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English summary

A methodology for hydrodynamical simulations in FLUENT is described. The current application
is the computational fluid dynamics analyses of two- and three-dimensional wings conducted as
part of an underwater towing project (reported in @. Andreassen et al.: ’Hydrodynamic design
and analysis of tail fish”, FFl-report 2010/00136), but the methodology is applicable to more
general hydrodynamical problems.

The Navier-Stokes equations for incompressible viscous fluid flow are solved using the software
package FLUENT. The main results from these simulations are lift, drag, and moment
coefficients of the wings, as a function of angle of attack. Grid design and the application of a
turbulence model are discussed in the report.

Two-dimensional wing profiles with available reference data for air flow are used to verify the
simulations. Then the same profiles are simulated in water, together with some alternative
profiles. Finally, two different three-dimensional delta wings are simulated in water. It is shown
that the size of the computational domain has a strong influence on the drag coefficients in two
dimensions, but much less in three dimensions.

The results obtained in this work have been used in the underwater towing project.
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Sammendrag

Denne rapporten beskriver en metodikk for hydrodynamiske simuleringer i FLUENT. Den
aktuelle anvendelsen er fluiddynamikk-simuleringer av to- og tredimensjonale vinger utfgrt som
en del av et undervanns-taueprosjekt (beskrevet i @. Andreassen et al.: ’Hydrodynamic design
and analysis of tail fish, FFl-report 2010/00136), men metodikken er anvendbar for mer
generelle hydrodynamiske problemer.

Navier-Stokes-ligningene for inkompressibel viskgs stremning er lgst med simulerings-
programmet FLUENT. Hovedresultatene fra disse simuleringene er koeffisienter for lgft, drag og
moment for vingene, som funksjon av angrepsvinkel. Design av grid og anvendelse av en
turbulensmodell er diskutert i rapporten.

Todimensjonale vingeprofiler med tilgjengelige referansedata i luft er brukt til & verifisere
simuleringene. Deretter er de samme profilene simulert i vann, sammen med noen alternative
profiler. Til slutt er to forskjellige tredimensjonale deltavinger simulert i vann. Det vises at
sterrelsen pa beregningsomradet innvirker sterkt pa drag-koeffisientene i to dimensjoner, men
mye mindre i tre dimensjoner.

Resultatene fra dette arbeidet har blitt brukt i undervanns-taueprosjektet.
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1 Introduction

The success of hydrodynamical simulations relies on aaalemathematical model of the physics,
correct application of suitable boundary conditions, gdedign of the computational domain and
the computational grid, and an accurate numerical solvéiis Teport describes a methodology
for hydrodynamical simulations around rigid bodies, withwilaround two- and three-dimensional
wings as the present application.

The methodology, described in section 2, is first tested andimnensional NACA profiles operat-
ing in air with given reference solutions for verificatiomdathen in water. In section 3, it it also
applied to a two-dimensional Eppler profile and a new twostisional high-lift profile. In sec-
tion 4, we present simulations for a three-dimensionaladelihg based on the new high-lift profile
and for a three-dimensional delta wing based on a symmepieE profile, and the conclusions
and methodological recommendations are presented iroaegti

Wing-like structures can be used in towed underwater syst@mpositioning and maneuvering.
For application of the results in that context, see the rej@dr

2 Methodology

The computational fluid dynamics (CFD) simulations are cmteld using the software package
FLUENT from ANSYS Inc. The governing equations for the casessidered in this report are

the Navier-Stokes equations for incompressible viscows, #md except for some cases with large
angles of attack, a statistically steady solution is founlde lift, drag, and moment coefficients of
the foil are then calculated from this steady solution.

Calculations on a computational grid fine enough to resdlviha turbulent scales are usually not
possible within the available time limits, so the effectgha small-scale turbulent motion must be
modelled. In this report, a Reynolds-Averaged Navier-880{RANS) turbulence model is used to
simulate the averaged effect of turbulent advection on teamflow field. The Spalart-Allmaras

turbulence model [5] is used, as it is designed for exteroald] i.e. flow around bodies. To reduce
the grid dependence of the turbulence model, which can $eregtsignificantly deteriorate the

quality of the prediction, the computational grid is refirgdse to the foil surface, and also in the
wake region.

Structured grids with quadrilateral (in two dimensions)haxahedral (in three dimensions) cells
are used in all the calculations presented here. Some c@uparwith unstructured grids with
tetrahedral cells are given in three dimensions.

Output from the simulations are coefficients of lift, dragdanoment, defined as follows:

Fr, Fp M
CL:ﬁ, CD:ﬁ> CJ\/lzﬁv
5P0vh Ao 305 Ao 5pv5Aoco
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where 7, Fp, andM are the lift force, drag force, and moment, respectivelyingcon the body;,
and the following reference quantities appear:

po: Reference densitykg/m?),

vo: Reference velocity (m/s),

Ag:  Reference arear(?),

co: Reference length (chord length) (m).

It should be noted that the forces acting on the foil can benposed into pressure- and frictional
forces.

The Reynolds number is defined using the reference velonityreference lengthRe= vg ¢ /v,
wherev (m?/s) is the kinematic viscosity.

The coordinate system used for the two-dimensional sinaulgts shown in figure 2.3, and for the
three-dimensional simulations in 4.3. The pitching moneeas is defined as the vectfr, 0, —1],
with centre in(0.25,0) for the two-dimensional foils (25% of the chord length frohetleading
edge), while the moment centre is given in the text for eagh@three-dimensional cases.

The momentum equation is discretized by a second order métieLUENT. First order discretiza-
tion is also available, but is only recommended at the sfahadterative solution procedure if there
are initial convergence problems. It is illustrated in s@mt@.1 that the drag coefficients are over-
predicted when first order discretization is used. The diszation of the equation for modified
turbulent viscosity is not as critical, but second orderrisf@rable here as well.

The boundary conditions are defined as inflow at the left bagndnd outflow at the right boundary,
while the top and bottom boundaries are periodic. A nondstipndary condition is applied at the
body surface. In three dimensions, an additional symmedgntary is introduced at the “back” of
the computational domain, whereas the free-stream vgl@c#pecified at the “front” boundary.

A summary of FLUENT settings for three of the simulationsgamted here is given in the Ap-
pendix.

2.1 Computational domains and grids

Air flow over two-dimensional NACA profiles with available pa&rimental reference solutions are
used as test cases to verify the methodology. The NACA-OOAMNACA-65209 are chosen, the
former being symmetric and the latter is not. Experimengahdor these airfoils are found in [1].

