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SIMULATION OF CAVITATION ON MARINE PROPELLER
USING CFD

INTRODUCTION

Marine propeller researchers and designers have made numerous efforts to
reduce the effect of cavitation, which degrades propeller performance, erodes blade
surfaces, produces noise, and causes vibration on the ship hull. However, with
increasing demand for heavily loaded propellers, the occurrence of cavitation is
unavoidable nowadays. Therefore, the accurate prediction of cavitation is becoming

important in the design of propellers to get the good propeller efficiency.

Computational methods for cavitation have been studied for over two decades.
The methods can be largely categorized into two groups: single-phase modeling with
cavitation interface tracking, and multi-phase modeling with an embedded cavitation
interface. The former approach, i.e., single-phase modeling with cavitation interface
tracking, has been widely adopted for inviscid flow solution methods, such as
potential flow boundary element methods (1993) and Euler equation solvers (1994).
These methods have evolved significantly and many successful application results
have been presented, as reviewed in (Kinnas et al., 2002). Still in many cases they
require cumbersome iterative procedures and a considerable amount of preliminary
knowledge, such as cavity closure conditions. The latter approach, i.e., multi-phase
modeling with an embedded cavitation interface, can be adopted for more general
viscous flow solution methods, such as the Reynolds-averaged Navier-Stokes (RANS)
equation solvers. Recently, it has become popular within the cavitation research
community. This approach is more general for three-dimensional flows and it can
include the effect of turbulence within the mixture. The current work therefore
chooses the mixture multiphase model with the cavitation model of (Singhal et al.,

2002) to simulate the cavitation on a marine propeller.



In 2004 (Rhee et al., 2004) used the RANS k—w turbulence model to
simulate the cavitation on a marine propeller to predict the thrust and torque

coefficients. Later, Lifante and Frank (2008) used the £ — SST turbulence model

and the Reynolds-stress model (RSM) to simulate the same case as Rhee et al. They
found that their results were more accurate than the results from Rhee et al. Therefore,
it can be seen that the turbulence model plays an important role on the accuracy of the
flow simulation using computational fluid dynamics (CFD). The results from Lifante
and Frank are, however, not satisfactory enough. This is because the turbulence
models used in their simulation are based on the linear Reynolds-stress expression.
The conventional linear turbulence models that based on the linear Reynolds-stress
expression are known to have less accuracy then the nonlinear turbulence models that
based on the nonlinear Reynolds-stress expression especially for complex flow
problems. There are currently many nonlinear turbulence models in the literature, e.g.
(Nisizima and Yoshizawa, 1987; Speziale, 1987; Myong and Kasagi, 1990; Rubinstein
and Barton, 1990; Shih et al., 1993; Lien et al., 1996; Craft et al., 1996; Apsley and
Leschziner, 1998 and Abe et al., 2003). (Juntasaro et al., 2005) found that the
nonlinear turbulence model of Craft et al. was the most suitable for complex flow

problems.

The RANS nonlinear turbulence model becomes more popular in the last
decade. It has been applied to many complex flow problems successfully; for
examples, compressible flow through an S-shaped diffusing ducts (Juntasaro et al.,
2005), flow through a rotating square duct (Gururatana et al., 2006) and multiphase
recirculating free-surface flow over stepped spillways (Tongkratoke et al., 2009).
It can be seen from the literature that the nonlinear turbulence model has never been
applied to simulate the cavitation on a marine propeller before. Moreover, the model

constants have not been optimized for the cavitation prediction on a marine propeller.

Therefore, the linear turbulence models in the CFD software FLUENT are
modified in this work using the user-defined function (UDF) by replacing the linear
Reynolds-stress term with the nonlinear Reynolds-stress term. The constants in the

Craft et al.’s nonlinear turbulence model are also optimized with the experimental



data of (Boswell, 1971) using the MATLAB program. The performances of the
modified nonlinear and the Craft et al.’s nonlinear k-¢ turbulence models in
predicting the cavitation on a marine propeller are evaluated by comparing the
predicted thrust and torque coefficients with those predicted by the linear k-e&
turbulence models (standard (1877), RNG (1993) and realizable (1995)) combined
with the wall function equations (standard (1974), non-equilibrium (1995) and
enhanced (1993]), the linear k- turbulence models (standard (1998) and SST
(1994)) and the Reynolds-stress model (RSM) (1989).



OBJECTIVES

1. To predict thrust coefficient, torque coefficient and efficiency of propeller

1n this case non-cavitation for various advance ratios.

2. To apply the nonlinear turbulence model to simulation of cavitation on

marine propeller.

3. To evaluate the performance in predict thrust and torque coefficients of
various linear & -¢ turbulence models, the Reynolds-stress model (RSM), the Craft et
al.’s nonlinear k-¢ turbulence model and the modified nonlinear k-¢ turbulence

model at different cavitation numbers and advance ratios.



LITERATURE REVIEW

Cavitation of marine propeller is born fluid in area propeller has high speed
more than other area then make have the pressure lowers than vapor pressure and
other area cause boil at propeller. It boils of bubble very much on propeller. In bubble
have gas called nuclei when bubble burst will effect destruction and obstruct flow.
Moreover flow around propeller disturbed. Furthermore efficiency of propeller is
down and force is destruction of bubble cause pitting on propeller which cause

damaged of propeller.

Types of cavitation on marine propeller

Types of cavitation on marine propeller can be classified by the following

physical appearance as shown in Figure 1

Propalier hull vortex cavilation

Cloud cavitation

Shaat cavitatlon . P
. F P
: I

Tip vortex cavitatiaon

Bubbla cavilation Hub vortex cavitatian

Blada root cavitation

Figure 1 Types of cavitation on marine propeller



Tip and Hub vortex cavitation

The vortex types of cavitation with few exceptions occur at the blade tips
and hub of the propeller and they are generated from the core of these vortices where
the pressure is very low. When this pressure is lower than the vapor pressure, it occurs
vortex cavitation. The tip vortex cavitation is normally first observed some distance
behind the tips of the propeller blades which is said to be unattached but as the vortex
becomes stronger, either through higher blade loading or decreasing in o, it moves
towards the blade tip and ultimately becomes attached. The hub vortex is formed by
the combustion of individual vortices shed from each blade root and although
individually these vortices are unlikely to cavity, under the influence of a converging
propeller cone the combination of the blade root vortices has a high susceptibility to
cavity. When this occurs the resulting cavitation is normally very stable appearing
like a rope with strands corresponding to the number of blades of the propeller. This
type of cavitation may also harm the rudders behind the propeller causing erosion on

them.

Sheet cavitation

Sheet cavitation occurs when the pressure distribution has a strong adverse
pressure gradient and the flow separates from the blade surface. Sheet cavitation
initially becomes apparent at the leading edges of the propeller blades on the back
when the blade sections are working at positive angle of attack. Sheet cavity is
generally stable although there are cases where instability may occur. On commercial

propeller the sheet cavity gradually merges with the tip vortex.

Bubble cavitation

Bubble cavitation is primarily affected by the pressure distribution which
causes high suction pressure in the mid-chord region of the blade section. Thus the
combination of camber line and section thickness plays an important role on the

susceptibility of a propeller towards bubble cavitation. When the blade sections are



relatively thick and operate at a small angle of attack the bubble cavitation occur.

Bubble cavities collapse very violently so that this cavitation is noisy and erosive.

Root Cavitation

This type of cavitation may occur at the blade root and has the shape of a
wedge. The top of the wedge can be at the leading edge, but it can also start on the
blade itself. Root cavitation is related to the horse shoe vortex developed at root as
well as inclined shaft and wake shadow effect created by the shaft brackets, boss, etc.

It is commonly observed on controllable pitch propellers (CPP).

Propeller-Hull Vortex (PHV) Cavitation

A special form of cavitation reported in early 1970’s is the PHV cavitation.
This type of cavitation can be described as the arching of a cavitating vortex between
propeller tip and ship’s hull and it is pronounced for small tip clearance of the
propeller and hull. The PHV is considered to form due to turbulence and other flow
disturbances close to the hull, causing a rotation about the stagnation point, which is
accentuated away from the hull by the small radius of the control volume forming the

vortex. The factors leading to the formation of PHV cavitations are suggested

1. Low advance coefficient
2. Low tip clearance

3. Flat hull surfaces above the propellers

Unsteady Sheet (Cloud) Cavitation

Cloud cavitation is frequently found behind strongly developed steady sheet
cavities and generally in moderately separated flow in which small vortices from the
origins for small cavities. This type of cavitation appears as a mist or cloud of very

small bubbles and its presence should be taken seriously.



Governing Equations

Multiphase Models

Fluent (2006) Multiphase flow can be classified by the following regimes,

grouped into four categories as shown in Figure 1:

1. Gas-liquid or liquid-liquid flows (bubbly flow, droplet flow, slug flow and
stratified/free-surface flow)

2. Gas-solid flows (particle-laden flow, pneumatic transport and fluidized beds)

3. Liquid-solid flows (slurry flow, hydrotransport and sedimentation)

4. Three-phase flows

slug flow bubbly, droplet, or
particle-laden flow

stratified / free-surface flow preuma tic transport,
hydrotransport, or slurry flow

%

sedimentation fluidized bed

Figure 2 Multiphase flow regimes

Source: Fluent (2006)



Mixture model

The mixture model is designed for two or more phases (fluid or particulate).
As in the Eulerian model, the phases are treated as interpenetrating continua. The
mixture model can model n phases (fluid or particle) by solving the momentum,
continuity, the continuity equations for the secondary phases, and algebraic
expression for the relative velocities. Applications of the mixture model include
particle-laden flows with low loading, bubbly flows, sedimentation, and cyclone
separators. The mixture model can also be used without relative velocities for the

dispersed phases to model homogeneous multiphase flow.

The mixture model is a simplified multiphase model that can be used to model
multiphase flows where the phases move at different velocities, but assume local
equilibrium over short spatial length scales. The coupling between the phases should
be strong. It can also be used to model homogeneous multiphase flows with very

strong coupling and the phases moving at the same velocity.

continuity equation

P O D
6?+&AAMW) 0 (1)

where the density of mixture ( p, ) and the velocity of mixture (u,, ) are defined as

Pu= 2 0Py )

i O Pty 3)
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where a, and p, are the volume fraction and density of phase &, respectively. The
velocity of mixture (u,, ) represents the velocity of the mass centre of the mixture

flow.

momentum equation

a a aumi aum j 6pm ur’n iur’n j
pmum,ium,j) =N __p +_{ll’leﬁ [ & 5 \]}_ , - +pmg1 (4)

continuity equation for phase k

From the continuity equation for secondary phase k, the volume fraction

equation for secondary phase £ can be obtained

0 0 0
_(akpk)+g(akpk“m,i) - _g(akpkuMk) (5)

i i
relative velocity

Before solving the continuity equations (10) for phase & and the momentum

equations (9) for the mixture, the diffusion velocity (u,, ) has to be determined. The

diffusion velocity of a phase is usually caused by the density differences, resulting in
forces on the bubbles different from those on the fluid. The additional force is

balanced by the drag force.
Upg = Uy - )y — Uy (6)

where u,, is the slip velocity between air and water, defined as the velocity of air

relative to the velocity of water. Following (Manninen et al., 1996), u,, is defined as
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(pu-p )df{ Ou }
u, =~ STk e (V) - (7)
o 18/"%‘fdrag ( , ) ’

where u,, 1s the effective viscosity of mixture and d, is the diameter of the

particles (or bubbles) of secondary phase k. The bubble diameter used in the
simulation is 5 mm. Reasonable agreement with the experimental data of Cummings
and Chanson (1997) is obtained by using this bubble diameter value. The drag
function ( f,,,, ) is taken from Clift e al. (1978).

®)

e 1+0.15Re™®  Re< 1000
¢ 10.0182Re Re> 1000

Modeling Turbulence Flows

Fluent (2006) The most fundamental approach for the turbulence study is the
direct numerical simulation (DNS). The DNS solves the 3D Navier-Stokes equations
directly without using any turbulence model. The results from the DNS are the most
accurate when compared with the experimental data. However, the disadvantage of
the DNS is the need of the extremely high computing capacity and CPU time. The
DNS hence can be used only with a simple geometry and flows with low Reynolds
numbers. The considered in this work is Reynolds-averaged Navier-Stokes (RANS)
turbulence modeling. The RANS turbulence model is suitable for the engineering
problems. It has more advantage than the DNS in the sense that it requires less
computational time and computing power. The most popular RANS model is the

linear turbulence model.

In this work, various linear k-¢ turbulence models (standard (1972), RNG
(1993) and realizable (1995)) combined with the wall function equations (standard
[1974], non-equilibrium [1995] and enhanced [1993]), the linear £ — turbulence
models (standard [1998] and SST [1994]) and the Reynolds-stress model (RSM)
[1989] are employed.
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Reynolds-Averaged Navier-Stokes (RANS) turbulence models

RANS turbulence modeling can be classified into two groups: Eddy-Viscosity
Models (EVMs) and Reynolds-Stress Models (RSMs). EVMs are based on the
Boussinesq (1877) hyposthesis where the Reynolds stresses are proportional to the

rates of strain as follows

puUL; = K, {TI+_J]'_pk8ij )
| .

i

. . . 1754 ! N
where 4, is the eddy viscosity, k :Eu.ui is the kinetic energy of turbulence and §,

is the Kronecker delta (d, =/ if i=j and 9, =0 if i # j ).

standard k - ¢ turbulence model

Launder and Spalding (1972) proposed the standard k-¢ model that was a
semi-empirical model based on the model transport equations of the turbulent kinetic
energy (k) and its dissipation rate (¢). The £ equation was derived from the exact
equation and the & equation was obtained from the physical reasoning. In the
derivation of the k-& model, it was assumed that the flow was fully developed
turbulent, and the effects of molecular viscosity were negligible. Therefore, this
model is valid for only fully developed turbulent flows. The turbulent kinetic energy

(k) and the dissipation rate (&) equations are written as follows.

o o 0 ) ok
G (i) +Z(phu ) = 2| | p+ 2 | ZE 6 10
at (p ) axi (p ul) axj |:[lu ] :| k pg ( )

o, )Ox,

1

2 (pe) - (peu,) =

0 I | Oe € g
+—+|—|+C,—G,-C,p— 11
o ox l:[/i ] } 07 G -Cap (11)

o |\" o, )ox, k k
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modeling of eddy viscosity

The eddy viscosity g, is written as follows.

k2
H = pC,u? (12)

RNG k-¢ turbulence model

The RNG k-& model was derived from the instantaneous Navier-Stokes
equations, using a mathematical technique called “renormalization group” (RNG)
method. The model constants, additional terms and functions of the RNG k-¢ model
are different from the standard % - & model. The more description of RNG theory can
be found in Choudhury (1993).

%(pk)+a%(pkui)=6%{(ak#eﬁ)§—ﬂ+c;k-pa (13)
%(pgpa%(pgui)=£j{(a€ﬂeﬁ,)%}c€,%q-c;;pi (14)
e, e+ &P 'ﬁ;ﬂ'z/ ) (15)
n=Skje (16)
§=./25,S; (17)

. Ou,
2( ox;  Ox
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modeling of effective viscosity

The scale elimination procedure in RNG theory results in a differential

equation for turbulent viscosity. In high Reynolds number y«, ~ 1.

realizable k- ¢ turbulence model

0 0 0 u, | ok
—(pk)+—(pku,)=—I| | ut+—+|— |+ G, - pe 19
(ot (k) axﬂﬂ H ) (19
0 0 0 I | Oe g
—(pe)+—I(peu,)=—|| u+—+ |— |+ pC,Se- pC, ——=— 20
6t(p) axi (ID 1) 6)(], {[ﬂ O'sjﬁxj} p 1 p 2k+\/% ( )
n=Skje (21)
— -
C, max{0.43,;7+5} (22)
S=./25,S; (23)
- Ou,
s =4 ow (24)
o2\ ox; ox
modeling of eddy viscosity
k2
uIZpCﬂ? (25)
1
C#:W (26)
Ayt A5
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Q,=9,-2c,0, (27)
Q= Q.j €0, (28)
A =~/6cosp (29)
o= éCOS_I(\/gW) (30)
W= 548 xS (31)
S
ou,
s —Lleoh ) (32)
o2\ ox; ox

modeling turbulent production in the k - ¢ models

The term G, representing the production of turbulent kinetic energy, is

modeled identically for the standard, RNG, and realizable k-& models. From the

exact equation for the transport of &, this term may be defined as

G, =-puu, bl (33)

G, = 1,8’ (34)

S =./25;S; (35)
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near wall treatments

standard wall function

The standard wall function is based on the proposed of Launder and Spalding
(1972). This function used the principle of the law of the wall for the mean velocity in

the range of y* between 30 and 60. In the case of y~ less than 30, the relation

between the mean velocity and the position is considered as linear.

The law-of-the-wall for mean velocity yields

*

u =

x|~

In (Ey* ) (36)

y* | pc/i/4k]/2y
U

(37)

+ pury (38)

<
Il

where x is von Karman constant and equals 0.4187, E is empirical constant and

equals 9.793, k is the turbulent kinetic energy, y is distance from point to the wall,

u 1s dynamic viscosity and u_ is friction velocity.

non-equilibrium wall function

The non-equilibrium wall function is based on the law of the wall of Launder
and Spalding (1972) for mean velocity. Kim and Choudhury (1995) modified the wall
function into non-equilibrium by adding pressure-gradient effects. Moreover, the two-
layer-based concept was adopted to compute the budget of turbulent kinetic energy in

the wall neighboring cells.



17

The log-law for mean velocity sensitized to pressure gradients is

ﬁcl/4k1/2 C1/4k1/2
e B % In Eu (39)
T/p Iz
- ldp| Y,y w
U=u-——o r—=In| — |+ X % (40)
2 dx {p;c\/; [yv ] pr/;
where the viscous sublayer thickness ( y, ) is computed from
y =t (41)

7 if47.1)2
pCk

where y. = 11.225, x is von Karman constant and equals 0.4187, E is empirical
constant and equals 9.793, k is the turbulent kinetic energy, y is distance from point

to the wall and u is dynamic viscosity.

enhanced wall function

Enhanced wall treatment is a near-wall modeling method that combines a two-
layer model with enhanced wall function. The two-layer model considers the mean
velocity into laminar and turbulent. In the case of laminar, functions are solved as
linear relation. For the case of turbulent, functions are solve by using logarithmic.
Then combine both results and add blending function. These modifications become

enhanced wall function.

We achieve this by blending the linear (laminar) and the logarithmic

(turbulent) laws-of-the-wall using a function suggested by Kader (1993)

+_ I+ iyr, +
u =e ulam+e Z’lturb (42)



where the blending function is given by

Lt

) 1+by"

(43)

where a =0.01 and b = 5.

standard k - o turbulence model

18

The standard k£ —w model is an empirical model based on model transport

equations for the turbulence kinetic energy ( k) and the specific dissipation rate (),

which can also be thought of as the ratio of ¢ to k. The production terms have been

added to both £ and @ equations, which have improved the accuracy of the model

for predicting free shear flows. The turbulence kinetic energy, £ and the specific

dissipation rate, @ equations are written as follows.

0 0 0 ok
—(pk)+—(pku,)=— — |+G, -
al‘(p) 6xl.(p ul) ﬁxj (Fkﬁxj] r Yk
0

Modeling the Effective Diffusivity

The effective diffusivities for the k£ —w model are written as follows.

u
[=pH+—
Ok
Fw_l“""&
Oow

o« pk
oo

(44)

(45)

(46)

(47)

(48)
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SST standard k - 0 turbulence model

The shear-stress transport (SST) £ —w model was developed to effectively
blend the robust and accurate formulation of the &£ —®» model in the near-wall region
with the free-stream independence of the k-& model in the far field. To achieve this,
the k-& model is converted into a k—w formulation. The SST k—w model is
similar to the standard £ —w model, but includes the following refinements. The SST

k — o models are written as follows.

0 0 0 ok -

o)+ (phu V= | 1, 2 v, - 49
ot (p ) axi (p ul) Ox. {Fk ax1\] Gk Yk ( )
0 0 0 0w

SO ALl e SBNWG PR N 50
at (pa)) axi (pa)ul) 6)6]. {Fw 6x1\] w YW+DW ( )

Modeling the Effective Diffusivity

The effective diffusivities for the SST k& — o model are written as follows.

=t (51)
Ok
Fo= st (52)
Ow
pk 1
W= (53)

Reynolds Stress Model (RSM)

The Reynolds stress model (RSM) is the most elaborate turbulence model that
FLUENT provides. Abandoning the isotropic eddy-viscosity hypothesis, the RSM
closes the Reynolds-averaged Navier-Stokes equations by solving transport equations

for the Reynolds stresses, together with an equation for the dissipation rate. This
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means that five additional transport equations are required in 2D flows and seven

additional transport equations must be solved in 3D.

The exact transport equations for the transport of the Reynolds stresses, pul.’u;.

may be written as follows:

2+ o) 2 o a2 )|
Or iy an Uit an ik M i j an an M

Ay .
Local Time Derivative CijE Convevtion D= Turbulent Diffusion D jj=Molecular Diffusion

—Ou;, —— Oy ou' ou';
[ i r 1 VUi i o [ .
—p(uiuk—+ujuk —2u—- __2ka(ujum8ilqn+uium8jkm)

Oxx Oxx Ox Ox : : (54)
PiiE Stress Production &ij=Dissipation Fij; Production by System Rotation
Modeling Turbulent Diffusive Transport
Drij use a scalar turbulent diffusivity as follows
5 oulu’,
Dy == S (55)
Oxi|\ ok Ox
The turbulent viscosity, u, written as follows.
k2

#=pC, (56)

Where C# =0.09

nonlinear and modified nonlinear turbulence models

The Reynolds-stress expression in the nonlinear turbulence model of (Craft

et al., 1996) is written as
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= 2
puu; = -ka; _Epkaij (57)
where J; is the Kronecker delta (J, =7 if i=; and J,=0 if i#j) and g

(Reynolds stress anisotropy tensor) is written as

/A 1
+C (Sszjk _§Slekl§ij]

+C, % (0,8,+9,5,)

e
i( Qk,leé ] (58)
+C, (S,QQ +5,2,)S,
&
+C5 Iutk (‘Q ‘leSm] +S le'Qm] jSlQOniné ]
&’
Hk K
+C5 82 SijSkISk1+C7 E_QSij‘le‘le

where the eddy viscosity (g, ), the turbulent kinetic energy (k) and its rate of

dissipation (& ) are written as

k2
0 0 0 I | ok
—(pk)+—(pku. )=— +L | — |+G, -pe+E +E 60
e e o e o
0 0 0 &
5(p8)+§(pwi):§|:(ﬂ+g] :| JuCy G -1 sZpk+El+E2 (61)
; j e ) O
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u,
G, =-puu, —- (62)
where G, is production term of turbulent kinetic energy, (C,,, C,,, o,, o,) are model

constants, ( f,,, f.,) are damping functions, and ( £,, £, ) are extra terms (Launder and

Sharma, (1974)). The C, and the damping function ( f,) of Craft e al. (1996) are

written as
C - 0.3
H ~ ~\\1.5
1+0.35(max($,2))
(63)
-0.36
x| I-exp —
exp(—O. 75max(S,Q))
f, = 1-exp| -(Re,/90)"" - (Re,/400)' | (64)
where Re, is turbulent Reynolds number
2
Re, =Pk (65)
Ue
§=% 1/28,8, (66)
€
o=-% 12Q,9, (67)
€

ou. Ou,
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Ou Ou,
Q =|—-—L|-¢.Q 69
v £6xj 6xl.] bk (69)

The original model constants of Craft et al. and the modified model constants
in the present work are listed in Table 1. The modified constants are found using the
MATLAB program by optimizing the model constants with the experimental data of
(Boswell, 1971).



Table 1 Model constants of the modified nonlinear turbulence model for the cavitation prediction on a marine propeller

Type C] Cz G & (OF C6 G Cﬂ
0.3 -0.36
SESNVEES I-exp =~ ~
4 , , 1+0.35(max(S,Q)) exp(—O. 75max(S,Q))
Craft et al.'s nonlinear ~ -0.1 0.1 0.26 -10C, 0 -5C, 5C,
0.3 -0.36
= x| I-exp

sCe 1+0.35(max(§,fz))05 exl’('o' 75’”“’“(5@))

Modified nonlinear ~ -0.1  0.19 0.21 -10C, 0 5C b

144



25

Cavitation Models

Fluent (2006) It has the capability to account for multiphase (N-phase) flows
or flows with multiphase species transport, the effects of slip velocities between the
liquid and gaseous phases, and the thermal effects and compressibility of both liquid

and gas phases.
Vapor Mass Fraction and Vapor Transport

The working fluid is assumed to be a mixture of liquid, vapor and non-
condensable gases. Standard governing equations in the mixture model and the
mixture turbulence model describe the flow and account for the effects of turbulence.

A vapor transport governing equations the vapor mass fraction, f are written as

follows

%(pf)+V(p;vf):V(va)"‘Re"‘Rc (70)

Where p is the mixture density, y is the velocity vector of the vapor phase, vy is the
effective exchange coefficient, R, and R, are the vapor generation and condensation
rate terms (or phase change rates). The rate expressions are derived from the
Rayleigh- Plesset equations, and limiting bubble size considerations (interface surface
area per unit volume of vapor). These rates are functions of the instantaneous, local

static pressure are written as follows

When P< Py

2 -P
R.=C. Ven o0, (Psar—P)

o 3pl

(l—f) (71)

When P> P,y
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. 2(P-p
R.=C. V e o, ( sat)

o 3pl

f (72)

where the suffixes / and v are the liquid and vapor phases, },, is a characteristic

velocity, which is approximated by the local turbulence intensity, ¢ is the surface

tension coefficient of the liquid, Pg,; is the liquid saturation vapor pressure at the

given temperature, and C.,and C. are empirical constants. The default values are

C.=0.02 and C,=0.01.

Turbulence-Induced Pressure Fluctuations

The cavitation model accounts for the turbulence-induced pressure fluctuations

by simply raising the phase-change threshold pressure from Pgyt to

1
Pv=§(Psat+Pturb) (73)

Where Pyyrp=0.39pk

Effects of Non-condensable Gases

The operating liquid usually contains small finite amounts of non-condensable
gases (e.g., dissolved gases, aeration). Even a very small of non-condensable gases
can have significant effects on the cavitating flow field due to expansion at low
pressures. In the present approach, the working fluid is assumed to be a mixture of the
liquid phase and the gaseous phase, with the gaseous phase comprising of the liquid

vapor and the non-condensable gases. The p density of the mixture, p is calculated as

p:avpv+0‘gpg+(l—av—ag)pl (74)
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Where p;, p,, and p g are the densities of the liquid, the vapor, and the non-condensable
gases, respectively, and oy, a,,,and ¢ g are the respective volume fractions. The volume

fraction ¢; written as follows

ai=f2 (75)
P

Phase Change Rates

After accounting for the effects of turbulence-induced pressure fluctuations

and non-condensable gases, the final phase rate expressions are written as follows

When P<p,
Rezce%% 2(133;;13) gy (76)
When P>p,
Rf&%p;pv —2(1;;lpv)fv (77)
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Numerical Method

The computational fluid dynamics software FLUENT is employed in this
work. The calculation domain is divided into discrete control volumes by the
unstructured grid, which has a high flexibility to fit the complex geometry of the
propeller. The governing equations are discretized by using the finite volume method.
The pressure—velocity coupling is achieved through the SIMPLE algorithm. The
discretized equations are solved using pointwise Gauss-Seidel iterations. The
technique of moving reference frame is also employed. The grid-independent study is
made for all cavitation cases as presented in Table 2. Figure 3 shows the grid
divisions for the propeller at advance ratio, J = 0.5 and cavitation number, 6 =3. The
modified nonlinear and the Craft et al.’s nonlinear k-& turbulence models are

implemented separately in the FLUENT using the user-defined function.

The parallel performance is indicated by the parallel relative speed up, S,
given by S, =1 /tp where ¢, is the time required to solve the problem using p

processors and ¢ 1s the time required to solve the problem using a single processor.

The parallel relative speed up is approximately 21 using 64 numbers of processors.



