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Abstract

During operation and working of turbo machines such as centrifugal pumps
and Francis turbines, axial thrust balancing is important. It is the summation of
unbalanced impeller forces acting in the axial direction. Pressure fluctuations
occur at the interface between the rotor and stator. This rotor-stator interaction may
be responsible for fatigue damage and cracks. To control and balance the axial
thrust, a very simple method using shallow radial grooves mounted on the casing
wall, called “J-groove”, was proposed, and studied experimentally. The main
design criteria for the J-Groove are number, depth, length, and width. This thesis
presents a numerical study of the effect of J-groove on the flow in the various gap
along enclosed rotating disks based on open-source CFD software. Computational
fluid dynamics (CFD) over the past decades has allowed large and complex
simulations to be performed in reasonable time, thereby reducing the pre-project
budgets largely. Furthermore, it has proven to be a powerful research tool when
examining the complex problems and interplay of many phenomena, particularly
in turbo machines. This study has improved the current understanding of the
remarkable effect of J-groove. It is seen that the difference in pressure between the
hub and shroud tip is changed with the changing number, depth, width, and length
of J-groove.

Calculations were performed using the Navier-Stokes Equation solver
available in OpenFOAM, an open-source Fluid Dynamics software. Furthermore,
the code used in this thesis is open source which is obviously an advantage over
commercial code. The modeled using Reynolds Averaged Navier Stokes (RANS)
models was mostly k- @ SST as it predicted the outcome in the case without J-
groove giving results close to the empirical value.

This dissertation consists of seven chapters, and the outline of each chapter
is given below.

Chapter 1 clarified the position of this research by stating the background
and purpose of this research and clarifying the research subjects.

Chapter 2 briefly presents the basic equations as well as the implementation
in OPENFOAM for this thesis.

Chapter 3 presented the validation of turbulence models and the mesh

independence, compared with the experimental results in the case of No groove.



Chapter 4 contains the fundamental characteristics of flow in different gaps
between rotating disk and casing without through-flow. Theoretical analysis of
effect of J-groove its parameters.

Chapter 5 presents the characteristics of flow in different gaps between
rotating disk and casing with inward through-flow. Theoretical analysis of effect
of J-groove its parameters.

Chapter 6 describes the estimation of effect of J-groove with various
parameters. Determination of optimum J-groove dimension and give the brief
determination of for future research.

Chapter 7 summarizes the results obtained in this research and describes

future prospect.



Content

ADSITACE . ...ttt ettt et 2
(0701115 1L OO PO TP P RO RPPRRUPORPPPIUPPROTO 4
NOMENCIATUTE. ...ttt ettt 7
LISt Of FIGUICS...c.uviiiiiiieeciieecee ettt ettt tee e e e e eree e stbeeeenaeeenes 8
LSt Of TaADIES ettt et et e e ae e e enaeeens 11
Chapter 1:  IntrodUCtiON ........eieiiiieiiiie et 13
1.1 BibliographiC ReVIEW ........coovviiiiiiiiiiiiecieeeece e 13
1.2 Short WOork OVEIVIEW......ccc.eiiiiiiiiiiiiiiiiieeeeeee et 15
1.3 Dissertation OULHNE..........c.ceoicviieiiieeeiiie e e 16
Chapter 2: Numerical Methods ..........cccviiiieiiiiiieeeee e 18
2.1 Basis EQUALIONS ......ccoiiiiiiiiiiiiieciie ettt e 18
2.1.1 The gOVerning €qUAtIONS .........cccueeereureerrureeerieeenieeesereeeesireeesseeessseeenns 18
2.1.2 Turbulent flows and turbulence modelling ..............ccceevviveniieennnnnn. 18
2.1.3 Theoretical analysis in the case of J-Zroove...........ccceevvereeenieeneeenen. 20

2.2 Simulation setup in OpenFOAM...........coooviiiiiiiiieieeeeeeee e 22
2.2.1 MESHING .ottt et et tee e e eesebeeesnsaee e 22
2.2.2 Solver Setup in OpenFOAM ........coociiiiiiiiieiiiiiiieeecee e 24

2.3 Summary of Chapter 2.......coeecuiieeiiieeiie ettt e 29
Chapter 3: Validation and computational testing ...........c.cccceeeeeiieeeiiieeeieeennne. 31
3.1 Testing of computational parameters ............ccceeeveeereeeeieeeeieeenieesie e 31
3.1.1 Variation of turbulence models ..........cccceevueriiniiniiniiniiieceeeeee, 31
3.1.2 Mesh independent............cocveieiiiiiiiiieeiieeeeeeeee e 33

3.2 Validation with Experimental results ...........cccceeeviiiiiiiiiiniiieeiieeeeee, 33
3.3 Summary of Chapter 3.......c.ooooiieiieeiieeieee e 37

Chapter 4: Effect of J-groove on the flow in various gap without through-flow
39



4.1 Effect of J-groove on the flow in narrow gap .........cccceeevvveecveeeiieeenneeennne, 39

4.1.1 ODJECLIVES c.vvvieeiiieeeiiie ettt et ettt e e eivee et e e e taeeeeveeesnreeeensaeeenseeessseeas 39
4.1.2 Results and DISCUSSIONS .....cccuueeuieriiierieiniieeniieeteeiee et 41
4.2 Effect of J-groove on the flow in intermediate gap.........cccecveeevveeennnennnee. 45
4.2.1 ODJECLIVES c.uevieeiiieeeiieeeiieeeetteeeiteeeitee et e e et e e seaeeesnbaeeensbeeennseeesnseeas 45
4.2.2 Results and DISCUSSIONS ......cceeeruieeiiieeiieiiiesieesieeiee e see e 47
4.3 Effect of J-groove on the flow in relatively large gap.........cccceeevveennennnee. 49
4.3.1 ODJECLIVES c.uvvieeiiieeeiieeeiieeeeieeeetteeeeteeesteeeeteeeesbeesensaeeennaeeennseessnseeas 49
4.3.2 Results and DISCUSSIONS .....cccueeeiieriiieniienieeniieeneeeiee et 51
4.4 Summary Of Chapter 4.........coooiiiiiiiiieiieeeeeeee e 54

Chapter 5: Effect of J-groove on the flow in various gap with through-flow ...56

5.1 Overview the case of inward through-flow ...........ccccccooiiiiiniini, 56
5.2 Effect of J-groove on the flow in Narrow gap .........cceeeveeevvveeeiieeerieeeennen. 58
5.2.1 ODBJECHIVES ..vvieeiiiieeiiieeeiieeeiee ettt eite e et e e etaeesebaessbeeeesbeesnseeenssaeenns 58
5.2.2 Results and DISCUSSIONS ....cc.eeeruiieriiiiniieiiieniienieenie et 58
5.3 Effect of J-groove on the flow in intermediate gap...........ccceeeeveeeeveeennnenn. 61
5.3.1 ODJECHIVES ..vvieeiiiiieiiie et ecieee ettt et ete e et eette e e s aveeeeraeeeabeeesaseaees 61
5.3.2 Results and DISCUSSIONS ....cc.eeeruiieriiiiriiiiiienieenieenie et 61
5.4 Effect of J-groove on the flow in large gap.......cccccveevviiivciieeiieieieee, 64
54,1 ODJECHIVES ..vvieeiiieeiiieeeiieeeeiee ettt eite e et e e eaaeesebeessbeeeensaeesnseeensseeenns 64
5.4.2 Results and DISCUSSIONS .....eeveeveriirierieniienieniiesitenieesie e 64
5.5 Summary of Chapter S.......coeeviieiiieeiieeieee e 68
Chapter 6: The estimation of effect of J-groove with various parameters ........ 70
0.1 OVEIVIEW ...ttt ettt ettt ettt e et e et e st e e saeeenaeeeaeeeneeas 70
6.2 The estimation of effect of J-groove in various gap..........ccceceeeveeerveeennenn. 70
6.2.1 The estimation of effect of J-groove in narrow gap ........ccecceevevvenneene 71
6.2.2 The estimation of effect of J-groove in intermediate gap ................... 76



6.2.3 The estimation of effect of J-groove in large gap ........cccceeeeveeeennnnnne 80

6.3 Summary of Chapter O........cccveieiviiiieiiiieeiieeeiee e e e 85
Chapter 7:  CONCIUSION......cccuiiiiiiieeiiie ettt et e e e e e e 87
7.1 CONCIUSION ...ttt sttt 87
7.2 OULLOOK ...t 88
7.3 FULUIE WOTK....coiiiiiiiiiieeiie ettt et e et e et e e envaeesnnaeas 88
Related publiCations ........c..eeeiiiiiiiiiieciic e e eaee e 89
ACKNOWIEAZEMENLS ......ooeiiiieiiiiieiiie ettt e e e e eaae e 90
RETEIENCES ....eeiiiiieee e e 91
F N o) 0157116 G SRR USPRPPRRRPR 95



Nomenclature

(Unless otherwise mentioned, the followings are the meaning)

LTy inner, outer radius [mm]

Q angular velocity of rotor [rad/s]

D fluid density

v kinematic laminar viscosity

v, kinematic turbulent viscosity

Re Reynolds number (= w2 /v)

Cp pressure coefficient (=2(p — p,)/ priw?)
h axial gap [mm]

S axial gap radius ratio (=h/13)

v u radial and tangential velocity

R radius ratio (=r/1y)

n number of J-grooves

w ld width, length, depth of J-groove [mm]
D dimensionless depth ratio (=d /1)

w dimensionless width ratio (=w /1)

L dimensionless length ratio (=1/r,)

z distance from the rotating wall [mm]
7 dimensionless distance from rotor wall ratio (=z/h)
Cq flow rate coefficient

C, axial thrust coefficient
AC, axial thrust reduction ratio

® turbulent dissipation rate

k turbulent energy k
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Chapter 1: Introduction

1.1 Bibliographic Review

Turbomachinery plays a very important role in industry, in supplying and
moving the world's energy. From a technical perspective, its applications can be
divided into 2 types of fluid flows: compressible and incompressible flows. This

work only involves incompressible flow. Most pumps operate at high Reynolds

Balancing
hole

AN

Rear seal

Balance chamber

Fig. 1.1 leakage flow associated with a
typical centrifugal pump

numbers, and leakage flow associated with a typical centrifugal pump in this flow
regime most hydraulic losses occur due to secondary flow and turbulent mixing as
shown in Fig. 1.1. Different pressure levels across the fluid contact areas within
the gap between the rotor and stator cause axial forces. To reduce forces on
bearings already subjected to high loads, axial thrust must be accurately predicted
and minimized by design.

For the subject of the flow cavity between a finite rotation and the stationary
disks, most of the research has been done theoretically and experimentally on
incompressible viscous medias working between parallel walls. Due to centrifugal
force, the pressure in the cavities between the stator and the rotor on both its sides

typically decreases from a high impeller outlet pressure at the outer radius of the
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impeller to a lower pressure level towards the center. Measures to balance axial
forces usually aim to change the pressure distribution on the backside of the
impeller so that there is an equilibrium under steady state conditions. There are
some methods of balancing the axial thrust such as balancing disk, balancing hole,

and sealing. However, many of these devices have become complicated and

I~ / casing
- )

Axis of i
— 1 »

rotation T -

I

Fig. 1.2 geometrical configuration rotating disk model

sometimes cause problems like vibration due to the balancing disk. Kurokawa and
his collaborators developed a straightforward method where shallow radial
grooves, called “J-groove”, were mounted on the casing wall of the main impeller
proved a remarkable effect on decreasing the radial pressure drop, which increased
the axial force towards discharge resulting in a large decrease in total axial thrust.

The study of Theodore Von Karman in 1921 is one of the earliest basic
references to the analysis of a flow over a free rotating disk. The hydrodynamic
initial characteristics of a flow and frictional resistance of enclosed rotating disks
were reported by Daily and Nece in 1960. A fundamental criterion for the
application of rotor casing treatment and the stability of pumping systems were
investigated by Greitzer.

In centrifugal turbo machines, the fluid leakage flow from the outer radius
of the impeller to the impeller-hub, which has a major impact on the radial pressure
distribution and axial thrust.

The geometrical configuration for the case without and with J-groove are
shown in Fig. 1.2 and Fig. 1.3, respectively.

The rotor-stator system, depicted in Figure 1, is a simple model of the

current investigated in this paper. It is made up of a cylindrical cavity that is
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surrounded by a stationary disk (stator) and a smooth rotating disk (rotor). The
cavity is surrounded by a fixed shroud.

J-groove is mounted on the casing wall. The J-Groove is a rectangular
groove, and its main parameters are the number », the depth (D), the length (L) and
the width ().

Recent research on J-groove shows that shallow grooves can drastically
reduce swirl strength in the axial gap flow between the shroud and the casing wall.
By this swirl reduction effect, the radial pressure distribution curve is flattened,
and the axial thrust is significantly reduced. However, the reason for this effect and
its optimum parameter is not clear. The design parameters of the J-Groove have
not been clarified in previous studies. Therefore, the influence of different design

parameters was observed in this thesis.

Fig. 1.3 geometrical configuration for J-groove

1.2 Short Work Overview

There is a great deal of scope and research prospect in Turbine Machinery
Axial Force Control. However, there are limited investigations using advanced
turbulence models such as Large Eddy Simulation (LES), Detached Eddy
Simulation (DES) and Direct Numerical Simulation (DNS). The present doctoral
thesis is more focused on establishing the computational basis to go further by
providing a perfect understanding of the effect of the J-groove parameters on the

reduction of axial thrust.
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1.3 Dissertation Outline

The content of this dissertation is documented mainly in six chapters.

The first chapter is Introduction to current dissertation mainly divided into
four topics with Bibliographic review, Overview and scope of current work, and
outline of chapters.

Chapter 2 covers numerical analysis including continuous momentum
equations and Navier-Stokes solved with computational tools to deal with flow
phenomena. Turbulence model considered in this thesis k- ® SST is drafted briefly.
In addition, the solving process used in the OpenFOAM solver for this thesis is
mainly SimpleFoam using the built-in SIMPLE algorithm.

Chapter 3 covers Validation and Testing of Parameters in OpenFOAM.
This is the first part of the Results and Discussion obtained from this thesis. All
the parameters mentioned in the sub-objective are different and the results and
discussion are provided in this chapter. Next is the result of confirming the
calculation results with experimental data.

Chapter 4 covers the results obtained from changing the J-groove
parameters, calculated for each parameter on the flow in different gaps without
through-flow. All the parameters mentioned in the main objective that play an
important role in the flow are considered. The determination of hydraulic loss
caused by J-groove.