The two-dimensional foils have chord length 1 m and are plagi¢h the leading edge at the origin
of the coordinate system. The reference valuges= 1 m and4y = 1 m? are used. Two compu-
tational domains are used, [-9,1%][-10,10] m (“small”) and [-19,51]x [-20,20] m (“large”). In
the construction of the computational grid, the domaingdareled into 22 blocks, as shown for the
small domain in figure 2.1. For the large domain, the outecksaare simply extended to the new
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Figure 2.1: The 22 blocks of the small two-dimensional caiaimnal domain

Figure 2.2: Blocking close to a wing profile
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Figure 2.3: Overview of the computational grid around the@BA65209 airfoil

-65209

Figure 2.4: The computational grid around the front (left) and back ktlgof the NACA

airfoil

domain boundaries. Figure 2.2 shows the blocks close to g wafile, while the grid around a

wing profile is illustrated in figures 2.3 and 2.4. The gridstfte small and large domains have 377
thousand and 602 thousand cells, respectively. The grigeiltocks around the body are identical

for the two domains, and the thickness of the cells at the Isodiace is 15-2@m.

At the Turbulence Modeling Resource web pages from NASA lean&esearch Center [4], it is
advised that the farfield boundary should be at least 40@deagths away from the airfoil to avoid

boundary effects on the drag and lift

particularly at higihdonditions. We investigate the effect of

the domain size on drag and lift in this report.

2.2 Using the Spalart-Allmaras model in FLUENT

-Allmaras model is difiea turbulent (kinematic) viscosity,

The dependent variable in the Spalart

7, with unitm? /s. This is identical to the kinematic viscosity, except in the near-wall (viscosity-

10
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Inlet boundary condition C7p, Cp Cuyr
v=v (“TVR =1") 0.510| 1.18 x 1072 | —1.19 x 1073
7 = 0.001 0.509| 1.20 x 1072 | —1.30 x 1073

Table 2.1: Lift, drag and moment coefficients for the NACAairfoil in air, Mach 0.3, angle of
attack5®, for different modified turbulent viscosity values at thietiboundary

affected) region, where it usually is much larger. The tlebtiviscosity is defined as

:U‘t:pﬂfvlv
where
X N
1 = — 3 =V I/,
fo N A /

with the constant’,: = 7.1 [3]. The turbulent viscosity ratio (TVR) is defined as

X4

pe/p = fur /v = fax= m
It is stated in [4] that the farfield boundary condition farshould be in the ranger35v, which
gives TVR in the range 0.21-1.29.

If 7 = v, theny = 1, and the TVR is equal t¢f,, = 2.79 x 1073, An apparent inconsistency
in FLUENT is that if a TVR of 1 is specified at the inlet, what llgehappens is that = v, and
the TVR become&.79 x 10~3. However, the default inlet value for modified turbulentodsity in
FLUENT is 7 = 0.001m?/s. For air, this givesy = 68.5, f,» ~ 1, and consequently a TVR of
68.5. The corresponding values for water gre- 995.2, f,1 =~ 1 again, and a TVR of 995.2. The
recommended value far from [4] lies between these choices.

As shown in table 2.1, the choic@s= v,; = 1.46 x 107° m?/s and = 0.001m? /s at the inlet
boundary give virtually the same calculated lift, drag armhment coefficients. (See also figure 2.7.)

At the outlet boundary, a FLUENT “Outflow” boundary conditievas used, in which all the re-
quired quantities are extrapolated from the interior. Tdogs not require any specification of tur-
bulent viscosity, as no backflow is assumed.

2.3 Two-dimensional simulations: The NACA-0009 airfoil

The NACA-0009 airfoil is shown in figure 2.5. This is a symnmeprofile with zero lift in neutral
flight and zero pitching moment for small and moderate angledtack.

The calculated values af" at the first grid point from the wing surface are used as a guility
check. This is a relevant measure, since the flow is primartipundary layer flowy™ signifies the
non-dimensional distance from the grid point closest tovtia# to the wall itself, in relation to the

FFl-rapport 2010/00930 11



Figure 2.5: The NACA-0009 airfoil
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Figure 2.6: Calculated wally™* for the NACA-0009 airfoil at° angle of attack in air, Mach 0.3,
(left) and water, 5 knots (right)

smallest turbulent scale (which becomes smaller with emed Reynolds numb&e. 3 is nota
priori known, but is a function of the solution,™ = 1 implies that the distance to the wall equals
the smallest turbulent scale. The values for the NACA-0Gé@ikin air and water at;° angle of
attack are shown in figure 2.6. The plots show results fronsthall domain, but the large domain
results are almost identical. The valuegofare around 1, so the near-wall resolution is very good.
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Figure 2.7: Horizontal velocity (left) and modified turbulent viscgs{tight) at x = 0.5 for the
NACA-0009 airfoil in air (Mach 0.3) a° angle of attack

We also check the quality of the grid and the solution by pigtthe horizontal velocity component
(which is slightly different from the tangential velocitghd the modified turbulent viscosity along
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Figure 2.8: Horizontal velocity (left) and modified turbulent viscgs{tight) at z = 0.5 for the
NACA-0009 airfoil in water (5 knots) &° angle of attack

the linex = 0.5, i.e. through the mid-point of the wing. These results arewshin figures 2.7

and 2.8 for the NACA-0009 airfoil &t° angle of attack in air and water, respectively. The figures

show smooth curves, which indicate that the grid resoluisosufficient around the body.
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Figure 2.9: NACA-0009 airfoil: Moment (left) and drag (riglcoefficients in air, Mach 0.3
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Figure 2.10: NACA-0009 airfoil: Lift coefficient (left) aridt/drag ratio (right) in air, Mach 0.3

FFl-rapport 2010/00930 13



Simulations are conducted for Mach 0.3 in ai§ & 102.9 m/sRe= 7.04x 10°, pg = 1.225kg/m?)

with angle of attack varying from16° to 15°. Coefficients for moment, lift, drag, and lift/drag
ratio are given in figures 2.9 and 2.10 and compared with theem@xental data from [1]. We
observe that the size of the computational domain only infteeghe drag coefficient, and mainly for
absolute values of the angle of attacksdfand more, where a small domain overpredicts the drag.
Simulations for this case were also conducted on an eveerldgmain, [-29,71k [-30,30] m, and
resulted in a further reduction in drag, albeit smaller.hié drag coefficients were critical, further
simulations with larger domains would have been necesdaryhe context of [2], however, the
total drag of the system is dominated by other componentkjngdhe present results sufficiently
accurate.

Comparison with the experimental data Re= 6 x 10° (used in the plots here) ale= 9 x 10°
show only minor differences in drag coefficients. These @rpental data are obtained using an
untripped airfoil, i.e. the boundary layer is not fully tutbnt over the wing, but contains a laminar-
turbulent transition, which reduces the drag, especiallysimall and moderate attack angles [4].
It is virtually impossible to simulate such a transitionngsiavailable models in FLUENT, so it is
inherently assumed in the simulations that the boundargrlayfully turbulent everywhere. For
application to underwater systems, this is probably als@eenealistic scenario. However, data for
a “standard roughness” wing Be= 6 x 10° are also given in [1]. This can be considered a “worst
case” roughness for an airplane wing, so it seems reasotlalthe calculated drag coefficients lie
between the two extremes of untripped and standard rouglitfea.