Table 2 Grid sensitivity study for cavitation on marine propeller

Grid Independence (cells)

Cases  Cavitation numbers [c | Advance ratios [J |
SST k—w RSM Craft et al.' nonlinear Modified nonlinear
1 2 0.5 2,624,709 2,624,709 2,624,709 2,624,709
2 2 0.6 2,620,135 2,620,135 2,620,135 2,620,135
3 2 0.7 2,659,724 2,659,724 2,659,724 2,659,724
4 3 0.5 2,639,515 2,639,515 2,639,515 2,639,515
5 3 0.6 2,598,372 2,598,372 2,598,372 2,598,372
6 3.5 0.7 2,683,613 2,683,613 2,683,613 2,683,613
7 5 0.5 2,589,341 2,589,341 2,589,341 2,589,341
8 5 0.6 2,714,925 2,714,925 2,714,925 2,714,925
9 5 0.7 2,673,278 2,673,278 2,673,278 2,673,278

6¢C



Figure 3 Grid divisions for the propeller at advance ratio J = 0.5

and cavitation number ¢ =3

30
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1. Settings for simulation of cavitation on marine propeller

1.1 The linear turbulence model approach

The numerical simulation settings for simulation of cavitation on

marine propeller for the linear turbulence model approach are shown in Tables 3 to 13

Table 3 Model settings for the linear £ —® turbulence model approach

Model Settings
DTMB 4382 3D
Time Steady
Multiphase Mixture
Viscous k—o SST turbulence model
Materials Water-liquid , Water-vapor
Phase Interaction Cavitation

Table 4 Types of the boundary conditions in each zone for the linear & —

turbulence model approach

Name Types
Blade Wall
Hub Wall
Inlet Pressure-Inlet
Outlet Presure-Outlet
Volume in Fluid

Volume out Fluid




32

Table S Setup conditions for the linear £ —® turbulence model approach

Rotation-Axis
Name Types Phase =~ Wall Motion Motion

Direction
Blade Wall Mixture Moving Wall  Rotational X=1, Y=0,Z=0
Hub Wall Mixture Moving Wall  Rotational X=1, Y=0,Z=0

Table 6 Setup motion type for the linear k£ —® turbulence model approach

) ) Rotational
Rotation-Axis ] .
Name Types Phase F.3 Motion Type Velocity Speed
Direction

(rpm)

Volume in Fluid Mixture  X=1, Y=0, Z=0 Moving 1,200
Reference Frame

Volume_out Fluid Mixture  X=1, Y=0, Z=0 - -

Table 7 Setup interface zones for the linear £ —® turbulence model approach

Grid Interface Interface Zone 1 Interface Zone 2

Interface Interface in Interface out

Table 8 Setup solution controls for the linear £ —® turbulence model approach

Equation Solved
Flow Yes
Vapor Yes

Turbulence Yes




Table 9 Setup relaxation factors for the linear £ —® turbulence model approach
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Variable

Relaxation Factors

Pressure

Density

Body Forces

Momentum

Vaporization Mass

Vapor

Turbulent Kinetic Energy
Turbulent Dissipation Rate

Turbulent Viscosity

0.3
1
1
0.4
1
0.2
0.4
0.4
1

Table 10 Setup discretization for the linear £k —® turbulence model approach

Variable Scheme
Pressure-velocity Coupling SIMPLE
Pressure Standard
Density Second Order Upwind
Momentum Second Order Upwind
Vapor Second Order Upwind
Turbulent Kinetic Energy Second Order Upwind

Turbulent Dissipation Rate

Second Order Upwind
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Table 11 Setup residual for the linear £ —® turbulence model approach

Residual Absolute Criteria
continuity 1.00E-06
x-velocity 1.00E-06
y-velocity 1.00E-06
z-velocity 1.00E-06
k 1.00E-06
omega 1.00E-06
vi-vapor 1.00E-06

1.2 The RSM approach

The numerical simulation settings for simulation of cavitation on

marine propeller for the RSM approach are shown in Tables 14 to 24

Table 12 Model settings for the RSM approach

Model Settings
DTMB 4382 3D
Time Steady
Multiphase Mixture
Viscous Reynolds Stress
Materials Water-liquid, Water-vapor

Phase Interaction Cavitation




Table 13 Types of the boundary conditions in each zone for the RSM approach
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Name Types
Blade Wall
Hub Wall
Inlet Pressure-Inlet
Outlet Presure-Outlet
Volume in Fluid
Volume out Fluid

Table 14 Setup conditions for the RSM approach

Name Types Phase  Wall Motion Motion  Rotation-Axis Direction

Blade Wall Mixture Moving Wall Rotational X=1, Y=0, Z=0

Hub Wall Mixture Moving Wall Rotational X=1, Y=0, Z=0

Table 15 Setup motion type for the RSM approach

- ) Rotational
Rotation-Axis ] )
Name Types Phase A Motion Type Velocity Speed
Direction

(rpm)

Volume in Fluid Mixture X=1, Y=0, Z=0 Moving 1,200

Reference Frame
Volume_out Fluid Mixture X=1, Y=0, Z=0 - -
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Table 16 Setup interface zones for the RSM approach

Grid Interface

Interface Zone 1

Interface Zone 2

Interface

Interface in

Interface out

Table 17 Setup solution controls for the RSM approach

Equation Solved
Flow Yes
Vapor Yes
Turbulence Yes
Reynolds Stresses Yes

Table 18 Setup relaxation factors for the RSM approach

Variable

Relaxation Factors

Pressure

Density

Body Forces

Momentum

Vaporization Mass

Vapor

Turbulent Kinetic Energy
Turbulent Dissipation Rate
Turbulent Viscosity

Renolds Stresses

0.3
1
1
0.4
1
0.2
0.4
0.4
1
0.5




Table 19 Setup discretization for the RSM approach
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Variable Scheme
Pressure-velocity Coupling SIMPLE
Pressure Standard
Density Second Order Upwind
Momentum Second Order Upwind
Vapor Second Order Upwind
Turbulent Kinetic Energy Second Order Upwind
Turbulent Dissipation Rate Second Order Upwind
Renolds Stresses Second Order Upwind

Table 20 Setup residual for the RSM approach

Residual Absolute Criteria
continuity 1.00E-06
x-velocity 1.00E-06
y-velocity 1.00E-06
z-velocity 1.00E-06

k 1.00E-06
epsilon 1.00E-06
uu-stress 1.00E-06
vV-stress 1.00E-06
WW-stress 1.00E-06
uv-stress 1.00E-06

Vw-stress 1.00E-06
uw-stress 1.00E-06

vi-vapor 1.00E-06
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1.3 The nonlinear turbulence model approach

The numerical simulation settings for simulation of cavitation on

marine propeller for the nonlinear turbulence model approach are shown in Tables 25

to 35

Table 21 Model settings for the nonlinear turbulence model approach

Model

Settings

DTMB 4382

Time

Multiphase

Viscous

Wall Treatment

Turbulent Vicosity (User-defined)
Materials

Phase Interaction

3D

Steady

Mixture

Standard £ —® turbulence model
Non-equilibrium Wall Treatment
Craft et al.

Water-liquid, Water-vapor

Cavitation

Table 22 Types of the boundary conditions in each zone for the nonlinear turbulence

model approach

Name

Types

Blade

Hub

Inlet
Outlet
Volume in

Volume out

Wall

Wall
Pressure-Inlet
Presure-Outlet
Fluid

Fluid
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Table 23 Setup conditions for the nonlinear turbulence model approach

Name Types Phase  Wall Motion Motion Rotation-Axis Direction

Blade Wall Mixture Moving Wall  Rotational X=1, Y=0, Z=0

Hub Wall Mixture Moving Wall  Rotational X=1, Y=0, Z=0

Table 24 Setup motion type for the nonlinear turbulence model approach

/ ) Rotational
Rotation-Axis ) .
Name Types Phase oy Motion Type Velocity Speed
Direction

(rpm)

Volume in Fluid Mixture X=1, Y=0, Z=0 Moving 1,200
Reference Frame

Volume_out Fluid Mixture X=1, Y=0, Z=0 - -

Table 25 Setup interface zones for the nonlinear turbulence model approach

Grid Interface Interface Zone 1 Interface Zone 2

Interface Interface in Interface out

Table 26 Setup solution controls for the nonlinear turbulence model approach

Equation Solved
Flow Yes
Vapor Yes

Turbulence Yes




Table 27 Setup relaxation factors for the nonlinear turbulence model approach
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Variable

Relaxation Factors

Pressure

Density

Body Forces

Momentum

Vaporization Mass

Vapor

Turbulent Kinetic Energy
Turbulent Dissipation Rate

Turbulent Viscosity

0.3
1
1
0.4
1
0.2
0.4
0.4
1

Table 28 Setup discretization for the nonlinear turbulence model approach

Variable Scheme
Pressure-velocity Coupling SIMPLE
Pressure Standard
Density Second Order Upwind
Momentum Second Order Upwind
Vapor Second Order Upwind
Turbulent Kinetic Energy Second Order Upwind

Turbulent Dissipation Rate

Second Order Upwind
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Table 29 Setup residual for the nonlinear turbulence model approach

Residual Absolute Criteria
continuity 1.00E-06
x-velocity 1.00E-06
y-velocity 1.00E-06
z-velocity 1.00E-06

k 1.00E-06
epsilon 1.00E-06
vi-vapor 1.00E-06

1.4 The modified nonlinear turbulence model approach

The numerical simulation settings for simulation of cavitation on

marine propeller for the modified nonlinear turbulence model approach are shown in

Tables 36 to 46

Table 30 Model settings for the nonlinear turbulence model approach

Model

Settings

DTMB 4382

Time

Multiphase

Viscous

Wall Treatment

Turbulent Vicosity (User-defined)
Materials

Phase Interaction

3D

Steady

Mixture

Standard £ —® turbulence model
Non-equilibrium Wall Treatment
Craft et al.

Water-liquid, Water-vapor

Cavitation
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Table 31 Types of the boundary conditions in each zone for the modified nonlinear

turbulence model approach

Name Types
Blade Wall
Hub Wall
Inlet Pressure-Inlet
Outlet Presure-Outlet
Volume in Fluid
Volume out Fluid

Table 32 Setup conditions for the modified nonlinear turbulence model approach

Name Types Phase  Wall Motion Motion Rotation-Axis Direction

Blade Wall Mixture Moving Wall Rotational X=1, Y=0, Z=0
Hub Wall Mixture Moving Wall Rotational X=1, Y=0, Z=0

Table 33 Setup motion type for the modified nonlinear turbulence model approach

) . Rotational
Rotation-Axis ) .
Name Types Phase o Motion Type Velocity Speed
Direction

(rpm)

Volume in Fluid Mixture X=1, Y=0, Z=0 Moving 1,200
Reference Frame

Volume_out Fluid Mixture X=1, Y=0, Z=0 - -

Table 34 Setup interface zones for the modified nonlinear turbulence model

approach

Grid Interface Interface Zone 1 Interface Zone 2

Interface Interface in Interface out




Table 35 Setup solution controls for the modified nonlinear turbulence model
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approach
Equation Solved
Flow Yes
Vapor Yes
Turbulence Yes

Table 36 Setup relaxation factors for the modified nonlinear turbulence model

approach
Variable Relaxation Factors
Pressure 0.3
Density 1
Body Forces 1
Momentum 0.4
Vaporization Mass 1
Vapor 0.2
Turbulent Kinetic Energy 0.4
Turbulent Dissipation Rate 0.4

Turbulent Viscosity 1




44

Table 37 Setup discretization for the modified nonlinear turbulence model approach

Variable Scheme
Pressure-velocity Coupling SIMPLE
Pressure Standard
Density Second Order Upwind
Momentum Second Order Upwind
Vapor Second Order Upwind
Turbulent Kinetic Energy Second Order Upwind
Turbulent Dissipation Rate Second Order Upwind

Table 38 Setup residual for the modified nonlinear turbulence model approach

Residual Absolute Criteria
continuity 1.00E-06
x-velocity 1.00E-06
y-velocity 1.00E-06
z-velocity 1.00E-06

k 1.00E-06
epsilon 1.00E-06
vi-vapor 1.00E-06
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MATERIALS AND METHODS

Materials

1. The Tera Cluster is a part of Thai National Grid Center (TNGC), which
contains 2 frontend nodes (1 master, 1 backup) composing of HP DL360 G5, Intel
Xeon series 5000, 3.2 GHz, 8 GB Memory and 5 TB Lustre file system on Storage
nodes. The 192-compute nodes are connected with Gigabit Ethernet. The 32 of 192
nodes are also connected with Infinband composing of HP DL 140 G3, Intel Xeon
series 5000, 3.0 GHz and 4 GB Memory (8 GB in Infinband node). The 4 storage
nodes are connected with both Gigabit Ethernet and Infiniband composing of HP
DL360 G5, Intel Xeon series 5000, 3.2 GHz, 2 GB Memory and 2 HP MSA500 thus

creating 5 TB virtual storage using Lustre file system.

2. The GAMBIT and FLUENT computational fluid dynamics (CFD) software

(version 6.3) operating on Windows and Linux systems.

3. The Microsoft Visual C++ language software (version 6.1) operating on

Window system.

4. The MATLAB software (version 6.5).

Methods

1. Study the previous research works on the turbulence modeling for cavitation

on marine propeller.

2. Find the best linear £ -¢ turbulence model for cavitation on marine propeller.

3. Apply the nonlinear turbulence model to the simulation of cavitation on

marine propeller.
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4. Evaluate the performance in predict thrust and torque coefficients of
various linear & -¢ turbulence models, the Reynolds-stress model (RSM), the Craft et
al.’s nonlinear k-¢ turbulence model and the modified nonlinear k-¢ turbulence

model at different cavitation numbers and advance ratios.

5. Find the parallel performance in terms of the relative speed up for the

simulation of cavitation on marine propeller.
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RESULTS AND DISCUSSIONS

Non-Cavitation on Marine Propeller

The propeller used as the evaluation case in this work is the DTMB4382
propeller. The propeller specifications are presented in Table 39. Give fluid flows
entrance the propeller make steady times and rotating around propeller in open water
by it motionless with using rotating reference frame. Consider a wide range of
advance ratios, J =V ,/nD between 0.384 <.J <1.025. The values of J were varied
by increasing and decreasing J/,, while n was kept constant at 7.8 rps where J/, is
the inflow speed, n is the number of revolutions per second and Dis diameter of
propeller. A grid dependence for this case use about 500,000 cells. The computational
domain are inlet is 1.5D upstream, where D is the propeller diameter. The exit is 3.5D
downstream. Domain_inner have diameter is 1.2D and length is 2.5D. Domain_outer

have diameter is 2.5D and length is 5D.

In Figure 4 show the thrust coefﬁcient[ K ,], the torque coefﬁcient[ K q] and

the efﬁciency[m] at different advance ratios[J ] The results are predicted by the
linear k— SST turbulence model found it agrees is good with the experimental data

from the open water. It can see the advance ratio [J ] increases, the thrust

coefﬁcient[ K ,] and the torque coefﬁcients[ K q] decrease. Where thrust coefficient

_ Thrust

it Thrust is propeller thrust, p is fluid density, » is the number of
Pn

t

revolutions per second, D 1is diameter of propeller and torque coefficient

_ Torque

q pn2D5 >

Torque 1is propeller torque. It found maximum error less than /0% for

thrust coefficient [ K ,] , the torque coefficient [ K q] and the efﬁciency[%] .
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Cavitation on Marine Propeller

The propeller used as the evaluation case in this work is the DTMB4382
propeller. The propeller specifications are presented in Table 39 and the flow
specifications are presented in Table 40. The computational domain of the propeller

set same non-cavitation case and shown in Fig. 5.

Figures 6 to 11 show the thrust coefficient [ K ,] and the torque coefficient

[ K q] at different cavitation numbers[c] when advance ratio,J =0.5,0.6 and 0.7

respectively. The results are predicted by various linear turbulence models; the linear
k-&¢ turbulence models (standard [1877], RNG [1993] and realizable [1995])
combined with the wall function equations (standard [1974], non-equilibrium [1995]
and enhanced [1993]) and the linear k—® turbulence models (standard [1998] and
SST [1994]). 1t is found that the results predicted by the & —o SST turbulence model
are the closest to the experimental data from the cavitation tunnel, when compared to

the other linear turbulence models. However, it also can be seen that the predicted

thrust coefficient [K ,] and the torque coefficient [ K q] are still far from the

Poo_Pv
0.5p1';

experiment. Where cavitation number{c = }, P, 1s pressure far upstream,

P, 1s vapor pressure, p is fluid density, J/, is the inflow speed.

The efficiency of the nonlinear turbulence models in predicting the cavitation

on a marine propeller is clearly shown in Figs. 12 to 19. The thrust coefficient [ K ,]

and torque coefficient [ K q] predicted by both Craft et al.’s and modified nonlinear
models show the much higher accurate prediction than those predicted by the
k—o SST turbulence model and also by those predicted by the Reynolds-stress
model (RSM). However, there is still discrepancy between the simulation and the

experiment for the cavitation numbers [0] more than 3.5. The authors believe that the

main factor contributing to this discrepancy is that the conditions employed in the
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simulation are not exactly the same as the conditions used in the experiment. First of
all, the full cavitation is assumed in the simulation that is contrary to the experiment.
Moreover, the real flow characteristic on the propeller is not fully turbulent. The
simulation, however, uses the turbulence model without taking effect of the transition

region on the propeller.

Tables 41 to 44 further show the error percentages of the predicted thrust

coefficient [ K ,] and the predicted torque coefficient [ K q] by various turbulence

models at different cavitation numbers [o] and advance ratios [J]. It is clearly seen

that the nonlinear turbulence models give the least error percentages for all cases. The
contours velocity magnitude (mixture) of the propeller at advance ratio, J =0.5 and
cavitation number, ¢ =3 is show in Figs. 20. The contours and the iso-surface of the
vapor volume fraction on the tip of the propeller at advance ratio, J=0.5 and

cavitation number, ¢ =3 are also shown in Figs. 21 and 22, respectively.

Table 39 Specifications of DTMB4382 propeller

Specifications Detail
Model name 4382
Numbers of blade 5
Diameter [mm] 304.8
Hub ratio 0.2
Expanded area ratio 0.725
Skew angles [deg] 36
Section mean line NACA a=0.8
Section thickness distribution NACA 66 (modified)

Design advance coefficient [J] 0.889
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Table 40 Flow specifications at different cavitation numbers [0] and advance ratios

/]

Cases Cavitation numbers Advance ratios Speed of flow  Number of revolutions per minute

[o] ] (m/s) (rpm)
1 2 0.5 3.048 1200
2 2 0.6 3.657 1200
3 2 0.7 4.267 1200
4 3 0.5 3.048 1200
5 3 0.6 3.657 1200
6 35 0.7 4.267 1200
7 5 0.5 3.048 1200
8 5 0.6 3.657 1200
9 5 0.7 4.267 1200




Table 41 Error percentage of the thrust coefficient [ ] at different cavitation numbers [o] and advance ratios [J] using linear

turbulence models (fix curve)

‘experimental data - computational data

Cavitation numbers Advance ratios Error percentage = x 100%
Cases [ G] [ J] experimental data
A B C D E F G H I J K
1 2 0.5 26.48 26.93 26.75 27.11 27.02 27.29 2391 27.21  23.73 7.97 6.91
2 2 0.6 27.31 30.19 27.36 26.91 26.91 27.14 27.47 27.37  27.65 2526  24.06
3 2 0.7 36.09 37.34 36.12 38.21 36.25 35.51 36.01 39.12  36.03 38.47  30.29
4 3 0.5 7.34 16.87 6.87 17.67 17.66 16.97 16.76 17.87 17.02 18.01 15.26
5 3 0.6 36.02 36.06 36.14 35.35 35.16 36.14 35.61 39.23 35091 3335  30.81
6 3.5 0.7 35.67 29.73 29.71 29.41 35.56 29.95 35.56 37.59  36.11 40.38  34.74
7 5 0.5 33.02 29.61 32.11 31.93 29.72 29.24 29.98 29.78 2931 3247  27.79
8 5 0.6 37.02 38.16 37.41 37.23 37.53 37.95 37.02 37.62  37.27 4235  34.84
9 5 0.7 36.56 40.12 40.08 39.61 40.01 40.05 39.79 3991  37.15  40.62  30.93

IS



Table 41

where

T Q@ W m g O w o
[

~o-
[ (|

(Continued)

Standard £ -¢& : standard wall function
Standard % -e& : non-equilibrium wall function
Standard k-e& : enhanced wall treatment

RNG £k -¢ : standard wall function

RNG £k-¢ :non-equilibrium wall function
RNG k-¢ : enhanced wall treatment
Realizable k-¢ : standard wall function
Realizable % -¢ : non-equilibrium wall function
Realizable k-¢ : enhanced wall treatment

Standard £ —®
SST k-

[4S



Table 42 Error percentage of the torque coefficient [ K q] at different cavitation numbers [c] and advance ratios [J ] using linear

turbulence models (fix curve)

‘experimental data - computational data

Cavitation numbers ~Advance ratios Error percentage = x 100%
Cases [G] [ J] experimental data
A B C D E F G H I J K
1 2 0.5 15.34 15.88 16.15 14.86 15.25 15.84 12.75 12.95 13.41 8.91 8.58
2 2 0.6 28.81 27.57 29.34 26.83 25.81 25.75 23.31 29.93  29.51 25.04  23.96
3 2 0.7 37.31 37.19 36.79 38.73 37.51 38.42 38.18 39.14  38.66  36.69  35.34
4 3 0.5 8.37 20.74 3.01 21.09 20.84 20.63 21.05 20.79  20.85  21.73  21.37
5 3 0.6 34.76 34.71 34.52 35.11 34.81 34.91 37.85 3243 36.57 3416  32.84
6 3.5 0.7 36.61 37.79 35.15 36.12 38.42 39.96 37.57 3521  36.19 3585  33.26
7 5 0.5 31.75 32.66 35.54 30.85 30.69 38.38 29.81 29.67  30.58  31.05 2991
8 5 0.6 32.78 37.11 32.78 33.52 39.37 33.73 33.09 39.35 3.88 3253 39.23
9 5 0.7 37.76 38.99 35.33 36.26 35.23 36.91 38.08 37.89  36.74 3491 3322

€S



Table 42

where

T Q@ W m g O w o
[

~o-
[ (|

(Continued)

Standard £ -¢& : standard wall function
Standard % -e& : non-equilibrium wall function
Standard k-e& : enhanced wall treatment

RNG £k -¢ : standard wall function

RNG £k-¢ :non-equilibrium wall function
RNG k-¢ :enhanced wall treatment
Realizable k-¢ : standard wall function
Realizable % -¢ : non-equilibrium wall function
Realizable k-¢ : enhanced wall treatment

Standard £ —®
SST k-
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Table 43 Error percentage of the thrust coefficient [ ,] at different cavitation numbers [o] and advance ratios [J/] using the modified

nonlinear turbulence model (fix curve)

‘experiment al data - computational data|

Error percentage = - x100%
Cases Cavitation numbers [c] ~Advance ratios [J] experimental data
SST k—o RSM Craft et al' nonlinear Modified nonlinear
1 2 0.5 6.91 8.04 5.68 2.53
2 2 0.6 24.06 23.43 7.02 1.47
3 2 0.7 30.29 28.17 20.8 20.17
4 3 0.5 15.26 16.27 1.44 0.16
5 3 0.6 30.81 32.56 15.64 15.15
6 3.5 0.7 34.74 34.25 29.48 28.47
7 5 0.5 27.79 28.01 26.58 25.81
8 5 0.6 34.84 37.61 27.02 26.18
9 5 0.7 30.93 33.27 29.31 28.31
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Table 44 Error percentage of the torque coefficient [ K q] at different cavitation numbers [c] and advance ratios [J ] using the modified

nonlinear turbulence model (fix curve)

‘experiment al data - computational data|

Error percentage = - x100%
Cases Cavitation numbers [c] ~Advance ratios [J] experimental data
SST k-o RSM Craft et al' nonlinear Modified nonlinear
1 2 0.5 8.58 8.34 8.22 0.66
2 2 0.6 23.96 25.57 15.04 9.81
3 2 0.7 35.34 34.61 26.77 22.41
4 3 0.5 21.37 23.43 10.35 8.56
5 3 0.6 32.84 33.47 26.05 20.43
6 3.5 0.7 33.26 33.55 27.82 25.76
7 5 0.5 29.91 30.34 26.03 22.57
8 5 0.6 39.23 39.46 31.61 25.82
9 5 0.7 33.22 33.39 27.91 25.66

9¢
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Figure 4 Thrust coefficient [ K ,] , torque coefficient [ K q] and efficiency [;70] versus advance ratio [J ] for the non-cavitation cases.
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Figure 6 Thrust coefficient [ k] versus cavitation number [o] at advance ratio J =0.5 using linear turbulence models
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Figure 7 Torque coefficient [ K q] versus cavitation number [c] at advance ratio J = 0.5 using linear turbulence models
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Figure 8 Thrust coefficient [ k,] versus cavitation number [c] at advance ratio J = 0.6 using linear turbulence models
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Figure 9 Torque coefficient [ K q] versus cavitation number [G] at advance ratio J = 0.6 using linear turbulence models
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Figure 10 Thrust coefficient [ K] versus cavitation number [o] at advance ratio J = 0.7 using linear turbulence models
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Figure 11 Torque coefficient [ K q] versus cavitation number [G] at advance ratio J =0.7 using linear turbulence models
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Figure 12 Thrust coefficient [ K] versus cavitation number [o] at advance ratio J = 0.5 using the modified nonlinear turbulence model
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Figure 13 Torque coefficient [ K q] versus cavitation number [c] at advance ratio J =0.5 using the modified nonlinear turbulence model
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Figure 14 Thrust coefficient [ k] versus cavitation number [o] at advance ratio J = 0.6 using the modified nonlinear turbulence model
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Figure 15 Torque coefficient [ K q] versus cavitation number [c] at advance ratio J = 0.6 using the modified nonlinear turbulence model
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Figure 16 Thrust coefficient [ K ,] versus cavitation number [c] at advance ratio J =0.7 using the modified nonlinear turbulence model
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Figure 17 Torque coefficient [ K q] versus cavitation number [c] at advance ratio J =0.7 using the modified nonlinear turbulence model
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Figure 18 Comparison: Thrust coefficient| k] versus advance ratio [J/] at different cavitation numbers[c] using the modified nonlinear

turbulence model in cavitation cases and using the SS7 k —® turbulence model in non-cavitation
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Figure 19 Comparison: Torque coefficient [ K q] versus advance ratio [J ] at different cavitation numbers[c] using the modified

nonlinear turbulence model in cavitation cases and using the SS7 k — o turbulence model in non-cavitation
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Figure 20 Contours of velocity magnitude (mixture) at cavitation number ¢ =3 and advance ratio J =0.5
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Figure 21 Vapor volume fraction contours at cavitation number ¢ =3

and advance ratio J =0.5

Figure 22 Cavitation on the propeller at cavitation number ¢ =3

and advance ratio J =0.5
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CONCLUSIONS

The performance of various linear turbulence models, the Reynolds-stress
model (RSM), the nonlinear turbulence model of Craft et al. and the modified
nonlinear turbulence model in predicting the combined effects of turbulence,
cavitation, complex geometry and multiphase phenomena occurred on the marine
propeller at various cavitation numbers and advance ratios is assessed in detail. It is

found that the results predicted by the k£ —w SST turbulence model are the closest to

the experimental data compared to the other linear models. However, the nonlinear
turbulence models show the much higher accurate prediction than the linear models.
Furthermore, the nonlinear turbulence models can predict the considered flow closer
to the experimental data than the more complicated Reynolds-stress model (RSM).
It can be concluded that the nonlinear turbulence models are the most suitable

turbulence model for the cavitation prediction of a marine propeller.

