Mansoura Engineering Journal, (MEJ), ¥ol. 28, No. 1, March 2003. M 1

NUMERICAL AND EXPERIMENTAL ANALYSIS OF
TRANSIENT 2D FLOW AROUND SHIP SPOILER
B3 bl 2l g el Jyladl
A i B30 Jgm Sl il
Nabil H. Mostafa
Mechanical Power Department, College of Engineering
Zagazig University, Zagazig, 44519, Egypt.

Tel +[20] 50 2334688 Fax: +[20] 50 2331911
E-mail: npmostafa@eavptnetwork.com

duala

sie oli3 5 diid Gyagialt 3800 Jga sl (S8 plioedl e pn @ plaalt Qladlh il e 3l
5 e adben o S Aiall Geblad il el e telall S Rpagiadl S aa cals ol o
sl o Ll Ze sy (shall) 50 gy (pea ) Aol M A Y0 AS a0l 3 Sanl 4l gl oda atais
S50 O A p o 2 Al Gelalall il sdadt e Lm0 el Al ) pdel e A g
Al ARS8l Qailly gmain g5 gl sty yaiall

Qlas Rataiy pgeal bloo o3 Apagiall ity 3 220 Jga oo el Sl 3 558 A el pall gl Cpanatly
B bl Ay Al o el i pal g g AdBaall Ldio Ugt ) a5 ol Bl 1 1 23a Jge Gl
S0 s shll A3 ol e dadall cpaladl (0 Sl el Ololas Uad (lea poali p plasind
Jaa il el (S Taall adadl olill 4 ey salh pebal 5lSlaall 4Bl ahaiid e Aied! dyagiall
S Akl g hl olb gy sl sloadl GBEAYY 5 Al plasinl sliie A5 e ASlal VoLl
Sl S o il Y Rgagiadl s s Jga ol B8 o el Qe Al K3 Glea
e Y1 Nl el s et Jlas danend) g8 1 ol alasiid 5 50 5 Ayl sl 1 53 w3
aali 5 e il dpliaal ) aglendh il ol L b e ol 1,1 gl a5 4 30 IS adkall
O kel bl & ekl 857 £0 e 13 Agagindl s alla A LT 90 Jre i apagiall ol 1 4lla 3
-1 aaladl (o Cblea Tl ol A 3% 8 G o LAl il mhadl Gy Lede AL Sl as il
daky 4l Cnad T ES Qe Ol agiall bMUH Ala s @il dliall phe fu diib J e 8 @ aa
Culi S e diga 2l el ol Il 5 Sl aalus o adiie bie el Las bl 42l %0 5 st
RS T PTG W 02N IR IS KPR LIV SN LM PN . YRS . I3 LA K TENFEEN [
WA 5V, o o e s pall il 5 G S 4slEl Clan Y Ledph ol dilen e
Syl gy s gl ool 5 1 e Lde Al oo al@l e 488 Y500 G0 day Uaia
Gud O 33311 A8 el 3 et e seln s Ledya daghaiall 5 4siiil OS5 i Wb 45055 Apasiad]
JAddl Ao s Jaalls

ABSTRACT

An experimental analysis and numerical computation were conducted for flow around
ship spoiler mounted at the bottom of the ship and subjected to air injection. The air was
injected beside the spoiler and at a distance equals the spoiler length to stabilize cavities
behind spoilers. This system was proposed to control the roll, pitch motion and speed of the
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ship, with injecting exhaust gas behind spoilers. The forces and moments acting on the ship’s
botiom depend on spoilers’ inclination, extensions and positions relative to the ship’s center
of mass.

To improve the understanding of the parameters affecting the flow field around such
spoiler, experimental images of bubble formation are triggered and compared with the
computed flow field at different spoiler inclination angle, aod air injection positon. Two-
dimeansional Navier-Stokes code is used 1o model the two-phase flow field around a ship
spoiler with the free surface simulation n Piecewise Linear Interface Construction (PLIC)
method. The governing equations are discretized on a structured grid using an upwind
difference scheme. For different conditions, the bubbles shape, the two-dimensional flowfield
around the spoiler body and the pressure variation on the wake of the spoiler body are
computed,

Flow field and bubble formation around the spoiler are recorded experimentally at
different condition and time sequence with scientific video camera. The Froude number was
about 1.6 based on spoiler length. The computational and experimental resuits show that
there is a good matching of bubble formation in the spoiler with 90°, but in the condition of
45° the experimental images show that bubble filled the space between the bubble and the
body of the ship. This is may be due to the two-dimension computational model
counsideration. So, a water layer was isolated between the bubble and the ship body. In the
case of spoiler with 45° inclination angle, the flow is circulated inside the bubble. The bubble
shape is longer which gives more negative pressure on larger area. The moment around the
45° spoiler fixation point is seven times of that around the 90° spoiler. In double mjection
condition beside and at a distance equal the horizontal spoiler length downstream the spoiler,
the bubbles are more stable and the moment js higher by 7.9 and 17.8 times after 1.2 and 2
seconds, respectively, than that around the 90° spoiler. Thus, changing inclination spoiler
angle and position relative to injection angle will give different bubble shapes which give
different forces to control the roll, pitch motion and speed of the ship.
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NOMENCLATURE