Chapter 5 focuses on the effect of J-groove on the flow in various gaps with
through-flow. The pressure distribution of gap flow imposed with radial through-
flow from a narrow gap to a large gap.

Chapter 6 describes the estimation of effect of J-groove with various
parameters without and with through-flow for narrow, intermediate, and relatively
large gaps and contains the fundamental characteristics of the application of J-
groove. An innovative and simple method of using shallow grooves mounted on
the casing wall.

Chapter 7 focuses on the conclusions of the results obtained from Chapters
3,4, 5, and chapter 6 along with future work that will be done to prepare this thesis
into research publications and as recommendations common to the research
community.

Next will be all the References and Appendix.
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Chapter 2

Numerical Methods
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Chapter 2: Numerical Methods
The purpose of this chapter is to introduce the theory used in this study. It
starts with the Governing equation. Then an introduction to turbulence models will
be presented. Furthermore, other methods as well as some basic numerical
methods, parallel scalability studies and Open-Water characteristics will be
discussed briefly. Besides, a basic overview of the implementation of OpenFOAM

also are shown.
2.1 Basis Equations

2.1.1 The governing equations

The equations governing Newtonian fluid flow can be found in numerous
fluid mechanics textbook.

In addition to the assumptions used to derive these equations, the following
assumptions are made for this thesis:

1. Steady state conditions

2. Incompressible flow

With these assumptions, the basic governing equations for the
incompressible flow are continuity and the momentum equations are introduced in

Eq. (2.1) and (2.2), respectively for i component of momentum, i =1 to 3:

aui _
. 0 (2.1)
ow _ 1w 0 ou | 0y
jaxj - p 0x; t 0x;j [(U + Ut) (axj + axi)] (2'2)

where p is the pressure, u 1s the velocity, v is the laminar viscosity, and v;
is the turbulent viscosity.

Since the density is assumed to be constant and hence no need to distinguish
the constant. Writing continuity equations in this form ensures that mass is
conserved for these types of flows.

Equations (2.1), (2.2) apply directly to laminar flows. However, for

turbulent flows, time average equations are solved.

2.1.2 Turbulent flows and turbulence modelling
The governing equations (2.3) and (2.4) are solved by the finite volume
method (FVM). The FVM is mainly used in commercial and open-source CFD

software. It is the most natural discretization scheme because it makes use of the
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conservation laws in integral form. It subdivides the domain into cells and
evaluates the field equations in integral form on these cells.

In general, the FVM-based CFD solver is developed in space and time with
the following steps for the conservative equation of a variable. However, detailed
equations for this thesis are:

e Integrate conservation equations in each cell.

e (Calculate the face value according to the value of the center of the cell.
(Cell-center).

e Set of physical variables or parameters overall repeatability for
steady-state simulation.

OpenFOAM (version 8) is used to solve the governing Eq. (2.1) and (2.2).
Although there are many turbulence models available in OpenFOAM, it should be
clear that the availability of computational resources and simulation time play an
important role in the selection of high accurate turbulence models.

Among the turbulence models below, RANS is a modelling approach to
predict turbulent flows by averaging the Navier-Stokes equations. This thesis uses
the RANS turbulence model mainly the k- @ SST turbulence model. This is the
best RANS model available for near wall treatment. The &~ @ SST model with
equations for k and o with other parameters for calculating turbulent viscosity is

available in Menter's k- ® SST. The transport equations for k£ and w:

ok ok * 9 Ok

5t U o = P, — B*kw + ox; [(v + o, V) 6x]] (2.3)
99 L .99 _ 462 _ B2 + 2 9w _ 1 9k dw
> T U 0% = aS® — fw* + 2% [(v + 0,v) ax]] +2(1—-F))o,e > 9x; o1 (2.4)

The two variables that are transported are the turbulence kinetic energy (k),
which defines the energy in the turbulence, and the specific turbulence dissipation
rate (w), which determines the rate of dissipation per unit of turbulence kinetic
energy. SST stands for shear stress transport. The SST formula converts to k-¢
behavior in the free-stream, which avoids the k- problem that is sensitive to the
turbulence characteristics of the input free-stream. For &~ & SST model, the k and
o will be calculated from the turbulent intensity I and turbulence length scale 1. In
short, the following expressions will be used to calculate the parameters

turbulence.
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The turbulent flow intensity (/) for a fully developed flow can be estimated

as follows:
I =0.16Re;"* (2.5)
where Reg, is the Reynolds number for a hydraulic diameter d,.

The turbulence length in this case is

[ =0.07d, (2.6)

The turbulent energy k is given by:

k = g(UI)2 2.7)

The intensity indicates the turbulence level and can be determined as
follows:

I= % (2.8)

where u’ is the root-mean-square of the turbulent velocity fluctuations,

given as:

! 1 ! ! ! 2
u' = \/E(uxz +uy2 +u22) = /gk (2.9)

The mean velocity U can be calculated:

U= \/(U,? + U2 + U2) (2.10)
The specific turbulent dissipation rate can be calculated by the following
formula:
1/2
w=ClEC 2.11)

s l
where C, is the turbulence constant usually taking the value 0.09.

The turbulent viscosity is calculated as follows:

v, =~ (2.12)

w

2.1.3 Theoretical analysis in the case of J-groove

Kurokawa et al. studied with an enclosed rotating disk, which displaces the
flow between the casing wall and the impeller housing. Even using the CFD code,
it is still difficult to calculate the axial thrust with great accuracy. To better
understand the flow in the stator-rotor cavity, the momentum integration method

by assuming the logarithmic law as the gap flow profile is applied. In general, there
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are two types of gap flow. One is the “non-interfered gap flow” which is widely
used in many cases, and the other is the “interfered gap flow”, shown in Fig. 2.1
and 2.2. The former is a flow consisting of boundary layer on both wall rotor-stator
and core flow where tangential velocity vy is expressed in K.7.w and no radial
flow exists. But in the latter, the core flow disappears, and the boundary layers
interfere with each other due to a very narrow gap or caused by superimposed
radial flow. In both types of flow, the flow characteristic is determined from the

momentum, angular momentum and continuity equations shown as follows:

o ch h 9

a_rrfo vidz — [ utdz = —%a—ih —%(1'59 + T,9) (2.13)
9 h 2

Efo r?uvdz = —%(ng + T,9) (2.14)
o § ;. Q

Jyvdz+ [ v'dz = p— (2.15)

where r and z are radial and axial, ¥ and v are tangential and radial
velocities, p is pressure, p is the density of the fluid, 7, and 7 are shear stresses of
the rotating and stationary walls. Q is the axial flow rate. The subscripts » and 6

are radial and tangential components, respectively.

Rotating wall Rotaring wall
5, I_
SRR, SIS SN &, Vi
A
v e el o ST
v
N s e 8, 2 v,
8, . : N
Stationary wall r Stationary wall

Fig. 2.2 flow model of non-interfered gap  Fig. 2.1 flow model of interfered gap flow

When the J-groove is mounted on the stator wall, a radial flow is induced
in the shallow groove due to the pressure gradient. The groove flow causes the
outward flow along the rotating disk to increase to satisfy the continuity equation,
which is:

[ vdz + [P v'dz = Q +Q, (2.16)

where Q and Q4 are radial flow rate in the axial gap between rotating disk
and stationary wall and the flow rate in the J-grooves, respectively. The groove

flow in J-groove case is determined by the radial balance as follow:
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T,.dr = 4r,dp (2.17)

where 7, and 7, are shear stress to radial direction and hydraulic radius of
the J-groove, respectively.

From equation (2.17), the pressure distribution can be determined as
follows:

acy

2 = 2K2R + 2R (C—q)2 (2.18)

RZS

where C,, is defined as C, = 2(p — p,)/ pr#Q?, p, is the pressure at r =
Ty.

The axial force working on each side of the impeller can by determined by

integrating the pressure distribution as shown below:
F= frrlz 2mrp(r)dr = Cp. prry Q? (2.19)

where r; and 1, are the inner and outer radius of the impeller, respectively.
Cr in this formula is the axial force coefficient.

The total axial thrust T is given by the difference of axial forces Fg, F on
front and rear shroud and momentum change of the inlet flow working on the
impeller as below:

T =Fy—Fz—pQv (2.20)

where Q 1s main flow rate and v is flow velocity at the mouth of the

impeller.

2.2 Simulation setup in OpenFOAM

While a detailed analysis of the openFoam is beyond the scope of this thesis,
it is important to outline some of the more common simulation setup in openFoam
that occur in this study. The working fluid in this thesis is water, and outlet pressure
is set to 0 bar. A computational domain is modeled using structured grids. This
section provides guidance on the most appropriate way to determine boundary

values.

2.2.1 Meshing

It is important to reduce the cell size enough to reduce the error enough.
However, if the cell size is reduced too much, the number of cells will become too
large and will increase the calculation time. Therefore, a thorough analysis of the

resolution of the mesh is key to quickly identifying a computational problem.
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Fig. 2.3 mesh computational
domain in blockMesh case

Figure (2.3) depict the computational domain used for this thesis by using
blockMesh, respectively. They are created as in Appendix A.1.

Due to the domain, the grid has bounded boundaries equal to inlet, outlet,
wall rotor, wall stator, and 2 periodic sides. The boundaries are as marked in Fig
2.4 below. The simple geometrical configuration sketched in Fig. (1.1) for the case
without groove is composed of two smooth parallel disks with outer radius r,= 150
mm and inner radius ;= 30 mm separated by an axial gap 4. The rotor and the hub
attached to it rotate at the same rotational speed 750 rpm (i.e., angular velocity ®
=78.5 rad/s), corresponding to the Reynolds number Re = Qr? /v = 1.73 x 10° ,

inlet

A
Periodic | Periodic

side 1 \ | side2

Fig. 2.4 sketch for simulation | outlet
case
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while the stator and the shroud are stationary. The axial gap between the rotating
disk and the stationary wall is # = 0.75mm (narrow gap); 2 = 1.7 mm (intermediate
gap), and /4 = 8.34 mm (large gap), corresponding to the axial gap radius ratio § =
h/r,= 0.005; S = 0.0113, and S = 0.0556. The radial gap at the hub tip and the
shroud tip are equal &, = ¢, =0,5 mm.

Figure (2.5) shows part of the 3-D mesh used in the computational model
for the J-groove case. One single J-groove sector was selected, and the periodic
rotation symmetry boundary condition was applied. In terms of boundary
conditions, the rotating disk and hub attached to it were the rotor wall and the
stationary disk and shroud were the stator wall. the shroud tip was the inlet while
the hub tip was the outlet of the flow. The calculation area is divided into the inlet,
rotor wall, stator wall, outlet and 2 periodic sides. The periodic boundaries of this
sector lie mid-way between the J-grooves. This grid has proven to be sufficient to
provide grid-independent solutions. The mesh has been refined at the rotor and the

stator to resolve boundary layers.

2.2.2 Solver Setup in OpenFOAM

This section presents a brief overview of the implementation of
OpenFOAM version 8 for 2 cases, with and without J-groove. In addition, the
meshing strategy used blockMesh in OpenFOAM is covered in section (2.3.1).
This will be helpful to anyone who is carrying out or continuing the work already
done on the current thesis for the future.

OpenFOAM is a free and open-source CFD software package developed by
Open CFD Ltd at ESI Group and distributed by the OpenFOAM Foundation.
Parameters in openFoam are easily defined due to the perfectly organized case

structure as shown in Figure (2.4) for k- @ SST turbulence model.
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— transportProperties
— turbulenceProperties
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— blockMeshDict

— controlDict

— decomposeParDict
— TvSchemes

— fvSolution

Fig. 2.5 Case structure in OpenFOAM

Figure 2.5 shows the case simulated in OpenFOAM. In summary, directory
0 represents the boundary conditions of the parameters at all boundaries with the
initial values of the parameters mentioned under the "0" sign in Fig. 2.4 at time 0.
Constant directory contains a complete description of the case mesh for this
simulation in the polyMesh subdirectory and the 2 other files specifying the
physical properties in the transportProperties and turbulentProperties files. The
system directory is used to set parameters related to the solution process itself. It
contains at least 3 controlDict, fvSchemes and fvSolution files as shown in the
Appendix AS, A6 and A7.

a) Boundary conditions in directory 0

Directory 0 as shown in the Fig. 2.5 contains files to define boundary
conditions and initial values for pressure (p) and velocity (U) common to any case
simulation. Other parameters change depending on the turbulence model being
performed which in this case is the k- @ SST model. The turbulence kinetic energy
(k), turbulent viscosity (nut) and the specific dissipation rate (omega) are
determined respectively.

The pressure and velocity are determined as in Appendix A.3. The pressure

is declared as zeroGradient at the inlet, wallStator as well as wallRotor. The outlet
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is initialized to a uniform value of zero, compared to atmospheric pressure in the
OpenFOAM solver. The inlet flow rate is a fixed value by FlowRatelnletVelocity.
The outlet velocity is considered as the inlet and completely resolves the flow. The
wall stator with a fixed velocity of zero. The speed of the wall rotor has a fixed
value and is equal to 750 rpm (i.e., angular velocity Q2 =78.5 rad/s), corresponding
to the Reynolds number Re = Qr:2 /v = 1.73 x 10°.

The boundary and initial conditions of k- ® SST model parameters are
specified separately using k, nut, and omega as shown in Appendix A.4. The
turbulence kinetic energy (k) is determined on the joining and initialization
boundaries. The boundary conditions of & at the inlet with keyword
TurbulentIntensityKineticEnergylnlet are declared as fixed values with initial
values calculated from the numerical formulas defined in section (2.1.2). The
specific dissipation rate (omega) is determined at all boundaries using the same
physical phenomena mentioned in the turbulence kinetic energy boundary
condition (k). Therefore, it is a fixed value in the inlet with a numeric value
calculated from the mathematical expressions mentioned in section (2.2.1) with
keyword TurbulentMixingLengthFrequencylnlet. The turbulent viscosity (nuf) is
not repeated in the computational simulation as it can be obtained from the (k) and
the (omega) as mentioned in the mathematical expressions in section (2.2.1). It is
therefore defined as a fixed value in the inner field, and the "calculated"
OpenFOAM primitive type boundary condition of the computational domain.