The nonlinear turbulence models used in predict for find tools at appropriate
for cavitation on marine propeller and it use modify marine propeller in future work.
In design marine propeller should consider cavitation everytime because it affects will
minus efficiency marine propeller. Should design marine propeller has ogival section
at tip blade, use RPM are down and devalue pitch will help abate the occurrence

cavitation.
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Using SOLIDWORKS on Windows System

1. Insert = Curve = Curve Through XYZ Points = Browse = Pressure.txt 2> OK

Appendix Figure A1 Procedure of using SOLIDWORKS step 1

2. Insert - Curve - Curve Through XYZ Points = Browse = Suction.txt 2 OK

I 1 Jedngpart [T11 RGP L.

Appendix Figure A2 Procedure of using SOLIDWORKS step 2



3. Sketch = 3D Sketch = Choose Line-Convert Entities

Mirror Entities.
: Linear Sketch Pattern

Saidiorks Office Premium 2005 ' 55.27mm .57 Fuly Defined | [Editing osketchz | B || IR

Appendix Figure A3 Procedure of using SOLIDWORKS step 3

4. Insert = Surface = Loft

ﬁ}. Mirror Entities

T TEasnarart [T1T_TTIITRP L1 =4

Appendix Figure A4 Procedure of using SOLIDWORKS step 4
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5. Insert = Surface = Fill

a_f H 3 I\ Mirror Entities

 Linear Sketch Pattern

|Set curvature control and tangency control face or add oonsaamtdwcteng&;: 18.02mm Chord Ls\g‘h“. 17, 34mm || jEditingPart | I IR RRUUN KD || -2

Appendix Figure AS Procedure of using SOLIDWORKS step 5

6. Insert » Surface 2 Knit

ﬂ &_\. Mirror Entities
t Offset

T lEdtng Part TTTT TTRITI@ 01|

Appendix Figure A6 Procedure of using SOLIDWORKS step 6
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7. File 2 Save As - File Name - Blade = Type —>.step

N T

Appendix Figure A7 Procedure of using SOLIDWORKS step 7



Using GAMBIT on Windows System

8. GAMBIT startup 2> Run

Working Directory

Sezsion Id 8w session
Options | 12230

Cloze

| C: Documents and Eetﬁngs A dmini - |

Appendix Figure A8 Procedure of using GAMBIT step 8

9. GAMBIT

< GAMBIT  Solver: FLUENT 5/6 1D: default_id10332

File Edit Solver

Transcript

Operation

[® ®| @i

Geometry

Global Control

Copyright 1989-2008, Fluent Inc, ALL rights reserved

http: /fww. fluent. com

Description
Comnmand> solver

select "FLUENT 5/6"

U

Commantl: r

| e PR

SRR
BEEER

Appendix Figure A9 Procedure of using GAMBIT step 9
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10. File 2 Import > STEP - Blade 2 Accept

< GAMBIT  Solver: FLUENT 5/6 1ID: default_id4788

Fle Edit Solver

Help

S=TE

Operation

| 2] it

Geometry

Global Control

|| rewve FEIERIGEIR )

Description

Transcript. Y
Imported: 1 ACIS BODY(s), 0 FACE(s), 0 EDGE(s), 0 VERTEX(es) S
=
£
l‘l
commana: [

ECCERE
BEEEE

Appendix Figure A10 Procedure of using GAMBIT step 10

11. Operation = Geometry = Volume > Move/Copy Volume - Select Copy =
4 Angle =72, Axis = Defind - Select X Position=> Apply

le Edit Solver

Help

L
& =|@]i
Geometry

Volume

Move f Copy Volumes
Volumes  Pick II_E
+ Move + copy [4

Operation:
+ Translate 4@ Rotate

~ Reflect w Scale

Angle |72
fAxis Define

Active Coord. Sys. Vectm

(0,0,0) -> (1,0,0)

I Copy mesh linked
I Copy mesh uniinked

Transcript

Description

Copied volume volume 4 to volume G

I Copy zone types

Apply Reset Close

Appendix Figure A11 Procedure of using GAMBIT step 11
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12. Operation 2 Geometry—> Volume = Create Real Cylinder - Radius = 30.48
and Height = 300 = Apply

3 GAMBIT  Solver: FLUENT 5/6 1ID: default_id4788 8=IF

File Edit Solver Help | Operation

[& =|@]is

Geometry

glﬁ @

1=
W24 @l 1l &
Volumes II—LI

1 Retain

fpply | | Reset | dlose

Glohal Control

active | ) ) | | o]

Transcript Y Description 1 = ol
Uniting wolumes wolume.l, volume. 2, wolume.3. volume.4, wolume.5, volume.& and i Ed ) - &
7 oy |— pee
5 — = E.:ﬁ G
Cnmmand:r - -

Appendix Figure A12 Procedure of using GAMBIT step 12

13. Operation > Geometry 2 Volume = Unite Real 2 Volumes = Select 2>
Every Volumes 2> Apply

% -Iol~|

File Edit Solver Help Operation

mrrr— (6 68

Available

Volume

o)1) <]

Unite Real Volumes

volmes  [Toumer 8

Na filter

I Retain

Apply | Reset | close

Global Control

ctive P F | Fhl|

Transcrpt Y Description Il = E E
Undene to: volune unite velunes "volune 1 volune 2" “volune 3* "volune 4" "vo [3 |[pescrierron vnmow- o =
7 || risplays = message = g
describing the GUL e i
A T g z xl ! :_q
F = at the current k5 E 7] g

comman: [

Appendix Figure A13 Procedure of using GAMBIT step 13



14. Operation = Geometry = Volume = Create Real Cylinder - Radius = 155

and Height = 200 = Axis Location - Center of X 2 Apply

< GAMBIT  Solver: FLUENT 5/6 ID: defauft_id4788

File Edit Solver

Help |

Volume

@FJJJ
Y3 m|.i] 4]

Height. IT
Radius 1[5
Radusz[T <
Coordinate Sys. |_ |
RS i Positive X
Label ,r—
Apply Reset Close

Global Control

ective ) B b | |

Transcript ®» Description il ﬂ !I jlg
IUnane to: volune create height 400 radiusl 310 radius3 310 offset 200 0 0 xaxi |3 |Momap INDOW- LOVER 9| =I5k
LEFT QUADRANT 7 —
g z 2 [ IS
comman: [/ = = -

Appendix Figure A14 Procedure of using GAMBIT step 14

15. Operation = Geometry = Volume - Create Real Cylinder - Radius = 170
and Height = 600 > Axis Location = Center of X - Apply = Translate 2>
Local =-150 = Apply

% <Io|

File Edit Solver Help | Operation

VJ@J

Volume

@JJJJ
134 4|

Operation:

v Reflect v Scale

Transcript &
Command> volume nove "volume 4" offset -150 0 0 Ay
7
N] = I Connected geometry
Commandt [

Appendix Figure A15 Procedure of using GAMBIT step 15



16. Operation = Geometry = Volume = Split Volume-Select Volume 4 and
Volume 3> Apply

verp |

Transcript

command> volume move

“volume. 4" offset -150 0 0

IR

=

Command: |

Volume

@JJJJ
s @11 4]

Spiit Volume
Volume olumed |

Spiit With Volume Realy

W)

1 Retain
1 Bidirectional
W Connect ted

Apply | Reset | Close

Appendix Figure A16 Procedure of using GAMBIT step 16
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17. Operation = Geometry—> Volume—> Subtract Real Volumes 2 Select Volume 3

and Subtract Volumes = Select 2 2 Apply

34 GAMBIT  Solver: FLUENT 5/6 ID: blade&hub

File Edit

Solver

v |

Volume

Global Control

sctve. )G )

command: |

— | el ml-1

BEEEE

Appendix Figure A17 Procedure of using GAMBIT step 17
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18. Operation 2 Geometry = Volume - Create Real Cylinder - Radius = 170
and Height = 600 > Axis Location = Center of X - Apply - Translate 2>
Local =-150 = Apply

< GAMBIT  Solver: FLUENT 5/6 ID: blade8hub =l
File Edit Solver Help | Operation

|5 5|

Geometry

ool ol5 &

Volume

glojg]cle
e mlife

Global Contral

actve B3| 8] | ] e

Transcript & Description i E
|Transfnrmed volume : volume 5 = gd g El = | g
£ v = o
= — = [ Ll IS

command: [

L

Appendix Figure A18 Procedure of using GAMBIT step 18

19. Operation 2 Geometry = Volume = Create Real Cylinder > Radius = 500
and Height = 1500 - Axis Location - Center of X = Apply = Translate >
Local =-150 = Apply

E=E

File Edit Solver Help | Operation

[ =@

Geometry

Valume

olE ¢l
Fisdsl i o]

Heignt [1500
Radis1[50g  F
Ragus2[T R,
coordinate Sys. [os #

Axis Location Centered %

Label |}
resst | _ciuss
Global Control

| s BRI ]
5ol @ B[ ] =]
Heefrw

command: [

Appendix Figure A19 Procedure of using GAMBIT step 19
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20. Operation = Geometry = Volume = Specify Display Attributes > Visible

Select > Off > Volumes = Select 2 Vomumes 3 and 4 > Apply

woip |

Volume List (Multipie)
ilable

Noffter
|

Transcript

comman: |

_ﬂi
[ |t

|t Jﬁ@o
o i e 3

play Attributes

Vandows | FR G s |
Growps  ay |

W Volumes  picy ﬂ

- Faces R = i‘
i Edges
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I Vertices  p) 1‘
A B.layers ay i‘

i C sys Al | #
W Visible  + On 4 Of
I Label 4 on v Of

| Sihouette # On - Off

4 0n v Off

Wire

i Mesh
I Render

W Lower topology

Appendix Figure A20 Procedure of using GAMBIT step 20

21. Operation = Geometry = Volume—>Subtract Real Volumes = Select Volume 6

and Subtract Volumes = Select 6 2 Apply

Help |

Description

Transcript
|Dummand> window nodify volune "volmme 3" "volume 4" inwisible 5
=) (]
Comman: I

| Sl @

-lof»

Operation

& sl
SOk e

EEGHE
voume  [Toumes 4

1 Retain

Subtract
Volumes

e BY

I Retain

Apply | Reset | | Close

Global Control

actve ) 8| )| Fl|
5]
Eedieled

Appendix Figure A21 Procedure of using GAMBIT step 21



22. Operation > Zone > Specify Boundary Types 2 Name = Inlet >
Types 2 PRESSURE INLET >Faces = Select > Face 41 = Apply

m X

e Edit Solver

Help |

Transcript

Description

-lox

Operation

| alfe v

FLUENT 5/6
Action:
4 pdd v Modify
v Delete  + Delete all

Name Type

L

-l Show labels 1 Show color:

Name: | inlef

Type:
PRESSURE_INLET -

Entity:

e ]

wolume. &

=

command: [

GRAPHICS-WINDOW SASH-
Resizes the grag

window quadrants. To open
a menu of preset

Remove Edit
Apply | Reset | dlose

Appendix Figure A22 Procedure of using GAMBIT step 22

23. Operation = Zone = Specify Boundary Types - Name = Outlet 2>
Types > PRESSURE OULET >Faces = Select - Face 39 2 Apply

s

File Edit Solver

Help

BEE

| Operation

a] o i

FLUENT 56

Action:
v Add 4 Modify
v Delete  + Delgte all

-l Show labels 1 Show colors

name: [Toutiet

Type:
PRESSURE_QUTLET -

Entity:

e | 3

fF—R—

Transcript

Description

Remove Edit

Greated Boundary entity. outlet

~L]

GRAPHICS VINDOV- LOWER
LEFT QUADRANT

Apply | Reset | dose

Appendix Figure A23 Procedure of using GAMBIT step 23
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24. Operation = Zone = Specify Boundary Types 2 Name - Wall->
Types > WALL —>Faces = Select > Face 40 = Apply

94 GAMBIT  Salver: FLUENT 5/6 ID: biadesihub =153
Operation

| 5@ it

Specify Boundary Types

FLUENT 5/8

File Exit Solver Help

Action:
4 add -~ Modify
w Delste  ~ Delete all

Name Type

inlet PRESSURE
outlet PRESSURE J

[ P— 5 p—
i Show labels 1 Show colors

Hame: [ walf

Type:

WALL =

Entity:

e 4 4]

i it Descripti
ranscrip Py escription — -
Apply | Reset | aose

created Boundary entity: outlst

~L

Appendix Figure A24 Procedure of using GAMBIT step 24

25. Operation = Zone = Specify Boundary Types - Name - Interface out—>
Types 2 INTERFACE —>Faces = Select - Face 36,37,38 2 Apply

€ GAMBIT  Solver: FLUENT 5/6 ID: bladeshub =
Help | Operation

| = il

Specify Boundary Types

FLUENT 56

File Edit Solver

Action:
4 add v Modify
~ Delete  + Delete all

Hame Type

inlet PRESEURE
outlet FPRESSURE
wall WALL

R T
i Show labels _| Show color:

Hame: | interface_ouf

Type:

INTERFACE r.

Entity:

s a7 o]

Label Type

Face
Face
) F—R—

Transcript Description

D & B Remove Edit
[A
=}
£

GRAPHICS WINDOW- LOVER

LEFT QUADRANT Apply Reset Close

|Draated Boundary entity: wall

=) T =

Command: |

Appendix Figure A25 Procedure of using GAMBIT step 25



26. Operation>Mesh 2 Volume - Mesh Volume = Elements Selet 2>
Tet/Hybrid 2 Type = Select > TGrid - Spacing = Select >

100 Interval count = Apply

<

File

o =]
Help | Operation

&= ®]i

Mesh

TEEE

Volume

e s
= °
s i 1| &
| Meshvoumes |
voumes [T |
Scheme: W Apply  Defaull
Elements:  oyyprig
TYPE: TGl

Spacing: 0 Apply  Defaulf
100 Interval count

Options: W Mesh

Description

Mesh generated far volune velume. 6

=L s

GRAPHICS VINDOW- LOVER
LEFT QUADRANT

I Rem
1 Ignare size funct
noso | _aoso

Appendix Figure A26 Procedure of using GAMBIT step 26

27. Operation—=>Geometry—=> Volume - Specify Display Attributes = Visible

Select > Off 2> Volumes = Select > Vomumes 6 > Apply

File

[l

Help | Operation
Specify Display Attributes

vindovrs B PR o) il
| Groups M ﬂ
W Volumes M m
i Faces M ﬂ
| Edges M ﬂ
I Vertices M ﬂ
-1 B. Layers M ﬂ
JC Sys M ﬂ

W Visible  ~ On 4 Of

1 Label # On + Off
- Silnouette 4 On s OT
IMesh 4 On ~ OF

I Render Wire

W Lowier topology
Apply | _Reset | _Close
Global Control

active. ) 81| | o |

Description

Mesh generated for volune volmme. §

LEFT QUAD]

& 1= | v ,_ ﬁ C_EI
2 [ orzerros wonmov- Lover B g 2
RANT
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Appendix Figure A27 Procedure of using GAMBIT step 27



28. Operation - Geometry = Volume > Specify Display Attributes = Visible
Select 2 On = Volumes - Select 2 Vomumes 3 and 4 > Apply

4 GAMBIT  Solver: FLUENT 5/6 ID: blade8hub

File Edit

Solver

Help

-]

| Operation
Specify Display Attributes

windows B (| ER(CE| A
I Groups Al LI
1 Volumes Al il
i Faces Al il
- Edges | ]
I Vertices Al LI
I B.layers ay il
A C sys Al il

1 Visible 4 0n ~ Off

1 Label 4 0n ~ Off
i Sihouette 4 On ~ Off
I Mesh 4 0n v Of

1 Render Wire

1 Lower topology

Apply | _Reset | close
Global Control

actve 3| P Y| ] v

Transcript

Description

Command> window modify wolume “wolume.3" "wolume.d" visible

(]

command: [

Appendix Figure A28 Procedure of using GAMBIT step 28

ECCEE
e EEE

29. Operation = Zone = Specify Boundary Types - Name - Interface in—>
Types 2 INTERFACE —>Faces = Select - Face 33,34,35-> Apply

5« GAMBIT  Solver: FLUENT 5/6 ID: blade&hub

File Edit

Solver

nop |

R
o) o e

.
i)
FLUENT 5/6
Action:
4 Add v Modify
~ Delete ~ Delete all

Hame: Type

inlet PRESSURE
outlet PRESSURE
wall WALL

Interface_out [INTERFACI

[ JR— ) p—
1 Show labels _I Show color

Home: [interface g

Type:

INTERFACE =

Entity:

Faces i I]_ |

| Label Type

Transcript

Description

Command> window nodify volume "wolume 3" "volume 4" wisible

GRAPHICS VINDOV- LOWER
LEFT QUADRANT

face.33 Face

race.34 Face

Remove [ Edit |

Appendix Figure A29 Procedure of using GAMBIT step 29
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30. Operation = Zone > Specify Boundary Types - Name - hub—>
Types 2> WALL —>Faces = Select 2 Face 20,23,27> Apply

€ GAMBIT  Sofver: FLUENT 5/6 ID: biade&hub

File Edit Solver

FLUENT /6
Action:
@ add o Modify
w Delete - Delete all

Name: Type
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outlet PRESSURE
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Interface_out |INTERFACI

Interface_in | INTERFACI
R T
-1 Show labels i Show colors

Mame: | hug

Type:
WALL £

Entity:
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= Remove Edit
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Appendix Figure A30 Procedure of using GAMBIT step 30

31. Operation 2 Zone = Specify Boundary Types - Name - blade—>
Types > WALL > Faces = Select 2 Face 7,9,12,15,18,24.25,26,28,29> Apply

File Edit Solver
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v Delete  + Delete all

Hame Type

outlst PRESSURE
wall WALL
Interface_out |INTERFACI
Interface_in | INTERFACI
hub WALL

R -
I Show labels _i Show colors

Name: [ blade

Type:
WALL =
Entity:
Faces i |
Label Type
face12 Face =
face.2s Face
face8 Face
S p— o —

- Remove Edit
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32. Operation >Mesh - Edge > Mesh Edges—> Ratio - Select 1 2
Spacing = Select—>300 Interval count 2> Apply

< GAMBIT  Solver: FLUENT 5/6 ID: bladeShub
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Apply | Reset | Close
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33. Operation >Mesh - Edge - Mesh Edges—> Ratio - Select 1 2
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34. Operation >>Mesh = Face - Mesh Faces—> Elements Selet > Tri 2 Type =2

Select > Pave—> Spacing = Select = 10 Interval count = Apply
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35. Operation >Mesh = Face - Mesh Faces—> Elements Selet - Faces - Hub >
Tri > Type = Select >Pave—> Spacing = Select 2 10 Interval count = Apply

> GAMBIT  Solver: FLUENT 5/6 ID: blade&hub
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Command> face mech "face. 23" "face.27' triangle intervals 10

Mesh generated for face face mesh faces = 1601

Mesh generated for face face.Z7: mesh faces - G3OGE.

Command> undo endgroup -

= T =

command: [

I Remnve old et
I Fomous lowar 1
1 Ignare size func

Apply | _Reset | ciose

Appendix Figure A35 Procedure of using GAMBIT step 35
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36. Operation >Mesh - Edge - Mesh Edges—> Ratio = Select 1 - Edges >
Select = 229 and 230 - Spacing = Select =2 100 Interval count = Apply

5 -loix

File Edit Solver Help |

@ wjind

ges
Edges T |
B Pick with inks  Reverse

Soft link. Fh

W Use first edge settings

Grading W Apply  Defaul

TYPe  successive Ratio .

Invert 1 Double sided
Ratio h

Spacing W Apply  Default
Transcript - Description '| oo
230:  mesh edges = 100
0" "edge. 229" successive ratiol 1 inkervals 100
©.230:  mesh edges = 100
edge.229:  mesh edges = 100

Interval count

GRAPHICS VINDOV- LOVER ==
RIGHT QUADRANT Options  esh
W Remave old me

gz edge
dge. 23

o

1 Ignore size func

7 Apply | Reset | dclose |

=] ] =

Appendix Figure A36 Procedure of using GAMBIT step 36

37. Operation >»Mesh = Volume - Mesh Volumes—> Volumes = Select >
Volume 3 - Elements Selet > Tet/Hybrid 2 Type = Select > TGrid >
Spacing = Select 210 Interval count = Apply

3% GAMBIT  Solver: FLUENT 5/6 ID: blade&hub -|=

File Edit Solver Help | Operation

= @i

Volumes Trolume.3

»

Scheme: W apply  Defal

Flements:  Teyyhrid

Type: TGrd

Spacing: W Apply  Derau
0 Interval count

oOptions: ¥ Mesh
W Remove old m
1 Remove lower

Transcript Y Description i 1 Ignore size fur
3
CRAPHICS WINDOV- LOVER i Reset | ciose
Mesh generated for volume volume.3: mesh volumes = 2222702 [ |[resar quanranT M—
] T - ;
command: [
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38. Operation >Mesh - Edge 2 Mesh Edges—> Ratio—>Select 1 - Edges 2
Select = 231and 232 - Spacing = Select = 100 Interval count = Apply

File Edit Solver Help |

Transcipt & Description
Mesh generated for sdge edge 232:  nesh edges - 100 5 [ srarmzcs wonoow- vower
comnand> undo endgroup |5 || RrcET QuaDRanT
X T
command: [

Appendix Figure A38 Procedure of using GAMBIT step 38

39. Operation >»Mesh = Volume - Mesh Volumes—> Volumes = Select >
Volume 4 - Elements Selet > Tet/Hybrid - Type = Select > TGrid >

Spacing > Select =10 Interval count > Apply

< GAMBIT  Solver: FLUENT 5/6 ID: blade&hub

File Edit Solver Help |

Transcript Py Description
Mesh generated for volume volume.d: mesh volumes = E38BZ1 B
v
= T =
Command; |-

=

Operation

5@ =it

Mesh Edges
Edges T *

P Pick with links  Reverse|

Soft link v o

I Use first edge settings

Grading W Apply  Default]

TYPE  Successive Ratio .

Invert 1 Double sided
Ratio |
i

Spacing | spply  Defaul

od Interval count

Options M Mesh
1 Remove old i

A Ignore size ful

-1af>
o= i

Mesh

volumes  [Foumes

Scheme: M Apply  Defau

Elements:  Topubrid

Type: TGrid

Spacing: W Apply  Defal
qo

Options: ¥ Mesh
 Remove old m
1 Remove lawer

Interval count

1 Ignore size fur

Apply | Reset Close
= L
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40. Operation = Zones = Specify Continuum Types—>Name—>Select=> Volume in
- TypeOFluid>Entity Volumes—>Select—=> Volume 3 and 4 > Apply

¥ 7 | _ﬂ:
— W sz i

FLUENT 5/6

Action:
* ~ Madity
w Delete - Delete all

Name Type

L

-l Show labels | Show colo

Hame: | volume_ir

Type:

FLUID —

Entity:

voures  |[[#]
| Label Type

Transcripl Description volume.3 Volume
Conmand> undo endgroup 3 [ oraprrcs womow- Loves
7 || mzoET ovanmanT
M T =
command: Remove | eat |

Appendix Figure A40 Procedure of using GAMBIT step 40

41. Operation = Zones > Specify Continuum Types—>Name—>Select=> Volume out
- TypeOFluid>Entity Volumes—>Select—>Volume 7 2 Apply

> | =l
File Edit Solver. Help Operation
8| o, it

Zones
s
Action:

2 add ~ Modify
~ Delete  + Delete all

Hame Type

valume_in FLUID D

= R T P
i Show labels _{ Show color

Mame: | volume_ouf

Type:

FLUID —

Entity:

Yolumes — HB

Transcript Description

Created Continuun entity: volume_in

TEP

GRAPHICS WINDOU- LOVER
RIGHT QUADRANT
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42. File 2 Export > Mesh = Browse = test.mesh 2 Accept

File Edit

Solver

-ls

Help Operation

| | o i

File Type: UNS f RAMPANT / FLUENT 5/6

Fones

File Hame: [Blade&hub.msh

I Export 2-D{¥-'¥) Mesh
< Select Fie

Browse...

8|

Filter

I CAFluent|

ST

ncinthinnb<BBi\geamety\* msk

Files

‘\2: Directories
5§ E [y B & [ivgeometycavitation_mesh1110364_Exportmsh [%
1 2| [geamety iBhgeomety\modiiy- meshd33356.msh
E‘é 2 | | geomety\DTMB43EZ 1Byge0men\0ld-esh1340279.msh
. 2 i6\geamenrUn-play. msh
: iBygeometyest- 1620135 msh
B iB\geomety\test- 2400721 msh
5 iB\geometytest msh
f f
& —1 R ——————p|
Selection
I CAFluent InchntbinnbBE\geometytest |

Accept

Transctipt O Description
Created Contimmm entity: volume_cut ’-\ GRAPHICS WINDOW- LOWER
7 || RIGHT QUADRANT
[~ ] -~
command: [
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Appendix B
Using FLUENT on Windows System



Using FLUENT on Windows System

1. Select FLUENT version = 3d =2 Run

FLUENT Version x|

Versions

2d
2dd

Jddp
Selection
3d

Mode |Fu|| Simulation j

Run Exit |

Appendix Figure B1 Procedure of using FLUENT step 1
2. FLUENT command Windows

B3 FLuENT [3d, pbns, fan]
File Grid Define Solve Adapt Surface Display Plot Report Parallel Help

-5«

Welcome to Fluent 6.3.26

Copyright 2886 Fluent Inc.
All Rights Reserved

Loading “C:\Fluent.Inc\fluenté.3.26%1ib%\F1_sS1119.dmp™
Done.

Appendix Figure B2 Procedure of using FLUENT step 2
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3. File & Read = Case

Grid Define Solve Adapt Surface Display Plot Report Parallel Help
%i

Write 3

Impart 3
Expoark...

Interpolate. ..

Hardcopy...
Batch Options...
Save Layout

R
RSF...

Exit

106

Data..,

Case &Data...
PO

DTRM Rays...
Wiew Fackars,
Profile...

ISAT Table...

c.

Scheme...
Journal...

6.3.26%1ib%vF1_s1119.dmp"

Appendix Figure B3 Procedure of using FLUENT step 3

4. Open file test.msh

B} FLUENT (34, pbns, ]

File Grid Define Solve Adapt Sufare Display Plot Report Parallel Help

wercone to Fruent s R

Copyright 2086 Fluen
All Rights Reserved

Loading “C:\Fluent.Inc\fli
Done.

Lookin: | 23 geomsty

- e ®erE-

R

-lolx
SiE B

DTMB4382
d| cawvitation_mesh1110384_Export.msh
modify-mesh459958.msh

Case File

Ilest msh

Fies of type [Case Fies

Lol Lo

Cancel

SUEE

Appendix Figure B4 Procedure of using FLUENT step 4



5. Grid-Chick

E FLUEMT [3d, segregated, lam]
File Grid Define Solve Adapt Surface Display Plot Report Parallel

Help

Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Done.

minimum volume (m3): 7.179811e-003
maximum volume (m3): 8.98583%e+0804
total volume (m3): 1.175383e+009
Face area statistics:
minimum face area (m2): 2.81828%e-082
maximum face area (m2): 3.827624e+003

number of nodes per cell.
number of faces per cell.
thread pointers.

number of cells per face.
face cells.

bridge faces.
right-handed cells.

face handedness.

element type consistency.
boundary types:

face pairs.

periodic boundaries.

node count.

nosolue cell count.
nosoluve face count.

face children.

cell children.

storage.

4

<

Appendix Figure BS Procedure of using FLUENT step 5

6. Grid-Scale

E FLUENT [3d, segregated, lam]

Done.

ll Define  Solve Adapt Surface Display Plot Report Paralel

Help

=E

Check i(m3): 7.179811e-863
Info P ((m3): 8.98503%e+004
(m3): 1.175383e+889
Fq Meroes ics:
e ' lea (n2): 2.81828%e-802
Fuse... ea (m2): 3.827624e+003
o Zone ' If nodes per cell.
cr  Surface Me 'F faces per cell.
CH T % ointers.
CH f cells per face.
| 1s.
CN Transate... pees:
CH  motate... nded cells.
ch dedness.
Ch  Smooth/Swap..  |type consistency.
checking boundary types:
Checking face pairs.
Checking periodic boundaries.
Checking node count.
Checking nosolve cell count.
Checking nosolue face count.
Checking face children.
Checking cell children.
Checking storage.