C.  upstream velocity m/s
C the local velocity vector in cell ¢

d. the local cell “dimension” (or length- scale)

d, water funnel depth m
dx elerrent in X direction m

ds surface element m’
F'  liquid volume fraction

F. Froude number, C/(gL)°'5

L spoiler length m

P fluid static pressure N/m?
P, total pressure N/m®
A physical time step s

At the maximum tune step that can be taken incell¢ s
uv,w velocity in x, y, w respectively m/s

Vox  the volume of the cell truncated by the cutting plane m

3
V.  the volume of the whole cell m’
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GREEK LETTERS -
i the volurne- averaged quantity m

0 spoiler inclination angle degree
o] density kg,’ml
o the surface tension between the two fluids N'm

T tangential force N
SUFFIXES

1 the value of the fluid property (air)

2 the value of the fluid property (water)
ABBREVIATION

VOF Volume- OFf Fluid

SLIC Single Line Interface Construction Method

PLIC Piecewise Linear Interface Construction Method
MURI Muiti Universities Researches Interactive projects

1. Introdnction

A system of spoilers is mounted at the bottom of the ship. They can be classified into
bow spoilers and stern spoilers as shown in Fig. 1. The bow spoilers consist of an even
number of sections arranged port and starboard forward of the center of mass of the ship.
[he stern spoilers consist of an even number of sections arranged port and starboard attached
to the ship’s transom or transom plate,  Hull-mounted cavitating spoilers have been shown
it the Krylov Shipbuilding Research Institute (Russia), to be an effective means for matior
reduction in high-speed displacement-hull vessels. The specific design details of the Fiussia

wstem are not availahle. Their results, quoted by Soper, ot al, 1998 show thar by
wppropriately choosing the number, extension, and disribution of the spoilers, one can
whieve an oplimal wim of the ship over the whele speed range and a reduction in the shiy
motion when moving in waves. Roll reduction by a2 factor of 2 to 5 depending on the se:
state. Pitch reduction by a factor of 1.2 to 1.5 depending on the sea state. An increase in the

efficiency and hence the speed are by a factor of 109 to 20%. Under “MURI" research
project, a theoretical mvestigation of the effectiveness and design of such a system has been
undertaken by Soper, et al., 1998. They used the panel method by developing a two-
dimensional guasi-steady numerical local model for the fixed-cavitaiion region. The
computational-fluid-dynamic boundary-element model is based on a distributed-vorticity
potential-flow ferm. The steady-flow sireamlines are determined via an iterative approach
that converges to a pre-specified level of accuracy. The cavity shape and guasi-steady
hydrodynamic forces bave been penerated over a wide range of forward-speed/cavity-
pressure and spoiler-projection-angle parameter values. Owis, et al,, 2000, developed a code
of Navier-Stokes equation with cavitation procedure functon of local pressure and density to
solve the same problem.

There s no unique definition of the interface between two phase flow. The cavitation
pbengmenon deperds on the local pressure and demsity, Mostafa (2001). The cavitation
phenomenon, which generated in the case of ship spoiler problem have different reasons. It
depends on other parameters as spoiler geometry, location of air injection and air pressure.
The basis of the free surface simulation is the Volume- Of- Fluid (VOF) method, which
published in an early form by (Hirt and Nichols, 1981), is recently developed by (Rider, et
al, 1995). In upwind scheme with the Single Line Interface Construction (SLIC) method,
(Noh and Woodward, 1976), the fluid surface is assumed 10 be parallel to the currently
selected cell face, with the relative position of the second fluid depends on the flow direction
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and the upstream or downstream value of liquid volume fraction, F. In the Piecewise Linear
Interface Construction (PLIC) with upwind scheme, (Kothe, et al., 1996), the liquid- gas
interface is assumed to be planar and allowed to take any orientation within the cell, and will
therefore generally have the shape of an arbitrary polygonal shape. So, PLIC is more accurate
method. The free surface simulation computes the mixture of two incompressible,
immiscible fluids, including the effects of surface tensions. The relative mixture of the two
fluids within the problem domain is tracked in terms of a secondary fluid volume fraction, F,
which, by definttion, ranges between O and . Thus, the strength of the free surface
simulation can mode! the injection of one fluid into the second fluid with arbitrary immiscible
floid- fluid interfaces, which, includes two fTuids with very high density ratio, such as air and
water.

The objectives of this paper are to study the flow around ship spoiler expermmentally
and computationally. Experimental images of bubble formation for such spoiler are triggered
and compared with the computed flow feld and bubble formation at different spoiler
inclination angle, and air injection position. The model computes two phase flow field
around ship spoiler vsing two-dimensional Navier-Stokes equation with the free surface
simulation using PLIC method. The study included the variation of phenomenon with time,
From the pressure variation on the wake of the spoiler body the moment around spoiler
fixation will be determined which affect the roll, pitch and speed of the ship.

