively the author of an article should have
published a number of articles of which some of them coulddresiclered high standing. The evaluation
must be made on a case-by-case basis.

-8-
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Procedure for obtaining the literature

The majority of the literature used in the project are sdiienarticles. The main database for searching
information was the Digital Article Database Service (DADfcessed via Aalborg University Library.
The database contains both articles and journals withensiéic fields as e.g. engineering. For the initial
review about hydraulic accumulators, a number of text girihave been used for searching. They are all
listed in Tabld 4.1l. In the same table the number of artialethé search results are listed. To make sure
that as many articles as possible were found, other datalbage also used. That is Artikelbasen.dk (AB),

Cambridge Scientific Abstracts (CSA) and Web of Science (WdBey are all also accessed via Aalborg
University Library.

Text string Search result

(DADS) (AB) (CSA) (WoS)
Hydraulic accumulator 121 0 15 115
Hydraulisk akkumulator (Danish) 0 1 0 0
Hydrospeicher (German) 21 0 0 0
Modelling hydraulic accumulator 0 0 0 7
Modellering hydraulisk akkumulator (Danish) 0 0 0 0
Modellierung hydrospeicher (German) 0 0 0 0
Hydropneumatic accumulators 27 0 0 4

Table 4.1: Text strings used for searching for articles in a number of databases.

Approximately 15 articles were selected for further stadyiOnly one was selected[Pourmovahed and Otis,
1990] from these. The rest was rejected mainly because tideyadl focus on modeling of hydraulic ac-
cumulators and the mathematics involved, but more on exipigiwhat accumulators could be used for
and the advantages and disadvantages with such. Thirdlg sbthem focused on implementing hydraulic
accumulators in vehicles, without presenting useful matitéal information.

The references for the selected article were then studieéd ammber of articles were found and evaluated.
One of these was of interest for the project[Pourmovahedisgi1985]. In the reference of this article
another article was found to be of interest[Citis, 1974].

Besides the scientific articles two ph.d. thesis’ were attiers disposal[Rupprecht, 1988] and [Rotthduser,
1993]. The thesis’ was provided by Peter Windfeld Rasmussen

To give an overview of the literature found, a flowchart iswhon Figurd4.1. The chart shows the refer-
ences between the articles and thesis together with a neteydfitations of the article in other references.
The arrows are pointing to the article/thesis that are refeto. For comparison a search has been per-
formed on the Internet (www.google.com) on all the articled thesis. The search result is also shown in

Figure[4.1.

4.4 Summary

Based on the literature review some initial conclusionsidbgdraulic accumulators can be drawn. In many
years when sizing accumulators it was assumed that the hasdxtideally. (Please see Secfion 4.1.1 for
an explanation and definition of an ideal gas). But with terapges of some 200 K and pressures up to 200
bar, the gas is not suitable to be treated as an ideal gasgBoiwill result in large errors. Another problem
occurs if the process is assumed to be a isothermal prod¢eks. Jolume change is fast, the temperature
in the gas will not have time to interact with the ambient tengpure and the temperature will therefore
change. This can be seen in Figurd 4.2 which is a history ofegaperatureTy,, volume,V, pressurep

-9-
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Pourmovahed and

Otis, 1974 Otis, 1985
1 hit[Google] 6 citations[WoS]
0 hits[Google]

Pourmovahed and
Otis, 1990

1 citations[WoS]
6 hits[Google]

Rupprect, 1988
0 hits[Google]

Rotthauser, 1993
9 hits[Google]

Figure 4.1: Diagram showing the references between articles and thesis. Arrows pointing to the article/thesis that are
referred to.

and wall temperaturd,,,, for a piston-type accumulator exposed to a fast volumeghagrrors also occur
if the process is assumed to be adiabatic or polytropic.

100.5°C

Tqus\
33.3°C

2500 30 sec

_

1.4882

110.9 var,0

33°C
52bar,a

TIME

Figure 4.2: Gas temperature, Tyq5, volume, V, pressure, p and wall temperature, T, history for piston-type accumu-
lator exposed to a fast volume change|Pourmovahed and Otig, 11990].

To calculate the pressure and temperature of a gas othevambyas must be used. In Chapler 7 a number of
equations are presented, of which some of them have showaeeurate results, also at high pressures and
low temperatures. Focus in this project will therefore beatrulate the temperature and to find a suitable
equation to calculate the pressure.

-10 -



Nonlinear model

In this chapter the nonlinear model is presented. Firstly structure of model will be described following
by a brief note on assumptions. In the following chapteratiaal equations will be presented. In Appendix
a description of how the equations are implemented in SINMWLare to be found.

In ChapteiA is a thorough description of the test rig thal W modeled in the following chapters. In
Figure[5.1 is a sketch of the hydraulic system.

CTTTTTTTTTTTT Valve
Accumulator
@ —— '
1 HIH | L

b e =

Figure 5.1: The hydraulic diagram showing the components of the system

5.1 The structure of the model

The model is structured as sketched in Fiduré 5.2. It canefstix blocks each representing one part of the
system.

The hydraulic part of the model is fairly simple and is to berfd in Chapteltl6. The more interesting parts
of the model, as regard to the objective of the project, iscieulation of the gas temperature and the gas
pressure. The first one is elaborated in Chddter 8 and tlee iat€Chaptek]7.

5.2 Assumptions

The following assumptions are used in building the model.

e Constant supply pressure
The supply pressurg,, is maintained at a constant pressure.

e Constant tank pressure
The pressure in the tank;, .., is maintained at a contact pressure, namely 1 atm.

e Constant pressure drop in filter
The pressure drop in the filtgrs;;..., is maintained at a constant value.

e Using the orifice to model the valve
The valve is assumed to bed an orifice and is therefore modsiad the orifice equation.

-11 -
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Valve o
: Accumulator, oil side
Dynamic Flow
Lerror U’u > Uv Qoil - Qoil
> Poi
> Poil = x
Mechanical Accumulator, gas side
echanica Temperature Pressure
. a» >z T > T
o Poil
T Pgas
> P _
e Terror T

Figure 5.2: Sketch of model to simulate the hydraulic system

e Bulk modulus is constant throughout the cylinders
Bulk modulus could be modeled as functions of the pressurethe expected gain is considered
insignificant.

All other constants and parameters are calculated anddedlin the project. Simulations and experiments
although might show that some of them have very low influentéhe system and that they may be ne-
glected. If this is the case this will be mentioned later ia taport.

-12 -



Hydraulic and mechanical
model

The chapter will deal with the hydraulic part of the modeleTdhapter is divided into two parts.

The first part of this chapter will present the equations desg the hydraulic part of the model. After this
a section with a description of how the equations have begfemmented in MATLAB/SIMULINK are to
be found.

6.1 Equations

6.1.1 Mechanical

The only mechanical part of the system to be modeled is thealid accumulator, more precisely the
piston. In Figuré 611 a free body diagram of the part is sketichn the same figure some constants are
shown on the accumulator.

ma
mo Doil Aoil Agas Pgas
Foil I > -
: Fgas
Ffric
Yy
r —p
x
Figure 6.1: LEFT: Some constants on the accumulator. RIGHT: Free body diagram of the hydraulic accumulator
The mechanical part is modeled using Newtons 2. law, namely
Z F=ma (6.1)
Applying this on the system yields
Foy — Fgas - Ffric = (ml + mZ)x (62)
Foi _Fas_Fric
=0t g ! (6.3)
mi + mo
Foi _Fas_Fric
i= / L9 Iric gt (6.4)
my + ma
Foi _Fas_Fric
T = // L— "9 I"ic dtdt (6.5)
mi + ma
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whereF,;; is the force produced by the oil pressure on the pistgn, is the force produced by the gas
pressure on the pistoity,,. is the force produced by the friction between the piston &edaccumulator
walls,m; is the mass of the piston and, is the mass of a small rod connected to the piston used faiquosi
measuring. The rod will not be present in a normal accumuldtee friction coefficient is assumed to be
coulomb friction with a value of 1000.

6.1.2 Dynamic of the valve

Based on the frequency characteristics in the data shesmeendiXN.R, the dynamic of the valve can be
modeled using a 2. order transfer function showii_in] (6.63i@x2001, (5-9)]

1
152+5—<5+1

Wn,

U, = (6.6)

The frequencyw,,, can be read in the frequency response curve in the data she¥¥ phase lag and
+90% command signal to be 140 Hz. The dampifigs calculated using the expression showr[inl(6.7)
where( is isolated[Ogata, 2001].

¢=—tan™' | — (6.7)

—tan (¢) = ——"— (6.8)

¢= = (6.9)

Four values ofv and the corresponding phase lag are read in the frequermmynss curve and the damping
is calculated. The values and the corresponding resultbifoare
Cw=50,4=—26 = 0.596
Cw=70,¢=—44.5 = 0.737
Cw=100,p=—66 = 0.770

¢=0.701
Applying the calculated values o (6.6) yields
1
Uy = 1 2 2-0.701 u (6.10)
350-2| rad] 87+ 350-2m | rad | s+1

s s

6.1.3 Flow through the valve

The flow through the valve in the system is modeled using thie@equation[Andersen and Hansen, 2003,
Eq. 2.34] as shown in(6.11).

Q = Cado %ma (6.11)
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which is rewritten to

Q=K+\/Ap (6.12)

where K describes the flow as a function of the voltage. An esgion for the flow should be made. As
seen in the data sheet for the valve, the flow is not linearhAdégree polynomial curve has therefore been
fitted to the flow curve. The expression for the polynomialetis

Q(U,) = clU + U2 + c3U2 + c4U} + ¢5 (6.13)

where
1 =1.711-10"% ¢y = —6.2408 - 10~ ";¢5 = 4.7339 - 107 %, ¢4 = 3.9433-107%;¢5 = 0

The polynomial is divided by the square root of the nominakgure, yielding

K = A% (6.14)

V pTL()’VVL

6.1.4 Oil pressure

The hydraulic side of the accumulator is modeled using thevlEbntinuity equation[Andersen and Harisen,
2003, Eg. 3.5] as shown in{6]15).

av.VdP

Qin - Qout = E + EE (615)
Applying this on the system yields
dx Vhose + Aoil * T dp
oit = Aot~ + ——— — ea 6.16
Qoil it 3 T Qleak (6.16)
Vi ose Aoi : .
R (6.17)
. (Qoil - Aoil T — Qleak) B
= 6.18
P Vhose + Aoil -z ( )
(Qoil - Aoil T — Qleak) ﬁ
oil = dt 6.19
Poit / Vhose + Aoit - ( )
(6.20)

6.2 Implementing in SIMULINK

Please refer to Appendix B.1 for description of how the eigmatare implemented in SIMULINK.

6.3 Summery

The chapter presented a model of the hydraulic and mechaidaof the test rig, namely the valve and
the oil side of the accumulator including the accumulatstgsi. Basic modeling theory has been used and
good accuracy is expected. The model will be validated afj@ocumulator #1. Later in the project the
model will be used to simulate accumulator #2.
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Gas pressure model

This chapter will describe the different equations chosecalculate the gas pressure in the model. In the
end of the chapter a description of how the equations have lmeplemented in MATLAB/SIMULINK are
to be found.

A number of different equations are chosen to calculate ésepgessure in the accumulator. The equations,
that all relates pressure, temperature and specific volara@|so called "equations of state"[Cengel and Turner,
2001, page 96]. They range from very simple equations withd@nstants to very complex equations with

a large number of constants. In the following they are alspreed with an explanation of why they are
included in the project and how they are implemented in SIMUK It is the scope of this project to
study the accuracy of the equations. Some results are glhalready available. In Figuke 7.1 is shown the
percentage of error in specific volume for three differentagipns of state for nitrogen.

Error in specific volume @ 250 K Error in specific volume @ 300 K

X Van der Waals
O  Beattie-Bridgeman
*  Benedicte-Webb-Rubin

X Van der Waals
O  Beattie-Bridgeman
*  Benedicte-Webb-Rubin

Procentage of error
w
Procentage of error
w

2t M = 2,20 [m/kmol] @ 1 MPa 1 2t « M =2,00 [m¥kmol] @ 1 MPa
MQ = 1,20 [mg/kmol] @ 2 MPa MQ = 1,50 [mg/kmou @ 2 MPa
M = 0,50 [m“/kmol] @ 4 MPa MM = 0,60 [malkmol] @ 4 MPa
% My =0,20 [rrg /kmol] @ 10 MPa M = 0,25 [mslkmol] @ 10 MPa
1r M& = 0,10 [m°/kmol] @ 20 MPa 1 1Fr X M = 0,13 [m°/kmol] @ 20 MPa
X % X
ologe ¢, & ‘ o) ole® @, & ‘ @
0 5 10 15 20 0 5 10 15 20
Pressure [MPa] Pressure [MPa]

Figure 7.1: Percentage of error in specific volume for various equations of state for nitrogen. M -v = © = specific molar
mass|Cengel and Turnel, 12001, Figure 3-62].

It is seen that in general the accuracy is decreasing as €ssyme increases. It is also seen that the more
complex equations of state (Beattie-Brigdeman and Betedliebb-Rubin) are more accurate than the
rather simple equations of state (Van der Waals). But amdstimg observation is, that for 250 K (-23),

Van der Waals equation of state has the highest inaccurd€yMPa after which it becomes more accurate.
But since this pressure is very low compared to normal pressyperience this will not be examined
further.

In this chapter different properties for nitrogen gas haserbused. They are, to give an overview, all listed
in Table[7.1.
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Name Constant Value Unit [Cengel and Turner, 2001]
Critical pressure Der 33.9 [Bar] Table A-1
Critical temperature T., 126.2 [Kelvin) Table A-1
Critical density Der 311.60 kg Table A-1
Molar mass M 28.013-1073 L Table A-1
. a-m3
Universal gas constant R, 8.314 —Lam-__ (3-11)

Table 7.1: Properties for nitrogen gas.

7.1 Equations of state

7.1.1 Ideal gas equation (IGE)

The Ideal gas equation is a very simple equation of statgyusity one constant, namely the Gas constant.
The Ideal gas equation was developed in 1802 by J. Charles &ay-Lussac and is given by[Cengel and Turner,
2001, (3-9)]:

pv = RT (7.2)

wherep is the pressure; is the specific volumeR is the Gas constant arfdis the temperature. As the Gas
constant is different for each gas, it can also be calculayagsing[Cengel and Turner, 2001, (3-10)]:

R,

whereR,, is the universal gas constant aidl is the molar mass which can be calculatedMy= mNn’S ,
whereN is the mole number ane,, is the mass of the gas. Applying (V.2) [0 (7.1) yields
pvM = R, T (7.3)

It is important to mention that the Ideal gas equation is aalyd to use on ideal gases. For nitrogen to be
an ideal gas, one of the following two statement should hbisfeatCengel and Turner, 2001, page 100]:

e The gas should be at very low pressure regardless of teruperat

e The gas should be at high temperature regardless preszaep{(dor very high pressures)

As long as the gas is an ideal gas, the Ideal gas equatioeselat and 7" with an error of less then
1%[Cengel and Turner, 2001, page 97]. Since high temperatod low or high pressure is very different
depending of the gas in question, two normalization exjpwas$iave been developed, namely[Cengel and Turner,
2001, (3-20)]

p T
pCT‘ TCT

PR = (7.4)

where,,. is the critical pressure arif., is the critical temperaturg.g and Ty, is called the reduced pres-
sure and reduced temperature respectively. Definition of v pressure, very high pressure and high
temperature is then given by[Cengel and Turher, 2001, p@gkg 1

Vey low pressurepr < 1
Very high pressurepg > 1
High temperatureTy > 2
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With critical pressure and critical temperature as listedabld 7.1 very low pressure, very high pressure
and high temperature can be defined as
T
P <1 b >1 —_— > 2

pCT’mf,mgen chm‘,tmgen TCTn,q‘,tmgen

p < 33.9[bar] p > 33.9[bar] T > 252.4[K]

For this project temperatures below 250 Kelvin (at low puess) are expected together with pressures well
above 33.9 bar. To account for the effects of not complyinthéodefinitions for an ideal gas a compress-
ibility factor has been developed. This will be explaine®iectiol Z.1R. The Ideal gas equation, as stated
in this section, will be used in the project, but no accuraselts will be expected. The reason for including
the equation in the project, is because of its simplicity i@kt very easy to do initial basic calculations
on a system.

The derivatives of P

The derivatives op with respect to temperatuiis

op R
T o (7.5)

7.1.2 Ideal gas equation including compressibility factor (IGEcomp)

The Ideal gas equation can be modified to take into accouttiteaas is not an ideal gas, but rather a real
gas. This is done by multiplying the right side bf {7.1) witletcompressibility factor Z, yielding:

pv = ZRT (7.6)

poM = ZR,T (7.7)
The factor takes into account any deviations there must Heeifgas is not an ideal gas. In Figlre]7.2
is reproduced experimentally data for primarily nitrogeimen this was possible[Cengel and Turner, 2001,

Figure 5-56]. The Z factor deviates slightly for differertsgs, but in Figurle_4.3 data is shown for Z factors
valid for all gases with good accuracy[Alvarez, 2006, Fegbirl.4-5].

The two figures are consistent with good accuracy. To useetistion of state one must read off the Z
factor for every state that the gas may be in. This makes yt geod to use for static calculations but very
difficult to implement in a simulation as the Z factor will Feto be described mathematically and only be
applied when the gas is not ideal. Therefore the equal wilbeaised in the rest of the project. But it is still

important to mention, that the model has shown good accudcaatatic calculations.