4

Appendix Figure B6 Procedure of using FLUENT step 6
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7. Select Grid was Created in mm and click Scale

=

=k

minimum
maximum
total
Face area
minimum
maximum
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Done.

volume (m3): 7.179811e-0803

volume (m3):

volume {(m3): Scale Grid

statistics:

face area (m

face area (m
nunber of nod
number of fac
thread pointe
nunber of cel
face cells.
bridge faces.
right-handed
face handedne
element type
boundary type
face pairs.
periodic boun
node count.
nosolue cell
nosolve face
face children
cell children

Scale Factors

Unit Conversion

X|g_ 801 Grid Was Created In[nm  +

Y 0. 001 Change Length Units
Z 0. 001

Domain Extents

Xmin [m] ’_17 Xmax [m] ,[1_57

Ymin [m] [-g_5

Zmin [m) g 5

Scale | Unscale‘

Ymax [m] [g_g

Zmax [m] [g_c

Close

Help

storage.

Al

A

Appendix Figure B7 Procedure of using FLUENT step 7

8. Define - Units

B FLUENT [3d, segreqated, lam]
File Grid mSnlve Adspt Surface Display Plot Report Parallel Help

Tt

maxi
Checki

Checki

Checki
Checki
Checki
Checki
Checki

Checking f
Checking c
Checking s
Done .

minj Models
maxi Materials...

Face & Opersting Conditions...
MLIN]  soundary Conditions...

Checki  Grid Interfaces...
Checkj  Dynamic Mesh
Checki  Mixing Planes...
Checki  Turbo Topology...

Cchecki Injections...

Custom Field Functions...
Profiles...

Checki  User-Defined |
Checkimg-nusvrve-cerr-count .
Checking nosolve face count.

ace children.
ell children.
torage.

»

»

Nz

79811e-803
B5839e+004
75383e+009
?_818280e-062
B.827624e+003
Br cell.

Fr cell.

Fr face.

B-

istency.

Bs.

IC

4

<

Appendix Figure B8 Procedure of using FLUENT step 8
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9. Quantities select angular-velocity

Unit select rpm

Click New

=

OK

-lol]

Done.

minimum
maximum
total

Checking number o
Checking face cel
Checking bridge F

Checking

Quantities

acceleration

volume {(m3): 7.179811e-8083
volume (m3): 8.98503%0e+004
volume (m3): 1.175383e+009
Face area statistirs-

minimum face ar

maximum face ar
Ghecking number o
Checking number o
Checking thread p

Define Unit

Quantity

Factor

1nitc

A

area-inverse

|1r—u91m:ity |n.1nu7198

Checking nosolue

Checking right-ha |cbk-act-energy i Ot

Checking face han |chk-density |"P“ |“ 8
Checking element |ignition-energy —
Checking boundary |concentration

Checking face pai -resi ok | Cancel| HEID |
Checking periodic .-

Checking mode:cou New...| List ‘ Close | Help |

Set All to

default

si

british

cgs

x|

nosolue Face count.
Checking face children.
Checking cell children.
Checking storage.

4]

Appendix Figure B9 Procedure of using FLUENT step 9

10. Define-Models-Multiphase

= FLuenT

[3d, segregated, lam]

File Grid msdx'e Adapt Surface Display Plot Report Parallel

maxi
te
Face :
minj
maxi
Checkj
Checki
Checki
Checki
Checki
Check]
Checki
Checki
Checki
Checki
Check]
Checki
Checki

Checking
Checking
Checking
Checking
Done.

S o

Materials...

Operating Conditions. ..
Boundary Conditions...

Grid Interfaces...

Dynamic Mesh 3
Mixing Planes...

Turbo Topology...

Injections...

Custom Field Functions...
Profiles...
Units...

User-Defined »

ChecKkimg-nosvrve-cerr—coom

Help

-Iolx

Solver. 1

Energy.
Viscous. ..

Radiation...

Species L4
Discrete Phase...
Solidification & Melting. ..

istency.

BES.

t.

nosolve face count.

face children.
cell children.
storage.

[»

<

Appendix Figure B10 Procedure of using FLUENT step 10
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11. Model select Mixture and click OK

minimum volume (m3): 7.179811e-003 <
maximum volume (M3): 8.98503%e+004
total volume (m3): 1.175383e+009
Face area statistics:
minimum face area {m2): 2.818289e-0082
maximum face area (m2): 3.82762Le+002

Checking number of nodes per cell Multiphase Model 1{
Checking number of faces per cell

Checking thread pointers. Model Number of Phases
Checking number of cells per face | g 2 =

-

Checking face cells.

; q " Volume of Fluid
Checking bridge Faces. & Mixt
Checking right-handed cells. ~ ! u.re
Checking face handedness. = Eulerian

Checking element type consistency
Checking boundary types:

Checking Face pairs. Mixture Parameters

Checking periodic boundaries. I Slip Yelocity
Checking node count.
Checking nosolve cell count. Body Force Formulation

Checking nosolve face count.
Checking face children.
Checking cell children.

Checking storage. 0K | cancel| Help |
Done. 5

I Implicit Body Force

« | 3

Appendix Figure B11 Procedure of using FLUENT step 11

12. Define-Models-Viscous

B FLUENT [3d, segregated, lam] -8 ﬂ
File GIidSUl-.-‘E Adapt Surface Display Plot Report Parallel Help
o R -
max] Materizls... Multphase, ..
te Energy
Face ¢ operating Conditions...

“im: Boundary Conditions...
naxi
Checki
Checki Grid Interfaces...
Checki  Dynamic Mesh
Checki  Mixing Planes... SR

R
Species L3
Discrete Phase...

Solidification & Melting. ..

Checki  Turbo Topology...
Checki
Checkj [njectians.. 5.
Checki
[:hel:kq Custom Field Functions. .. Lstency.
Checki X

| Profiles...
Checki Uriits
Check] BS .
Checkl  User Defined i
GCheckinmg-mrsvrve—cerr-count .

Checking nosolve face count.
Checking face children.
Checking cell children.
Checking storage.

Done. =

4

<] »
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13. Selectk-omega ( SST ) and click OK

=]

111

minimum
maximum
total
Face area
minimum
maximum
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Done.

volume (m3):
volume {m3): 8.9850839%e
volume (m3): 1.175383e
statistics:
face area (m2):
face area (m2):
number of nodes
number of faces
thread pointers.
number of cells
face cells.
bridge faces.
right-handed cells.
face handedness.
element type consistenc
boundary types:

face pairs.

periodic boundaries.
node count.

nosolue cell count.
nosolve face count.
face children.

cell children.

storage.

2.8182
3.8276
per cel
per cel

per fac

7.179811e-003

Viscous Model

Model Model Constants
O Inviscid Alpha*_inf =
" Laminar F
" Spalart-Allmaras [1 eqn]
" k-epsilon [2 eqn) Alpha_int
* k-omega [2 eqn] 08.52
" Reynolds Stress (7 eqn) .
' Detached Eddy Simulati Beta®_int
" Large Eddy Simulation |9-‘39
k-omega Model R_beta
" Standard 8 =
@+ 88T

k-omega Options

[~ Transitional Flows

0K | Canceq

User-Defined Functions

Turbulent Viscosity
|I'IIJI'IE

Help |

4

<]

Appendix Figure B13 Procedure of using FLUENT step 13

14. Define-Material-select Fluent Database

Materils

Name

Material Type

Order Materials By

‘air

Chemical Formula

|fluid

Fluent Fluid Materials

j * Name

" Chemical Formula

Fluent Database...

X

User-Defined Database...

|ah _:J
Properties

Density [kgfm3] |constant j J

|1 .225
Yiscosity [kg/m-s] |constant j
|1 .7894e—065
=

Change/Create Delete Close | Help

Appendix Figure B14 Procedure of using FLUENT step 14




15. Select water-liquid (h20<1>) and water-vapor(h20) and click Copy

‘Fluent Database Materizls iJ
Fluent Fluid Materials =| =| Material Type
vinyl-silylidene [h2cchsih] -] |f|uid LJ

Hrichlorosilane [sicl3ch2ch) :
vinylidene-chloride [ch2ccl? Order Materials By

* Name
 Chemical Formula

water-vapor [h2o
wood-volatiles (wood_wvol]

New...| Edit.| Save | copy | Close| Help |

Appendix Figure B15 Procedure of using FLUENT step 15

16. Define-phases

= FLUENT [3d, segregated, mixture, ssthu] - |=] x|
MSO“'E Adapt Surface Display Plot Report Parallel Help
®-cr Models » -1.000060e+003, max (m) = 5.000000e+002 L
y-co  Materigls... -5 .008800B0e+A02, max (m) = 5.0008000e+B02
z-c I - 49999992 +0802, nax (m) = 5.0000800e+002
Uolume Operating Conditions, ..
"i"]: Boundary Conditions... 79811e-003
maxl  peiadic Conditions 583%e+884
te- 75383e+ 0089
Face & Grid Interfaces...
mini  Dynamic Mesh » 2.81828%e-0882
maxi  Mixing Planes... .B82762he+003
Checki  Turbo Topology... Br cell.
Checki Pr cell.
Checki Injections...
Checki I Br face.
chEEk], Custom Field Functions...
[:hel:k]l Profiles...
Checki P
Checki
Checki  User-Defined » istency.
Checking-vounmuary-cypess—
Checking face pairs.
Checking periodic boundaries.
Checking node count.
Checking nosolve cell count.
Checking nosolve face count.
Checking face children. |
Checking cell children.
4] HE

Appendix Figure B16 Procedure of using FLUENT step 16
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17. Phase select phase 1

Type select p

]

rimary-phase and click set

113

NETE]

x-coord
y-coord
z-coord
Uolume st
minimum
maximum
total
Face area
minimum
maximum
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking

inate: min (m) = -1.000000e+883, nax (m) = 5.000000e+002
inate: min {m) = -5.000000e+08082, max (m) = 5.000000e+002

x|

inate: min (m) = -%.99999%e+882, max (m) = 5.000000e+002
atistics:

volume {m3): 7.17924*~ ~°"

volume (m3): 8.98% Phases

volume {m3): 1.175

statistics:

face area {(m2): 2.

face area (m2): 3.

number of nodes per

number of faces per

thread pointers.

number of cells per

face cells. T}

bridge faces. h 5
right-handed cells. Interaction...

face handedness.

element type consis Setu| Close| Help|
boundary types:

face pairs.

periodic boundaries.
node count.

nosolue cell count.
nosolve face count.
face children.

<

Appendix Figure B17 Procedure of using FLUENT step 17

18. Primary Phas

Phase Material select water-liquid and click OK

e: Name: liquid

Xx—coord
y-coord
z-coord
Volume st

minimum volume (m3): 7.179811e-883
maximum valuma m3y- # ORCA20a+AAK

to Primary Phase

inate: min (m) = -1.000000e+063, max (m) = 5.000000e+002
inate: min {m) = -5.000000e+8082, max (m) = 5.000000e+002
inate: min {m) = -4.999999e+082, max (m)

atistics:

Checki

Checki
Checki

maxi |1iquid

thecki Phase Material lyater-liquid +| Edit..
Checki

Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking

TTIOgE TaCES

right-handed cells.

1D

oK | Cancel‘ Help | JEEZEEEEE:J .

Set.. ‘ Close| Help ]

face handedness.

element type consistency.
boundary types:

face pairs.

periodic boundaries.

node count.

nosolve cell count.
nosolve face count.

face children.

<
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19. Phase select phase-2

Phase Type select secondary-phase and click set

=

114

-lolx]

x-coordinate: min {m)
y-coordinate: min {m})
z-coordinate: min {m)

-1.0000808e+8083, max (m)
-5.0800868e+802, max (m)
-4.9990009pe+882, max (m)

5.000000e+0802
5 .800080e+ 002
5 .800080e+0802

Uolume st
minimum
maximum

total

Face area
minimum
maximum

Checking

Checking

Checking

Checking

Checking

Checking

Checking

Checking

Checking

Checking

Checking

Checking

Checking

Checking

Checking

Checking

atistics:
volume {m3): 7_179811e-003
volume (m3): B.98583%e+0084
volume (m3): 1.175383e+009
statistics:
face area (m2): 2.818289%e-882
face area (m2): 3.827624e+883
number of nodes per cell.
number of faces per cell.

thread pointers.

number of cells per face.

face cells.

bridge faces.

right-handed cells.

face handedness.

element type consistency.

boundary types:

face pairs.

Phases

ID

Interaction... | [3

Set.. | Clnse| Help |

periodic boundaries.
node count.

nosolve cell count.
nosolve face count.
face children.

1

Appendix Figure B19 Procedure of using FLUENT step 19

20. Secondary Phase: Name: vapor

Phase Material select water-vapor and click OK

o

y-
N
Uolu

x-coordinate: min (m) =

Name

-1.000080e+802, max (m)

5 .000000e+ 002
ﬂ b] 5 .b00000e+ 002
) = 5.800888e+ 882

m1
ma

Face
mi
na

Chec

vapor

Phase Materlal [watervapor ~ +| Edit.|

Phases

0OK | Cancel| Help |

Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking

number of faces per cell.
thread pointers.

number of cells per face.
face cells.

bridge faces.
right-handed cells.

face handedness.

element type consistency.
boundary types:

face pairs.

periodic boundaries.

node count.

nosolue cell count.
nosolve face count.

face children.

1D

Interaction... | |3

Set...| Clnse| Help |

|
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21. Select Interaction

=

=[5

5.800000e+082
5.000000e+ 002
5.000000e+002

x-coordinate: min (m)
y-coordinate: min (m)
z-coordinate: min {m)
Volume statistics:
minimum volume (m3): 7_1799 4~ =°
maximum volume (m3): B.985 Phases jﬂ
total volume (m3): 1.175
Face area statistics:
minimum face area (m2): 2.
maximum face area (m2): 3.
Checking number of nodes per
Checking number of Faces per
Checking thread pointers.
Checking number of cells per
Checking face cells. D
Checking bridge faces. . 3
thecking right-handed cells. Interaction..
Checking face handedness.
Eheck?ng element type consis SeL"| Clnse| Help|
Checking boundary types:
Checking face pairs.
Checking periodic boundaries.
Checking node count.
Checking nosolve cell count.
Checking nosolve face count.
checking face children.

-1.000000e+003, max (m)
—5.000000e+002, max (m)
—4.999999%9e+002, max (m)

Phase Type

EH|

Appendix Figure B21 Procedure of using FLUENT step 21

22. Phase Interaction select Mass
Number of Mass Transfer Mechanisms select enter: 2
Mass Transfer
1. From Phase select liquid and To Phase select vapor

2. From Phase select vapor and To Phase select liquid

S=E

x-coordinate: min {m)
y-coordinate: min (m)
z-coordinate:- min fmy

—1.088888e+883, max {m) = 5.000088e+082
—-5.000000e+002, max {(m) = 5.000000e+002
—-h_000000p+AA? . max fm} = L _AAAAARR+ 002

Volume st phase Interaction ﬂ
minimum
maximum = —r & = =
total Drag ] Lift ] Cl]"ISIl]I'ISI Slip ] Heat Mass ]Rea[:lluns Surface Tenslun]
Face area 1= cayitation
minimum 3 =
maximum Mumber of Mass Transfer Mechanisms |2 EI
Checking
Checking Mass Transfer
Checking From To |
Checking Phase Fhase Mechanism
Checking T
Checking g |I|qu|d j |vapor j constantrate ~
Checking 3
Checking |
Checking —
Checking 2 |vapol j ||lqu|d j constantrate -
Checking = _J
Checking
Checking
Checking oK | Canceq Help |

Checking mosoroveTace councs
Checking face children.

<]
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23. Click Cavitation and click OK

-5l

®-coordinate: min {m)

y-coordinate: min {m)

z-coordinate: min fmY
Uolume st phace Interaction

-1.0000088e+0802, max (m)
-C.000008e+0802, max {m)
-4 _090000p+AA? . max {m}

L .B008080e+002
L .B000800+002
L _ANAAARR+AR?

X

minimum
maximum 7 e T . 7
total Drag l Lift l Colllsmnsl Slip l Heat Mass IReactluns Surface Tensmnl
Face area & cayitation
minimum o]
maximum Cavitation Parameters
Checking Vaporization Pressure [pascal]
checking constant -
Checking |236?.8
Checking
Checking : :
Checking Surface Tension Coefficient [nfm] COnaant = T
Checking
Checking |ﬂ.ﬂ?1?
Checking 2
Checking Non-Condensable Gas Mass Fraction P =
Checking
Checking |1-5E_“5
Checking
Checking
Checking 0K | Cancel| Help |
Checking

<]

24. Define-Boundary Conditon

B FLuenT [3d, segregated, mixture, ssthkw]
File Grid WSDI\'E Adspt Surface Display Plot Report Paralel Help

Xx-cf Models
y-cf  Materigls...
Z-Cl  Phases...
Volume  Operating Conditions

3

Appendix Figure B23 Procedure of using FLUENT step 23

-l

-1.000008e+803, max (m)
L5 ._000000e+B02, nax (n)
-4.999999e+802, max (m)

o o Ll

maxi

T

Face &
mini  Dynamic Mesh

maxi Mixing Planes...

Grid Interfaces...

Checki  Turbo Topology...
Checki
Checkj [njections..
Checki
[:heck:! Custom Field Functions. ..
Checki
| Profiles...
Checki Uni
Checki  ~"=
Checkl serDefined

Checkimg—vuunuary-cypess
Checking face pairs.

3

B5839e+004
75383e+009

?.818280e-002
3.8276240+003
Br cell.
Br cell.

er face.

5.

» istency.

Checking periodic boundaries.

Checking node count.

Checking nosolve cell count.
Checking nosolve face count.

Checking face children.

5 .008086e+002
L .@00006e+ 0062
5 .A08006e+ 862

D

4]
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25. Zone select blade

Type select wall

Click set

2]

Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking

¥-coordinate: min (m) =
y-coordinate: min (m) =
z-coordinate: min (m) =
Uolume statistics:
ninimum volume {m3): 7.
maximum volume {(m3): 8.¢
total 1.
Face area
ninimum face area (m2):
nmaximum face area (m2):

volume (m3):
statistics:

number of nodes [
number of faces [
thread pointers.
number of cells [
face cells.
bridge faces.
right-handed cell
face handedness.
element type cons
boundary types:
face pairs.
periodic boundari
node count.

-1.000000e+003, max (m) = 5.000000e+002

Boundary Conditions ﬂ
Zone Type
blade exhaust-fan -
default-interior inletvent
default-interior:001 |intake-fan
hub interface
inlet mass-flow-inlet
interface_in outflow
interface_out outlet-vent
outlet pressure-inlet
volume_in pressure-outlet
volume_out symmelry
wall veluciliinlet 1
Phase D
‘mixture j |4

Set... ‘ Cupy...} Close | Help |

L1374
a2

nosolve cell count.
nosolve face count.

face children.

<
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26. Wall Motion select Moving Wall and click Rotational

Rotation-Axis Direction enter

x=1

Click OK

y=0

z=0

wal
Zone Name Phase
|hlade |mixture

Adjacent Cell Zone

|un1ume_in

Thermal | DPM

| species | Radiation | UDS

Wall Motion

" Gtationary Wall
& Moving Wall

Shear Condition

& No Slip

" Specified Shear
P

-

YWall Roughness

Roughness Height [m] ‘[1

Roughness Constant ‘3_5

Motion

" Relative to Adjacent Cell Zone
" Absolute

 Translational
* Rotational
" Components

1 Granular}
Speed [rpm)
(]

Rotation-Axis Origin

Rotation-Axis Direction

X (m) ||1

X‘1

Y (m) |n

Y‘n

ZIm [0

‘cnnslant

‘cunstant

Z‘u

0K Cancel Help
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27. Zone select hu

b

Type select wall

Click set

=

119

W=

#-coordinate: min (m) = -1.0000008e+0083, max (n) = 5.000000e+002 =
y=coordinate: ming(m)e= SEoRoofRt Rat_ ot R0 R D0 ) 00
z-coordinate: min (m) = Boundary Conditions ﬂ ae2
Volume statistics:
minimum volume {m3): 7. Zone Type
maximum volume (m3): 8.¢ |blade exhaustfan B
total volume (m3): 1.- |defaultinterior inletvent
Face area statistics: default-interior:001 |intake-fan
minimum face area (m2): | interface
maximum face area (m2): |inlet mass-flow-inlet
Checking number of nodes | |interface_in outflow
Ghecking number of faces | |interface_out outlet-vent
Checking thread pointers. |outlet pressure-inlet
Checking number of cells | |[volume_in pressure-outlet
Checking face cells. volume_out symmedtry
Checking bridge faces. wall velocity-inlet
Checking right-handed cell
check:!.ng face handedness. pp... D
Checking element type con: = 5
Checking boundary types: |m'>d”"3 j |
Ghecking face pairs.
[:heck:!.ng periodic boundari Set... I Cupy...| Chct | Help |
Checking node count.
Checking nosolve cell count.
Checking nosolue face count. ]
Checking face children. o

|
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28. Wall Motion select Moving Wall and click Rotational

Rotation-Axis Direction enter x =1

Click OK

y=0 z=0

wall
Zone Name Phase
[hub

Adjacent Cell Zone

|mixture

‘uulume_in
Thermal | DPM

‘Wall Motion

" Stationary Wall
~ Moving Wall

Shear Condition

* No Slip
" Specified Shear
I

o

Wall Roughness

Roughness Height [m]) |ﬂ

Roughness Constant |ﬂ_5

Momentum | Species | Radiation | UDS | Granular |

Motion

= Relative to Adjacent Cell Zone Sﬂp“d [rpm]

 Absolute
Rotation-Axis Origin Rotation-Axis Direction
" Translational
& Rotational X [m) |“ & ‘1
© Components ¥ [m |l] v ‘B
zm[a z[g

|cun5lanl j
|cunslanl j

OK | Cancel| Help‘

Appendix Figure B28 Procedure of using FLUENT step 28

29. Zone select Inlet and Type select Pressure-inlet

Click set

2

x-coordinate: min {m

)} = -1.0000080e+803,
y-coordinate: min {m) =
y =

r AAG606- . aen

max (m) = 5.08000088e+08082

e Ay - C AAGGEGA .

X

z-coordinate: min {m Boundary Conditions
Uplume statistics:
minimun volume (m3): 7.- Zone Type
maximum volume (m3): 8.¢ |blade exhaust-fan =]
total volume {(m3): 1.- |default-interior inlet-vent
Face area statistics: default-interior:001 take-fan
minimum face area (m2): |hub interface
maximum face area {(m2): mass-flow-inlet
Checking number of nodes | |interface_in outflow
Checking number of faces | interface_out outlet-vent

Checking thread pointers. |outlet
Checking number of cells j |volume_in
Checking face cells. volume_out
Checking bridge faces. wall
Checking right-handed cell
Checking face handedness. Phase

pressure-outlet
symmetry
wvelocity-inlet
wall

1D

Checking element type con: -

Checking boundary types: ‘mlxlure j
Checking face pairs.

Check?ng periodic boundari Set... ‘ Copy...
Checking node count.

|1n

| Close | Help

a2
a2

Checking nosolve cell count.
Checking nosolve face count.
Checking face children.

<
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30. Gauge Total Pressure (pascal) enter-58619
Supersonic/initial Gauge Pressure (pascal) enter-67708
Turbulence Specification Method select K and Omega
Tub. Kinetic Energy (m2/s2) enter 0.02
Spec. Dissipation (1/s) enter 1
Click Ok

2] | =11

®-coordinate: min (m)
y-coordinate: min (m)

-1.000000e+003, max (m) = 5.000000e+002 -

r AGAAAa~. - i nnnnnnnl.‘ﬂuz

z-cool X
Uolume :Pressuredniet ﬂ
minim
maxim n
tot: [inlet |m1xture

Zone Name Phase

Face ari
minim Gauge Total Pressure [pascall |—5sa19 |cunstanl
maxim
Checkini Supersonicfinitial Gauge Pressure [pascal) |—677I38 |cunstanl
Checkini
Checking Direction Specification Method |Nurma| to Boundary
Checkin
Gheckin Turbulence Specification Method |K and Omega
Checkin
Checking Turb. Kinetic Energy [m2/s2) |[1. [7] |cnnstanl
Gheckin
Checkin Spec. Dissipation Rate [1{s] |1
Checkin
Checkin
checkin 0K | Cancel | Help |
Checking
thecking nosolue cell count.
thecking nosolue face count.
Checking face children.

] 3

Ll e L] e |

|cunslanl
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31. Zone select Outlet and Type select Pressure-outlet

Click set

=
x-coordinate: min {(m) = -1.000000e+003, max (n) = 5.000000e+002
yfcnm‘dinate: min {m) = _© _ARAAAA..AA0 ... sod - ¢ RAAGAA-. GE2
z-coordinate: min (m) = Boundary Conditions ﬂ 0a2
Uolume statistiecs:
mininum volume (m3): 7.- 2°n€ Type
maximum volume (m3): 8.¢ |blade exhaustfan B
total volume (m3): 1.- |default-interior inlet-vent
Face area statistics: default-interior:001 |intake-fan
minimum face area (m2): |hub interface
maximum face area (m2): |inlet mass-flow-inlet
Checking number of nodes [ |interface_in outflow
Checking number of faces [ |interface_out outlet-vent
Checking thread pointers. | ESSUT!
[:hecking number of cells [ volume_in PIESS
Checking face cells. volume_out symmetry
Checking bridge faces. wall velocity-inlet
Checking right-handed cell wall o
[:hel:k:!.ng face handedness. pp... D
Checking element type con: — m
Checking boundary types: ‘mlxture j |
Checking face pairs.
[:hel:k:!.ng periodic boundari Set... | Cupy...| Clnse | Help |
Checking node count.
Checking nosolve cell count.
Checking nosolve face count.
Checking face children.

<
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32. Gauge Pressure (pascal) enter-67708
Select Radial Equilibrium Pressure Distribution
Turbulence Specification Method select K and Omega
Tub. Kinetic Energy (m2/s2) enter 0.02
Spec. Dissipation (1/s) enter 1
Click Ok

2 REE

-1.000000e+083, max (m) = 5.000008e+002 =

r AARAAAA. AAN o Fmd T AGRAAG~ . [T

x-coordinate: min (m)
y-coordinate: min {m)
Z_cnn..d-: nodns min fmi
Uplume Pressure Qutlet
ninim
maxim
tot |outlet ‘mixture
Face ar
ninim Gauge Pressure [pascal) |—677[|B ‘cunstam
maxim
Checkin ¥ Radial Equilibrium Pressure Distribution
Checkin
Checkin
Checkin
Checkin
Checkin
Checkin
Checkin
Checkin
Checkin
Checkin 0K | Cancel| Help |
Checkin
Checking node count. ! 1 1
Checking nosolve cell count.
Checking nosolve face count.
Checking face children.

o

Ix

Zone Name Phase

L

Backflow Direction Specification Method |Nurma| 1o Boundary

Turbulence Specification Method |K and Omega

Backflow Turb. Kinetic Energy [m2{s2) |[1_ 02| ‘nnnstam

Ll el

Backflow Spec. Dissipation Rate [1/s] |1 ‘cnnstant

] 3
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33. Zone select Volume in

Type select Fluid

Click Set

g

-[ol

®-coord
y-coord
z-coord
Uolume st
minimum
maximum
total
Face area
minimum
maximum
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking

inate: min (m) =

-1.00000808e+803, max (m) = 5.0000880e+0082

L

inate: min (N) = o ittt aen el _C_noooon.
inate: min (m) = Boundary Conditions
atistics:

volume (m3): 7.° Zone Type
volune {m3): 8.¢ |blade

volume (m3): 1.- |defaultinterior solid
statistics: defaultinterior:001

face area (m2): |hub

face area (m2): |[inlet

number of nodes | |interface_in

number of faces [ |interface_out

thread pointers. |outlet

number of cells | lume I

face cells. volume_out

bridge faces. wall

right-handed cell

face handedness. Phase D
element type con: —

boundary types: |Mixiure j |3
face pairs.

periodic boundarl — gey | Cupy".| Close | Help ‘
node count.

nosolve cell count.

nosolve face count.

face children.

