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Preface

This thesis is a product of a master project in the field of M@ital Engineering with special-
isation in Electro-Mechanical System Engineering (EMSDAalborg University. It has been
written by project group 54D on 10 semester from Septembet 2010 to May 3% 2011.

This report is addressed to readers with a basic knowledgeatfematical modelling describing,
mecha- nical- and hydraulic systems.

Figures, equations, and tables are numbered continuduslyghout each chapter and appendix.
E.g. Figure 4.3.2 is Figure 2 in section 3 in chapter 4. Thel®ysapplied in the report is gathered
in the nomenclature with a description and the unit and isqulebefore the introduction. A CD
is enclosed with the report and contains the articles meation the bibliography, the SimuLink
models constructed, CFD results, and Maple sheet for desfeitze calculations.

We would like to acknowledge and give special thanks to Tro@andra for help and guidance
with the CFD analysis and the dimensional analysis and teefn@hristian Olesen for assistance
with the ANSYS programming.

Guide

This report uses the Harvard system of referencing. In gbthes appears as the authors surname
and year of publishing in square brackets, e.g. [Philli@30Q. If the year of publishing is
uncertain or unknown this will be followed by an asterislg. gPhillips, 2000*]. The references
cited are found in detail in thBibliographysorted alphabetically by authors surname.

Appendices and enclosures are referred to asagpgendix A.2r enc. 1.3 Enclosures are found
on the enclosed CD.
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Nomenclature

Nomenclature| Description Unit
aj Jet angle of fluid exiting valve [rad]
B Bulk modulus [Pal
0 Surface roughness profiles of surface one and two resplgctive [m]
Angle in mechanical model, cf. Figure 2.11.6 [rad]
n Efficiency [—]
6r Rotor angle [rad]
Oint Angle between cylinders [rad]
K Frictional coefficient in poppet valve -]
vl Dynamic viscosity [Pa- g
v Kinematic viscosity [m?/s]
\RA) Possions ratio of material one and two -]
g Angle in mechanical model, cf. Figure 2.11.2 [rad]
p Density of the hydraulic fluid [kg/m?]
o Surface roughness [m]
L Load torque on motor [N
T Rotor torque INm
TcrR Torque in connecting rod INm
o Surface roughness [m]
o* Non-dimensional Surface roughness= ¢ [m]
[0) Angle in mechanical model, cf. Figure 2.1..2 [rad]
(08 Contact flow factor concerning the average gap between tviacas -]
Shear stress flow factor representing
o the sliding velocity component of shear stress. -]
Pts Shear stress flow factor representing ¢iadout in terms of mean flow -]
s Flow factor representing additional flow due to sliding iroagh bearing [—]
Flow factor comparing the average
i pressure flow on a rough surface to that of a smooth surface -]
Wp Function examining for cavitation, cf. Equation 4.23 -]
Watm Function examining for cavitation, cf. Equation 4.23 -]



Nomenclature| Description Unit
() Angular velocity of booster pump [rad/s]
Wm Angular velocity of motor [rad/s]
(A Angular velocity of rotor [rad/g]

Wref Reference angular velocity of rotor [rad/g]
Q Constant 4.0 [—]
7 Power loss W]

A (Xpop) Opening area of poppet (]
Aa Pressure area of port A in valve (7]
Ag Pressure area of port B in valve ud
An Inlet area of the valve (]
Ainside Inside surface area of piston ring [mz]

Aw Orifice area of motor lud

Ay Surface area of the piston ud
Aoutside Outside surface area of piston ring (]
Ax Pressure area of port X in valve [?]
Height of the piston ring [m]

Nominal clearance [m]

Ct Friction coefficient [—]
Cq Discharge coefficient [—]

Ceon Converge criteria of numerical method [-]
d Distance between the shafts, cf. Figure 2.1.2 [m]
dc Diameter of capillary tube [m]

&sign Vector containing signs of errors regarding numerical oéth [—]
Dn Hydraulic Length [m|

Fasp Force caused by asperities [N]
Feyl Force caused by cylinder pressure [N]
Fcr Force in connecting rod, cf. Figure 2.11.2 [N]
F Flow force on poppet [N]
Fir Friction force on poppet [N]

Ftric Friction force in piston ring or slipper pad [N]
Fg Gravitational force [N]

Fer Groove force in piston ring [N]

FLands Force caused by pressure across the lands of the slipper paéN]
Fp Force caused by pressure in the fluid film on the piston ring [N]

Fpa Force on poppet caused by pressure in A [N]

Fre Force on poppet caused by port B [N]
Fpocket Force caused by pocket pressure acting on the slipper pad [N]
Fpx Force on poppet caused by port X [N]
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Nomenclature| Description Unit
SN Normal force in cylinder cf. Figure 2.1.2 [N]
F Force caused by rotor torque, cf. Figlre 2.1.2 [N]
Frs Reaction force in central shaft, cf. Figlire 211.2 [N]
Fspr Spring force on poppet [N]
h Film height between piston ring and cylinder wall [m]
Riim Maximum squeeze film (2]

hiand Film height between slipper pad and eccentric shaft [m]
Piandy Optimal film height between slipper pad and eccentric shaft [m]
H Non-dimensional film heightl = E [m]
Jr Mass moment of inertia of rotor [kg- ]
I Length of connecting rod, cf. Figure Z.1..2 [m]
lp Length of piston rod, cf. Figule 2.1.2 [m]
Ly Height the slipper pad, cf. Figure 4.8.2 [m]
LHpocker Height of pocket area, cf. Figure 4.B.2 [m|
L; Length of the land. Equal tby, Ly ,L3 or Ly, cf. Figurd 4.3.2 [m]
Lpr, Depth of piston ring, cf. Figurle 4.4.4 [m]
Ler, Height of piston ring, cf. Figure 4.4.4 [m]
Lw Width of the slipper pad, cf. Figute 4.3.2 [m]
LWoocket Width of the pocket, cf. Figurie 4.3.2 [m|
My Mass of piston (kg
Mpop Mass of poppet kg
p Pressure in fluid film, only used in chaptér 4 [Pal
Patm Atmospheric pressure [Pa]
Psp Bearing pocket pressure [Pa]
Pc Cylinder pressure [Pal
Py High pressure [Pal
P Low pressure [Pa]
R Tank pressure [Pa]
P(X,T) Pressure through the film [Pal
Qg Flow produced by booster pump [m/s]
Qcap Flow through the capillary tube [m/s]
Qn Flow through high-pressure tube [m/s]
QL Flow through low-pressure tube [m/s]
Qiand Leakage flow across the land [m*/s]
Qleak Leakage flow across the piston ring [m/s]
QuH Flow through outlet valve [m/s]
QuL Flow through inlet valve [m/s]
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Nomenclature

Description

Unit

It
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Iring
Ieyl

'wH

Xp,Yp
Xpop
Xpopx
Xs, Ys; Zs
X

Xe

Length from central shaft to slipper pad, cf. Fighre 4.3.8

Radius applied in calculation of opening area in poppetFicfure[2.2.8
Radius applied in calculation of opening area in poppet-icfure[2.2.8
Radius of eccentric shaft, cf. Figure 413.8

Radius piston ring

Radius cylinder

Ratio between the piston area and pocket are, cf Equafiéh 4.5
Ratio between length and width of the slipper pad

Reynolds no.

Length applied in calculation of opening area in poppetFafure[2.2.8
Non-dimensional tim§ =tw

Velocity of fluid at valve inlet

Velocity of piston

Non-dimensional* = &
Surface velocity of the eccentric shaft relative to thepsippad
Velocity of pointA, cf. Figurd 2.1.b

Velocity of pointB, cf. Figurd 2.1.6

Angular velocity of pointA around poinB, cf. Figurd 2.1.6

Volume between cylinder and valve

Volume in high pressure tube

Volume in low pressure tube

Variance ratio between two surface

Length applied in calculation of opening area in poppetFafjure[2.2.8
Width of the land

Asperity load in piston ring

Groove load in piston ring

Fluid film load in piston ring

Cavitation point in fluid film

Coordinate system attached to the cylinder

Poppet position

Distortion of spring in poppet

Coordinate system for the fluid film between piston ring arlchdgr
Non-dimensional position through fluid fildd = Z—bx

Non-dimensional cavitation point in the fluid fil = %
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Introduction

This first chapter consists of a short introduction to wintbitwes and a description of the initiating
problem and how it is examined.

1.1 Offshore Wind Industry

Figure 1.1.1: Offshore wind turbines [EURO AVIA COMPANY,, 2009].

The increasing demand on renewable energy has helped tlepaimer industry develop into a
major growth industry. Especially the offshore wind energyich according t&URO AVIAwill
keep on growing excessively despite the financial cAlﬁl&RElA\LIA_C_QMEANX] |2Q1d)]. Figure
[1.1.2 illustrates the increment in constructions of offehwind farms.
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Figure 1.1.2: Global offshore wind build [BWEA, 2010].
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1. Introduction

The growth can be explained by a number of reasons:

» General increasing demand on renewable energy, e.g. thislDenergy agreement of incre-
ment of development of renewable energy in Denmark fiomnfidl og Energiministeriet,
2008].

* Public interest in moving the wind turbines offshore. Tisiemong other things to reduce
the noise to residents living close to the wind turbines dmedvisual impact on the land-
scape.

» More stable and powerful wind speeds at sea.

» The construction of more and larger sea wind farms,ldayns Rev | & Ilin Denmark and a
future contract offer from the Danish government to buile tiext 400MW] offshore wind
farm at Anholt DK [Energistyrelsen, 2009]. Further and geeavind farms are planned
around the world, e.g. in the UK [BWEA, 2010].

Offshore wind farms are therefore subjected to a high degfdevelopment in order to improve
the technology and overcome difficulties. In a conventiomiald turbine the gear, generator and
bearings are installed in the nacelle, and hereby demardatgpng foundation. In fact, a reduc-
tion of one[kg in the nacelle can save twig of foundation [llsgy A.| 2010]. The cost of the
foundation represents 20 % of the cost of a typical largehofis wind farm [[WindFacts, 2010].
This is why research into reduction of the weight, is a prbfédusiness.

To reduce this weight, other concepts are considered, gidrahlic power transmission. The
basic concept is that the turbine drives a hydraulic pummeoted to the shaft. The hydraulic
fluid flows down through pipes to a hydraulic motor placed atfthundation, connected to a gen-
erator which produces power at grid frequency. A 890 prototype of a wind turbine using this
technology has been constructed@yapDrive A/SChapDrive is currently developing a\sW]
design with higher efficiency and performance [ChapDrivad,(g.

A pump satisfying the given specifications does not exigtPC Servi Cylinderservice Afsas
developed a pump concept which satisfies the demands [lIse®0A0]. An illustration of this
concept is presented in Figure 1]1.3. The design is baseldeoronhcept of a radial piston pump
with 14 cylinders, with an inlet and outlet valve for eachigier. From this concept the initial
problem is outlined:

To research the problems involving opening and closing #ieewvhich controls the flow out of
the cylinders.

2[121



1.2. Application of Hydraulic Transmission in a Wind Turbin

Figure 1.1.3: CAD of PMC Servi's pump design for aMW wind turbine, installed in an appro-

priate nacelleML_Z_QiO].

1.2 Application of Hydraulic Transmission in a Wind Turbine

This section describes the requirements and limitatioristwdmerges when considering hydraulic
transmission in a wind turbine of the chosen size and powisigralo choose these specifications a
technical report by J. Jonkman, S. Butterfield, W. Musiatl @&n Scott titledDefinition of a 5-MW
Reference Wind Turbine for Offshore System Developimapplied as referenct al.,

]. The report represents a fictive reference offshorelwirbine project, and is based on a
series of reports, case studies etc. from among ofRecommendations of Design of Offshore
Wind Turbines Proje¢RECOFF) andJS Department of Energp OEs).

The report dictates that, to compete with existing conesati wind turbines and to be attractive
for an installation at sea, the output power rating is rezito be SMW)| [LJ_QnKman_el_AlL_Zng].
This power rating is chosen since it has precedence and &éyngtiosen as the size of the offshore
wind turbines 09].
A wind turbine of this size has, according Lo_LlQanma.n_Hzﬂm‘b] the following specifications
given in Tabld 1.2]1.

31217



1. Introduction

Parameter Value Unit
Power rating 5 [MW]
Rotor orientation & configuration Upwind & 3 blades -
Control Variable speed, collective pitch -
Transmission High Speed, multiple-stage gearbox -
Rotor & hub diameter 126, 3 [m]
Hub Height 90 [m]
Cut-in, Rated, Cut-Out Wind Speed 3,11.4,25 [M/s]
Cut-In, Rated Rotor Speed 6.9,12.1 [rpm|
Rated Tip Speed 80 [m/g]
Overhang, Shaft Tilt, Precone 5,5,25 [m],°,°
Rotor Mass 110 [t]
Nacelle Mass 240 It]
Tower Mass 347.46 [t]
Coordinate of Center of Mass (-0.2, 0.0, 64) [m]
Electrical Generator Efficiency 94.4 %

Table 1.2.1:Properties of NREL SMW wind turbine [Jonkman et al., 2009]

When replacing the gearbox with hydrostatic transmissang installing pipelines through the
tower to the ground, the gearbox is eliminated, and the gégrecan be moved to ground level. As
mentioned earlier, this can reduce the weight. The conbepiever, also adds another advantage;
by moving the generator to ground level servicing and regadased, since the space around the
components are not limited by the nacelle.

Two versions of hydrostatic transmission are known, claseapen.

If an open-loop system is installed, an unavoidable presdtop is introduced when dumping the
hydraulic oil to the tank. This is unfavourable since it reelsi the overall efficiency. When the
rotor of the turbine rotates above its rated speed the flas asd surplus oil is dumped the tank,
hereby introducing an energy dissipation. This will requarheat exchanger to cool the hydraulic
fluid, which reduces the overall efficiency further [MHL GhilCorporation Inc., 2008].

When using a closed-loop system, the tank can be eliminaethe energy dissipation to the tank
can be avoided. Instead a booster pump which keeps the prestsal specific level, is required.
The heat exchanger is also needed, as the oil temperaturgseibver time, caused by energy
dissipation. In addition the system can have difficultiethéf rotor runs above its rated speed, due
to the increased energy induced into the system. This ervengither be adjusted by the pump
or be dissipated to the tank. To solve this a variable digphant motor with a constant velocity
controller can be installed and connected to the generdlimrever, the problem of overrunning
is still not solved if the flow increases massively [MHL GlbGorporation Inc., 2008]. This is
solved by pitch control of the wind turbine. This adjusts @imgular velocity of the shaft, such that
it does not change dramatically. Since this project focasethe pump design, the velocity of the
rotating shaft in the wind turbine is assumed to be constant.
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1.3. The PMC Servi Pump

1.3 The PMC Servi Pump

This section describes the concept of a radial piston pundptiad complete hydraulic system.
In the end of the section the PMC-Servi pump is described faildi®r further analysis in the
following chapter.

1.3.1 Concept

The PMC Servi pump works on the principal of a radial pistompuvith 14 cylinders, divided
on two eccentric shafts. A principal of a radial piston puniphwgeven cylinders is illustrated on
Figure[1.3.11 and a hydraulic diagram of the system is ilistt on Figure 1.312.

Returning to Figure 1.311DC andODC indicates thénner Dead CenteandOuter Dead Center
of the pistons.

The blue areas on the right-hand side of the Figure refergtordpression and suction mode,
where an inlet valve is open and fluid pasg#e the chamber. When the pistons are in these
situations the pressure inside the cylindé)(is equal to the low-pressur®(), if the pressure
loss in the valves is neglected.

The yellow area indicates a compressed fluid with both vatiesed. The red areas indicates a
high pressure inside the chambers and an open outlet vassing fluidout of the cylinder. At
this point the pressure of the fluid inside the chamber is @tstime pressure or above the high
pressureRy)

Compression onc Decompression

IDC
Figure 1.3.1: Radial piston pump.

1.3.2 Hydraulic System

This section describes the hydraulic system shown in F[ju& consisting of:

S[121



1. Introduction

Radial piston pump - Modulated as 14 individual cylindeithwwo valves each.

Motor - Modulated as an orifice betwe®n andP. and connected to a generator.
* Pipes between the components - Modulated as volumes.

» Booster circuit - Modulated by keepirigy constant.

The system will be described in detail in section 2.2.

-------

aa
N

1. T

3] = |

Booster circuit j 14

Figure 1.3.2: Hydraulic diagram.

1.3.3 PMC Servi Pump

As mentioned earlier PMC Servi has developed a pump desiga 5MW)] wind turbine which
supposedly can fulfil the requirements of this applicatidsely Al,12010]. A CAD drawing of the
pump is illustrated in Figurle 1.3.3, and the specificatiaesgiven in Tablé 1.3]1.

The 14 cylinders are divided onto two eccentric shafts amated such that the angle between
each cylinder i$v14. Each cylinder has a flow output of 22!/strokd, and with a rotational speed
of 10[rpm| this results in a flow of 1808][!/min]. When including the volumetric efficiency of 98
% the nominal flow of the pump is lowered to,B56]! /min| [llsgy Al,12010].

6121



1.3. The PMC Servi Pump

Figure 1.3.3: CAD of PMC Servi's pump design for al8W wind turbine [lisgy A.| 2010].

A significant factor when considering this pump concept igtaluate the efficiency compared
with existing wind turbines. If the concept is not compestiit will not be of any interest, thus
power losses needs to be minimized. E.g. the efficiency écthirdependent on the in- and outlet
valves of the cylinders along with the friction inside thergmnents of the pump so the power
loss in these needs to be addressed. PMC Servi suggest usiaigdard NG40 valve for in and
outlet valve of each cylinder. The following chapter analythe effects of using these valves, and
determines the subjects and areas of improvement.

7127



1. Introduction

Description Value Unit
Rotational speed of wind turbine 10 [rpm|
Rotor height 100 [m]
Rotor diameter 120 [m]
Nacelle mass 300-400 [t]
Cylinder diameter 0.450 [m]
Cylinder stroke 0.580 [m]
Cylinder volume 92.2 )
Outside diameter of pump 3 [m]
Nominal flow of PMC pump 12,656 [ /min]
Diameter of inlet pipe 0.254(10in) [m]
Diameter of outlet port 0.3048(12n) | [m]|
Working pressure difference of motor 250 [bar]
Volumetric efficiency 98 %
Total efficiency of the pump 96 %

Table 1.3.1: Properties oPMC Servipump, all values are extracted from the article: [llsgy A.,
2010].

8121



Non-linear Pump Model

To evaluate the PMC Servi pump, a non-linear model which riless the mechanical and hy-
draulic parts is formed. Furthermore when the non-lineadehs completed it can be applied to
evaluate other valve types. The model is based on the infamprovided by the PMC Servi arti-
cle, [llsgy AL, 2010]. This chapter describes this nondinmodel, including both the mechanical
and hydraulic components.

2.1 Mechanical Model

This section describes the dynamics and kinematics of tta#isnal movement of the shaft and
the linear translation of the pistons. Initially one pistwill be described, later this one-piston
model will be expanded to a full mechanical description efpump with 14 cylinders.

The rotating eccentric shaft, and the piston, cf. FigurelPahd 2.1.P consists of three links, with
two revolute joints in point® andB, and one revolute and translational joinfinNote that Figure
[2.1.1 only illustrates one of the two eccentric shafts eaith seven pistons. When implementing
this in the full non-linear model, the eccentric shafts Wil modelled as a single eccentric shaft
with 14 pistons.

Cylinder

Figure 2.1.1:Kinematic mapping - Red lines indicate the links on FigufeZa.

o121



2. Non-linear Pump Model

(b) Free body diagram of the three links. Red denotes the
forces acting on the piston, blue denotes the forces in the co
necting rod and green denotes the force and torque applied by
the rotor. Note that gravity is omitted.

Figure 2.1.2: Kinematic and free body diagram of one piston and shaft.

The forces of Figure 2.1.2b will be described further in thigofving section.

2.1.1 Dynamics of One Piston

A force equilibrium is established around the piston asitiated on Figure Z.1.2b in Equation]2.2

MpXp = Foyi+ (—Fcr) + Fu (2.1)
MpXpX = FeyX— (Fcreo @)X+ Fersin(@)y) + Fvy

where: My Mass of the piston
ip Acceleration vector of the piston
Ifcy| Force acting on the piston due to the pressure in the cylinder
IECR Force in the connecting rod
IEN Normal force
X Unit vector in the x-direction
y Unit vector in the y-direction

10127



2.1. Mechanical Model

This results in two equations for tlxe andy-direction respectively, as elaborated in Equalioh 2.2

0= (Feyi — FcrCOS @) — MpXp)X  +  (Fn — Fersin(@))y
V

Foy — MpX .
FCR: M FCRsm((p) = FN (22)

coq o)

In order to compute the force in the connecting régk, the cylinder forcefy;, and the accelera-
tion of the pistonxp, has to be determined. This will be done in the following amdéctiori 2.1J3
respectively.

The cylinder force origins from the pressure inside thentlgr acting on the areA,, of the piston
which then causes a force as described by Equifidn 2.3

Feyl = PcApR (2.3)

where: Pc Cylinder pressure

Ap Area of the piston

The cylinder pressuré®, will be further elaborated in sectign .2

2.1.2 Torque Equilibrium

To connect the dynamics of the piston with that of the rotaiprgue equilibrium of the rotat-
ing shaft is necessary. In this section the torque produgeallli4 pistons is summed and the
dynamics of the shaft is established. Equafioh 2.4 is trguequilibrium of the shatft.