For velocity components on solid surfaces, non-slip boundary conditions
are used. With a defined mass flow rate, a uniform axial velocity is used, and the
tangential velocity component is established to have pre-rotating flow at the inlet.
To ensure continuity, the output uses a uniform axial velocity, and the tangential
velocity is calculated from the zero normal derivative condition. At the input and
output, the radial velocity component is set to zero. The detailed boundary
conditions are shown in Table 3. It's worth noting that a peculiar boundary
condition was applied to "on the rotor surface." The rotor is assumed to be the
boundary because it is porous and the only input boundary. The equations are

referred to as "input."
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b) Turbulence Models

OpenFOAM provides a wide range of methods and models for turbulence
simulation. The thesis focuses on using the Reynolds Averaged Navier Stokes
(RANS) turbulence model or the RAS turbulence model. The best model available
in the list of options in RAS models for better physical modeling of near-wall flow
1s k- ® SST, it has been chosen to simulate the cases in this thesis.

The turbulence model implementation must be done in two files namely
turbulentProperties where the simulation type must be defined which in this case
is the RAS Model. Then in the OpenFOAM RAS properties file, a specific RAS
Model must be selected, whether turbulence is enabled or not. Two files, RAS
Properties and Turbulence Properties, can be found in Appendix A.5. This is the
same case with and without J-grooove.

c) ControlDict

The controlDict dictionary sets the required input parameters to create the
database. Keyword entries can be found in references (the openFOAM User
Guide). Below are the standard settings used in this thesis and also cited in
Appendix A.6. Since it is a steady-state simulation, the endTime in controlDict
shows the number of iterations instead of the time, and deltaT should be 1, since it
is the iteration gain. Other parameters are described in detail in the OpenFOAM
user guide or the references provided.

d) fvschemes

The fvSchemes dictionary in the system directory establishes numerical
schemas for the derivative and interpolation terms along with the specification of
the throughput requirement terms. Terms that normally must be assigned to a
numeric schema in fvSchemes including gradient, divergence, and Laplacian, and
time derivative terms along with interpolation terms for the value that will be
interpolated from one set of points to another set of points as specified in Appendix
A7

e) fvSolution

The equation solver, smoother, tolerance and algorithm are controlled from
the fvSolution dictionary in the system directory. FvSolution contains a sub-
dictionary specific to the solver being run. Depending on the solver selected in

OpenFOAM, the fvSolution file must be modified with the parameters solved by
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that solver. In the present case, simpleFoam is used to solve steady-state cases. The
fvSoltuion files are provided in Appendix A.8.

The first subdictionary in the fvSolution file requires solvers to be defined
for the various parameters being analyzed. This usually includes pressure, velocity,
and turbulence parameters such as k and omega in this thesis. Solver available in
OpenFOAM as shown in the references along with the OpenFOAM User Guide.

The second fvSolution sub-dictionary commonly used in OpenFOAM is
relaxationFactors that controls under-relaxation, a technique used to improve
computer stability, especially in solving steady-state problems. The optimal choice
of the relaxation coefficient is one that is small enough to ensure stable
computation but large enough to move the iterative process quickly. In this thesis,
in all cases, the simulation is monitored at runtime and the relaxation parameters
are fixed with value 0.95.

The third dictionary is used to define the parameters algorithm. In general,
the SIMPLE (Semi-Implicit Method for Pressure Linked Equation) algorithm is
used for steady-state solvers and is selected in this thesis, while PISO and PIMPLE
used for transient solvers.

All algorithms are based on evaluating some solutions initially and then
correcting them. The number of non-orthogonal in this thesis is 0 and it is not
changed at runtime in all cases.

More detailed information about the fvSolution file and its components can

be obtained from the OpenFOAM User Guide or from the references.

28



2.3 Summary of Chapter 2

The present study gives the basic equations and simulation setup in the
openFoam. Also, an introduction to turbulence models is presented. The boundary
conditions for the flow field are summarized in table 2-1.
Table 2-1 Boundary condition for CFD analysis

Calculation type Steady state

Turbulence model k- o Shear Stress Transport
Inlet condition Flow rate,

Outlet condition Static pressure

Walls No slip
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Validation and computational testing

30



Chapter 3: Validation and computational testing

3.1 Testing of computational parameters

Experimental data is available in reference from the results of Kurokawa
et.al. as shown in Appendix B.1. Software WebPlotDigitizer 4.5 1s used to get the
result from that graph and compare it with the result from the CFD.

3.1.1 Variation of turbulence models

The turbulence was modeled only using the Reynolds Averaged Navier
Stokes (RANS) or Reynolds Averaged Stress (RAS) models. There are many
classes specific turbulence models available in OpenFOAM as mentioned in
section (2.1.2) and (2.2.2).

Figure 1 depicts the model geometry. It is based on the experimental rotor-
stator system used by Poncet et al. [18] in their measurement. The system is made
up of a rotating disk (rotor) and a stationary disk (stator). The system is encased in
a fixed shroud.

Three different turbulence models were examined to find the model which
can best match the experimental data, without a J-groove situation. The graphs of
the dimensionless radius ratio R = r/r, and the pressure coefficient Cp in Fig.
3.1 show the pressure distribution along the radius for three different turbulence

models together with the experimental results of Kurokawa et.al. Cp is defined as

$=0.005
0
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k-omega SST 7
-0.05 1 k-omega 4
iy %
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7
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7
02 A i
<
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0 0.2 0.4 0.6 0.8 1

R

Fig. 3.1 pressure distribution for S=0.005
using different turbulence models and
comparison with experimental data.
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Fig. 3.2 pressure distribution for
S$=0.0556 using different turbulence
models and comparison with
experimental data.

Fig. 3.3 pressure distribution for
S§=0.0113 using different turbulence
models and comparison with
experimental data.

= —Z;iz_gg) , where p, is the pressure at r =1,. As shown in Fig. 3.1, the two
2

turbulence models k-omega and k-omega SST predict a similar pressure
distribution across the radius of the impeller. However, there was a noticeable
difference for the k-epsilon model between the predicted and experimental values.
Moreover, as shown in Fig. 3.2 and Fig. 3.3, in another situation of gap ratio S, the
k-omega SST also has an agreement with the experimental data. Consequently, the
k-omega SST turbulent model is used for further simulation.

The idea is to create a better physical model for the flow near the wall. So,
k- @ SST (shear stress transport - 2 equations) is used from the list of available
turbulence models for incompressible flows. Although &~ @ SST well-known
models with near-wall processing in RANS turbulence models, it is better to

evaluate the performance for the specific cases of this thesis.
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3.1.2 Mesh independent

A computational domain is modeled using structured grids. Grid

independence was confirmed by ) comparison of pressure distributionfor 3 Mash
performing simulations on three ot /_./'/
consecutive grid refinements for the gl /,/‘
absence of J-groove case with o /
829808 clements (Mesh-1), v i /

1270048 (Mesh-2) and 1808576 ‘_/'/'

0.2 *

(Mesh-3). A comparison of pressure
distributions using different mesh o 02 L 0 :
densities is shown in Fig. 3.3, where Fig. 3.4 pressure distribution using

a strong agreement is observed different mesh densities and comparison
among these three results. Mesh-1 With experimental data.

was chosen for further simulation as a consensus between computational cost and

accuracy. The CFD model was therefore validated.

3.2 Validation with Experimental results

To confirm the validity of the study, comparison of the CFD results and
experimental results is shown in Fig. 3.4, 3.5 and 4.6. This section will show the
comparison for all case S = 0.005; §=0.0113; = 0.0556 with through-flow also.
There is no noticeable difference from the results without the J-groove.

One of the most influential parameters for flow problems in the rotor-stator
cavity is the external leakage flow through the cavity. In general, the leak contains
a tangential velocity component and thus creates an additional angular momentum.

The influence of disk rotation is determined by the magnitude of the leakage flow.
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Fig. 3.5 comparison of pressure distribution for S = 0.0113

For all investigated flow rates, there are some deviations. SST modeling

implemented in openFOAM is a good compromise in terms of prediction quality,
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Fig. 3.7 comparison of pressure distribution for S = 0.0556

convergence, and modeling effort. The pressure drops increases with intensifying
throughflow.

For the CFD analysis validation test with J-groove installation, the
difference of axial thrust coefficient AC, was investigated by experimental
analysis, which comprised the CFD analysis result. The axial thrust coefficient is
determined as following

C, = f:f C,rdr (3.1
ACy = C¢ — Gy, (3.2)
, Where Ctng is the value of axial thrust coefficient in the case of without J-

groove.
The experimental and CFD analyses were performed under a constant

rotational speed with different flow coefficient

b = ﬁ(m) , where O is flow rate and b, is impeller width (b,= 0.01 m). The
2022

CFD analysis result was consistent with the experiment result with a small
deviation, as shown in Fig. 7 and Fig. 8. The margin of error is calculated by

dividing the difference in axial thrust coefficient between experimental results and
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CFD results by the ACiand then multiplying by 100. The CFD model was therefore
validated in case of with J-groove.

0.08
Ct without groove Experiment
Ct with J-groove Experiment
= DeltaCT Experiment
0.06 Delta Ct CFD
]
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g
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Fig. 3.8 Axial thrust coefficient and flow coefficient
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Fig. 3.9 Margin of error and flow coefficient
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3.3 Summary of Chapter 3

For the simple case of the rotor-stator cavity only, the numerical method
applied shows good agreement with the experimental data taken from the
literature. Finally, the results obtained with the k- @ SST model are closest to the
experiments for this type of flow.

To test the dependence of the solution on the mesh size, meshes with
different degrees of purification were generated.

Agreement can be judged as good although numerical simulation results

tend to be over-predictive compared to measured values in some points.
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Chapter 4: Effect of J-groove on the flow in various gap without through-
flow

In this chapter, the effect of J-groove parameters on 3 types of flow without
through-flow will be shown. The 3 types of gaps used for simulation are narrow,
intermediate, and relatively large in 4.1, 4.2 and 4.3, respectively. Here, the
“narrow gap” is indicated for the case of completely interfered gap, where the
“large gap” 1s for the case of completely non-interfered gap. And the “intermediate
gap” is mixture of interfered and non-interfered, that is, in some area the boundary
layers are interfered but in other area 2 layers are not interfered. In each section,

the effect of parameters of J-grooves on the flow is presented.
4.1 Effect of J-groove on the flow in narrow gap

4.1.1 Objectives

This section aims to reveal the effect of radial J-groove radial groove on
flow in case of narrow gap. First, the fundamental properties of this flow in the
absence of a groove have been studied theoretically and experimentally before.
Second, the effect of the J-groove and its parameters on the pressure distribution
will be compared with the no-groove case. The effect of different design
parameters was observed in this section. J-groove is mounted on the casing wall
with the original design of the J-Groove had n =9, D = 0.0067 (i.e., d = 1 mm), L
= 0.4 (i.e., / = 60 mm) and W = 0.1333 (i.e., w = 20 mm). The list of J-Groove
models with variation of design parameters is listed in Table 4-1. The number of
J-Groove varies from 3 to 12. The depth of J-Groove varies from 0.5 mm to 2 mm.
The length of J-Groove is varied from 20 mm to 100 mm. The J-groove depth,
length and width varies according to the outer diameter of the disk. The pressure
distribution along the radial direction is a good and important indicator of the effect
of J-groove. The graphs of the dimensionless radius ratio R and the pressure
coefficient Cp show the effect of the groove shape. The results show that radial
grooves in the casing wall suggest that this superior effect of J-groove is due to
main reasons: one is a significant decrease in tangential velocities due to the
mixing of the main and groove flows and the other is an increase in radial velocity

due to reverse flow.
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Table 4-1 Parameter of J-groove in narrow gap

n

Type | (number of d Z . v
(depth) mm (length) mm (width) mm
groove)

1.0 0 0 0 0

I.1 3 1 60 20
1.2 6 1 60 20
L3 9 1 60 20
1.4 12 1 60 20
1.1 9 0.5 60 20
1.2 9 1.5 60 20
I1.3 9 2 60 20
II.1 9 1 20 20
1.2 9 1 40 20
1.3 9 1 80 20
1.4 9 1 100 20
V.1 9 1 60 5

Iv.2 9 1 60 10
V.3 9 1 60 15
Iv.4 9 1 60 25
IV.5 9 1 60 30
IV.6 9 1 60 35
IvV.7 9 1 60 40
IV.8 9 1 60 45
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4.1.2 Results and Discussions

4.1.2.1 Effect of the number of J-groove
To examine the effect of the number of J-groove, we change the angular of the

sector of computing area on the number of J-Groove. Therefore, for 3 J-groove a

120° sector is used, for 6 J- . J-groove

groove a 60° sector for 9 J- 0 effect of n

. .
! 1

——No Groove : i

groove a 40° sector and for 005 --n=3 | |
12 J-groove a 30° sector. The ---n=6 3 '
01 n=9 i

I

effect of number of grooves is

shown in Fig. 4.1. with the S0 .

other  groove  geometry 02 ———

parameters ~ are  typical e o
constant value (i.e., d = 1 mm;

['=60 mm and w = 20 mm, > 0 0.2 0.4 0.6 0.8 1

R

corresponding to

di onl ) Fig. 4.1 comparison of pressure distribution by
imensionless parameters  \o_ g9s)

D=d/r,=0.0067; L=1/

r, = 0.4 and W = w/r, = 0.1333 respectively). An increase in the number of

grooves makes the pressure distribution flat. Fig. 4.2 illustrates the streamlines

from R = 0.5 to R = 1 near the casing wall of grooves side for 4 different numbers

n=3 n=6 n=9 n=12

Fig. 4.2 streamline for different number of grooves
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of J-grooves. According to the CFD visualization of the flow, as shown in Fig. 4.2,

the flows are distorted at the tip of the groove. Increasing in number, the flow is

distorted decreasingly. Following this when n becomes larger, hydraulic loss

becomes large, and the pressure drops dramatically.

4.1.2.2 Effect of the depth of J-groove
In Fig. 4.3. and Fig. 4.4., the effect of

depth of the groove is shown. Four cases
were analyzed for dimensionless width
ratio W = 0.1333. Remaining the other
groove geometry constant, when the
depth of the groove is increased from
dimensionless depth ratio D = 0.0033 to
D
significantly. But when D = 0.0033 (i.e.,

d = 0.5 mm), the pressure decreased in

0.0133, the pressure increased

comparison with the case without the
0.0033, only the

groove, when D

0 effect of depth of Groove
No Groove UEY
005+ D=0.0033 e
D=0.0067
---D=0.0100
D=0.0133

0.1
& -0.15

-0.2 - n=9
' 1=0.4000

005 W=0.1333

-0.3

0 0.2 04 R 06 0.8 1

Fig. 4.3 pressure distribution by D
(S=0.005)

hydraulic loss becomes larger in these cases in comparison with the case without

groove. This explains why the pressure is lower near the hub when D = 0.0033.

Consequently, too shallow grooves increase axial thrust.