882
a2

<
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34. Rotation-Axis Direction

Enter x =1

Motion Type select Moving Reference frame

x-coord
y-coord
z-coord
Uolume st
nininum
naginum
total
Face area
nininum
naxinum
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking

y

inate:
inate:
inate:
atistic

volume

volume

volume
statis
face a
face a
nunber
number
thread
nunber
face ce
bridge
right-h
face ha
element
boundar
face pa
periodi
node ca
nosolve
nosolue
face ch

=0 z=0

Fluid

Zone Name

Phase

volume_in

[" Source Terms
[ Fixed ¥alues
[" Porous Zone
[ Laminar Zone

nixture

MUﬁDnlSoume1hrms]erdVaMes]PumusZone]Reaﬂhnl

Rotation-Axis Origin
o T .
Y (m] ’07
Z [m) ’n—

Motion Type Mﬂvingﬂ"'

Rotation-Axis Direction

X‘P_______________

0K | Canceq

125
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35. Rotation Velocity Speed (rpm) enter: 1200

Translational Velocity
X(m/s) Enter 0
Y (m/s) Enter 0
Z(m/s) Enter 0

Click OK

a8

ninimum
maximum
total
Face area
ninimum
maximum
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking

x-coordina
y-coordina Zone Name Phase
z-coordina
Volume stati

vo.
vo.
Vo
st
fa
fa

nunl
nunl
thr
nuni
fac
brii
rigl
fac
ele|
bow
fac
per:
nod:
nos:
Checking nos
Checking fac

Fluid lﬂ

volume_in mixture

I Source Terms

- " Fixed Values

[" Porous Zone
I” Laminar Zone

Motion | Source Termsl Fixed Values] Porous Zune} Reacﬁun]

Motion Type |Muving Reference Frame j J

Rotational Yelocity Translational Velocity
Speed (rpm) 1299 X [m/s) ’07
Y [mfs) ’ni
Z [mfs] ’ui

OK | Cancel| Help |

e

I»

<
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36. Zone select Volume out and Type select Fluid

Click Set

g

=

x—-coordinate: min {m) =
y-coordinate: min (m) =
z-coordinate: min {(m) =
Uolume statistics:
minimum volume (m3): 7.°
maximum volume {m3): 8.%
total volume (m3): 1.°
Face area statistics:
minimum Face area (m2):
maximum face area (m2):
Checking number of nodes |
Checking number of faces |
Checking thread pointers.

Checking face cells.
Checking bridge faces.
checking right-handed cell
Checking face handedness.
Checking element type con:
Checking boundary types:
Checking face pairs.
Checking periodic boundari
checking node count.

Checking number of cells f |

-1.080808e+0863, max (m) = 5.B0ABABe+B02

r AAAAAAR. QAN mas S AAafAan. G2
Boundary Conditions ﬂ 802
Zone Type
blade
default-interior solid
default-interior:001
hub
inlet
interface_in
interface_out
outlet
wvolume_in
wvolume out
wall
Phase 1D
‘mixture j ‘2
Set... ‘ Copy...‘ Closel Help

checking face children.

Checking nosolve cell count.
Checking nosolve face count.

[

Appendix Figure B36 Procedure of using FLUENT step 36

37. Rotation-Axis
Enter x=1

Click OK

=

z-coordinate:
Volume statistic
minimum volume [ Source Terms
maximum vOlume [~ Ficed Values
total volume
Face area statis
minimum face a [ Laminar Zone
maximum face a
Checking number

Diraction

y=0 z=0

¥-coordinate:
y-coordinate:

x|

Fluid
Zone Name Phase
volume_out mixture

I” Porous Zone

Checking

Checking thread
Checking number
Checking face ce
Checking bridge
Checking right-h
Checking face ha
Checking element
Checking boundar
Checking face pa
Checking periodi
Checking node cao
Checking nosolue
Checking nosolve
Checking face ch

Rotation-Axis Origin

=l

Rotation-Axis Direction

Motion ]Suurce Terms | Fixed Yalues 1 Porous Zone ] Reaction ]

X () [a X[
¥ (m) o Yo
Zm[o “|e
MotionT)«‘pE|statinnary j =
oK | Cancel Help |

-l

<1

Appendix Figure

B37 Procedure of using FLUENT step 37

127



38. Define-Grid Interfaces

FLUEN

T [3d, segregated, mixture, sstkw]

File Grid mSnlve Adapt Surface Display Plot Report Parallel Help

128

N

5.800000e+082
5.000000e+002
5 .080080A0Ae+AB2

X-cf Models » -1.0000080e+8083, max (m)
y-cg Materials... -5 .000000e+802, max (m)
Z-C0  Phasss... ~4._999999e+082, max (m)
Volume Operating Conditions. ..
m:in:!_ Boundary Conditions. .. F9811e-003
maxj : B50839e+ 004
tc F5383e+0809
Face <
mini  Dynamic Mesh » 2.81828%e-082
maxi  Mixing Planes... 2.8276240+002
Checki  Turbo Topology... Pr cell.
Checki Br cell.
Checki Injections...
Checki | Br face.
cheCk?- Custom Field Functions. ..
Checki
| Profiles...
Check:!_ N 5.
Checki
Checki  ser Defined » istency.
Checkimy YrrypesT
Checking face pairs.
Checking periodic boundaries.
Checking node count.
Checking nosoluve cell count.
Checking nosolve face count.
Checking face children.
<]
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39. Grid Interface = Interface

Interface Zone 1 = interface in

Interface Zone 2 = interface out

Click Create

%-coordinate: min (m)
y-coordinate: min (m}
7 Grid Interfaces

Grid Interface

-1.800000e+003, max {(m)
-5.0000808e+802, max (m})

Interface Zone 1

5.000000e+002
5.000000e+002

Interface Zone 2

interface

interface_in

oooooooooRoeR

[H

Interface Type

interface_out

Boundary Zone 1

interface_ out

interface_in
interface _out

Interface Wall Zone 1

I Periodic |

I” Coupled Boundary Zone 2

Interface Wall Zone 2

Create J I

I Close I

I

Help I

Checking nosolue cell count.
Checking nosolve face count.
Checking face children.

|
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40. Solve-Controls-Solution

E FLUENT [3d, segregated, mixture, sstkw] -|ol x|
File Grid Define Adapt Surface Display FPlot Report Paralel Help
x-coordin EE D 1ax (m) = 5._000000e+002 [~
y-coordin Initalize 3 Multigrid. .. ax (m) = 5.00000808e+082
z-coordin  Monitors 3 Limits. ., ax {m) = 5.000000e+002
Uolume stat animate » k=St
minimum v e
maximum u oo History » 192+ 004
total ¥ coecite Commands... 3e+009
Face area s .
minimum 8289e-802
maximum 7624e+08083

Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking

nunber of nodes per cell.
number of faces per cell.
thread pointers.

nunber of cells per face.
face cells.

bridge faces.
right-handed cells.

face handedness.

element type consistency.
boundary types:

face pairs.

periodic boundaries.

node count.

nosolve cell count.
nosolve face count.

face children.

<
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41. Pressure-velocity coupling, set SIMPLE

Discretization; momentum, turbulence kinetic energy and turbulence dissipation

rate set Second Order Upwind

= -[o x|
Solution Controls x| 5
y Equations _£| =] Under-Relaxation Factors
Flow Pressure [g_3 =
Turbulence a
Densit
= ¥ 1
Body Forces [4
C Momentum [g_y
i -
C Pressure-Velocity Coupling = N
C e SiET i SHFAsRT - % DISCrBtIZatIDn _]
E il j M“mE"‘“mlSecond Order Upwind LJ
c Vapor [ i =
o ]Flrst Order Upwind _J
E Turbulence Kinetic E“E’Q)']Second Order Upwind LJ
C
C -
C
E 0K Default| Cancel ‘ Help ‘ —
CABCRING face chILdPen =
<] 3
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42. Solve-Initialize-Initialize

FLUENT [3d, segregated, mixture, ssthw]
Fle Grid Define m.ﬂ.dapt Surface Display Plot Report Parallel Help

Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking

®-coordin  Controls

3 3

z-coordin  Monitors

130

_[ol

Uolume stat apimate 3
minimum v "
MAXimUm U oo istory L i
total ¥ g commencs... Je+069
Face area s §
minimum £ i |18289e-002
maximum F________ S P T2 T
Checking number of nodes per cell.
Checking number of faces per cell.
Checking thread pointers.
Checking number of cells per face.
Checking face cells.
Checking bridge faces.
Checking right-handed cells.
Checking face handedness.

elenent type consistency.
boundary types:

face pairs.

periodic boundaries.

node count.

nosolve cell count.
nosolve face count.

face children.

} 180006e+883, max (m)

i(m)
(m)

L .0000800e+ 002
5.0000800e+082
5.000000e+0082

I»

d
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43. Compute For

m = inlet

Reference Frame = Absolute

Gauge Pressure (pascal) = -67708
X Velocity (m/s) =-4.2672
Phase-2 Vapor = 0.001

Click init

2

131

W=

x-coord
y-coord
Zz-coord
Volume st
minimum
maximum
total
Face area
minimum
maximum
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking
Checking

inate: min (m)

= -1.0000008e+883, max {m) = 5.000000e+062
inate: min {m) = -5.000008e+862, max {m) = 5._0A00A0e+AH2
inate: r‘-:-\ Fent L NN~ - R0 ma feml - AGRARRA . GO
atistice Salition Initizlization x|
:2;322 Compute From Reference Frame
volune _' " Relative 1o Cell Zone
statis * Absolute
face ai
face ai Initial Values
nunber i a
nunber | Gauge Pressure [pascall [-47707.94
thread
nunber | X Velocity (mfs] -4 267406
face ce
bridge 1 ¥ Velocity [mfs] [g
right-h
face ha Z Velocity [mfs] |g
element |
boundari
face pa Init | Reset| Apply| Cluse| Help‘
periodi
node count.

nosolve cell count.
nosolve face count.
face children.

<]
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44. Solve-Monitors-Residual

E FLUENT [3d, segregated, mixture, sstkw]

File Grid Define mf«dapt Surface Display Plot Report Parallel Help

R=E

Checking number of nodes per cell.
Checking number of faces per cell.
Checking thread pointers.

Checking number of cells per face.
Checking face cells.

Checking bridge faces.

Checking right-handed cells.
Checking face handedness.

Checking element type consistency.
Checking boundary types:

Checking face pairs.

Checking periodic boundaries.
Checking node count.

Checking nosolve cell count.
Checking nosolve face count.
Checking face children.

¥-coordin  Controls » 1000008e+ 0683, max (m) = 5.000000e+002

y-coordin  Initisize » J06060e+6682, max (m) - 5.000060e+002

z-coordin | || max (m) = 5.800000e+002
UU]-':"'“.? stat  animate 3 Statistic...

minimum w Force...

mAXIMUM W oo Histary ¥ surface... |

total ¥ ceecite commands... Volume. ..

Face area s . .. —

minimum f |8289e-002

maximum F______ . ‘'7624he+003

<

Appendix Figure B44 Procedure of using FLUENT step 44

45. Option select Print and Plot

Residual-continuity Convergence Criterion = 0.000001

Click OK

g

x-coordinate: npecd sl Monitars
y-coordinate: n

z-coordinate: n Options Storage
Volume statistice

maximum volume
total volume
Face area statist
minimum face ar
maximum face ar

Normalization

Fk M Pri ; 7
mininun volume | - EI"T licrations | 1900 ZI
o

kd

Plotting
Window |g il
lterations 1ppp i‘

" Normalize ¥ Scale Axes... | Curves...

Checking o idual
Checking thread [ T
Checking number Contintiysinls
Checking face cel F:;EIEEIEI [
Checking bridge f

Checking right-h: pﬁ;EIEEEEE‘ "
Checking face har

Checking element |z-yelocity

Checking boundary
Checking face pai |k v
Checking periodic
Checking node cou
Checking nosolue OK

Plot

Checking number c Check

Convergence =

Convergence Criterion

v [0.000001
v [0.001

v [0.001

v 0.001

2 0.001 5l

Renorm| Cancel| Help |

Checking nosolue

-l

Checking face children.

<
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46. Solve-Iterate

B FLUENT [3d, segregated, mixture, sstkw]

NEE

File Grid Define Adapt Surface Display Plot Report Help

x-coordin Controls } 100000e+003, max {(m) = 5.000000e+002 i)
y-coordin  Initislize » 108008e+BO2, max (m) = 5._008008e+002
z-coordin  Monitors » 199999p+ 802, max (m) = 5.000808e+082

Volume stat animate H
ninimum v I1e-003
MAXIMUM Y pagice Histary » 10e+004

total ¥ geecite commands... j3e-009

Face area s 1

minimum £° 1828%e-002

magimum F_______ " " \7624e+@83
Checking number of nodes per cell.
Checking number of faces per cell.
Checking thread pointers.
Checking number of cells per face.
Checking face cells.
Checking bridge faces.
Checking right-handed cells.
Checking Face handedness.
Checking element type consistency.
Checking boundary types:
Checking face pairs.
Checking periodic boundaries.
Checking node count.
Checking nosolue cell count.
Checking nosolue Face count.
Checking face children.

<1

Appendix Figure B46 Procedure of using FLUENT step 46

47. Number of Interation = 20000
Click Interate

=2

-ll

y-coordinate: min {m)
z-coordinate: min {m)

¥-coordinate: min (m) =

-1.0000808e+883, max (m) = 5.000000e+0882
—5.000000e+802, max {(m) = 5.000000e+002
—4.999999e+0802, max {(m) = 5.000000e+002

Uolume statistics:
minimum volume (m3): 7.179811e-003
maximum volume {m3): &_9RCA20e+ARL

total volume (m3): 1. ferate

Face area statistics:
minimum face area (m2): leration
maximum face area (m2):

Checking number of nodes |

Checking number of faces |

Checking thread pointers.

Checking face cells.
Checking bridge faces.
Checking right-handed cel:
Checking face handedness.

Number of lterations |2 pane i‘
Reporting Interval |4 i‘

LHECHING MIMER oF te5N UDF Profile Update Interval |4 i‘

Iterate| Apply| Close| Help |

x|

Checking element type con:
Checking boundary types:
Checking face pairs.
Checking periodic boundaries.
Checking node count.

Checking nosolve cell count.
Checking nosolve face count.
Checking face children.

I

4]
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48. When Solution is Converged will effective follow facture

¢ FLUENT [0] Fluent Inc

def.

def:

inle

out:

wal:

inty

int

hub

blai

wal:

wal:

voli

voli

inty

grid ii

shell 1
Done.

Reading "F:
Done.

iter cont
18883 2.13

- [0l x|

uf-vapor
f0fBe+B0 B:

Interrupting. ..
Done.

4|

Appendix Figure B48 Procedure of using FLUENT step 48

49. Check Thrust and Torque by click Define-Turbo Topology

EY FLUENT [2d, pbns, mixture, sstkw]

§ Solve Adapt Surface Display Plot Report Parallel Turbo Help

M=

Operating Conditions. ..
Boundary Conditions. ..

Grid Interfaces...
Dynamic Mesh 3

Injections...

Done.

Interrupting...

q

st Custom Field Functions... 3
Done . 3§ |

e Profiles... ¢ P
Reading ! 20135 .cas--j=0.7--c=5.dat"...
1  Units...
Done.
User-Defined 3

iter vowrrmurcy-x=vervcroy y-velocity z-velocity
6518 1.6016e-685 L4 _9480e-08 2 _185h6e-08 2_1931e-08 5_3202e0-08
6511 2.2593e-85 5.8990e-88 3.1874e-08 3.1773e-08 6.6848e-08 3.7525e-07 0.0000e+08 266

k

[

omega  wF-vapor
L.2206e-08 O0.0000e+08 0O:

<

4|
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50. Choose a pair

Boundaries
Hub

Casing

Theda Periodic

Inlet

Outlet

Blade
Click Define

default-inter
inlet
outlet
wall
interface_out
interface_in
hub
blade
wall-14
wall-15
volume_in
volume_out
interior-13
grid interfaces,
shell conduction
Done.
Reading "F:\k-w-sst\t
Done.

iter continuity x-v
6518 1.6816e-085 4.9
6511 2.2593e-085 5.8

Interrupting...
Done.

Surfaces

Hub

Interface Out

default-interior: 001

(select Volume in)

Inlet

Outlet
Blade

E Turbo Topology

Turbo Topology Name

|new—topology—2

new-topology-2

Boundaries Surfaces El=
" Hub IdB -
C Casing efau t—!nter!or
 Theta Periodic :ELault-lntenur.I]m
" Theta Min inlet
€ Theta Max interface_in
" Inlet interface_out
" Outlet outlet
* Blade wall
wall-14 hd|
Surface Name Pattern Suiaee Types Eﬂ
| axis -
exhaustfan
Match fan
inlet-vent LJ

Deﬁne‘

Delet ‘ Display‘ Close ‘

Help ‘

-I5|x

pmeqa uf-vapor
fic-088 9.0000c+08 O:
Se—-@7 ©.00808e+88 266

1

Appendix Figure BS0 Procedure of using FLUENT step 50
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51. Turbo-Report

B FLUENT [3d, pbns, mixture, ssthw] _JEI ﬁ
File Grid Define Solve Adapt Surface Display Plot Report Parallel iV 8 Help

default-interior ~ Report... | =

inlet Averaged Contours...

outlet 2D Contours...

wall Averaged XY Plot...

interface_out Optians..

interface_in

hub

blade

wall-14

wall-15

volume_in

volume_out
interior-13

grid interfaces,

shell conduction zones,

Done.
Reading "F:\k-w-sstitest-1628135.cas--j=8.7--c=5.dat"...
Done.
iter continuity x-velocity y-velocity z-velocity k omega vf-vapor

6518 1.6816e—85 4_.948%e-08 2.1856e-08 2.1931e-88 5.3202e-08 5.2296e-08 O.00080e+08 0:
6511 2.2593e-85 5.8990e-088 3.1874e-08 3.1773e-88 6.68B48e-08 3.7525e-07 0.0000e+08 266

Interrupting...
Done.

| =

<] »
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52. Click Compute

=Y Turbo Report
InletfOutlet Data

Averages

* Mass-Weighted
" Area-Weighted

Inlet

Turbo Topology
|nevr—tnpn|ugr2j

Outlet

Mass Flow [kgfs] |33 09.138

‘—3339.138

Swirl Number |_4_4s31 Lhe- @5

‘—ﬂ.u1a91uuu

Average Total Pressure [pascal) |_4ug5?

‘—uuug?.nu

Average Radial Flow Angle [deg] |g_92239763

‘—ﬂ.ns1nus?s

Average Theta Flow Angle [deg] |_g_ 882788315

Losses Forces

‘—1.13&&39

Engr. Passage Loss Coef [g_ggy27604 Axial Force [n] 512 8228
Morm. Passage Loss Coef —g_pgs17972%5 Torque [n-m) -34 _u6346

Efficiencies

[—
[—
Hydraulic [%3] ’g—

Cumpute‘ Write...‘ Close |

Help ‘

Appendix Figure BS2 Procedure of using FLUENT step 52
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53. Select write = Case & Data

3 FLUENT [3d, pbns, mixture, sstkw] ;JEJEJ
E Grid Define Solve Adapt Surface Display Plot Report Paralel Turbo Help
Read » [-interior el |
Write 3 Case...
Import
Export...
Interpolate. .. zlet
Profile. ..
Hardcopy ... Autosave...
Batch Options. ..
Save Layout Boundary Grid...
Surface Clusters..,
RSF...
5 Start Journal. ..
ERE Start Transcript...
Done.
Reading “F:\k-w-sstitest-1628135.cas--j=0.7--c=3.5.dat"...
Done.
iter continuity x-velocity y-velocity z-velocity k omega  vf-vapor timesit
180883 2.132%e-85 5.8223e-08 2.2196e-88 2.2202e-08 5.3177e-68 5.1586e-08 0.0000e+00 0:00:88 208
Interrupting...
Done.
Ex ) [l
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Using GAMBIT and Parallel FLUENT on Linux System

Using GAMBIT and FLUENT software on Tera Cluster (Namely “Thaigrid”)
at Thai National Grid Centre.
(a) Ask for account Tera Cluster at http://tera.thaigrid.or.th/drupal/th

(b) Installation SSH SecureShellClient and Tightvnc programs (download:

http://tera.thaigrid.or.th/drupal/th/user manual/access)

Open to use the window for TightVNC program

1. Start > All program - SSH SecureShellClient = SecureShellClient

[l ©Open Office Document

@ Set Program Access and Defaults

] Log OFf Administrator...

©
<
=
]
3
£
=
a.
o
3
)
=
[
°
=

i‘ol Turn CFf Computer...

Appendix Figure C1 Procedure of using GAMBIT and paralle]l FLUENT

on Linux system step 1



2. SecureShellClient monitor

8 - default - SSH Secure Shell
= sk (28 e alasn s e

|| Ble Edit Yiew Window Help

|| &1 Quick Connect ] Profiles

S5H Secure Shell 3.2.9 (Build 283)
Copyright (c) 2000-2003 §5H Commwmications Security Corp - hutp://winr.ssh.com/

This copy of S8H Secure Shell is & non-commercial version.
This version doss not include PKI and PKCS #11 functionality.

Mok connected - press Enter o Spacs b connect [ ~ ez | A

Appendix Figure C2 Procedure of using GAMBIT and parallel FLUENT

on Linux system step 2

3. Select file = Quick connect

“d tera. thaigrid.or.th - default - 55H Secure Shell
(B ek 28 Bes M A0 % @
|UBle Edt wew window Help

& save settings i\-es J

[ savelayout

Profiles

& Frint..
[& Prnt Preview. ..
Pags Setp, .,

Log Session. ..

2 connect...

e (Buila 28%)
Copyright 1) Z000-200% $5H Commmications Security Corp - htep: //mnr. ssh. com/

This copy of S5H Seoure Shell 15 a non-counercial version.
This version does not include PKI and PKCS §11 Cunctionality.

ez [ G

Connect quickly withaut profiles

Appendix Figure C3 Procedure of using GAMBIT and parallel FLUENT

on Linux system step 3

141



4. Connect to remote host = Connect
(a) Host name, set tera.thaigrid.or.th

(b) User name, set your account.

Connect to Remote Host ﬂ
!'-' Host Name: |t'E*f-f'l-th-f'liElfi'i':'f-'ih Connect |
o rachakan_ka —_—— |

Fort Mumber: |22
Authentication Method: |<P'r|:|file Settings> ﬂ

Appendix Figure C4 Procedure of using GAMBIT and parallel FLUENT

on Linux system step 4

5. Enter password - OK

Enter Password ﬂ
Cancel

Pazsword: | *******

Appendix Figure C5 Procedure of using GAMBIT and parallel FLUENT

on Linux system step 5
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6. Input “vncserver” (example: tera.thaigrid.or.th:2, using section 2)

- default - S5H Secure Shell

H &k F RE M S0 R SN
T el ede wew window bei
|| &1 Quick Connect: G = Profiles
ANNOUNCEMENT )

We currently testing am automatic power-saving functionality of compute
nodes. It is normal if you see some node down in TERA. The node will be
powersd wp automatically.

Please uses http://support.thaigeid.or.th to posSt yOoUr SUPPOrt request.
This will help tracking down the progress of each request.

Thai Wational Grid Center
Software Industry Promotion Agency (STPA)

TERA iz back online 20/12/2007

TERA is now online. Right now users can login to TERA and submit job as
usual.

Please inform us any user experience any problem.

Wetwork Operation Center
Thai National-Geid Center (THGC)

cks 4.2.1 (Cydonia)
rofile built 06:54 18-0ct-2008

ickstarted 14:22 18-0ct-2006
cks Frontend Node - Tera Clus
rin_toitera ~1§ wncserver

Wew 'ceras 7% ({amarin_to)' desktop is tera.thaigrid.or.th:2

Starting applications specified in /fs/houe/amarin_to/.vnc/xstartup
Log £ile 1s /fs/home/auarin £o/.vne/tera.thaigrid.or.th:2.log

[amarin toBtera ~]5 [l

Connected ta tera,thaigrid.or,th [55H2 - aes126-che - hmac-mds - none | 142x39

Appendix Figure C6 Procedure of using GAMBIT and parallel FLUENT

on Linux system step 6

7. Start > All program = TightVNC - TightVNC viewer (fast compression)

|0 omen Office Document
(@ =exprogram access and Defauls
Windaws Catalog
indows Update
WinZip
WMy Blustoath Places
Hurmmingbird Connectivity V9
Hew Office Document
(= windows Media Player

) The weather Channel
Settings

; @ iz
) 55H Secure Shell

) Help and Support ¥

Search

Rum...

] Log Off Administrater...

Windows XP Professi

iol Turn OFf Computer...

Appendix Figure C7 Procedure of using GAMBIT and parallel FLUENT

on Linux system step 7



8. Connection details > OK
(a) VNC server, set tera.thaigrid.or.th:2

Connection detzils

YN server: |tera.thaigrid.l:nr.th: 2 L]

The following formats are supported: Cancel
hosgt, hostdisplay, host::port

VNC [default iz to uze dizplay O or port 5300] Optiofs...

Flil}

Appendix Figure C8 Procedure of using GAMBIT and parallel FLUENT

on Linux system step 8

9. VNC authentication = OK

(a) Session password, set your password.

VYMC Authentication

m Session paggword: [T Ok,
VNC

Cancel |

Appendix Figure C9 Procedure of using GAMBIT and parallel FLUENT

on Linux system step 9
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10. Linux monitor

 tera.thaigrid.or.th: 2 {amarin_to) (=3
% Applications  Actions @ % @ ThuDec 20, 1153PM &

Appendix Figure C10 Procedure of using GAMBIT and parallel FLUENT

on Linux system step 10



Transferring file for apply on Tera Cluster

1. Select new file transfer window

| tera.thaigrid.or.th - default - SSH Secure Snell
H &R = A N SN
Flle Edit View Window Help

&) Quick Cornect (] Prafilss

This copy of S5H Secure Shell is a nomeguuercial vergjef(l al
This version does not include PKT and PRC3 BTT Toftionality.
Last login: Thu Dec 20 22:59:06 2007 from ppp-124.120.52.156. revip2.asianet.co.th
ANNOUNCEMENT

Ve currently testing an automatic power-saving functionality of compute
nodes. It is normal if you see some node down in TERA. The node will he
povered up automatically.

Please uses http://support.thaigrid.or.th to oSt YOUr SUPPOIT reguest.
Thiz will help tracking dewm the progress of each Cequest.
Thai National Grid Center
Softvare Industry Promotion Agency (SIPA)

TERA is back online 20/12/2007

TERA i now online. Fight now uzers can login to TERA and submit job as
usual.

Please inform us any user experience any problem.
Netuork Operation Cemter
Thai National Grid Center |THGC)
Rocks 4.2.1 (Cydomia)
Profile built 06:54 13-0ct-2006
Kickstarted 14:22 18-0ct-2006
Rocks Frontend Node - Tera Cluster
[enarin_tofrera ~J5 [l

>

Open new file transfer window S5H2Z - aes128-che - hmac-mds - none | 14239

Appendix Figure C11 Procedure of using GAMBIT and paralle]l FLUENT

on Linux system step 11
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2. Left folder is the part of user at the PC and Right folder is the part of

account on Tera.