The changes in moment and lift characteristics at largetigesor negative angles of attack are

not captured in the present steady-state calculationfieasxperiments indicate stall, whereas the
simulations do not. The most likely reason, again, is thatttlrbulence model overpredicts the
turbulence levels on the upper part of the airfoil at larggles of attack. The flow acceleration

along the upper surface at high angles of attack “reducestutbulence intensity, and this is most
likely not captured by the present model.
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Figure 2.11: NACA-0009 airfoil: Moment (left) and drag (g coefficients in water, 5 knots

Simulations are also conducted for 5 knots speed in watee(2.57 m/sRe= 2.56 x 10%, Mach
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Figure 2.12: NACA-0009 airfoil: Lift coefficient (left) arift/drag ratio (right) in water, 5 knots

1.7 x 1073, po = 998.2kg/m?) with angle of attack varying from16° to 15°. Coefficients for
moment, lift, drag, and lift/drag ratio are given in figured2and 2.12. These simulations uses the
small domain, so the drag is probably overpredicted. The emrroefficients for the highest angles
of attack indicate that there may be problems with thesautations, and unsteady calculations may
be needed to capture the flow features. It should be notedh@aerminology “unsteady” alludes
to a statistically unsteady flow in the present RANS context.

2.4 Two-dimensional simulations: The NACA-65209 airfoil

T 1m T

Figure 2.13: The NACA-65209 airfoil

The NACA-65209 airfoil is shown in figure 2.13. This is an asyatric (or cambered) profile with
positive lift in neutral flight, and a negative pitching momh€except for large negative angles of
attack, as seen from the reference data in figure 2.14).

Simulations are conducted for Mach 0.3 in aif (= 102.9 m/sRe= 7.04 x 10°%, pg = 1.225
kg/m3) with angle of attack varying from10° to 16°. Coefficients for moment, lift, drag, and
lift/drag ratio are given in figures 2.14 and 2.15, and coragawith the reference data from [1]. We
observe the same trends as for the NACA-0009 airfolil in tisailts.

Simulations are also conducted for 5 knots speed in watee(2.57 m/sRe= 2.56 x 10%, Mach
1.7 x 1073, py = 998.2kg/m?) with angle of attack varying from16° to 14°. Coefficients for
moment, lift, drag, and lift/drag ratio are given in figured@ and 2.17. As for the NACA-0009
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Figure 2.15: NACA-65209 airfoil: Lift coefficient (left) dnift/drag ratio (right) in air, Mach 0.3
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Figure 2.17: NACA-65209 airfoil: Lift coefficient (left) drift/drag ratio (right) in water, 5 knots

profile in water, the results for the highest angle of attgmBear to be less reliable, probably due to
stalling and unsteady motion.

3 Other two-dimensional simulations

3.1 The E-817 wing profile

Figure 3.1: The E-817 wing profile

The E-817 (Eppler) wing profile is shown in figure 3.1. Thisfpleois often used in underwater
applications. Itis included here to compare its perforneainovater with the NACA-65209 profile.

Simulations are conducted for 5 knots speed in watgr 2.57 m/sRe= 2.56 x 10%, Mach1.7 x
1073, pg = 998.2kg/m?) with angle of attack varying froml° to 15°. Coefficients for moment,
lift, drag, and lift/drag ratio are given in figures 3.2 an@.3The drag is probably overpredicted, as
the small domain is used.
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3.2 The SF-01 wing profile

The SF-01 wing profile is shown in figure 3.4. This profile isigasd at FFI and was introduced
in [2].

wall y*

W\ﬂ**” y

0 1 1 1 1 1 1 1 1
0 01 02 03 04 05 06 07 08 09 1
Distance from leading edge [m]

Figure 3.5: Calculated wall™ for the SF-01 wing profile in water & angle of attack

As in section 2.3, we check the grid quality in different waji$ie calculated values of" at the
first grid point from the wing a5° angle of attack are shown in figure 3.5.
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Figure 3.6: Horizontal velocity (left) and turbulent vissity ratio (right) atx = 0.5 for the SF-01
wing profile in water ab° angle of attack

The horizontal velocity component and turbulent viscosityo along the line: = 0.5 for the SF-01
wing profile at5° angle of attack in water are shown in figure 3.6. These cheukisdte that the
grid is fine enough around the body.

Simulations are conducted for 5 knots speed in watgr< 2.57 m/s,Re= 2.56 x 105, Mach

1.7 x 1073, po = 998.2kg/m3) with angle of attack varying from10° to 15°. Coefficients for
moment, lift, drag, and lift/drag ratio are given in figureg a&nd 3.8, and the results show the same
trends as for the other two-dimensional profiles presengzd. h
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Figure 3.7: SF-01 wing profile: Moment (left) and drag (rigjlebefficients in water, 5 knots
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Figure 3.8: SF-01 wing profile: Lift coefficient (left) andtidrag ratio (right) in water, 5 knots
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Figure 3.9: SF-01 wing profile:z-component of the wall shear stress along the suction sidleeof
profile
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Figure 3.10: SF-01 wing profile: Separation a6° angle of attack illustrated by the stream function.
The contour lines of the stream function coincides with treaslines

Separation at the upper side of the profile occurs for andlestack of8° and larger. This is seen
as negative:-component of the wall shear stress, shown in figure 3.9. Agdlthe stream function,
showing the separation, is given in figure 3.10.

4 Simulations of three-dimensional hydrofoils
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Figure 4.1: Overview of the small computational domain amelgrid structure in 3-d

The three-dimensional simulations utilizes a symmetry@la anzy-plane through the center of
the wing (see figure 4.1). This choice is valid for steady cotapons without cross-flow, but makes
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unsteady computations unphysical. As in two dimensions,different domain sizes are used. The
“small” domain is [-10,13]x [-5,5] x [0,7] m with 2.6 million hexahedral cells, while the “large”
domain is [-20,50} [-20,20] x [0,20] m with 14.1 million hexahedral cells. As in two dimémss,
the grids for the small and large computational domains deatical in the region close to the
wing. They are much coarser than the two-dimensional gadhey have only 29 thousand and 102
thousand elements, respectively, in the symmetry plan&hadorresponds to the two-dimensional
computational domain. The thickness of the cells at the soaface in this case is 0.7-1 mm, i.e.
40-50 times larger than in the two-dimensional case.