. 14
i=
where:  J Moment of inertia of all the rotating parts connected to thafs Excluding the inertia of the
o eccentric shaft
oy Angular acceleration vector of the rotor
T Rotor torque
TCR Force on pistor through the kinematics, converted to a torque on the shaft

In order to determinécg, a coordinate system is placed in pods illustrated in Figure2.7.3.
The vectorOB; is considered along with the force in the connecting I?@ﬂ as presented in
Equatior 2.5, witHOB | = d and|Fcg | = Fer.

11127



2. Non-linear Pump Model

Figure 2.1.3: The force in the connecting rofgr , displayed along with the vect@B; and their
respective angles to the x-axis.

TcR = OB xFcR
cosby, cos®
= d|sin6, | xFcr | sing
0 0
= dRegsin(@ —8;)2% (2.5)

The implementation of this torque equilibrium is done by lempenting a velocity and acceleration
controller which ensures that the required torque is abllan order to maintain the reference
angular velocity.wye+.

This is a simplification of a real wind turbine; The controlie an actual wind turbine has a
more advanced control strategy, where it adjusts the pitgieaof the blades in such a way that
a specific power is maintained. The power is a function ofuergnd angular velocity, hence the
controller has two variables to adjust when a power outpoh@sen|[Muljadi et al!, 1998]. This

controller can be quite complex and is not included in thiggmt. Instead two Pl-controllers are
implemented as illustrated in Figure Z2]1.4.

2 Tcr

w‘L@—» Py O Pala Lé
T

LSl

Figure 2.1.4:Velocity and acceleration controller.

A constant angular velocity is initially chosen @g and, as mentioned, the outer Pl-Controller,
denotedR,l,, is a velocity controller ensuring constant angular veélocrhe inner Pl-controller,
denotedP;,l, controls the acceleration which is desired to be zero. These&ontrollers ensures
that the wind always delivers the necessary torgueto the shaft. The coefficients of the con-
trollers are given in Table 2.1.1. The size of the values ala&tively high, this is to ensure an
almost constant angular velocity such that the wind deditiee necessary torque instantaneously.
The numerical errokerror, is kept below< |2-10~°[rad/s], as presented on Figure 2J1.5.

12[127



2.1. Mechanical Model

Paramete]  Value

Pa 0

la 115926000
P 90

Iy 4058

Table 2.1.1:Parameters for the Pl-controller.

x 10~

wy error

6 7

8 Tlmge [S] 10 11 12
Figure 2.1.5: Simulated angular velocity of the shaft, with the referemetocity of 1.0472
[rad/g subtracted.

The simplification of using this relatively powerful velogciand acceleration controller is legiti-
mate in this analysis. Since the focus of the project is oigdasy the pump, the control of the
rotor blades are assumed to be effective such that the angaldgcity is kept constant.

2.1.3 Kinematic mapping

To express the position, velocity, and acceleration of iktop from the anglé,, the anglep on
Figure[2.1.2h is calculated as a function of the rotationgleaof the shaftf;,.

ot) = sin‘l<wd> (2.6)

Note that6; is a function of time and angular velocity hence:
6r (t) = Oyt +COint (2-7)

Wherec is the chosen cylinder no. subtracted by oBg. is the angle between the cylinders, and
wy is the rotational velocity.

Now that@ is defined fromg;, a relation forx, as a function of the current rotor angde and
velocity «y can be defined. Figufe 2.116b illustrates the velocity wsabbthe cylinder and of the
eccentric shaft.
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2. Non-linear Pump Model

The velocity of the connecting rod can be considered asvislloThe translational velocity of
point A,\7A, is the vector sum of the translational porti&fg, and the rotational portior\ZA/B, of
the velocity of the connecting rod with point B as a referepoint, cf. Figuré 2.1.86a.

VB Ve

%//JB = VBCA/(B +AQ/B@ Va/B Ve

Va Vass' Va

(a) Velocity of the connecting rod, dashed lines represent étle pf the respec-
tive point.

(b) Velocity vectors and their respective angles.

Figure 2.1.6: Velocity diagram and the respective angles between thergeaind thex-axis.
Velocity vectors are marked with green.

Figure[2.1.6a yields

Va(t) = Va(t) +Vas(t) (2.8)
From Figurd Z.1.Gb and the law of sines, Equafion 2.9 can tableshed, note that the sign of
Va/s(t) changes.
Vg(t)sin(g(t))
Vas(t) = ———— 2.9
A/B( ) Sln(E(t)) ( )

To find the velocity of the piston which only has arcomponent, Equation_2.8 can be applied
on thex-components of all three vectors with the angles as givengnre[2.1.6b such that by
substitutingx (t) = —Va(t):

Xp(t) = —cos((t)) Va(t) + cos(&(t)) Vasa(t) (2.10)
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2.1. Mechanical Model

The angles on Figufe 2.1J6b is given as

et) — g+9r(t) 2.11)
() = o 212)

By substituting Equatiorls 2.6, 2[7, P[9, 2.11, And12.12 kdaation 2.0 and differentiating, the
expression for the acceleration of the piston is found to:

Xp= cogux(t)t+ Bint) (((;jt (t )>t+oor(t)> doo (t) + sin(o (t)t + Bint )d <(;jt (t))
~ cos(26x ()t + 28ine) (o (1)) t+ e (1)) d?x (t) + 3 Sin(20x ()t + 28im ) d? (o (1))
|\/1 sin(or t+6.m 2d2

i (0t-+ 00 (0 cosca (0 0 (3 )+ (1)
I3 (1_ wfﬂ

(2.13)

The expression of the velocities given in Equafion .10 dsm e integrated to express the posi-
tion of the piston. By inserting a constant angular velooityy (t) = 1.04{rad/g|, the distances
d = 0.29]m] andl = 0.7[m| and by choosing cylinder #1 by settiBg; = 0, the positions, veloci-
ties, and accelerations presented in Figure P.1.7 arenglotai

The length,d, is defined as half the stroke length o68m|. The length/, is the radius of the
eccentric shaft and is not defined in the PMC Servi articleafllAl, 2010] so a value has been
chosen td = 0.7[m).

0.5 T

RN , |
S~
£
Q,
X 0% 2 4 6 8 10 12

Time [s]

Figure 2.1.7: Position, velocity, and acceleration of piston #1.
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2. Non-linear Pump Model

2.2 Hydraulic Model

This section describes the hydraulic equations of the dglisin the radial piston pump, the valves,
and the pressures in the tube from the pump to the motor. Asitled earlier the pump consists
of 14 cylinders driven by a rotating shaft at constant angeddocity equal to the rotor speeg.
This forces the pistons to move as described in Equéafiod Fifure[2.2.11 illustrates the flows
and pressures in one cylinder # 1, which will be describedotinghly in this section along with
the assumptions.

A (XpopLy ) A (XpopH )

_>Q\/L1 Q\/le_> % PH
Q
B ™ "

Pe, Vo,

le=

Xpl’XpUX 1

Figure 2.2.1: Hydraulic cylinder with valves and tubes. The fading tubeseach side of the
cylinder denotes the in- and outlet valve for cylinder #2 apd

where: P Pressure in the low pressure tube
Py Pressure in the high pressure tube
Quvi, Flow through low-pressure valve
Qvh, Flow through high-pressure valve
P, Pressure inside the chamber of cylinder #1
Xpy Movement of the piston in cylinder #1

Assumptions:

» Constant angular velocity of the wind turbine shaft witfinite torque. This is done be
implementing a velocity and acceleration controller, diégal in section 2.112.

» Equal distributed pressure inside the cylinder chambers.
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2.2. Hydraulic Model

* No leakage flows in cylinders and valves.

In order to model the two valves which govern the in and outtet of the cylinder, a basic
understanding of the two valves is necessary. An NG40 dgerivalve fromParker Hannifinis
chosen as the initial valve applied in the system. This @algi valve is constructed such that a
pilot pressure in port X, can be chosen from either port A off Bie valve as illustrated in Figure
[2.2.2. The pressure of port A works on a¥eg the pressure of port B on arég, and likewise
for port X andAy. The areas of the poppet are given in Fidure 2.2.3.

The construction of the valve enables it to open when thespredifference between port A and
B is in favour of opening, depending on which pilot pressuae been selected.

In the outlet valve, marked with indexy, the pressure in the high pressure tuBg, is chosen
as the pilot pressure. Thus the high pressure valve opens tlibgressure in the cylindd®;, is
larger than the pressure in the high pressure tube. Signflarthe inlet valve, marked with index
vL, the cylinder pressure is chosen as the pilot pressurethieusalve opens when the pressure in
the low pressure tub®,_, exceeds that of the cylinder.

(a) Pressure areas.

(b) Topview (c) Bot-
tomview

Figure 2.2.3: Poppet.
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2. Non-linear Pump Model

(a) Section view of NG40 valve (b) CAD of NG40

from Parker, without spring. valve from Parker
without valve
housing and with
top cover.

Figure 2.2.4: The actual valve construction in opened position; poppetasked with red and
sleeve with yellow. FigureZ.ZMa illustrates a sectionwid the actual NG40 valve and Figure
[2.2.4b illustrates a 3D-view of the NG40 valve.

Figure[2.2.2[2.2]3 arild 2.2.4 illustrates the simplified #redactual NG40 valve. Several differ-
ences between the two exists:

» Opening area - The opening area of the simplified versiondadeted as a sharp-edged
poppet in contact with a chamfered seat. The actual poppkteat are round edged.

» The sleeve of the actual poppet has six holes all the wayndrthe poppet, creating a re-
striction compared to the simplified version. In additioa #ttual valves has non-cylindrical
inlet pipe, which is not equal to the simplified version of ttadve.

» The poppet of the actual valve has a hole in the centre. Bhidtén applied as a direct
connection to port A, and also works as a damping orifice. dfhot pressure is chosen
from a different source, e.g. port B, the hole in the popps¢aed or alternatively a different
poppet is inserted. In the non-linear model, the pilot pressgs always chosen from Port B,
thus the orifice in the poppet is not used and sealed.

The effect of these assumptions is not analysed in this pahteoproject, however, the opening
area and the holes in the sleeve will be examined by meansBfiC&ectior 3.B

2.2.1 The Inlet Valve

The valves are modelled as orifices and the relation betwesssyre difference and flow is given

by the orifice equation as presented in Equmiﬁmmim@hzd04]
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2.2. Hydraulic Model

2
Q = C4A(Xpop) 0 (PL—P2) (2.14)
where: p Density of oil
Py Pressure upstream of orifice
P, Pressure downstream of orifice

A(Xpop)  Opening area of the orifice

Cq Discharge coefficient

In the case of the inlet valve for cylinder #1 the orifice eturathus yields

2
Qi = CaA (Xpop )y [ 5 (AL—Pey) (2.15)
The area functiol_, (Xpop, ) Will be derived later in section 2.2.3.6.

2.2.2 The Outlet Valve

The outlet valve is modelled as:
2
QVH]_ — CdAH]_ (Xpopl) B (PC]_ - PH) (216)
The area functiory, (Xpop, ) Will also be derived in sectidn 2.2.3.6.

2.2.3 Force Equilibrium of the Seat Valve

A free body diagram of the poppet is shown in Figure 2.2.5 amich this an equilibrium of forces
can be established

MpopXpopX = IE’Ql"''E’PA“’'E’PB‘HE’PS(‘|'|E’spr‘|' Fr + Fir (2.17)
where:  Mpop Mass of the poppet
Xpop Acceleration of the poppet
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2. Non-linear Pump Model

LT

x>
—>

Fea MpopXpop

Figure 2.2.5:Free body diagram of the poppet in the cartridge valve.

Fy Gravitational force

prA Force exerted by the pressure at port A
prB Force exerted by the pressure at port B
prx Force exerted by the pressure at the port X
IE)S pr Spring force

Ifﬂ Flow forces

Iffr Friction forces

These forces are described in the following subsections.

2.2.3.1 Gravitational force,Fy

Since the pump is constructed as a radial pump the gravitdtforce exerted on the poppet varies
with the angle from vertical position and the forf€gcan thus be described by Equation 2.18

Fg = Mpopgcoqeint))zi (2-18)
where: ¢ Gravitational acceleration
Oint Angle from horizontal position
Xi Unit vector in cylinder #
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2.2. Hydraulic Model

#14

Figure 2.2.6: Position of the cylinders with each individual cylinder déed by their respective
number such that cylinder #1 is aligned with the verticabagi cylinder #2 is positioned in an
angle Bint, fromy, cylinder #3 is positioned at&y; and cylinder #14 is positioned at 8;% from

y.

2.2.3.2 Fp,,Fn,, and Fp,

The force exerted from the pressures in the cylinder, lovggne tube, and in the high pressure
tube on the poppet can be described by

Fro = AaPafpop (2.19)
Fr, = AsPsRpop (2.20)
Foe = AxPx(—Rpop) (2.21)
where: Pa Pressure at port A5 = P for inlet valve andPy = Pc for outlet valve.
Ps Pressure at port Bg = P for inlet valve andPs = Py for outlet valve.
Py Pilot pressurePx = Pc for inlet valve and®x = Py for outlet valve.

The areasAa, Ag, andAy, applied in the equations are presented in Figure 2.2.3a.

2.2.3.3 Spring Forceﬁspr

The spring is distorted a predetermined length,,.. This is thus accounted for in the equation
for the spring force shown in Equatibn 2122

Fspr = Kspr(Xpops +Xpop) (—Xpop)

= —kspXpopXpop— KsprXpopXpop (2.22)
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2. Non-linear Pump Model

where:  Kspr Spring constant

Xpopx Spring distortion

2.2.3.4 Flow ForceF

The steady-state flow force can be described by Equafion[&r&&rsen and Hansen, 2003].

—

where: P; Upstream pressur®; = P for the inlet valve andP; = P, for the outlet valve in cyl. #
P, Downstream pressur, = P, for the inlet valve andP, = Py for the outlet valve in cyl. #
aj Jet angle of the fluid.

The steady-state flow force is caused by a change in the mameoit the fluid when moving
through the orifice. The transient flow force is induced byngiiag the position of the spool and
hereby changing the volume, which creates a transient flewnatil the new steady-state condi-
tions are established [Watian, 2009]. The transient flowdas not included in this calculation
and is neglected agp is expected to be low.

2.2.3.5 Viscous Friction ForceFs,
The friction force includes viscous friction and is given by

Fir = K).(pop(—)zpop) (2.24)
where: K Friction coefficient

The viscous friction coefficienk, origins from the materials used, the surface finish, theaoid

a number of other factors and is usually determined emfliricahis is not possible in a non-
realised model and thus it is set to a value of RB§)m|. This value is estimated experimentally in
an earlier project regarding an over-center valve and isidered as good guesfJensen et al.,
2008].

2.2.3.6 Area Function

The opening areas of the orifices in both the inlet and thebutllve are modelled as the opening
areas of a sharp-edged valve, cf. Figure 2.2.7. The furEfiiXpop) andAy (Xpop) are derived
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2.2. Hydraulic Model

Figure 2.2.7: lllustration of a sharp-edged valve with denominationshef different parameters
utilised to derive the area functions.

by analysing the geometry of the valve opening. The openiag will be in the form of a cone
frustum as illustrated in Figufe 2.2.8. To determine the $ldlarough the orifices, the function
which describes the area with respect to the strekg, is derived. The area of a cone frustum is

ra

s

Figure 2.2.8: Cone frustum with area denomination.

given by Equation 2.25

A=T18(rg+rp) (2.25)
where: s The distance between the two circular peripheries as notddgurd 2.2.8
ra Radius of the large end of the cone frustum as noted on HigHr& 2
s Radius of the small end of the cone frustum as noted on Figdr8 2

Aright triangle as in Figure 2.2.7, witkyop being the hypotenuse asthndw being the catheti,
is constructed in order to determine the lengtts ahdw:

S(Xpop) = XpopSin(a;) (2.26)

W(Xpop) = XpopCOS0j) (2.27)
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2. Non-linear Pump Model

where: qj Angle of the orifice as depicted on Figlire 212.7

By analysing the area of the triangle the heidhtf the triangle can be found as:

WS

A= }WS: %hxpop =h= (2.28)

2 Xpop

By substituting Equatioris 2.P6, 2127, and 2.28 into Equéli@% and utilising thatg = ra+ hthe
area function for a sharp-edged valve opening is obtained.

A(Xpop) = TXpopSin(aj)(2ra+XpopCoaj)sin(aj)) (2.29)

This area function is applied in Equatidns 214, 2.16,[a@d.2.

2.2.3.7 Cylinder Chamber

The cylinder chamber volume varies depending on the paositfadhe rotor and thus the position
of the piston. By utilising the continuity equation, the ggare of the cylinder chambdig,, can
be determined as illustrated in Figlire 212.9. The conynedfuation is given as:

. Voo + ApXp, -
Qui,—Quiy = Apkp, + 0 PTRL 3 PP (2.30)
where: Ap Pressure area of the piston
VpO Minimum volume of cylinder
B Bulk modulus

2.2.4 Full Model

By combining the equations derived in the preceding sestibis possible to construct a model
describing one cylinder with an inlet and outlet valve. Tikipresented in Figuie 2.2.9 as a block
diagram to illustrate how the different equations interact
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2.2. Hydraulic Model

X

Position .pl

. Xpy
Velocity Continuity |-

Pn VR Ll Orifi QVLl Equation
_ A(X rifice
SF 1 T Xpop| opening (Xpop) Quhy
S

. 1 ‘ "
MpopXpop [ s area Equations e,
L-J Xpop

Figure 2.2.9: Relation between the equations of cylinder # 1

By copying the model for one cylinder 14 times, a model focglinders is obtained. The input to
each specific cylinder with valves is the mechanical moveroktine same specific piston derived
in sectior 2.1L.. However, as each piston moves with a phaferatite from the former piston the
input of velocity and position is phase shifté’gl compared to the former piston.

In order to calculate the pressure in the high pressure tlzentinuity equation is established
for this volume, with the assumption that the pressure islgwdistributed in the entire volume.
This assumption is valid as the focus for this project is thsigh of the pump. In truth there
will be a higher pressure at ground level due to the diffeeeincheight, and the pressure will not
instantaneously adjust in the whole volume but will progagdong transmission lines.

14

ZI(QVHi)—QM = \'/H‘i'\ﬁp}—{ | VH:O

= B
= \ﬁPH (2.31)
B
where:  Qu Flow through the motor
VH Complete volume of the high pressure tube
\Y; Gradient of the volume

To analyse the pressure in the high pressure tube, the floof the volume has to be determined.
This flow is the flow through the motor which converts potdreizergy in the oil to kinetic energy.
In this model the motor is modelled as an orifice with an adjist opening area in order to set
the average working pressure of the high pressure tubethbuxifice equation is applied:

Qu = Cuu %(PH R (2.32)
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2. Non-linear Pump Model

where: Ay Area of the orifice

R Pressure in the tank

P, is applied as a tank pressure in order to simplify the modkeis Simplification does not reflect
the actual system, but fits the purpose of this model: To deter the behaviour of the pump
without any focus on the motor. The equations are presentadlock diagram on Figufe 2.2]10.

Velocity —————> Qu PH: 1 P >
Continuity S
Position —— |  Pump Equati
quation
Qm Orifice
Equation [€ |

Figure 2.2.10:Block diagram of the equations governing the pressure itithie pressure tube.

2.2.5 \Variable Stiffness

When working with high pressure differences betwBeandPy, it is often necessary to incorpo-
rate variable stiffness. This is done by making bulk modaldignction of the current pressure in
the volume. The function is described in appendix|A.1.

2.3 Simulation

This section contains an analysis of the system with a stdfd&40, NG50, NG63, NG80, and
NG100 valve from Parker applied as both the high and low pressalve respectively. Also
the efficiency of the hydraulic part of the pump for each ablvalve is calculated. All the
specifications of the valves, except the mass of the poptiéted in the model have been obtained
from the datasheets provided by Parker and are presentabieZ.3.l. The mass of the poppet
has been obtained by drawing the poppet in a CAD program ftantdchnical drawings also
received from Parker, and estimating the mass from this.

Valve Size| Kspr Xpops Mpop Maximum Stroke| Aa Ag Ax

NG40 430N/m] | 323[mnj | 0.36(kg | 15.0[mnj 1079mnt] | 1.2An | 2.2An
NG50 600N/m| | 385[mnj | 0.60kg | 20.0[mmi 220Gmn¥] | 0.6As | 1.6An
NG63 790N/m| | 5L6[mnj | 1.4[kg | 25.0mm 331gmn?] | 0.9A4 | 1.9Aa
NG80 1060N/m| | 56.7[mnj | 2.1kg | 30.5[mnj 52810mn¥] | 0.8As | 1.8An
NG100 1370N/m] | 61.1[mni | 3.0kg | 39.0[mm] 8829mnt] | 0.8Ax | 1.8Aa

Table 2.3.1: The specifications of the valves from Parker applied in the@ho
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2.3. Simulation

2.3.1 Applied Simplifications

When the simulation is run, a set of simplifications is applié selection of these are described
in the following.