4.1.2.3 Effect of the length of J-groove
Effect of length of groove is shown

in Fig. 4.5. for different length ratios L
= [/, . Increasing the length of the
groove not only decreases the peak
pressure but also decreases the pressure
difference across the rotating disk and
makes the axial thrust lower. When the
grooves have L = 0.1333 (i.e., [ = 20
the

comparison with the case without the

mm), pressure decreased in

groove.

effect of length of Groove
No Groove
L=0.1333
---1=0.2667
L=0.4000
L=0.5333
L=0.6667
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Fig. 4.4 pressure distribution by L
(S=0.005)
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4.1.2.4 Effect of the width of J-groove

0 effect of width of groove, W=0.1333 to 0.3000
No groove
W=0.1333

---W=0.1667
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-0.2 £ n=9
D=0.0067
0.25 1=0.4000
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8015
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Fig. 4.5 pressure distribution by
W, W=0.1333 to 0.2333 (5§=0.005)
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Fig. 4.6 pressure distribution by
W, W=0.0333 to 0.1 (§=0.005)

The effect of different widths of J-grooves is shown in Fig. 4.5. and Fig. 4.6. Six

cases were analyzed with W= 0.1333 to W = 0.3, corresponding to w = 20 mm to
w = 45 mm wide of J-groove and 3 cases with W = 0.0333 to W = 0.1,

corresponding to w = 5 mm to w = 15 mm. As shown in Fig. 4.6., remaining the

other groove geometry constant, when the width of groove is increased from

dimensionless width ratio W = 0.0333 to W = 0.1, the pressure is reduced but not
much. Also, in Fig. 4.5. can be noticed that when W = 0.1333 to W = 0.3, the

pressure increases. However, greater values of the width of the groove will lead to

problems related to fabrication, especially for regions with a lower radius of the

gap.
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4.1.2.5 Velocity distribution
According to the CFD visualization of the flow in the groove above, the flow

rotated by the rotating wall goes into the groove area.

Radial velocity distribution at R=0.4 Radial velocity distribution at R=0.8
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Fig. 4.7 velocity profile

Velocity distributions at the center of the sketch between rotor wall and
stator wall for R = 0.4 and R = 0.8 are shown in Fig. 4.10. Both the tangential and
radial velocity components are plotted in a dimensionless form. The radial velocity
at these locations shows evidence of radial inflow and recirculation radially
outward back up the stator in both cases. For R = 0.4 there are tangential velocity
boundary layers on both walls but for R = 0.8, in the case of J-groove, there is not
boundary layer on the stator and only on the rotor. By providing J-groove, the
tangential velocity was significantly reduced and become distorted. Furthermore,
the radial velocity increase near to the walls in the case of J-groove than that of no
groove which is due to the decrease in swirl and reversed flow. They are the effect

of J-grooves.
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4.2 Effect of J-groove on the flow in intermediate gap

4.2.1 Objectives

This section presents the effect of the J-groove on the flow in the
intermediate gap (S = 0.0113). The original design of the J-groove had n =9, D =
0.0133 (i.e.,d=2mm), L=0.4 (i.e., /=60 mm) and W =0.1333 (i.e., w =20 mm).
The list of J-Groove models with variation of design parameters is listed in Table
4-2. The number of J-Groove varies from 3 to 12. The depth of J-Groove varies
from 0.5 mm to 2.5 mm. The length of J-Groove is varied from 20 mm to 100 mm.
The graphs of the dimensionless radius ratio R and the pressure coefficient Cp
show the influence of the groove shape. The results show that radial grooves in the
casing wall suggest that this superior effect of J-groove is due to main reasons: one
1s a significant decrease in tangential velocities due to the mixing of the main and

groove flows and the other is an increase in radial velocity due to reverse flow.
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Table 4-2 Parameter of J-groove in intermediate gap

n

Type | (number of d Z . v
(depth) mm (length) mm (width) mm
groove)

1.0 0 0 0 0

I.1 3 2 60 20
1.2 6 2 60 20
L3 9 2 60 20
1.4 12 2 60 20
1.1 9 0.5 60 20
1.2 9 1 60 20
I1.3 9 1.5 60 20
II.1 9 2 20 20
I11.2 9 2 40 20
II1.3 9 2 80 20
1.4 9 2 100 20
V.1 9 2 60 5

Iv.2 9 2 60 10
V.3 9 2 60 15
Iv.4 9 2 60 25
IV.5 9 2 60 30
IV.6 9 2 60 35
IvV.7 9 2 60 40
IV.8 9 2 60 45
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4.2.2 Results and Discussions

4.2.2.1 Effect of the number of J-groove
In Figure 4.8, the effect of the number of grooves shown. Keeping the other

groove geometry unchanged, as the number of grooves increases, the pressure
distribution 1s flattened. Increase the number, increase the total volume of the

groove and thus the groove current absorbs more angular momentum.

. J-groove |
0 effectof n < >
1 Il
No Groove ! ,’i
n=3 : S
1 i
005 ___p=6 . o !
I( e 1
n=9 e :
|
-0.1 n=12 Lol |
- 1
a e
015 D=0.0133
L=0.4000
02 W=0.1333
-0.25
0 0.2 0.4 0.6 0.8 1

R

Fig. 4.8 comparison of pressure distribution

by n (S=0.0113)

4.2.2.2 Effect of the depth of J-groove

effect of depth of Groove

In Figure 4.9, the influence of ® o Groove /
groove depth is shown. Keeping the o,  D=00033
D=0.0067 L
other groove geometry, when T
o1 ---D=0.0100
increasing the groove depth fromD = o D=0.0133

0.0667 to D = 0.0167, the pressure 015 — D=00167 -~

n=9
increases significantly. It can be ~ Weo. 1333
remarked here that the grooves have —
D = 0.0033 (ie, d = 0.5 mm), the o o2  os 5 o5 o5 1
pressure decreased in comparison  Fig. 4.9 comparison of pressure

with the case without the groove. distribution by D (5=0.0113)
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4.2.2.3 Effect of the length of J-groove

effect of length of Groove

O X
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0 0.2 0.4 A 06 Ny |

Fig. 4.10 comparison of pressure
distribution by L (§=0.0113)

The influence of groove length is shown in Figure 4.10. It is also seen here
that as the groove length is increased, the pressure also increases as before even if

when the groove is very short.

4.2.2.4 Effect of the width of J-groove

effect of width of groove, W=0.067 to 0.2 0 effect of width of groove, W=0.2 t0 0.3
] /
——No groove oo ——No groove y
We00867 | mee- s oo W=0.2000 o
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01 vW=01333 __oe7T O w=03000 .
=== Q T
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-0.15
-0.15 W=0.2000 n=9
n=9 D=0.0133
D=0.0133 02 L=0.4000
02 1=0.4000
-0.25
-0.25 0 0.2 0.4 R 0.6 0.8 1
0 0.2 0.4 0.6 0.8 1

R

Fig. 4.12 pressure distribution by W, L& 4'_1 1 pressure distribution by
W=0.0667 to 0.2 W, W=0.033 to 0.233

The effects of different widths of the J-groove are shown in Fig. 4.11. and
Fig. 4.12, with W= 0.0667 to W = 0. 3, corresponding to the width of the groove
w =10 mm to w = 45 mm. As shown in Fig. 4.11., remaining the other groove

geometry constant, when the width of groove is increased W = 0.2 to W= 0.3, the
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W=0.1333 w=0.2 W=0.2667

Fig. 4.13 streamline for W=0.1333, W=0.2 and W=0.2667

pressure is flattened but not much. However, greater values of the width of the
groove will lead to problems related to fabrication, especially for regions with a
lower radius of the gap. Also, in Fig. 4.12. can be noticed that when W = 0.0667
to W = 0.2, the pressure reduces with an increase in the width of the groove. As
shown in Fig. 4.13, in typical cases of W = 0.1333 and W = 0.2667, the flow is
bending to the hub region, although the flow is quite smooth. With the flow pattern
in case W = 0.1333, the pressure becomes flat, in which J-grooves make the
rotational (tangential) speed low. The radial flow from the outer to inner causes
such reduction of tangential velocity, as the result of transferred fluid with low
angular momentum along the groove. In contrast, in the case of the groove width
ratio W = 0.2, the flow is greatly distorted at the tip of the groove, resulting in an

increase in hydraulic loss. This leads to a decrease in pressure remarkably.

4.3 Effect of J-groove on the flow in relatively large gap

4.3.1 Objectives

This section is aimed to reveal the influence of the J-groove on the flow in
the case of large gap. The influence of the J-groove and its parameters on the
pressure distribution will be simulated to compare with the case without the
groove. The influence of various design parameters has been observed in this
section. The original design of the J-Groove had n =9, D =0.0133 (i.e, d = 2 mm),
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L =04 (ie, ] =60 mm) and W = 0.1333 (i.e, w = 20 mm). The list of J-Groove
models with variation of design parameters is listed in Table 4-3. The number of
J-Groove varies from 3 to 12. The depth of the J-Groove varies from 0.5 mm to 2
mm. The length of J-Groove is varied from 20 mm to 100 mm. The depth, length

and width of the J-groove varies according to the outer diameter of the disk.

Table 4-3 Parameter of J-groove in large gap

" d I W

Type | (number of .
(depth) mm (length) mm (width) mm
groove)

1.0 0 0 0 0
I.1 3 2 60 20
.2 6 2 60 20
I3 9 2 60 20
I.4 12 2 60 20
1.1 9 0.5 60 20
I1.2 9 1 60 20
1.3 9 1.5 60 20
II.1 9 2 20 20
1.2 9 2 40 20
II1.3 9 2 80 20
1.4 9 2 100 20
V.1 9 2 60 5
Iv.2 9 2 60 10
Iv.3 9 2 60 15
Iv.4 9 2 60 25
V.5 9 2 60 30
IV.6 9 2 60 35
Iv.7 9 2 60 40
IV.8 9 2 60 45
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4.3.2 Results and Discussions

4.3.2.1 Effect of the number of J-groove
The characteristic curve illustrated in Fig. 4.14 shows the change of the

number of J-grooves while the other parameters are kept constant. With increasing
the number of grooves, the pressure distribution is flattened from n =3 ton =12
due to increase the total volume of the groove and thus the groove current absorbs

more angular momentum.

. J-groove .
effectof n < >
0 | f
No Groove ! VA
! 7 1
n=3 | 7 I
-0.05 | s
1 s
---n= 6 : /// i
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n=12 - '
8_ ——"—_-
-0.15 r
D=0.0133
L=0.4000
-0.2 W=0.1333
-0.25
0 0.2 0.4 R 0.6 0.8 1

Fig. 4.14 comparison of pressure distribution by n
(S=0.0556)
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4.3.2.2 Effect of the depth of J-groove

Figure 4.15. shows the
effect of groove depth on the case
of large gap. Unlike the previous
two cases of narrow gap and
intermediate gap, in this case,
grooves with a depth of only 0.5
mm in the casing wall can also

show the effect of the J-groove.

4.3.2.3 Effect of the length of J-
groove

The influence of groove
length is shown in Fig. 4.16 for
different length ratios L = //r,
from 0.0133 to 0.6667. Increasing
the length of the groove decreases
the pressure differential across the
rotating disk and leads to
longitudinal thrust axis is lower

than in the previous two cases.
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Fig. 4.16 comparison of pressure
distribution by L (§=0.0556)
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4.3.2.4 Effect of the width of J-groove

Figure 4.17 and Fig. 4.18 shows the influence of the J-Groove width on the
pressure coefficient _
effect of width of groove, W=0to 0.2

distribution. The increase in the — No groove p

J-Groove width has a limited 005 - W=0.0333

effect on the  pressure . W=0.0667 .

coefficient distribution, ie., in o . weo S

this case, when the W = 0.0667 -0.15 W=0.1333 =9

to W = 02, the pressure 0, - W=0.1667 104000
distribution is almost the same. W=0.2000

And W =02 to W = 0.3, the ¥ - 0a . os o .

pressure distribution is
Fig. 4.17 comparison of pressure

flattened but no change much distribution by W, W =0t 0.2 (S=0.0556)

as shown in Fig. 4.18.
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4.4 Summary of Chapter 4

In this chapter, the influence of the J-groove and its parameters on the
pressure distribution has been simulated to compare with the case without the
groove. The pressure distribution along the radial direction is a good and important
indicator of J-groove performance. The graphs of the dimensionless radius ratio R
and the pressure coefficient Cp represent the influence of the J-groove. Significant
decrease in tangential velocity due to mixing of main flow and groove flow, and
significant increase in radial velocity due to reverse flow.

The difference in pressure between the outer and inner radius increases as
the number, depth, and length of the J-groove increases in almost cases. There is a
critical value for the J-Groove parameters. The pressure distribution indicated that
the J-Groove depth should be greater than the critical value in case of without
through-flow for narrow and intermediate gap. However, in the case of increasing
the width of the J-groove, the pressure decreases when the ratio of the groove width
to the outside radius W is less than 0.2 (0.1333) and increases when W is more than
0.2 (0.1333) in intermediate gap (narrow gap). In addition, when the coefficient
depth of the J-groove D = 0.0033, the effect of the J-groove is not improved due
to the increased hydraulic loss.
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Chapter 5

Eftect of J-groove on the flow in

various gap with through-flow
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Chapter 5: Effect of J-groove on the flow in various gap with through-flow

5.1 Overview the case of inward through-flow
In principle, the radial pressure distribution is determined from the rotation

of the fluid in the gap and the leakage flow rate. An axial inflow is now supplied
) . _ (0 ) 1.
to the cavity. The coefficient flow rate C, —( /2nr23w Re /5 in each gap

between two concentric disks is studied in this section. In chapter 4, C,= 0 case is

studied. With an increased flow rate, the rotational speed of the fluid increases as
shown in Fig. 5.1. This is consistent with the conservation of angular momentum

of the radial flow. In this figure, the tangential velocity is dimensionless and equal

i , where u is plotted on the line at mid-cavity. In case of C; = 0, the tangential

velocity in the core is almost equal to 0.5 of the disk speed and that non-
dimensional u is once reduced and suddenly up near » = 0.2, because of corner

effect, as we can see in Fig. 5.2 and Fig. 5.3.

tangential velocity distribution, S = 0.005
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Fig. 5.1 comparison of tangential velocity for S = 0.005
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Fig. 5.3 contour of the tangential Fig. 5.2 contour of the radial velocity
velocity

Velocity profiles for dimensionless tangential and radial velocities at R =
0.8 are given in Figures 5.4 and 5.5, respectively. With increasing through-flow
the radial velocity forward to center is increased. The flow structure is divided into
two layers: a centrifugal boundary layer on a rotating disc and a radial boundary
layer on a stationary disc divided by a rotating core and a near-zero radial
component. The tangential velocity in the core increases due to superimposed
radial currents. The two boundary layers are both radial for stronger radial currents,

causing the core to rotate faster than the rotor.
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Fig. 5.4 radial velocity distribution at R = 0.8
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Fig. 5.5 tangential velocity distribution at R = 0.8

In the case of weak flow, the peripheral flow has the same properties as in
the case of no flow. However, when a strong flow rate is present, the flow in the
boundary layer near the rotating disk becomes radial, and the core rotates faster
than the rotating disk. In a particular analysis, only one parameter (flow rate
coefficients) was changed to study its effect. The selection of these geometrical

parameters is consistent with the work done in the previous chapter.
5.2 Effect of J-groove on the flow in narrow gap

5.2.1 Objectives

In this section, the effect of J-groove on the radial pressure distribution on
the flow in narrow gap with through-flow will be presented. The parameters of J-
groove are taken from the parameters in Table 4-1, with flow rate coefficient Cq =

0.0151. Referencing these figures, the same behavior is encountered.

5.2.2 Results and Discussions

To predict the optimal J-groove size, the influence of the J-groove size on
the radial pressure distribution was investigated using the groove samples shown
in Table 4-1. Some characteristic curves are illustrated in Fig. 5.6 to Fig. 5.9 for
the variation of the J-groove number #, depth D, length L and width W.