Figure 4.2: Overview of the computational domain with thetwnctured grid in 3-d

Some results from simulations with an unstructured griketefrom [2], are also included here. The
domain for these simulations is [-9.8,17.9][-7.9,7.9] x [0,7.5] m with 632 thousand tetrahedral
cells, i.e. closer to the small domain in size, and with faislgrid cells. However, the thickness
of the grid cells at the body surface is only 2th. This domain with surface grids is shown in
figure 4.2.
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Figure 4.3: The SF-01-3D delta wing
4.1 The SF-01-3D delta wing

The SF-01-3D delta wing is shown in figure 4.3. The wing useswo-dimensional SF-01 profile,
modified with a non-zero trailing edge thickness. The cherdyth is 3.3 m at the center and 1 m at
the ends, and the span of the full wing is 4.6 m.

Figure 4.4: SF-01-3D wing, grid structure on wing tip profile

The new trailing edge changes the blocking strategy at tdeoéthe profile. Sketches of the grid
are shown in figures 4.4 (the wing tip) and 4.5 (the symmetayp@lthrough the middle of the wing).
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Figure 4.5: SF-01-3D wing, grid structure in the symmetrgrd
X

Figure 4.6: SF-01-3D wing: Mean aerodynamic chord line aedtce

In two dimensions, the reference lengths and areas werathe fr all the airfoils, and the moment
centre was always taken to be at 25% of the chord length. Feedtiimensional delta wings, the
reference length is set to the centre chord length and tleeereée area to the projected area in the
zz-plane (ref. figure 4.3).

The half-wing area is given by

(Cl — Cg)b
2

which gives reference ared4y = 24 = 9.89 m? for the SF-01-3D. The reference lengthcis =

Ccl1 = 3.3 m.

A= + c9b,

To estimate the aerodynamic centre (AC), we consider hati@fving as shown in figure 4.6, and
find the Mean Aerodynamic Chord (MAC) line. When the root chtangth and tip chord length
are denoted by; andcs, respectively, and the wing spambighe MAC line is placed at the crossing
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of the lines

2 2
xzclT—i_cQz—CQ and xz—cl—;cQz—i-cl—i-cQ,
which gives
b c1 4+ 2¢
z =z .
MAC 3 1+ co
The chord length is given by
C1 — C
c(z) =co+ ! 2(b—z),
so the MAC length is
C1 — C9
CMAC = €2 + (b — 2mac)-

With ¢; = 3.3 m,co =1 m, andb = 2.3 m, we obtainyac = 0.9450 m and:yac = 2.355 m.
Assuming that the aerodynamic centre (AC) is placed at 258eMAC length, we obtainac =
1.534 m.

7.50e+™M ANSYS

7.00e+MM
6.50e+(
6.00e+1
5.00e+01
5.00e+01
4 50e+(1
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5.00e+00
X
0.00e+00

Figure 4.7: Calculated wally™ for the SF-01-3D wing a5° angle of attack in water, 5 knots, seen
from above

To check the results, we first look gt at the first grid point away from the wing. This is shown
in figures 4.7 and 4.8. We see that is in the range 20—40 for the largest part of the wing surface.
This is consistent with the two-dimensional results showtha right side of figure 2.6, given the
difference in the grid cell thickness at the body surfaceisTasults in a different behaviour of
the turbulence model, as the FLUENT implementation usegjdal wall function wheny* >
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Figure 4.8: Calculated wally™ for the SF-01-3D wing a5° angle of attack in water, 5 knots, seen
from below

11.225 [3]. According to [3], the log-law is valid foB0 < y™ < 300, so it is recommended that the
first cell thickness corresponds#d < 11 ory™ > 30. Note that a if the log-law is used, there may
be problem when separation occurs. The calculatedt the first grid cell will decrease, which

may cause the wall condition to switch from the log-law, argladble solution may not be found if

the condition keeps switching.
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Figure 4.9: Horizontal velocity (left) and turbulent viscosity ratioght) at = = 0.5 for the SF-01-
3D wing in water at;° angle of attack, 5 knots
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The horizontal velocity component and turbulent viscoséjo at the(z, z)-valuesPy, = (1.5,1),
P =(3,1), P =(2.25,2), andP; = (3,2) at5° angle of attack in water are shown in figure 4.9.
The smoothness of the curves indicate, as in two dimensthasthe grid resolution is sufficient
around the body.

0 Struct., small domain, x‘Ac=1.534m N 02 in
Struct., small domain, X,c=1.66m = 0.18 . B
-0.02 | Struct., large domain, X,c=1.66m —->-—- 1 Struct., small domain —+— O
Unstruct., 2nd order, x,c=1.534m o 0.16 Istruct., large domain —-x— ook
€ - 014 | Unstruct., 1storder O 7]
2 004} S 7 [ Unstruct., 2nd order ~ © 0o
£ 5 /
=
8 -0.06 | : g
E M@:&.&iﬁg»@—@-—&—&—-&@%»&L@»@-Q—Q,Q, 2.9 %
5 -008tf 3 s
=
-0.1 1
_012 L L L L
-5 0 5 10 15 -5 0 5 10 15
Angle of attack [deg] Angle of attack [deg]

Figure 4.10: SF-01-3D wing: Moment (left) and drag (rightefficients in water, 5 knots
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Figure 4.11: SF-01-3D wing: Lift coefficient (left) and Adtag ratio (right) in water, 5 knots

Simulations are conducted for 5 knots speed in watgr< 2.57 m/s,Re= 2.56 x 105, Mach
1.7 x 1073, pp = 998.2kg/m?) with angle of attack varying from5° to 15°. Coefficients for
moment, lift, drag, and lift/drag ratio are given in figured@ and 4.11. The same simulations
were also conducted for 3 knots speed on the small compnghtiomain, and the coefficients are
practically identical. As the coefficients are scaled byreference velocity, this is expected within
the same flow regime.

From figure 4.10 we notice that the estimatgc = 1.534 m for the aerodynamic centre is er-
roneous. Numerical experiments show thai- = 1.66 m gives a flatter moment curve for the
SF01-3D wing, which suggests that this is a better choicentl#er observation from these figures
is that encouragingly good results are obtained on the wetsiied grid. The unstructured grid is
much more flexible than the structured grid, and is also e&sigenerate and gives faster calcula-
tions because of the coarser grid distribution away fromvihney.
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An important result from these simulations is that the inflcez of the domain size is small, even on
the drag coefficients. This is a totally different behaviélom the two-dimensional case, as shown
in section 2.3. Figure 4.10 also shows the importance ofgusatond order spatial discretization,
and not first order. The choice of discretization affectsdregy coefficients more than the domain
size in this case.

0.00e+00 ANSYS

-1.00e+00
-2.00e+00
-3.00e+00
-4 00e+ 00
-5.00e+00
-6.00e+00
. -7 .00e+00
-8.00e+00

-9.00e+00

-1.00e+01

Y

-1.10e+01 '|
7 X

-1.20e+1

Figure 4.12: SF-01-3D wing: Negative values of thecomponent of the wall shear stress1af
angle of attack, 5 knots

In two dimensions, separation was observed for the SF-Oftlg@ffor angles of attack o&8° and
larger. This is not seen in the present tree-dimensionalutations. An illustration is given in
figure 4.12, which only shows small areas of separation, Iynoktse to the wing tip, for an angle of
attack of15°. This may be attributed to the coarser grid close to the sagfin the three-dimensional
simulations.