The derivatives ofp

The derivatives op with respect to temperatuiis

dp ZR
T o (7.8)

7.1.3 Van der Waals (VdW)

A second equation to determine the pressure is the Van dds\&g@aation of state which was proposed in
1873 and is given by[Cengel and Turner, 2001, (3-21)]:
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Comparison of Z factors

” T T T
. XX X X X oy ow % x
0.9 ‘
* * % x X * L
0.8 * gk ]
* * * e
N 07F L : * =
. . 1
5 ¥ ok ox % ¥ Lot ;:?
S *
S 0.6 : S .
(o]
z * * * ) //
= * =
T 05f /
g /
2 L * * i _
g 04 x  T,=2.00, Ethane
o
© o3t % TL=150, Nitrogen| | e
% Tg=1.30, Nitrogen
0.2 * TR=1.20, Nitrogen| | o
0.1 * TR=1A10, Nitrogen |
TR:1.00, Water :
0 i i i i n n i S
0 1 2 3 4 5 6 7 - " ==
Reduced pressure, PR R

Figure 7.2: Experimentally obtained Z factors for primarily ~ Figure 7.3: Fitted Z factor curves applicable for all gases

nitrogen. For two reduced temperatures, namely with good accuracy|Alvarez, 2008, Figure 5.1.4-
Tr = 2.00 and T = 1.00, no data for nitrogen 5].
was available]Cengel and Turner, 2001, Figure 5-
56].
a
(p + ﬁ) (v—b) = RT (7.9)

The Van der Waals equation is with its three constants $§ighbre complex than the Ideal gas equa-
tion. The intention with the equation is to take into accouvua effects, namely the intermolecular attrac-
tion forces and the volume occupied by the molecules theraseThe two constants are being calculated
using[Cengel and Turner, 2001, (3-23)]

27TR?TZ RT,,
a=—" b=
64pcr 8pcr

(7.10)

Where R can be replaced Hy (7.2) and the critical temperannlepeessure are given in Talplel7.1. The
universal gas constang,, and the molar masd{/, for nitrogen are also given i Tadle ¥.1. Inserting all
properties in[(7.70) yields the following result for nitemygas

22
_ 2TRT, p— Bler (7.11)
64pcr 8pc7‘
P 2 P
27 . (296.79 [i‘;‘gﬂ) (126.2[K])? 296.79 [it;;ﬂj} -126.2[K]
= = 7.12
64 -3.39 - 105[Pa] 8-3.39 - 10[Pd] (7.12)
6 3
_ 17458 |21 —138-107% |74 (7.13)
kg? kg

The results are confirmed by [Sandri, 1973].

Based on Figure 71.1 no accurate results are expected whemthsi equation at high pressures. The equa-
tion is although still included in the project as it is stiény simple and should give some accurate results
at lower pressures.
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The derivatives ofp

The derivatives op with respect to temperatu@is

@7 R
o wv—b

(7.14)

7.1.4 Beattie-Bridgeman (BB)

One of the first equations of state based on empirical datéhed3eattie-Brigdeman equation. The equation
was proposed in 1928 and is based on five experimentally aotssand the universal gas constant. The
equation is given by[Beattie and Bridgeman, 1928, (1)]

R, T c B A
where
A=A (1 - 2) B =B, (1— b) (7.16)
v v

v Is the specific molar mass calculated with- % and the five constants, b, ¢, Ay and By is for nitrogen
gas given by[Beattie and Bridgeman, 1928, Table 1]
a = 0.02617 b = —0.00691 c=4.20-10%
Ap = 136.2315 By = 0.05046

The above is valid whemp is in kPa, v is in an—L and T is in Kelvin. The constants are verified by
[Cengel and Turner, 2001, Table 3-4].

Despite that the equation is based on experimental cosstians known to be reasonably accurate for
densities up to abowk8p.,., wherep,,. is the critical density[Cengel and Turher, 2001, page 102].

The equation is included in the project as it is one of the rsaple experimentally based equations of
state. The equation can still to some extend be used for makitial calculations. Furthermore studies
showns that the equation yields some quite accurate resitiite deviation of some 0,2% at a temperature
range of 250 K to 300 K and max pressures up to 20 MPa[Cengelamar [ 2001, Figure 3-62]. Other
studies shows an average deviation of 0,19% in a tempernange of 145 K to 673 K and a max pressure
of 21.5 MPa[Beattie and Bridgeman, 1928].

The derivatives ofp

The derivatives op with respect to temperatuiis

dp Ry (T%0+2¢) (v+B)
or T3v3

(7.17)

7.1.5 Benedicte-Webb-Rubin (BWR)

In 1940 the Beattie-Bridgeman equation of state was extehgd&enedicte, Webb and Rubin. They raised
the number of constants to eight plus the Universal gas anhSthe equation is given bhy[Cengel and Turner,
2001, (3-26) and page 102]

GL‘Q

p BT BRI A= MRT-a e o+

v D2 3 26 v3T2

(7.18)
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where the constants b, ¢, Ay, By, Cy, « and~y are given by[Cengel and Turnher, 2001, Table 3-4]

a=254 b = 0.002328 ¢=7.379-10*
Ay = 106.73 By = 0.04074 Cy = 8.164 - 10°
a=1272-10"% v = 0.0053

The above i valid whep is in kPa, v isin m°_andT is in Kelvin. It has not be possible to verify the con-

kmol

stants from other sources. The equation can compute aecagatlts for densities up 205p..-[Cengel and Turner,
2001, page 102].

The equation has been included in the project because stgd@vs, that despite its higher numbers of
constants compared to the Beattie-Bridgemann equatiotats, st is not more accurate at high pressures
(and T> 200 K). This behavior will be studied, as this is in fact the pressrange that the project will
focus on, and the accuracy versus complexity is therefohigbf interest.

The derivatives ofp

The derivatives op with respect to temperatuf is

@7Ru+(BORU+2:,%°)+MJ72C(1+E%)6_% (7.19)
or v v2 o3 373 '

7.1.6 Bender

The Bender equation of state was publish in 1970 on the 5StipSgimam On Thermophysical Properties in
New York and is given by[Ghazouani et al., 2005, (1) & (2)]

p=pT (R + Bp+Cp*+ Dp? + Ep* + Fp® + (G + Hp?) pZe*"%PQ) (7.20)
where
B=m+ 2+ 0+ o0 C=no+ =+
DZ”Q-FL%O E:nll-‘r%
n n n n
_mr s

The coefficientay is usually predicted wittuy, = % . It could although yield some considerable im-
provements if this relation is adjusted [Polt and MaureBZ19But using this assumptior, (7120) is a linear
function of the 19 coefficients. The coefficients can be eatald using numerical fitting[Ghazouani et al.,

2005].
To make the coefficients dimensionless, two ratios aredintted namely[Rotthduser, 1993, (4.23) & (4.24)]

Ver P Ter

= = = 7.21
v o T=77 (7.21)
Using those[(7.20) can be rewritten to[Rotthauser, 199254
RT 19
=—1 B;Y; 7.22
p=—|1t ; , (7.22)
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Please see Appendid C for a complete list of all coeffici€lislzouani et al., 2005] and how to calculate
B; andY;.

The Bender equation of state is included in the project alsawvs very good accuracy for among others
nitrogen gases in the temperature range of 64 - 2,000 K arsdye range of 0.08 bar - 1,000 bar, with an
accuracy of 0.06%[Ghazouani et al., 2005].

The derivatives ofp

The derivatives op with respect to temperatu@is

% = _leu (—T5 — BiwT® — Bgw*T® — Bow’T® — By1w*T® + 4 Bygw? Ty, 2 (7.23)
14 Bigw T, 3¢ 1 Baw T0,2T3 + 2 Byw T 3T? 4+ 3 Bsw To AT (7.24)
4 Baw?T02T3 4 2 B yw? T, 262" T2 4 3B, 5w T, e’ T (7.25)
2B, Be T2 3318w4T0T4e““’2T) (7.26)

7.1.7 Jacobsen & Stewart (JS)

The last equation of state to be used in the project is thebdaco Stewart equation of state. The equation
is very similar to the Bender equation of state, see SeLiib.7But the equation contains 32 coefficients
plus the gas constant and is given by[Rupprecht, 11988,]@&n8) [Stewart and Jacobsen, 1973, (6)]

_ RT

v

p
i=1

32
1+)° NiXi] (7.27)

As seen the equation is of the same form as the Bender equhbtibis contains 13 more coefficients. In
AppendiXD all coefficients are listed together with equasidor how to calculatéV; and X;. Stewart and
Jacobsen have given a thorough explanation of how the cieetficwere fitted with the property data for
nitrogen[Stewart and Jacobsen, 1973].

The Jacobsen & Stewart equation of state is included in thieg@rbecause of its very high degree accuracy.
Accuracies of up to 0,05% for temperatures between 200 @IK@&nd pressures up to 400 bar has been
observed[Rupprecht, 1988] and [Stewart and Jacobsen].1973

The derivatives ofp

The derivatives op with respect to temperatui®is
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B —0.5R . [Te T., . [T,
Lo 2T CoNgw T S 2Nt TP | 2 — Npw T, T — 27 (7.28)
T~ [Toors, T T T
T
TCT' TCT TC’I"
+ NS TL2 T3y Ea 6 Nogw 0T, 2’ T 7+ AN 2T, 3" T2 7 (7.29)
TCT TC’I‘ TCT
+ ANogw!0T,, 3w’ T2 =+ ANpow? T,y P e T2 7+ 6 NoswO T, e T 7 (7.30)

TCT' TC'I' TCT'
+ ANgow T, 2 T2, | =t 6N w?To e Ty s 6N3 w2 T, 2" T (7.31)

T
T.. [T., [T.,
4 4 NS, 3e T2 12 + 2Ny T, 2T % + 2N T, 2T ?’ (7.32)
2 [Tepr 2 [T, 2 T,
+ 8N3ow T, "€ [ = + 8Nogw T, " e (| = + 8Nozw®T,." e | = (7.33)
T T T
4 T(‘r ‘ Tcr 3 9 2 Tm’
+ ANsWT,, 3 T2/ S 2Ngw?T,, T3, | S ANy ST, 3" T2 e (7.34)
5 g Tcr g Tcr & Tcr
+ AN 5wW° T, T2/ -+ ANgw?T,, T2 -+ INwT., 2T - (7.35)
TCT Tcr TCT

+ AN T, 3T | 2L + 2N 6w T, 2 T3 | = + AN 9w BT, 3 T2 (7.36)
T T

T

—2NwT?y/ 7;) (7.37)

7.2 Implementing in SIMULINK

Please refer to Appendix B.2 for description of how the eigmatare implemented in SIMULINK.

7.3 Summery

Six ways of calculation the pressure in a gas have been pgesseanging from very simple equations with
poor accuracy to very complex equations with high accuracgeventh equation was also introduced,
namely the Ideal gas equation with compressibility facttuie equation takes into account the differences
when a gas is not an ideal gas. The equation although is datliedt in the rest of the report, as the equation
is only suitable for static calculations and not simulasiovith large and quick variations.

In Table[7.2 all the equations are listed with any limitaidhe equations may have and the accuracy that
can be expected within the limitations. The high accura@sjgecially found at low pressures regardless of
temperature valid for all equations. But some larger dewiatin the accuracy of the equations are expected
for higher pressures. This is especially the case for loemperatures (some 260 Kelvin).

The equations are all to be modeled in a computer softwareeSnore complex equations yield more
calculation, it will take longer time to determine pressanel temperature. For short simulations this is not
a problem, but for longer simulations (>2 min) the differethetween e.g. Jacobsen & Stewart and the Ideal
gas equation is noticeable. Another thing to have in mindesstguations ability to be used in a quick static
calculation. Here especially the Ideal gas equation anddénVaals equation of state distinguish them
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self as being easy-to-use and very simple. Above is why cexitglwill be a factor of comparison in the
final conclusion.

A validation of all the models is to be found in Chagiel 13.

Number of
Name constants Accuracy Limitations
IGE 1 Good within limitations, Ideal gases

otherwise poor

Vdw 3 0.5% -5.3% p <200 bar and” > 250 K
BB 6 0.0% - 0.2% p<215bar > 145K andp < 0.8p.,
BWR 9 0.0% - 0.4% p <200 barT > 250 K andp < 2.5p.,
Bender 20 0.06% 64K €' < 2,000K and 0.08 bar < p < 1,000 bar
JS 33 0.05% 200K 4" < 400K andp < 400 bar

Table 7.2: Alist of all the equations of state presented in this chapter. Please see the individual section for details about
the equations and references.
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Gas temperature model

The chapter will deal with calculating the temperature & tias.

The ideal gas equation in Chapfer 711.1 states that the tampe of the gas will increase when the pressure
increases. Because a system always seeks to be in equilikith its surroundings a heat transfer will
take place to obtain thermal equilibrium. Heat will be tf@nsed from the high-temperature medium to
the low-temperature medium. The heat transfer will stopwiiee the mediums have reached the same
temperature[Cengel and Turner, 2001, page 604]. Heatftracan occur in three different ways, namely
by conduction, by convection and by radiation. In the follogva short description of the three modes is
given, which all occurs when there is a temperature diffeezen

8.1 Theory

8.1.1 Conduction

Conduction occurs when heat is transferred from more etiergarticles to less energetic particles as a
result of interaction between the particles. In gases andds the conduction is due to the collisions and
diffusion of the molecules, while in solids it is due to thexduination of vibrations of the molecules in a
lattice and the energy transport by free electrons. Foaivts a cold canned soda places in room temperature
will have the same temperature as the surroundings aftee iome because of heat transfer from the soda
through the can to the air around it.

The rate of heat transferred by conduction is a function @fometry of the medium, its thickness and the
material of the medium together with the temperature difiee across the medium. Studies have shown
that the rate of heat transfer is proportional to the tempegadifferers and the wall area, but is inversely
proportional to the thickness[Cengel and Turher, 2001e &3 :

Area- Temperature difference

Rate of heat conducti .
ate of heat conduction Thickness

. AT
ond = kA— A
Qcond k Az (8 )
whereAz is the wall thicknessd is the wall areaAT is the temperature differers akds the thermal con-
ductivity of the material, which is a measure of the abilifyaanaterial to conduct heat[Cengel and Turner,
2001, page 605].

8.1.2 Radiation

Radiation is the energy emitted by matter in the form of etenhignetic waves as a result of the changes
in the electronic configurations of the atoms or molecule®ergy transfer by radiation does not need a
medium and the transfer is infact fastest i vacuum. All splidquids and gases emit, absorb or transmit
radiation to varying degrees. The maximum rate of radiatlat can be emitted from a surface at an
absolute temperaturé,, is given by the Stefan-Boltzmann law[Cengel and Turne012@14-5) and page
613]:

Qe'mit,maa; = UAT4 (82)
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wheres = 5.67- 1078 [ W ] and A is the area. Only an idealized surface called a Blackbodiates

m2-K*

heat at this rate. Therefolfe (8.2) is multiplied by the eiviss ¢[Cengel and Turner, 2001, (14-6)]:
Qemit = € AT* (8.3)

The emissivity varies from surface to surface. The Blackbwaks an emissivity of = 1.

8.1.3 Convection

The third and last mean of heat transfer is by convection arehergy transfer between a solid surface
and the adjacent liquid or gas. The different between cdimre@nd conduction is that at convection the
adjacent gas or liquid is in motion opposite to conductidmerg are two types of convection, namely forced
convection and natural convection. At forced convectianfthid or gas is forced to flow across the surface
e.g. by using a fan or a pump. At natural convection, the dicari gas flows freely across the surface and
the motion is only caused by the fact that the gas or liquidi naite when it gets warmer and fall when it
gets cooler[Cengel and Turher, 2001, page 611-612].

Observations have shown that the rate of heat transfer opional to the temperature difference and is
expressed by Newton’s law of cooling[Cengel and Turner12004-4)]:

Qconu =hA (Tn - T) (84)

where A is the area]l,, is the ambient temperaturé, is the gas temperature adis the convection
heat transfer coefficient. The convection heat transfeffic@nt is a parameter whose value depends on
many variables such as surface geometry, the nature of flattbm the properties of the fluid etc. The
coefficient can be calculated theoretically, but will instigiroject be determined experimentally. The co-
efficient will be determined in AppendXIG. As it can be seamwection heat transfer is basically con-
duction heat transfer with fluid motion, but of practicalseas this has been given its own name, namely
convection[Cengel and Turner, 2001, page 612]. In the ptdjavill be assumed that heat transfer only will
occur by convection neglecting any radiation. Convectias heen chosen since the gas in the accumulator
is being forced to move when the piston is moving, so it carbeatonsidered stagnant. When the piston is
not moving than movement of the gas is still assumed. Thispe@ally the case since the gas will change
temperature resulting in a change in density, making soimrie péthe gas lighter or heavier then other parts
of the gas. The difference in density will force the gas to enaround. Regarding the surrounding air it is
assumed that this also will not be stagnant as the air will beeth around by people moving, air entering
the room via leaks or ducts and by varying temperatures andlitikes in the air caused by a fan heater
placed in the room of the test rig. Please see Chagter A foe mioout the latter.