The value of the discharge coefficient applied in these sitiauis is based on the results obtained
by [Sgrensen, 1999]. Here, contrary to spool valves [Areteesnd Hansén, 2003], it was discov-
ered that when dealing with poppet valves like the valveauigstion in this report, the discharge
coefficient could be approximated to80rather than ® as is usual the case. Based on this,
has been chosen €@ = 0.8. This fits the purpose of these simulations well as meanssesahe
effect on the system the different valves induce, mainijuatad on the overall efficiency of the
hydraulic components.

The model has been constructed such that, the first cycleeofytinders initializes the system

such that the different variables has found their level. @Bee of this, the first cycléd — 6[g])

of the simulation is utilised as an initialisation cycle ahd actual system is not studied until the
next cycle. All plots and observations regarding the sitiote for the different valves are thus
also only conducted aftef{$. Also, all valves are modelled as sharp-edged valves.

2.3.2 Presentation of the Results

The simulation was run with a standard NG40, 50, 63, 80, and®0Gralve respectively from
Parker. All simulations are executed with ODE3-solver wided stepsize of 1107°. Figure
[2.3.1 illustrates the opening area of the in- and outletevalwcylinder #1.

0.015

A(Xpop) /A (Xpopy) [MP]

\
\

12

Time g
Figure 2.3.1: Valve opening area for both valves of cylinder #1 for NG4Q,&g) 80, and NG100
valves respectively.
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0.23
0.225
0.22

I0.215
O 0.21

0.205

0.2

0.225

0.22

QL

0.215

0.21

9 10 11 12

Time g

Figure 2.3.2: Flow out and into the pump for NG40, 50, 63, 80, and NG100 \sabespectively.
Each consisting of the sum of the flow through all the valvesach side of the cylinders.

0.05

—=— 0.04

0.03

Q\/Hl [m?,/

0.02

0.01

-0.01

1
7.5 8 85 9

Time [g]

Figure 2.3.3: Flow from one cylinder through the high pressure valve foN&%0, 50, 63, 80,
and NG100 valve respectively.

Figure[2.3 B illustrates the outlet flow of cylinder #1. Besa of the nature of the piston movement
this flow is very similar for the five valves. This directly inéinces the total flow out of the pump
where the flow from all 14 cylinders are summed as shown inrE[@B.2. The resulting pressure
in the high pressure tube show fluctuations as depicted inr&lig.3.4. The pressure in cylinder

#1 is also depicted in Figuie 2.3.4.

28[1271



2.3. Simulation

Time [g]

6 6.5 7 7‘.5 8 8.5 9
Time [g
Figure 2.3.4: High pressure and cylinder pressure.

The pressure differend&P-y is calculated as
APcy = Pe, — Py (2.33)

This is done for all five valves and is presented in Figures.3.

10 .|

—— NG40
——NG50
sk NG63 i
—— NG80

——— NG100

Figure 2.3.5: Pressure difference betweBg andPy for an NG40, 50, 63, 80, and NG100 valve
respectively.

In order to calculate the efficiency of the pump, the outputgroof the pump is determined along
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2. Non-linear Pump Model

with the total input power. The power is calculated as
Z =QP (2.34)

so the output power is calculated as:
yout = I:)HQH (2-35)

and the total input power is a sum of the power from the rotdrthe power from the fluid through
the low pressure valve such that:

Pin =PLQL+Trox (2.36)

By applying these equations, it is now possible to estalhishefficiency of the systems with the
different valves applied:

yout

s

Npumpee = 0-9525
Npumpee, = 0-9837
Npumpe, = 0-9897
Npumpe, = 0-9926

npummeloo = 09941 (2-37)

These are graphically presented in Fidure 2.3.6 as a funofithe valve inlet diameter.

0.995- -

0.985 T 1
098 / . J
09751 / : J
0971 / .
0965 / |
096/ .

0.955 */ 7

095 Il Il Il Il Il
40 50 60 70 80 90 100
din [Mmmj

Figure 2.3.6: Efficiency as a function of the inlet diameter

It is noted that these efficiencies does not represent thlaefficiencies as neither leakage nor
the mechanical efficiency is taken into account in the motighwever, they make it possible to
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compare the valves based on the hydraulic components iruthe.p

2.4 Problem Analysis and Approach

In Section 2.B five different sizes of valves has been exaniniéh respect to the efficiency in
the pump in which they are applied. The efficiencies increagi¢h increment valve size. This
is caused by a smaller pressure difference between theupeassthe cylinder chamber and the
pressure in the high pressure tube. It can thus be conclhd¢this pressure difference has to be
minimized in order to obtain a higher degree of efficiency.

As already implied the efficiency can be increased by instakh larger valve. To decide which
valve to apply, at least one more parameter has to be takewcanisideration. Furthermore there
must be a limit to the increment of the size of the valve, duistsheer size e.g. when the inlet
diameter of the valve approaches that of the cylinder orlargad. Figuré 2.3]16 implies that the
gain in efficiency is minor from NG80 to NG100, compared togiaen from NG40 to NG63.

Two possible parameters to take into consideration wheosthg the valve size is the weight and
the price of the valve. E.qg. the cartridge of the NG63&39 valve weighs almost four times that
of the NG40(1.&d]), and the NG100(2#g]) weighs almost four times that of the NG63.

All this considered, it can be deemed impossible to produsenap with an overall efficiency of
Npump= 0.96 with a standard NG40 valve applied on both sides of theadgli as only the hy-
draulic part of the pump is modelled. Even without leakagerttodel only yields an efficiency of
Npumpeo = 0-9525. It might be possible to modify the NG40 valve in orderifdo yield a better
efficiency, though these modifications applied to a largérevenight also increase the efficiency
of the system with this specific valve applied.

In regards to this project a decision was made as to whiclevalanalyse further. The analyse was
based on early calculations which proved that the NG63 vsiieved significant improvements
of the system. Subsequently the NG80 and the NG100 valve madgsed and these also revealed
significant improvements compared to the NG63 valve. Howetveras not possible, within the
time frame of this project to investigate these valves fnth

2.4.1 Demand Specification

From the preceding analysis and the initiating articlegii#\|,/2010] the following demands for
the valve has been derived.

« Nominal flow from the pump of @ [m/s| results in a nominal flow of 05[/s| through
each valve.
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2. Non-linear Pump Model

» The working pressure has been selected to a minimum dbagGluring pumping.

The main focus in order to obtain a higher efficiency is focuse minimizing the pressure differ-
ence across the in- and outlet valves, along with an invetsig of the frictions in the mechanical
part of the pump and the leakages of the bearings.

2.4.2 Problem Specification

In the problem analysis of the valve design the opening ardaiived from a sharp-edged valve,
however, the variety of poppets and seats are large. Thusra torough examination of the

opening area and its performance has to be conducted.

Further development of the hydraulic model is also necgdsasrder to determine the influence
of the specific valve design on the rest of the system. Thishieé: Expanding the model with

leakage flows, including the possible leakage derived fitoenuse of piston rings and slipper pad
bearings in order to obtain a more precise efficiency. Alscosenthorough investigation of the

the pump itself will be conducted in order to determine tHieieihcy of the mechanical part of the

pump. This is done such that an overall efficiency of the eqtirmp can be presented.

The investigation of the mechanical system includes exagithe friction and bearings between
the piston and the eccentric shaft, and the friction betwhbkerpiston and cylinder along with an

analysis of the effect of the piston ring.

When the issues determined in the problem analysis ared=smesi, the problem specification can
be specified as:

Analyse and determine the efficiency of the PMC Servi pumpaggest modifications for
improvement.

This yields a series of subsidiary problems:

Produce a non-linear model of the PMC Servi pump and evaliletefficiency

Decrease the pressure drop of the valves in order to improgefficiency.

Consider further valve design, analyse it, and choose amagpjate design.

Expand the hydraulic model with leakage flows.

Analyse the mechanical parts of the pump, and implemetiofni for the pump in the model.
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To increase the accuracy of the predicted efficiency of adst@hNG63 valve, it is decided to
include a variable discharge coefficie@. This is done by computation &y as a function of
the inlet velocity and poppet position.

To find the discharge coefficient, a CFD analysis in a seri@gdfing points is performed for both
a redesigned valve and for the standard NG63 valve. The Ce@rgom computes a pressure loss
at each given situation, and these are then used to cal@appurtenant discharge coefficient.
The structure of this chapter consists of a brief summaryeftethod applied in the CFD analysis,
a description of the valve design, and a CFD analysis of tleserh valve design compared with
the NG63 valve. This is followed by implementation of theiahte Cq4 in the non-linear model
and an efficiency is computated. In the last section a sefiggrameters will be varied to improve
the efficiency.

3.1 Computational Fluid Dynamics Analysis

The first thing to consider when modelling a valve in CFD is Reynolds no. as it indicates
whether the flow is turbulent or laminar. By extracting theyRads no. at the inlet of the valve it
can be determined if the flow is laminar or turbulent. FiJueBillustrates the Reynolds no. of

the sharp-edged NG63 valve, which is calculated as givemjirafior{ 3.1, fov = ’%‘.

Re — QvnDn
VAin
_ QunDnp (3.1)
AinH
where: Re Reynolds no.
D Hydraulic diameter/length
Ain Inlet area of the valve
p Density
M Dynamic viscosity
\V} Kinematic viscosity
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x10°
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Time [s]
Figure 3.1.1:Reynolds no. at valve inlet for a NG63 valve mounted as oudiivie of the cylinder.

The Figure states that a turbulent flow is expected, due téatttehat the flow in a seat valve is
typically considered turbulent when the Reynolds no. isval®00 and here the Reynolds no. is
primarily above 1000 [Sgrensen, 1999]. From this it is codell that a turbulent solver for the
CFD analysis is necessary.

To perform the CFD-analysis ANSYS Fluent is used and the CAhe fluid is computed in
SolidWorks. The method applied along with some of the ressltiescribed in appendiX B.
The structure of appendix| B is as follows:

A brief introduction to the Navier-Stokes equations anddflliynamics is described in sec-
tion[B.1.

» To approximate these equations the /RN Gturbulence model is used, and is explained
briefly in sectioi B.11.

» Todiscretise and calculate the turbulence the SIMPLErdlgu is used, which is explained
in sectio B.1.P, and the convergence of this solver is d@stin section B.113.

» The mesh of both the NG63 valve and the deflector valve isaexgdl in appendix Bl3

 The results of the CFD analysis is illustrated in sedtidhetd explained further in appendix

B /|

Before making any conclusions from a CFD simulation, it igpartant to understand the appli-

cation of the results. In this project the results are usezkémmine relative improvements of the

valve design compared with the standard NG63 valve. If thalte of a CFD analysis were to give

a realistic picture of the flow through the valve, the settinfthe mesh, solver etc. were to be ad-
justed to fit measured experimental test results of thet&gtuaThis would be a massive iterative

process and is deemed not to be necessary when the applioatite results are considered.
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3.2. Deflector Design

However before this analysis can be fulfilled the deflectdvevaesigned, will be explained and
an opening area function will be derived.

3.2 Deflector Design

This section describes the valve design with emphasis ooutiet valve of the cylinders. It is
a result of iterated simulations, and is based on some of #ie oonclusions of a Ph.d. project
which describes the fluid-mechanic design of a seat valveeisen, 1999]. A specific deflector
design is designed and measured in a large amount of stestdysguations. These results will be
evaluated to formulate a discharge coefficient dependinth@given operating point.

A deflector deflects the flow such that the total pressure @s&® locally and thus forces the
poppet upwards hence opening the valve. By doing so, thectlafieill compensate for some of
the closing flow force caused by the increasing momentumeofitiid. The local increment in
pressure is illustrated later on the pressure plot on FgLEe.

According to Sgrensen a series of ratios between the diowensif the deflector must be fulfilled
[Sgrensen, 1999]. Figure 3.2.1 illustrates the lengthshaations of the valve, and the according
values are given in Table 3.2.1. The ratios from the work a&8gen are all fulfilled in the design,
and are given in Table_3.2.2. If the valve design was to belfitteser to the ratios suggested by
[Sarensen, 1999], an iterative design process is heceddawever, the purpose of the design is
not to prove that the suggestions are accurate, only thélothdorce compensation method stated
by Sgrensen is applicable and can improve the efficiencyeiiésignated application.

< Chy >
< dj »>< I >
A
IE dout
<>
A
I fy v
A4 I
>
din

Figure 3.2.1: Lengths and names of the deflector.

Parametel Iy le din = dout Oy d; I, I 6o

Values | 1275mnj 30mnj 63mni 220mni 132mni 20mni 4386[mnj 110

Table 3.2.1:Lengths of the designed deflector.
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3. Valve Design

Ratios ‘ In /din le /din dw/dj [L/din dw/din
Suggested maxQ45 minQ25 minl1l5 min 035 min20
Designed | 0.202 0.476 1.66 0.69 3.5

Table 3.2.2:Geometrical relations of the deflector. The suggestedsatie taken from the PHD.
project by Sgrensen [Sgrensen, 1999].

The parameters for the designed deflector valve is given lleT&2.3. At this point the spring
constant and the distortion is a set of initial guesses,Hrgd are later varied in order to improve
of the efficiency, cf. section 3.5. The mass is calculatedrayihg the poppet in SolidWorks and
setting the material. In this case the choice is aluminium.

Symbol | Description Value  Unit
Mpop Mass of poppet 3.6 [kg
Kspr Spring constant 1000 [N]
Xpop: Distortion 50 [mm
An Pressure area in port A 3117 [mn]
A Pressure area of port B 10629 mn]
Ax Pressure area in port g +Ax) 13742 [mn?]

Table 3.2.3: Specifications of the deflector.

From these specifications the opening area of the poppetecealtulated, and is explained in the
following section.

3.2.1 Opening Area of Deflector Valve

The opening area of the deflector valve differs significafrtyn that of the standard sharp-edged
NG63 valve. The opening area is divided into two stages: eslagvhere the lowest edge of the
poppet is still suspended into the inlet opening. Stage Zravthe lowest edge of the poppet is
above the top edge of the seat, and hereby massively insrdasalet area compared to stage 1.
The two stages are described in detail including a mathealakpression in in appendiX C.

Figure[3.2.2 illustrates the opening of the valve. The bine is the area function as a discontin-
uous function, meaning that the transitional region betwthe two stages is not modelled. If a
more accurate function was needed, this area would have mbelled more precisely as well.
Instead a rate-limiter function is inserted to prevent aisgahtinuity. The rate limiter, limits the
first derivative of the opening area to a certain value, titated with the red line on Figufe 3.2.2.
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3000 ——Discontinuous
— Continuous

2500

500
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Time [g]

Figure 3.2.2: Opening area function.

3.2.2 Dimensional Analysis

The flow required to test a single valve is up to approximaBed[m/s|. This flow is not available
in the laboratory, thus it is necessary to determine if thetesy is scalable; this involves a dimen-
sional analysis of the valve and to determine the relatiawéen the small scale model and the
prototype.

If the Reynolds no. of a model and a prototype are equal, theedynamically similar, assuming
that the tolerances and surface roughnesses can be proaiudednsized level [Szirtes, 2006].
By equating the Reynolds no. at the inlet of the downsizedehaxd the prototype, a relation can
be derived:

Ren = Rg
QnwDhy  QinyDny
VA,  VAn,
Qianhm _ Qinpth (3.2)
A An,
where: Dhm/p Hydraulic diameter of model/prototype

By inserting the inlet are&, = D24, the hydraulic inlet diameter of the model can be isolated.
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Note that the hydraulic diameter of a circular tube is eqoidhe tube diameter.

Qianhm o Qinpth
2 = 2
Df, 3 Dha
Qinm _ Qinp
Dy, Dh,

QinmDn

Dp, = % (3.3)

|np

The maximum flow through the prototype valve l@ﬂ[ms/s], and the diameter of the prototype
inlet area is 6@nny. E.g. if the laboratory has a maximum flow of005[m/s], this will result

in an inlet diameter of @mnj. When producing a downsized model with this ratio, another
problem will arise governing the production of downsizekbfitadius and surface roughness. E.g.
the prototype has a fillet radius ofriin, which sets the fillet radius of the model tdPnn. This
cannot be produced in the associated workshop. Hence thea@#&isis will not be verified with
experimental results.

3.2.3 Discharge Coefficient

To derive a discharge coefficierg, from the computed pressure losses, the orifice equation is
applied. By substitutin@i, = AinUin and isolatingCq, the discharge coefficient is found:

Qn = Celipop) 1| S0P (3.4)

AinUi
Cq = /2 intin (3.5)
2AP A (Xpop)
where: Ap Inlet area of the valve
Uin Average velocity at valve inlet
AP Pressure across the valve

A(Xpop)  Valve opening area

3.3 CFD Results

This section describes the CFD results of the NG63 valve lamdeflector valve. First a series of
Figures illustrates how the fluid flows through the NG63 vaivel the deflector valve, secondly
the calculated pressure losses of the two valves are cothpahe two discharge coefficients are
then implemented in the non-linear model to calculate tmegete efficiency. Notice that all CFD
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simulations are done under the assumption of steady statktioms.

3.3.1 Standard NG63 Valve

The streamlines in Figufe 3.3.1 and 313.2 illustrates the ftoough the NG63 valve at 10 and
25/mm opening respectively. The black lines indicates the géveraframe of the valve, cf.
Figure[B.3.2 with the illustrated mesh. The two Figures hegeal colormapping, meaning that
the colors indicating the magnitude of the velocity of thetipkes are the same on both Figures.

" Velocit | |
Streamline 1 \
6.00e+001 | e

5.33e+001 | ( ;

\Slterleoa% ine 1
6.00e+001
5.33e+001
4.67e+001
4.00e+001
3.33e+001
2.67e+001
2.00e+001
1.33e+001
6.67e+000

0.00e+000
[m s*-1]

4.00e+001
3.33e+001
2.67e+001
2.00e+001
1.33e+001
6.67e+000

0.00e+000
[m s?-1]

i1
Veloci |
Streamline 1 \

6.00e+001

| ANSTS
\/ "~ Veloci

N 7 Streamfine 1
/N7 6.00+001

|/

5.14e+001 5.14e+001

- 4.29e+001 4.29e+001
3.43e+001 | ¥ 3.43e+001
2.57e+001 2.57e+001
1.71e+001 1.71e+001
8.57e+000 8.57e+000

0.00e+000
[m s?-1]

0.00e+000
= [msh1]

Figure 3.3.2: Streamline for a 2fnm opened NG63 valve at inlet velocity of iB/s).

From these Figures itis clear that by increasing the opetiiregvelocity of the fluid in the opening
decreases along with the pressure drop across the valve.

The velocity and the pressures at the symmetry plane idréites! in Figuré_3.3]3 for a 18]
opened valve ati, = 4.5[2] andui, = 15[T]. And Figure_3.3 4 illustrates the same two velocity
situations for a 2Bnn] opened valve. The colormapping of the Figures follows ttet welocity,
meaning that the colors of the topmost contours of Figure&ad 3.3.14 are identical, and likewise
for the bottom contours.
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Figure 3.3.3: Velocity and pressure contours for a[®r] opened NG63 valve at inlet velocity
of 4.5[m/s| (upper contours) and 1%8/s| (lower contours). Pressures in the left-hand side and
velocity at the right-hand side. Notice the different cat@pping when fluid inlet velocity is
altered. The colormapping on the upper contours on thisrEignd the upper contours of Figure
[3:3:2 have equal pressure and velocity interviglsi[bar] and velocity{0; 10 [T]. Likewise for

the lower contours[0; 10[bar] and[0;60 [ 7]
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Figure 3.3.4: Velocity and pressure contours for a[@#r opened NG63 valve at inlet velocity
of 4.5Im/s] and 19m/s]. Notice the different colour mapping when fluid inlet vekyds altered.

When the pressures of the four cases are compared it is bkgathe pressure is almost identical
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3.3. CFD Results

in distribution but not in magnitude, when increasing thimeity. This means that design features
implemented and examined at a given velocity will have alsingffect when the velocity is in-
creased.

The pressure differences from the inlet to the outlet areutatied at a series of inlet velocities and
poppet positions, given in Table_3.B.1. The pressure diffees are then utilised to compute the
discharge coefficient. However, to do this the opening afdélacovalve is required.

Xon[M | 0005 001 0015 0025 0.030
Uin [/
45 265 083 044 033 030
9 975 310 1.67 128  1.15
12.5 1833 583 316 243 220
15 26.14 830 451 347  3.13

Table 3.3.1:Pressure drop across the NG63 standard valyesr].

3.3.2 Opening Area of NG63 Valve

In the previous analysis of the non-linear model, the opgamea of the standard NG63 valve was
implemented as a sharp-edged valve. This is now altered tra atcurate version by measuring
the opening area of the valve as a function of the poppetiposit SolidWorks. The opening
area is measured between the edge of the poppet and the seatvéd, it should be noted that
when the valve is in its maximum position the restrictiorvEtn seat and poppet is bigger than
the restriction created by holes on the sleeve. This opeavieg in the sleeve is slightly smaller
than the sharp-edged opening area applied so far. Thisisrdted in a section view of the NG63
valve on Figuré_3.3]5, whergyx,,,) is the distance used to calculate the current opening area,
anddnole is the diameter of the holes. The sleeves has five holes withnaeter of each 26
creating a complete opening area of 264®nt], which is less than the opening area of the valve
whenxpop > 18mmn. This means that the holes are the smallest restriction amge lamount of
the cycle. However modulation of these restrictions candmepdicated and is not included in this
project. The former version of the opening area of the skedged valve and the corrected version
using a lookup table are both illustrated in Figure 3.3.6.