When the J-groove is installed on the casing wall, its effect is evident in the

radial pressure distribution. But from Figure 5.6 it is shown that, when increasing
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the number n of the grooves in the flow-through case, the pressure change between
these cases is not obvious. Figure 5.7 shows that, in the case of through-flow, even
though the groove depth is very shallow (D = 0.0033), the pressure distribution is
flatten. This is different from the case without through-flow in section (4.1.2.2).
The influence of groove length is shown in Figure 5.8. It is also found here that
when the groove length is increased, the pressure is also flattened, but the effect is
not improved due to the shorter groove (L =0.1333). The effects of different widths
of the J-groove are shown in Figure 5.9 and Figure 5.10, with a dimensionless
width ratio W= 0.0333 to W =0. 3. From Figure 5.10, it can be observed that when
W=0.0333 to W=0.1, the pressure decreases as the width of the groove increases,
conversely, as shown in Figure 5.9, when increasing the width of the groove from
W=0.1333 to W= 0.3, pressure is flattened.
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Fig. 5.6 pressure distribution by n (Cq = 0.00151)
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effect of depth of Groove, S =0.005, Cq = 0.00151
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Fig. 5.10 pressure distribution by W, Fig. 5.9 pressure distribution by W,
W=0.0333 to 0.1333 (Cq = 0.00151) W=0.1333to 0.3 (Cq = 0.00151)

5.3 Effect of J-groove on the flow in intermediate gap

5.3.1 Objectives

In this section, the effect of the J-groove on the radial pressure distribution
on the flow in the intermediate gap (S = 0.0113) with the flow through will be
presented. The parameters of the J-groove are taken according to the same
parameters in Table 4-2 in the absence of flow (section 4.2), with a flow rate
coefficient Cq = 0.0149.

5.3.2 Results and Discussions

It was realized that groove geometry has strong effect on the pressure
distribution. Increase in number, depth, and length, of J-groove, the difference in
pressure between the outer and inner radius decrease. Shallow and short grooves
are effective.

From Fig. 5.15, it can be observed that when W = 0.0667 to W = 0.2, the
pressure decreases as the width of the groove increases, conversely, as shown in
Figure 5.14, when increasing the width of the groove from W= 0.2 to W= 0.3, the

pressure distribution is flattened but not much.
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effect of length of Groove