4.2 The E-837-3D delta wing

The E-837-3D wing is shown in figure 4.13. This is a three-disi@nal delta wing version of the
two-dimensional Eppler profile E-837, again with the trajliedge of constant thickness 4 mm. The
structured grid is constructed from the same blocking a$f601-3D, only changed to account for
the increased dimensions of the wing. The computationalaitesrare not changed.

By calculating the aerodynamic centre as described in@edtil, we gettac = 1.9 m, and the
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Figure 4.13: The E-837-3D wing

reference area for this wing i4g = 7.5 m?.
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Figure 4.14: E-837-3D wing: Moment (left) and drag (righfefficients in water, 5 knots

Simulations are conducted for 5 knots speed in watgr= 2.57 m/s,Re= 2.56 x 10%, Mach
1.7 x 1073, pp = 998.2kg/m?) with angle of attack varying from5° to 15°. Coefficients for
moment, lift, drag, and lift/drag ratio are given in figure§4land 4.15.

From figure 4.14 we notice that the estimate for the aerodymaentre is not good enough. Nu-
merical experiments show thaf - = 2.09 m gives a flatter moment curve for the E837-3D wing.
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Figure 4.15: E-837-3D wing: Lift coefficient (left) and Idtag ratio (right) in water, 5 knots
5 Conclusions and recommendations

A methodology for hydrodynamical simulations in FLUENT Hasen described, and applied to
CFD analyses of two- and three-dimensional wings operatiragr and water. The main output of
the simulations are coefficients of lift, drag, and momenbmparisons with reference data show
good correspondence for lift and moment coefficients, waeetke drag coefficients depend on both
the size of the computational domain and the turbulent flomditmns, as well as the discretization
order.

The effect of the domain size has been investigated, anditaned results are judged to be suf-
ficiently accurate for the purposes of the underwater towirmject. This effect has been found
to be much smaller in three dimensions. Fully turbulent flowd #low with a laminar-turbulent
transition have different friction drag properties, esplg for small and moderate angles of attack,
which makes direct comparisons with experimental data ndifieult. However, the simulated
drag coefficients are within the correct range, making theutated results credible.

For large angles of attack, the flow is not necessarily stemaythe present steady-state simulations
are not adequate. This means that stalling properties amaptured by these simulations and would
require more elaborate simulations.

This report mainly describes simulations on structurecahexlral grids, but some comparisons are
made with simulations on an unstructured grid with tetrahkand prism cells. Encouragingly good
results are obtained on the unstructured grid, which costaifactor 4 less cells than the structured
grid for a comparable domain, and consequently yields mastef simulations.

Recommendations for hydrodynamical simulations:

e Mathematical model: The Navier-Stokes equations for wisciuid flow give a good rep-
resentation of the macroscopic flow. For hydrodynamical flawincompressible model is
usually sufficient due to the high speed of sound and the low\kdocities. Without stratifi-
cation, the fluid is defined as having constant density in FNTUE
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The computational domain: The open boundaries, and phatigthe outflow boundary must
be placed sufficiently far away from the structures of irgerélow far away that is depends
on the simulation scenario and the accuracy requiremeutst is strongly recommended to
test different domain sizes to be able to estimate the infle@m the solution.

The computational grid: The grid cells size at solid surksigould be checked by calculating
yT at the surfaces from the simulation results. Check thatdheutatedy™ is consistent with
the turbulence model, or that it is of order 1 for a direct nug@ simulation (DNS), where
no turbulence model is used. Be aware of special solutictuifes, like separation, that can
influence the calculation of ™.

Turbulence model: The Spalart-Allmaras RANS model is desifgfor external flows, but the
wall-normal grid distribution close to solid surfaces shibstill be approximately of the same
quality as for a DNS, i.ey* ~ 1 at the first grid point away from the wall.

Boundary conditions: The type of boundary conditions mustobnsistent with the mathe-
matical model and give a good representation of the physitiztion.

Convergence: Monitor forces, in addition to default cogegice measures, during the simu-
lation to judge whether the solution is numerically conestg

Drag force calculations: As a general rule, the tendencyas$ both the use of low-order
numerics and poor grid resolution near the walls will regultoo large frictional forces, and
consequently too high drag.

Saved files: Save important files for all simulations, so tineutation can be recreated or
re-examined. A minimum is a FLUENT case file (containing thid gnd all settings), a data
file with the solution at the end of the simulation, and a dd&vith the initial condition,
if this is non-trivial and not computed from the boundary ditions. FLUENT input report
files, as included in the Appendix, are generated from the fiks
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Appendix A FLUENT reports

All input settings for a FLUENT simulation can be reportedatsummary-file (.sum). It is highly
recommended to save a summary file for each simulation. Jperadix contains the input reports
for the simulation of NACA-0009 in air, SF-01 in water, and-8E-3D in water, all taken &&°
angle of attack.

A.1 FLUENT input report for NACA-0009 in air

FLUENT

Version: 2d, dp, pbns, S-A (2d, doubl e precision, pressure-based,
Spal art - Al | mar as)

Rel ease: 12.0.16

Title:

Model s
Model Settings
Space 2D
Ti me St eady
Vi scous Spal art - Al | maras turbul ence nodel
Production Option Vorticity
Heat Transfer Di sabl ed
Solidification and Melting Di sabl ed
Speci es Transport Di sabl ed
Coupl ed Di spersed Phase Di sabl ed
Pol [ utants Di sabl ed
Pol | ut ant's Di sabl ed
Soot Di sabl ed

Material Properties

Material: air (fluid)

Property Units Met hod Val ue('s)
Density kg/ nB const ant 1.225

Cp (Specific Heat) j I'kg-k const ant 1006. 43
Thermal Conductivity w m k const ant 0. 0242
Viscosity kg/ ms const ant 1. 7894e- 05
Mol ecul ar Wi ght kg/ kgnol const ant 28. 966
Ther mal Expansi on Coefficient 1/k const ant 0

Speed of Sound n's none #f

Material : al um num (solid)

Property Units Met hod Val ue(s)
Density kg/ nB const ant 2719
Cp (Specific Heat) j 'kg-k const ant 871

Thermal Conductivity w m k const ant 202.4
Cell Zone Conditions

Setup Conditions

solid
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Condi tion Val ue

Mat erial Nane air

Speci fy source terns? no

Sour ce Terns ((mass) (x-nonentum
(y-nonmentun) (nut))

Specify fixed val ues? no

Fi xed Val ues ((x-velocity (inactive . #f)
(constant . 0) (profile ))
(y-velocity (inactive . #f)
(constant . 0) (profile ))
(nut (inactive . #f)
(constant . 0) (profile )))