8.2 Equation

In the following an expression describing the temperatfithegas will be presented.

If the gas side of the accumulator is considered a close@rmsyathere no change in mass can occur but
change in energy can occur and the first law of thermodynaisagsplied, stating that energy neither can be
created nor destroyed, but only change forms, an energnd®lzan be written[Cengel and Turner, 2001,
(5-10)]. This procedure has been used in several othererafes[Rupprecht, 1988, (5.1)], [Rotthduser,
1993, (6.1)] and [Pourmovahed and Otis, 1985, (1)].

Qconv - W = U (85)

The balance states that the change in internal entggquals the output of heaf), minus the workJi’.
In 1843 Joule showed that for ideal gases, internal enemgfuisction of temperature only. He later showed
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that for real gases the internal energy is a function of ndt tre temperature[Cengel and Turner, 2001,
page 107]. The internal energy for real gases can be cadcuiating [(8.6)[Pourmovahed and Otis, 1990,
(2)]. This has been verified[Rupprecht, 1988, (5.4)b].

- dr Op av
UfmCUE +m(T <8T),Up> o (8.6)

Furthermore) can be calculated using (8.4) aid can be calculated by[Cengel and Turner, 2001, (4-11)]

W=p. % 8.7)

Applying (8.4), [8.6) and(8]7) t&.(8.5) yields
P (T = T) - S = O g (T <8§T> o) G (8.8)

with some rearrangement yields

hAy (To = T) = Pgas - % = mgasz% + <mgasT (aggT‘”>U = mgaspgas> % (8.9)
b (1= 1) = - G = g+ (2 ) G gy (810
hA, (To —T) = pgas - %/ = mgasz% + mgasT (%)v % _pgas% (8.11)
hAw (T, —T) = mgascv% + mgasT (8'2?8)” % (8.12)
Mg = ik (1, = T) =T (T ) 2 (8.13)
i e () W €9
TG T (O 619
T = (T“T;T) - 01 <a§§‘j5>v %dt (8.16)

whereT, is the ambient temperaturg,is the gas temperatur€, is the specific heat capacity of gas and
is the thermal-time constant given by

mgascv
hA,

T= (8.17)

wheremg,; is the mas of the gas4,, is the effective wall area antl is the convection heat transfer
coefficient.7 will be experimentally determined in AppendiX @.is not the same value at all time, and
will therefore be determined several times during the tessr Above result is also to be found in other
references[Rupprecht, 1988, (5.7)] and [Pourmovahed digg 1985, (5)].

8.3 Implementing in SIMULINK

Please refer to AppendixB.3 for description of how the eigmatare implemented in SIMULINK.
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8.4 Summery

The temperature of the gas is calculated assuming the ga®sitie accumulator to be a closed system
with no mass transfer but heat transfer with convection. @&kgression is valid also for reel gases and
accurate results are therefore expected. It should be omemtithat although only one model is shown
in this chapter, actually one model exists for each equatfastate. This is because the derivative of the
pressure with respect to the temperature should be cagduehich is different for each equation of state.
Therefore a validation of six temperature models will bedoices. Please seeChapidr 14 for the validation.
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Selection of test variables

This chapter will discuses which variables that should beduduring the validation. Furthermore a dis-
cussion about the values these variables should obtainltovalidate the equations of state mentioned in
ChaptellT is included.

9.1 Variables

A number of variables can be adjusted before and during aumsBefore the test run the supply pressure,
P, and precharge pressuf&, precharge, €an be adjusted as desired to obtain any initial and finabpire.
Furthermore the temperature of the surroundings will kedtédjusted to lower and higher temperatures
than normal room temperature. During the test run the ogeoirthe valve,A, can be adjusted by three
ways, namely:

e By aopen loop system with a voltagé, that can either be constant or vary following a sinus curve,
pulse curve, saw tooth curve, etc.

¢ By a closed loop system measuring the oil pressHsg,or gas pressure;;,.

e By aclosed loop system measuring the position of the pigton,

9.2 Value of variables

To be able to test and validate the equations of state, iuigiarto select the right values of the different
variables. Some of the equations of state have limits witivhiich they are most accurate, see Tablé 7.2.
The test runs will be used to challenge this limits and to shatvaccuracy that can be obtained when
exceeding the limits.

As seen in Table“712 both the VAW equation of state and the BWitim of state have lower temperature
limits at around 250 Kelvin. Therefore a series of test runtemperatures around that value should be
performed. Itis presumed that it is not possible to reachieamitemperatures much lower than 260 Kelvin
and much higher than 330 Kelvin. This combined with expamsind compression will yield even lower
and higher temperatures. This mean that some of the lowgraierture limits of e.g. BB and JS equation
of state also could be challenged. As regard to pressure MV, BB and BWR equations of state have
pressure limits of maximum 200 bar till 216 bar. This will betlenged by using the power packs maximum
supply pressurey,, of 250 bar. Both the Bender and JS equations of state hav@gbgressure limits to
reach with the power pack. As the precharge presgyig precharge, Nas Not been mentioned in any of the
used articles so fare in the project, the precharge presslirary from some 1 bar to some 150 bar to see
the effect of this.

As regard to adjusting the opening of the valvg,is has been decided to control this by a closed loop
system measuring the position of the piston. This setup bes belected based on two reasons:

1. Using the position of the piston makes it possible to ustopi speed for controlling the valve
opening, A. This is beneficial as the rate of pressure change in theygas, then also can be
controlled. In this way it is possible to verify if the rate pfessure change has an influence on the
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accuracy of the equations of state. Something that has eotinentioned in any cited article so far
in the project.

2. When verifying the thermal-time constant is it necessaigontrol the volume of the gas side. This
can only be done by controlling the position of the piston.

Piston position will be adjusted during test runs to obthadesired piston speed or gas pressure. This setup
is only possible for accumulator #1 since this is the onlywith position transducer. Accumulator #2 will
therefore be controlled by the oil pressure. The hydraulideh will be used to simulate the accumulator
with the position as feedback. The modeled oil pressurethéth be used as reference signal in the test rig.
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Test schedule

This chapter will present a test schedule. The test schathderibes what pressure, reference signal, etc,
that should be used for each test run.

In this section a schedule for all test runs will be presetbgéther with a description of why the different
test methods have been chosen. All test runs will be givemenahich will be different for each test run.

If more test runs are performed with the same setup, the ndm&ch sample will be added a continuous
number starting from 1.

Only the gas pressure and temperature models are validettesibecause they are the objectives of the
project and focus will therefore only be on them. When therigss simulated with the different models,
the measured oil pressure will be used to simulate the hlidranodel. The reason for this is to ensure
that when validating the gas and pressure models, the Hydemd mechanical models dos not have any
influence on the result. The position will in all test runs Ised as the reference signal.

10.1 Validating the test rig

The test rig is validated to determine the variability, tisatow similar the outputs are when the same input
is used for several test runs. A ramp function will be usedasnput. The ramp function will move from
an initial position to an final position and back to the iHifi@sition. The temperature of the gas should
reach the ambient temperature before returning to thalmisition. It is important that all other variables
are the same at each test run. In Table]10.1 are listed aleptiep for the test runs. Please see Chdpier 11
for the result of the validation. The results of the validativill be used to decide how many times every
test run should be repeated.

Name TESTRIG_1| TESTRIG_2| TESTRIG_3| TESTRIG_4
Function Ramp Ramp Ramp Ramp
Supply pressure [Bar] 250

Precharge pressure [Bal] 50 \ 100 \ 50 \ 100
Initial position [m] 0.01

Final position [m] 0.07 0.07 0.14 0.14
Slope of ramp [m/s] 0.20 0.25 0.20 0.25
Duration [sec] 115 115 115 115
Samples 10

Table 10.1: Properties for test runs used for validating the test rig.

10.2 Validating the gas pressure and temperature models

The gas pressure and temperature models are validatednavbether the correct gas pressure and tem-
perature are calculated. As seen frgm (B.16) a large teryperehange is among other things obtained by
having a large change in pressure. Therefore it would beonedie to use a step function as input for the
validation. However a step function would yield that theulegor would go into saturation which is not a
desirable situation during test runs as there are no motteat@f the valve. Therefore a steep ramp input is
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used. The slope of the ramp is adjusted from test run to tesorobtain the highest velocity, and thereby
the highest temperature changes, without the regulatoragatg. The hydraulic and mechanical models are
used to adjust the slope of the ramp before the test run.

The initial gas pressures of interest in this project is 5@ b0 bars and 150 bars since these are normally
found in accumulators. Regarding temperature both low agll temperatures are of interest. Therefore
the ambient temperature will be raised as much as possiblhéi test runs approximately 335 Kelvin).
That combined with and compression of the gas would yielchtgbest possible temperature. Vice versa
a low ambient temperature (in the test runs approximately R&lvin) combined with an expansion of
the gas would yield the lowest possible temperatures. Torerell ramp functions should return to the
initial position when the gas temperature has reached anntgimperature. Please refer to Apperidix H for
explanation of how low and high ambient temperatures haea bechived. The piston in accumulator #1
will be moved 0.07 m and 0.14 meter respectively and 0.09 mDahiddm for accumulator #2.

In total 28 test runs were performed. In Apperidix E are listédroperties for each test run. The properties
are selected according to the above and to challenge trezatiff pressure models as described in Chapter
[7. Please note that no test run will be performed for a prgghpressure of 150 bar combined with an
end position of 0.19 m. This is because this configuratiorseathe piston not to reach the end position
as the gas pressure would have to exceed the supply prek&iesl test runs will be repeated for both
cold, normal and warm ambient temperature. Please see &fEpiand Chaptdr 14 for the result of the
validation.

10.3 Measuring the thermal time constant

To simulate the accumulator is it necessary to measure ¢nm#i time constant. The thermal time constant
is defined as the time it takes the gas pressure to drop 63d@#afraximum pressure compared to the final
equllibrium pressure when the system is exposed to a stapeha the volume[Pourmovahed and Otis,
1990]. This is shown graphically in Figure 1D.1.

Max pressure

63.5%

Pressure

Final equllibrium pressure

1
[ 5 10 15 20 25 30

Figure 10.1: Definition of thermal time constant, ~

As described in Chaptét 8, will be determined several times to make sure that the cowadoe is used
in the simulation. As a minimum; should be determined every time the precharge pressuraigeHd or
when the ambient temperature is changing. To validate thesured data; will be measured both before
and after a test run.

The thermal time constant is determined by exposing thesy$sb a step change in volume. No rules are
to be found as regard to how big a step change that should e $i8én the test runs the same change as
in the test run will be applied. A ramp function will be usediwnthe same properties as described above. In
AppendiX G the experiments are described together withetbglts.
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Validating test rig

This chapter will present the results from the experimentopmed to validate the test rig. The aim of the
experiment was to investigate the variability of the tegt ri

A report of this experiment can be found in Appenldix F. Theegkpent was performed to investigate the
variability of the test rig, that is how similar the resultasvfor the same setup. Four different setups has
been used. All for accumulator #1. 10 test runs was perforimeeach setup. In Figufe 11.1 the result for
TESTRIG_1 is depicted. This test run contains 10 samplestendraph shows the measured pressure and
temperature for all 10 samples plotted in the same graph.
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Figure 11.1: Plot of test run TESTRIG_2 with 10 samples all with the same setup.

The results shows very good consistency between the sanfadavestigate this further the standard
deviation between the 10 samples has been calculated fortieae step. The result of this can be seen in
Figure[11.2 and Figufe 11.3 for the pressure and tempenaspectively.

Graphs for the other three test runs can be seen in AppéliAs seen from the figures the standard
deviation is very small for both pressure and temperatur¢ghi®test run. This is also the case for the the
other three test runs. The standard deviation for the presmver exceeds 0.5 bar and never 0.5 Kelvin for
the temperature.
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Figure 11.2: Variance and standard deviation of the pressure calculated for all 10 samples for each time step.
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Figure 11.3: Variance and standard deviation of the temperature calculated for all 10 samples for each time step.
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11.1 Conclusion

The deviation between the the 10 samples are so small, thdlt itot have any significant effect on the
result of the following test runs. Therefore it is concludkdt one sample per setup is sufficient. As seen
later on in the report normally three samples will be madestah setup. This is to have some back-up data
in case the first sample has any errors like defective tratensi
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Measuring the thermal time 1 2
constant

This chapter will present the results from experiment penfad to measure the thermal time constant. The
aim of the experiment was to measure the thermal time contidre used during the simulations of the
test rig.

A report of this experiment can be found in Appendix G. Therte time constant is a measure for how

fast the pressure in the accumulator will drop by 63.5% whaglied when a step change in the gas volume.
The thermal time constant has been measured for accuméthfor all setups both before and after each
test run. In FiguréI2l1 is depicted the result when meaguhia thermal time constant for GAS_2. The

thermal time constant has been measured before and aftsthen to validate the value.
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Figure 12.1: Measured values of the thermal time constant for GAS_2. The top graph being before the testrun and the
bottom one being after.

The graph shows a difference between the two samples of dippately 0.4 seconds or 4.2%. In other

test runs larger differences was experinced. To give aghmbsif how much the measured values varies,
all masures thermal time constants are depicted in Figugfd2accumulator #1. Graphs for all other test
runs can be found in Appendix].2
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Measured 1 for small accumulator
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Figure 12.2: Measured thermal time constants for accumulator #1.

It can be seen that no single value for the thermal time cah&aresent. In fact large differences in the
constant can be found within the same precharge pressugeoiiy conclusion to make is that the overall
ambient temperature seems to have no influence on the valtimdBead the precharge pressure has. Here it
can be seen that the larger the precharge pressure, thetterdgleermal time constant. The same conclusions
can be made for accumulator #2. The latter is in good comsigte@ith other conclusions[Rupprecht, 1988,
Figure 4.8]. In AppendikTI2 the graphs for accumulator #& ba found.

The reasons for the variation in the measured data can be Buattye circulation of the air in the laboratory
i the many sources of error. If there is a large circulatioaiothe thermal time constant will drop because
the amount of energy convected away from the accumulatarget then without any air circulation.

12.1 Conclusions

Because of the large differences in the thermal time cohstamas been decided that the measured data
will not be used in the simulations. In stead the thermal ttmestant will be measured using data from the
test runs that are going to be validated (Data named GAS).
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This chapter will present the results from the experimenbriter to validate the gas pressure models.
The aim of the experiment was to perform a number of test riitis different setups on two different
accumulators. Simulations with the same setup was theonpeefl with the different models and the result
was compared with the measured data

13.1 Collected data

A report of this experiment can be found in Apperidix H. Duréagh test run data as described in Appendix
[Alis collected. The position of the piston will be used for gimulation together with the oil pressure.
The data of this will not be presented in this chapter, only dlas pressure. In the next chapter the gas
temperature will be presented and compared with the siedildata. In Figure_13.1 data for one test runs
with three samples is depicted. Graphs for all other test oam be found in Appendix1.3.
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Figure 13.1: Gas pressure and temperature for GAS_4.
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The graph shows an expected progress of the pressure aediperature, namely that they increase during
a compression and decrease during an expansion. The nafbsition and oil pressure have then been
used to calculate the pressure and temperature using masldisscribed in Chapter 7 and Chapier 8. For
the above test run, namely GAS_4, the gas pressure has Healatsd and compared with the measured
data. This is depicted in Figuke IB.2. Graphs for all othstriens can be found in Appendix]l.4.

As explained in the experimental report in Apperidix H the tes for accumulator #2 was performed using
a simulated gas pressure as reference signal. Most likehg thas been an error in the data used for the
reference signal so the piston of the accumulator has notleeent was assumed to be. This is concluded
as there are large differences between the measured anthtadcdata. Therefore all data for accumulator
#2 must be considered unfit for use. In Figure 13.3 the medsand calculated data are shown for a test
run with accumulator #2. The large difference appears lglear

13.2 Comparison with models

To get an overview of the difference between the measuredtendalculated data, the percentage-wise
difference has been calculated and depicted as a functitreaheasured pressure in Figire 13.4. Graphs
for all other test runs can be found in AppendiX 1.5.

As seen from Figure_13.4 each test run consists of four stagesely two nonlinear and two approximate
linear. The four stages are depicted separately in Flguidrl are described in the following.

Stage 1: The compression stage where the gas is compressdbeapressure and temperature
therefore increases. The stage is approximately linedreaddminating variable here is the position
and the position is the same in both the measured data andlthéated data.

Stage 2: The first interaction stage, where the volume is &epstant. The gas interacts with the
surrounding air and the temperature decreases reachingmnémperature causing the pressure
too decrease. The stage is not linear as the dominatingblaris the thermal time constant. In
the calculations the thermal time constant is assumed the sé all time. But this is in fact not
the case since both the convection heat transfer coeffiaiehthe effective wall area changes with
time[Pourmovahed and QCtls, 1990]. This difference is gay#ie nonlinear behavior.

Stage 3: The expansion stage where the gas is expanded gmédkare and temperature therefore
decreases. The stage is approximately linear because sdthe reason as for stage 1.

Stage 4: The second interaction stage, where the volum@iskastant. The gas interacts with the
surrounding air and the temperature increases reachingatbmperature causing the pressure to
increase. The stage is nonlinear because of the same reagorstage 3.