Another complication when calculating the opening areaas the distance marked witix,, ),

in Figure[3.3.5, is not the shortest distance throughoutrtbeement of the poppet. The distance
s is actually the shortest distance between the poppet anslébee in the illustrated position,
Xpop = 25/mn]. Likewise the holes are not applied when the opening ardeeofdlve is calculated,
due to the complexity of the function. If further accuracytié opening was needed, a different
opening area function could be calculated from the mentioatations.

The lack of accuracy by usirgy,,, instead of the smallest gabsatmeans that the opening area
is an optimistic estimate in regards to efficiency. This glates a higher efficiency than what is
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actually the case, since a larger opening area means loassye drop, cf. Table 3.3.1.

dhol

Figure 3.3.5: Sleeve and poppet of the NG63 valve openefir2f. The sleeve is marked with
yellow and the poppet is marked with red.

x10°

— Lookup table
— Sharp-edged
0 0.0‘05 0.‘01 0.0‘15 0.‘02 0.&25 0.‘03 0.&35 0.04

Xpop [M]
Figure 3.3.6: Opening area of a standard NG63 valve.

The opening area is applied along with Equafiod 3.5 to forexGhgiven in Tabld 3.3]2 and is
plotted as a function of the Reynolds no. in Figure 3.3.7. Thealue is significantly lower at
maximum opening compared to the first assumpi® 0.8. This indicates that a constant value
of 0.8 can not be applied when the valve is analysed.

Xpop [M] — 0.005000 0.01000 0.01500 0.02000 0.02500
Un [/ A¢pop) [mZ} 0.0007270 0.001494 0.002298 0.003111 0.003930
N

4.5 0.800 0.696 0.619 0.526 0.440

9 0.833 0.719 0.637 0.538 0.448
125 0.844 0.729 0.643 0.543 0.451
15 0.848 0.733 0.646 0.544 0.454

Table 3.3.2:Discharge coefficient in an NG63 valve.
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Figure 3.3.7:C4 of the NG63 valve as a function of the Reynolds no.

3.3.3 Deflector Valve

This section describes the CFD analysis of the deflectoevalv

The streamlines of Figufe 3.3.8 dnd 313.9 illustrates tweatibn of the deflector valve aop =
15[mni andxpop = 30[mn respectively ati, = 15[T]. Notice that the fluid is partially blocked
by the deflector, and hereby increases the total pressur® doe increment in dynamic pressure.

Velocit! M\‘ Velocit)
Streamline 1 A W 7 / W\ ) | Streamline 1
3.000e+001 | /[ | Y T 3.000e+001
/ i N [
2.400e+001 | .\ \ 2.400e+001
- \
1.800e+001 || 7| | 1.800e+0
1.200e+001 1.200e+001
6.0006+000 6.000+000
0.000e+000 0.000e+000
[m s*-1] [m s™-1]

Figure 3.3.8: Streamline for a 1nn opened deflector valve at an inlet velocity of[ﬁsq .
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Figure 3.3.9: Streamline for a 3(nn] opened deflector valve at an inlet velocity of £ .

Figure[3.3.7D illustrates velocity and pressure contotira d5mn] opened deflector valve at
uin = 4.5[T] andup = 15[7]. Notice that the pressure locally increases around theateflat
both velocities, this confirms the intention of the deflector

Pressure Velocity
P [Pa] vel

O Do e Pe e D Pe P B P P Px
QQQQQQQBQQQQQQQQQQQQQQQQQQQQ & V.

SRR cb?“\“co“m"'m"'%"'b“\w\ o
R UNERR UV AUV AN

Pressure .
p Velocity

""""""

Xpop = 15[mn1 Xpop = 15[mn1

Figure 3.3.10: Velocity and pressure contours for a[B] opened deflector valve at an inlet
velocity of 45 [T] and 15/T]. Pressures in the left-hand side and velocity at the riginstside.
Notice the different colour mapping when the fluid inlet @ty is altered.
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Figure 3.3.11: Velocity and pressure contours for a[80r opened deflector valve at an inlet
velocity of 45[T] and 15/]. Pressures in the left-hand side and velocity at the riginstside.
Notice the different colormapping when the fluid inlet vetgds altered.

Xpop = 30[mn1]
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Figure 3.3.12:C4 of the deflector valve as a function of the Reynolds no. Thiediht markers
of the lines are used to illustrate the difference betweenctiiours of the plot, since only six
colours are utilised.

Like with the NG63 valve the discharge coefficient is caltedafrom the pressure drop at each
situation. The pressure drop and the discharge coefficiengigen in Tablé B.4]1 arld B.4.2 re-
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spectively in appendix Bl4.

3.4 Variable Cy4 Implementation

A variableCy as a function of the poppet position and the inlet velocityds implemented in the
non-linear model.

The variableCy-coefficient is implemented as a lookup table, cf. TableZBaBd B.4.R in appendix
for NG63 and deflector valve respectively. The pressuresingih the two valves mounted as high
pressure valves in the non-linear model are illustratedgnre[3.4.1.

5

~—NG63
st — Deflector Valve

a4l

35

3L

Pc — Pu[Pa]

25F-

20

151

1+

05~

0 L L L L
6 6.5 7 8 8.5 9

Time [s]
Figure 3.4.1: Pressure drop in the high pressure valve, for the NG63 anddfiector valve

The efficiency computed in the non-linear model with the N@6&8 the deflector valve is given
in Equatior 3.6 and 3.7.

NNneeavarcg = 0.975862 (3.6)
NDefvalvevarcg = 0.983127 (3.7

By implementing variabl€y and a more accurate opening area, the efficiency of the NQ@8 va
has decreased by3838 percentage points compared with consGantThis means that the first

calculation of the efficiency for the pump with an NG63 valypled with an opening area mod-
elled as sharp-edged and cons@gtwas an optimistic calculation of the efficiency.

The deflector valve improves the efficiency by 0.7 percenfagjats compared with the NG63

valve. From this it can be concluded that the designs applitide deflector valve improves the
efficiency compared with a standard NG63 valve.

In this section, a valve was designed and compared with #relatd NG63 valve. The spring
tension and distortion will, in the following section, beeaied to search for an optimum set of
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variables. Likewise the mass will be varied, since this akso be altered within certain limits.

3.5 Parameter Variation

To determine the parameters of the valve which has not baerdfthrough the CFD analysis, a
variation of parameters is conducted. Thus some specifampeters are chosen and implemented
in the non-linear model with the deflector valve to evaludie éffect on the overall efficiency.
Each parameter is varied in a chosen interval and the effigisncalculated so that an optimum
can be extracted. Each variation will be described in tHevioshg and a conclusion of the variation
will be conducted at the end of the section. Only one paranigtearied at any given situation
and when a new parameter is to be varied, all parameterss@etoethe initial values.

3.5.1 Variation of VolumeVy

A variation of the volume between the cylinder and the valig, will be conducted.

First a variation o¥/po from 0.25-103[m?] to 5.25- 10-3[m®] with steps of 110-3|m?] was made
and then a further variation from 150~3[m’] to 90- 10-3[m?] with steps of 1510 3[m?] was
conducted. The variation is illustrated in Figlre 3.5.1.

0.9833
0.9832 y S
0.9832 /

‘j
0.9831F - ¢

o.831|?

0.983 1 1 1 1 1 1 1 1 ]
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

Vpo ]
Figure 3.5.1:Efficiency plotted with respect to the volurifg.

From Figurd_3.511 it is clear that an optimum volume in regarefficiency is located around
30-10-3[m?]. A further analysis regarding the added weight by thesemmekicompared with the
increment in efficiency, should be conducted. However siricepecific requirement to weight is
outlined in this projecty = 30- 10-3[m?] is still chosen as the optimum value for this parameter
in the following analyses
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3. Valve Design

3.5.2 Variation of the Mass of the PoppeMop

The mass of the poppet might affect the efficiency, as thelibuim of forces of the poppet is
dependent on the mass of the poppet. Therefore a variatitnsgbarameter is conducted in the
following.

A variation of My, was conducted as a series of simulations of the non-lineatetrand the
efficiencies was computed for each run. The variations was fflom 1kg| to 185[kg] with steps
of 0.5kg| and the resulting efficiencies are presented in Figurel3.5.2
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Figure 3.5.2: Efficiency with respect to the mass of the popligh .

From Figuré_3.5J2 it is noticed that an optimum can be ackiewe mass of the poppet bf,op =
9lkg], however, it is also noticed that a local optimum is preserntlg,, = 4kg. The lower
efficiency at low mass, can be explained by the dynamics optimep: a low mass of the poppet
or a lowVp will enable the valve to react on high frequency influencesnfthe pressure in the
cylinders. AMpop Of 18(kg] is not desired since this will make the valve too slow.

Since the optimal efficiency is at a massMfop = 9(kg), this mass has to be considered. The
current design yields a mass of the poppetbp = 5.5(kg] if produced in steel an®ipop =
3.6kg| if produced in aluminium, both estimated from SolidWorky. @mparing the efficiencies
of the local minimum aM o, = 4[kg| and the global minimum a¥l 0, = 9[kg] the difference is:

Nokg — N4kg = 0.0032  percentage points (3.8)

Should the poppet be produced in steel at a maséggh = 9[kg), placement of the spring would
be a problem due to lack of space above the poppet. Congidigrinrather small difference in
efficiency betweerMpop = 9kg and Mpop = 4[kg], and the fact that the mass of the poppet in
aluminium is easier altered to meet the local optimum|[kf}4 the poppet with the lowest mass is
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3.5. Parameter Variation

chosen.

3.5.3 \Variation of Spring ConstantkspH and distortion x,

The spring force can be affected by changing the spring anhsthich in turn affects the opening
profile of the poppet. Since the spring force acts againsptppet opening, it is highly likely
that altering this could improve the overall efficiency. Hawar, the distortion must be taken into
account as well.

The spring constant is varied from 00)'m| to 10100N/m] and the distortion is varied from
X, = 0[m] to x, = 405- 10~3[m] which yields the plot presented in Figlre 3]5.3
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Figure 3.5.3: Efficiency with respect to the spring constargn, and the distortiony.

From Figurd_3.5]3 the maximum efficiency is:

for a spring constant s,y = 2600N/m| and a distortion ok, = O[m|. To implement a spring
with zero distortion is difficult, since the spring will likeeither be compressed by an unknown
distance or not be compressed at all, introducing a clearah@ither of the two situations are
desirable, thus a spring with a distortion»qf=1- 103[m] is chosen to avoid movement of the
poppet independently of the spring. The spring constargtitoghe mentioned optimum value of
kspH = 260QN /m.

3.5.4 Final Parameters

From the preceding sections it has been determined thaathes/given in Table 3.5.1 will be ap-
plied as the final parameters for the deflector valve. Thelsesanight not be the actual optimum
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3. Valve Design

though. In order to find this, an examination of the correlatbetween the varied parameters
will have to be conducted. This will not be fulfilled in thisgpect, since the goal of this ana-
lysis is merely to give an understanding of which paramesdegsificantly affects the efficiency
of the pump. The chosen values should however yield a bdfieieacy than the initial set of
parameters.

Value | 30-103[n?] 4[kg 260GN/m] 110 3[m|

Table 3.5.1:The final values chosen for the analysed parameters of thecttafivalve.

When a simulation in the non-linear model is conducted with parameters presented in Table
[3.5.1 the efficiency for the deflector valve is compared witht bf the NG63 valve from Parker.

Nness = 0.975862
Npeflector = 0.983288
Npeflector—NNGes = 0.007425 (3.9

From this it is noticed that a total improvement of 0.7425cpatage points is achieved through
the new design, including a deflector to shape the flow forcesgparameter variation. As stated
earlier this can possibly be improved even more if an optitios analysis is conducted. The set
of parameters given in Table 3.5.1, with the mass alter@djg, = 9(kg], was also implemented
in the non-linear model to examine if the efficiency was adbtusigher. This simulation yielded
an efficiency ofn = 0.983233 which is smaller than the efficiency of the chosenrpatars with
Mpop = 4]kg]. This underlines the fact that the optimal value of eachrpatar is not necessarily
the optimal value of the system.

3.5.5 Examination of the effect of the viscous frictiork

The effect of the viscous friction on the efficiency has ydiealetermined. This is not a parameter
which can be altered as easily as the spring stiffness, hawiemay give an idea of which effect
the viscous friction has on the efficiency. This makes it bsdo strive for a particular viscous
friction, e.g. by designing the surface roughness. Thiisedby changing the viscous friction
K from Kk = O[Ns/m| to kK = 200N s/m| with steps of 10(Ns/m|. The efficiency is presented in
Figure[3.5.4.
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Figure 3.5.4: Efficiency plotted with respect to the viscous frictien,

The maximum efficiency is at a viscous friction o= 800Ns/m|. This is not necessarily easily
obtained but it gives an indication of which viscous frictis the optimum value. The viscous
friction is a function of the viscosity, surface roughnesd alearances between poppet and valve.
More research has to be conducted in order determine theoth&tshape the viscous friction

3.5.6 Examination of the effect of the Flow Forcd-y

The effect of the flow force on the overall efficiency is expldin the following to determine how
the flow force could be shaped in order to optimise the effigiemhis is done by varying the flow
force by multiplying the flow force with a factor between 0 ahth steps of 0.05. The result is
presented in Figufe 3.5.5
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Figure 3.5.5: Efficiency plotted with respect to the flow force factor.

The maximum efficiency is at a flow force of 20% of the originaliflforce. As with the viscous
friction, this flow force is not necessarily as easily ob¢giras e.g. choosing a specific spring
constant. Several methods for flow force compensationsxat] one of these has been explained
earlier in this chapter. The applied method did not reaclegaet optimum. To reach this, several
deflector designs are to be designed such that the compmmeati reach this optimum. However,
the results from this variation still complies with the ritsaf inserting a flow force compensated
valve. This means that flow force compensation improves fficemcy.

3.5.7 Examination of the Effect of Implementing Several Vales

The effect of implementing several identical valves at kbthin- and outlet for each cylinder is
here examined. This is believed to improve the efficiencythasopening area is larger for the
same flow. Thus a pump with two NG63 valves implemented as bothand inlet valves are
examined, and next the two deflector valves are implemerttbdth out- and inlet. After this
the effect of further increasing the number of valves is $tigated as up to four deflector valves
are implemented as both in- and outlet valves. The valveshgkemented in the model with a
parallel coupling.

When this is implemented on an actual pump, a manifold woane o distribute the flow between
the valves and a minor loss should be expected in this maniidius the efficiency calculated is
expected to be higher than the actual efficiency. All sinioifest are run with the optimal parame-
ters for the deflector valve given in Talile 315.1.
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3.5.7.1 Comparison Between One and Two Valves Implemented

The difference in the efficiency of the pump after implem&ataof two NG63 and two deflector
valves is presented here:

Nances = 0.990290
NoDeflector = 0.992038
N2peflector— N2nges = 0.001748 (3.10)

The difference in efficiency between the two types of valwe8.1748 percentage points. This
is a smaller difference between the NG63 and deflector vaivepared with the single valve

installation. A significant increase in absolute efficieigyoticed. For the deflector valve a total
increase of 0.8750 percentage points is noted and for the3N@ke the increase is 1.44280
percentage points compared with the single valve insiafiat

3.5.7.2 Further Increment of Valves

Given the results from sectidn 3.5.l7.1, the effect of furtinereasing the number of valves in
both the in- and outlet of the cylinder is investigated. As tieflector valve yielded the highest
efficiency with two valves, this is the foundation of the istigation. In Figuré_3.5]6 three and
four valves has been tested as well, and the efficienciesresemted.
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Figure 3.5.6: Efficiency plotted with respect to the number of valves.

In Figure[3.5.6 it is clear that an increase in the number dfegaapplied also increases the
efficiency of the pump. It is also noticed that the increasefiitiency from two to three valves
is less than from one to two valves, and the increase frone ttordour is less than from two to
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3. Valve Design

three valves. Thus another parameter has to be taken inboirdcin order to decide the number
of valves. Two valves are chosen for the subsequent sirookatn this project.

3.6 Summary

The valve design analysis showed several significant fadtobe considered when designing a
valve for the non-linear pump.

* Larger valve opening means lower pressure drop. This meeatsn a second iterative
design procedure more focus should be on the maximum desplaat of the poppet.

« Altering the mass the of poppet does not improve the effigiesignificantly. As long as the
mass of the poppet is betwe@h 9| [kg the efficiency is not changed substantially. From
this it is concluded that low focus should be on lowering thesmof the poppet.

» Sharp-edges near high fluid velocities can create casitadti the fluid. This should be
examined by experiments, since cavitation in the fluid carseaystem failure. A single
simulation of the deflector valve ixpop = 30[mni, Ui = 15[F] was done with increment
of the fillet radius from Imni to 3Imn] and the total pressure drop across the valve was
lowered by 23%, from 202[bar| to 1.55bar|. However the force on the poppet was also
lowered by 106%, from 1278N] to 1143N]. This means that focus should be on finding
the correct optimum between flow force compensation andspresdrop, by altering the
fillet radius.

» Flow force compensation - The deflector works as expectddremeases the local pressure
on the poppet, hereby forcing the poppet to open. To evalfitite flow force compensa-
tion has the correct value, e.g. examine if it overcompe&ssat more undergoing analysis
with different poppet sizes is needed. In this way the optimhetween compensation and
pressure drop due to the design can be found. However it dhbestoncluded that flow
force compensation will increase the efficiency. In the ysialof the magnitude of the flow
force it was established that a reduction to 20% of the aaidilow force obtained with the
deflector valve is optimal. This indicates that a better igfficy can be obtained with further
research into the flow force compensation.

A valve with a high bandwidth will magnify the higher frequaes of the oscillations of the
system. This will decrease the overall efficiency, as theeddpncy between the efficiency
andM,p andVy showed. Thus focus should be on keeping the bandwidth at@o@Eate
level. This is further emphasised by the analysis of theouisdrictionk which showed that
an increase te = 800Ns/m| also yielded the best efficiency.

» The number of valves applied in the pump has to be closer imemmvith regard to the cost
and the weight. It has been shown that an increase in the muhkalves for both in- and
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3.6. Summary

outlet of the cylinder increases the efficiency. This cangy@iad to gain a higher efficiency
for the hydraulic part of the pump, however the increased bamof valves also raises

the cost which has to be compared to the profit from the gaimedgg due to increased
efficiency.

This completes the analysis of the valves of the hydraulit glathe PMC Servi pump concept.
The statements given above can be used as a guideline wHemgiag the next design procedure
in the future. It is desired to more accurately find the efficieof the pump and thus in the next
chapter the frictions and leakages of the pump are analysed.
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Friction and Leakage Analysis

As mentioned in the problem specification it is desired tahierr develop the non-linear model
such that a more accurate efficiency can be calculated. Thter consists of an analysis of the
friction in the pump; more specifically the bearing betwewma piston rod and the eccentric shaft,
and the friction and leakage between the piston and thedssin

4.1 System Description

This section briefly describes the frictions and leakagesirfplementation in the non-linear
model.

The bearing between the rotating shaft and the piston-rodbedulfilled in a number of ways, e.g.
with hydrostatic lubrication in a slipper pad, marked witegn on Figuré 4.111. The principal is
to decrease the friction by creating a thin oil film betwees tivo surfaces. The friction in this
slipper pad is described in sectionl4.3.

o n

t Piston ring

|

Lubrication tube

Journal bearing

ljtlilipper pad

Figure 4.1.1: Piston,cylinder and piston rod connected with eccentrédtsiellow indicates the
chambers containing oil, red indicate a piston ring, bluek®fournal bearing, and green marks
the slipper pad.

To reduce the leakage between piston and cylinders, pistga can be installed; marked with red
on Figurd 4.111. Piston rings has high friction compareddshvers but less leakage due to smaller
clearances. The advantage of using piston rings insteadashevs is the dynamic movement
caused by the changing pressure in the piston groove béferihg. This movement will decrease
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4. Friction and Leakage Analysis

the slit height between the ring and the cylinder wall durioegpression, and increase the height
during decompression. This is consistent with the factiftthe cylinder compresses the pressure
difference across the piston ring is high and low when thandgr decompresses. The pressure
and slit height development together is expected to keepetlieage to a minimum, thus this
solution is examined in this project.

In Figure[4.1.1 only one piston ring is illustrated. If monegs were to be installed in the piston
ring friction model, the complexity of the model would inase. By among others, a pressure
would be added between the two rings largely increasingithelation time. Since the computa-
tion time with one piston ring is high, e.g. two days, only aimg is applied here.

If more rings were added, the frictional force would incecasie to larger surface area. How-
ever, if the rings were designed properly, the film height M@lso increase, hereby lowering the
friction. This relation is not further examined in this geof, but will be an area of interest if the
piston ring model was to be expanded.

The journal bearing in Figute 4.1.1 is necessary, since ¢laeifg will tilt due to the nature of the

connection between the eccentric shaft and the slipper Phad.journal bearing is not included

in the friction analysis of this project, and will therefonet be explained further. Instead the
connection between the slipper pad and the piston rod isimg@hted as a rigid connection, which
is aligned perfectly with the surface of the shatft.