Moti on Type 0

X-Vel ocity OF Zone (m's) 0

Y-Vel ocity O Zone (m's) 0

Rot ati on speed (rad/s) 0

X-Origin of Rotation-Axis (m 0

Y-Origin of Rotation-Axis (m 0

Deacti vat ed Thread no

Lam nar zone? no

Set Turbul ent Viscosity to zero within

| ami nar zone? yes

Por ous zone? no

X- Conponent of Direction-1 Vector 1

Y- Conponent of Direction-1 Vector 0

Rel at1ve Vel ocity Resistance Fornul ati on? yes

Direction-1 Viscous Resistance (1/nR) 0
Direction-2 Viscous Resistance (1/nR) 0
Choose alternative formulation for
inertial resistance? no
Direction-1 Inertial Resistance (1/m 0
Direction-2 Inertial Resistance (1/m 0
CO Coefficient for Power-Law 0
Cl Coefficient for Power-Law 0
Porosity 1
Boundary Conditions
Zones
name id type
i nl et 18 velocity-inlet
out | et 19 outfl ow
body 24 wall
top 20 peri odic
bottom 22 peri odic
Setup Conditions
i nl et
Condi ti on Val ue
Vel ocity Specification Method 0
Ref erence Frane 0
Vel ocity Magnitude (m's) 102.9
X-Velocity (ms) 0
Y-Vel ocity (m's) 0
X- Conponent of Flow Direction 0. 9961947
Y- Conponent of Flow Direction 0. 0871557
X- Conmponent of Axis Direction 0
Y- Conponent of Axis Direction 0
Z- Conmponent of Axis Direction 1
X-Coordinate of Axis Origin (m 0
Y- Coordi nate of Axis Origin (m 0
Z-Coordinate of Axis Origin (m 0
Angul ar velocity (rad/s) 0
Tur bul ent Specification Method 2
Modi fied Turbul ent Viscosity (nR/s) 0. 001
Turbul ent Intensity (% 10
Tur bul ent Length Scale (m 1
Hydraulic Di anmeter (m 1
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Tur bul ent Viscosity Ratio 1
is zone used in mXxing-plane nodel ? no

out | et
Condi tion Val ue

Fl ow rate wei ghting 1

body
Condi tion
Wal | Mbtion

Shear Boundary Condition

Define wall notion relative to adjacent cell
Apply a rotational velocity to this wall?
Vel ocity Magni tude (m's)

X- Conmponent of Wall Transl ation

Y- Conponent of Vall Transl ation

Define wall velocity conponents?

X- Conponent of Wall Translation (nis)

Y- Conponent of Wall Translation (nis)

Wal | Roughness Height (m

WAl | Roughness Const ant

Rot ati on Speed (rad/s)

X-Position of Rotation-Axis Origin (m
Y-Position of Rotation-Axis Origin (m
X-conmponent of shear stress (pascal)
Y- conponent of shear stress (pascal)
Specul arity Coefficient
top
Condi tion Val ue
Rot ati onal ly Periodic? no
bott om
Condi tion Val ue
Rot ati onal ly Periodic? no
Sol ver Settings
Equati ons
Equat i on Sol ved
FI ow yes
Modi fi ed Turbulent Viscosity yes
Nureri cs
Nurreri c Enabl ed
Absol ute Vel ocity Formul ation yes
Rel axat i on
Vari abl e Rel axati on Factor
Pressure 0.3
Density 1
Body Forces 1
Moment um 0.7
Modi fi ed Turbul ent Viscosity 0.8
Tur bul ent Vi scosity 1
Li near Sol ver
Sol ver Term nation
Vari abl e Type Criterion
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Pressure V- Cycl e 0.1
X- Monent um Fl exi bl e 0.1 0.7
Y- Monment um Fl exi bl e 0.1 0.7
Modi fi ed Turbul ent Viscosity Fl exi bl e 0.1 0.7
Pressure-Vel ocity Coupling
Par anet er Val ue
Type SI MPLE
Di scretization Schene
Vari abl e Schene
Pressure St andar d
Morment um Second Order Upwi nd

Modi fi ed Turbul ent Viscosity Second Order Upwi nd

Solution Linmts

Quantity Limt
M ni num Absol ute Pressure 1

Maxi mum Absol ute Pressure 5e+10
M ni num Tenper at ure 1

Maxi mum Tenper at ur e 5000

Maxi mum Turb. Viscosity Ratio 100000

A.2 FLUENT input report for SF-01 in water

FLUENT

Version: 2d, dp, pbns, S-A (2d, doubl e precision, pressure-based,
Spal art - Al | mar as)

Rel ease: 12.0.16

Title:

Mbdel s
Model Settings
Space 2D
Ti me St eady
Vi scous Spal art- Al | maras turbul ence nodel
Production Option Vorticity
Heat Transfer Di sabl ed
Solidification and Melting Di sabl ed
Speci es Transport Di sabl ed
Coupl ed Di spersed Phase Di sabl ed
Pol | utants Di sabl ed
Pol | ut ant's Di sabl ed
Soot Di sabl ed

Material Properties

Material: water-liquid (fluid)

Property Units Met hod Val ue('s)
Density kg/ nB const ant 998. 20001
Cp (Specific Heat) j I'kg-k const ant 4182
Thermal Conductivity w m k const ant 0.6
Viscosity kg/ ms const ant 0. 001003
Mol ecul ar Wi ght kg/ kgnol const ant 18. 0152
Ther mal Expansi on Coefficient 1/k const ant 0

Speed of Sound n's none #f

Material: air (fluid)
Property Units Met hod Val ue('s)
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Density kg/ nB const ant 1.225

Cp (Specific Heat) j I'kg-k const ant 1006. 43
Thermal Conductivity w m k const ant 0. 0242
Viscosity kg/ ms const ant 1. 7894e- 05
Mol ecul ar Wi ght kg/ kgnol const ant 28. 966
Thermal Expansi on Coefficient 1/ k const ant 0

Speed of Sound n's none #f

Material : al um num (solid)

Property Units Met hod Val ue('s)
Density kg/ nB const ant 2719
Cp (Specific Heat) j 'kg-k const ant 871

Thermal Conductivity w m k const ant 202.4
Cel | Zone Conditions

Setup Conditions

solid

Condi ti on Val ue

Mat eri al Name wat er-1iquid

Specify source terns? no

Sour ce Terns ((mass) (x-nmonentum
(y-nonmentun) (nut))

Speci fy fixed val ues? no

Fi xed Val ues ((x-velocity (inactive . #f)
(constant . 0) (profile ))
(y-velocity (inactive . #f)
(constant . 0) (profile ))
(nut (inactive . #f)
(constant . 0) (profile )))