I Y I
File Edit ‘iew Window Help

&1 Quick Connect ] Profiles

This copy of 33H Secure Shell is a non-commercial version. !
This version does not include P — -
B8 2:tera.thaigrid.or.th - default - SSH Secure File Transfer
Fle Edit Wew Operction Window Help
Last login: Thu Dec 20 22: _ —
H g 2o O40/% 1 ¢ el &n?
ANNOTNCENENT & Quick Connect (] Profiles
[ % b | a X v add B A Al oF ¥ [|amainto v| | add
e GuEEencly eeat ot o | AT 7] Sizz | Type | | Remate Name #] Size | Type
nodes. It is normal if you see Y — 3 [0 — — n
powered up eutomatically. My Documents Systen Deskop Folder
4 My Computer syster | |[)5TEP Folder
Please uses http://support. [SSMy Netwark Places Syster | | () SUABSAKLIL (EARNG) Folder
This will help tracking down th{ @ RecyceBin System— | EDTEST Folder
L€ Internet Explorer System
Thai National Grid Center Hummingbird Neighborhood
Softvare Industry Promotion ACSfeNa.m.. ...
£ | <
Transfer ] queue |
TERA is back online 20/12/2| / SoceFle | SourceDrectory | DestinationDirectory | Siee | Status Speed | Time
TERA is now online. Right nf
usual.
Please inform us any user e
Network Operation Center
Thai Narional Grid Center (THGL)
2
Rocks 4.2.1 iCydoniaj Connected to tera, thaigrid.or th - (Fs/he SSH2 - aes126-tbe - hmac-mds - none |4 ems (0 Bytes) p
Profile built 06:54 1
Kickstarted 14:22 18-0ct-2006
Rocks Frontend Node - Tera Cluster
[emarin_toBtera ~]5 [ L
b
Connected to tera,thaigrid.or.th [S5H2 - aes126-che - hmac-mds - none | 142x39 |

Appendix Figure C12 Procedure of using GAMBIT and parallel FLUENT

on Linux system step 12
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Using GAMBIT and FLUENT software on Linux system

1. Open terminal

E tera.thaigrid.or.th:2 (amarin_to)

w* Applications  Actions & <5
Compter
ﬁ 3
amarin_to's Home e
Open Terminal N

Create Eolder
Create Launcher

Create Document

Clean Up by Name
< Keep Aligned

E Paste Files

Use Default Background

Change Desktop Background

@ Wed Oct10, 107 AM &

Appendix Figure C13 Procedure of using GAMBIT and parallel FLUENT

on Linux system step 13

148



149

2. Input “fluent or gambit”

¥ tera.thaigrid.or.th:2 (amarin_to)

]

Computer

F amarin_to@tera:~
3

Eile Edit View Temminal Tabs He
[amarin_to@tera ~]1$ fluentl

amarin_to's Home

Appendix Figure C14 Procedure of using GAMBIT and parallel FLUENT

on Linux system step 14
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3. FLUENT monitor

=% Applications  Actions %&3

hu Dec 20, 11:56 PM ' =
fluent

File Grid Define Solve Adapt Surface Display Plot Report Parallel Help

Loading "/share/apps/Fluent,Inc/fluentb, 3,26/ 1ib/Fluent, dmp.114-64"
ne.
“share/apps/Fluent, Inc/fluent6, 3, 26/bin/fluent -v6,3,26 -alnamdfd -path/share’ap
The versions available in /share’apps/Fluent,Inc/fluenth,3,26/1namdbd are:
2d 2ddp_host  2d_host 3d Zddp_host  3d_host
2ddp 2ddp_node 2d_node 3ddp 3ddp_node 3d_node
The fFluent process could not be started,

-f fluent (fluen
version? |

Appendix Figure C15 Procedure of using GAMBIT and parallel FLUENT

on Linux system step 15
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4. Input “vncserver —kill :2” for close Tight VNC program

thaigrid.or.th - default - S5H Sec
CERE R R S

Els Edt ¥ew window Help

&) Quick Connect ] Profiles

ANNOUNCEMENT

Ve currently testing an sutematic power-saving functionality of coupute
nodes. Tt is normal if you see some node down in TERA. The node will be
povered up automatically.

Please uses hetp://support.thaigrid. or.th to post Your SUBpOTT request.
This will help tracking down the progress of each request.

Thai Wational Grid Center
Software Industry Promotion Agency [3TPA|

TERA is back online 20/12/2007
TERA is now online. Right now users can login to TERA and submit job as
usual.

Please inform us any user experience any problem.

Network Operation Center
Thai Wational Grid Center{THGC}

Rocks 4.2.1 {Cydoniaj
Frofile built 06:54 18-0ct-2006

Kickstarted 14:22 18-D5t-2006
Rocks Frontend Node - Tera Cluster

[anarin toBtera ~1§ vncserver

New 'tera.thaigrid.or.thi2 (mmarin to)' desktop is tera, thaigrid.or.th:2
gtarting applications specified in /fs/home/awarin_te/.vnc/xstartup
Log file is /fa/home/amarin_to/.vno/tera,thaiorid.or.th:2. log

[anarin_toBtera »]§ vncserver -kill

[55Hz - aesL28-chc - hmac-mds - none | 142x39

Connected to tera thaigrid.orth

Appendix Figure C16 Procedure of using GAMBIT and paralle]l FLUENT

on Linux system step 16



Using parallel FLUENT on Linux system

1. Terminal monitor, set “xhost +”

{2 tera.thaigrid.or.th:2 (amarin_to)

=

Comptiter

amarin_to®tera;~
Eile Edit View ZIemminal Tabs Help
[amarin_to@tera ~]§ xhost +]]

Appendix Figure C17 Procedure of using GAMBIT and parallel FLUENT

on Linux system step 17
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2. Input “DISPLAY= “10.1.1.1:$DISPLAY”
/share/apps/Fluent.Inc/fluent6.3.26/ bin/fluent —sge —sgeq fluent.q —sgepe
fluent 1-20 3d” (for 3D and 20 nodes)

—

%)
@ ThuDec 20, 1150 PM A

T tera.thaigrid.or.th:2 {amarin_to)

=% Applications Actions %‘\%

amarin_to®@tera;~

Eile Edit View Terminal Tabs Help

amarin_to's Home -
S S [amarin to@tera ~1§ fluent

= /share/apps/Fluent.Inc/fluent6.3.26/bin/fluent -r6.3.26

(< /share/apps/Fluent.Inc/fluent6.3.26/cortex/Inamd64/cortex.3.7.3 -f fluent (fluen|
‘:, t " -alnamd64 -r6.3.26 -path/share/apps/Fluent.Inc -ssh")

[amarin_to@tera ~]$ xhost +

access control disabled, clients can comnect from any host

[amarin_to@tera ~]§ DISPLAY="10.1.1.1$DISPLAY" /share/apps/Fluent.Inc/fluent6.3.
26/bin/fluent -sge -sgeq Fluent.q -sgepe fluent 1-4 3d

Trash

Appendix Figure C18 Procedure of using GAMBIT and parallel FLUENT

on Linux system step 18
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3. Parallel FLUENT monitor

Parallel FLUENT@compute-0-27.local [3d, pbns, lam]

File Grid Define Solve Adapt Surface Display Flot Reporl Parallel Help

Hast spauning Nade O on machine “compute-0-27.local® (unixi.
/share/apps/Fluent.Inc/fluent6. 3,26/bin Fluent -16.3.26 3d -node -alnamdéd -£2 -
Starting /shareapps Fluent, Ino/fluents, 3, 26/mul tiportimpislnandéd hplbin/mpi run
HP-MPI licensed for exscution of Flusnt,

Comm.. Hostname 0.s5. FID Mach ID HW ID Name:
nl hp compute-0-30,1a Linux-64 6245 1 Fluent. Node
host net compute-0-27. 10 Linux-6d4 30183 0 3 Fluent. Host
no* hp compute-0-27.1o Linux-64 30350 o o Fluent Node

Initializing SGE
Done,

File Edit View Terminal Tabs

[amarin_to@tera ~]$ xhost +

access control disabled, clients can connect from any host
[amarin_to@tera ~]$ DISPLAY="10.1.1.1:2" /share/apps/Fluent.Inc/fluent6.3.26/bin|
/fluent -sge -sgeq fluent.g -sgepe fluent 1-2 3d

Relaunching fluent under SGE

gsub -cwd -g fluent.q -pe fluent 1-2 -v FLUENT_INC=/share/apps/Fluent.Inc,DISPLA
Y=10.1.1.1:2 /share/apps/Fluent.Inc/bin/fluent -sge -sgeq fluent.g -sgepe fluent
1-2 3d

Your job 8469 ("fluent -sge -sgeq fluent.q -sgepe fluent 1-2 3d -sgelaunch") has|
been submitted

[amarin_to@tera ~]% I

Help

Cleanup seript File is /Fs/home/amari)

> 1

ke

Appendix Figure C19 Procedure of using GAMBIT and parallel FLUENT

on Linux system step 19
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Appendix D
Using User-defined Function (UDF) on Windows and Linux System



Using User-defined Function (UDF) on Windows and Linux System

1. Select FLUENT version = 3d =2 Run

FLUENT Version x|

Yersions

2d
Zdd

3ddp
Selection
3d

Mode |Full Simulation ~|

Run Exit |

Appendix Figure D1 Procedure of using UDF step 1

2. FLUENT command windows

B ALuenT [2d, pbns, lm] - ol x|

File Grid Define Solve Adapt Surface Display Plot Report Parallel Help

Welcome to Fluent 6.3.26

Copyright 20086 Fluent Inc.
A1l Rights Reserved

Loading “C:\Fluent.Inc\fluenté.3.2631ib\fl_s1119.dmp**
Done.

Appendix Figure D2 Procedure of using UDF step 2
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3. Select file > Read = Case & Data

File

Grid Define Solve Adapt Surface Display Plot Report Parallel Help

-[o[x]

Appendix Figure D3 Procedure of using UDF step 3

4. Open file test-1620135.cas--j=0.7--c=3.5--k-epsilon-statndard.cas

Look in: I |53 k-epsilon-standard-standard-wallfunction

/%

~| = ®ck E-

Case... :I
Write » Data,..
— A Case &Data...
PDF...
e DTRM Rays...
Interpolate... View Fackors. .,
Profile. .. p
Harrcony. - I5AT Table. ..
Batch Options...
Save Layout Scheme...
Journal. ..
Ruri. ..
RSF... test-1620135. cas—-j=0.7--c=3. 5-k-epsilon-standard
) test-1520135.cas—=0,7--c=3.5
2 test-1620135.cas--=0, F--c=5
test
Iz
<] 2z

2fx

test-1620135, casj=0, 5--c=5--k-epsion--standard -standard-wall-function.cas
oan test-1620135. casj=0. 5--c=5-k-epsilon—standard-standard-wall-function.dat
test-1620135, cas--j=0, 5--c=2-+k-epsilon-standard-standard -wall-function. cas

i_[l'ﬂ% test
test
T test

wat! test-1620 135, cas--j=0, 5--c=2-+k-epsilon-standard-standard-wal -function.dat

test-1620135,cas--=0,5--c=3--k-epsilon--standasd-standard-wall-function.cas
wan test-16 20135, cas-—j=0. 5—-c=3-k-epsilon-—-standaed-standard-wall-function. dat

test-1620135,cas--j=0.6--c=2--k-epsilon--standard-standard-wall-function.cas
wan test-1620135. cas--j=0.6--c=2-k-epsilon--standard-standard-wall-function. dat
test-1620135, cas--j=0.6--c=3--k-epsilon-standard-standard-wall-function. cas
oan test-1620135, cas--j=0.6--c=3-+-epsilon-standard-standard-wall-function.dat
test-1620135, cas--)=0.6--c=5--k-epsilon-standard-standard -wall-function. cas
At tESt- 1620135, cas--j=0,6--c=5--k-epeilon-standard-standard-wall-function. dat

test-1620135. cas—=
ot test- 1620135, cas--j=
st-1620135.@s—j=

ol

0, 7--c=2--k-epsilon-standard.cas
0, 7--c=2--k-epsilon-standard.dat

0. 7—c=3.5—%-epsilon-standard.cas

Case File

£

Itest-1 620135 cas—=0.7—c=3. E-—k-epsilu:un-standzj

Files of type:

ICase Files

=]

QK I
Cancel |
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5. Select define 2 User-defined - Functions = Compiled

I RUENT (36, pors, micure, see]

File Grid Sol\:e Adapt Surface Display Plot Report Parallel Turbo Help

-0l

gt
s

Done.

Reading

Done.

Models
Materials. ..
Phases...

Operating Conditions...
Boundary Conditions. ..

L |

ans.

Grid Interfaces...

Diynamic Mesh

Mixing Planes..
Turbo Topology...

Injections...

DTRM Rays.

Custom Field Functions...

Profiles...
Units...

P

Function Hooks...
Execute on Demand...

Manage...

ard-standard-wall-function\test-1628135 _cas——j=0.7——
Rl DAl d i m B 2 UL A L e T

Functions: 3 Interpreted. ..
Compiled...

[+ ]

R

Appendix Figure D5 Procedure of using UDF step 5

6. Compiled UDF - Source files > Add

Parallel FLUENT@ compute-1-17.local [3d, pbns, mixture, ske]

File Grid Define Solve Adapt

Surface Display Pot Report  Parallel

zgrid interf
parallel,.DH

z=hell conddy

wall-15 {liguid?

wall-15
defaulto
defaul t

Compiled UDFEs

interfadg
huk
blade
interfag
inlet
outlet
wall
wall-14
wall-15
voloume_ i
volume_d
interior

‘Source Fles

£ = || Header Files

Add... | '[iele_te-|

_de".l ﬂemtgl

Library Hame I Libudf

Hasid

J=0,7--c=3,5

Done. g

Reading "/fs/hom Load | |,cancell Help |
Done., -

=i

Appendix Figure D6 Procedure of using UDF step 6
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7. Select source file 2 OK

(<]

Select File

Filter

| Af=/homesprachakon_kas’*, &

Directories

3
fishomefprachakon_kaf..
ffsthome/prachakon_kal.Trash
ffsthome/prachakon_kal.config
ffsthome/prachakon_kal.eqggcups
ffsthome/prachakon_kal.emacs.d
ffsthome/prachakon_kal.gconf
ffsthome/prachakon_kal.gconfd

~ = =

Source File(s) EiE! é%éﬁzzz;ve'
fisfhomefprachakon_kafcraft.c

i [

=4 P

Appendix Figure D7 Procedure of using UDF step 7

8. Compiled UDF - Enter non_linear craft 3d for the library name - Build

v Parallel FLUENT @ compute-1-17.local [3d, pbns, mixture, ske] =|[B]*

Fle Grid Define Solve Adapt Surface Display Plot Report Parallel Help

wall-15
wall-15
default-i
default-i
interface
hub Source Files =5 Header Files =5

blade craft.c
interface

inlet
outlet
wall
wall-14
wsll-15

volume_in

volume_ou Delete | Add.... | Delete |

interior-
grid interfa

parallel,DPH Library MHame IlibudF Buid |

shell conduc

Done.,
Reading "/f=/home Load | Cancel Help |

Done,

i Compiled UDEs v

FO,7--c=3.5

B

= T =

Appendix Figure D8 Procedure of using UDF step 8
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9. Information =2 O.K

v Parallel FLUENT@compute-1-17.local [3d, pbns, mixture, ske] = |0 %
File GrHd Define 3Solve Adapt Surface Display Plot  Report  FParallel Help
wall-15 (licuid?
wall-15 [ : *
Niesiien Compiled UDFs
default-i
interface
ESE Source Files =4 Header Files =
blade craft.c
interface
inlet -
R Warning
wWall ] ’
wall-1d & Make sure that UDF source files are in the directory
wall-15 = that contains your case and data files.

volume_in
volume_ou

interior-
grid interfs OK | Cancml
parallel.DPH Li
zhell conduc
Done., Load | Cancel Help |

Reading "/f=z/homg
Done.,

FO.7--c=3.5

¥

Lu!

5 '-

Appendix Figure D9 Procedure of using UDF step 9

10. Compiled UDF - Load

hd Parallel FLUENT@ compute-1-17.local [3d, pbns, mixture, ske] =B %

File Grid Define Solve Adapt Surface Display Plot Report Parallel ﬂelpl

rem_adjust

Done, L Compiled UDFs i
Library "libuodf-1

Opening library "
Library “libudfcl| | Source files S5 || Header Files L
Opening library " craft.c
Library "libudf-1
Opening library "
Library "libudf-1
Opening library "
Library "libuodf-/1

Library "libudf-1
likhudf Build |
Library "libuodf-~1

Opening library "

Library "libudf-1

Opening library "

Library "libudf-l| Library Hame

Opening library "

i e Load | |C""“°E'I Help_|

Opening library " J

Opening library " ﬂdd".l Demtel Hdd".l Demtel
Opening library "
Library "libudf/lnamded 3d_node’libudf.so0"” opened

| ] i

Appendix Figure D10 Procedure of using UDF step 10



11. Select define = Models = Viscous

Parallel FLUENT @ compute-1-17.local [3d, pbns, mixture, ske]

Done.

Library "
Opening
Library "
Opening
Library "
Opening
Library "
Opening
Library "
Opening
Library "
Opening
Library "
Opening
Library "
Opening
Library "
Opening
Library "
Opening
Library "

 ——

Appendix Figure D11 Procedure of using UDF step 11

12. Viscous model =2 OK

(a) User-defined functions, turbulent viscosity, select Craft Mu t

Appendix Figure D12 Procedure of using UDF step 12
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13. Select define = User-defined = Function hooks

‘. tera.thaiarid.or.th - Remote Desktop _|=
+% Applications Actions 6@ 20 Tue Aug 18, 16:22

Parallel FLUENT@compute-1-17.local [3d, pbns, mixture, ske]

Fle Grid Define | Solve Adapt Surface Display Flot Report Parallel

I - Models -
Done.  Materials...

i | Library "1 Phases... libudf,so" opened
Opening 1i : -

[Thrary ) Operating Conditions...

Opening li Bountary Conditions...

Library "1/ i libudf,so0" opened

Opening i fesindic Cmmitens. .

Library lErid T T libudf,s0" opened

libudf.so" opsned

Opening Lli
i libudf,so" opened

Library "1 Mixing Planes... libudf.so" opened
Openinz 13~

Library "1 Turbo Topology... libudf.so" opened
Opening Lioo =~ |

Library "1HECHEES libudf.so" opened

Opening Lipgsed Rays..
Library 1SS
Opening L3 Custom Feld Functions...
Library "1 = libudf,so" opened
Opening 13 Profiles...

libudf.s0" opened

Library "1 1ibudf.so" opened

Units....

J=1. user-Defined

Functions
Function Hooks...

Execute on Deman...

Appendix Figure D13 Procedure of using UDF step 13

14. User-defined function hooks = Adjust function, select rsm_adjust > OK

[i'l i User-Defined Function Hooks : &]

Initialization | none EpER |
Adjust | rsm_adjust:sli | Edit...

=
o
=
m
oy

Execute at End

Reaid Case nane PaBk. .

e

BEEEEE

Read Data

VWrite Data noane BaBE

Execute at Exit EELL

3
o
3
m
e

Write Case | .

Cavitation Mass Rate | ::uwm

oK | cancel| Hep |

Appendix Figure D14 Procedure of using UDF step 14
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15. Select define = User-defined > Memory

‘. tera.thaignd. onth - Remote Deskeop
w* Applications Actions %@)“

Parallel FLUENT®@compute-1-17.local [3d, pbns, mixture, ske]
File Grid Define | Solve Adapt Surface Display Plot  Report  Parallel

Done.

{ | Library
Opening
Library
Opening
Library
Opening
Library
Opening
Library
Opening
Library
Opening
Library
Opening
Library
Opening
Library
Opening
Library
Opening
Library

rsy@dﬂs
Materials...
] Phases...
H Operating Conditions...
11 Boundary Conditions...
11 Paie Consims..
13 @rid Interfaces...
11 Dynamic Mesh
"'1 Mizing Planes...
i Turho Topology...
12 injections...
}i BIRM Ravs..

&1: Custom Field Functions...

11 Profiles...
! Units...

-

Libudf,
Libudf,
Libudf,
Libudf,
L [Libuge,
Libudf,
Libudf,
Libudf,
Libudf,
Libudf,

Libudf.so"

" opened
* opened
“ opened
* opened
" opened
" opened
" opened
" opened
" opened

" apened

opened

Rl

User-Defined

I Functions

o

Tue Aug 18, 16:25 '

Function Hooks...

Execute on Demand...

15 Coegling,

Appendix Figure D15 Procedure of using UDF step 15

16. User-defined memory - Number of user-defined memory locations, set 6 - OK

i Parallel FLUENT@compute-1-17.local [3d, pbns, mixture, ske] =B *
Elé Grid Define Solve Adapt Surface Display Plot  Report  Farallel Help
rem_adjust
Done.,
Library "libudf</lnamded-3d_host libudf,=0" opened
Opening library "libudf",..
Library "libudf~lnamdbéd " 3d_nodeslibudf,=o0" opened
Opening library "libudf", ..
Library "libudf-/lnamdbd 3d_nodeslibudf,so0" opened
Opening library "1i o)
Library "libudf-1lnam LEE DTN M Oy,
Opening library " _ &
Library "libudf~1lnamy HNumber of User-Defined Memory Locations
Opening library "li Y
Library "libudf<s1lnam = =
Opening library "lihk :
Library "libudfslnam ok Cancel Help |
Opening library "lihk
Library "libudf-lnamd&d-3d_nodeslibudf, sa" opened
Opening library "libudf",,.
Library "libudf/lnamd&d/3d_nodeslibudf, =0" opened
Opening library "libudf",..
Library "libudf/lnamded~3d_nodeslibudf,=sc" opened
Opening library "libudf",,.
Library "libudf~lnamdéd-3d_nodeslibudf,s0" opened
=] ]

Appendix Figure D16 Procedure of using UDF step 16
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17. Select define = User-defined = Scalars

‘n. ters.thaigrid.or.th - Remote Desktap -0
4 Applications Actions % @ Zo Tue Aug 18, 16:27

Parallel FLUENT@compute-1-17.local [3d, pbns, mixture, ske]
File Grid Define | Solve Adapt Surface Display Plot Report  Parallel
= Models -
Done. Materials...

Library "1 Phases... libudf,so" opened
Doenine || Operating Conditions...

Opening 1i Boundary Conditions...
Library "17=

Opening ndic ComBlns...
Lib " e Llibudf,s0" d
Dponene 11 G Interfaces... Lo Sl
E;Z;f;; 1 Dynamic Mesh _ |Libudf,s0" opensd
Library "1 Miging Planes... libudf,=0" opened
Opening 11 .

Library "1 Turbo Topology... libudf,s0" opened
Opening Lit o o
Library "1 Inections 1ibudf,

likudf,s0" opened

likudf,s0" opensd

" opened

Opsnine 1ifprRes Re
Library "locae e
Opening li Custom Feld Functions...
Library " T

Opening 1i Profiles...

likudf,s0" opened

likudf,s0" opened

Library libudf,so" opened

1 units...

|-l User-Defined s Functions

Function Hooks...
Execute on Demand...

Heat B
Hoad B
31 Compling..,

Appendix Figure D17 Procedure of using UDF step 17

18. User-defined scalars = Number of user-defined scalars, set 6 2> OK

W Parallel FLUENT @compute-1-17.local [3d, pbns, mixture, ske] =||Bj*
hle Grid Define Solve Adapt Surface Display Plot  Report  Farallel Help
R e User-Defined Scalars ;
Done, iy, 7 &
Humber of User-Defined Scalars =
Library "libudf/lnamd&d.3d_hd
Opening library "libudf",.. J7 Inlet Diffusion

Library "libudf/lnamded3d_ng
Opening library "libudf", .. User-Defined Scalars Options
Library "libudf/lnamded”"3d_ng el Ll
Opening library "libudf", .. 'y
Library "libudf/lnamd&d.3d_nd UDS Index | 0 v
Opening library "libudf",..
Library "libudf/lnamdbds3d_ng

Opening library "libudf", .. PhaSEj

"libudflnamdeds3d_ng '

Library

Opening library "libuodf", .. s ; F s
T e e Solution Zones | all fluid Zones ﬂ §.s§§zm|
Opening library "libudf", ..

Library "libudf/lnamd&d.3d_nd Flux Funclil:lnﬂ

Opening library "libudf", ..
Library "libudf/lnamdbd”"3d_ng
Opening library "libudf", ..
Library "libudf/lnamded”"3d_ng ¥
Opening library "libudf",.. oK | Can[:ell Help I
Library "libudfs/lnamdeds3d_na

=1 T

| =] 7]

Appendix Figure D18 Procedure of using UDF step 18



19. Select define 2 Boundary conditions

Parallel FLUENT @ compute-1-17.local [3d, pbns, mixture, ske]
File Grd Define | Solve Adapt Surface Display Plot Report  Parallel Help
. . Models s A
Opening li=
Library "1 Materals... libudf,=o0" opened
Opening l1i =
Library "1 Phases... libudf,=0" opened
Opening li 5 -
Library "1 Qi) s, libudf,=so0" opened
Opening li Boundary Conditions...
Library "1 5 libudf,=z0" opened
Opening 1i Perodc ComBlions |
Lib "1 libudf, so0" d
Opoming 11 Grid Interfaces... o
Library "1 . libudf,so" opened
Matae Dynamic Mesh -
Hew pror Mizing Planes... has been added,
Selectir _ 7 od for "UDS Diffusivity" -- data required,
Turbo Topology...
Material w Iniecti
Mew prog IjECRgns. .. has been added,
Selectir srna: mavs. . od for "UDS Diffusivity" -- data required,
Material : Custom Field Functions...
Mew prog 2 has been added,
Selectir Profiles... od for "UDS Diffusivity" -- data required, J
Units... i
|~ User-Defined - I

Appendix Figure D19 Procedure of using UDF step 19

20. Boundary conditions = Zone, select volume in - Set

hd Parallel FLUENT@compute-1-17.local [3d, pbns, mixture, ske] =B *

Fle  Grid Define Solve e ispla P R i
Boundary Conditions

Opening library "libod]
Library "libudf/lnamdal ZONE i¥ne -
Dpening %ill:mar'y "likbud] blade A i
Library "libudf-lnamdb x & -
Opening library "likud |default-interor solid

1

Library "libudf-lnamdé |default-interior:011
Opening library "libud Jpan

Library "libudf-lnamdal |.
Opening library "libud inlet
Library "libudf/lnamde| |interface_in
Opening library "libud ljnterface out
Library "libudf-lnamdé et -
Material water-vapor: OULE

Selecting defined-pe| |volume out

Material water-liquid: il _ |
Mew property "UDS Di| |wall-14 i £
Selecting defined-pe

Phase

1D
Material air: 2
Hew property "UDS Di mixture |ﬂ 5

Selecting defined-pe

|-

Set... Copy...l Close | Help |

Appendix Figure D20 Procedure of using UDF step 20
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21. Fluid = Select source terms

Fluid

Appendix Figure D21 Procedure of using UDF step 21

22. Fluid = Source terms, input source term in transport equation 2> OK

Fluid

e

Appendix Figure D22 Procedure of using UDF step 22



23. Select solve = Controls = Solution

Parallel FLUENT@compute-1-17.local [3d, pbns, mixture, ske]
File Grid Define Solve | Adapt  Surface  Display Plot  Report  Parallel

Opening library ' EONInols

-

Library "libudf/] Initialize
Opening library ' =
Library "libudf.]1 Monitors
Opening library ' -
Library "1ibudf,] Snimate
Opening library ' Mesh Motion...
Library "libudfs1 — )
Opening library ' Particle History

Likrary "libudf/l _
Oreming 1 ibrery © Execute Commands...

Help

Solution...
Multigrid...
Limits...
Bt Bl

0" opened

o" opened

Library "libudf-1
Material water-wve G (e

0" opened

New property "L |terate...
Selecting defir -

Cir+]

1 added,
DS Diffusivity" -- data required,

Material water-liToros

Material air:

Mew property "UDS Diffusivity" has kbeen added,
Selecting defined-per-uds method for "UDS Diffusivity" -- data required,

Mew property "UDS Diffusivity"' haz heen added,
Selecting defined-per-uds method for "UDS Diffusiwvity" -- data required,

|5 —

Appendix Figure D23 Procedure of using UDF step 23

24. Solution controls = Equations = Output user-defined scalar > OK

Solution Controls

Equations £ | Under-Relaxation Factors
& &
——i7 Pressure | 0,3 J
Turbulence | A
User Scalar 0 Density I 1
User Scalar 1
User Scalar 2 Body Forces | 1
User Scalar 3
User Scalar 4 i Momentum I 0,d
i
Pressure-Velocity Coupling o e
iscretization
SIMPLE |j ERUSAREIEEY I AL A A D L I 4
Mumentum| Second Onder Upwind ‘ j
Vapur| First Order Upwind ‘ j
Turbulent Kinetic Energy| Second Order Upwsind ‘j
Turbmlent. Dissinatinn Rah:.l Secnnd Order Unwind |m v |

0K Default

cancel | Hep |

Appendix Figure D24 Procedure of using UDF step 24
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25. Select solve = Tterate

bl

Parallel FLUENT@compute-1-17.local [3d, pbns, mixture, ske]

Fle Grid Define Solve | Adapt  Surface Display Plot Report Parallel Help
Opening library - [Nt = &
Library "libudf~] Initialize =~ 0" opened
Opening library ' =
Library "libudf-1 Monitors “ Io" opened
Opening likrary ' p
Library "libudf~1l (AL “ " apened
Orening library ' Mesh Motion...
Library "libudfsl — ) o' opened
Opening likrary ' Particle History -
Library “"libudf~1 o' opened
Opening library @ EXECUte Commands...
Library "libudf/l cacoe check... o' opened
Material water-wve =
Mew property "L Herate... CiHsl n added,
Selecting defir = DS Diffusivity" -- data reguired,

Material water-ligoror
Mew property "UDS Diffusivity" has been added,
Selecting defined-per-uds method for "UDS Diffusivity'" -- data required,

Material air:
Mew property "UDS Diffusivity" has been added.
Selecting defined-per-uds method for "UDS Diffusivity" -- data required.