O /
——No Groove R4
-0.05 -~ 1=0.1333 ———
---1=0.2667 '
-0.1
~~~~~~~~~ L=0.4000"
-0.15 1=0.5333
S L=0.6667 -~
-0.2 P
e " n=9
-0.25 : D=0.0133
W=0.1333
-0.3
-0.35
0 0.2 04 , 06 0.8 1

Fig. 5.13 pressure distribution by L
(Cqg=0.00149)

effect of width of groove, W=0.0667 to 0.2 effect of width of groove, W=0.2 to 0.3

——No groove ] ‘_:..,_’..5»-/'-:':""4 ——No groove
% W-00667 . R 005 - - W=0.2000
---W=0.2333
-0.1
W=0.2667
- -0.15
& s
W=0.2000 =9 02
D=0.0133 n=9
-0.25 1=0.4000 -0.25 D=0.0133
1=0.4000
-0.3 .03
-0.35 -0.35
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
R R
Fig. 5.15 pressure distribution by W, Fig. 5.14 pressure distribution by W,
W=0.0667 to 0.2 (Cqg=0.00149) W=0.2to 0.3 (Cqg=0.00149)

63



5.4 Effect of J-groove on the flow in large gap

5.4.1 Objectives

In this section, the effect of the J-groove on the distribution of radial
pressure on the flow in the relatively large gap (S = 0.0556) with the through-flow
will be presented. The parameters of the J-groove are taken according to the same

parameters in Table 4-3 in the absence of flow (section 4.3), with a flow rate
coefficient Cq = 0.0136.

5.4.2 Results and Discussions

Some characteristic curves showing the influence of the J-groove on the
flow in large gap are illustrated in Figure 5.14. to Figure 5.17. for the variation of
different number of groove n, depth D, length L and width W.

Increasing the number of grooves n, depth D and length L, the pressure
curve becomes flatter. However, in the case of increasing the width W of the
groove, when W is smaller than or equal to 0.2, the effect of J-groove is almost the

same as shown in Figure 5.17.
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In comparison with the narrow gap case (Section 5.3.1 above), the tendency
of pressure distributions of the intermediate gap is almost the same. With an
increase in the number, depth and length of J-groove, the pressure distribution is
flattened. Except in the case of the very short length of J-groove, L = 0.1333, in
the narrow gap, it does not improve the effect as shown in Fig. 5.8, but in the
intermediate gap and in the large gap, that value of length makes the pressure
flattened clearly as shown in Fig. 5.13 and Fig. 5.18. The effect of the J-groove
width W is presented in Fig. 5.9 and Fig. 5.10 for the narrow gap, in Fig. 5.14 and
Fig. 5.15 for the intermediate gap and in Fig. 5.19 and 5.20 for the large gap, while
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the other parameters of J-groove are constant. It is clear to see that, there is a critical
value of J-groove width in each kind of the gap. For the narrow gap, the critical
value is equal to 0.12 and for the intermediate and large gap, these critical values
are equal to 0.2. The pressure decreases together with increasing the width of J-
groove when the width is less than the critical values in the case of narrow and
intermediate gaps, then increases when it is greater than those critical values. This
was explained in section (4.2.2.4) through the streamlines in the flow field. For the
large gap, the J-groove width effect has no significant change when the width is
less than critical values.

The pressure gradients in the case of with the leakage flow in narrow gap
and intermediate gap in Fig. 5.6 and 5.11 for varies number of J-groove no such
sharp in pressure gradients in case of without J-groove, as shown in Fig. 4.1 and
4.8, respectively.
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5.5 Summary of Chapter 5

A computational study was carried out to investigate the turbulent flow
inside the rotor-stator system and to investigate the effect of flow rate. From the
analysis of the results, the following conclusions can be drawn. With increasing
flow rate, the rotational speed of the fluid increases, and the radial velocity profile
becomes more and more radial. The change of the parameters of the J-groove
shows its influence on the pressure distribution, as well as the influence on the

axial force in the turbomachinery.
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Chapter 6

The estimation of effect of J-groove

with various parameters
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Chapter 6: The estimation of effect of J-groove with various parameters

6.1 Overview

To determine the optimal parameters of J-groove, many calculations were
performed by the gap sizes and the J-groove dimension. From the radial pressure
distribution in chapter 4 and chapter 5, the axial thrust coefficient is determined as

following, used to estimate the effect of J-Groove.
2
C; = j Cprdr
st

ACt == Ct - Ctng
, Where Ctng is the value of axial thrust coefficient in the case of without J-

groove and Cqg = 0.

The dependence of the axial force ratio on the groove parameters is assumed
according to the equation below in this study.

Depending on the gap types and with or without through-flow, AC;
independent equations are derived from the results of the CFD simulation.
Furthermore, the influence of flow parameters on the flow structure has been
studied.

6.2 The estimation of effect of J-groove in various gap

From the above formula, we can build graphs of the influence of J-groove
parameters on the reduction ratio AC; of axial force in narrow gap from Fig. 6.1 to
Fig. 6.4 for narrow gap without through-flow, Fig. 6.6 to Fig.6.10 for narrow gap
with through-flow. Figures 6.12 to Fig. 6.15 and from Fig. 6.17 to Fig. 6.21 show
this effect on the flow in intermediate gap without and with through-flow,
respectively. The graphs showing the dependence of AC; on the J-groove
parameters in large gap are presented from Fig. 6.23 to Fig. 6.26 for the case
without through flow and from Fig. 6.28 to 6.32 for the case with through-flow.
All these graphs can be summarized into the prediction equations for narrow gap,
intermediate gap, and large gap with the parameters of the J groove n, D, L, W, and
coefficient flow rate Cq.

AC; is proportional linear to J-groove number, depth, and flow rate
coefficient Cq for all cases. Only the J-groove width dependency makes a

difference. The AC; value for narrow and intermediate gaps increases initially to
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a certain value and then decreases after that value, which is 0.12 for narrow gap
and 0.2 for intermediate gap. In the large gap, except for the value W = 0.0333,
when W< 0.2, the dependence of the axial force ratio on the groove width is almost
unchanged; and when W > 0.2, the AC; decreases with increasing W. The
comparisons of the CFD and proposed formula of the axial thrust coefficient are
plotted in Fig. 6.5 and Fig. 6.11 for the narrow gap, in Fig. 6.16 and 6.22 for the
intermediate gap, and in Fig. 6.27 and Fig. 6.33 for the large gap.

6.2.1 The estimation of effect of J-groove in narrow gap

From chapter 4 and chapter 5, there is a significant difference between the
pressure distribution for each parameter of the J-groove that causes the axial thrust
to change. First, the dependence of the axial thrust on each parameter of the J-
groove was investigated. Based on those dependencies, a prediction formula was
calculated for the dependence of the axial thrust of the J-groove parameters and

then do a comparison with those values.

6.2.1.1 In narrow gap without through-flow
From the section (4.1) of this thesis, the results show that J-groove makes

the pressure distribution flattened, follow it, the axial thrust can be reduced. They
are estimated with the proposed equations with a correlation for AC; is determined,
given in Equation (3.1) and (3.2). The results from these 2 equations are calculated
with the CFD results, plotted in Fig. 6.1 to Fig. 6.4. With the increase of number
n, depth D the value of AC, decrease almost linear and decrease proportion length
square. And in case of increase the width of J-groove, the reduction of axial thrust
first increase when that value still less than 0.12, then decrease when the value of
width is greater than 0.12.

A proposed formula to calculate the axial thrust coefficient AC; based on
the above comments as follow:
ACt=axm)X(D+b)x(L*+c)x(IW-012]+d) (6.1)

with a =-7.1532; b =-0.0028; ¢ = 0.1358; d = 0.176
Figure 6.5 depicts a graphical comparison of the CFD results and the
proposed formula results of the coefficient of axial thrust. The legend on the x-axis

represents the cases, whereas the y-axis represents the AC; value of those cases.
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Based on this comparison, the proposed formula's trend is somewhat consistent
with the CFD results' trend. However, the two results differ at some points, which
can be explained by the unique coefficients a, b, ¢, and d chosen for the proposed

formula (6.1) above.
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6.2.1.2 In narrow gap with through-flow
An axial inflow is now supplied to the narrow gap (S = 0.005), a

phenomenon that has been studied in section (5.2). The axial thrust factor AC; can
be calculated and plotted from the pressure distribution of that section in Fig. 6.6
to Fig. 6.10. The AC; has a linear relationship with number #, depth D, and flow
rate coefficient Cq. As W increases, AC; increases when W is less than 0.12 and
decreases when W is greater than 0.12, as shown in Figure 6.9. The following is
the expected calculation formula for AC; based on the preceding statements:
ACt=axn+b)x(D+c)x(L*+d)x(IW-0.12| +e) x Cq (6.2)

with a=-135.18; b=-4; ¢ =-0.0053; d =-0.072; e = 0.0537.
Follow this formula, the comparison of the CFD results (blue) and proposed

formula results (orange) of reduction axial thrust is presented in Fig. 6.11.
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6.2.2 The estimation of effect of J-groove in intermediate gap

The radial pressure distributions in the intermediate gap are shown in
section (4.2) for the case without through-flow and in section (5.3) for the case of
inward through-flow. The CFD results are also compared. The dependence of the
AC; value on the parameters of J-groove from these pressure distributions will be

calculated in this section.

6.2.2.1 In intermediate gap without through-flow

The pressure distributions in no J-groove and with J-groove case in
intermediate gap without throughflow are compared and shown in Fig. 4.8 to 4.12
with varies of J-groove parameters. Based on this discussion, the dependence of
AC; on the J-groove parameters is also investigated in this section and plotted in
Fig. 6.12 to Fig. 6.15. It was very clear that, this dependence is linear with the
number, depth, and width of J-groove. But in case of varies of width, although the
reduction of axial thrust depends on the width of J-groove is linear, but it increased
when W < 0.2 and decreased when W > (.2 as shown in Fig. 6.14. So, the proposed
formula for this case is given as:

ACt=ax(n+b)x(D+c)x(L*)x(W-02]|+d) (6.3)

with a=-0.9148; b=10.83; ¢ =-0.0043; d = 0.53; e = 0.1656

From this equation, the value of AC; can be calculated with varying the J-
groove parameter and give them into the Fig. 6.16 to make the comparison with
the CFD results.
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6.2.2.2 In intermediate gap with through-flow
Following on from the section (5.3), Fig. 6.17 to Fig. 6.20 shows the effect

of axial thrust for varying J-groove parameters in the intermediate gap with
through-flow. The radially inward throughflow takes angular momentum and
considerable increases the tangential velocity, so that the pressure decreases, and
the reduction of axial thrust increases as plotted in Fig. 6.21. This dependence is
linear, and the dependence of AC; on other parameters has the trending as in the
case of without through-flow (In section 6.2.2.1). Therefore, the proposed formula
can be written that:
ACt=ax(n+b)x(D+c)x (L) x(W-02]|+d)xCq (6.4)

with a =-2.9386; b=19.45; ¢ =-0.007; d =0.1388
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from the different values of J-groove parameters given in Table 4-2 for the
case of intermediate gap, the varies of AC; were calculated based on the proposed
formula (6.4) and plotted them into Fig. 6.22 to make the comparison with its
values by CFD. There were some values get noticeable different, but the trend is

almost the same.
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6.2.3 The estimation of effect of J-groove in large gap

The previous research reveals that the theory of non-interference gap gives
good agreement with the case of a relatively large gap. The flow phenomenon and

the pressure distributions in this gap were discussed in the section (4.3) and (5.4)

for the case without and with throughflow, respectively.

6.2.3.1 In large gap without through-flow

For the case of zero through-flow, the effect on various parameters of J-
groove is shown in Fig. 6.23 to Fig. 6.26. Remaining the other J-groove geometry

constant, when the number and the depth of groove is increased, the axial thrust

80



coefficient AC, is decreased significantly and linear. The effect of length of groove
1s presented in Fig. 6.25. It is also seen that, when the groove length increases, the
reduction of thrust coefficient is also decreases as before. Unlike in the cases of
narrow and intermediate gap, in the case of large gap, the thrust coefficient is
almost constant when the width of J-groove is less than a certain value (here that
value is equal 0.2), and then when the groove width is greater than that certain
value, the axial thrust coefficient is reduced with increasing the groove width. The
above-described dependence of axial thrust on J-groove parameters gives the axial
thrust coefficient reduction AC; defined in proposed formula such as:

w<0.2 ACt = a x (n) X (D) x (L* + b) (6.5)

with a =-0.1253 and b = 1.0802
W>02 ACt=aXx@)XD)XI2+b)X(W+c) (6.6)

with a =-0.2372; b =0.9138; ¢ = 0.4444
from these formulas, the comparison of the results from the CFD and the

results calculated by proposed formula was shown in Fig. 6.27.
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6.2.3.2 In large gap with through-flow

The pressure distribution for the case of large gap with throughflow was

investigated in section (5.4) before. From that, the axial thrust reduction by use of

J-groove AC; is calculated based on equation (3.1) and (3.2). Figure 6.28 to Fig.

6.31 show the effect of J-groove on axial thrust reduction and Fig. 6.32 presents

the dependence of axial thrust on the flow rate coefficient Cqg. Same as the case

without throughflow in large gap (section 6.2.3.1), the dependence of axial thrust

reduction AC; on the number, the depth, and the flow rate coefficient Cgq is linear

as presented in Fig. 6.28; Fig. 6.29 and Fig 6.32, respectively. And likely with the

case of zero through-flow, in the case of with throughflow in large gap, when the

width of the groove is less than a certain value (here, 0.2), the axial thrust is almost
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constant; however, when the width of the groove is greater than that value, the
axial thrust reduction decreases when increases the groove width. The proposed