4.2 Piston Ring Friction and Leakage

This section describes the piston ring friction model arsl lkakage between the cylinder and
piston. The first section describes a selection of theopetiGable for piston friction modelling.
The next describes the chosen method and the way it is impkech@s a model.

4.2.1 Piston Friction Theory

This section describes the piston ring friction model, aads by summarising a selection of state-
of-the-art methods resulting in a choice of model which ipligg in this project. All methods
available are derived from internal combustion engine€}|/®vhich in comparison to the PMC
Servi pump, works at a significant lower pressure. E.g. thvmexamined in [Akalin and Newaz,
2001] has a peak pressure dbar| in approximatelyl/12 of a cycle, where as in the PMC Servi
pump the pressure is 2[i@r] in approximatelyl/2 of the cycle. This difference is due to the fact
that an ICE is driven by a high-pressure explosion in a shenibd, where as the pump is driven
by a continuous wind. Keeping the difference in mind the nhada still be applied on the PMC
Servi pump since the piston rings are similar.

The methods can roughly be separated into three groups:

1. Normal friction model by applying an approximated coédfit of friction and multiplying
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4.2. Piston Ring Friction and Leakage

this by the velocity.

2. Axisymmetrical piston and piston ring with a variablet sieight between the piston ring
and the cylinder wall.

3. Nonaxisymmetrical piston and piston ring. l.e. non-@nidc slit height and a movement
of the piston in the~-direction and the-direction, cf. Figuré 4.1]1.

The first method is the simplest and is often used in simpleutaions. However, this cannot be
applied in the modulation of piston ring friction, as the ffi@éent of friction is often experimen-
tally determined.

The friction depends on piston velocity, slit height, cdén pressure, surface roughness, and oil
film temperature and viscosity. Thus the friction can be nledemore precisely by calculating
the friction at each working point throughout the cycle.

A method produced by Patir and Cheng involves utilising a ifiextlaverage Reynolds equation
for rough surfaces [Patir and Cheng, 1979]. The method giedhe lubrication film thickness
and the friction force, by including surface and shear-flagtdrs. This is the foundation of seve-
ral other methods, e.g. by Rohde who formed a dynamicallyechixbrication model for piston
rings, including asperity contact points [Rohde, 1980]e Blerage Reynolds equation for rough
surfaces and asperity contacts will be applied in this ptognd explained in the subsequent sec-
tions.

The axisymmetrical piston ring friction model is applied Akalin and Newaz in a study of fric-
tion in the mixed lubrication regimée [Akalin and Newaz, 2Q0lh this model the piston is fixed
and the piston ring can move radially as a function of thequeson each side of the ring. By
applying a non-dimensional numerical analysis they dgesloa dynamic model calculating the
slit height, the slit height velocity, and the friction. Bhaxisymmetrical model is chosen as the
foundation of the friction model applied in this report.

A nonaxisymmetrical piston ring friction model was deveddby Hu and Cheng [Hu and Cheng,
1994] which introduced a deflection of the piston ring. Thisaduces a more detailed modula-
tion of the slit height but is also more demanding since thghiés variable in the slit around the
cylinder. A newly developed model was derived by Livanos Kgdatos [Livanos and Kyrtatos,
20071, introducing force and torque equilibrium of the pist This model is one of the most ad-
vanced piston ring friction models available, as the pistam move and tilt in all directions inside
the cylinder. If further development of the model preselingtiis project was desired, this method
could be useful.

4.2.2 Chosen Lubrication Model

As mentioned the chosen lubrication model for this projedidsed on the axisymmetrical piston
ring friction model developed by Akalin and Newaz [AkalindaNewaz| 2001].
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Note that this section has a different convention than thieafkthe report: Capitd? is dimension-
less pressure, and lower cgsenarks pressure with dimensions.

B

< y
>

W2 Piston ring surface

Vo

Cylinder
Vi

/’ > Ug

Figure 4.2.1: Flow between two plates.

X vy

The flow between two plates as illustrated in Fidure 4.2.1bmdescribed by the Reynolds equa-
tion presented in Equatidn 4.1

3 3
9 [ph 6p} 0 [ph ap] 6{(%[ph(U1+U2)+iph(V1+V2)}+2%(ph)}(4'1)

ox| wox] oyl u oy dy
where: p Density
h Fluid film height
V! Dynamic viscosity
p Pressure
U Velocity in x-direction
\ Velocity in y-direction
w Velocity in z-direction

This equation is based on the following assumptions writtigh comments{[Gohar and Rahnejat,
2008].

1. Qil film has negligible mass, such that gravity forces caméglected. This assumption is
valid since the mass of the fluid in the slit is low comparechtass of the piston.

2. Pressure is constantardirection due to low film height compared with the lengthhaf slit,

60[127



4.2. Piston Ring Friction and Leakage

cf. Figure[4.2.]l. This assumption is valid since the distaincz-direction is significantly
smaller than irx- or y-direction.

3. Newtonian fluid, which is valid since hydraulic fluid is antenian fluid.

4. Lubricant flow is laminar due to low Reynolds no: The leakéigw is expected to be very
low and so is the correctional opening area around the klis it can be assumed to be
laminar.

5. Inertia and surface tension forces are negligible coatpasith viscous forces.

6. Shear stress and velocity gradients are only significatieé z-direction. This is a valid
assumption since the only movement is in xhdirection.

7. Constant viscosity in thedirection, is an acceptable assumption in this initiallgsia as
the height of the lubrication layer is much smaller than timeathsions in the the other
directions.

Reynolds equation can be further simplified by assumingteohslensity and viscosity through-
out the regime, but due to friction and movement of the fluid,temperature will rise and hereby
decrease the viscosity. The fluid film pressure is highly ddpat on this and thus some analysis
of the viscosity development throughout the cycle is neargsg$iowever, due to constant replace-
ment of the fluid, the assumption is considered acceptal@asily also changes with temperature
and pressure, but due to the afore mentioned assumptiorettsitylcan be assumed constant as
well. This simplifies Equation 41 to:

6{3 [h(Ul-l-Uz)-i-ih(Vl—i-Vz)} +22h} 4.2)

10 [ 30p| 10 [ 40p
[h % [h ] x dy dt

pox | ox|  pay| ay

When the flow in the slit between the piston ring and the c@mid considered, the pressure
distribution in they-direction, equal to thes-direction on Figuré_4.212, is also assumed to be
constant, thus the Reynolds equation now becomes one-giomah To assume constant pressure
in they-direction, is a valid assumption, since no velocity congriie are present in that direction.
Furthermore the piston ring only moves in one direction, #racylinder is stationary, which
simplifies Equation 4]2 to:

0 0
19 [ ,0p] 10 0 0 0 dh
il 1l ) 7 L — |h —h Y; 2—
udx{ [0 }ru oy ° ox (LJ{JFUZ)JFG Vo) + dt
10 [40p] [0 dh
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Patir and Cheng modified the Reynolds equation to includeetteets of surface roughness by
introducing pressure and shear flow factors [Patir and CHEitP]. This alters Equatidn 4.3 to:

1d dp dﬁT des dET
—— h3=t = 6U|—+0— 12— 4.4
pdx <q& dx) < dx * dx * dt (4.4)
where: @ Flow factor comparing the average pressure flow on a roughito that of a smooth surface
Average pressure in a small arelgdx

Flow factor representing additional flow due to sliding iroagh bearing

Surface roughness
The only velocity component in the equation, representirgrhovement of the piston with
velocity U

cC a & o

=l
3

Average height in a small aredydx Defined in Equation 415

All flow factors used in this chapter are described brieflyppendixXD.

The pressure and heights in Equation| 4.4 are approximatedsae small area where the flow
factors are well-defined; the flow factors are derived fronamilow quantities hence the pressures
in Equatiorf 4.4 are averaged across a small area. The fluidhilght is approximated using the
surface profiles of each surface, and is defined as in EqudftbriThe exact formulas utilised for
the flow factors are explained later in apperidixID.1

hr = h+8,+3, (4.5)
where: ht Fluid film height between two rough surfaces
01 / O Surface roughness profiles of surface one and two resplctive
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Figure 4.2.2: Piston ring. Lubricant film marked with yellow.
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4.2. Piston Ring Friction and Leakage

4.2.3 Altering the Chosen Model

The basic principle of Reynolds equation is now derived. dionfa mathematical description
of the piston ring illustrated on Figuie_4.2.2, the probleam ke converted to dimensionless
[Akalin and Newaz, 2001]. To do this, the piston ring is ithaded with its respective notation
in Figure[4.2.8.

R
U
< LPRX >
Piston ring
y |
| | | patm
[ [ [
P | h | |
[ [ [
D @
| | Y : | |
[ [ [
Tb/2 X Xc b/2
-1 X Xc 1

Figure 4.2.3: Piston ring geometryc marks cavitation.

The boundary conditions are defined with dimensions in lovese letters and dimensionless in
capital letters.

 Atinlet, denoted as point 1, the pressure, pressure gradiad position is defined gs= py,
X = —b/2,dp/dx = 0 with dimensions an&® = P;, dP/dX = 0 andX = —1 as dimension-
less.

« If cavitation occurs, the pressure in the fluid film is appnoated by assuming atmospheric
pressurepam. This is widely accepted as an appropriate approximatioavftation occurs
in the film [Akalin and Newez, 2001]. The cavitation point erwted as., and the pressure
is set topatm With dimensions an&: andPym as dimensionless.

» At outlet, denoted as point 2, the pressure, pressure egradind position is defined as

p = pz2, 0p/0x = 0 x = b/2 with dimensions an& = P,, dP/dX = 0, andX = 1 as dimen-
sionless.

To convert Reynolds Equation, cf. Equation]4.4, to dimemisi&s form, a series of conversion
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constants are defined:

X= T=tw = (4.6)

I olo

Q
Il

o dH
pS 4.7)

dT
These are substituted into Equation]4.4 along with contawat fhctor, f, cf. Equatiorf D.R, and
yields:

d 3dPY dH , dgs :

ax ((pXH d_X> = U ((p;d—x+0 dX> + BoH (4.8)
Note that the derivatives are not partial any more. This isedoy assuming thatl is only de-

pendent on X and time. By integrating Equation 4.8 the pmesdistribution is given in Equation
[4.9:

dpP X
gHS = U’ (pc dX+U* / d(f(st+BH/ @dX+C1  (4.9)
where: X’ Variabel upper integration limit
C Integration constant

The dimensionless fluid film heighlff, is in this design independent of) since the fluid height
is constant throughout the slit. This assumption can onlgidyee if the surface of the piston ring
is aligned perfectly with the cylinder surface, and if thegrprofile is completely flat. If this was
not the case the fluid film height would be a functionXofand further examinations of friction,
lubrication, and wear should be conducted in order to deaigappropriate ring profile. These
examinations are not a part of this project, thug constant along th¥-direction.

H and the flow factorgx. andgs are independent of, and are moved out of the integrals. Fur-
thermore, integration og% with respect taX results inH, and by isolatingg—’; in Equatior4.DB,
Equatior4.1D occurs.

dP U'(@H+0'e) @BH(X'+1) G
% - T - I +(pr3 (4.10)

By integrating with respect t&’, and by recalling thall is constant for any’, Equatio 4,111 is
derived.

X'U* (@H + 0" gy) X" BH@ (X' +1) X! 01
PX",T) = / dx’ P X / SdX' +@4.11
(X",T) ) oH? i Py + +@.11)

64127



4.2. Piston Ring Friction and Leakage

where: C, Integration constant

where: X" Variabel upper integration limit

Returning to Equatioh 4.11, the flow factors and fluid film Im¢igre, as mentioned earlier, not
dependent oiX and are moved outside of the integrals along with

" _ * (ch +0* (Ps / dT(p3 ’ ’ 2 /X ,
PX,T) = U By i dX'+=—4= P (x +1)de+C1q&H3 | dX{ed2)
1(X") 2(X") B(X")

The integral marked withd; (X”) in Equatior 4.1 is calculated in Equation4.13.

* X! *

Jl(XN) = (Q(H?) 1 (pr3

J>(X") in Equatior 4P is calculated in Equation4.14.

X//

X 1 1 1
Jz(x”):/l (X'+1)dx = [EX’Z+X’} = S(X")?+X"+ 5 (4.14)
— -1

J3(X”) in Equatior 4P is calculated in Equation 4.15.
J(X") = i/xndx’ - (X"+1) (4.15)
’ ,H3J 1 QH3 '

Inserting the integrals into Equatibn 4112, and replae{figvith X, sinceX” is the only remaining
version ofX, the dimensionless pressure distribution is defined as:

. 1 2 1
px.T) = L(® (Q(H('fS)( ) | ( v )+ 1((pXH3 ) cy(a.16)

The two integration constants can be defined from the boyraarditions mentioned earlier:
C, must satisfy that the pressureXat= —1 is equal tdP;, resulting inC, = P;. C; must satisfy that
the pressure & = 1 or X = X¢ is equal td>,, for fully flooded or cavitation condition respectively.
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4. Friction and Leakage Analysis

C, for fully flooded ano[:lXC for cavitation are respectively defined as:

C

P, — Pr—U*Jyx_1) — BHIx—1)
Jx=1)
P~ P — U & ®l> g2

= 1.2 (4.17)
P> — Py — U "3y x—xc) — BH I x=xc)
J3(x=xc)
PP Ut BSR4+ 1) - BH (J(Xe) P+ X+ 3) i1s
- s (X1 1) (4.18)

The pressure distribution is now derived and will be appirethe following section to describe
the force equilibrium.

4.2.4 Force Equilibrium of Piston Ring

To complete the piston ring model, a force equilibrium of thices acting on the ring is needed.
A segment of the piston ring is illustrated on Figlre 4.2.thiiorces acting on it.

where: Fgr

Wer

Fa

Fp

Pasp

Pasp
Fa, Wa e
| Pistonring [ «—Fg, Wor
Fp, Wp
Px
Aoutside Ainside

Figure 4.2.4:Force equilibrium.

Force caused by pressure between piston ring and pistootedkgroove force.
Dimensionless load form digr

Force caused by contact with asperities

Dimensionless load form ¢y

Force caused by pressure in fluid film

Dimensionless load form d%

Contact pressure caused by asperities
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4.2. Piston Ring Friction and Leakage

Px Fluid film pressure
Ainside Inside surface area of piston ring

Aoutsige  Outside surface area of piston ring

The inside and outside area are defined in Equation 4.19 &@rdspectively. Note that the
enlargement of the ring is neglected when the surface aadallated. This is valid, as the surface
area increment due to increased radius is small comparadhtsize of the surface areas.

Ainside = de(rring_l—Pl?y)l—PR)< (4.19)
Aoutside = dOrringLpr, (4.20)

The force equilibrium is written in dimensional form in Edioam[4.21 and as a load equilibrium
in Equation’ 4.22. The mass of the piston is neglected sudttibasum of forces always equals
zero.

Furthermore no distortion force is included: This meanstia piston ring is not pressed towards
the cylinder wall and hereby does not create a tension forgarts the cylinder wall, thus lower-
ing the fluid film height additionally. If this force was to baplemented in the force equilibrium,
it could be modelled as an equivalent spring force. Thisngpiorce has a stiffness deduced from
the material and geometry of the ring, and has a distortiaraley the deflection of the ring with
atmospheric fluid film pressure. By not including this forttes calculated power loss will be an
optimistic estimate in regards to the overall efficiency.

S Fer = Fp+FatFor=0 (4.21)
Z\NPR = Wep+Wa+Wer=0 (4.22)

The forces are described in the following.

4.2.4.1 Force Caused by Pressure in Fluid Filnfp

As mentioned earlier, the cavitation pressure is s@kiq/ P2, hence all pressures after the cavita-
tion point, Xc, are set tqam. To implement this, two functiong)p andyaim monitoringP(X, T)
are applied, as explained in Equation 4.23 [and]4.24.
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4. Friction and Leakage Analysis

=

forP(X,T) > P,
Up(P) = (4.23)
forP(X,T) <P,

o

o

forP > P,
forP< P,

=

These functions are applied when the |¥glis calculated:

W = [ POCTIOR(P) + Pahan(PIX (4.25)

When the forcdp is calculated, the constants used under the derivati®{XfT ), cf. Equation
[4.g and 4.7, are now reinserted.
b 3udwb

1
S L-/_lP(X,T)L[Jp(P)+P2L|Jatm(P)dX-E 5

(4.26)

where: L Length of an arcpiece on the outside surface of the ring, lequiring

4.2.4.2 Force Caused By Asperities;a

If the fluid film height is below a certain rati@, the asperities of the surface are in contact with
each other and the asperity fofiégis present. A model was derived by Greenwood and Tripp con-
cerning this force, which was later approximated by Hu andr@H{Tripp/1971]/[Hu and Cheng,
1994]. The approximated model is explained briefly here, @hdonstants are copied directly
from [Hu and Cheng, 1994].

The average contact pressuyngpis defined in Equation 4.27

pasp = K-E" F2‘5(HU) (4-27)

Where the constants are given in Equafion 4.28,]4.29 and 4.30

8v/2 o
= —mn(Npo),/= 4.28
where:  (N) Number of asperities per unit area
[3’ Asperity radius of curvature

(NB'c)  Constant0.04
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4.2. Piston Ring Friction and Leakage

where;

where:

=

Vi/2

Ei/2

Q
A
4

Constant 0.001

2

1-v? | 1-vZ
Eq + E>

Possions ratio of material 1 or 2

E' =

Young'’s Modulus of material 1 or 2

A(Q—Hgy)? forHs <Q

FZAS(HG) =
0 forHg > Q

Constant 0

Constant 4068-10~°

Constant 804

(4.29)

(4.30)

The constants are inserted in the contact pressure in BQUART and integrated through the slit
to form the load\j and the forcd=a:

b/2
Wa = / PaspdX

b2

b/2
Fa = L‘/ PaspdX

—b/2

(4.31)

(4.32)

From Equatiof 4.30 it is clear that whely > 4, asQ = 4, paspis equal to zero, and only viscous

friction is present.

4.2.4.3 Groove ForceFgr

The groove force caused by the pressure in the piston graveed the ring towards the cylinder
wall. The pressure in the groove is assumed to be equal to/lingler pressure. This assumption
is valid if the pressure does not change significantly acttosslit marked withSkirt; on Figure
4.2.2. ‘é—)‘(’ cf. Equatiori_4.B, in this slit is significantly lower, th%@ across the piston ring due
to a higher fluid film height which is approximated toy — fring ~ 1[mnj. Sinceﬂ—‘; has ah—l3
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4. Friction and Leakage Analysis

dependency, the pressure drop aci®isst; andSkirt, is considerably lower than across the ring.

Wer = LprPc (4.33)
FGR = Ainsidepc (4-34)

where:  Ainside Inside area of piston ring, cf. Equatibn 419

The forces acting on the piston ring is now defined and a nwalemethod will be applied to
solve it. This is explained in the following section.

4.2.5 Implementation of the Piston Ring Friction Model

To solve the force equilibrium the current fluid heightand squeeze filnh, is needed. No exact
formula for calculatingh, such that the force equilibrium equals zero, exists. ats&@numerical
method is applied and is explained in the following:

1. Initial guess of fluid film heighhy,; is chosen.

2. Two guesses of squeeze film are maﬂ,efﬂl and hma)q, and in the center between these
hmia, is set. Al illustrated in Figure 4.2,5.

3. The force equilibrium is calculated three times with: hj,; and withh eqgual to each of the
guesses.

4. To examine if one of the three choskris within the converge criteria of the force equi-
librium, C.opn, the latter is compared with each of the thitee If the result of the force
equilibrium is above zero, a plus is inserted in the signaeétig, , and likewise for minus,
illustrated in Figuré 4.2]5. The converge criteria is defias an interval of-C.,, around
hsoI-

5. If the sign ofegigy, is changing, as betweeté‘rpnml andhmidl. A solution exists between these
two h. The solver now sets a new setfofluesseshinin, andhmay, and computesig,.

6. The solver now calculates a new sign vecBgg,,, from the force equilibrium and iterates
this step 3 to 5 until the solution is within the converge enid, Cgon, Or hits the exact
solution hso|. In iteration no. 3 in Figur.Ehmid(3 is within C.on, and a satisfactory
solution is found.
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4.2. Piston Ring Friction and Leakage

2Ccon
hl hminl D hmidl hmaxl
| | I
I | |
Esign, I—1 | 1 1
hz hminz hmidzi hmaxz
| | |
| | |
Esign, I—1 -1 1
h3 hmingi hmidg hma)g
Esigny -1 1 1

Figure 4.2.5: Numerical method explanation.

Theh solution to the force equilibrium is the output of this fuiect and is integrated to obtain the

fluid film height, as illustrated in the block diagram on Figidc2.6.

pC FfI’iCpR
> i Friction
X | YFr [ s > PR
h Leakage
QIean:R

Figure 4.2.6: Piston ring friction model.

The leakage from the gap between the piston ring and cyliwdéiis calculated in Equatidn 4.85,
by assuming steady laminar flow. This assumption is validtduamall cross-sectional area and

expected low leakage flow.

leakpr 12I1|—PRX
where: Ap Pressure difference across piston ring, equaL{p— Patm

The friction force is calculated from Equatibn 4.36 [Hu arfte@g, 1994].