Appendix Figure D25 Procedure of using UDF step 25

26. Iteration = Iterate = Number of iterations, set 20,000.

File

Grid

Parallel FLUENT@compute-1-17.local [3d, pbns, mixture, ske]

Define  Solve

Adapt

Surface Display Plot

Report  Parallel

|| T

Opening
Library
Opening
Library
Opening
Library
Opening
Library
Opening
Library
Opening
Library
Material

Material

Hew property "UDS Dif
Selecting defined-pen

Hew property "UDS Dif
Selecting defined-pen

library "libudf"...
"libudf/lnamdeds3d_nodeslibudf,=0" opened
library "libudf",..

"libudf~lnamd6d 3d _nodeslibudf,so'
library ”libudFEE

"libudf~lnamdad
library "libuodf
"libudf/lnamdiad
library "libuodf
"libudf-lnamdid
library "libudf]
"libudf/lnamdi&d
water-vapor:

water-liguids:

opened

Iterate

Iteration

Humber of Iterations| 2000 ¢
Reporting Interval I 1
UDF Profile Update Interval I 1

A A

ata required,

ata required,

fterate | Apply | close | Help |
Material air:
Hew property "UDS Diffusivity" has been added.
Selecting defined-per-uds method for "UDS Diffusivity" -- data required,

mL__f

Appendix Figure D26 Procedure of using UDF step 26
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27. When Solution is Converged will effective follow ficture

Paral

Fle Grid Define (|
wall-15
wall-15
default-
default-
inlet

outlet
wall

interfac
interfac

interior
grid interf
encap=ul
parallel . DP

shell condu
Done.
Reading "~f=-hom
Done.,

iter continuit
7083 1,4868e-0 .

turbulent viscosity limited to

| FLUENT@c

1e-04

1e-05

1e-06

(= . =]

mpute-1-17.local [3d, pbns, mixture,

Help

vigcosity ratio of 1,000000e+05 in 1 cells

H.cas--no

=

Appendix Figure D27 Procedure of using UDF step 27

28. Check Thrust and Torque by click Define-Turbo Topology

Parallel FLUENT@ compute-1-17.local [3d, pbns, r

File

Models
VL=

~

ture, ske]

Grd  Define | Solve Adapt Surface Display Plot Report FParallel Turbo

B

Help

ir Matenals...
zgrid -
=r Phases...

peral Operating Conditions...
shell Boundary Conditions...
Done., "

Reading " Pessdic Combbons. |

mal interfaces

already =set to Message-Passzing.

est-1620135, cas--j=0,7--c=3,5--k-epsilon-standard, cas--n:

bane. Grid Interfaces...

iter or pynamic Mesh

7083 1.¢
Mizing Planes...
turbulent _ =
7084 1,7 Turho Topology...

.1

elocity z-velocity
042e-05 1,0002e-05

vizco=ity ratio of
3792-05 8,3884e-05

turbulent Injections...
7085 B.C srnis Rays..

vizcosity ratio of
134e-04 3,1332e-04

turbulent Custom Field Functions...
7086 5.° -

Profiles...
Interrupti ..
Interruptignns”

vizco=ity ratio of
420e-04 2,1231e-04

turbulent S PETEd

vizco=ity ratio of

Done.,

> 1

k. epzilon wf-vapor
2.0411e-04 2,54232-03 7,05562-03

1.000000e+05 in 1 cells
3,029de-03 2,81352-03 9,3991e-03

1.000000e+05 in 1 cells
2,0154e-03 1,4381e-03 6,8101e-03

1.000000e+05 in 1 cells
1.4916e-03 1,02802-03 4,66132-03

1.000000e+05 in 1 cells

1082

111:¢

11232

B

=

Appendix Figure D28 Procedure of using UDF step 28
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29. Choose a pair

Boundaries Surfaces
Hub Hub
Casing Interface_Out
Theda Periodic default-interior:001
(select Volume in)
Inlet Inlet
Outlet Outlet
Blade Blade
Click Define

] Turbo Topology:
Turbo Topology Mame
I new-topol ogy-2 | new-topology-2 |j
Boundaries Surfaces B
e ===
+ Hub plade ____________________ My
) default-interior
~ Casing default-interior:001
-~ Theta Periodic hub
: inlet
~ Theta Min interface_in
+ Theta Max interface_out
outlet
+ Inlet wall n
~ Outlet wall-14 ¥
“* Blade Surface Types By
i Al
Surface Hame Pattern s =
exhaust-fan i
fan
I inlet-vent i
Match |
Define | Broalota | Display Close Help
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30. Turbo-Report

Parallel FLUENT @compute-1-17.local [3d, pbns,

volume_out
interior-13
grid interfaces,
encapsulating non-conformal interfaces
parallel,.DPM parallel mode already set to Messzage-Passing,

zhell conduction zones.
Done,
Reading "/fsz/homesprachakon_kastest-1620135, cas--j=0,7--c=3,8--k-epsilon-standard, cas--n
Done.,

iter continuity x-wvelocity y-velocity z-velocity k epsilon vwF-vapor 1
7083 1,d86Be-03 B,3622e-06 1,0042e-05 1,0002e-05 2,0411e-04 2,5423e-03 7,0556e-03 0:0

turbulent viscosity limited to wiscosity ratio of 1,000000e+05 in 1 cells
7084 1,7122e-01 1.8486e-05 B,6379=-050 B,3884e-05 3,0294e-03 2,8135e-03 9,3991e-03 108:.

turbulent viscosity limited to wiscosity ratio of 1,0000008+05 in 1 cells
7085 8.079Be-02 3.3092e-04 3.013de-04 3.1332e-04 2.0154e-03 1.4381e-03 6.8101e-03 111:«

turbulent wiscosity limited to wiscosity ratioc of 1.000000e+05 in 1 cells
7086 5,9340e-02 2,2856e-04 2,04202-04 2,1231e-04 1,4916e-03 1,0280e-03 4,66132-03 11237

Interrupting, ..
Interrupting client, ..

turbulent viscosity limited to wiscosity ratio of 1,000000e+05 in 1 cells
Done,

> 1

Appendix Figure D30 Procedure of using UDF step 30

31. Click Compute

Turbo Report

Appendix Figure D31 Procedure of using UDF step 31
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32. Select write = Case & Data

Parallel FLUENT@compute-1-17.local [3d, pbns, mixture, ske]

File | Grid Define Solve Adapt Surface Display Plot Report FParallel Turbo Help
| Read - £
Write F

— Case... -velocity z-velocity k ep=zilon wf-vapor 1
Import ~ Data... L0042e-05 1,0002e- 05 2,0411e-04 2, 5423e 03 7,0556e-03 03¢
Export... Case & Data... o viscosity ratio of 1,0000008+05 in 1 cells )
Interpolate... sn LB3792-05 B, 3884e-05 3,0294e-03 2,8135=-03 9,3991e-03 108:!
Hardcopy... Flasaial 0 viscosity ratio of 1,000000e+05 in 1 cells

- % " L0134e-04 3,1332e-04 2,01542-03 1,4381e-03 6,8101e-03 111:¢
Batch Options... Profile...

- N o viszcosity ratio of 1,000000e+05 in 1 cells

R i IR o .04202-04 2,1231=-04 1,4916e-03 1,0280=-03 4,6613e-03 112:]
B, Boundary Grid...

RSF... Surface Clusters...

Exit I8AY Tablo... o viscosity ratio of 1,000000e+05 in 1 cells

Ty —

Start Joumal...

» Calculating t

Calculating a StartTranscnpt_‘

Calculating mass flow rate...done,

Calculating total pressure,..done,

Calculating flow angles,..done,

Calculating swirl number,..done,

Calculating losses,,.done,

Calculating efficiencies,..C¥_Set_Real_Entry: value inf out of range (Turbo Report*Frame:
done,

=~

Appendix Figure D32 Procedure of using UDF step 32
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Appendix E
UDF of Nonlinear Turbulence Model for Simulation

of Cavitation on Marine Propeller



UDF of Nonlinear Turbulence Model

for Simulation of Cavitation on Marine Propeller

#include "udf.h"

#include "math.h"

/* Turbulence model constants */

const real C_1=-0.1;

const real C_2=0.1;

const real C_3=0.26;

const real C_5=0.0;

// ' User-defined scalars : Define Reynolds stress
enum

{

Uy,

VvV,

WW,

UV,

uw,

VW

}3

// Define source in X momentun equation
DEFINE_SOURCE((u_source, ¢, t, dS, eqn)
{

real source;

dS[eqn]=0.0;

source=- C_R(c,t) * (C_UDSI G(c,t,UU)[0] +
C UDSI_G(c,t,UV)[1]+C _UDSI_G(c,t,UW)[2]);
return source;

}

// Define source in y momentun equation
DEFINE _SOURCE(v_source, ¢, t, dS, eqn)

{
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real source;

dS[eqn]= 0.0;

source =- C_R(c,t)*(C_UDSI_G(c,t,UV)[0]+ C _UDSI G(c,t,VV)[1]+
C _UDSI _G(c,t,VW)[2]);

return source;

}

// Define source in z momentun equation
DEFINE_SOURCE(w_source, c, t, dS, eqn)

{

real source;

dS[eqn]= 0.0;

source=-C_R(c,t)*(C_UDSI G(c,t,UW)[0] + C_UDSI G(c,t,VW)[1] +
C _UDSI_G(c,t, WW)[2] );

return source;

}

DEFINE _SOURCE(k source, ¢, t, dS, eqn)

{

real prod;

dS[eqn]= 0.0;
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prod=-C_R(c,t)*(C_UDSI(c,t,UU)*C_DUDX(c,t)+C_UDSI(c,t,UV)*C_DVDX(c,t)+
C_UDSI(c,t,UW)*C_DWDX(c,t)+C_UDSI(c,t, UV)*C_DUDY(c,t)+C_UDSI(c.t,VV)
*C_DVDY/(c,t)+C_UDSI(c,t, VW)*C_DWDY(c,t)+C_UDSI(c,t,UW)*C_DUDZ(c,t)+

C_UDSI(c,t,VW)*C_DVDZ(c,t) + C_UDSI(c,t, WW)*C_DWDZ(c,t));
return prod;

}

DEFINE_SOURCE(e_source, c, t, dS, eqn)
{

real prod;

real c le =1.44;

real ¢ 2e =1.92;

realk =C K(c,t);



reale =C D(c,t);
realu=C MU L(c,t);
realp =C R(c,t);
real v, Ret,fe2,cc;

v =u/p;

Ret=k*k/(e*v);

dS[eqn]= 0.0;

prod=-c 1e*C D(c,t)/C_K(c,t)* C R(c,t)

* (C_UDSI(c,t,UU)*C_DUDX(c,t) +
C _UDSI(c,t,UV)*C DVDX(c,t) + C_UDSI(c,t,UW)*C DWDX(c,t)+
C _UDSI(c,t,UV)*C _DUDY(c,t) +
C _UDSI(c,t,VV)*C DVDY(c,t) + C_UDSI(c,t, VW)*C DWDY/(c,t)+
C _UDSI(c,t,UW)*C DUDZ(c,t) +
C_UDSI(c,t,VW)*C_DVDZ(c,t) + C_UDSI(c,t, WW)*C _DWDZ(c,t)
);

fe2=1.0- 0.3*(exp(-Ret*Ret));

return prod- (¢_2e*C _R(c,t)*e*e/k)+ (fe2*c_2e*C_R(c,t)*e*e/k );
}
// Define Eddy viscosity
DEFINE TURBULENT_ VISCOSITY(Craft Mu_t,c.t)
{
real S,W,c_ mu,T,mu _t;
real S11, S12, S13, S21, S22, S23, S31, S32, S33;
real W11, W12, W13, W21, W22, W23, W31, W32, W33;
// Define variable
realu=C MU L(c,t); //laminar viscosity
realp =C R(c,t); //density
real v, Ret,fmu;
realk =C K(c,t); //Turbulent kinetic energy(k)
reale =C D(c,t); //Dissipation rate (epsilon)

T=C K(c,t)/C D(c,t); // kie

// Define stress tensor

176



177

S11 =0.5*% C_DUDX(c,t)*+C_DUDX(c,t) );
S12 =0.5*%( C_DUDY/(c,t)*C_DVDX(c,t) );
S13 =0.5*%( C_DUDZ(c,t)*C_DWDX(c,t) );
S21 =0.5*%( C_DVDX(c,t)*C_DUDY(c,t) );
S22 =0.5%( C_DVDY(c,t)*C_DVDY(c,t) );
S23 =0.5%( C_DVDZ(c,t)*C DWDY(c,t) );
S31 =0.5%( C_DWDX(c,t)+C_DUDZ(c,t) );
S32 =0.5%( C_DWDY(c,t)+C_DVDZ(c,t) );
S33 =0.5%( C_DWDZ(c,t)+C_DWDZ(c,t) );

S=T*sqrt(

2*(S11*S11+S12*S12+S13*S13+S21*S21+S22*S22+S23*S23+S31*S31+S32*S32

+S33*S33) );

/I Define vorticity tensor
WI11=0.5*%( C_DUDX(c,t)-C_DUDX(c,t) );
W12 =0.5*%( C_DUDY(c,t)-C_DVDX(c,t) );
W13 =0.5*%( C_DUDZ(c,t)-C_DWDX(c,t) );
W21 =0.5*%( C_DVDX(c,t)-C_DUDY(c,t) );
W22 =0.5%( C_DVDY(c,t)-C_DVDY(c,t) );
W23 =0.5%( C_DVDZ(c,t)-C_ DWDY(c,t) );
W31 =0.5*%( C_DWDX(c,t)-C_DUDZ(c,t) );
W32 =0.5*%(C_DWDY(c,t)-C_DVDZ(c,t) );
W33 =0.5*%C C_DWDZ(c,t)-C_ DWDZ(c,t) );

W=T*sqrt(

2X(WIT*WI11+W12*¥*W12+W13*W13+W2 1 *W2 1+ W22*W22+W23*W23+W31*W

31+W32*W32+W33*W33) );

// Define kinenatic viscosity

v =1u/p;

// Define turbulent Reynolds number

Ret=k*k/(e*v);

/I Define Constant Cmu

c_mu=(0.3/(1.0+(0.35* (MAX(S,W))*1.5)))*(1.0-exp(-0.36/(exp(-0.75* MAX(S,W)

M)
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/I Define Damping function of Craft et al.(1996)
fmu=(1.0-exp(-pow((Ret/90.),0.5)-pow((Ret/400.),2) ));
// Define Eddy viscosity

mu_t=c mu*T*C_K(c,t);

return mu_t;

}
DEFINE ADJUST(rsm_adjust,domain)

{

Thread *t;

cell t c;

real X;

real mu_t, ¢ mu;

real S11, S12, S13, S21, S22, S23, S31, S32, S33;
real W11, W12, W13, W21, W22, W23, W31, W32, W33;
real S, W, Sij, Wij;

real C 4,C 6,C 7,

real P11, P22, P33, Pkk;

real tau w, u_tauw, u_star, y_star, Gk, u_mag;
realu ;

real p ;

real v, Ret,fmu;

real k ;

reale ;

/* Set the turbulent viscosity */
thread loop c(t,domain)

if (FLUID THREAD_ P(t))

{

begin_c_loop(c,t)

{

// Define variable

u=C MU L(c,t); //laminar viscosity

p=C R(c,t); //density
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k=C K(c,t); //Turbulent kinetic energy(k)

e=C D(c,t); //Dissipation rate (epsilon)

X=C K(c,t)/C_D(c,t); // kle

/I Define stress tensor
S11=0.5*( C_DUDX(c,t)+C_DUDX(c,t) );
S12 =0.5*( C_DUDY(c,t)*C DVDX(c,t) );
S13 =0.5*( C_DUDZ(c,t)*C DWDX(c.t) );
S21=0.5*( C_DVDX(c,t)*C _DUDY(c,t) );
S22 =0.5*( C_DVDY(c,t)*C DVDY(c,t) );
S23 =0.5*( C_DVDZ(c,t)*C DWDY(c.,t) );
S31 =0.5%( C_DWDX(c,t)+C_DUDZ(c,t) );
S32 =0.5%( C_DWDY(c,t)+C_DVDZ(c,t) );
S33 =0.5*%( C_DWDZ(c,t)+C_DWDZ(c,t) );

S=X*sqrt(

2*(S11*S11+S12*S12+S13*S13+S21*S21+S22*S22+S23*S23+S31*S31+S32*S32

+S33*S33) );

/I Define vorticity tensor
W11 =0.5*%( C_DUDX(c,t)-C_DUDX(c,t) );
W12 =0.5%( C_DUDY(c,t)-C_DVDX(c,t) );
W13 =0.5*%( C_DUDZ(c,t)-C_DWDX(c,t) );
W21 =0.5*%( C_DVDX(c,t)-C_DUDY(c,t) );
W22 =0.5*%( C_DVDY(c,t)-C_ DVDY(c,t) );
W23 =0.5*%( C_DVDZ(c,t)-C_ DWDY(c,t) );
W31 =0.5*%( C_DWDX(c,t)-C_DUDZ(c,t) );
W32 =0.5*%(C_DWDY(c,t)-C_DVDZ(c,t) );
W33 =0.5%( C_DWDZ(c,t)-C_ DWDZ(c,t) );

W=X*sqrt(

2X(WIT*WI11+W12*¥*W12+W13*W13+W2 1 *W2 1+ W22*W22+W23*W23+W31*W

31+W32*¥*W32+W33*W33) );

// Define kinenatic viscosity

v =1u/p;

/I Define turbulent Reynolds number
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Ret=k*k/(e*v);

/I Define Constant Cmu

c_mu=(0.3/(1.0+(0.35* (MAX(S,W))*1.5)))*(1.0-exp(-0.36/(exp(-0.75* MAX(S,W)
M)

/I Define Damping function of Craft et al.(1996)
fmu=(1.0-exp(-pow((Ret/90.),0.5)-pow((Ret/400.),2) ));

// Define Eddy viscosity

mu_t=c_ mu*fmu*C_K(c,t)*C K(c,t)*C _D(c,t);

// Define constant of Craft et al.(1996)

C 4=-10.0*SQR(c_mu);

C _6=-5.0*SQR(c_mu);

C 7=5.0*SQR(c_mu);

// Define tensor index = SkISkl
Sij=S11*S11+S12*S12+S13*S13+S21*S21+S22*S22+S23*S23+S31*S31+S32*S32
+S33*S33;

// Define tensor index = WkIWkl
Wij=WI1T*W11+WI12*W12+W13*W13+W21*W21+W22*W22+W23*W23+W31*
W31+W32*¥W32+W33*W33;

okttt s s s et ook s s stk ookl s s sttt ksl s et ot ksl s s stk koo
0k

[[rdeskssdckickx IMPORTANT define only anisotropy tensor

*******************ﬂ

[ HsR Rk Rk Rk and multiply k in the Reynolds stress

************************ﬂ

U************** anmouopy
tensor*****************************************ﬁ
U********************************************************************
*//
U********************************************************************
*//

/I Define anisotropy tensor of normal Reynolds stress

C_UDSI(c,t,UU)=
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C_I*mu t*X* (S11*S11+S12*S12+S13*S13-1./3.%Sij)
+2.%C 2*mu_ t*X* (WI2%S12+W13*S13)
+C_3*mu_t*X* (WI2*WI12+W13*W13-1./3.%Wij)
2.#5C 4*mu_ tFXFX*

(W12%(S11#S12+S12*822+S13*S23)+W13*(S11*S13+S12*S23+813*533))
+ C_6*mu_ t*X*X* (S11*Sij)
+ C_ 7*mu_ t*X*X* (S11*Wij);

C_UDSI(c,t,VV)=
C_I*mu t*X* (S12*S12+S22*%S22+823%S23-1./3.*Sij)
+2.%C 2*mu t*X* (W23*S23-W12*S12)
+ C 3*mu t*X* (WI2*WI12+W23*W23-1./3.*Wij)
+2.%C_4*mu_t*X*X* (WI12%(S11*S12+812%822+S13%S23)-
W23*(S12#S13+822*S23+523*S33))
+ C_6*mu_t<X*X* (S22*Sij)
+ C_7*mu_t<X*X* (S22*Wij);

C UDSI(c,t,WW)=
C 1*mu t*X* (S13*S13+S23*S23+S33*S33-1./3.*Si))
-2.%C 2*mu t*X* (WI13*S13+W23*S23)
+ C 3*mu_t*X* (WI13*WI13+W23*W23-1./3.*Wij)
+2.%C 4*mu_t*X*X*
(W13*(S11*S13+S12*S23+S13*S33)+W23*(S12*S13+S22*S23+S23*S33))
+  C 6*mu_t*X*X* (S33*Sij)
+  C 7*mu_t*X*X* (S33*Wij);
/I Define anisotropy tensor of shear Reynolds stress
C UDSI(c,t,UV)=
C 1*mu_t*X* (S11*S12+S12*S22+S13*S23)
+  C 2*mu_t*X* (WI12*(S22-S11)+W13*S23+W23*S13)
+ C 3*mu_ t*X* (W13*W23)
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+C_4*mu_t*X*X* (W12%(S11#S11+S13*S13-S22*522-
$23%823)-W13*(S12*S13+S822*823+523*S33)-
W23*(S11*S13+812#823+S13%S33))

+ C_6*mu_ t*X*X* (S12*Sij)

+ C_7*mu_ t*X*X* (S12¥Wij);

C_UDSI(c,t, UW)=
C_I*mu t*X* (S11*S13+S12*S23+S13*S33)

+ C 2*mu_t*X* (W13%(S33-S11)+W12#S23-W23*S12)

- C 3*mu t*X* (WI12¥W23)

+  C 4*mu_t*X*X* (WI3*(S11%#S11+S12%S12-S23*823-
$33*833)-
W12%(S11#S13+822%S23+S23*S33)+W23*(S11*S12+S12*S22+S13%S23))

+ C_6*mu_ t*X*X* (S13*Sij)

+ C 7*mu t*X*X* (S13*Wij);

C _UDSI(c,t,VW)=
C I"mu t*X* (S12*S13+S22*S23+S23*S33)

+  C 2%mu_t*X* (W23*(S33-S22)-W12*S13-W13*S12)

+  C 3*mu_t*X* (WI12*W13)

+ C 4*mu_ t*X*X* (W23*(S12*S12+S22*S22-S13*S13-
S33*S33)+WI12*(S11*S13+S12*S23+S13*S33)+W13*(S11*S12+S12*S22+S13*S2
3)

+  C_6*mu_t*X*X* (S23*Sij)

+  C_7*mu_t*X*X* (S23*Wij);

// Define memory Reynolds stress by User defined Memory

etk s etk s e ks s ekl s s ekl s stk skt ks sk ks st kel skl s stk sk ko ook
skesk /|

[rsksck Rk IMPORTANT define Linear and Nonlinear

Termyk s skt ks stk //

//********************************************************************



C _UDMI(c,t,0)=
C _UDMI(c,t,1)=
C _UDMI(c,t,2)=
C _UDMI(c,t,3)=
C _UDMI(c,t,4)=
C _UDMI(c,t,5)=
}

end c loop(c,t)
}

}

2./3.*C_K(c,t) -2.*mu_t*S11 + C_UDSI(c,t,UU);
2./3.*C_K(c,t) -2.*mu_t*S22 + C _UDSI(c,t,VV);
2./3.*C _K(c,t) -2.*mu_t*S33 + C_UDSI(c,t, WW);
-2.*mu_t*S12 + C _UDSI(c,t,UV);

-2.*mu_t*S13 + C _UDSI(c,t,UW);

-2.*mu t*S23 + C _UDSI(c,t,VW);

User-defined function of modified nonlinear turbulence model

for Simulation of Cavitation on Marine propeller

#include "udf.h"

#include "math.h"

/* Turbulence model constants */

const real C_1=-0.1;
const real C_2=0.19;
const real C_3=0.21;
const real C_5=0.0;

// ' User-defined scalars : Define Reynolds stress

cnum
{
uu,
VvV,
WW,
uv,
Uw,
VW

3
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// Define source in X momentun equation
DEFINE_SOURCE((u_source, ¢, t, dS, eqn)

{

real source;

dS[eqn]=0.0;

source=- C_R(c,t) * (C_UDSI G(c,t,UU)[0] +

C UDSI_G(c,t,UV)[1]+C _UDSI_G(c,t,UW)[2]);
return source;

}

// Define source in y momentun equation
DEFINE_SOURCE(v_source, ¢, t, dS, eqn)

{

real source;

dS[eqn]= 0.0;

source =- C_R(c,t)*(C_UDSI_G(c,t,UV)[0]+ C _UDSI G(c,t,VV)[1]+
C _UDSI_G(c,t,VW)[2] ) ;

return source;

}

// Define source in z momentun equation
DEFINE_SOURCE(w_source, c, t, dS, eqn)

{

real source;

dS[eqn]= 0.0;

source=-C_R(c,t)*(C_UDSI G(c,t,UW)[0] + C_UDSI G(c,t,VW)[1] +
C _UDSI_G(c,t, WW)[2] );

return source;

}

DEFINE _SOURCE(k source, ¢, t, dS, eqn)

{

real prod;

dS[eqn]= 0.0;
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prod=-C_R(c,t)*(C_UDSI(c,t,UU)*C_DUDX(c,t)+C_UDSI(c,t,UV)*C DVDX(c,t)+
C_UDSI(c,t,UW)*C_DWDX(c,t)+C_UDSI(c,t,UV)*C _DUDY/(c,t)+C_UDSI(c,t,VV)
*C_DVDY(c,t)+C_UDSI(c,t, VW)*C_DWDY/(c,t)+C_UDSI(c,t,UW)*C_DUDZ(c,t)+
C _UDSI(c,t,VW)*C _DVDZ(c,t) + C_UDSI(c,t, WW)*C_DWDZ(c,t));

return prod;

}

DEFINE_SOURCE(e_source, c, t, dS, eqn)
{
real prod;
real c le =1.44;
real ¢ 2e =1.92;
realk =C K(c,t);
reale =C D(c,t);
realu=C MU L(c,t);
realp =C R(c,t);
real v, Ret,fe2,cc;

v =u/p;

Ret=k*k/(e*v);

dS[eqn]= 0.0;

prod=-c 1e*C D(c,t)/C K(c,t)* C_R(c,t)

* (C_UDSI(c,t,UU)*C_DUDX(c,t) +
C _UDSI(c,t,UV)*C DVDX(c,t) + C_UDSI(c,t,UW)*C DWDX(c,t)+
C _UDSI(c,t,UV)*C _DUDY(c,t) +
C _UDSI(c,t,VV)*C DVDY(c,t) + C_UDSI(c,t, VW)*C DWDY(c,t)+
C _UDSI(c,t,UW)*C _DUDZ(c,t) +
C_UDSI(c,t,VW)*C_DVDZ(c,t) + C_UDSI(c,t, WW)*C_DWDZ(c,t)
);

fe2=1.0- 0.3*(exp(-Ret*Ret));

return prod- (¢_2e*C_R(c,t)*e*e/k)+ (fe2*c_2e*C R(c,t)*e*e/k );
}
// Define Eddy viscosity