To give an overview off all test runs two values have beenutated for each model, namely the mean
percentage value and the difference between the minimureptage difference and the maximum per-
centage difference. The mean percentage value takes threvale® of all data points for each model. This
value gives an indication of how precise the model is conpaiieh the measured data. The value can only
give an indication of how the model performs in average daes the model in average calculate a too low
pressure or does it in average calculate a too high presBhievalue does anyhow not give an indication
of how precise the model is in each data point, i.e. how falydwan the average value the data points are.
A model could have a difference of -20 % in one data point an#edf another data point. In average this
gives a difference of 0 %, which is not a reliable and true Itexfithat model. To give an indication of this
the variance is calculated for each model. A large variandieates that the data points are fare away from
the average value. Vice versa a small variance indicatéghbadata points are close to the average. The
latter is the most desirable.
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The mean value and the variance have been calculated fesaluns both for accumulator #1 and accu-
mulator #2. The result of this are depicted in Figure 113.6 Rigdre[13.7. In Figure_13] 6 the first five test

runs are for normal ambient temperature, the next four arevémm ambient temperature and the last five
are for cold ambient temperature. For Figure 13.7 the finst fest runs are for cold ambient temperature
and the last four are for ambient temperature.
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Figure 13.2: Measured and calculated gas pressure using six equations of state for accumulator #1.
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Figure 13.3: Measured and calculated gas pressure using six equations of state for accumulator #2. Notice the large
differences between measured an calculated.
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Difference between calculated and measured gas pressure, GAS_4
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Figure 13.4: Percentage-wise difference between measured an calculate gas pressure as a function of the measured
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Figure 13.5: The four stages in a test run, namely the compression, the first interaction, the expansion and the second

interaction for accumulator #1.
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Figure 13.6: Calculation of mean value and variance of all test runs for accumulator #1. The first five test runs are for
normal ambient temperature, the next four are for warm ambient temperature and the last five are for cold
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13.3 Conclusion

Based on the 14 test runs with accumulator #1 and the resptstdd in Figur& 1316 some conclusions can
be drawn for this accumulator and the six gas models:
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e In general the ideal gas equation does seems to be very teforrall three ambient temperatures
and pressures. However when the results are studied futtiseclear to see that this model has a
large variance for large pressures. This is the case fordmmntinal, warm and cold ambient temper-
ature. As expected this model is not suitable for simulatipdraulic accumulators as described in
this project.

e The next equation of state of interest is the Van der Waalstémpuof state. This provides precise
results and has a low variance for both normal and warm amt@erperatures. This is as expected
as this equation of state is known to be accurate for temyrerabove 250 Kelvin.

e For normal and warm ambient temperatures the four most agrjuations of state proves to
be more inaccurate then the less complex Van der Waals equattistate. Only for cold ambient
temperatures it is reasonable to use the more complex eqeaif state. But still the difference be-
tween this four equations of state are so small, that it ismenended just to use Beattie-Bridgeman
equation of state.

Regarding accumulator #2 no clear conclusions can be draitfrough a tendency can be seen in the mean
value, namely that a difference in accuracy between nornhtald ambient temperature of approximately

5 percentage point is observed, see Fifurel13.7. This istladsoase for accumulator #1. Assuming that

the error in the data leads to a displacement of the resulppfoximately 5 percentage point the same

conclusion as for accumulator #1 can be drawn, namely thiatdomal ambient temperature the Van der

Waals equation of state is sufficiently and for cold ambientperature Beattie-Bridgeman equation of state
is sufficient.
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14.1 Collected data

A report of this experiment can be found in Apperidix H. Durgagh test run data as described in Appendix
[Alis collected. The position of the piston will be used for gimulation together with the oil pressure.
The data of this will not be presented in this chapter, only dlas pressure. In the next chapter the gas
temperature will be presented and compared with the siedildata. In Figure_13.1 data for one test runs
with three samples is depicted. Graphs for all other test oam be found in Appendix1.3.

Figure[13.1 shows an expected progress of the pressure artdrtiperature, namely that they increase
during a compression and decrease during an expansion. atohing position and oil pressure have then
been used to calculate the pressure and temperature usaejsas described in Chapkér 7 and Chdgter 8.
For the depicted test run, namely GAS_4, the gas temperaagrdeen calculated and compared with the
measured data. This is depicted in Figure 14.1 and FIgug Gtaphs for all other test runs can be found
in AppendiX1.6.

Measured and calculated temperature, GAS_4
450 T T T

TEST RIG

— IGE

vdw

- - —BB

400 - : . — — _BWR 1
Bender

- ——=JS

350 : B

Temperature [Kelvin]
w
o
o
T

250

200 . .l

150 I I I
0 20 40 60 80 100 120

Time [sec]

Figure 14.1: Measured and calculated gas temperature using six equations of state for accumulator #1.

As seen in the two figures, large differences are observedt Mlistinct for accumulator #2. This may
be explained with the same reason as mentioned in the exgraiahreport in Appendik™H, namely that
the position of the piston has not been as expected leadiagldaer pressure than expected during a
compression. Regarding accumulator #1 large differenebsden calculated and measured data are also
observed. The differences are not assumed to be from errdhe icalculations but rather from errors in
measuring the temperature. Actually measuring the teryrergroved to be quite a challenge which is
way Sectio 1412 has been devoted to explaining the protfieces during this operation.
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Measured and calculated temperature, GAS_61
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Figure 14.2: Measured and calculated gas temperature using six equations of state for accumulator #2.

14.2 Measuring the temperature

As seen in Figure_14.1 the measured temperature differstineralculated. This was not expected as the
pressure was quite accurate for the test run. And as the tatope calculations are based on the pressure
models the same precision was expected. A conclusion cauttidi the approach was incorrect, but the
formula presented il {8.16) has been validated by othecssulherefore it is assumed that the method for
measuring the temperature had some flaws. A study of thislvemsfore carried out. Two reasons for the
errors in the measurement were found, both described irotloeving.

e The temperature probe is of the thermo coupler type (type dderout of two different metals.
The thermo coupler works in the way that when the metal gdtkecor warmer it induces a small
current. The current is measured by a temperature tramsnaitid amplified. The problem here is
that the metal has to interact with the surroundings befareasures the temperature.

In Figure[14.8 the thermo coupler used in the experimentsharen. The thermo coupler in question
had a relatively large amount of metal touching each othéclwhad to change temperature. It is
assumed that there was not enough time to due this beforethgetature of the surroundings
had reached ambient temperature again. In Figuré 14.1eeis that the peak temperature of more
the 350 Kelvin only lasts for some few seconds. The optimhltsm would be have a very small
amount, e.g. the tip, touching.

e The second reason for not measuring the correct valuesdaslbeufound in the progress of heat
or cooling the gas in the accumulator during an compressi@xjpansion respectively. Rotthduser
has studied this and found that the temperature in the gast i@ same throughout the accumu-
lator. An experiment has been performed showing that th@éeature closes to the piston was the
highest[Rotthauser, 1993, Figure 6.2]. The result of theedrent is shown in Figuie 14.4. The
same conclusion has been reached during discussions w&h\Wid Rasmussen.

To verify the latter conclusion two test runs were performeagre the accumulator was placed vertical with
the thermo coupler up and down respectively. The measunepetature of the two test runs are depicted
in Figure[I4.5. The graph shows that a temperature differatang the accumulator must be present as
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Figure 14.3: Picture of the thermo coupler used to measure the gas temperature. Notice the large amount of metal that

touches each other.
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Figure 14.4: Experiment performed to study the temperature in the gas during a cycle|Rotthauser, (1993, Figure 6.2].

the temperature raises more, when the thermo coupler igglacthe top. As the warm gas is raising it

is expected to measure a higher temperature for the tesThenopposite is expected when the thermo
coupler is placed in the bottom, namely that a lower tempegat measured. If the temperature was the
same throughout the gas, the same temperature was to beratbasu
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Figure 14.5: Temperature measured when the accumulator was placed vertical with with the thermo coupler up and

down respectively.
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Figure 14.6: Percentage-wise difference between measured an calculate gas temperature as a function of the mea-
sured temperature.

14.3 Comparison with models

The difference between the measured and calculated tetapeteas been calculated in the same way as
in Chaptei_1B. None of the results are to be found in the chépiteall graphs can be found in Appendix
[Z. In figure[T4.6 the results for accumulator #1 is depictduk results show that no significant difference
are to be found between the six models and that the most @eaersaults are obtained at the low ambient
temperatures. This is assumed not to be correct based orasons:

e The equations for calculating the temperature are basdteqréssure models. The pressure models
has shown very accurate results.

e The formula used for calculating the temperature are usexth®r sources as well.

The findings must therefore be, that the results are not.vahds is backed up by simulations done by
other sources with almost the same setup reaching apprtelintae same temperatures[Rupprecht, 1988,
Figure 5.3]. It is therefore assumed that the simulatioescarrect. Since they are based on the pressure
models, that the Van der Waals equation of state is validdomal and warm ambient temperature and the
Beattie-Bridgeman equation of state is valid for cold ambtemperatures.

14.4 Conclusion

To sum up the test runs the following conclusions can be drawn
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e No certain result are seen when comparing the measured tetapewith the calculated. This is
primarily because the test rig was not able to measure thheatdemperature. Therefore no certain
conclusions can be drawn regarding the accuracy of the sitetro

e Since the formula used for calculating the temperatureesl by other sources and since the calcu-
lations are based on the models for calculating the pressthiieh have shown very accurate results.
It is assume that the temperature models are showing eq@lyrate results.

As the same problems with accumulator #2 as presented int&@fiEp are present, no conclusions will be
drawn based on this data.
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Conclusion

The objectives of the project have been to investigate tmeekedion between complexity and accuracy
when calculating the gas pressure and temperature in allgdeeccumulator for a number of real gas
models.

To do so a literature review was carried out to identify araf gas models suitable for the project. In total
five real gas models were identified together with the idealegpuation. The five real gas models range in
complexity from 4 to 32 constants.

To investigate the correlation, a non linear model of a igstvas developed. The non linear model consists
of a mechanical model, a hydraulic model, a model to caleula¢ gas pressure and finally a model to
calculate the gas temperature. The latter two were of pyiritderest of the project focus has therefore
been on them. The first two models were not validated as they eamsidered relatively simple and not of

high importance for the project.

The validation of the two gas models were done by performingraber of test runs on two different test
rigs. The two test rigs varied in the size of the accumuladrother equipment was kept the same. The
first accumulator was the smallest and was named accumegdatdrhis accumulator was made purpose-
build and fitted with a position transducer. The largest andator, namely accumulator #2, was a standard
off-the-shelf accumulator.

The test runs with the accumulator were performed undeetbifferent temperatures, namely normal
ambient temperature ( 300 Kelvin), warm ambient tempeeaft850 Kelvin) (Only accumulator #1) and

cold ambient temperature ( 260 Kelvin). The results weradbloy calculating the difference for each time
step between the measured and calculated data. This wawédlby finding the mean of the difference for
each model. Furthermore the variance of the differencedoh enodel was also determined.

During the experiments it was clear the measuring the gasasature was more difficult than first assumed.
Actually large differences were observed between the medsund calculated data with the measured data
being of the lowest value. It is assumed that the differeacesaused by unsuitable measuring equipment
and not by inaccuracy in the models. Due to the differencésdmlata it has not been possible to draw clear
conclusions for the gas temperature models, althoughmpthiggest that the models should differ from
the gas pressure models.

During the experiments it was not possible to determine tsitijpn of the piston in accumulator #2. This is
assumed to have caused some errors in the results for thisatator. This means that no clear conclusions
can be drawn for this accumulator. With this said, it showddentioned that some clear tendencies in the
results for accumulator #1 and accumulator #2 has beenwazseramely the same difference in the accu-
racy of the models as function of the temperature. It is floeeeassumed that the results for accumulator
#1 are also valid for accumulator #2.

For accumulator #1 the following clear conclusions can lasvdr

e For normal and warm ambient temperature, the most accuiedelsiare the ideal gas equation and
the Van der Waals equation of state with the lowest mean vBluiewhen studying the variance it is
clear to see that the ideal gas equation has a variance nmaayaiger the Van der Waals equation
of state. This means that although the ideal gas equatiomeirage might have the same accuracy
as Van der Waals equation of state, it has significant larfjereinces at some time steps. Therefore
it must be concluded that for temperature ranging from so@tek®lvin and to some 350 Kelvin
the Van der Waals equation is the most accurate equatioretAssthis is also the least complex
equation of the five real gas models it makes sense to recothtoese this equation in future work.
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e For cold ambient temperature the picture is slightly défer Here the ideal gas equation and the Van
der Waals equation of state are the models with the highesh mierences. Instead the four most
complex models are showing very accurate results with ecarance for all models. This leads to
the conclusion that for cold ambient temperatures botht&eBtidgeman, Benedicte-Webb-Rubin,
Jacobsen & Stewart and to some extend Bender equationseéstehe most suitable. And with the
Beattie-Bridgeman equation of state being the least compie recommended to use this equation
in the future work.

e An interesting observation for all temperatures is thattfe non-accurate models, the precharge
pressure has a quite substantial effect of the accuracy.atberacy drops with high precharge
pressures. This goes for both Beattie-Bridgeman, Beredliitbb-Rubin, Jacobsen & Stewart and
Bender equations of state at normal and warm ambient tetgpesaand for the ideal gas equation
and the Van der Waals equation of state for cold ambient testyres.

The project has therefore shown that it is not necessarydovesy complex models to obtain accurate
results when calculating the pressure in a hydraulic actatoru The opposite has actually shown to be
the case, namely that the least complexreal gas modelde@snlthe most accurate results. The above is
valid for temperatures ranges from 260 Kelvin to 350 Kelypirecharge pressures from 50 bar to 150 bar,
maximum pressures of 250 bar and minimum pressures of 40 bar.
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Testrig

This chapter will present the test rig used in the project.

The test rig is built to test hydraulic accumulators of valéasizes. The test rig consists of two systems,
namely:

e The hydraulic system

e The electrical system

The hydraulic system consists of all the hydraulic comptsman described in Sectibn A.1 and the system
is modeled in Chaptéll 5. The electrical system is used totfezslystem with a signal, to control the system
and to measure different variables in the system, all desdrin Sectioi’AR. In Figufe ALl is shown a
photo of the test rig. Please note that part of the system ragyldred in other locations to obtain other
temperature conditions. If so, this is explained in the expental report.

s

Electrical system, valve and accumulatorf S&# .\;“
rz - P

Figure A.1: Photo of the test rig

Pictures and video clips of the test rig and all componentsbesfound on the attached CD.
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A.1 Hydraulic system

In FigurelA.2 the hydraulic diagram is shown for the systelme $ystem consists of a number of compo-
nents all presented in the following.

CTTTTTTTTTTTTTTY Valve

i ! Accumulator
i i ] —

i @ . i : HIH | L

! P

i IR

' |

i i

e

Figure A.2: The hydraulic diagram showing the components of the system

A.1.1 Valve

To control the flow volume and the direction of the flow, a valvéitted in the system. The valve used is
a direct operated proportional DC valve produced by Parktr @rdering Code D1FPE50HBONBOO 13.
Data sheet is to be found in Appen@ixN.2. The valve has a nairflow of Q,,,,,, = 25 I/min = 416-106
m?3/sec, a nominal pressure of,,, = 350 bar and a nominal signal voltagel&f.,,, = +10 V.

A.1.2 Accumulator

A number of different accumulators are used in the projeloeyTwill be presented in the following.

Accumulator #1

The first accumulator used is a piston type accumulator mesteel. Please refer to Appendix1N.3 for data
sheet of the accumulator. The accumulator has a volume dit€&$. The piston is connected to a rod used
for determining the position. In Figuke A.3 a sketch of theipas shown.

Accumulator #2

The second accumulator is also of the piston type made of Jtee accumulator is a HYDROLL HPS
type-11 with a volume of 6 liters. The accumulator has notimsing system. Please refer to AppendixN.4
for data sheet of the accumulator.

A.1.3 Power pack

The power pack delivers the hydraulic oil to the system. Towey pack is fitted with a pump and up to
four accumulators. The pressure of the power pack can bstadjuvia the PLC controlling the power pack.
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Figure A.3: Drawing of the accumulator with the position transducer

It can deliver a pressure of up to 250 bar. The power pack ésfated with a tank to store the hydraulic oil.
The pressure of the tankjis,,, = 1 atm as the tank is not sealed.

A.2 The electric system

As mentioned in the introduction, the purposes of the dtmdtsystem are to feed the system with a ref-
erence signal, to control the system and to measure diffewiables in the system. In Figure A.4 the
electrical system is sketched. In the following all threegmses will be explained.

A.2.1 Reference signal system

The signal to the system is produced using a computer cogshéztan analog and digital I/O module via
USB. The module is a USB-1208FS produced by Measurement Qtimgp please see Appendix .1 for
data sheet. The computer is using a software named VisSiduped by Visual Solutions. The software can
communicate with the 1/O module. In the software a digitghsil is produced, e.g. a sinus curve, which is
transferred to the 1/0 module via USB where the digital sigmaonverted to a analog signal and outputted
via a specified output port. A program has been developedduge the signal. The program code can be
seen in AppendiklJ. The signal is sent to an amplifier whersitel is given an offset and amplified. The
offset has been applied because the output of the posidosducer is a&-signal and the reference signal
therefore has to suit this. The amplifier has been fitted withgacitor to reduce the noise in the reference
signal. The capacitor has been fitted as sketched in Figlie A.