Motion Type 0

X-Vel ocity O Zone (m's) 0

Y-Vel ocity OF Zone (m's) 0

Rot ati on speed (rad/s) 0

X-Origin of Rotation-Axis (m 0

Y-Origin of Rotation-Axis (m 0

Deact i vat ed Thread no

Lam nar zone? no

Set Turbul ent Viscosity to zero within

| am nar zone? yes

Por ous zone? no

X- Conponent of Direction-1 Vector 1

Y- Conponent of Direction-1 Vector 0

Rel at1ve Vel ocity Resistance Fornul ati on? yes

Direction-1 Viscous Resistance (1/nR) 0

Direction-2 Viscous Resistance (1/nR) 0

Choose alternative fornulation for

inertial resistance? no
Direction-1 Inertial Resistance (1/m 0

Direction-2 Inertial Resistance (1/m 0

CO Coefficient for Power-Law 0

Cl Coefficient for Power-Law 0

Porosity 1

Boundary Conditions

outl et 24  outflow
i nl et 23  velocity-inlet
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body 29 wall
top 25 peri odic
bottom 27 peri odic

Setup Conditions
out | et

Condi tion Val ue

Fl ow rate wei ghting 1
inlet

Condi tion Val ue
Vel ocity Specification Method
Ref erence Frane

Vel ocity Magni tude (m's)
X-Velocity (ms)

Y-Vel ocity (ms)

X- Conponent of Flow Direction
Y- Conponent of Flow Direction
X- Conponent of Axis Direction
Y- Conponent of Axis Direction
Z- Conponent of Axis Direction
X-Coordi nate of Axis Origin (m
Y- Coordi nate of Axis Origin (m
Z-Coordinate of Axis Origin (m
Angul ar velocity (rad/s)

Tur bul ent Specification Method
Modi fi ed Turbul ent Viscosity (nR/s)
Turbul ent Intensity (%

Turbul ent Length Scale (m
Hydraulic Di ameter (m

Tur bul ent Viscosity Ratio

is zone used in mXxing-plane nodel ? no

57

. 9961947
. 087155742

[EEY
o

body
Condi tion Val ue
Wal |l Motion 0
Shear Boundary Condition 0
Define wall notion relative to adjacent cell zone? yes
Apply a rotational velocity to this wall? no

Vel ocity Magni tude (m's)

X- Conmponent of Wall Transl ation

Y- Conponent of Vall Transl ation
Define wall velocity conponents?

X- Conponent of Wall Translation (nis)
Y- Conponent of Wall Translation (nis)
Wal | Roughness Hei ght (m

WAl | Roughness Const ant

Rot ati on Speed (rad/s)

X-Position of Rotation-Axis Origin (
Y-Position of Rotation-Axis Origin (
X-conponent of shear stress (pascal)
Y- conponent of shear stress (pascal)
Specul arity Coefficient

[elejejojejlofelololal o) o]
)]

top
Condi tion Val ue
Rotational ly Periodic? no
bottom
Condi tion Val ue

Rot ati onal |y Peri odic? no

Sol ver Settings
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Equati ons

Equati on

Fl ow
Modi fi ed Turbul ent Viscosity

Nuneri cs

Absol ute Vel ocity Formul ation
Rel axati on

Vari abl e

Pressure

Density

Body Forces

Moment um

Modi fi ed Turbul ent Viscosity
Tur bul ent Vi scosity

Li near Sol ver

Vari abl e

Rel axati on Fact or

mi nation
terion

w0
=k
<
@
=
—
®
—_=

Type Cri

Resi dual
Tol erance

Reducti on

Pressure

X- Moment um

Y- Monent um

Modi fi ed Turbul ent Viscosity
Pressure-Vel ocity Coupling

Par anet er Val ue

Di scretization Schene

Vari abl e

Pressure
Moment um
Modi fi ed Turbul ent Viscosity

So

ution Limts

Quantity

M ni num Absol ute Pressure
Maxi mum Absol ute Pressure

M ni num Tenper at ure

Maxi mum Tenper at ur e

Maxi mum Turb. Viscosity Ratio

St andard
Second Order Upwi nd
Second Order Upwi nd

100000

A.3 FLUENT input report for SF-01-3D in water

FLUENT

Version: 3d, dp, pbns, S-A (3d, double precision,

Spal art - Al | mar as)
Rel ease: 12.0.16

pr essur e- based,

Title:

Model s
Model Settings
Space 3D
Ti me St eady
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Vi scous Spal art - Al |l maras turbul ence nodel

Production Option Vorticity
Heat Transfer Di sabl ed
Solidification and Melting Di sabl ed
Speci es Transport Di sabl ed
Coupl ed Di spersed Phase Di sabl ed
Pol | utants Di sabl ed
Pol | ut ant's Di sabl ed
Soot Di sabl ed

Material Properties

Material: water-liquid (fluid)

Property Units Met hod Val ue('s)
Density kg/ nB const ant 998. 2

Cp (Specific Heat) j I'kg-k const ant 4182
Thermal Conductivity w m k const ant 0.6
Viscosity kg/ ms const ant 0. 001003
Mol ecul ar Wi ght kg/ kgnol const ant 18. 0152
Ther mal Expansi on Coefficient 1/k const ant 0

Speed of Sound n's none #f

Material: air (fluid)

Property Units Met hod Val ue('s)
Density kg/ nB const ant 1.225

Cp (Specific Heat) j I'kg-k const ant 1006. 43
Thermal Conductivity w m k const ant 0. 0242
Viscosity kg/ ms const ant 1. 7894e- 05
Mol ecul ar Wi ght kg/ kgnol const ant 28. 966
Thermal Expansi on Coefficient 1/k const ant 0

Speed of Sound n's none #f

Material : al um num (solid)

Property Units Met hod Val ue('s)
Density kg/ nB const ant 2719
Cp (Specific Heat) j 'kg-k const ant 871

Thermal Conductivity w m k const ant 202.4
Cell Zone Conditions

solid 10057 fluid
Setup Conditions

solid

Condi ti on Val ue

Mat eri al Name wat er-1iquid

Specify source terns? no

Sour ce Terns ((mass) (x-nmonentum
(y-nonmentun) (z-nonentum
(nut))

Speci fy fixed val ues? no

Local Coordinate Systemfor Fixed

Vel ocities no

Fi xed Val ues ((x-velocity (inactive . #

f
(constant . 0) (profile )
(y-velocity (inactive . #f
(constant . 0) (profile )
(z-velocity (inactive . #f
(constant . 0) (profile )
(nut (inactive . #f)