. U
I:fric - —S|gn(U) {% [((Pf - (Pfs) + 2\/rl(pfs] + C¢ pasp} 2TlTcyll—PRX

(4.35)

(4.36)
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4. Friction and Leakage Analysis

where: U Velocity of the piston ring, equal t®y’

Shear stress flow factor which concerns the average of thimglvelocity component of the
shear stress, c.f. sectibn DJ1.4 in appendix for a cal@nadf this.

Shear stress flow factor which concerns the combined efféisesoughness and the sliding, c.f.
Ors sectiof D.1M in appendix for a description. This is equalem when the surface roughnesses
of both surfaces are equal.

Variance ratio between the two surfaces, this is equal todrvthe surface roughnesses of both
surfaces are equal

Or

Vr 1

The friction caused by the skirts of the piston, 8kirt; andSkirt in Figure[4.2.2, is distinctively
smaller than for the piston ring, since the clearance isifgigmt larger. e.g. in the order of
10-1000 times larger.

The leakage is feedback to the continuity Equation of thendgk chamber, and the friction is
feedback to the force equilibrium of the piston in the medaharThe total power loss due to
leakage and frictionZpg, is calculated in Equatidn 4.87

Zpr = Qiealpr (Peyl — Patm) + FtricerXp (4.37)

The piston ring friction model has now been derived and isxected to the non-linear model by
inserting the frictional forc&/i.X into the force equilibrium of the cylinder, cf. Equation2The
leakage is inserted as a flow out of the cylinder chamber ilcdinéinuity equation of the cylinder,
cf. Equatiorf2.30.

4.3 Slipper Pad Friction and Leakage

The friction between the piston rod and the eccentric slsadhi essential part of the power loss,
which needs to be accounted for when the pump is analysesl thisuwill be the main focus for
the subsequent section.

Slipper pads have been used in several applications whéstoa presses against a planar surface.
Cunningham and McGillavary explored the slipper pad begaipplied in a radial piston motor and
have established several design criteria for that padialésign|[Cunningham and McGillavary,
1965]. Koc and Hooke conducts an experimental investigaifoorifice compensated slipper pad
bearings in axial piston pumps and motors §kand Hooke, 1996]. It is here established that with
larger orifice diameter, the clearance between the surfadesreased compared to bearings with
no orifice. Furthermore, it is determined that sufficientjeilpressure is required to prevent oil
starvation. Koc and Hooke also analyses a swash plate purage\iths shown that for successful
operation, the slipper pad needs to have small amounts oflaimess on the running surface
[Ko€ and Hooke|, 1998]. None of the latter investigates theidmctierived from the use of these
bearings. This is investigated by Canbulat, Sinanglu, ancliK an experimental analysis where
frictional power losses are found to be caused by surfacghmess, capillary tube diameter, the
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4.3. Slipper Pad Friction and Leakage

size of the hydrostatic bearing area, supply pressure, lamdetative velocity [Canbulut et al.,
2009]. It is concluded that the frictional loss decreaseth wicreasing capillary tube diameter
and supply pressure. In the following the friction modeladbéd in sectiof 412 will be applied
to model the friction between the eccentric shaft and thpisod with a capillary compensated
slipper pad bearing.

4.3.1 Capillary Compensated Slipper Pad Bearing

The bearing between the eccentric shaft and the piston dapillary compensated slipper pad
bearing. This kind of bearing is supplied with a lubricardnfr the cylinder chamber through
a capillary tube into a pocket under the bearing, this isiitted in Figuré 4.311. The slipper
pad pocket ensures a great reduction in friction and thug thie! friction between the eccentric
shaft and the lands are taken into account. This is valid @aéight of the lubrication layer is
substantially larger within the pocket than under the laaasl thus the friction from this part is
substantially smaller. The argument for this is the same itis the friction of the piston skirt
compared to the piston ring, cf. section 412.5. The fricfimm the pocket is thus neglected in the
overall calculation of the friction. The pocket stands tog tnajor part of the force which acts on
the piston from the lubricant. Because of the afore mentidreight of the lubrication layer, the
pressure drop from the exit of the capillary tube to the laeddso very small and is neglected so
that the pressure in the pocket is constant. An essentibpiédae design of the slipper pad bearing
is the assumption of constant height through the slit ungieddnd. This requires the profile of
the slipper pad bearing to have the same curvature as thetecahatft. This can also be seen on
Figure[4.3.11 where the lands as well as the ceiling of the @olsave the same curvature as the
eccentric shaft. Note that capit@inow is referring to pressure with dimensions.
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A
Pc P
4//
ﬂ \_Tl
lp _ | Capillary tube
I/ \l Lands
(_

Slipper pad pocket
Eccentric shaft

Figure 4.3.1: One piston with the capillary compensated slipper pad bgaltustrated. Fluid is
denoted with yellow.

The friction is modelled by analysing the flow in and out of Hiipper pad pocket to determine
the pressure in the pocket and from this determine the foltehaacts on the piston. First the
flow under the lands, i.e. the leakage flow, is determined kyofig\Watton, 2009]:

QLand = 121Vien (4.38)
where: QLang Leakage flow under land
i Denotes the land in question
WBR Width of the land.
Niand Height of the fluid film between the eccentric shaft and thellan
Psp Pressure in the pocket.
L; Length of the land. Equal toy, Ly, Lz or L4

Equatiori4.3B is applied on all four parts of the land withlgregths and widths as denoted on Fig-
urel4.3.2. The pressure distribution is nonlinear throbgitbrners [Cunningham and McGillavary,
1965] and it is thus modelled by applying the lengths, depending on the land in questidm,
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4.3. Slipper Pad Friction and Leakage

andL; is given ad y —wgr andLz andLy is given ad.y — Wgr as illustrated on Figuile 4.3.2.
The flow out under land 1 and 2 can be written as a sum of the @oll@tv caused by the surface
velocity and the Poiseuille caused by the pressure difteracross the land.

QLandl = _QPoiseuiIIe_ QCouette
QLandg = _QPoiseuiIIe+ QCouette
Qrand, + QLane, = —2Qpoiseuille (4.39)

Qroiseuille for land 1 and 2 are equal due to the pressure differencesatitedand and the width
are equal, cf. Figure 4.3.cquetteis €qual for land 1 and 2, but with different sign, due to equal
surface velocity. But from the perspective of the slippead packet, one is directed into the pocket
and the other outwards.

LHF‘DCket

A
Y

Lw

Figure 4.3.2: Slipper pad bearing from below. Lands are illustrated witkenp. L; = L, and
Lz = L4 though onlyL; andL3 are presented on the Figure. The unity vectors on the lands
indicate the directions applied in Equatfon 4.46.

Qieaksp = 2QLandy + 2QLand (4.40)

The flow through the capillary tube from the cylinder chamtoethe slipper pad pocket is deter-
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mined by Equatiof 4.41 and by isolatiRgp, Equatiori 4.4 is obtained [Watton, 2009]:

Quap — TEELE ) (@.41)
Pep = —Laﬁéaﬂp 4R (4.42)
where: QCap Flow through capillary tube.
de Diameter of capillary tube
|p Length of piston and piston rod.

By assuming that the volume in the slipper pad pocket is sefffity small as the height of the
slipper pad pocket is small, the pressure inside the poakete said to adjust instantaneously
such that the continuity requires equal flow in and out of thekpt at all times:

QCap = QIeaKot (4-43)

By assuming that the mass of the piston is negligible duedthall accelerations relative to the
eccentric shaft, an equilibrium of forces can be establistse

I:cyl = I:pocket‘|‘ FLands (4-44)

where: Foocket Force from pocket acting on the piston.

F ands Force from lands acting on the piston.

Feyl is defined as given in Equation 2.3.
Recall thatPsp is constant then the force from the pocket acting on the pistgiven as:

Fpocket= (Lw — 2wgR) (LH — 2wgR)Pap (4.45)

The force from the lands are calculated by applying the sarathad as described in section
4.Z.41 such that:
Frands 1 = [ [ Plana-1(x,y0)dxdy (4.46)

where:  Plang-i(Xi,Yi) Pressure as a function of the position under land no.

The pressure distribution for each land, is calculated fthePgp-pressure side to they-side
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in the X-direction cf. Figurd 4.3]2. Land 3 and 4 contributes to thespure distribution due to
the velocity of the surface under the land, this is illugidain Figurd 4.3J4. This contribution is
calculated as given in sectién 4.3.5, but with the boundasiated as in Figufe 4.3.4. The length
of the land given in Figure_4.3.4 is applied in order to catelthe pressure in the corners, as
illustrated in Figuré 4.3]2 arid 4.3.3.

Figure 4.3.3: Close-up of the corner of the land, the white part of the cosm@ws where no
pressure distribution is modelled. The dark grey part regmes the part of the corner where only
the horizontal land is modelled. The light grey represemtara where only the vertical land is
modelled, and in the black part, both lands are modelled.

<
g
N

Y

dx

dy

Patm Patm

Patm

A

U

Figure 4.3.4: Land 3 with emphasis on the pressure distribution. Fortgla anddy are made
larger than what is actually utilised in the calculation.

By taking the sum of the pressure distribution in bothxtairéction and the-direction the total
pressure under the land is found at @lly)-coordinates, illustrated in Figuke 4.8.5. From this it
is possible to calculate the total force caused by the predspapplying Equation 4.46. Note
that Land 1 and 2 only has the contribution from thdirection as the surface velocity and the
direction of the pressure drop is parallel.
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(a) x-direction.U-direction out of the paper. (b) y-direction.U-direction to the right.

P[bar]

0.1 ~
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(c) Combined pressure distributiod-direction parallel to/”

Figure 4.3.5: Pressure distribution in Land 3. Figure (c) illustrates¢bebined pressure distri-
bution from (a) and (b).

The force from all the lands are summed to a total foFgg,gs By substituting Equation 4.45 and
4248 into Equation 4.44 and applying the same numeric salsetescribed in sectidn 4.2 Mang
andhyang can be determined. This is illustrated in a block-diagraesented in Figurle 4.3.6.
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PC FfriCsp
> —e
Vsur f - ,
= sIFriction | hiang R Qreak,, [Capillary TubePBP

Leakage

Y

Y

Figure 4.3.6: Block diagram which illustrates the friction and leakagevflof the slipper pad
bearing. The friction block contains the friction compidat force equilibrium, and the numeric
solver.

Now the friction force of the slipper pad can be determine@pylying Equatiofn 4.36 such that

. H|Vsur f|
Ffricsp = —Sign(Vsurt) Piand {[((Pf — @ts) + Vi1 Qs
an
+ PaSnandCf } (L\NLH — (LW — 2WBR)(LH — 2WBR)) (447)
where:  Firicep Friction force between slipper pad bearing and eccentaé sh
Vsur Velocity of the surface of the eccentric shaft relative te slipper pad bearing.
Paspang Contact pressure between land and eccentric shaft.

Eccentric shaft

Piston
Piston rod

Figure 4.3.7: lllustration of the angles and lengths utilised to comphgegurface velocity of the
eccentric shaft.

The surface velocity relative to the slipper pad bearingeiemined by calculating the distance
from point O to the surface of the eccentric shaft as a funabid,. By applying the angles and
lengths illustrated in Figufe 4.3.7 and wiph given asp, = sin™ 1 (sin6:d)/r..) the surface velocity,
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Vsurf, IS:

frt = TleccCOS@)—dcog6y) (4.48)
Vsurf = {0y (4.49)

The surface velocity is plotted in Figure 4.3.8.

Vsurf

02 Il Il Il Il Il
6 7 8 9 10 11 12

Time [g]
Figure 4.3.8: Surface velocity of the eccentric shaft at the slipper pad.

Now that the losses in the slipper pad are fully defined, tletidn force and the leakage flow are
connected to the rest of the non-linear model: The frictiamrcd, in Equation 4.47, is connected
to the torque equilibrium around the rotor by multiplicatiwith r;, cf. Equatioi_4.48, and the
leakage, in Equation 4.40 is connected to the continuitytou, cf. Equation 2.30, as a flow out
of the cylinder.

4.3.2 Optimal Film Height

The total power loss of the slipper pad is a function of leakagd frictional losses. If the fluid
film height is high, the leakage is high, and if the fluid film djisi is low the frictional force is
high, as illustrated in Figufe 4.3.9
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leak

Ptric

! " hIand
hIandopt

Figure 4.3.9: Power loss as a function of fluid film height for two arbitrariction and leakage
losses.

This indicates that some optimumng exists, but before evaluating this optimungng,,,; & choice
of dimensioning constants are required. First the totalgrdass is found:

Psp = Qieakgp (Pc — Patm) + FiricspVsurt (4.50)

From Equatiori 4.38 arld 447 respectively, the leakage flavtlae magnitude of the frictional
force can be found to:

Qleakg . 2L1hl3and(PBP - Patm) i 2L3hl3and(PBP — Patm)
P =

12uwsr 12uwvir

\V/
Firicep = ‘;}Idf (LwLn — (Lw — 2Wiang) (Ly — 2Wiang)) (4.52)

(4.51)

Notice thatPssp,,, = O, since the optimum is expected to be outside of the aspegipn.

The optimisation parameters are, the ratio between theddrdee piston and the pocket area of
the slipper pad;,,, and the diameter of the capillary tulmg, rp, is defined as:

L L
r op — Wpocl:ip H pocket (4 ) 53)

Furthermore the ratio between the length and the width optuket arearwn, is applied such
that.

LWpocket = rW H L H pocket (4 . 54)

By substitution of Equation 4.54 infa 4153 and by solving lfgy, ., Equatiorf4.55 occurs.

r
LHpoer = szAHp (4.55)
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The outside length of the slipper pad can be calculated blyimgpEquatiorf 4.54 and 4.55.

Lw = Lwpoget 2WBR

r
= p;I.ApI’WH—FZWBR (4.56)
TwH

By substituting Equation 4.5, 442, 4154, .55, andl4.56 Eguatiori 4.50 and then differentiate
with respect to the fluid film heightyang, an expression of the optimal fluid film height can be
derived. The leakage and frictional parts of the power loesd#ferentiated separately, starting
with the leakage power loss.

d d /(Ly—wgr)h3, ,(Psp—P,
%Qleaksp(PC_Patm) = a1<( H BR) Iand( p— Patm)

BUWBR
(Lw —WeR) hﬁand (Pep — Patm) )
Pc—P
GUWBR ( C atm)
hﬁand (PBP— I:>atm) <2WBR+ rf\ﬁp (rWH + 1)) (PC - Patm)
= (4.57)
2UVBR

Next the frictional loss is differentiated with respectighg:

d d VM
%Ffricspvsurf = % I,?Il;rnd (LWLH - (LHpocketLWpocket))

2
land "'wH

Then by combining Equatidn 457 alnd 4.58, equating by zetaedor hjang, and then choose the
real positive solution, Equatidn 4]59 is obtained.

\/2\/(Pcyl — Patm) (Pap — Patm)WaRMVsur f

4.59
v/ (Peyt — Patm) (Pep — Patm) (4.59)

hlandopt

The optimum fluid film height is now obtained, and the rationen the frictional loss and the
leakage loss can be evaluatéthng,, is inserted a$iang and after some simplifications the ratio
can be found to be:

2
Ptric _ h|a”dopt fwH

Pleak hﬁandopt(PBP*Palm) (2WBR+\/ D%%E (YWH+1)) (Peyi—Patm)
2ungR

.
surfH <2M'BR (2””BR+ ppAp (rWH + 1)>>
~3 (4.60)

To calculatehiang,,, the pressure inside of the pock&gp, is needed. In order to calculate the
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4.3. Slipper Pad Friction and Leakage

required pressure in the pocket to satisfy the force eqiuihi, steady-state conditions has to be
assumed, i.eh =0 andhis an arbitrary height. This is due to the fact tRatysis independent on
hiand, @nd can be calculated as a linear pressure drop acrossithdlais is illustrated by returning
to Equatior 4.16 for the dimensionless presde(€, T), with flooded boundary conditions.

Veur (@H +0°@) (X+1)  BHe (3X°+X +3)

P(X,T) =

PH3 OH3
1 1 (@H+ 0" @) :
+<§P2—§P1—V§urfW—BH X+1) ) +P (4.61)
where: Vi, o

Recall that?; andP, are dimensionless pressuresgp andPym respectively.
If the dimensionless squeeze fitth= 0, andP(X, T) is integrated across the slit, froh= —1 to
X =1, the dimensionless pressure distribution is equal to:

1
/71P(X,T) _ <%P2+ %P1> (4.62)

Notice that, under the given conditions, the pressureibligion is linear and independent bif.
From this the steady-state land for€eangs-ss can be written as Equatign 4163.

FIands—SS = AIandHands
1
= (LWLH - LWpocketLHpocket) E (PBP + Patm)

Rands-ss = WgR (\/ %’ﬁp (rwn+1)+ 2WBR> (Psp + Patm) (4.63)

where:  Ajand Total area of the lands
Rands Dimension form ofP(X,T)
The force equilibrium also consists B§p andFcy which are defined as:

Foyl = Apry (4.64)
FBP = PBP (LWpocketLHpocket) (465)

These are inserted into Equation 4.66, and by solvindPgerEquatior 4.617 is obtained.
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4. Friction and Leakage Analysis

0 = Rands-ss+ Fep— I:cyl (4'66)
(\/ % (rwn+1)+ 2WBR> WgRPatm — PeyiAp
Pop = (4.67)

< "opts (rWH+1)+2WBR> WgR+ I'ppAp

TwH

Equation 4.6 as a function o, is applied in the optimisation procedure, as an expression f
the pocket pressure.

Recall that the objective is to minimise the power loss, asatfon ofrp, andd.. This function
is the objective function, and the constraints which needset satisfied ar@jang = hjang,,, and
Qcap, Qeaks» > 0. Thus the optimisation problem is stated as:

Objective function : minimis€ Zsp)
Non-linear constraint : Qieaksp > 0, Qcap > 0, hiand = Niand,
Bounds offpp  * [ppini Mop3 Mol

Bounds ofd. : [de,.;de;de, )

The lower bound of ,, is found by applying the expression fbpng as a function ofr,, and
equating with zero and solving fop, such that:

( ppm = 0.7486228495

hiand Is very sensitive top, as shown on Figuile 4.3.110, thus high accuracy of the minimoumnd

is needed. Since the height of the fluid film is so sensitiveypoat a specific pressuré, it it
necessary to consider carefully what area ratio is requiredder to stay within the desired limits
of the fluid film height. Also considerations have to be giverthie variations of the pressures in
the system as the profile of the heidiydnq as a function of , is sensitive to the supply pressure
as illustrated on Figurie 4.3.10. The upper bound is sejQ, = 1, as that is the maximum de-
sired size of the slipper pad. When the surface area of thpeslipad pocket increases, so does
the diameter of the eccentric shaft as seven slipper pads aomtact with it.
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4.3. Slipper Pad Friction and Leakage

-5

x 10
25 T
—— 25Qbar]
—— 260bar]
2+ |
1.5 T
E
=]
c
S
<
1 4
0.5F b
0 | | | | |
0.7485 0.7488 0.749 0.7492 0.7495 0.7498 0.75

op

Figure 4.3.10:hjang as a function of pp. Notice the very small increments ofp,.

I is defined as the distance from the upper surface of the pistdhe surface of the bearing
pocket. The stroke length of the piston i&8m] thus minimum length of the piston rod is set to
0.6[m]. The lower bounds d. is chosen on the basis of an evaluation of the minimum pradkici
diameter in an ®[m| long straight tube. [inm is chosen asg;, and the upper limit is chosen as
e = 20[Mn].

When the piston rod lengtl, is considered, the length, also has to be considered. Recall that
| is the distance from the center of the eccentric shaft to tstem cf. Figurd 4.3.71. However,
to definel the radius of the eccentric shaft, is needed. The requirements to the minimum
radius of the eccentric shaft is set by the size of the slippds. Each eccentric shaft is connected
to seven pistons, consequently the circumference of oren&rgr shaft is required to have room

for seven slipper pads.ecc can be defined from the clearan€g,andLy = rr"ﬁp + 2WgR, cf.
Equatiori 4.56 and Figufe 4.3.2:
-
f\zﬁp + 2WBR+C> 7
fecc= 4.68
ecc 2_,_[ ( )
where: C Clearance between the slipper pads, cf. Fifure 4.3.11.
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4. Friction and Leakage Analysis

Eccentric shaft

Figure 4.3.11:Lengths and notation for explanation of the clearadce

This means that after a choice G, rwH, andwag, recc is set according to Equatién 4168. From

leco, the lengthl is calculated as:

lecctlc

(4.69)

From this it is clear that by altering the slipper pad size,slze of the pump is also altered.

Returning to the optimisation procedure, a working poirg ttabe chosen. This working point is
chosen at a point in the cycle whdPe = 250bar] and the parameters are taken at a point where
the velocity is approximately the average velocity, s = 0.5, cf. Figurd.4.3.8. From Table 4.8.1

it is noticed that is now 1165m], which is significantly different from theapplied in the design

sections wheré= 0.7]m|.