The capacitor has been designed using[Ravn,| 1980, page 45]

0.1125

2
2= T

(A.1)

where f is the cutoff frequency. Setting this to 100 Hz the equatimidg C2 = 22.5 nF. A capacitor of
22 nF has been fitted. Please refer to Figuré A.4 for wiringvben the computer, the I/O module and the
regulator.

A.2.2 Control system

As mentioned in Chapt€i 9 the valve will be controlled usimipsed loop system measuring the position of
the piston in the accumulator. To do this, a P-regulator kas fitted the system. The regulator is measuring
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Figure A.4: Sketch of the electrical system.
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Figure A.5: Sketch of placement of capasitor in reference signal amplifier

the position of the piston and compares it with the referesigeal from the computer. The error between
the reference and the position is multiplied with a factol 85 and the signal is then sent to the valve. In
Figure[A.® the block diagram of this is shown. Please reféfitmre[A.4 for wiring to the regulator. The
regulator is equipped with a power supply producing +9.78% .69V used for the position transducer.
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Figure A.6: Block diagram of the closed loop system to control the valve

A.2.3 Measuring system

In the following all hardware used to measure the data isriest: To transfer the data from the measuring
devises, an I/0O module of the same type as mentioned in 8¢é&I&1 is used. The module converts the
analog signal to a digital signal and transfers it via USB tmmputer. The computer is using a software
named MatLab produced by MathWorks to read the digital $ggaad convert them into data that can be
read and stored. A program has been developed to do this. fbigeamn code can be seen in Appendix
K1 In the following it is explained how each variable is me&slincluding any hardware used to do the
measuring. Please refer to FiglrelA.4 for wiring betweensueag equipment, the /O module and other
hardware.

Piston position, =

The position of the accumulator piston is measured usingsdipo transducer connected to the piston via
a @5 mm rod. The transducer is a TLH500 made by NovoTechreksel see Appendix N.5 for data sheet.
The transducer is supplied by the regulator and the possigmmal is connected to CHO IN in the I/O (A/D)
module. Please note that this system is only installed onraatator #1.

Gas pressure,P,,

The gas pressure in the accumulator is measured using aireésansducer connected to the gas side of
the accumulator. The transducer is a 1600BGC4001G3UA mgdedmsSensors, please see Appendix
[N.6 for data sheet. The transducer can measure from 0 baftbat0The transducer is supplied by a 24V
power supply and the signal is connected to CH1 IN in the I/@®jAnodule. The signal output from the
transducer is 4 - 20 mA. This is converted to 2 - 10 V with aB08sistance. To reduce noise the signal
has been fitted with a capacitor ony@5as shown on Figufe A.4.

Oil pressure, P,;

The oil pressure in the accumulator is measured using ayees®nsducer connected to the oil side of
the accumulator. The transducer is a 1600BGC4001G3UA mgdaemsSensors, please see Appendix
[N.6 for data sheet. The transducer can measure fitam to 400bar. The transducer is supplied by a 24V
power supply and the signal is connected to CH2 IN in the I/@®JjAnodule. The signal output from the
transducer ig — 20mA. This is converted t@ — 10V with a 500€2 resistance. To reduce noise the signal
has been fitted with a capacitor on;#s5as shown on Figufe A.4.
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Gas temperature,T’

The temperature of the gas is measured using a type T terape@mbbe. The signal is amplified using a
TMRO temperature transmitter from Miller Industrie - Elekiik Gmbh. Please see AppenfixN.7 for data
sheet. The transmitter has been selected among many otts&d bn its low response time ifis). Please
refer to Sectiol_1412 for more details about how the tempezatas been measured and any sources of
error. The output of the amplifier is connected to CH3 IN inliliz(A/D) module.

Command signal,U.,

The command signal to the valve is measured by connectingitbdo CH4 IN in the I/O (A/D) module.

Reference signal Re f

The reference signal is measured by connecting the wire % IGHIn the 1/0O (A/D) module.

A.3 Temperature controlling

A number of test runs are to be made at different temperatinmdbe following is will be explained how
the different temperatures has been reached.

A.3.1 Normal ambient temperature

Normal ambient temperature has been reached by have thegtgdaced in a room with approximately
300 Kelvin. See Figurie Al7.

y
LAY

e

AL

Figure A.7: Picture of the two accumulators at normal ambient temperature. LEFT: Accumulator #1. RIGHT: Accumu-
lator #2.
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A.3.2 Warm ambient temperature

Only accumulator #1 has been tested in warm ambient temyperdthe warm temperature has been reached
by heat the accumulator and the air around it with a hand teidchkater. The temperature has reached
approximately 350 Kelvin.

A.3.3 Cold ambient temperature

both accumulators has been tested in cold ambient temperatis has been done by placing the accumu-
lator in a freezer with dry ice in the bottom. The reason fangco, is that the majority of the electronic
equipment still are in normal ambient temperature and ameefore not affected by the cold temperatures.
The temperature has reached approximately 260 Kelvin. §eefFiguré A.B.

Figure A.8: Pictures of the two accumulators at cold ambient temperature with dry ice in the bottom of the freezer.
LEFT: Accumulator #1. RIGHT: Accumulator #2.
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Implementing the non-linear
model in SIMULINK

B.1 Hydraulic and mechanical models

B.1.1 Mechanical

In Figure[B.1 the system is depicted as modeled in SIMULINKe Todel is representing (6.2) added two

Ref [m]
| [Reference(;,1) Reference(:,2)] li Ref
From x dot
Workspace =
>
Py >
F_friction
P ol A_olie I_;F—mcm’“ - A4 error
oi -
= ol F_oi Dividel Integrator_2 —> OGO
= = [+ grator Integrator_3
A_gas F_gas > 1 x_dot g X
P_gas _ B 3 x_dot_dot s L X »
e r s >
m_1 X_initial
x F_end , x_initial
m_2 Initial condition
End force [z

Figure B.1: SIMULINK model of the mechanical part

additional blocks. The two blocks will be described shottiythe model depicted is also implemented two
integrators with initials conditions and saturation lisnéts listed in Table Bl 1

Integrator 1  Integrator 2

Initial condition 0 Tinitial
Upper saturation limit 00 Cyliength
Lower saturation limit —00 0

Table B.1: Initial conditions and saturation limits for Integrator 1 and Integrator 2.

The first block is namethitial Position and calculates the initial position of the piston based®n and
Py,qs. The block is depicted in Figufe B.2. The block solesl(6)a zero with respect to and outputs
the result ag;,,itia1-

L X
I—>| () l—» Pt Z|x—
o _ x_initial

P_oil Algebraic Constraint

Figure B.2: SIMULINK model of block to calculate the initial position of piston
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The second block naméghd forceapplies a force on the piston to make sure, that it does noermuther
back thanr = 0, which is at the end of the accumulator. The force is applied bpring with a large spring
constant and is only applied over a short distance, in this@&mm. The force is calculated using[Gere,
2001, (2-1,a)]

Fepag = ko 0[m] <z < 0.002[m] (B.1)

wherek is the spring constant andis the length, the spring is compressed. The spring conistasatri-
able and is being calculated for each test run. The springtanhis a function of the precharge pressure,

Pyus precharge, @S described i (Bl2). Tests have gives that this corozlaiown good results.
k= Agas . Pgas,p?“echa'rge (B 2)
0.002[m] '

The End force block is depicted in Figlre B.3.

X »
@ <
X 0.002 »
l Relational
Operator X »
X + » F_end
——0 x (e
A_gas »
P_gas_precharge !

Spring contant

Figure B.3: SIMULINK model of block to calculate the end wall force acting on the piston at Pyas > P,y and ¢ = 0.

B.1.2 Dynamic of the valve

The dynamic of the valve is implemented in the system usingaasier Function Block which is multiplied
with the signal voltage. The signal voltage equals...., when a closed loop system measuring the piston
position,z, is used. (Please see Secfiond 9.1 for explanation aboutvigwused). The following MATLAB
code has been used in the block:

Orega_n =  350*2*pi; % rad/ s]
Zeta = 0.701; % -]
num = [1];

den = [1/ (Orega_n) "2 (2xZeta)/ Orega_n 1];

The output is feed to the next block calculating the flow, sssien Sectiofl 6.113. The model can be seen
in Figure[B.4.

B.1.3 Flow through the valve

A number of things have been done to impleméni(6.12) in SIMNK. Since the calculation oA P
depends on whether the oil flows in or out of the accumulates, lbgical operators have been used to
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num(s)
cOoO— p(u_v
x_eror den(s) v | T
- _oli —>
Transfer Fcn ) Q_olie
P_oil

Flow through valve

Figure B.4: SIMULINK model of the valve dynamic

Logical operator 1 Logical operator 2

If U, >=0V U, <0V
Then Ajt)ZPs_Poil AP:Poil_Ptank

Table B.2: Rules of the logical operators.

make sure that the correct calculation is performed. Thiedgperator is control by the voltagg,, with
a threshold ofV'. The logical operators trigger the operations listed inl@&h2.

Calculating [[6.I4) has been done by implementing an EmlettTLAB function with the following
code

function K = fen(p_nom U_v)

pl = 1.711e-008;
p2 = -6.2408e-007,
p3 = 4.7339e-006;
p4 =  3.9433e-005;

U1l = abs(Uyv);

K= (plxU_174 + p2xU_1"3 + p3xU_ 172 + p4+U_1)/(p_nom0.5)*sign(U_v);
First the absolute value of input voltage is taken and uséaamrexpression for K. K is then multiplied with
the sign of the input voltage. This to make sure that K hasitjtg sign.
In Figure[B.% the system is depicted as modeled in SIMULINK.

D) Uy »luv

Calculation of K

_ DeltaP " | _ X
> >= * 4 ..__> Q_olie

»|

K > g Sign
Logical ' E—

Operator 1 p_oil

uv - p_oil | ul ]»——P
Lpf+
P_tank n Delta P
X
>

q

—> uv 7|

Logical E—
Operator 2

fen K

A4

Figure B.5: SIMULINK model of the flow through the valve
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B.1.4 Oil pressure

In Figure[B.6 the system is depicted as modeled in SIMULIN&d® the integration a limit integrator has
been used with settings as listed in Tdhle B.3

Integrator 1

Initial condition Pyt initial
Upper saturation limit 00
Lower saturation limit 0

Table B.3: Initial conditions and saturation limits for Integrator 3.

P_tank

\4
+

P_oil

C)Q_loil =- +I>—:>_< P_oil_dot > % [ P_oil > @
P_oil
Integrator 3
A_oil V_hose —»
x_dot
A ol V_oil
Figure B.6: SIMULINK model of the hydraulic side of the accumulator
B.2 Gas pressure model
B.2.1 Ideal gas equation
(Z.J) is depicted in Figufe Bl.7 as modeled in SIMULINK togathvith the derivative of.
>
X P x
[R —>»x
T — (D (T
<
CO— > g

Calculation v

Figure B.7: LEFT: SIMULINK model of the ideal gas equation of state. RIGHT: SIMULINK model of the derivative of
ideal gas equation of state with respect to 7.
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B.2.2 Ideal gas equation including compressibility factor (IGEcomp)

In Figure[B.8[(Z.6) is depicted as modeled in SIMULINK togathvith the derivative of°.

[ > sk
— (D [ fF—p >
) dP/dT
O—» v—»+ O—»f:
A%
X

Calculation v

Figure B.8: LEFT: SIMULINK model of the ideal gas equation of state with compressibility factor. RIGHT: SIMULINK
model of the derivative of ideal gas equation of state with compressibility factor with respect to T'.

B.2.3 Van der Waals
(7.9) has been implemented using an embedded MATLAB funatiith the following code

function p = fcn(R T,v)

T_cr = 126. 2; % K]

P_cr = 3. 39e6; % Pa]

a = 27«RN2xT_cr2/ (64xP_cr); % Pa* 6/ kg”2]
b = R«T_cr/ (8+«P_cr); % n* 3/ kg]

p = (ReT)/(v-b) - (a/(v"2));

while the derivative of? has been implemented using the following code in an embebi?dd AB func-
tion.

function dp = fen(v, R

T cr = 126. 2; % K]

P cr = 3. 39€6; % Pa]

b = R«T_cr/ (8«P_cr); % M3/ kg]
dp = R/ (v-b);

B.2.4 Beattie-Bridgeman (BB)
(Z.18) has been implemented using an embedded MATLAB fangtiith the following code

function p = fen(Ru, T,v)

a = 0. 02617;
b = -0.00691;
c = 4. 20e4;
AO = 136. 2315;
B 0O = 0. 05046;
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P = ((RusT/vA2)*(1 - cf (TA3xv))*(v+B) - (A (v~2)))=1000;

The result is multiplied with 1,000 to get the result in PaeTerivative ofP has been implemented using
the following code in an embedded MATLAB function.

function dp = fen(R_u,v, T)

b = -0.00691;

c = 4. 20e4;

B O = 0. 05046;

B = BO=* (1- blv);

dp = (R_Ux(T"3*v + 2*c)*(v+B))/ (T 3*v~3)*1000;

The result is multiplied with 1,000 to get the result in Pa.

B.2.5 Benedicte-Webb-Rubin (BWR)
(Z.18) has been implemented using an embedded MATLAB fanatiith the following code

function p = fen(T, R u, V)

a = 2.54;

b = 0. 002328;
c = 7.379e4;
A0 = 106. 73;
BO = 0. 04074;
co = 8. 164e5;
al pha = 1. 272e- 4;
gamme = 0. 0053;

p=(RuxT/v + (B.OxRu*xT - A0 - CO0/Tr2)*1/v 2 + (b*R u*xT - a)/v"3
+ axal pha/v"6 + ¢/ (v"3*T"2)*(1 + ganma/v~2)*exp(-gamma/v~2))+*1000;

The result is multiplied with 1,000 to get the result in PaeTerivative ofP has been implemented using
the following code in an embedded MATLAB function.

function dp = fcen(v, T, R u)

b = 0.002328;
c = 7.379e4;
AO = 106. 73;

B O = 0.04074,
co = 8. 164e5;
ganma = 0. 0053;

dp = ((Ru/v) + ((B_0O*Ru + 2+xC 0/ T*3)/v"2) + (b*R_u/v"3)
- 2xc/ (v"3)/(T"3)*x(1 + gamma/ (v"2))*exp(-ganma/ (v~2)))*1000;

The result is multiplied with 1,000 to get the result in Pa.
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B.2.6 Bender

(Z.20) has been implemented using an embedded MATLAB fandtiith the following code

function p_gas = fcn(R T, V)

v_cr = 0. 003209; % m*3/ kg]

T cr = 126. 2; % Kel vi n]

onega = v_crlv;

tau = TcrlT;

al pha = -0.9641;

B = [5.1564398e-1 -1.2350862 -3.3660701e-2 -4.3693391e-1 6.1598645e-2
5.2599330e-2 2.0756488e-1 2.0273530e-1 2.3974975e-1 -4.7905077e-1
-2.7239453e-2 1.2113829%e-1 1.2924526e-1 -3.2495834e-1 5.3924336e-1
-2.0692385e-1 -1.5625825e-1 5.2222667e-1 -3.8027769%e- 2] ;

Y = omegax[1 tau tau”2 tau”3 tau”4 omega onegaxtau onmega*tau”2 onmega’2
onega”2*tau onmega”3 onmega”3*tau onega’4xtau
onmegaxt au”3xexp(al phaxomega™2) onegaxt au”4xexp(al phaxomega”2)
onegaxt au”5+exp(al phaxomega”2) omega”3*tau”3+exp(al pha*omega”?2)
onega’ 3+t au"4+exp(al pharomega™2) onega”3*tau”5+«exp(al phaxronega™2)];

o] = 1:19;

for i=1:19;

P(i) = B(i)*Y(i);

i = i+1;

end;

p_gas = (ReT/v)*(1 + sum(P));
The derivative ofP has been implemented using the following code in an embeki?ddd_AB function.

function dp = fen(R T,v)

v_cr = 0. 003209; % M3/ kg]

T_cr = 126. 2; % Kel vi n]

onega = v_crl/v;

tau = T cr/T,

alpha = -0.9641;

B = [5.1564398e-1 -1.2350862 -3.3660701e-2 -4.3693391e-1 6.1598645e-2

5.2599330e-2 2.0756488e-1 2.0273530e-1 2. 3974975e-1 -4.7905077e-1
-2.7239453e-2 1.2113829%e-1 1.2924526e-1 -3.2495834e-1 5. 3924336e-1
-2.0692385e-1 -1.5625825e-1 5.2222667e-1 -3.8027769e-2];

dp = -R/ TA5+(-T"5 - B(1)*onega*T"5 - B(6)*omega”2+T"5 - B(9)*onmega”3*T N 5
- B(11)xomega”4*TA5 + 4xB(16)*omega”2*T_cr 5+«exp(al pha*onmega”2)

4xB(19) ronega™4*T_cr ~5+exp(al pharonega”2) + B(3)*omega*T_cr 2*T"3

2+xB(4)*onmega*T_cr"3+«T"2 + 3+«B(5)*onega*T_cr 4T

B(8) *onegan2*T_cr"2*T"3

2xB( 14) romega”2*T_cr~3*exp(al pha*xonega’2) * TA2

3*B(15) romega”2*T_cr "4*exp(al pha*xonega™2) *T

2xB(17) romega”®4*T_cr3*exp(al pha*onega’2) * TA2

3+B(18) »omega”4*T_cr4*xexp(al phaxonegar2) *T)/v;