formula for this case is:

when W < (.2,
ACt=axm)x (D +b)x(L?+c)xCq (6.7)
a=-0.2696; b=-0.0048; c =0.5152

when W > 0.2,
ACt=axm)X (D +b)x(L*+c)x(W+d)xCq (6.8)

a=-0.8785; b=-0.0047; ¢ =0.4072; d = 0.1966
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6.3 Summary of Chapter 6

In this chapter, the influence of the J-groove parameters on the axial force
reduction ratio has been presented to clearly see these effects. A prediction is then
presented estimating the effect of the J-groove with different parameters on
different gaps without or with through-flow. From the analysis of the results, the
following conclusions can be drawn:

1 Cases of zero through-flow (Cqg = 0) in narrow, intermediate, and
large gaps are investigated in sections (6.2.1.1); (6.2.2.1) and
(6.2.3.1) but we can ignore them because the leakage flow always
exist in the real cases.

2 Parameter groove width has some critical value for the effect of J-
groove. In the intermediate gap and in the large gap cases, that
critical value can be estimated as 0.2. Only in narrow gap case, that
critical value 1s 0.12.

3 AC; is proportional linear to J-groove number, depth, and flow rate
coefficient Cq for all cases.

4 According to the estimation of formula, we can design the J-Groove

to get the adequate axial thrust force.
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Chapter 7: Conclusion

7.1 Conclusion

The simulation of the flow in a rotor-stator cavity without and with J-groove
based on the open-source code OpenFOAM has been presented. The parameter
checking provides the optimal choice of discretization schemes, turbulence
models, turbulence parameters, and necessary mesh refinement on the number of
nodes of the rotor-stator cavity. This study confirms the calculated results using
the provided k-omega SST turbulence model based on the experimental results in
the absence of the J-groove and give an overview of the J-groove effect. A
comparison was made with each other and with experimental data for no groove
case. The parameters in the CFD model have been varied for the number, depth,
length and width of the J-groove and the pressure distributions together with the
velocity distributions have been investigated. The groove design parameters have
been determined in relation to the impeller diameter. The results show that J-
groove and proper location can increase the radial pressure curve completely. The
velocity and pressure distribution have revealed the mechanism of the J-groove as
follows: The groove flow mixes with the swirl flow of the rotating disk region and
reduces the swirl strength and region of the reverse. The radial flow from the outer
to inner causes a reduction of tangential velocity, as the result of transferred fluid
with low angular momentum along the groove. Therefore, the present method uses
the absorption of the angular momentum by mixing the groove flow with the swirl
flow.

The present study found that the difference in pressure between the outer to
the inner radius increases with increasing number, depth, and length of J-groove
almost in all cases. Nevertheless, in the case of increasing the width of the J-groove
pressure decreases when the ratio of the groove width to the outer radius W is less
than 0.12 in narrow gap and 0.2 in the intermediate gap and increases when W is
greater than 0.12 and 0.2 for narrow gap and intermediate gap, respectively. For
the case of the large gap, the pressure distributions are almost the same when W is
less than 0.2 and increases when it is greater than 0.2. Also, when the coefficient
depth of J-groove D = 0.0033 for narrow gap and intermediate gap, or the length
ratio L =0.1333 for narrow gap without through-flow, the effect of J-groove is not

improved due to increased hydraulic loss.
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The influence of key geometrical parameters such as size and number of
grooves, axial clearance, and flow rate have also been investigated. The results
show that the superior effect of the J-groove in the radial grooves in the casing
wall is due to two main reasons. First, the tangential velocity significantly reduces
due to the mixing of the main flow and the groove flow. The second effect is an
increase in radial velocity because of the reverse flow. Findings from this study

indicate that J-groove is a common simple passive method to reduce axial thrust.

7.2 Outlook

Simple equations have been proposed in this study to easily predict the
reduction in axial thrust, allowing estimation of new cases. The proposed method,
however, has some limitations. First, to begin using the developed estimator, the
type of gap (narrow, intermediate, or large) must be determined ahead of time.
Second, the proposed formulas with varying Re numbers are not calculated. As a
result, those formulas will need to be improved.

All results in this study are obtained using smooth disk. Surfaces rougher
than those investigated in this study were not possible to obtain. It is also necessary
to investigate how surface roughness affects the flow field for future work.

Because the suggested formulas are based on CFD results, their outcomes
may differ from those of the experiments, that on real machines are required to
validate the proposed formulas obtained in this thesis and demonstrate the

applicability of the inferred correlations.

7.3 Future work

For future research, the effect of different Re or the flow with various
through-flow should be considered. Moreover, further investigation is needed to
suggest the optimal dimension and proper location of the grooves mounted on the
casing wall to control and balance axial thrust in turbo machines. The positive
effect of J-Groove on eddy flow suppression and turbocharging was examined by
CFD analysis. Then, the optimized design of J-Groove will be implemented to

improve the results.
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Appendix
A.l. BlockMesh

8 FoamFile
9{
16 version 2.03
11 format ascii;
12 class dictionary;
13 object blockMeshDict;
14 }

15,{,{*************************************’r’r

16 convertToMeters 1;

17 // ---- Setting parameter ----

18 a 150e-3; J/fradius of disk (outer radius)
19 al 30e-3; J//inner radius

20 ep 0.5e-3; //thickness of inlet, outlet (disk radial-tip clearance)
21 ho 2e-3; //height of outlet

22 hi 5e-3; //height of inlet

23 s 0.005; J//radius ratio

24

25n 9; J/number Groove

26d 1e-3; J//depth of Groove

271 60e-3; //length of Groove

2Bw 20e-3; J//width of Groove

29

30 PiAngle 180.0;
31 rotAngle #calc "2*SPiAngle /Sn'";
32 mrotAngle #calc " SrotAngle”;

33 Pirad #calc "degToRad($PiAngle)";
34

35 epi #calc "Sep”; //epi=ep;
36 epo #calc "Sep”; //epo=ep;
37 h #calc "Sa*ss”;  [/h=a*s; height of Gap
38

39

40 aepi #calc "Sa+Sepi”;

41 aml #calc "Sa-S1";

42 alepo #ticalc "Sal+Sepo’;

43
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44|

45 alpha #calc "SPirad /Sn"; //alpha=Pi/n; alpha rad

46 beta ficalc "asin(Sw /(2%Sa))"; //beta=Asin{w/(2%a)); beta rad (to set width of Groove) on Circle outer radius a
47 betal #icalc "asin(Sw /(2*Saepi))"; //betal=Asin(w/(2*(a+epi))); beta rad on Circlel radius a+epi
48 betaz #calc "asin(Sw /(2*Saml))";  //beta2=Asin(w/(2*(a-1))); beta rad on Circle2 radius a-1

49 beta3 #icalc "Sbheta2”; //beta3=beta2; beta rad on Circle3 radius al+epo

50 beta4 ficalc "Sheta2”; //betad=betaz; beta rad on Circle4 inner radius al

51

52 betaf #icalc "(Salpha+Sbeta) /2";

53 betalf #calc "(Salpha+Sbetal) /2";

54 beta2f #calc "(Salpha+Sbeta2) /2";

55 beta3f #icalc "(Salpha+Sbeta3) /2";

56 betadf #icalc "(Salpha+Sbetad) /2";

57

58 h2 #cale "Shi+sh”; //h2=hi+h; height of inlet+gap

59 h3 #icalc "sh2+5ho”; //h3=h2+ho;

60 hj ficalc "Sh2+sd”; J/hi=h2+d;

61

62 sinalpha #calc "sin{Salpha)"
63 cosalpha #calc "cos(Salpha)”

//sinalpha=Sin(alpha);
/ [cosalpha=Cos(alpha);

we

we

64
65 sinbeta #icalc "sin(Sbeta)”; //sinbeta=Sin{beta);
66 cosbeta #calc "cos(Sbeta)"; | /cosbeta=Cos(beta);
67

68 sinbetal #calc "sin(Sbeta1)"
69 cosbetal #calc "cos(Sbetal)”
70

71 sinbeta2 #calc "sin(Sbeta2)"”
72 cosbeta? #calc "cos(Sbeta2)"
72

74 sinbeta3 ficalc "sin(Sbeta3)"
75 cosbeta3 #calc "cos(Sbeta3)"
76

77 sinbeta4 #tcalc "sin(Sbetad)"
78 cosbetad #calc "cos(Sbetad)”

//sinbetal=Sin(betal);
//cosbetal=Cos(betal);

we

ws

we

/[sinbeta2=Sin(beta2);
/ [cosbeta2=Cos(beta2);

we

//sinbeta3=Sin(beta3);
| /cosbeta3=Cos(beta3);

e

we

//sinbetad4=Sin(beta4);
//cosbetad=Cos(betad);

we

ws

79
80 acosalpha #calc "Sa*S5cosalpha”;
81 asinalpha #calc "Sa*Ssinalpha”;
82 masinalpha #calc "-Sasinalpha’;
83
84 aepicosalpha #calc "Saepi*Scosalpha”;
85 aepisinalpha #icalc "Saepi*Ssinalpha”;
86 maepisinalpha #calc "-Saepisinalpha”™;
87
88 amlcosalpha #calc "Saml*Scosalpha™;
89 amlsinalpha #calc "Saml*Ssinalpha™;
90 mamlsinalpha #calc "-Samlsinalpha™;
21
92 alepocosalpha #calc "Salepo*Scosalpha”™;
93 aleposinalpha #calc "Salepo*Ssinalpha™;
94 maleposinalpha #calc "-Saleposinalpha’;
95 alcosalpha #calc "Sal*Scosalpha™;
96 alsinalpha #calc "Sal*Ssinalpha™;
97 malsinalpha #calc "-Sailsinalpha™;
98
99 acosbeta #calec "Sa*Scosbeta”;
100 asinbeta #calc "Sa*ssinbeta”;
101 masinbeta #calc "-%asinbeta”;
102
103 aepicosbetal #calc "Saepi*Scosbetal";
104 aepisinbetail #calc "Saepi*Ssinbetal”;
1085 maepisinbetal #calc "-Saepisinbetal”™;
106
107 amlcosbeta2 #calc "Saml*5cosbetaz™;
108 amlsinbetaz #calc "Saml*$sinbetaz”;
189 mamlsinbetaz #calc "-Samlsinbetaz2™;
110
111 alepocosbeta3 #calc "Salepo*Scosbeta3”™;
112 aleposinbeta3 #calec "Salepo*Ssinbeta3i”;
113 maleposinbeta3 #calc "-Saleposinbeta3’;
114
115 alcosbetad #calc "Sal*Scosbetad4™;
116 alsinbeta4 #calc "Sal*Ssinbetad4™;
117 malsinbeta4 #calc "-Salsinbeta4™;
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119 sinbetaf #calc "si
120 cosbetaf #calc "co
121 sinbetalf #calc "si
122 cosbetailf #icalc "co
123 sinbetaz2f #cale "si
124 cosbetazf #tcalc "co
125 sinbeta3f #calc "si
126 cosbeta3f #tcale "co
127 sinbeta4f #calc "si
128 cosbeta4af #tcale "co

130 acosbetaf #calc
131 asinbetaf #calc
132 masinbetaf #calc
Fl=i=]

134 aepicosbetalf #calc
135 aepisinbetalf #calc
136 maepisinbetalf #calc

138 amlcosbeta2f #calc
139 amlsinbetazf #calc
140 mamlsinbetazf #calc

142 alepocosbeta3f #calc
143 aleposinbeta3f #calc
144 maleposinbeta3f #calc

146 alcosbetaaf #calc
147 alsinbeta4f #calc
148 malsinbeta4f #calc
149 //

150 N11  12;
151 pcliil
152 pccelllu 0

153 Rx1il 5;

154 inRx1i1 0.2;

155 pclii2 #calc
156 pccellii2 #calc
157 Rx1i2 #calc
158

159 N1lo 8;
160 pcliol
161 pccelllol 0
162 Rxlol 4;

163 inRx1lol 0.25;

164 pclio2 #calc
165 pccellio2 #calc
166 Rx102 #calc
167

168 N2 46;

169 pcl2l  0.4;
170 pccell2l 0.5;
171 Rx21 8;

172 inRx21 0.125;

173 pcl22 #calc
174 pccell22 #calc
175 Rx22 0.5;
176 inRx22 2;
177

178 N3 40;
179 pcl31  ©o.
180 pccell3l 0.
181 Rx31 5;

182 inRx31 0.2;

]

@

183 pcl32 #calc
184 pccell32 #calc
185 Rx32 #calc
186

187 N4 40;
188 pcl4l 0.1;
189 pccelldl o.
190 Rx41 10;

191 pcl42 i]

192 pccelld42 0.25;

193 Rx42 1;

194 pcl43 #calc "1.0-
195 pccelld3 #calc "1.0-

196 Rx43 0.4;
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e owe

J//sinbeta=Ssin(beta):

[/ /cosbeta=Cos(beta);

//sinbetal=sin(betal);
J//cosbetal=Cos(betal);
J//sinbetaz=sin(betaz);
J//cosbetaz=Cos(betaz);
/fsinbeta3=Sin(beta3);
//cosbeta3=Cos(beta3);
J/sinbetad4=Sin(beta4);

Al

198 N5 58;

199 pcl51  0.2;
200 pccell5s1 0.2
201 Rx51 1. ﬁ'
202 pcl52 75;
203 pccellsz 0.6;
204 Rx52 1;

205 pcl53 )
206 pccells3 #calc "1.0-5pcc
207 Rx53 0.05;

208

209 Néo 12;

210 Rx601 10}

211 pcléol  0.8;
212 pccelléol 0.6;
213 Rx602 0.6;

214 pcléo2  #calc -Spcléo
215 pccelléo2 #calc "1.0-Spccell
216

217 N6l 30;

218 pcleil  0.8;

219 pccelléil 0.6;

220 Rx611 1.5;

222 pclei2 #calc
223 pccelléiz #calc
224 Rx612 0.1;

225

226 Ng 22

227 pclgl  0.5;

228 pccellgl 0.5;

229 Rxgl 5;

230 inRxgl 0.2;

231 pclg2 #calc "1.0-
232 pceellg2 #calc "1.0
233 Rxg2 #calc 51
234

235Nj 263
236 pcljl
237 pccelljl 0.5;
238 Rxj1 5;

239 inRxj1 0.2;
240 pclj2

241 pccellj2

242 Rxj2 inR
243 [ ceee e
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=
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244

245 vertices

246 (

247 [fCreate points at z = h2

248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
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290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317 );

(Sacosalpha Sasinalpha $h2)
(Sacosalpha Smasinalpha $h2)
(Saepicosalpha Saepisinalpha $h2)
(Saepicosalpha Smaepisinalpha $h2)
(Samlcosalpha $Samlsinalpha $h2)
(Samlcosalpha $mamlsinalpha $h2)

(Salepocosalpha Saleposinalpha $h2)

(Salepocosalpha $maleposinalpha $h2)

(Salcosalpha Salsinalpha $h2)
(Salcosalpha Smalsinalpha $h2)

(Sacosbeta Sasinbeta Sh2)
(Sacosbeta $masinbeta $h2)
(Saepicosbetal Saepisinbetal S$h2)
(Saepicosbetal Smaepisinbetal $h2)
(Samlcosbeta2 $Samlsinbeta2 $h2)
(Samlcosbeta2 Smamlsinbeta2 $h2)
(Salepocosbeta3 Saleposinbeta3 $h2)

(Salepocosbeta3 Smaleposinbeta3 $h2)

(Salcosbetad4 Salsinbetad S$h2)
(Salcosbetad4 Smalsinbetad4 $h2)

(Sacosalpha Sasinalpha $hi)
(Sacosalpha Smasinalpha Shi)
(Saepicosalpha Saepisinalpha Shi)
(Saepicosalpha Smaepisinalpha $hi)
(Samlcosalpha $amlsinalpha $hi)
(Samlcosalpha S$mamlsinalpha Shi)
(Salepocosalpha Saleposinalpha $hi)

(Salepocosalpha $maleposinalpha $hi)

(Salcosalpha Salsinalpha $Shi)
(Salcosalpha Smaisinalpha $hi)

(Sacosbeta Sasinbeta Shi)
(Sacosbeta $masinbeta $hi)
(Saepicosbetal Saepisinbetal Shi)
(Saepicosbetal Smaepisinbetal $hi)
(Samlcosbeta2 $Samlsinbeta2 $hi)
(Samlcosbeta2 Smamlsinbeta2 Shi)
(Salepocosbeta3 Saleposinbeta3 $hi)

(Salepocosbeta3 Smaleposinbeta3 $hi)

(Salcosbetad4 Salsinbetad Shi)
(Salcosbetad4 Smalsinbetad4 Shi)

(Salepocosalpha $aleposinalpha $h3)

(Salepocosalpha $maleposinalpha $h3)

(Salcosalpha Sailsinalpha $h3)
(Salcosalpha $malsinalpha $h3)
(Salepocosbeta3 Saleposinbeta3 S$h3)

(Salepocosbeta3 Smaleposinbeta3 $h3)

(Salcosbetad4 Salsinbeta4 Sh3)
(Salcosbetad4 Smailsinbetad Sh3)

(Sacosalpha Sasinalpha 0)
(Sacosalpha Smasinalpha 0)
(Saepicosalpha Saepisinalpha o)
(Saepicosalpha Smaepisinalpha @)
(Sacosbeta Sasinbeta o)
(Sacosbeta Smasinbeta 0)
(Saepicosbetal Saepisinbetal ©)
(Saepicosbetal S$maepisinbetal )

(Sacosbeta Sasinbeta $hj)
(Sacosbeta $masinbeta $hj)
(Saepicosbetal Saepisinbetal $hj)
(Saepicosbetal $maepisinbetal $hj)
(Samlcosbeta2 Samlsinbeta2 $hj)
(Samlcosbeta2 $mamlsinbeta2 Shj)

J//8 left on Circle outer radius a

// right on Circle outer radius a

//2 1left on Circle outer radius a+epi
// right on Circle outer radius a+epi
//4 left on Circle outer radius a-1
// right on Circle outer radius a-1

outer
outer
outer
outer

Circle
Circle
Circle
Circle

//6 left on
[/ right on
//8 left on
// right on

radius al+epo
radius al+epo
radius a1l
radius al

//10
1/
/112
1/
/714
1/
//16
1/
//18
1/

//20 left on Circle outer radius a

J/ right on Circle outer radius a

//22 left on Circle outer radius a+epi
// right on Circle outer radius a+epi
//24 1left on Circle outer radius a-1

J/ right on Circle outer radius a-1
//26 left on Circle outer radius al+epo