DEFINE TURBULENT VISCOSITY(Craft Mu_t,c,t)
{
real S,W,c_ mu,T,mu_t;
real S11, S12, S13, S21, S22, S23, S31, S32, S33;
real W11, W12, W13, W21, W22, W23, W31, W32, W33;
// Define variable
realu=C MU L(c,t); //laminar viscosity
realp =C R(c,t); //density
real v, Ret,fmu;
realk =C K(c,t); //Turbulent kinetic energy(k)
reale =C D(c,t); //Dissipation rate (epsilon)
T=C K(c,t)/C D(c,t); // kie

// Define stress tensor

S11 = 0.5%( C_DUDX(c,tH)+C_DUDX(c,t) ):
S12 = 0.5%( C_DUDY(c,H)+C_DVDX(c,t) );
S13 = 0.5%( C_DUDZ(c,t)+C_DWDX(c,t) );
S21 = 0.5%( C_DVDX(c,H)+C_DUDY(c,t) );
$22 = 0.5%( C_DVDY(c,tH)+C_DVDY(c,t) );
$23 = 0.5%( C_DVDZ(c,t)+C_DWDY(c,t) );
S31 = 0.5%( C_DWDX(c,t)+C_DUDZ(c,t) ):
$32 = 0.5%( C_DWDY(c,t)+C_DVDZ(c,t) );
$33 = 0.5%( C_DWDZ(c,t)+C_DWDZ(c,t) );

S=T*sqrt(
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2*(S11*S11+S12*S12+S13*S13+S21*S21+S22*S22+S23*S23+S31*S31+S32*S32

+833%833) );

/I Define vorticity tensor

W11 =0.5%C_DUDX(c,t)-C_DUDX(c,t) );
W12 = 0.5%( C_DUDY(c,t)-C_DVDX(c,t) );
W13 = 0.5%( C_DUDZ(c,t)-C_DWDX(c,t) );
W21 = 0.5%( C_DVDX(c,t)-C_DUDY(c,t) );
W22 = 0.5%( C_DVDY(c,t)-C_DVDY(c,t) );
W23 = 0.5%( C_DVDZ(c,t)-C_ DWDY(c,t) );
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W31 =0.5*%( C_DWDX(c,t)-C_DUDZ(c,t) );
W32 =0.5*%( C_DWDY(c,t)-C_DVDZ(c,t) );
W33 =0.5%( C_DWDZ(c,t)-C_DWDZ(c,t) );
W=T*sqrt(
2X(WIT*WI11+W12*¥*W12+W13*W13+W2 1 *W2 1+ W22*W22+W23*W23+W31*W
31+W32*¥*W32+W33*W33) );
// Define kinenatic viscosity
v =u/p;
/I Define turbulent Reynolds number
Ret=k*k/(e*v);
/I Define Constant Cmu
c¢_mu=(0.3/(1.0+(0.35* (MAX(S,W))*0.5)))*(1.0-exp(-0.36/(exp(-0.75* MAX(S,W)
M)
// Define Damping function of Craft et al.(1996)
fmu=(1.0-exp(-pow((Ret/90.),0.5)-pow((Ret/400.),2) ));
/I Define Eddy viscosity
mu_t=c mu*T*C_K(c,t);
return mu_t;

}
DEFINE ADJUST(rsm_adjust,domain)

{

Thread *t;

cell t c;

real X;

real mu_t, ¢ mu;

real S11, S12, S13, S21, S22, S23, S31, S32, S33;
real W11, W12, W13, W21, W22, W23, W31, W32, W33;
real S, W, Sij, Wij;

real C 4,C 6,C 7,

real P11, P22, P33, Pkk;

real tau w, u_tauw, u_star, y_star, Gk, u_mag;

realu ;



real p ;

real v, Ret,fmu;

real k ;

reale ;

/* Set the turbulent viscosity */
thread loop c(t,domain)

if (FLUID THREAD_ P(t))

{

begin_c_loop(c,t)

{

// Define variable

u=C MU L(c,t); //laminar viscosity

p=C R(c,t); //density

k=C K(c,t); //Turbulent kinetic energy(k)
e=C D(c,t); //Dissipation rate (epsilon)

X=C K(c,t)/C_D(c,t); // kle

// Define stress tensor

S11 = 0.5%( C_DUDX(c,tH)+C_DUDX(c,t) );
S12 = 0.5%( C_DUDY(c,H)+C_DVDX(c,t) );
S13 = 0.5%( C_DUDZ(c,t)+C_DWDX(c,t) );
S21 = 0.5*( C_DVDX(c,H)+C_DUDY(c,t) );
$22 = 0.5%( C_DVDY(c,H)+C_DVDY(c,t) );
$23 = 0.5%( C_DVDZ(c,t)+C_DWDY(c,t) );
S31 = 0.5%( C_DWDX(c,t)+C_DUDZ(c,t) ):
$32 = 0.5%( C_DWDY(c,t)+C_DVDZ(c,t) );
$33 = 0.5%( C_DWDZ(c,t)+C_DWDZ(c,t) );

S=X*sqrt(
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2*¥(S11*S11+S12*S12+S13*S13+S21*S21+S22*S22+S23*S23+S31*S31+S32*S32

+833%833) );

/I Define vorticity tensor

W11 =0.5%C_DUDX(c,t)-C_DUDX(c,t) );
W12 = 0.5%( C_DUDY(c,t)-C_DVDX(c,t) );
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W13 =0.5*%( C_DUDZ(c,t)-C_DWDX(c,t) );
W21 =0.5*%( C_DVDX(c,t)-C_DUDY(c,t) );
W22 =0.5%(C_DVDY(c,t)-C_DVDY(c,t) );
W23 =0.5*%( C_DVDZ(c,t)-C_ DWDY(c,t) );
W31 =0.5*%( C_DWDX(c,t)-C_DUDZ(c,t) );
W32 =0.5%(C_DWDY(c,t)-C_DVDZ(c,t) );
W33 =0.5%( C_DWDZ(c,t)-C_DWDZ(c,t) );
W=X*sqrt(
2X(WIT*WI11+W12*¥*W12+W13*W13+W2 1 *W2 1+ W22*W22+W23*W23+W31*W
31+W32*W32+W33*W33) );
// Define kinenatic viscosity
v =u/p;
/I Define turbulent Reynolds number
Ret=k*k/(e*v);
/I Define Constant Cmu
c¢_mu=(0.3/(1.0+(0.35* (MAX(S,W))*0.5)))*(1.0-exp(-0.36/(exp(-0.75* MAX(S,W)
M)
// Define Damping function of Craft et al.(1996)
fmu=(1.0-exp(-pow((Ret/90.),0.5)-pow((Ret/400.),2) ));
/I Define Eddy viscosity
mu_t=c_mu*fmu*C K(c,t)*C _K(c,t)*C_D(c.t);
/I Define constant of Craft et al.(1996)
C 4=-10.0*SQR(c_mu);
C _6=-5.0*SQR(c_mu);
C _7=5.0*SQR(c_mu);
// Define tensor index = SkISkl
Sij=S11*S11+S12*S12+S13*S13+S21*S21+S22*S22+S23*S23+S31*S31+S32*S32
+S33*S33;
// Define tensor index = WkIWkl
Wij=WI1T*W11+WI12*W12+W13*W13+W21*W21+W22*W22+W23*W23+W31*
W31+W32*W32+W33*W33;
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//********************************************************************

[rAdesssickickx IMPORTANT define only anisotropy tensor

[ HsRRsck Rk Rk and multiply k in the Reynolds stress

sk s e e ot ool s etk o koo
R R R RE qnisotropy
tensor® sk e ettt otttk s e etk ks s st K o //
ekttt s s s ek ook s s stk ookl s s et ok ksl s etk ot okl s s etk kol
*//
ekttt s s s ek ookl s s st ot ook s s st ot okl s s et ot ksl s stk koo
*//
/I Define anisotropy tensor of normal Reynolds stress
C UDSI(c,t,UU)=
C I*mu_t*X* (S11*S11+S12*S12+S13*S13-1./3.*Sij)
+2.*%C 2*mu_t*X* (W12*S12+W13*S13)
+ C 3*mu_t*X* (WI2*WI12+W13*W13-1./3.*Wij)
-2.%C_4*mu_t*X*FX*
(W12*(S11*S12+S12*S22+S13*S23)+W13*(S11*S13+S12*S23+S13*S33))
+ C 6*mu_t*X*X* (S11*Sij)
+  C 7*mu_t*X*X* (S11*Wij);

C_UDSI(c.,t,VV)=
C_I*mu t*X* (S12*S12+S22%S22+823%S23-1./3.*Sij)
+2.%C 2*mu_ t*X* (W23*S23-W12*S12)
+ C 3*mu_t*X* (WI2*WI12+W23*W23-1./3.%Wij)
+2.5C_4*mu_ t*X*X* (W12%(S11*S12+S12#522+813%S23)-
W23*(S12*813+822#823+523%S33))
+ C_6*mu_ t*X*X* (S22*Sij)
+ C_7*mu_t¥X*X* (S22*Wij);
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C UDSI(c,t,WW)=
C 1*mu_ t*X* (S13*S13+S23*S23+S33*S33-1./3.*Si))

-2.%C 2*mu t*X* (WI13*S13+W23*S23)

+ C 3*mu_t*X* (WI13*WI13+W23*W23-1./3.*Wij)

+2.%C_4*mu_t*X*X*
(W13*(S11*S13+S12*S23+S13*S33)+W23*(S12*S13+S22*S23+S23*S33))

+  C 6*mu_t*X*X* (S33*Sij)

+  C 7*mu_t*X*X* (S33*Wij);

/I Define anisotropy tensor of shear Reynolds stress
C UDSI(c,t,UV)=
C 1*mu_t*X* (S11*S12+S12*S22+S13*S23)

+  C 2*mu_t*X* (WI12*(S22-S11)+W13*S23+W23*S13)

+ C 3*mu_ t*X* (W13*W23)

+ C _4*mu_t*X*X* (W12*(S11*S11+S13*S13-S22*S22-
S23*S23)-W13*(S12*S13+S22*S23+S23*S33)-
W23*(S11*S13+S12*S23+S13*S33))

+  C 6*mu_t*X*X* (S12*Sij)

+  C 7*mu_t*X*X* (S12*Wij);

C_UDSI(c,t, UW)=
C_I*mu t*X* (S11*S13+S12*S23+S13*S33)

+ C 2*mu_t*X* (W13*%(S33-S11)+W12*S23-W23*S12)

- C 3*mu_t*X* (WI12*W23)

+ C 4*mu_ t5X*X* (WI3*(S11%#S11+S12%S12-S23*823-
$33*833)-
W12%(S11%#S13+822%S23+S23*S33)+W23*(S11*S12+S12*S22+S13%S23))

+ C_6*mu_ t*X*X* (S13*Sij)

+ C 7*mu_ t*X*X* (S13*Wij);

C_UDSI(c,t, VW)=
C_I*mu t*X* (S12*S13+S22*823+523*S33)
+ C 2*mu t*X* (W23%(S33-S22)-W12*S13-W13*S12)
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+  C 3*mu_t*X* (WI12*W13)

+  C 4*mu_t*X*X* (W23*(S12*S12+S22*S22-S13*S13-
S33*S33)+WI12*(S11*S13+S12*S23+S13*S33)+W13*(S11*S12+S12*S22+S13*S2
3)

+  C_6*mu_t*X*X* (S23*Sij)

+  C_7*mu_t*X*X* (S23*Wij);

// Define memory Reynolds stress by User defined Memory

etk stk s e ks s ekl e e kol st ks skt sk ks skl s st kol s etk ke ko oo
skesk /|

[k IMPORTANT define Linear and Nonlinear

Termnyk st s sk sk stk sk //

//********************************************************************

sk /|
C _UDMI(c,t,0)= 2./3.*C _K(c,t) -2.*mu_t*S11 + C_UDSI(c,t,UU);
C UDMlI(c,t,1)= 2./3.*C _K(c,t) -2.*mu_t*S22 + C_UDSI(c,t,VV);
C _UDMI(c,t,2)= 2./3.*C _K(c,t) -2.*mu_t*S33 + C_UDSI(c,t, WW);
C _UDMI(c,t,3)= -2.*mu_t*S12 + C_UDSI(c,t,UV);

C _UDMI(c,t,4)= -2.*%mu_t*S13 + C_UDSI(c,t,UW);

C _UDMI(c,t,5)= -2.*mu_t*S23 + C_UDSI(c,t,VW);

}

end c loop(c,t)

}

}
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Appendix F
UDF of Modified Nonlinear Turbulence Model for Simulation

of Cavitation on Marine Propeller



UDF of Modified Nonlinear Turbulence Model

for Simulation of Cavitation on Marine Propeller

#include "udf.h"

#include "math.h"

/* Turbulence model constants */

const real C_1=-0.1;

const real C_2=0.19;

const real C_3=0.21;

const real C_5=0.0;

// User-defined scalars : Define Reynolds stress
enum

{

Uy,

VvV,

WW,

UV,

uw,

VW

¥

// Define source in X momentun equation
DEFINE _SOURCE((u_source, ¢, t, dS, eqn)
{

real source;

dS[eqn]=0.0;

source=- C_R(c,t) * (C_UDSI G(c,t,UU)[0] +

C UDSI_G(c,t,UV)[1]+C _UDSI_G(c,t,UW)[2]);
return source;

}

// Define source in y momentun equation
DEFINE _SOURCE(v_source, ¢, t, dS, eqn)

{
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real source;

dS[eqn]= 0.0;

source =- C_R(c,t)*(C_UDSI_G(c,t,UV)[0]+ C _UDSI G(c,t,VV)[1]+
C _UDSI _G(c,t,VW)[2]);

return source;

}

// Define source in z momentun equation
DEFINE_SOURCE(w_source, c, t, dS, eqn)

{

real source;

dS[eqn]= 0.0;

source=-C_R(c,t)*(C_UDSI G(c,t,UW)[0] + C_UDSI G(c,t,VW)[1] +
C _UDSI_G(c,t, WW)[2] );

return source;

}

DEFINE _SOURCE(k source, ¢, t, dS, eqn)

{

real prod;

dS[eqn]= 0.0;

195

prod=-C_R(c,t)*(C_UDSI(c,t,UU)*C_DUDX(c,t)+C_UDSI(c,t,UV)*C_DVDX(c,t)+
C_UDSI(c,t,UW)*C_DWDX(c,t)+C_UDSI(c,t,UV)*C_DUDY(c,t)+C_UDSI(c.t,VV)
*C_DVDY(c,t)+C_UDSI(c,t, VW)*C_DWDY(c,t)+C_UDSI(c,t,UW)*C_DUDZ(c,t)+

C_UDSI(c,t,VW)*C_DVDZ(c,t) + C_UDSI(c,t, WW)*C_DWDZ(c,t));
return prod;

}

DEFINE_SOURCE(e_source, c, t, dS, eqn)
{

real prod;

realc le =1.44;

real ¢ 2e =1.92;

realk =C K(c,t);



reale =C D(c,t);
realu=C MU L(c,t);
realp =C R(c,t);
real v, Ret,fe2,cc;

v =u/p;

Ret=k*k/(e*v);

dS[eqn]= 0.0;

prod=-c 1e*C D(c,t)/C_K(c,t)* C R(c,t)

* (C_UDSI(c,t,UU)*C_DUDX(c,t) +
C _UDSI(c,t,UV)*C DVDX(c,t) + C_UDSI(c,t,UW)*C DWDX(c,t)+
C _UDSI(c,t,UV)*C _DUDY(c,t) +
C _UDSI(c,t,VV)*C DVDY(c,t) + C_UDSI(c,t, VW)*C DWDY(c,t)+
C _UDSI(c,t,UW)*C DUDZ(c,t) +
C_UDSI(c,t,VW)*C_DVDZ(c,t) + C_UDSI(c,t, WW)*C _DWDZ(c,t)
);

fe2=1.0- 0.3*(exp(-Ret*Ret));

return prod- (¢_2e*C_R(c,t)*e*e/k)+ (fe2*c_2e*C R(c,t)*e*e/k );
}
// Define Eddy viscosity
DEFINE TURBULENT VISCOSITY(Craft Mu_t,c,t)
{
real S,W,c_ mu,T,mu _t;
real S11, S12, S13, S21, S22, S23, S31, S32, S33;
real W11, W12, W13, W21, W22, W23, W31, W32, W33;
// Define variable
realu=C MU L(c,t); //laminar viscosity
realp =C R(c,t); //density
real v, Ret,fmu;
realk =C K(c,t); //Turbulent kinetic energy(k)
reale =C D(c,t); //Dissipation rate (epsilon)

T=C K(c,t)/C D(c,t); // k/e

// Define stress tensor
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S11 =0.5*% C_DUDX(c,t)*+C_DUDX(c,t) );
S12 =0.5*%( C_DUDY/(c,t)*C_DVDX(c,t) );
S13 =0.5*%( C_DUDZ(c,t)*C_DWDX(c,t) );
S21 =0.5*%( C_DVDX(c,t)*+C_DUDY(c,t) );
S22 =0.5%( C_DVDY(c,t)*C_DVDY(c,t) );
S23 =0.5*%( C_DVDZ(c,t)*C DWDY(c,t) );
S31 =0.5%( C_DWDX(c,t)+C_DUDZ(c,t) );
S32 =0.5%( C_DWDY(c,t)+C_DVDZ(c,t) );
S33 =0.5*%( C_DWDZ(c,t)+C_DWDZ(c,t) );

S=T*sqrt(

2*(S11*S11+S12*S12+S13*S13+S21*S21+S22*S22+S23*S23+S31*S31+S32*S32

+S33*S33) );

/I Define vorticity tensor
WI11=0.5*%( C_DUDX(c,t)-C_DUDX(c,t) );
W12 =0.5*%( C_DUDY(c,t)-C_DVDX(c,t) );
W13 =0.5%( C_DUDZ(c,t)-C_DWDX(c,t) );
W21 =0.5*%( C_DVDX(c,t)-C_DUDY(c,t) );
W22 =0.5%( C_DVDY(c,t)-C_DVDY(c,t) );
W23 =0.5*%( C_DVDZ(c,t)-C_ DWDY(c,t) );
W31 =0.5%( C_DWDX(c,t)-C_DUDZ(c,t) );
W32 =0.5*%(C_DWDY(c,t)-C_DVDZ(c,t) );
W33 =0.5*%( C_DWDZ(c,t)-C_ DWDZ(c,t) );

W=T*sqrt(

2X(WIT*WI11+W12*¥*W12+W13*W13+W2 1 *W2 1+W22*W22+W23*W23+W31*W

31+W32*¥*W32+W33*W33) );

// Define kinenatic viscosity

v =u/p;

/I Define turbulent Reynolds number

Ret=k*k/(e*v);

/I Define Constant Cmu

c¢_mu=(0.3/(1.0+(0.35* (MAX(S,W))*0.5)))*(1.0-exp(-0.36/(exp(-0.75* MAX(S,W)

M)
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/I Define Damping function of Craft et al.(1996)
fmu=(1.0-exp(-pow((Ret/90.),0.5)-pow((Ret/400.),2) ));
// Define Eddy viscosity

mu_t=c mu*T*C_K(c,t);

return mu_t;

}
DEFINE ADJUST(rsm_adjust,domain)

{

Thread *t;

cell t c;

real X;

real mu_t, ¢ mu;

real S11, S12, S13, S21, S22, S23, S31, S32, S33;
real W11, W12, W13, W21, W22, W23, W31, W32, W33;
real S, W, Sij, Wij;

real C 4,C 6,C 7,

real P11, P22, P33, Pkk;

real tau w, u_tauw, u_star, y_star, Gk, u_mag;
realu ;

real p ;

real v, Ret,fmu;

real k ;

reale ;

/* Set the turbulent viscosity */
thread loop c(t,domain)

if (FLUID THREAD_ P(t))

{

begin_c_loop(c,t)

{

// Define variable

u=C MU L(c,t); //laminar viscosity

p=C R(c,t); //density
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k=C K(c,t); //Turbulent kinetic energy(k)

e=C D(c,t); //Dissipation rate (epsilon)

X=C K(c,t)/C_D(c,t); // kle

/I Define stress tensor
S11=0.5*( C_DUDX(c,t)+C_DUDX(c,t) );
S12 =0.5*( C_DUDY(c,t)*C DVDX(c,t) );
S13 =0.5*( C_DUDZ(c,t)*C DWDX(c.t) );
S21=0.5*( C_DVDX(c,t)+C DUDY(c,t) );
S22 =0.5*( C_DVDY(c,t)+C DVDY(c,t) );
S23 =0.5*( C_DVDZ(c,t)*C DWDY(c.t) );
S31 =0.5%( C_DWDX(c,t)+C_DUDZ(c,t) );
S32 =0.5%( C_DWDY(c,t)+C_DVDZ(c,t) );
S33 =0.5%( C_DWDZ(c,t)+C_DWDZ(c,t) );

S=X*sqrt(

2*(S11*S11+S12*S12+S13*S13+S21*S21+S22*S22+S23*S23+S31*S31+S32*S32

+S33*S33) );

/I Define vorticity tensor
WI11=0.5*%( C_DUDX(c,t)-C_DUDX(c,t) );
W12 =0.5*%( C_DUDY(c,t)-C_DVDX(c,t) );
W13 =0.5*%( C_DUDZ(c,t)-C_DWDX(c,t) );
W21 =0.5*%( C_DVDX(c,t)-C_DUDY(c,t) );
W22 =0.5*%(C_DVDY(c,t)-C_DVDY(c,t) );
W23 =0.5*%( C_DVDZ(c,t)-C_ DWDY(c,t) );
W31 =0.5*%( C_DWDX(c,t)-C_DUDZ(c,t) );
W32 =0.5*%( C_DWDY(c,t)-C_DVDZ(c,t) );
W33 =0.5%( C_DWDZ(c,t)-C_ DWDZ(c,t) );

W=X*sqrt(

2X(WIT*WI11+W12*¥*W12+W13*W13+W2 1 *W2 1+W22*¥*W22+W23*W23+W31*W

31+W32*W32+W33*W33) );

// Define kinenatic viscosity

v =1u/p;

/I Define turbulent Reynolds number
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Ret=k*k/(e*v);

/I Define Constant Cmu

c¢_mu=(0.3/(1.0+(0.35* (MAX(S,W))*0.5)))*(1.0-exp(-0.36/(exp(-0.75* MAX(S,W)
M)

/I Define Damping function of Craft et al.(1996)
fmu=(1.0-exp(-pow((Ret/90.),0.5)-pow((Ret/400.),2) ));

// Define Eddy viscosity

mu_t=c_ mu*fmu*C_K(c,t)*C K(c,t)*C _D(c,t);

// Define constant of Craft et al.(1996)

C 4=-10.0*SQR(c_mu);

C _6=-5.0*SQR(c_mu);

C 7=5.0*SQR(c_mu);

// Define tensor index = SkISkl
Sij=S11*S11+S12*S12+S13*S13+S21*S21+S22*S22+S23*S23+S31*S31+S32*S32
+S33*S33;

// Define tensor index = WkIWkl
Wij=WI1T*W11+WI12*W12+W13*W13+W21*W21+W22*W22+W23*W23+W31*
W31+W32*W32+W33*W33;

okttt s s s et ook s s stk ookl s s ettt kol s s sttt ksl s s etk koo
3k

[k IMPORTANT define only anisotropy tensor

*******************ﬂ

[ HsR Rk Rk Rk and multiply k in the Reynolds stress

************************ﬂ

U************** anmouopy
tensor*****************************************ﬁ
U********************************************************************
*//
U********************************************************************
*//

/I Define anisotropy tensor of normal Reynolds stress

C_UDSI(c,t,UU)=
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C_I*mu t*X* (S11*S11+S12*S12+S13*S13-1./3.%Sij)
+2.%C 2*mu_ t*X* (WI2%S12+W13*S13)
+C_3*mu_t*X* (WI2*WI12+W13*W13-1./3.*Wij)
2.#5C 4*mu_ tFXFX*

(W12*(S11#S12+S12%822+813*S23)+W13*(S11*S13+S12%S23+S13*S33))
+  C_6*mu_ t*X*X* (S11*Sij)
+ C_7*mu_ t*X*X* (S11*Wij);

C_UDSI(c,t,VV)=
C_I*mu t*X* (S12*S12+S22%S22+823%S23-1./3.%Sij)
+2.%C 2*mu t*X* (W23*S23-W12*S12)
+ C 3*mu t*X* (WI2*WI12+W23*W23-1./3.*Wij)
+2.%C_4*mu_t*X*X* (WI12%(S11*S12+812%822+513%S23)-
W23*(S12#S13+822*S23+523*S33))
+ C_6*mu_t<X*X* (S22*Sij)
+ C_7*mu_t<X*X* (S22*Wij);

C UDSI(c,t,WW)=
C 1*mu t*X* (S13*S13+S23*S23+S33*S33-1./3.*Si))
-2.%C 2*mu t*X* (WI13*S13+W23*S23)
+ C 3*mu_t*X* (WI13*WI13+W23*W23-1./3.*Wij)
+2.%C 4*mu_ t*X*X*
(W13*(S11*S13+S12*S23+S13*S33)+W23*(S12*S13+S22*S23+S23*S33))
+ C 6*mu_t*X*X* (S33*Sij)
+  C 7*mu_t*X*X* (S33*Wij);
/I Define anisotropy tensor of shear Reynolds stress
C UDSI(c,t,UV)=
C 1*mu_t*X* (S11*S12+S12*S22+S13*S23)
+  C 2%mu_t*X* (WI12*(S22-S11)+W13*S23+W23*S13)
+ C 3*mu_ t*X* (W13*W23)
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+C_4*mu_t*X*X* (W12%(S11#S11+S13*S13-S22*522-
$23%823)-W13*(S12*S13+S822*823+523*S33)-
W23#(S11*S13+812#823+S13%S33))

+ C_6*mu_ t*X*X* (S12*Sij)

+ C_7*mu_ t*X*X* (S12¥Wij);

C_UDSI(c,t,UW)=
C_I*mu t*X* (S11*S13+S12*S23+S13*S33)

+ C 2*mu_t*X* (W13%(S33-S11)+W12#823-W23*S12)

- C 3*mu t*X* (WI12¥W23)

+  C 4*mu_t¥X*X* (WI3*(S11%#S11+S12%S12-S23*823-
$33*833)-
W12%(S11%#S13+822%S23+S23*S33)+W23*(S11*#S12+S12*S22+S13%S23))

+ C_6*mu_ t*X*X* (S13*Sij)

+  C 7*mu t*X*X* (S13*Wij);

C _UDSI(c,t,VW)=
C I"mu t*X* (S12*S13+S22*S23+S23*S33)

+  C 2%mu_t*X* (W23*(S33-S22)-W12*S13-W13*S12)

+  C 3*mu_t*X* (WI12*W13)

+ C 4*mu_t*X*X* (W23*(S12*S12+S22*S22-S13*S13-
S33*S33)+WI12*(S11*S13+S12*S23+S13*S33)+W13*(S11*S12+S12*S22+S13*S2
3)

+  C_6*mu_t*X*X* (S23*Sij)

+  C_7*mu_t*X*X* (S23*Wij);

// Define memory Reynolds stress by User defined Memory

etk s etk s e ks s ekl s e ekl skt ks skt ks skl s skl s st ke s st okl skt ook
skesk /|

[rsksck Rk IMPORTANT define Linear and Nonlinear

Termyk s skt ks stk //

//********************************************************************
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C _UDMI(c,t,0)= 2./3.*C _K(c,t) -2.*mu_t*S11 + C _UDSI(c,t,UU);
C _UDMlI(c,t,1)= 2./3.*C _K(c,t) -2.*mu_t*S22 + C _UDSI(c,t,VV);
C _UDMI(c,t,2)= 2./3.*C _K(c,t) -2.*mu_t*S33 + C_UDSI(c,t, WW);
C _UDMI(c,t,3)= -2.*mu_t*S12 + C_UDSI(c,t,UV);

C _UDMI(c,t,4)= -2.*mu_t*S13 + C_UDSI(c,t,UW);

C _UDMI(c,t,5)= -2.*mu_t*S23 + C_UDSI(c,t,VW);

}

end c loop(c,t)

}

}
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