+ 4+ + + 4+

B.2.7 Jacobsen & Stewart (JS)

(Z.21) has been implemented using an embedded MATLAB fanatiith the following code
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function p_gas = fcn(R T,vV)

v_cr
T cr

onega
tau
al pha

N

p

for i=1:
P(i)

i

end;

p_gas =

w

0. 003209; % mt3/ kg]
126. 2; % Kel vi n]
v_crlv;

T crl/T,

-0.70371896;

[0.185927462121 1.30155934655 -2. 64054394027 0.292709245322
-0.287482987766 0.161225592835 -0. 135129830972 0. 0000137262707287

13. 6860808703 0.00128973300860 0.315240491447 -0. 548670430729

0. 0744966916902 -0.151712926147 -0.728119881405 0.112790673192
-0.0187922799332 0. 0460360632178 -0.00251321896106 -12.5428246147
-0.722843603762 -9.07779852949 0. 333590008958 -2.10175282124

- 0. 244752749620 -0.611651799016 -0.0244254052253 -0. 0230295508018

0. 0157620487302 -0.0126428070667 -0.00146576723582 0. 0000915063203408] ;

onega*[1 tau”0.5 tau tau”2 tau”3 onega onega*tau onmegaxtau”?2
onmega*tau”3 omega”2 onmega”2+tau onega’2xtau”2 omega’3*tau

onega™4xt au”2 onega”4xtau”3 onmega’5*tau”2 omega”6xtau”2

onega”6*t au”3 onega’7+tau”3 onegaxrt au”3*exp(al phaxonega”?2)

onmegax*t aur4xexp(al phaxomega”2) onega”3+tau”3*exp(al phaxonega”?2)
onmega” 3+t aur5*exp(al phaxonega”2) onega”5+t au”3+exp(al phaxonmega”2)
onmega”5+t au*4*exp(al pharxonega”2) onega”7xtau”3+exp(al phaxonmega”2)
onmega” 7+t aur5+exp(al phaxonega”2) onega”9+t au”3+exp(al phaxonmega”2)
onmega”9+t au*4+exp(al pharxonega”2) onega”llxtau”~3+exp(al phaxonmega”2)
onmega®11+t au*4*exp(al phaxonega”2) onmega”llxtau”5+exp(al phaxomega”2)];

1: 32;

NCi)*Y(i) s
i+1;

(ReT/v)*(1 + sum(P));

The derivative ofP has been implemented using the following code in an embeli?dd AB function.

function dp = fcen(R T,v)

v_cr
T cr
onmega
tau
al pha

N

dp

0. 003209; 9% m*3/ kg]
126. 2; % Kel vi n]
v_crlv;

T crlT;

-0.70371896;

[0.185927462121 1.30155934655 -2. 64054394027 0.292709245322
-0.287482987766 0.161225592835 -0.135129830972 0. 0000137262707287

13. 6860808703 0. 00128973300860 0.315240491447 -0. 548670430729

0. 0744966916902 -0. 151712926147 -0. 728119881405 0. 112790673192

-0. 0187922799332 0. 0460360632178 -0.00251321896106 -12. 5428246147
-0.722843603762 -9. 07779852949 0. 333590008958 -2.10175282124

-0. 244752749620 -0.611651799016 -0.0244254052253 -0. 0230295508018

0. 0157620487302 -0.0126428070667 -0.00146576723582 0. 0000915063203408] ;

5% (-1xN(2) *omega*xT_cr*T"4 + 2xN(14) ronega5+T_cr 2+*TA3+xsqrt (T_cr/T)
6+ N(29) romega®10+T_cr “4*exp( al phaxonega™2) *T+sqrt (T_cr/T)
4+ N(30) *omega”12+T_cr~3*exp(al pharonegan2) * T 2xsqrt (T_cr/T)
4xN(28) romega™10+T_cr ~3*exp( al phaxonegan2) *T"2xsqrt (T_cr/T)
4+ N(20) romega”2*T_cr ~3*exp(al phaxonmegar2) *T"2«sqrt (T_cr/T)
6x N(25) romega”6*T_cr*4 xexp(al phaxonegan2) «*T+sqrt(T_cr/T)
4xN(22) romega”™4*T_cr ~3*exp(al pha*xonegar2) *T"2«sqrt (T_cr/T)
6+ N(21) romega”2+*T_cr “4xexp(al phaxonega™2) *T+sqrt(T_cr/T)
6xN(31) xonmega”12+T_cr4xexp(al phaxonmega™2) *T+sqrt (T_cr/T)

++++++++0
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4+ N(26) *onmega”8*T_cr ~3*exp(al pharonegar2) *T"2«sqrt (T_cr/T)
2xN(17) »omega7=T_cr"2*T"3xsqrt (T_cr/T)

2xN(12) *omega3*T_cr "2« T"3xsqrt (T_cr/T)

8xN(32) romega™12+T_cr *5+exp(al phaxonega”2) xsqrt(T_cr/T)

8+ N(23) *onega™4*T_cr~5+exp(al pharonega™2) xsqrt(T_cr/T)
8xN(27) xomega”8+T_cr5+exp(al phaxomega™2) *sqrt (T_cr/T)
4xN(5) omega*T_cr"3«T 2xsqrt (T_cr/T)

2xN( 8) *omegan2*T_cr"2«T 3*sqrt (T_cr/T)

4xN(24) romega”6* T_cr ~3xexp(al pharxonegar2) * T 2xsqrt (T_cr/T)
4% N(15) *onmegar5*T_cr~3*TA2+xsqrt (T_cr/T)

4xN(9) romega2*T_crA3*TA2xsqrt (T_cr/T)
2xN(4)xomega*xT_cr~2+*TA3+«sqrt(T_cr/T)

4xN(18) ronmegar7+*T_cr~3*TA2+xsqrt (T_cr/T)

2xN(16) *omega”6*T_cr"2«*T"3xsqrt (T_cr/T)

4xN(19) ronmega”8*T_cr 3*T "2+xsqrt (T_cr/T)

2xN( 6) xomega2* T 5+sqrt (T_cr/T) - 2xN(10)*onega”3*T"5+sqrt(T_cr/T)
- 2xN(1)*omega*TA5+sqrt (T_cr/T)

- 2xTAS*sqrt(T_cr/T))*Re(T_cr/ T)~(-1/2)/ TA5/ v;

I I i I I I I T T S

B.3 Gas temperature model

B.3.1 Temperature of gas side

In Figure[B.9 the system is depicted as modeled in SIMULINKisTmodel uses a number of blocks to
calculate the specific heat at constant volufiig,see Section B.3 2, the specific volumend the change
in specific volumeyp, see Sectioh B.3.3, the specific molar volumesee Sectioh B.3 4, the thermal time
constant;, see Section B.3.5, the internal area exposed to gas in tuenadator,A,,, see Section B.3].6,
the change in positionjz, see Section B.3.7 and the derivativeRyf,; with respect to the temperaturé
see Chaptdrl7.

The integrator in Figure Bl9 is implemented with settingtisted in Tabld B.}.

Integrator 1

Initial condition Tyas,initial
Upper saturation limit 0
Lower saturation limit 0

Table B.4: Initial conditions and saturation limits for Integrator 4.

B.3.2 CalculatingC,

C, is calculated using the equation[Cengel and Turner,|208de 933]:

Cp=a+bT + cT? +dT? (B.3)
wherea, b, ¢ andd for nitrogen is given by[Cengel and Turner, 2001, Table A-2]
a =28.90 b=-0.1571-10"2
c=0.8081-10"" d=-2.873-107"

andC, is calculated with[Cengel and Turher, 2001, (3-40)]

C,=-2 (B.4)
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Figure B.9: SIMULINK model of the block used to calculate the temperature in the gas side of the accumulator.

wherek = 1.40 for T' < 450K [Cengel and Turner, 2001, Table A-2]. The calculations arglémented
using a Embedded MATLAB function with the following code

function Cv = fecn(T)

a = 28.90;

b = -0.1571e-2;

c = 0. 8081e-5;

d = -2.873e-9;

M =  28.013e-3; % kg/ nol ]
k = 1.4

Cp = a + bxT+cxTA2+d* TN S;

Cv = (Cp/M/k;

B.3.3 Calculatingv and v

The specific volumey, and the change in specific volume with respect to timeare calculated using the
equation[Cengel and Turner, 2001, (3-13)]

N (B.5)
m

. dv

o= (B.6)

The equations are implemented in SIMULINK as depicted iruFegB.10
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v X
(o} e ne T mges
v_dot
- ;’
x v

Figure B.10: Implementation of specific volume, v, and change in specific volume with respect to time v in SIMULINK.

B.3.4 Calculatingv

The specific molar mass, is calculated using the equation[Cengel and Turner,|2(#15)]

b= % (B.7)

The equations is implemented in SIMULINK as depicted in FejB.11

v X
(o}
v_
COO—

X

Figure B.11: Implementation of the specific molar mass, o, in SIMULINK.

B.3.5 Calculatingr

The thermal time constant, is calculated usind (8.17) and equations are implement&MULINK as

depicted in Figure B.12

[Fos——»
X
1 T  fen Cv ! X
> ’
Productl Divide tau

- x
X
Product
h

Figure B.12: Implementation of the thermal time constant, 7, in SIMULINK.

B.3.6 Calculating A,
The internal area exposed to gas in the accumuldtgr,is calculated using below equation.

Aw = (lcyl - JJ) Ocyl (88)
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Please note that only the area of the cylinder wall is indudéhe area is used to calculate the energy
leaving the accumulator and since both ends of the accuamnda¢ many times thicker than the cylinder

wall it is assumed that almost no energy are leaving throhghenhds hence they are not included in the
calculation of the area. The equations are implementedNtURINK as depicted in Figure B.13

Cyl_length Tength

Cyl_length X ‘—p
B Aw
@ O_cyl

X

Figure B.13: Implementation of the internal area exposed to gas in the accumulator, A,,, in SIMULINK.

B.3.7 Calculatingdx

The change in positiorz, is calculated by taking the present position minus theiptssposition as shown
in below equation

de =xz(i) —z(i — 1) (B.9)

The equations are implemented in SIMULINK as depicted irurefB.14

>§+_> >
dx
CO——RY

X

Transport
Delay

Figure B.14: Implementation of change in position, dz, in SIMULINK.
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Coefficients for the Bender
equation of state

The Bender equation of state can be written as[Rotth&du868,14.25)]

19
RT
=—|1 B;Y;
and
Ver p Ter
w == T =
v Per T

The coefficients; andY is listed in Tablé ClL[Rotthauser, 1993, Table 4.5¢ and]4.5d

i B; Y;
1  5.1564398 - 10~ T w
2 —1.2350862 - 109 wT
3  —3.3660701 102 w2
4 —4.3693391-10°1 w3
5  6.1598645 - 102 wr?
6  5.2599330- 102 w2
7  2.0756488 .10~ 1 w3r
8  2.0273530-10° T wir?
9  2.3974975- 1071 w3
10 —4.7905077 - 10~ T wiT
11 —2.7239453 - 102 wt
12 1.2113829-10°1 whr
13 1.2924526 - 102 wbT

14 —3.2495834 1071 w2r3eaw”
15  5.3924336 - 10~  w2rdeaw”
16 —2.0602385 10~ w2rdeaw”
17 —1.5625825- 10~ whrdeaw”
18  5.2222667- 10~  wirdeaw”
19 —3.8027769-10"2 whrdeaw”
o —0.9641

Table C.1: B; and Y; coefficients in the Bender equation of state
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Coefficients for the Jacobsen &
Stewart equation of state

The Jacobsen & Stewart equation of state can be written agifRaht, 1988, (5.8)] and [Stewart and Jacobsen,
1973, (6)]

RT
p=—
v

32
1+) NLvX,;] (D.1)
=1

and

P Ter
©= T=% (D.-2)

The coefficientsV; andY; is listed in Tablé D.I.[Rupprecht, 1988, Table B and C]
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1 0.185927462121 w

2 1.30155934655 w705

3 —2.64054394027 wT

4 0.292709245322 wTr?

5  —0.287482987766 wrs

6 0.161225592835 WZ

7 —0.135129830972 Wwrir

8  0.0000137262707287 W2r?

9 13.6860808703 w2r3
10 0.00128973300860 W3

11 0.315240491447 37
12 —0.548670430729 wir?
13 0.0744966916902 wir
14 —0.151712926147 w2
15  —0.728119881405 W3
16 0.112790673192 wO72
17 —0.0187922799332 Wwir?
18  0.0460360632178 w3
19 —0.00251321896106 w573
20  —12.5428246147  w?r3eow’
21 —0.722843603762  w?rleow’
22 —90.07779852949  wir3eaw’
23 0.333590008958 whrdeaw”
24 210175282124  wO73eow’

25  —0.244752749620  wSrdeaw’
26 —0.611651799016  wSr3eaw’
27  —0.0244254052253  wirdew’
28 —0.0230295508018  wl0r3eow”
29 0.0157620487302  wlOrteow”
30  —0.0126428070667 w!2r3eaw’
31  —0.00146576723582 w!2rieaw’
32 0.0000915063203408 w!275eow”
o —0.70371896

Table D.1: N; and X; coefficients in the Jacobsen & Stewart equation of state
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Test run properties

In the following tables properties for all test runs aredistogether with any measured data.

E.1 Accumulator #1

E.1.1 Normal ambient temperature

Name GAS_1[ GAS_2| GAS_3| GAS_4
Date 17/01/10

Test run start 18:10 | 16:15 | 13:20 | 15:55
Test run end 18:30 | 16:35 | 13:40 | 16:15
Function Ramp

Supply pressure [Bar] 250

Precharge pressure[Baf] 50 [ 100 [ 50 [ 100
Initial position [m] 0.01

Final position [m] 0.07 \ 0.14
Slope [m/s] 0.20

Duration [sec] 120

Samples 3

Sample frequency [Hz] 200.008

Ambient temperature [K] 305 | 307 [ 299 | 308

Name GAS 5| GAS 6| GAS_7| GAS_8]| GAS_ 9
Date 17/01/10

Test run start 17:30 | 16:35 | 17:20 | 17:00 | 14:55
Test run end 17:50 | 16:55 | 17:30 17:15 | 15:10
Function Ramp

Supply pressure [Bar] 250

Precharge pressure[Bafl 50 | 100 | 50 | 100 [ 150

Initial position [m] 0.01

Final position [m] 0.07 0.14 0.07

Slope (Up) [m/s] 0.01 0.05 0.20

Duration [sec] 10 5.2 120

Samples 3

Sample frequency [Hz] 200.008

Ambient temperature [K] 305 | 305 | 305 | 306 | 302
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E.1.2 Warm ambient temperature

Name GAS_10[ GAS_11| GAS_12| GAS_13
Date 18/01/10 19/01/10
Test run start 16:40 16:45 15:10 15:20
Test run end 16:45 16:50 15:20 15:35
Function Ramp

Supply pressure [Bar] 250

Precharge pressure [Bat| 100 \ 50

Initial position [m] 0.01

Final position [m] 0.07 | 0.14 | 0.07
Slope [m/s] 0.20

Duration [sec] 120

Samples 1 2 3
Sample frequency [Hz] 200.008

Ambient temperature [K] 332 | 344 | 340 [ 343

E.1.3 Cold ambient temperature

Name GAS_21[ GAS_22| GAS_23| GAS_24] GAS_29
Date 20/01/10

Test run start 12:25 11:25 12:50 11:45 10:45
Test run end 12:50 11:40 13:20 12:05 11:10
Function Ramp

Supply pressure [Bar] 250

Precharge pressure[Baf] 50 [ 100 | 50 [ 100 | 50
Initial position [m] 0.01

Final position [m] 0.07 | 0.14 | 0.07
Slope [m/s] 0.20

Duration [sec] 120

Samples 3

Sample frequency [Hz] 200.008

Ambient temperature [K] 251 | 250 | 252 [ 252 252

Notes

GAS_1: Due to defect pressure transducer only sample 1 casdik

GAS_4: Due to defect pressure transducer only sample 1 aad Becused.

GAS_6: Due to defect pressure transducer only sample 1 aad Beused.

GAS_8: Due to defect pressure transducer only sample 2 casdik
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E.2 Accumulator #2

E.2.1 Cold ambient temperature

Name GAS_51\ GAS_52\ GAS_SS\ GAS_54
Date 22/01/10

Test run start 13:10 13:55 13:30 13:55
Test run end 13:30 14:20 13:45 14:25
Function Ramp

Supply pressure [Bar] 250

Precharge pressure[Barf] 50 [ 100 | 50 [ 100
Initial position [m] 0.01

Final position [m] 0.09 \ 0.17
Slope [m/s] 0.03

Duration [sec] 250

Samples 3 2
Sample frequency [Hz] 200.008

Ambient temperature [K] 255 | 261 | 250 [ 256

E.2.2 Normal ambient temperature

Name GAS_61\ GAS_62\ GAS_GS\ GAS_64\ GAS_65\ GAS_66
Date 22/01/10

Test run start 13:10 13:55 13:30 13:55 15:55 16:10
Test run end 13:30 14:20 13:45 14:25 16:00 16:15
Function Ramp

Supply pressure [Bar] 250

Precharge pressure[Barf] 50 [ 100 | 50 | 100

Initial position [m] 0.01

Final position [m] 0.09 \ 0.17

Slope [m/s] 0.03

Duration [sec] 250

Samples 3 2 2 ] 1
Sample frequency [Hz] 200.008

Ambient temperature [K] 300 | 304 | 302 | 304 | 300 | 301

Notes

GAS_53: Sample 3 not to be used, as the accumulator was tegés
GAS_64: Sample 1 is not to be used.