Parameters Value Unit
Vsurf 0.5 [m/s]

e 0.6 [m]

WBR 50- 1&3 [m]

'wH 1.313 —

Ap 0.1590 | [n¥]

u 0.04186 | [m?-s!]
| 1.165 | [m

Pc 250 [bar]

Table 4.3.1:Parameters obtained at the working point

By applying the MATLAB optimisation functionf mincon the minimum of the constrained ob-
jective function in the chosen working point is calculated t

Psp

— 1036[W]

(4.70)
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4.3. Slipper Pad Friction and Leakage

This yields an area ratio and cappilary tube diameter of:

fpp = 0.7486508750 (4.71)
d. = 0.0050m (4.72)

4.3.3 Calculation Problem

After the implementation of the dynamic friction model oflgpger pad bearing as described in
sectiof4.2.2, a problem occurred which will be explainegthe

In the previous section, it was concluded that in steady stae force from the land$jangs, is
independent oh, cf. Equation 4.63, ifnand = 0. However, when the states of the system changes,
e.g. the surface velocity or the cylinder pressure, theraptian of hiang = O is not valid. Thus
unlesspp, matches perfectly with the parameters of that exact worgigt, the force equilibrium

will not be satisfied. This means that unlesshanq is present in the equation for the pressure dis-
tribution under the lands, the force equilibrium can not atiséied which is illustrated in Figure
[4.3.12. This is due to the fact that this is the only way thetrthmerical method can increase or

reduceFIandS

Time [g]

Figure 4.3.12: hjang for the dynamic model as a function of time. This shows thaltesf the
requiredhiang Which in this case has to be negative.

This summarizes to the fact that unlegs can be tuned to match all operation points perfectly, the
slipper pad will not reach any steady state value, but iserea decreas@ang. If a negativehiang
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4. Friction and Leakage Analysis

is necessary to satisfy the force equilibrium, the film heighl decrease until it is within asperity
contacts, andrasp Will then fulfil the force equilibrium. If a positivén is present, the fluid film
height will increase indefinitely. It can only do so, due te tthosen method applied to calculate
the pressure in the pocket, which assumes that flow in andfabeaylinder are equal, and the
chosen method to calculafgngs.

From the above it can be concluded that the slipper pad cdrotodelled as described in this
project. Three methods which might solve this problem aesgmted:

« Tilting. By tilting the slipper pad, the pressure under ldweds are able to produce a higher
or lower pressure due to the restriction or expansion thrahe slit, cf. Figuré 4.3.13a.
In this way the total force from the lands can be higher or loa@mpared to the cur-
rent model depending on the situation. This method has bdepted by several sources
[Cunningham and McGillavary, 1965], [Keand Hooke, 1996]. At the time of this conclu-
sion, this method is considered too advanced to be implerdentthe model, due to the
time frame of the project.

» Non-flatness. By producing a non-flat surface of the larusptessure through the slit will
change a# is no longer constant witk, cf. Figure 4.3.13b. This is not implemented either
due to the same reasons as stated for the above method.

» Steady-state calculation. The frictional force and legkaan be modelled by applying a
steady state assumption. This removes all the dynamic mhand simplifies the system.
This method is implemented in the subsequent section.

X
(a) Pressure distribution (b) Pressure distribution
when the slipper pad is under the non-flat lands.

tilted

Figure 4.3.13: Slipper pad bearing. Note that the dimensions are exaggkfat purpose of
clarity.
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4.3. Slipper Pad Friction and Leakage

4.3.4 Steady-State Model

The steady-state model is produced based on the assumipsibmvith hiang = 0, @ sufficiently
accurate model can be generated. This is believed to be feeasathe pressure in the cylinder
chamber is close to constant in a large part of the cycle agitherP: ~ 10[bar] or Pz ~ 250bar].
Based on this the assumption is deemed valid and the stégigyrsodel is a sufficiently accurate
model of the slipper pad friction and leakage.

4.3.5 Steady-State Model

Qcap andQeaksr Can be written as stated in Equation 4.73.

Qcap = ki(Pc—Pap)

Qeake = K2(Psp — Patm)Niang (4.73)
where: kg %"cp
e S

When applying thaQcap = Qleaks» Equatior 4,74 can be obtained.

ki(Pc—Psp) = Ka(Pgp— Pam)higng

s/ Ki(Pc—Pasp)
Nand = _— 4.74
land kZ(PBP— I:>atm) ( )

The steady state model is based on the assumptiorhmat: 0 and fully flooded conditions
under the lands. Due to this the expression for the presauteislipper pad pocket in Equation
can be applied. By substituting this f&4p in Equatioi 4.7¥ and choosing the positive real
solution,hjang becomes a function of onlg: asPym is a constant. Thus for every valueRf one
specific fluid film heighthang, exists. Based on this the leakage and friction can be foyrttido
use of Equatioh 4.51 and 4]47 respectively.
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4. Friction and Leakage Analysis

4.4  Friction and Leakage Results

This section describes the friction and leakage of the pigtay and slipper pad bearing, obtained
from the models derived in this chapter. The parameterseappi the simulation are given in
Table[4.411.

Nomenclature Parameter Value Unit
Viscosity M 0.04186| [Pa- 5|
Friction coefficient Ct 0.3 [-]
Surface roughness o 0.35 [
Poisson’s ratio of material L and 2 vq, vo 0.3 [-]
Young’s modili of material 1 and 2 Eg, E; 200 [GPa
Clearances between slipper pads C 0.05 [m]
Size of pocket area Apocket 0.119 (7]
Height of piston ring Lpr, 5 [mmj
Length of piston ring Ler, 8.75 [m
Maximum squeeze film Biim 1-102 | [7]
Converge criteria Ceon 200 IN]

Table 4.4.1: Parameters for calculation of the friction and leakage ef fiiston ring and the
slipper pad bearings, ¢t, v andE are extracted from [Akalin and Newaz, 2001]

The dimensions of the piston ring are an initial design set since the friction force is directly
proportional toLpr , cf. Equatior 4.36, this analysis is not sensitive of thisggu Likewise the
leakage is inversely proportional kpg,_and will decrease accordingly if the ring was to increase
in height.

4.4.1 Piston Ring

During calculation of the fluid film height between the pistorg and the cylinder wall a problem
which concerns the numerical method applied arises: Atithe when decompression starts, the
force equilibrium of the piston ring is solved by the numatimethod by setting a higlhn, which
causedh to increase at a high rate. Depending on the sampling fimend the calculated, h
will overshoot the correct film height. This is illustrated Figure[4.4.Ta. Notice the decrease in
overshoot when the sampling time changes. Due to high stionléime, the sampling time is
not decreased further beloly=1- 1(?6[3]. Instead a maximum and minimum denoteoh“m, is
applied, such that the film height overshoots only a smallafy@nd then approaches the correct
film height.
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(a) Comparison of fluid film height of the (b) Fluid film height of the piston ring.

piston ring with different sampling times.

Figure 4.4.1:Fluid film height between cylinder wall and piston ring.

The corrected fluid film height in Figute 4.4]1b follows thdimgler pressure as intended: Low
film height with high cylinder pressure and higher film heig¥ith low cylinder pressure. The
friction and leakage are illustrated in Figure 414.2 and3tréspectively. From these Figures it
can be concluded that the leakage power loss is negligiltgaced to the frictional power loss.
This is due to the fact that the piston rings are in asperityant at all times aB < Q-0 = 1.4[um

The high negative friction force at= 9[g| is caused by the cylinder pressure, which has not yet
decreased from 2%Bar] to 10bar]. This results in a low film height and a high negative fricibn
force which drops to-800N] when the cylinder pressure has decreased foatPand the film
height has increased toZbjun.

Z
% |
o
R)
L‘I‘:—O.S* b
_17 ,
_1.57 ,
_27 ,
_25 Il Il Il Il Il
6 7 8 9 10 11 12
Time [g]

Figure 4.4.2: Friction force between cylinder wall and piston ring.
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—

O I I I I I
6 7 8 9 10 11 12

Time[g]
Figure 4.4.3: Leakage flow between cylinder wall and piston ring.

4.4.2 Slipper Pad

The film height of the slipper pad is illustrated in Figlre.4.4The film height at 250ar| is
~ 9[um, which is close to the optimum film height,Zum. Notice that the height follows the
cylinder pressure as stated in secfion 4.3.5.
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Time [g]
Figure 4.4.4:Fluid film height of the slipper pad.

The friction force and the leakage of one slipper pad beasiiystrated in Figure& 4.415 ahd 4.4.6
respectively. Contrary to the piston ring, the friction isghigible and the leakage now has a a
significant value. The summed leakage flow of all the cylisdeplotted in Figure 4.417.
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Figure 4.4.5: Friction between the eccentric shaft and the slipper pad.
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Figure 4.4.6: Leakage flow of one slipper pad.
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Figure 4.4.7: Total leakage flow of the slipper pad.

The total efficiencynot can now be evaluated by the same method as the one appliedutata
the hydraulic efficiency in sectidn 2.3.2. By using the hytiaefficiency the efficiency of the
piston ring and the slipper pad can also be calculated.

Niot = 0.98937
NProsp = % _ 099731
Nhyd

The calculated efficiency has to be considered as a guidelitiee power loss in the piston ring as-
sembly and the slipper pad, since they are not verified wipeemental results. Furthermore only
one piston ring is inserted, and several articles suggestdé of three rings [Livanos and Kyrtatos,
2007] [Hu and Cheng, 1994]. However, these articles coisckLE where the consequences of
leakage flow are different than for an hydraulic system dfwee three rings are not necessarily the
optimum number in this application. The implementation @irerings may introduce higher fric-
tional losses, but this problem is complex since the presdistribution through the gap between
the cylinder wall and the piston, changes when more ringinaested.

The frictional and leakage loss of the journal bearing betwie piston rod and the slipper pad is
not considered in this project. Neither is the bearings tfiikates the central shaft connected to
the rotor, and the casing of the pump.

Recall thathjang is sensitive to the area ratin,p at a specific pressuré, as presented in Figure
[4.3.10. This means that it is important to consider what eata is chosen as it might be difficult
to maintain the exact pressure at which it was chosen. Thikiésto the fact that the height
changes rapidly at small variationsiip,. Also the profile ofhjang as a function of ,, changes
depending on the pressure so that with a slightly largeratipgy pressure the slipper pad might
reachhi;ng = 0 instead of the intended height. This means that when thpeslipad is designed,
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a safety margin has to be carefully considered such thatliftyges pad does not readiiyng = 0
due to high pressure or unsatisfactory tolerances. Alsantportant thaty, is not too large since
it will cause the leakage to increase rapidly due toffggj—correlation between fluid film height
and leakage flow, cf. Equatign 4173.

4.5 Summary

The preceding analysis showed several areas of interest thibdriction and leakage in the radial
piston pump are considered.

» By implementation of a piston ring in a radial piston pump thakage can be lowered to a
minimum. However, the friction dominates the power losshef piston ring assembly, due
to low film height. Some compromise between friction and #gpkexist, and this can be
examined further to reduce the total power loss of the pistapassembly.

» The piston ring friction model applied in this project mbdaly introduces a single piston
ring. The model can be expanded to include more rings andctiarsge the pressure distri-
bution between the cylinder wall and the piston skirt andsinThis can produce a higher
film height for each ring, but can also increase the frictioe tb the larger surface area in
contact with the cylinder wall. Consequently some optimummber of rings exists.

» Choice of working point for optimisation. The working pbichosen for the optimisation
procedure also affects the results of the optimisationgmoe, and it only represents a short
period of the cycle. An analysis of the best working point thoe optimisation procedure
will produce a better overall efficiency.

» The derivation of the slipper pad friction model resultadai correlation between the size
of the slipper pad and the size of the pump. By increasinglippes pad surface area, the
diameter of the eccentric shaft increases.

» The dynamic model applied for the piston ring film heighty cat be applied for calculation
of the film height of the slipper pad, unless the slipper padheaallowed to reach asperities.
The reason for this may be that the method to calculate thehi#iight, needs non-parallel
surfaces to reach a steady state. This might be solved bytiroaliiction of tilt or non-
parallel surface to the slipper pad bearing, e.g. fillet emn

» The steady state model produces the frictional and leakeageof the slipper pad, from the
assumption that the film height only depends on the cylindesgure. The film height of
the slipper pad decreases with a higher cylinder pressurehvis consistent with a result
from a similar analysis performed on a radial piston matari@ingham and McGillavary,
1965].
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Conclusion

This master thesis was initiated by an examination of hyldr&@nsmission in a BAW]| offshore
wind turbine. PMC Servi Cylinderservice A/S has designeddial piston pump for this appli-
cation with 14 cylinders distributed on two eccentric sbaftoducing a flow of 125Q0)/min] at
a working pressure of 2%ar]. PMC servi declares that a total efficiency of 0.96 is reatehbfp
the use of standard NG40 valves as in- and outlet valves. Aitigting problem was to examine
the problems reagarding to opening and closing these valves

In order to examine this, a mechanical model which desciibesnovement of the piston was

produced. The model is connected to the rotor of the windnerby use of an acceleration and
velocity controller. The controller is tuned in such a wagtthh ensures a constant angular velocity
of the wind turbine, and that the pump has infinite torquelakta.

Along with the mechanical model an early version of the hyticanodel was set-up such that the
opening of the valves could be examined. Five standard sditeen Parker ranging from NG40 to
NG100 was inserted as in- and outlet valves of the cylindEngse was modelled with a discharge
coefficient of 08 and an opening area found based on the assumption that #reysharp-edged.
The efficiency of the NG40 valve was calculated t8325 and for the NG63 valve it was found
to be 09897. The efficiency of the NG40 valve was based on an opioridsiculation and was
found to be below the declared efficiency by PMC Servi, thissdébncluded that the radial piston
pump cannot produce that efficiency. Therefore the large63@lve was selected as a better
choice, due to the significant improvement compared to thdNlve.

The hydraulic and mechanical model resulted in a problenifipation with the goal of analysing
the efficiency of the PMC Servi pump and suggesting modifioatifor improvement.

Based on the problem specification the power loss across @g&3Nalve was examined by a
CFD-analysis. This resulted in a variable discharge caeffi@nd was along with a more accurate
modulation of the opening area, implemented in the noralimeodel. This leads to a hydraulic
efficiency of 0.975862. In order to improve this efficiencyedldctor valve was designed, based
on a Ph.d. project concerning flow force compensation in @gbyalve, and on computed CFD-
calculations. A variable discharge coefficient and an amgrirea function was also derived for
the deflector valve and implemented in the non-linear modethvresulted in a total efficiency
of 0.983127. A non-dimensional analysis showed that a dae@danodel of the deflector valve
could not be produced and tested in the affiliated workshag tlaus the non-linear model was not
verified experimentally. This means that the efficiency ltabd evaluated as a guideline, since
the CFD-model has to be verified with experimental resultsrier to make a solid conclusion
regarding the efficiency. If the valve was tested, the vaksigh procedure can be iterated and
tested until a satisfying result is obtained.
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5. Conclusion

A variation of the mass of the poppet in the deflector valve viblume between the cylinder and
the valve, and the frictional constant, was conducted. Fhggested that the bandwidth of the
system has to be at an appropriate level such that higher foedgiencies are not magnified. Fur-
thermore, a variation of the spring stiffness and distartibthe spring in the deflector valve was
varied and resulted in a set of parameters which, along Wiloptimum mass, frictional constant,
and volume was inserted as parameters of the deflector vEthveleads to an improvement of the
efficiency to 0.983288.

By insertion of two identical NG63 valves in the non-lineaodel with a parallel coupling the
efficiency increased to 0.990029 and with the deflector tfiei@ficy was 0.992038. From this it
can be concluded that by installation of two valves, the iefficy is increased, and the number of
valves should be considered if the pump is redesigned.

A friction and leakage model for the piston rings in a radiatgn pump, was implemented. How-
ever, since no models concerning the rings in a hydrauli@radston pump is available, literature
concerning internal combustion engines, was appliedanst€he chosen calculation method uses
a concentric piston ring, which can deflect radially and ttngates equal film height all the way
around the piston ring. The mixed lubrication model is basedn a non-linear approximation
of a Gaussian distribution of asperities and was simplifigadidsuming constant density and vis-
cosity. The result of the piston ring model was as desired: flon height during compression
and higher film height during decompression. The results sth®wed that the fictional loss was
significantly higher than the leakage loss, and the leakagkl de considered negligible.

A dynamic model based on the same method as applied at tlom pisgs, was used to calculate

the frictional and leakage loss at the slipper pad bearirg,the hydrostatic lubricated bearing

between the eccentric shaft and the piston rod. Howevegsteoncluded that this model cannot
be applied to calculate the lubrication film height betwdendlipper pad and the eccentric shaft.
Instead of the dynamic model, a steady-state model was peddoy assuming that the squeeze
film is zero. This resulted in the film height being a functidrooly the cylinder pressure.

In order to dimension the slipper pad, an optimisation fiomctvhich minimised the power loss
due to leakage and friction was produced. The ratio betwierfriction loss and the leakage
loss is found to be equal to three at the optimum film heighte @ptimisation function sets the
diameter of the supply tube to the bearing pocket and thaceidrea of the pocket area, such that
the film height is equal to the optimum height in the workingnpoThe optimisation also showed
that the film height is sensitive to size of this area, andtfasolution lacks robustness. To solve
this, a more thorough analysis of the working point is nezgsslhe optimum area ratio between
the piston area and the pocket area.iz486508750 and the diameter of the tube[imrf at a
supply pressure of 2%Bar]. The result of the steady-state model showed significaktigaloss
and low frictional loss contrary to the piston ring model. eTikesults also showed that the film
height decreased with increased cylinder pressure whichrisistent with the results of a similar

98127



analysis of a bearing in a radial piston motor [Cunninghawh lMoGillavary, 1965].

The two friction and leakage models was implemented in thelimear model and produced a
total efficiency of 098937. This value is to be considered as a guiding value sioexperimental
verification of any kind has been performed on the essendidab f the complete model. The
significantly high efficiency may be a product of some of thetations made in this project. E.qg.
the journal bearings in the piston rod and the bearings winiettes the central shaft connected to
the rotor, has not been modelled.

Under the assumption that the parameters applied in the Imade satisfactory near the actual
values, the efficiencyor = 0.98937 confirms that the design proposed by PMC Servi, with the
modifications stated in this project, yields a competitivenp for application in a hydraulic wind
turbine.

Future Perspectives

If this project was to be expanded some areas of interesiaverated here.

The non-linear model can be linearised in order to examirikeifvalves has to have a specific
bandwidth, as suggested by the parameter variations. To theedull transfer function should be
outlined including a continuity equation for each of the héumbers, and a orifice equation for
each of the 28 valves.

As mentioned in the conclusion, the CFD-analysis is not sttpd by experimental results, which
could be performed such that the variable discharge caomifician be verified. Likewise all the pa-
rameters of the non-linear model, eg. bulk modulus, tentperafrictional constant, and pressure
losses should be verified by experiments.

Expansion of the slipper pad model by introducing tilt, tmght solve the problem stated in the
conclusion regarding the dynamic model for calculationheffilm height.

The optimum profile and size of piston rings should be exachiemad likewise the effect of in-
creasing the no. of rings.

Only two major mechanical losses remains in the pump; thengbearing between the piston
rod and slipper pad, and the bearings fixating the centrdi. shaese should be examined further
such that the mechanical efficiency of the pump is examinecbtighly.

Some of the design parameters of the model are set from &l fniess. The correlation between
these and the efficiency can be examined by a parameterioariatg. the length of the piston
rod, the size of the eccentric, the land area of the slipperrpa

A long term perspective is to produce a full-scale prototgpéhe radial piston pump, such that
the hydraulic transmission can be tested.

As it appears from the above, there are still many intergstirbjects to be investigated, if further
development of the pump is desired. However, the most éakaspect is to get an experimental
verification of the various models and parameters, in orderontinue the development of the
pump with the model constructed in this project.
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Summary

The content of this report is a master thesis in Electro-Maadal System Design (EMSD) at Aal-
borg University. The title is ’Efficiency of a Radial PistonfAp Applied in a 5MW Wind Turbine
with Hydraulic Transmission’. The project spanned from t8egber £ 2010 to May 3% 2011
and is addressed towards readers with a basic knowledgeabfemieal- and hydraulic modelling.

PMC-Servi has proposed a radial piston pump with 14 cyliamderbe applied in a[MW] wind
turbine with an alleged efficiency of 0.96. This efficiencyttie foundation of this project where
this claim is tested by the use of a non-linear model and cdéatipnal fluid dynamics. The pump
produces a flow of 1800 /min| at a working pressure of 28gar].

In order to examine this, a mechanical model was construadted) with a hydraulic model. Then
the claim that regular NG40 valves is sufficient for the pungstested along with 4 other standard
valves ranging up to the size of NG100. All of these valves imasrted as both in- and outlet
valves and tested to find the efficiency. The efficiency withWG40 valve applied was found to
0.9525. As it is an optimistic calculation it is already cl#zat the pump can not satisfy the claim
for an efficiency of 0.96 and an NG63 valve is thus chosen festibsequent parts of the project.
Based on the analysis of the valves and the constructed mgebblem specification with the
goal of determining the efficiency of the PMC Servi pump angiggst alterations to improve this,
was established.

Based on the problem specification a CFD-analysis was coedat the NG63 valve in order to
determine a variable discharge coefficient and a more aecaraa function of the valve. This was
then inserted into the model and compared to a similar aisatymducted on a special designed
deflector valve. This valve was designed based on a Ph.dcpanje CFD calculations. A dimen-
sional analysis also showed that a down-scaling of the yailvarder to be able to experimentally
test it, was not possible. A variation of parameters was gotadl in order to determine the values
of the parameters associated with the design. All this teduh an efficiency of the system of
0.983127 with the deflector valve inserted which was founted.74 percentage points better
than with the NG63 valve installed. Further analysis wasedweith several valves inserted which
yielded an efficiency of 0.992038 for two deflector valve .