N
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(const ant 0) (profile )))
Motion Type 0
X-Vel ocity O Zone (m's) 0
Y-Vel ocity OF Zone (m's) 0
Z-Velocity O Zone (m's) 0
Rot ati on speed (rad/s) 0
X-Origin of Rotation-Axis (m 0
Y-Origin of Rotation-Axis (m 0
Z-Origin of Rotation-Axis (m 0
X- Conponent of Rotation-Axis 0
Y- Conponent of Rotation-Axis 0
Z- Conponent of Rotation-Axis 1
Deact 1 vated Thread no
Lam nar zone? no
Set Turbul ent Viscosity to zero within
| ami nar zone? yes
Por ous zone? no
Coni cal porous zone? no
X- Conponent of Direction-1 Vector 1
Y- Conponent of Direction-1 Vector 0
Z- Conponent of Direction-1 Vector 0
X- Conponent of Direction-2 Vector 0
Y- Conponent of Direction-2 Vector 1
Z- Conponent of Direction-2 Vector 0
X- Conponent of Cone Axis Vector 1
Y- Conponent of Cone Axis Vector 0
Z- Conponent of Cone Axis Vector 0
X- Coordi nate of Point on Cone Axis (m 1
Y- Coordi nate of Point on Cone Axis (m 0
Z- Coordi nate of Point on Cone Axis (m 0
Hal f Angle of Cone Relative to its
Axi s (deg) 0
Rel ative Vel ocity Resistance Fornul ati on? yes
Direction-1 Viscous Resistance (1/nR) 0
Direction-2 Viscous Resistance (1/nR) 0
Direction-3 Viscous Resistance (1/nR) 0
Choose alternative fornulation for
inertial resistance? no
Direction-1 Inertial Resistance (1/m 0
Direction-2 Inertial Resistance (1/m 0
Direction-3 Inertial Resistance (1/m 0
CO Coefficient for Power-Law 0
Cl Coefficient for Power-Law 0
Porosity 1
Boundary Conditions
Zones
name id type
symetry 10064 symetry
out | et 52 out f | ow
out er 10063 vel ocity-inlet
i nl et 53 vel ocity-inlet
body 10059 wal |
top 54 periodic
Setup Conditions

symet ry

Condition  Val ue
out | et

Condi tion Val ue

Fl ow rate wei ghting 1
out er

Condi tion Val ue
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Vel ocity Specification Method 0
Ref erence Frane 0
Vel ocity Magni tude (m's) 2.5722
Coor di nate System 0
X-Vel ocity (m's) 0
Y-Vel ocity (m's) 0
Z-Vel ocity (ms) 0
X- Conponent of Flow Direction 0. 9961947
Y- Conponent of Flow Direction 0. 0871557
Z- Conponent of Flow Direction 0
X- Conmponent of Axis Direction 0
Y- Conponent of Axis Direction 0
Z- Conmponent of Axis Direction 1
X-Coordinate of Axis Origin (m 0
Y- Coordi nate of Axis Origin (m 0
Z-Coordinate of Axis Origin (m 0
Angul ar velocity (rad/s) 0
Tur bul ent Specification Method 0
Modi fi ed Turbul ent Viscosity (nR/s) 0. 001
Turbul ent Intensity (% 10
Turbul ent Length Scale (m 1
Hydraulic Di aneter (n) 1
Tur bul ent Viscosity Ratio 1
is zone used in mXxing-plane nodel ? no
i nl et
Condi ti on Val ue
Vel ocity Specification Method 0
Ref erence Frane 0
Vel ocity Magnitude (m's) 2.5722
Coor di nate System 0
X-Vel ocity (ms) 0
Y-Vel ocity (m's) 0
Z-Vel ocity (ms) 0
X- Conponent of Flow Direction 0. 9961947
Y- Conponent of Flow Direction 0. 0871557
Z- Conmponent of Flow Direction 0
X- Conponent of Axis Direction 1
Y- Conponent of Axis Direction 0
Z- Conponent of Axis Direction 0
X-Coordi nate of Axis Origin (m 0
Y- Coordi nate of Axis Origin (m 0
Z-Coordinate of Axis Origin (m 0
Angul ar velocity (rad/s) 0
Tur bul ent Specification Method 0
Modi fi ed Turbul ent Viscosity (nR/s) 0. 001
Turbul ent Intensity (% 10
Tur bul ent Length Scale (m 1
Hydraulic Di ameter (m 1
Tur bul ent Viscosity Ratio 1
is zone used in mXxing-plane nodel ? no
body
Condi tion Val ue
Enabl e shell conduction? no
Wal'l Mbtion 0
Shear Boundary Condition 0
Define wall notion relative to adjacent cell zone? vyes
Apply a rotational velocity to this wall? no
Vel ocity Magnitude (m's) 0
X- Conponent of Vall Transl ation 1
Y- Conponent of Wall Transl ation 0
Z- Conponent of Vall Transl ation 0
Define wall velocity conponents? no
X- Conponent of Wall Translation (nls) 0
Y- Conponent of Wall Translation (nis) 0
Z- Conponent of Wall Translation (nis) 0
Wal | Roughness Height (m 0
WAl | Roughness Const ant 0.5
Rot ati on Speed (rad/s) 0
X-Position of Rotation-Axis Origin (m 0
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Y-Position of Rotation-Axis Origin (m
Z-Position of Rotation-Axis Origin (m
X- Component of Rotation-Axis Direction
Y- Conponent of Rotation-Axis Direction
Z- Conponent of Rotation-Axis Direction
X- conmponent of shear stress (pascal)
Y- conponent of shear stress (pascal)
Z- conponent of shear stress (pascal)
Specul arity Coefficient

top
Condi tion Val ue

Rot ati onal ly Periodic? no

Sol ver Settings

Equati ons
Equati on Sol ved
Fow yes
Modi fi ed Turbulent Viscosity vyes

Nureri cs
Nuneric Enabl ed
Absol ute Vel ocity Formulation yes

Rel axati on

[clolofeo] Jololole)]

Resi dual
Tol erance

Reducti on

Vari abl e Rel axati on Factor
Pressure 0. 15000001
Density 1
Body Forces 1
Monment um 0.7
Modi fi ed Turbul ent Viscosity 0.8
Tur bul ent Vi scosity 1
Li near Sol ver
Sol ver Term nation
Vari abl e Type Criterion
Pressure V- Cycl e 0.1
X- Monent um Fl exi bl e 0.1
Y- Monent um Fl exi bl e 0.1
Z- Monment um Fl exi bl e 0.1
Modi fi ed Turbul ent Viscosity Fl exi bl e 0.1
Pressure-Vel ocity Coupling
Par anet er Val ue
Type SI MPLE
Di scretization Schene
Vari abl e Schene
Pressure St andar d
Monent um Second Order Upwi nd
Modi fi ed Turbul ent Viscosity First Order Upwi nd
Solution Linmts
Quantity Limt
M ni mum Absol ute Pressure 1
Maxi num Absol ute Pressure 5e+10
M ni num Tenper at ure 1
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Maxi mum Tenper at ur e 5000
Maxi mum Turb. Viscosity Ratio 100000
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