GAS_65: Accumulator placed vertical with the oil end in tbp.tSample 1 is not to be used.

GAS_66: Accumulator placed vertical with the oil end in thegtbm.
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Experiment report: Validating
test rig

F.1 Participants

The experiment has been performed by the author.

F.2 Period of execution

Start: January 16th, 2010 @ 12:45
Ended: January 17th, 2010 @ 19:00

F.3 Abstract

The experiment was performed to investigate the varighititthe test rig and to determine how many
samples that should be acquired in the following test ruhe @xperiment showed that the test rig has a
very low variability and that it therefore was necessanat@tonly one sample per test run.

F.4 Introduction

The aim of the experiment is to investigate the variabilityhe text rig, that is how similar the results was
for the same setup. The result of the experiment will be usatkttide how many samples that should be
acquire for each test run.

F.5 Theory

The variance and standard deviation for each test run wibbaulated and use the determine the variability
of the test rig. The variance are calculated with[Walpolal 22002, Definition 1.1]

§2 = Xn: (@i=2)° (F.1)
n—1 |
=1

wherez is the mean. The standard deviation can be calculated Mgaigble et al., 2002, Definition 1.1]

s=Vs? (F.2)
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F.6 Experimental apparatus and procedures

The apparatus used in the experiment are the test rig dedanbAppendix{_A. The experiment has been
carried out by performing 10 samples for each test setup fzem dcompared the data. Four test setup has
been used all described in TablelF.1.

Name TESTRIG_1] TESTRIG_2[ TESTRIG_3] TESTRIG_4
Date 16/01/10 17/01/10

Test run start 12:45 16:30 18:30 15:25
Test run end 13:10 17:10 19:00 15:55
Function Ramp Ramp Ramp Ramp
Supply pressure [Bar] 250

Precharge pressure [Bal] 50 \ 100 \ 50 \ 100
Initial position [m] 0.01

Final position [m] 0.07 0.07 0.14 0.14
Slope of ramp [m/s] 0.20 0.25 0.20 0.25
Duration [sec] 115 115 115 115
Samples 10

Table F.1: Properties for test runs used for validating the test rig.

F.7 Data analysis, results and uncertainties

All measured data has been plotted on one plot per test $ethijgure[F.1 the data is shown for TESTRIG_1.
Graphs for all other test runs can be found in Appefdix I.1.

The variance and standard deviation has then been caltuisitegy MATLAB. They have all been plotted.
In Figure[E.2 and Figule B.2 this is shown.

The main sources of error in this experiment has been thegahgambient temperature. Each test run has
taken more the 30 minutes and the temperature can therefeeschange considerably.

F.8 Discussion

Based on the acquired results the test rig is consideredvi® &dow variability as the results was very
similar. This means that when the rest of the test runs wifpédormed, it is only necessary to make one
sample per test run.

F.9 Conclusion

It is concluded that the test rig has a low variability megrtimat the following test runs one will need one
sample.

- 86 -



Aalborg University Master Thesis

TESTRIG_1
70 T
60 . 1
= 2
— 507 —
= 3
X, 401 : . 4
g f\ 5
% 30 \-/" 6
g 20 - . 7
IS B | 8
K 10 9
of . 10
-10 | | | | |
0 20 40 60 80 100 120
Time [sec]
x 107 TESTRIG_1
3 T
1
25F T ——02
— 3
g 7 i 4
[0
5 1.5f . 1 Z
£ 1f . 8
osf L . 9
' 10
0 | | | | |
0 20 40 60 80 100 120
Time [sec]

Figure F.1: 10 samples taken for TESTRIG_1
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Figure F.2: Variance and standard deviation of the pressure for TESTRIG_1
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Figure F.3: Variance and standard deviation of the temperature for TESTRIG_1
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Experiment report:
Determining the thermal time
constant

G.1 Participants

The experiment has been performed by the author.

G.2 Period of execution

Start: January 17th, 2010 @ 16:15
Ended: January 22nd, 2010 @ 15>00

G.3 Abstract

The experiment was perform to measure the thermal time @onsthe conclusion from the experiment
was that data had to large variations to be used in the sitongatTherefore it has been concluded that the
thermal time constant will be calculated based on the atésaluns used for validation.

G.4 Introduction

In a hydraulic accumulator available energy is lost due tar@versible heat transfer. When the pressure
increases in the gas so does the temperature. But over temesheansferred from the gas to the surrounding
air causing the temperature to drop. To calculate the testyner an energy balance can be made for the gas
side of the accumulator. In this energy balance the therima tonstant is introduced. The constant is a
measure for how fast the pressure drops 62.5 % when exposestéd change in volume.

G.5 Theory

When the pressure of a gas increases, so does the tempelfativeepressure increase is taking place in
a closed system e.g. a hydraulic accumulator the heat frentetinperature will react with the ambient
temperature transferring energy from the gas to the sudiags. The rate of heat being transferred through
the wall of the accumulator is denoted the convection heaister coefficienth. The convection heat
transfer coefficient can be used to calculate the therma tonstant. The thermal time constant will in
this project be measured. The thermal time-constant is unedsn seconds a is the duration for how long
time it takes the gas pressure to drop by 63.2% as shown iméf@1d By applying the system with a step
change i volume and measure the gas pressure, the thermealdimstant can be determined.
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Max pressure
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100— Final equllibrium pressure
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Figure G.1: Definition of thermal time constant,

G.6 Experimental apparatus and procedures

To perform the experiment the test rig as described in Chétis used. Furthermore a program has
been developed to calculatedbased on the acquired data. The program is presented in Aix#&h The
experiment was performed by applying the the accumulattir avreference signal that would yield a step
change in the volume. To make sure, that the regulator wasatotating the reference signal was a ramp
signal with a steep slope. The slope was varied dependingemtharge pressure and how long the piston
should move. The slope can be read off in Apperdix E. A testoumeasure the thermal time constant
was performed before and after the test runs used to medsugas pressure and temperature used for
validating the models. The two test runs was made for eachp st described in Appendix]M. Two test
runs was made to validate the measurements.

G.7 Data analysis, results and uncertainties

For each setup the two test runs was measured and the themaaldnstant was calculated. The result for
one of the test runs is depicted in FiglrelG.2.

The graph shows a difference between the two samples of xppately 0.4 seconds or 4.2%. In other
test runs larger differences was experinced. To give aglinsif how much the measured values varies, all
masures thermal time constants are depicted in Figuie Ge&twmulator #1. Graphs for all other test runs
can be found in Appendix112

A number of sounds of errors er to be found in this experimemtnaas the biggest must be the air flow
around the accumulator is the largest. In the laboratoryadirtge fan was installed with a fairly large fan

circulating the air around in the room. This may have had gelanfluence on the air flow around the
accumulator.

G.8 Discussion

It can be seen that no single value for the thermal time cahggresent. In fact large differences in the
constant can be found within the same precharge pressugeofi conclusion to make is that the overall
ambient temperature seems to have no influence on the valumdBead the precharge pressure has. Here it
can be seen that the larger the precharge pressure, thetterdleermal time constant. The same conclusions
can be made for accumulator #2. The latter is in good comsigteith other conclusions[Rupprecht, 1988,
Figure 4.8]. In AppendikTR the graphs for accumulator #@ ba found.
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Figure G.2: Measured values of the thermal time constant for GAS_2. The top graph being before the testrun and the
bottom one being after.

The reasons for the variation in the measured data can be Biattyre circulation of the air in the laboratory
i the many sources of error. If there is a large circulatioaiothe thermal time constant will drop because
the amount of energy convected away from the accumulatarget then without any air circulation.

With the large variations in the results it is concluded tieg measured thermal time constants can not
be used in the simulations. Therefore the constant will beutated based on the actual test runs used for
validation.

G.9 Conclusion

Some fairly large variations in the measured data was obdanost probably because of variations in the
air flow around the accumulator. The variations are to lamée measured data can not be used in the
simulations. Therefore it has been concluded that the thisime constant will be calculated based on the
actual test runs used for validation.
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Figure G.3: Measured thermal time constants for accumulator #1.
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Experiment report: Validation
gas pressure and temperature
model

H.1 Participants

The experiment has been performed by the author.

H.2 Period of execution

Start: January 17th, 2010 @ 16:15
Ended: January 22nd, 2010 @ 15>00

H.3 Abstract

H.4 Introduction

The experiment was carried out to validate six models toutalle the gas pressure and temperature in
an accumulator. During the experiment the position of tlstopi was measured and used as input in the
models. The out was the gas pressure and temperature. Tédaiabjif the experiment was to determine
which model that gave the most correct result when takingptexity into account.

H.5 Theory

Six models for calculating the gas pressure has been pessenChaptel]7. They have all been used for
calculating the gas temperature as described in Chiaptay 8ofMpare the measured and calculated data
the differences between them will be calculated for all tsteps. This has been done using the following
equation:

. d — lculated
lefe/r_ence :pmeasuTQ pca cutate (H.l)
Pmeasured

H.6 Experimental apparatus and procedures

To perform the experiment the test rig as described in Chpieused. The experiment was performed by
applying accumulator #1 with a reference signal that woigttlya step change in the volume as described
in Chaptef-I0R. To make sure, that the regulator was notatixtg the reference signal was a ramp signal
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with a steep slope. The slope was varied depending on pgeipagssure and how long the piston should
move. The slop can be read off in Appenflix E. For every setigetBamples was measured and named
with the date and a continuous number. In Sediion|10.2 theerdmach rest run is presented.

Since accumulator #2 do not have a position transducer tthebhljc and mechanical model has been used
firstly to calculate the gas pressure using a position asarefe signal. The gas pressure has then been used
as reference signal for accumulator #2.

For every sample the gas pressure and temperature was eetasdrplotted as a function of time. Then the
gas pressure and temperature has been calculated and plotidunction of time. After this the difference
between the measured and calculated value has been deteasm@xplained in the previous chapter and
plotted as a function of the measured pressure. Finally genmalue of this together with the variance for
all reulsts has been calculated and plotted in the same fiffutkis way it is possible to get an overview
over alle test runs.

H.7 Data analysis, results and uncertainties

In Figure[H.1 is the data for one test run with three samplgsctied. Graphs for all other test runs can be
found in AppendixXL3B.
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Figure H.1: Gas pressure and temperature for GAS_4.
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The graph shows an expected progress of the pressure andntiperature, namely that they increase
during a compression and decrease during an expansionh&ahbbve test run, namely GAS_4, the gas
pressure has been calculated and compared with the meafateedThis is depicted in Figure H.2. The
same calculations can be seen in Fidurd H.3 for a test ruonpeet] with accumulator #2. Graphs for all
other test runs can be found in AppendiX 1.4.
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Figure H.2: Measured and calculated gas pressure using six equations of state for accumulator #1.
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Figure H.3: Measured and calculated gas pressure using six equations of state for accumulator #2. Notice the large
differences between measured an calculated.
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To get an overview of the difference between the measuredtendalculated data, the percentage-wise
difference has been calculated and depicted as a functitreaheasured pressure in FiglirelH.4. Graphs
for all other test runs can be found in AppendiX 1.5.
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Figure H.4: Percentage-wise difference between measured an calculate gas pressure as a function of the measured
pressure.

As seen from Figure Hl4 each test run consists of four stagasely two nonlinear and two approximate
linear. The four stages are depicted separately in Figuseahid are described in the following.

Stage 1: The compression stage where the gas is compressdbeapressure and temperature
therefore increases. The stage is approximately linedreaddminating variable here is the position
and the position is the same in both the measured data andlth#ated data.

Stage 2: The first interaction stage, where the volume is &epstant. The gas interacts with the
surrounding air and the temperature decreases reachingramémperature causing the pressure
to decrease. The stage is not linear as the dominating Vaiigthe thermal time constant. In the
calculations the thermal time constant is assumed the samdétame. But this is in fact not the
case since both the convection heat transfer coefficientlameffective wall area changes with
time[Pourmovahed and Otls, 1990]. This difference is aayitie nonlinear behavior.

Stage 3: The expansion stage where the gas is expanded gvésbare and temperature therefore
decreases. The stage is approximately linear because sédithe reason as for stage 1.

Stage 4: The second interaction stage, where the volum@iskastant. The gas interacts with the
surrounding air and the temperature increases reachingattbmperature causing the pressure to
increase. The stage is nonlinear because of the same reafworstage 3.

To give an overview off all test runs two values has been ¢ated for each model, namely the mean per-
centage value and the difference between the minimum prgedifference and the maximum percentage
difference. The mean percentage value takes the mean Viadlledata points for each model. This value

gives an indication of how precise the model are compareld thié measured data. the value can only
give an indication of how the model in average performs,daes the model in average calculate a to low
pressure or does it in average calculate a to high presshigvalue does anyhow not give an indication

of how precise the model are in each data point, i.e. how fasydrom the average value the data points
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Figure H.5: The four stages in a test run, namely the compression, the first interaction, the expansion and the second
interaction for accumulator #1.

are. A model could have a difference of -20 % in one data pair2&% in another data point. In average
this gives a difference of 0 %, which is not a clear and trueltesf that model. To give an indication of
this the variance are calculated for each model. A largedad indicates that the data points are fare away
from the average value. Vice versa a small variance indsddizt the data points are close to the average.
The latter is the most desirable.

The mean value and the variance has been calculated fosatutes both for accumulator #1 and accumu-
lator #2. The result of this are depicted in FigurelH.6 anduféfH.7. In Figuré HJ6 the first five test runs
are for normal ambient temperature, the next four are fonwambient temperature and the last five are
for cold ambient temperature. For Figlire H.7 the first fogt tens are for cold ambient temperature and
the last four are for ambient temperature.

For the depicted test run in Figdre H.1, namely GAS_4, thegmaperature has been calculated and com-
pared with the measured data. This is depicted in Figurk rgFigurd H.9 for a test run preformed with
accumulator #2. Graphs for all other test runs can be fourgpendiX1.6.

As seen in the two figures large differences is observed. Missinct for accumulator #2. This may be
explained with the same reason as mentioned previous iexpisrimental report, namely that the position
of the piston has not been as expected leading to a loweryseesen expected during a compression.
Regarding accumulator #1 large differences between @tmliland measured data are also observed. The
differences is not assumed to be from errors in the calanatbut rather from errors in measuring the
temperature. Actually measuring the temperature provée iguite a challenge which is why Section 14.2
has been devoted to explaining the problems faced durisgfieration.

The sources for uncertainties in this experiment are:

e An uncertainties that might be of influence to the result areHeater placed in the laboratory. The
fan heat has a quite large fan that circulates the air. Tleisrdiluencing the thermal time constant.
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Figure H.6: Calculation of mean value and variance of all test runs for accumulator #1. The first five test runs are for
normal ambient temperature, the next four are for warm ambient temperature and the last five are for cold
ambient temperature
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Figure H.7: Calculation of mean value and variance of all test runs for accumulator #2. The first four test runs are for
cold ambient temperature and the last four are for normal ambient temperature.

If the circulation are changes during the test run so doeshiirgnal time constant. But during the
simulation a constant thermal time constant er used.
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Figure H.8: Measured and calculated gas temperature using six equations of state for accumulator #1.
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Figure H.9: Measured and calculated gas temperature using six equations of state for accumulator #2.

H.8 Discussion

The calculations for this experiment has been divided into parts, namely the pressure and the tempera-
ture. Therefore the same will be done for this section.
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H.8.1 Gas pressure

Based on the 14 test runs with accumulator #1 and the resptstdd in Figur€ HI6 some conclusions can
be drawn for this accumulator and the six gas models:

¢ In general the ideal gas equation does seems to be very teforrall three ambient temperatures
and pressures. But when the results are studies furthecligds to see that this model has a large
variance for large pressures. This is the case for both rpmwaam and cold ambient temperature.
As expected this model is not suitable for simulating hyticaaiccumulators as described in this
project.

e The next equation of state of interest are the Van der Waalatem of state. This provides precise
results and has a low variance for both normal and warm amt@erperatures. This is as expected
as this equation of state are know be accurate for temperahave 250 Kelvin.

e For normal and warm ambient temperatures the four most agdjuations of state proves to
be more inaccurate then the less complex Van der Waals equattistate. Only for cold ambient
temperatures it is reasonable to use the more complex eqaaif state. But still the difference be-
tween this four equations of state are so small, that it ismenended just to use Beattie-Bridgeman
equation of state.

Regarding accumulator #2 no clear conclusions can be drasvexplained in this experimental report the

test run for accumulator #2 was performed using a simulaésdpgessure as reference signal. Most likely
there has been an error in the data used for the referenca sigithe piston of the accumulator has not
be where it was assumed to be. This is assumed as there aralifiegences between the measured and
calculated data. Therefore all data for accumulator #2 fpeistonsidered wrong.