// right on Circle outer radius al+epo
//28 left on Circle outer radius al

// right on Circle outer radius ail

/730
1/
/132
1/
/734
1/
/736
1/
/738
/739

//40 1left on Circle outer radius al+epo
// right on Circle outer radius al+epo
//42 1left on Circle outer radius al

// right on Circle outer radius al

/44

/1

/ /46

/1

//48 left on Circle outer radius a

// right on Circle outer radius a

//50 1left on Circle outer radius a+epi
// right on Circle outer radius a+epil
/152

11

/ /54

11

/156



318

319 blocks

320 (

321 //block inlet

322 hex (49 51 55 53 21 23 33 31) (SN1i SN2 $N61) //blocke R
323 simpleGradin

324 (

325 ((Spcliil Spccelliil SRx1i1) (Spclii2 Spccellii2 S$Rx1i2))
326 ((Spcl22 Spccell22 S$inRx22) (Spcl2i Spccell2l $inRx21))
327 ((spcleil Spccelleil SRx611) (Spcleiz2 Spccelléiz SRx6i2))
328 )

329

330 hex (53 55 54 52 31 33 32 30) (SN1L SN3 $N61) //block1
331 simpleGrading

332 (

333 ((Spcliil Spccelliil $Rx1il) (Spclii2 Spccellii2 $Rx1i2))
334 ((Spcl31 Spccell31 $Rx31) (Spcl32 Spccell32 SRx32))

335 ((Spcléil Spccelléil SRx611) (Spclei2 Spccelléiz SRx612))
336 )

Sz

338 hex (52 54 50 48 30 32 22 20) (S$N11 SN2 S$N61) //block2 L
339 simpleGradin

340 (

341 ((spcliil Spccelliil $Rx1i1) (Spclii2 Spccellii2 $Rx1i2))
342 ((Spcl21 Spccell2l SRx21) (Spcl22 Spccell22 $Rx22))

343 ((Spcleil Speccelleil SRx611) (Spclei2 Spccellsi2 SRx612))
344 )

345

346 //block ga

347 hex (21 23 23 31 1 3 13 11) (SNI1 SN2 SNg) //block3 R

348 simpleGrading

349 (

350 ((Spcliil Spccelliil S$Rx1il) (Spclii2 Spccellii2 $Rx1i2))

351 ((Spcl22 Spccell22 $inRx22) (Spcl2l Spccell2l $inRx21))

352 ((Spclgl Spccellgl S$Rxgl) (Spclg2 Spccellg? $Rxg2))

353 )

354

355 hex (31 33 32 30 11 13 12 10) (SN1i $N3 $Ng) //block4

356 simpleGrading

357

358 ((Spcli1il Spccelllil SRx1i1) (Spclii2 Spccellii2 $Rx1i2))

359 ((Spcl31 Spccell31l SRx31) (Spcl32 Spccell32 $Rx32))

360 ((Spclgl Spccellgl S$Rxgl) (Spclg2 Spccellg2 $Rxg2))

361 )

362

363 hex (30 32 22 20 10 12 2 0) ($SNIL SN2 $Ng) //blocks L

364 simpleGrading

365 (

366 ((Spcl1il Spccelliil $Rx1i1) (S$pclii2 Spccellii2 SRx1i2))

367 ((Spcl21 Spccell2l SRx21) (Spcl22 Spccell22 SRx22))

368 ((Spclgl Spccellgl SRxgl) (Spclg2 Spccellg? SRxg2))

369 )

370

371

372 hex (25 21 31 35 5 1 11 15) (SN5 SN2 SNg) //blocké R

373 simpleGrading

374

375 ((Spcl51 Spccell51 SRx51) (Spcl52 Spccell52 $Rx52) (S$pcl53 $pccell53 $Rx53))
376 ((Spcl22 Spccell22 SinRx22) (Spcl2l Spccell2l SinRx21))

377 ((Spclgl Spccellgl $Rxgl) (Spclg2 Spccellg2 $Rxg2))

378 )

379

380 hex (35 31 38 34 15 11 18 14) (SN5 SN3 SNg) //block?

381 simpleGrading

382 (

383 ((5pcl51 Spccell51 $Rx51) (Spcl52 Spccell52 $Rx52) (Spcl53 Spccell53 $Rx53))
384 ((5pcl31 Spccell31l S$Rx31) (Spcl32 Spccell32 $Rx32))

385 ((Spclgl Spccellgl SRxgl) (Spclg2 Spccellgz $Rxg2))

386 )

387

388 hex (34 30 20 24 14 10 6 4) (SN5 $N2 $Ng) //blocks L

389 simpleGrading

390 (

391 ((Spcl51 Spccell51 $Rx51) (Spcl52 Spccell52 $Rx52) ($pcl53 Spccell53 $Rx53))
392 ((Spcl21 Spccell2l S$Rx21) (Spcl22 Spccell22 $Rx22))

393 ((5pclgl Spccellgl SRxgl) (Spclg2 Spccellg? S$Rxg2))

394 )
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395

396

397 hex (27 25 35 37 7 5 15 17) (5$N4 SN2 $Ng) //blocks R
398 simpleGrading

399 (

400 ((Spcl4l Spccelldl SRx41) (Spcl4z Spccelld42 SRx42) (Spcl43 Spccelld3 SRx43))
401 ((Spcl2z Spccell22 $inRx22) (S$pcl2l $pccell2l $inRx21))
402 ((Spclgl Spccellgl SRxgl) (Spclg2 Spccellg2 SRxg2))

403

404 ’

485 hex (3 34 36 17 15 14 16) (SN4 SN3 SNg) //block1e
406 simpleGrading

407

408 ((Spcl41l Spccelldl SRx41) (Spcl4z2 Spccelld42 SRx42) (Spcl4d3 Spccelld3 $Rx43))
409 ((Spcl31 Spccell3l S$SRx31) (Spcl32 S$pccell32 $SRx32))

410 ((Spclgl Spccellgl SRxgl) (Spclg2 Spccellg2 SRxg2))

411

412 ’

413 hex (36 34 24 26 16 14 4 6) ($N4 $N2 $Ng) //block1l L
414 simpleGrading

415

416 ((Spcl41 Spccelldl SRx41) (Spcl42 Spccelld42 SRx42) (Spcl43 Spccelld43 SRx43))
417 ((Spcl21l Spccell2l $SRx21) (Spcl22 Spccell22 $Rx22))

418 ((Spclgl Spccellgl $Rxgl) (Spclg2 Spccellg2 SRxg2))

419

420 ’

421 739 9 7 17 19) ($Nlo $N2 S$Ng) //block12 R
422 simpleGrading

423 4

424 ((Spcliol Spccelllol SRx1lo1l) (Spclile2 Spccelllo2 SRx102))
425 ((Spcl2z S$pccell22 $inRx22) ($pcl2l $pccell2l $inRx21))
426 ((Spclgl Spccellgl S$SRxgl) (Spclg2 Spccellg2 SRxg2))

427

428 !

429 hex (32 6 38 15 17 16 18) ($Nlo $N3 $Ng) //block13
430 simpleGrading

431

432 ((Spcliol Spccelllol SRx1lo1l) (Spclile2 Spccelllo2 SRx102))
433 ((Spcl31 Spccell3l SRx31) (Spcl32 Spccell32 SRx32))

434 ((Spclgl Spccellgl SRxgl) (Spclg2 Spccellg2 SRxg2))

435

436 ’

437 hex (32 36 26 28 12 16 6 3) ($Nlo $N2 $Ng) //block14 L
438 simpleGrading

439

440 ((Spcliol S$pccelllol SRx1lo1l) (Spclile2 Spccelllo2 S$Rx1o2))
441 ((Spcl21 Spccell2l SRx21) (Spcl22 Spccell22 SRx22))

442 ((Spclgl Spccellgl S$SRxgl) (Spclg2 Spccellg2 SRxg2))

443

444 !

445 [/block outlet

446 hex (2 7 17 19 43 41 45 47) ($N1lo SN2 $N6o) //blockis R
447 simpleGrading

448 (

449 ((Spcliol Spccelliol SRxlol) (Spclio2 Spccelllo2 $Rx1o2))
450 ((spcl22 Specell22 $inRx22) (Spcl2l Speccell2l $inmRx21))
451 ((Spcléo2 Spccelléo2 SRx601) (Spcléol Spccelléol $Rx602))
452 )

453

454 hex (19 17 16 18 47 45 44 46) (S$N1o S$N3 SN60) //blockie
455 simpleGrading

456 (

457 ((Spcliol Spccelliol SRx1o1l) (Spclio2 Spccellio2 $Rx1o02))
458 ((Spcl31 Spccell3l $Rx31) (Spcl32 Spccell32 SRx32))

459 ((Spcleo2 Spcecelléo2 SRx601) (Spcléol Spccelléol $Rx602))
460

461

462 hex (18 16 6 8 46 44 40 42) (SNlo SN2 $N6o) //block17 L
463 simpleGrading

464 (

465 ((Spcliol Spccelliol SRxlol) (Spclio2 Spccelllo2 $Rx1o2))
466 ((spclal Speccell2l $Rx21) (Spcl22 Spccell22 $Rx22))

467 ((Spcleo2 Spccelléo2 SRx601) (Spcléol Spccell6ol $Rx602))
468 )

469

470 //block groove

471 hex (11 13 12 16 57 59 58 55) (SN1i $N3 SNj) //blockis
472 simpleGrading

473 (

474 ((Spcliil Spccelliil SRx1i1) (Spclii2 Spccellii2 $Rx1i2))
475 ((Spcl31 Speccell3l $Rx31) (Spcl32 Spccell32 $Rx32))

476 ((Spclj1l Spccelljl $Rxj1) (Spclj2 Spccellj2 SRxj2))

477

478

479 hex (15 11 10 14 61 57 56 608) (SN5 SN3 S$Nj) //block19
480 simpleGrading

481 (

482 ((Spcl51 Speccells5l $Rx51) (Spcls2 Spcecells2 SRx52) (Spels53 Specells3 $Rx53))
483 ((5pcl31 Spccell3l $Rx31) (Spcl32 Spccell32 SRx32))

484 ((Spelj1l Specelljl $Rxj1) (Spcljz Spccellj2 SRxj2))

485 )

486

487);

488
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489 edges

490 (
491
492
493
494
495
496
497
498
499
560
561
562
503
564
505
566
567
568
569
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539

arc 49 53

53(Sacosbetaf $masinbetaf o)

g

arc Ef 52(%a 0 0)
arc 52 48(%acosbetaf Sasinbetaf o)

i(
(
(
arc 51 55(%aepicosbetaif Smaepisinbetaif o)
(
(

yl

Saepl 0 0)
Saepicosbetalf Saepisinbetalf o)

c
arc 55 5
-

arc -4 ot

arc 29 39(Salcosbetadf Smaisinbetadf Shi)
39 38(5al 0 $hi)
arc 3¢ 28(Salcosbetadf Salsinbetadf Shi)

arc 27 37(%alepocosbeta3f $maleposinbeta3f $hi)
37 36(%atlepo 0 $hi)
arc 36 26(%alepocosbeta3f Saleposinbeta3f Shi)

arc 25 35(Samlcosbeta2f $mamlsinbeta2f Shi)
35 34(Saml 0 Shi)
24(Samlcosbeta2f $amlsinbeta2f $hi)

arc 21 21(%acosbetaf $masinbetaf $hi)
31 30(%a 0 Shi)
0($acosbetaf Sasinbetaf $hi)

arc 22 33(Saepicosbetalf $maepisinbetaif Shi)
33 22(%aepi 0 $hi)
arc 32 22(%aepicosbetalf Saepisinbetaif $hi)

arc 9 19(%alcosbetadf Smailsinbetadf $h2)
arc 19 18(%a1 0 $h2)
arc 18 8(%alcosbetadf Saisinbetasf $h2)

arc 7 17(%alepocosbeta3f Smaleposinbeta3df $h2)
arc 17 16(Salepo 0 Sh2)
arc 16 o(Salepocosbeta3f Saleposinbeta3f $h2)

arc 5 15(%amlcosbeta2f $mamlsinbeta2f $h2)
arc 15 14(%aml 0 $h2)
arc 14 4(%amlcosbeta2f Samlsinbeta2f $h2)

arc 1 11(Sacosbetaf Smasinbetaf $h2)
arc 11 10(%a 0 $h2)
arc 16 0(%acosbetaf Sasinbetaf $h2)

arc 3 13(%aepicosbetalf Smaepisinbetalf $h2)

arc 12 12(Saepi o $h2)
arc 12 2(Saepicosbetalf Saepisinbetaif §h2)
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540
541 arc 43 47(Salcosbetasf $malsinbetadf $h3)
542 arc 47 46(Sal 0 $h3)

543 arc 46 42(Salcosbetadf Salsinbetadf $h3)
544

545 arc 41 45(Salepocosbetadf $maleposinbeta3f Sh3)
546 arc 45 44($alepo O Sh3)

547 arc 44 40(Salepocoshetadf $aleposinbetadf $h3)
548

549

550 arc 61 60(Saml 0 Shj)

551  arc 57 56(%a 0 Shj)

552 arc 59 58(Saepl o $hj)

553 );

554 boundary

555 (

556 wallStator

557 {

558 type wall;

559 faces

560 (
561

562

563

564

565

566

567

568

569

570

5711

572

573

574

575

576

577

578

579

580

581

582

583

584

585 )
586}




587 wallRotor 632 side1l

:gg gzz:au; 634 type cyclic; ‘
635 neighbourPatch sidez;
:3; ( (49 21 31 53) 636 Faces
=2 (53 31 30 52) g:; ( (49 51 23 21)
= (o 5105 22 G
596 (39 19 18 38) 641 (27 25 5 7)
597 (38 18 8 28) 642 (29 27 7 9)
598 (9 43 47 19) 643 (o 7 41 43)
599 (19 47 46 18) .
600 (18 46 42 8) 23‘5‘ )
gg; 5;; :: ;: :8 646 transform ‘rotational;
663 (36 38 28 26) 647 rotationAxis (o 0 1);
604 (25 27 37 35) 648 rotationCentre (o 0 0);. o
605 (35 37 36 34) g;z rotationAngle #calc "Smrotfngle”;
606 (34 36 26 24)
607 (21 25 35 31) 651 iy
608 (31 35 34 30) 652 side2
609 (30 34 24 20) 653 { )
610 ); 654 type cyclic;
611 } 655 neighbourPatch sidei;
612  outlet 656 faces
613 { 657 (
615 faces 659 (20 0 2 22)
616 ( 660 (24 4 0 20)
617 (41 45 47 43) 661 (26 6 4 24)
618 (45 44 46 47) 662 (28 8 6 26)
619 (44 40 42 46) 663 (8 42 40 6)
620 ); 664 );
621 } 665 transform rotational;
622 inlet 666 rotationAxis (& o 1);
623 { 667 rotationCentre (0 0 0);
624 type patch; 668 rotationAngle #calc "SrotAngle”;
625 faces 669
626 ( 670 }
627 (51 49 53 55) 671 );
628 (55 53 52 54) 672 mergePatchPairs
629 (54 52 48 50) 673 (
630 )s 674 );
631 } 6?5 "l"‘l' FEEEEETETTETT XX d ittt d

102



A.2. Pressure and Velocity

object u;
ObjECt p; } * % ¥ % % ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ % % ¥ ¥ ¥ * ¥ * *
} /1
J xE R R EE R AR E KA E XX EF Yimensions [01-10000];
dimensions [62-20000]; internalField wniform (0 0 0);
internalField uniform 0; ?OU“dEFVF191d
boundaryField ?allstator
{ type fixedValue;
wallstator value uniform (0 @ 0);
{ }
type zeroGradient; wallRotor
} { : :
wallRotor ’CW}E. r?t?t}ngwalweloaty,
{ origin (0 0 0);
. axis (0 0 1);
type zeroGradient; omega constant 78.5
1 value uniform (0 0 0);
outlet }
{ outlet
type fixedvalue; { - .
value uniform 0; type tnletOutlet;
inletvalue uniform (0 @ ¢
:_} value uniform (0
inlet }
{ inlet
type zeroGradient; {
1 type flowRateInletVelocity;
sidel volumetricFlowR..ate constant ©;
{ extrapolateProfile 0;
type cvelic: value uniform (0 0 0);
yp y H }
1 sidel
side2 {
{ type cyclic;
type cyclic; 1
1 side2
} {
type cyclic;
}
}
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A.3. k, nut, and omega

object k; object omega;

JI ¥ % % %k ok ko k kR ok kK K K K K K K K Kk X ok k& k& ok k [f K K K K Kk ok kX Kk K K K K K K KK X K K K K KKK Kk

dimensions [0 2 -2 dimensions [0 0 -1
internalField uniform ©.147; internalField uniform 2
boundaryField boundaryField
{ {
wallstator wallstator
{ {
type kqRWallFunction; type omegaWallFunction;
value uniform o; value uniform zoooe;
}
wallRotor wallRotor
type kqRWallFunction: type omegakallFunction;
value uniform o; value uniform 2 0;
}
outlet outlet
{
type zeroGradient; type zeroGradient;
inlet inlet
{
type turbulentIntensityKineticEnergyInlet; type turbulentMixinglLengthFrequencyInlet;
intensity ¢ H mixingLength e-05;
value uniform 0.147; value uniform 20000;
¥ }
side1 sidel
{ . {
type cyclic; type cyclic;
}
side2 side2
{ ) {
type cyclic; type cyclic;
Y }

object nut;

3

S F w ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok k%

dimensions [e 2 -1 ©

internalField uniform

boundaryField

€
wallstator
£
type nutkWallFunction:;
value uniform o3
wallRotor
type nutkWallFunction;
value uniform o3
coutlet
type calculated:
value uniform o3
inlet
type calculated;
value uniform 7.2
b
sidel
type cyclic:
side2
{
type cyclic;
3
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A.4. RAS Properties and Turbulence Properties

object turbulenceProperties;

b

Illflllf * * % * * % * % * * % * % * * % % 9

simulationType RAS: object transportProperties;

}
RAS /]
{ transportModel Newtonian;
RASModel kOmegasSsT;
nu [e2-18808 8] 1.02e-06;
turbulence on;
printCoeffs on;
1
A.5. ControlDict
object cohtrulDict;
}
lIlI' JlI' * * * * * * * * * * * * *
application simpleFoam;
startFrom startTime;
startTime a;
stophAt endTime;
endTime 2000;
deltaT 1;
writeControl timestep;
writeInterval 100;
purgelrite 8;
writeFormat ascii;

writePrecision &;
writeCompression off;
timeFormat general;
timePrecision 6;

runTimeModifiable true;
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A.6. fvSchemes

object fvschemes;
}
,l‘l!lll E -* kS kS E -* kS kS E -* kS kS E -* kS kS E -* kS kS E -* kS kS E -* kS
ddtSchemes
{
default steadyState;
}
gradSchemes
{
default cellLimited Gauss linear 1:
limited cellLimited Gauss linear 1:
grad(u) Slimited;
grad(k) slimited;
grad(omega) Slimited;
}
divSchemes
{
default none;
div(phi,U) bounded Gauss linearUpwindV grad(U);
turbulence bounded Gauss linearUpwind limited;
div(phi,bk) Sturbulence;

div(phi,omega) Sturbulence;
div((nuEff*dev2(T(grad(u))))) Gauss linear;

}
laplacianSchemes
{
default Gauss linear corrected;
}
interpolationSchemes
{
default linear;
}
snGradschemes
{
default corrected;
}
wallDist
{
method meshWave:
}
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A.7. fvSolution

object fvsolution:
1}'******************&
solvers
{
p
{
solver GAMG;
smoother GaussSeidel;
tolerance le-6;
relTol @.1;
}
(U|k|omega)
{
solver smoothSolver:
smoother symGaussSeidel;
tolerance le-6;
relTol 8.1:
}
}
SIMPLE
{
nNonOrthogonalCorrectors o;
consistent yes;
residualControl
{
U le-7;
p le-7;
(k|omega) le-7;
}
}
relaxationFactors
{
equations
{
U 0.95;
(k|omega)" ©.95;
}
}
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A.8. decomposePar

object decomposeParDict;

f}f‘****************

numberofsubdomains o;

method scotch;

| sidel

' {

| type

! inGroups

[ nFaces
startFace
matchTolerance
neighbourPatch
transformType
rotationAxis

| rotationCentre

| rotationAngle

= 1

! side2

' {
type
inGroups
nFaces
startFace

- matchTolerance

| neighbourPatch

| transformType

| rotationAxis

. rotationCentre

[ rotationAngle

cyclic;
List<word> 1(cyclic);

23 ®

side2:
rotational;
(0 0 1);

(I:_:: G |\_);

g

cyclic;
List<word> 1(cyclic);

rotational;
(00 1);
(.;-; 0 8);

Ay -

o r
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B.1. The radial pressure distributions in three different gaps

0 0.2 0.4 0.5 %08 1.0 0 0.2 0.4 nekoa 1.0 ®
0 T Y - . o 0 0.2 0.4 0.6 0.8 1.0
| { . 5 = 00143 5 = 0.0050
Theory Re = 1.73x10% Re = 1 73210%
1~ (Non-interf.) o7 e . 8.1 s
o009
S -0.2
z
t A
0.3

Theary

Re = 1,73x10%
/ § = 0.0556

Interf.

——— -0.4
Cq Hon~interf. 7.
o o ”| Interf,
9 s | -0.00136 || I a5 i
v | -0.00305 ¢ 2 / I
q ) i Cq
a|-0.00512 | o
0 H -0.6 b 3 [ —
<[ -0.00717 A& 0.0014 / o]
| i -0. 9 } 8] -0.00151
v | -0.00309 ] | H v | -6.00308
a| -6.00520 -0.7 gl -e.00512[]
<I> —o.olona H ¢ -0.00720
-0.8 !
(a) S=00556. (h) S$=0.0113 (c) §=0.0050

Fig. 6 Radial pressure distribution in the inward through~flow case

Radial pressure distribution for 3 different
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