A friction and leakage model was then constructed for thipigng applied on each piston of the
pump. This was done by utilising models derived for intec@hbustion engines. These applies
a model of the mixed lubrication regime by conducting a riaadr approximation of a Gaussian
distribution of asperities. This is then applied along webular fluid dynamics in order to model
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6. Summary

the friction and the leakage. The results yielded a sigmifif@ction and a negligible leakage for
the single piston ring inserted.

Then a dynamic model of the fluid film height was constructetiis Tescribes the slipper pad
bearing applied between the eccentric shaft and the pisthnTihe model was based on the same
principle as the one utilised for the piston rings, howetleg, model emerged to be incapable of
modelling the fluid film height due to an absence of non-lingsinaviour of the pressure under
the lands. This is believed to be due to the fact that no tit inroduced of the slipper pad in the
model. A steady state model was constructed instead bastte@ssumption that the squeeze
film was zero. This resulted in an applicable model whichdgel a significant leakage flow and
negligible friction.

An optimisation procedure was then established in ordeeterthine the dimensions of the slip-
per pad. This optimisation procedure yielded a ratio betwbe area of the piston and the area of
the slipper pad pocket of 0.7486508750 and a diameter ofuihyel\s tube to the pocket of{m.

With these models implemented and the parameters estdblitihough the parameter variation
and the optimisation procedure the overall efficiency wasiébto 0.98937.
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Hydraulic Model

A.1 Variable Stiffness

When a system experiences pressures changing from abfhar|2fown to 15bar| or changes in
the oil temperatures it can be necessary to consider a \@stfiness in the oil ). The effective
stiffness of the fluid-air mixture dependent on press@e temperaturetf and volumetric ratio
of free air €4) is defined as [Andersen and Hansen, 2004, p. 8-10]:

Beri(tPEn) = (A1)
B ' Ba
where:  Betf Effective stiffness of the fluid
Be Stiffness of pure fluid
Ba Stiffness of pure air
€A Volumetric ratio of free air in the fluid
t Temperature
P Pressure

Often a reference volumetric ratieap) at atmospheric pressure is used:

Vao

VFo+Vao
where: &ag Reference volumetric ratio at atmospheric pressure
Vao Volume of air at atmospheric pressure
Vko Volume of fluid at atmospheric pressure

This reference air mixture is set to 0.01. To evaluate thel flwilk modulus, Equation_AL3 is
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A. Hydraulic Model

applied.

1
En = 1 (A.3)

<1.0—er> Po (to) (F’atm> (éw) +1.0

€a0 p(t7p) F%

where:  po(to) Density at atmospheric pressure
p(t,P)  Density
Py Absolute pressure in fluid

Cad Adiabatic constant for air - 1.4

Since the only variable here is the pressure of the fluid, tiffeess is directly calculated from
EquationA.B inserted in Equatién/A.1. When simulating tkiation it is often necessary to model
the stiffness with a maximum, since itin most applicatiom ot higher than 1@00bar], as arule
of thumb according td_[Andersen and Hansen, 2003]. Thisldhoe reconsidered when further
modeling and testing is fulfilled, since the stiffness in sorases can be up to 3416,000bar].
The stiffness is illustrated on Figure A.lL.1
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Figure A.1.1: Bulk modulus as a function of pressure at constant temperafu(°C].
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CFD

This chapter consists of further explanations of some oétements applied in the CFD analysis.

B.1 Fundamental Fluid Dynamics

Every fluid can be described as a function of temperaturegitg] density, and pressure. This cor-
relation is the Navier-Stokes equations, which are esadntorder to understand fluid dynamics.
Several versions exists, but the finite volume method, wotlstant temperature, density, and vis-
cosity is applied here. This method sets a finite volume ofiflaig. the volume in the valve, the
boundary conditions, and calculates the pressure, turbeland velocity of the particles inside
the volume. The equations are presented in Equation B.I3o B.

pg—tl = —g—|:+div(u Ou) + Sux (B.1)
pg—\t/ = —g—I;eriv(u OV) + Swy (B.2)
p%\;v = —%eriv(u Ow) + Suz (B.3)
where: u,v,w Velocity in X, y, z direction respectively
% The total/material derivative

Ou/v/w  Gradient of velocityu, v, w respectively

divu Divergence ofi
u Velocity vector containingu, v, w)
Su Source terms such as body forces, e.g. gravity.

To understand these equations the divergence, gradiehtptai derivative is described in Equa-
tion[B.4,[B.%, and B.J6 respectively.

The gradient is a vector field containing the partial deiwest of a function with respecttq vy, z
@y is an arbitrary function of three coordinatesy, z

_ ([ 0@ar 0Qar 0Qar
D(paf - ( OX ’ ay ’ 62 ) (B4)
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B. CFD

where: @y Arbitrary function

The divergence of a vector field is defined as:

. B 0@ 0@y  0Qqr
divgy = I + ay + % (B.5)

The total derivative is taken along a path moving with velpdi and describes the rate of change
of some arbitrary quantityp,,. Howeverg,, is now also a function of time such that, (x,y,z t).

D@ar _ 0Qar | 0Qar 0X  0Qar Oy  OQar 02
Dt ot ox ot 9y ot 0z ot
0Qar  0Qar O0Par 0@y

ot Tax YTy VT W (B.6)

B.1.1 Turbulence Modeling

The model describes the turbulence by dividing the flow ihi turbulence energk, and the
dissipation rateg. At Reynolds no. below 5000, the— € model has poor performance but since
the it is above this in this model, cf. Figure 3]1.1, the perfance is considered acceptable.

The standardt — € model can be modified usirithe Renormalization GroufRNG

[Versteeg and Malalasekera, 2007]. This improves the pmdace when modelling rapidly chang-
ing, streamline curvature, and swirling flows. All of these present in the modelled valve, hence
this version of the model is chosen. Furthermore the RNGeahiscknown to give more precise
results than the standafkd— € solver. However, it is also more numerically unstable tHam t
standard solver, and increases the computation time.

B.1.2 Discretisation and Solution Methods

The SIMPLEalgorithm scheme(Semi-Implicit Method for Pressure LiohEguations) which cou-
ples the pressure and velocity is chosen[Versteeg and daledia, 2007, pp. 3-4].

This algorithm is often used with steady flows, which fits §hieblem set-up. It can be set to use
first or second order approximation, which refers to the emmuof the approximated function.
The second order functions will converge slower, but morieate compared with the first order
function. To decrease the calculation time the first ord@raxmation is chosen as sufficient.

B.1.3 Convergence and Tolerance

A series of factors affects the convergence and calculdiioe; the chosen maximum residuals,
mesh quality, initial conditions, and the complexity of f®blem. Most significant is the max-
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B.2. Boundary Conditions

imum residual value which controls the desired precisiothefcalculation, i.e. the accuracy of
the solution. The maximum value is set tolD~4, which is considered acceptable.

B.2 Boundary Conditions

Well-defined boundary conditions are required to calcwatéd results. The conditions of the
valve are described here:

* Inlet - The fluid is set to a specific velocity, at the inlet, furthermore the turbulent intensity
and hydraulic diameter is set. The velocity is changed framIb["/s| in order to simulate
different flow situations.

* Outlet - The pressurB, is set to Qbar], this means that the pressure difference across the
valve is relative to this value. The turbulence intensitg déime hydraulic diameter at this
point is also required.

» Walls - The surface roughness of the walls is set to 0. Thaenthary layer caused by a
possible roughness is not examined in this project. Thecteffe surface roughnesses is
expected to be low compared to the influence of the interiongry of the valve.

The turbulence intensity at the in- and outlet is set to 5%c¢lkvis an appropriate guess when dea-
ling with internal flows [European Research Community OnFémd Combustion, 2000]. How-
ever the turbulence intensity in a valve directly mountedaorylinder will likely experience a
higher degree of turbulence due to the contracting flow inrdstricted inlet area of the valve.
This would have to be measured in a test rig, in order to atlgsintensity properly.

The hydraulic diameter determines the dissipation ratd, iarset to 68nn] at in- and outlet.
Again it is not completely true to set the hydraulic diametgual to the diameter of the tube since
the flow through the inlet is only partly similar to the flow ¢lugh a circular pipe.

Even though these boundary conditions are a guess, thdldwehaviour of the flow will still be
considered applicable for this analysis.

B.3 Meshing

A finite control volume of a fluid is meshed into small elemen® decrease the number of
elements, symmetry through the- y plane, illustrated on Figurie B.3.1 is applied. This halved
the no. of elements.
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B. CFD

Figure B.3.1: Global coordinate system of the valve.

The method used for meshing the fluid, is the default setinrgNSYS Mesfor ANSYS Fluent
The mesh quality is adjusted in the settings in the CFD-pnogrand is a compromise between
validity and calculation, converging and meshing time.

If the mesh quality is poor, the problem will be difficult tora@rge. However, if the mesh is to
fine, the problem will also have a long convergence time dukdancrement in elements.

B.3.1 Final Mesh

The mesh of the standard NG63 and the deflector valve is teskin this section.

The NG63 mesh is fairly simple and mostly standard settingsed, cf. Table B.3.1 and Figure
B.3.2 in this section. Figuile B.3.2 illustrates the mesheid ih the NG63 valve, cf. Figule 2.2.4

for an illustration of the valve. Notice that only half of thalve is meshed due to the symmetry
as described in Figute B.3.1.

To evaluate a mesh the skewness is often used as an indit&arratio between 0 and 1, where
0 is a perfect mesh and 1 is an unacceptable mesh. The mesigsetted in the NG63 valve
resulted in an average skewness of 0.24 and a maximum of Dtiglis considered sufficient for
this application. If a lower skewness was required, a sautiould be to decrease the maximum
face size or the curvature normal angle.
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Lk

2500 7500

(a) Exterior edges and shades

100,00 ()

500 500

(b) Wireframe.

Figure B.3.3: Mesh of deflector valve in 1fhn] opened position.

The mesh of a Jnn] opened deflector valve is illustrated on Figlire B.3.3. Thehmef the
deflector valve in the three lowest positioxsf, = 1,2,3[mm) had a high maximum skewness
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B.CFD

of 0.98, hence a refinement setting was used to increase thef eements in the opening area.
This resulted in a lowered maximum skewness of 0.84 and arag®eskewness of 0.24. The
increment in elements from 50800 to 900000 is illustrated in Figure B.3.4. This also increases
calculation time, hence this is only applied when necessAargelection of settings of the final
mesh for a fmnmj and a 10mnj open valve is given in Table B.3.3 and BI3.2.

Figure[B.3.4 illustrates the difference between tharifi and the 2mm open valve. Notice the
even higher increment in elements around the edges in thergparea.

ERX A i
AV AVAVAVAY =
AV AVA A v o A
ISISSISERS

(c) 10mmopened poppet edge. (d) 2mmopened poppet edge.

Figure B.3.4: Focus on the difference betweemr and 1dmnj open deflector valve

B.3.2 Mesh Settings

This section illustrates a small selection of mesh settoigee CFD analysis.
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B.3. Meshing

Setting Value Note
Relevance -60 Adjusted
Quality Medium | Adjusted
Smoothing Medium | Adjusted
Transition Slow Adjusted
Max face size 20imm | Adjusted
Max tet. size 20mmn | Adjusted
Growth rate 1.2 Default
Max. curvature normal angle 23.7° Default
No. elements 557656 | Calculated
Nodes 105503 | Calculated

Table B.3.1: Mesh settings for pnn] open NG63 valve.

Setting Value Note
Relevance -40 Adjusted
Quality Medium | Adjusted
Max face size 20imm | Adjusted
Max tet. size 20mmn] | Adjusted
Growth rate 1.2 Default
Max. curvature normal angle 23.76° Adjusted
No. elements 59611 | Calculated
Nodes 111315 | Calculated

Table B.3.2: Mesh settings for 1fnn] open NG63 valve.

Setting Value Note
Relevance -40 Adjusted
Quality Medium | Adjusted
Max face size 20imm | Adjusted
Max tet. size 20mn] | Adjusted
Growth rate 1.2 Default
Max. curvature normal angle 18 Adjusted
No. elements 596111 | Calculated
Nodes 111315 | Calculated

Table B.3.3: Mesh settings for 1finnj open Deflector valve.
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B.4 CFD Result Figures
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Figure B.4.1: C4 of inlet deflector valve as a function of poppet position.
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Xpop [M] — 0.00100 0.00200 0.00300 0.00500 0.00750 0.0100 0.0125  50.01 0.0175 0.02 0.03
A(Xpop) [MF] — [ 440-10° 7.11.10° 1.00-10* 164.10% 296-10* 796:10% 123.10° 166-10° 211.10° 257-10° 445.10°°
Uin [M/s] 4

1 2.811 1.199 0.8451 0.3321 0.1482 0.06757  0.044495 0.0271020288 0.01678 0.0116
2.25 8.108 4.279 3.397 1.324 0.6165 0.3  0.211197 0.122  0.098319 .07908 0.0527
45 34.22 14.23 10.51 4.918 2.244 1.087 0.7843 0.4892  0.372462 .300D 0.199
6.75 58.26 29.82 21.33 10.74 4.887 2.318 1.674 1.045 0.7961 2.647 0.431
9 123.6 51.09 35.63 18.59 5.991 4.078 2.851 1.79874 1.366 51.10 0.745
125 231.1 107.5 64.4 33.04 16.38 7.675 5.292 3.318 254748  PAD8Y 1.39
15 330 138 89.21 47.28 23.27 10.9 7.483 4531 3.574 2.90 1.97

Table B.4.1: Pressure drop across the deflector valvipar].

Xpop [M] — 0.00100 0.00200 0.00300 0.00500 0.00750 0.0100 0.0125  50.01 0.0175 0.02 0.03
A(Xpop) [MP] — [ 440-10°> 7.11.10° 1.00-10* 164.10% 296-10* 796:10% 123.10° 166:10° 211.10° 257.10° 445.10°3
Uin [M/s] 4

1 2.847 2.703 2.285 2.222 1.846 1.016 0.809 0.769 0.700 0.632 .4390
2.25 3.772 3.219 2.565 2.504 2.036 1.085 0.835 0.815 0.715 0.655 .4630
45 3.672 3.530 2.916 2.599 2.134 1.140 0.867 0.814 0.735 0.672 .4770
6.75 4.221 3.658 3.071 2.638 2.169 1171 0.890 0.836 0.754 0.687 .4860
9 3.864 3.726 3.168 2.673 2.612 1.177 0.909 0.849 0.768 0.701  .4930
125 3.925 3.568 3.273 2.785 2.194 1.192 0.927 0.869 0.781 0.708 .5000
15 3.942 3.779 3.337 2.794 2.209 1.200 0.935 0.892 0.791 0.721 .5050

Table B.4.2: Discharge coefficient in the deflector valve.

salnbi4 ynsay 4D v'9
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Opening Area of Deflector Valve

This chapter describes the opening area of the deflectoe.valv

C.1 Stagel

The poppet and the necessary lengths are given in Higur®. dd develop an expression for the
opening area, the fillet radiuR{) of the seat edge must be incorporated. To do this, the fakt ta
is to convert the spool positiory, for a sharp edged valve i.&,, = 0 (marked with red) to a
spool positionxg for a a valve with a fillet radius, i.eRy, # 0 (marked with green). Looking at
Figure[C. T.lIxg is an addition oy, hy andhy:

XR = Xyu+h+h (C.DH
where:  Xg Corrected spool position
XU Uncorrected spool position
hy Length given in Figure C.111
h, Length given in Figure C.111

h; (marked with orange) is illustrated at the upper left cofehe Figure. By applying the cosine
and tangent relatioh; is given as:

Tt
hy = tan(é - 0() (Rm(1—cos(a))) (C.2)
where: Ry Fillet radius of the edge.
a Angle of the poppet, given in Figuie C1L.1

h, (marked with blue) is found by applying the sine relation.

h, = Rmn—Rmsin(a) (C.3)
= Ryn(1-sin(a)) (C.4)
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C. Opening Area of Deflector Valve

Xg NOW becomes:
XX = Xu +tan<g — 0() (Rm(1—cos(a))) + Rn(1—sin(a)) (C.5)

To calculate the opening areass, rpc and sg on Figure[C.T1 is required. Firsk andwg is
defined as:

SR = Xgsin(a) (C.6)
WR = XrCOS(O) (C.7)
where: SR Length given in Figure C.11.1.
WR Length given in FigurE C.11.
The radiirps andrp are defined as:
ros = Fin+Rn—Rmcos(a) (C.8)
= rin+Rn(1—cos(a)) (C.9
rbe = rps—WRSIN(Q) (C.10)
where: rps Radius given in Figure C.1.1.
Ioc Radius given in Figure C.1.1.

Now the opening area can be defined as a cone frustum with r@atieisr s and inner radiuspc
and the sideg:

A(Xpop) = TSR(Ipc+rps) (C.11)
= 2mxgsin(a) (rin + Rm(1—cos(a)) — xgsin(a) cos(a)) (C.12)

C.2 Stage 2

The second stage is defined as the area function when the éalgerof the poppet is above the
edge of the seat. Now the inlet area is defined as a new fundtltia happens whexyop > Xpop,,
andxyop, is the position where the area function changes. Figurell@l@strates the lengths and
names needed to define this function.

To define the function, first the original spool position ieetd using the displacemery, (marked
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C.2. Stage 2

Figure C.1.1: Poppet at a given opening including two detail views.

with yellow):

Sr is marked with purple and is calculated by applying pythag@nd thah; = xg + 2Ry
R = 4/(I5+h3) — 2Ry (C.19)
where: |3 Length as given in Figule C.2.1, measured in CAD

The large radius of the cone frustumgs is calculated by applying arcus tangent and the cosine
relation:

h
ros = fin+Rm (1— cos(arctan(ﬁ) )) (C.15)

The radiugpe is measured and inserted along wigly andsg in Equatior C. 16

A(Xpop) = TSR(Ips+Ipe) (C.16)
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C. Opening Area of Deflector Valve

Figure C.2.1: Poppet at stage 2.

The opening area is now defined and can be illustrated as &idnraf Xpop in Figure[C.2.P. The
blue line illustrates the area function as a discontinuemgtion, this means that the transitional
region between the two stages is not modelled. If a more atalyrfunction was needed, this area
would have to be modelled more accurate as well. Insteackdinaiter is inserted to prevent any
discontinuity. The rate limiter, limits the first derivativof the opening area. If the derivative is
above the limit Rimit), the opening area will be calculated as:

A(Xpop) = Rimitd +A(Xpop_,) (C.17)

where: Rimit Rate limit

ot Time step
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C.2. Stage 2

3000 ——Discontinuou
— Continuous

[08]

2500

500

0 I I I I I
0 0.001 0.002 0.003 0.004 0.0_115 0. 0.007 0.008 0.009 0.01
Ime |S

Figure C.2.2: Opening area function.

From Figurd C.22 it is clear that the opening area incresigesficantly when entering stage 2 at
approximately 03g.
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C. Opening Area of Deflector Valve
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Friction and Leakage

D.1 Flow Factors

This section describes the flow factors applied in the pistopmodel.

D.1.1 Pressure flow factonp

The pressure flow factap, compares the average flow due to pressure in a rough bearthgtto
of a smooth surfacey is a function of the fluid film height and the surface roughness can for
isotropic materials be approximated to: [Patir and Che@g@g8):

¢ = 1-0.9 -exp(—0.56Hy) (D.1)
where: Hg Ratio between surface height and surface roughmgss,

As the fluid film heightHy increases above 7, ¢ approaches 1, and for lois @ approaches
0 [Patir and Cheng, 19i78]. This is only possible under tharaption of an isotropic material. If
the material is not isotropic, the pressure flow factor cstesif two separate factors in tkeand
y-direction respectively.

D.1.2 Shear flow factorqs

The shear flow factor represents the additional flow due tingjiin a rough bearing. If the two
surfaces have identical roughnesses this flow factor isosstrp. If this is not the case the flow
factor is between zero and one.

D.1.3 Contact flow factorqy

The contact factorg, concerns the average gap between two surfaces and fortaspeiith a
Gaussian distribution the flow factor can be written as [&kahd Newaz, 2001]:

@ = 05(1+erf(Hyg)) (D.2)

where: erf(X) Error function
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D. Friction and Leakage

D.1.4 Shear stress flow factorp; and @ss

The shear stress flow factge concerns the sliding velocity component of shear stressarit
be obtained through integration, for any given density araigs, of the roughness heights. The
density of aperities is assumed to be a Gaussian distribatiml can be approximated by the
following formula derived by Patir and Cheng [Patir and GhelR78]. The function is separated
into two intervalsHg < 3 andHg > 3.

ForH <3
¢ = g—gz ((1_ 22)3. In Zz;l + % [-554 2(132+ z(345+ z(—160+ z(—405+ z(60+ 147z)))))]>
(D.3)
And forH >3
o = z—gz{(l—f)3lng+ - [66+7 (3022—80)]} (D.4)
Ha=2 Zz% ﬁzﬁ) (D.5)

@ts is much like@s but concerns the combined effect of roughness and slidingrins of mean
flow. If the surfaces have identical surface roughness,gtjisal to zero which is the case here. If
not, it can be approximated by equations writterLin [Patit @heng, 1978].
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D.1. Flow Factors
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