H.8.2 Temperature

In figure[H.I0 the result of this is depicted for accumulatbr #he results shows that no significant dif-
ference are to be found between the six models and that theaoosrate results are obtained at the low
ambient temperatures. This is assumed not to be corred lbasgvo reasons:

e The equation for calculating the temperature are basedeopréssure models. The pressure models
has shown very accurate results.

e The formula used for calculating the temperature are useath®r sources as well.

The findings must therefore be, that the results are not.vakits is back up by simulations done by other
sources with almost the same setup reaching approximatesame temperatures[Rupprecht, 1988, Figure
5.3]. Itis therefore assumes that the simulations are coarel, since they are based on the pressure models,
that the Van der Waals equation of state are valid for normdivaarm ambient temperature and that the
Beattie-Bridgeman equation of state are valid for cold ambiemperatures.

H.9 Conclusion

H.9.1 Pressure

Based on the 14 test runs with accumulator #1 and the respistdd in Figur@ Hl6 some conclusions can
be drawn for this accumulator and the six gas pressure models
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Figure H.10: Percentage-wise difference between measured an calculate gas temperature as a function of the mea-
sured temperature.

¢ In general the ideal gas equation does seems to be very seforrall three ambient temperatures
and pressures. But when the results are studies furthecliéds to see that this model has a large
variance for large pressures. This is the case for both dpmaam and cold ambient temperature.
As expected this model is not suitable for simulating hyticaaccumulators as described in this
project.

e The next equation of state of interest are the Van der Waalatien of state. This provides precise
results and has a low variance for both normal and warm arntaerperatures. This is as expected
as this equation of state are know be accurate for temperahave 250 Kelvin.

e For normal and warm ambient temperatures the four most agdjuations of state proves to
be more inaccurate then the less complex Van der Waals equatistate. Only for cold ambient
temperatures it is reasonable to use the more complex eqaatf state. But still the difference be-
tween this four equations of state are so small, that it ismeuended just to use Beattie-Bridgeman
equation of state.

Regarding accumulator #2 no clear conclusions can be draltraugh a tendency is to be seen in the mean
value, namely that a difference in accuracy between nornmaatald ambient temperature of approximately
5 percentage point is observed, see Fifuré H.7. This is his@dse for accumulator #1. Assuming that
the error in the data leads to a displacement of the resulppfoximately 5 percentage point the same
conclusion as for accumulator #1 can be drawn, namely tlatdomal ambient temperature the Van der
Waals equation of state are sufficiently and for cold ambiemiperature Beattie-Bridgeman equation of
state are sufficiently.

H.9.2 Temperature

To sum up the validation of the temperature models, thevatig conclusions can be drawn:

-101 -



H Experiment report: Validation gas pressure and temperatiwdelJeppe Mulvad Larsen

e No certain result are seen when comparing the measured tetupewith the calculated. This is
primarily because the test rig was not able to measure threatdemperature. Therefore no certain
conclusions can be drawn regarding the accuracy of the silelao

e Since the formula used for calculating the temperature aeel by other sources and since the
calculations are based on the models for calculating thespre, which have shown very accurate
results, it is assume that the temperature models are sh@agjimally accurate results.

As the same problems with accumulator #2 as presented int€{iEp are present no conclusions will be
drawn based on this data.
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Graphs

|.1 Validating test rig

On the attached CD all graphs can be found in .eps and .fig forma

.2 Measuring the thermal time constant

On the attached CD all graphs can be found in .eps and .fig forma

1.3 Measured gas pressure and temperature

On the attached CD all graphs can be found in .eps and .fig forma

.4 Comparing measured and calculated gas pressure

On the attached CD all graphs can be found in .eps and .fig forma

.5 Procentage-wise difference between measured and cal-
culated pressure

On the attached CD all graphs can be found in .eps and .fig forma

1.6 Comparing measured and calculated gas temperature

On the attached CD all graphs can be found in .eps and .fig forma

|.7 Procentage-wise difference between measured and cal-
culated temperature

On the attached CD all graphs can be found in .eps and .fig forma
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Program code for reference
sighal generation

This appendix will present the VisSim program made for gatireg the reference signal. The program can
also be found on the appendix CD.

The program is made by adding blocks in the right order. Rimgrhas been made for both accumulator

#1 and accumulator #2. The input to the program is a signangéed by other blocks. The signal could be
saw tooth, sinus, linear etc and should be given in mm.

J.1 Accumulator #1

The program first takes into account an offset of 95 mm betweeposition transducer and the accumu-
lator. Then the signal is converted from mm to volt by muitipty with 1/26.458. Lastly the program takes

into account the offset and amplification in the referengeali system as describing in Section Al2.1. The
program can be seen in FiglirelJ.1.

+

+
’ SD—»[126.458 e
== Reference woltage
ljl > Reference woltage
4
>
>
°
o 82
°
1
> 0

o

20 40 60 80 100 120 140 160 180
Time (sec)

v

Figure J.1: Screen dump of the VisSim program used for generation the reference signal for accumulator #1.

J.2 Accumulator #1

The signal is converted from Pa to volt by multiplying with,@00/244 and then added an offset. The
program can be seen in FiglrelJ.2.

+
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Figure J.2: Screen dump of the VisSim program used for generation the reference signal for accumulator #2.

- 105 -

180



J Program code for reference signal generation Jeppe Mubvasdn

- 106 -



Program code for data
acquisition

This appendix will present the MATLAB program made for aegdata from the test rig. The program can
also be found on the appendix CD.

A program has been developed to acquire the data measurbd #st rig as described in Chapier A.
The program has been made i MATLAB and used a add on toolbdedcBlata Acquisition Toolbox. The
program is divided into four parts all explained in the fallog.

K.1 Setting up the program

In the first part of the program the setup is done. A number odipaters can be adjusted here. Firstly the
I/O module is called and set to collect in the first six chaanBkcondly the sample rafes, is set for 1,000
Hz followed by the length of the sample periatyr at i on. The sampling can be triggered at a chosen
value. In this caséri gger is set for 0 mm. More about trigger will be explained in panteth of the
program. Finally a cutoff frequencgut of f, used for the filtering of the data is set. More about this in
part four of the program.

ai anal ogi nput (' ntc’);

ch = addchannel (ai, 0:5);

fs = 1000; 9% Hz]
duration = 30; % sec]
trigger = 0; % mj
Cut of f = 15; % Hz]

After this the program will checks whether the variable 'rheri exists. If it does, it adds 1 to the variable.
If not it creates an variable and gives it the value 1. Thisussa continuous numbering of the data as
explained below.

if exist(’ nunmber’)
nunber = nunber +1;
el se
nunber = 1,
end

The third section of the first part is used for naming all aceghidata. Every test run will create a variable
called "filetypeXXX’, where XXX is a continuous number (Thiba/e makes sure that the number increases
with 1 for each test run). All variables will be saved in a .ffig named "filetypedate.mat’. When the data is
filtered a variable named "filetypeXXXF’ will be created araled to a .mat-file name ‘filetypedateF.mat’.

filetype = 'TEST ;

date = 2212009;

var name = [filetype, nun2str (nunber)];

fil ename = [filetype, nun2str(date),’.mat’'];
var nameF = [filetype, nun2str(nunber),’ F];

filenameF = [filetype, nunkstr(date),’ F.mat’];

Finally some setup regarding the actual data acquisiticshoise. Firstly the I/O module is set to sam-
ple with the frequency s. Since the module is not capable of sampling at all frequenadt will se-
lect the nearest one possible and return ibasual f s. The actual sample rate is used for setting the
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Sanpl esPer Tri gger, which is the actual number of samples per run. The Data Adtpri Toolbox
gives the option of starting the data acquisition by a trig@e do so, it is necessary to set up what channel
the trigger function should monitor. In this caBei gger Channel is channel 6, which is the reference
signal. TheTr i gger Type is set to software, meaning that the rules for the triggection is set in the
software. Other types could be Immediate, which execut&ridpger function immediately after the starting
the program. Thé&r i gger Condi ti on is set to Leaving, meaning that the program will trigger when
reference signal will leave the range specified'in gger Condi t i onVal ue. Other trigger conditions
could be Falling, Rising and Entering. As described in the/jmus section, the trigger is set at 0 mm. The
trigger condition value is then set to a range from 0 mm to O mm@aning that the program will trigger
when the reference signal has reached a value of 0 and chemgerthething else. It should be mentioned
thatt ri gger will be changed during the different test runs. This will bentioned in the reports. The
trigger value is converted from mm to a signal voltage. Thislve explained in the next section. Finally
the Tri gger Del ay is set for -1, meaning that as soon as the program has begere)it will start
collecting data from 1 second prior the trigger time andlunis stopped.

set(ai,’ SanpleRate’,fs);

actual fs=get (ai,’ Sanpl eRate’);

set (ai,’ Sanpl esPerTrigger’, duration+actual fs);

set (ai,’ TriggerChannel ', ch(6));

set(ai,’ TriggerType',’ Software’);

set(ai,’ TriggerCondition’,’'Leaving');

set(ai,’ TriggerConditionValue',[(trigger/-26.458)+3.5403; (trigger/-26.458)+3.5403]);
set(ai, ' TriggerDelay’,-1);

K.2 Acquiring data

When all parameters has been setup, the program can be stagedrt (ai ) . It will then have to wait

for the data to be collected before moving further in the prog In this case, it has been set to wait the
length of the sampling period plus five seconds. These fiversklchas been added so the program has
some initial time before triggering.

start(ai);
wai t (ai, duration+5);

K.3 Save acquired data

Once thenai t command has terminated, the program will move on to extredtsave the data. The data
is extracted with thget dat a command and save in an array hamed 'data’.

dat a = getdata(ai);

The program then does two things. It makes a time array natimed’ 'of the same length and spacing as
the acquired data followed by extracting the individualadftom 'data’ and creates six arrays where the
data is save individually.

time = [0:1/actual fs:duration-1/actual fs];

Before it is saved, it is converted from signal voltage to & ,or Kelvin. For the positiom and the refer-
enceRef, the signal is subtracted I3y5387 to move the origin from the middle of the position transduoer
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the end of the accumulator. This value has been reachedsanddsured, that when the position transducer
is at its middle the piston is at a positian= 93.5mm. It is also measured, thal” in the signal equals
26.422mm. Dividing the two numbers would yiel8l 5387V . After subtracting, the signal is multiplied with
—26.422mm/V to convert the signal voltage to mm.

X
Ref

(data(:, 1)-3.5387)*-26. 422;
(data(:,6)-3.5387)*-26.422;

Regarding the pressure transducers it is known from thegtegat, that they have a rangetof- 400bar
and outputsl — 20m A which converted become&s— 10V. Therefore the signal is firstly subtracted by
to take into account that the signal start@&tthen multiplied with50bar /V and finally added an offset to
get the signal in Bar. Lastly it is multiplied with- 10° to get it in Pa.

p_gas
p_oil

((data(:, 2)-2)*50+2.1978) » 1e5;
((data(:, 3)-2)*50+0. 7326) ~ 1e5;

When studying the data sheet for the temperature transmntitteseen that the output is— 20m A which
converted becomes— 10V. The temperature range it set+®0° to 100°C. So firstly the signal is sub-
tracted2V and then multiplied withl9, 75°C/V and then subtractefD°C' to take into account that the
range starts at50°C.

T = ((data(:,4)-2)*18.75)-50;
The last channel is measuring the signal voltage to the \aidds not converted to another unit.
U = data(:,5);

All the above offset values will continuously been monitbiend adjusted if necessary. The time array
and the six individual data sets are now saved in a new arnmedas described in Sectibn K.1. Finally

the program checks whether there is an .mat-file to storerthg @. If there is, the array is added to the

.mat-file. If not the .mat-file is created and the array isesian the .mat-file.

eval ([sprintf(varnane) '=[tinme,x,p_gas,p_oil,T,URef]"]1);

if exist(filename);

save(fil enane, varnane,’ -append’);
el se

save(fil enane, varnane) ;
end

K.4 Filtering the data

The last section of the program is used for filtering the aeglilata. Even though a lot of the noise has been
removed from the data as described in Sedfion A.2, some iss# present as seen in Figure K.1. To filter
the data a SIMULINK program has been developed as describ&pddendiXl. The data is run through this
program. To do so, the array 'data’ is overwritten with thevarted data described in last section. To run the
data through the filtering program, some setup for the pragsanade with the commarsd nset . Firstly

the step size is set as Fixed with a step sizgaéﬁﬁ. The solver chosen is ode4. The filtering program is
then run with the commarsi m
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Example of noise
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Figure K.1: Example of noise in the signals

data = [tinme,x,p_gas,p_oil, T, U Ref];
options = sinset(’FixedStep’, 1/actualfs,’ Solver’,’ oded’);
sim('filtering.nmdl’, data(end, 1: 1), opti ons);

The filtering program outputs a new array named 'dataF’. Theeyds stored together with the time array in
a new array named as described in in Sediion K.1. Finally tbgram checks whether there is an .mat-file
to store the array in. If there is, the array is added to the-filea If not the .mat-file is created and the array
is stored in the .mat-file.

eval ([sprintf(varnaneF) '=[tinme,dataF]']);

if exist(filenaneF);

save(fil enaneF, var naneF, ' - append’ ) ;
el se

save(fil enaneF, var naneF) ;
end

-110 -



Program code for data filtering

This appendix will present the program developed to filterdbquired data. The data is filtered as there
are some noise in it when stored on the data acquisition céenpbhe program is also to be found in the
appendix CD.

Even though a lot of the noise has been removed from the datesasibed in Sectidn"Al2, some noise is
still present in the acquired data as seen in Fifure L.1.

Example of noise
545 T

Position [mm]
@
g

2
Time [sec]

Figure L.1: Example of noise in the signals

The noise can be characterized as bit noise and can not beedmidth capacitors. Therefore a program
with filters has been developed. Good results have beenvasbethen the signal has been feed through a
number of first order transfer functions. In this case olat#as have shown that three transfer functions
give good results[Rasmussen, 2009]. In Figure L.2 the progs shown as made in SIMULINK.

The program consists of three transfer functions for eaghasgithat should be filtered. When the data is
filtered it is collected in an array named 'dataF’ and savethinworkspace. In FigufeTl.3 the transfer
function is shown. It consists of a closed loop system withag @nd an integrator. The gain is the cut
off frequency a described in Appendix K.1. The integrata standard integrator with settings as listed in
Table[L].

Integrator 1

Initial condition Mean value of the first five data points
Upper saturation limit 00
Lower saturation limit —00

Table L.1: Initial conditions and saturation limits for the integrator.

To investigate if the noise has a significant frequency tbatdtbe used as the cutoff frequency an FFT-
analysis is performed.

The result is shown in Figute1l.4. As it can be seen, the naies diot have a significant frequency. The
cutoff frequency will therefore have to be decided by triadl@rror. When doing so, it is important to have
in mind the consequences of adjusting a cutoff frequeneyeta|[Ogata, 2001, Page 573]

e The lower the cutoff frequency the more noise is being remddrx@m the signal. This implies that
the lower the frequency the better.
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Figure L.2: SIMULINK program to filter data
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Figure L.3: Transfer function in the filtering program.

e The higher a cutoff frequency the faster response of thesysA high cutoff frequency is the same
as a high bandwidth and it is general known that the bandwsdginoportional to the speed of the
response. The speed of the response indicates how wellgtenswill track an input sinusoid. This

implies that the higher the frequency the better.

It is therefore necessary to make compromises. Test havensthat a cutoff frequency ab, = 15[Hz]

is suitable. This removes the majority of the noise with asghangle of approximately.033 seconds. In
FigurelL.5 a sinusoidal position signal is shown before aftek diltering and in Figur€ L6 the effect of
filtering is shown on the velocity signal.
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Figure L.4: FFT-analyses using MATLAB Signal Processing Toolbox
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Figure L.5: Sinusoidal position signal before and after filtering
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Figure L.6: Velocity signal before and after filtering
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Program code for calculating
the thermal time constant

This appendix will present the MATLAB program made for meaguhe thermal time constant,. The
program can also be found on the appendix CD.

The first part of the program calls the data that should be tmedalculations and saves it in an array
names 'data’. From this array the program makes three awdkshe time,time, the position,x and the
gas pressurgy,. Lastly it calculates the frequency of the data in question.

dat a = DATA;

tine = data(:,1);

X = data(:, 2);

p_gas = data(:, 3);

f sact ual =tinme(2,:)-time(l,:);

Then the program finds the maximum pressure from which iutale the pressure when it drops by 63,2%
namedo_gas_632.

[p_gas_max i_p_gas] = max(p_gas);
p_gas_632 = max(p_gas) - ((max(p_gas)-p_gas(end,:))*0.632);

The program then starts a loop to find the time step at whicpithesure is equal or smaller to the pressure
p_gas_632. The program then returns the time step as the actual time.i§the thermal time constant,
T.

n = 0;
for i=time(i_p_gas):time(end);
whil e p_gas(i_p_gas+n) >= p_gas_632
n = n+l;
end
end

tau = nxfsactual
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Data sheets

N.1 Analog and digital I/O module

Please see attached CD for this data sheet.

N.2 Valve

Please see attached CD for this data sheet.

N.3 Accumulator #1

Please see attached CD for this data sheet.

N.4 Accumulator #2

Please see attached CD for this data sheet.

N.5 Position transducer

Please see attached CD for this data sheet.

N.6 Pressure transducer

Please see attached CD for this data sheet.

N.7 Temperature transmitter

Please see attached CD for this data sheet.
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