2. Theory background

The characterizing feature of the VOF methodology is that the distribution of the
second fluid (e. g. water) in the computational grid is accounted for using a single scalar field
variable, F. Flow field and distribution of F is determined by solving the passive transport
equation
oF =
—+Ve( F=0
1 C. 1
This equation must be solved together with the fundamental equations of copservation of
mass and momentum in order to achieve computational coupling between the velocity field
solution and the liquid distribution. This requires three related actions: compute mixture
properties, reconstruct the fluid- fluid interface in each cell and determine the contribution of
the secondary fluid flux. The average value of any volume specific quantity, ¢, in a
computational cell can be computed from the value of F in accordance with

¢:F¢2+(1—F)¢1 (2)
For an intensive quantity, equation 2 can be extended to include the effect of density, p :
o=Fp.0.+-F)pt ] /Ppa @)

The location of the “anchor point” in the PLIC scheme, (Kothe, et al., {996), is determined
by finding the infinite cutting plane perpendicular to the normal unit of the infinite plane that
truncates the correct liquid volume from the cell, i, e., which satisfies the condition.

Vau=FV, @)

In the PLIC scheme, each cell has a unique normal surface that can be used to compuie the
surface curvature from cell to cell. This enables the calculation and addition of surface
tension forces for the iree surfaces. Within each computational cell, the stability limit is given
by the 50- called Courant Condition:
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The net normal force actlné on the surface is équal to the summation of all the tangential
forces due to surface tension:

|pds = |2]ax] ©)
Since the tangential force is equal to

T :crﬁx,fi'—‘c N
de
I

this feads to

|apds= |oiixd ¥, A=VF (8

With this free surface simulation in plecewise linear interface Construction (PLIC)
method, a two-dimensional Navier-Stokes code (CFDRC, 2000) is used to model the two-
phase flow field around the ship spouer. The computing process can be mplemented to find
the fluid-fuid interface at each cell, find the umit normal of the interface, then apply the
above integral to determine an effectve cell volume force. From the pressure distribution
upstream, downstream of the spoiler and on the spoiler body the resultant force on the ship
bottom and the spoiler is computed. The moment around spoiler fixation i determimed which
affect the roll, pitch and speed of the ship.

3. EXPERIMENTAL FACILITY, METHODS AND PARAMETERS.

The experiments were carried out in a water mnnel facility at the Hydraubc and

Turbomachinery Laboratory of the Irrigation Engineering Department at Zagazig Unversity,
A schematic of the apparatus construction and water turmel photo are shown in Figs. 23 and
2.b respectively. The water tunnel test section is 3m long, 0.31 m height and 0. |m width.
The pump has a discharge of 10 L/s and power of 2 hp. The width and the depth of water in
the water tunnel were ten and five times the spoller height respectively. The air was injectad
immediately beside the spoiler, a & distance L downsiream the spoiler and at both location
at the same time. The two air injectors had a 0.21. inside diameter. The flow rates of the ai
injectors were kept consiant at room temperature and at 6mm water equivalent head. The
plate that simulates the ship bottom surface (0.9x 0.1x 0.004 m) is from Plexiglas o allow
the light rays to pass through. The spoiler length 15 0.01 m. The light source is generated
from high power lamp inside a box with a rectangular opening 10 have paralle] [ight rays.
The side of the water tunnel test section is from Plexiglas for flow visualization. The other
side and bottom of the text section is painted with black color to prevent light beam
reflection. The whole apparatus is set at a dark room to prevent any other light source.
The bubbles growth was recorded with a video camera (Panasonic M9500), which allowed
the collection of 30 frames per second. The scientific video recorder (Panasonic- NV-HID100)
has 6 heads, which allow the ability for displaying each frame without image noise. The
images were digitized with a video capture system in a PC. The results reported here for a
Froude number of 1.6 base on spoiler length and the spoiler ship angle (§) was set to 6=90°
and 45°.
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4. GRID STRUCTURE AND BOUNDARY CONDITIONS

The flow is computed for different spoiler inclinations and injection positions. The
ship spoiler grids structures are shown in Figs. 3a and 3.b. The grids structure is divided into
five 2-D blocks using the multi-block system. Three blocks are under water free surface. The
first and second blocks are beside the spoiler and having 93x25, 76x25 gnd pounts, while the
third one below the spoiler has 189x50 grid powts. The grids are clustered near the spoiler to
solve the fiuid interacton. The other two 2-D blocks m air represent the injection pipes. The
total number of cells is 16349. The total leagth of the grids in physical domain is about 40L
while the depth is 1 1L as shown i Fig. 3. The two-dirnensional Navier-Stokes equations with
the free surface simulation in (PLIC) method are discretized on a structured grid using an
upwind difference scheme.

The upstream boundary conditions are 5 m/s axial water velocity. The kinematic
viscosity of water and air was assumed to be constant. The downstream boundary conditions
are atmospheric pressure, The imtial injection air velocity is 10 m/s. Fluid in all blocks are
starting with water except the two injection pipes are completely full of air at constant
temperature 300 K. The physical time step is optimized between 1x1 07 and 1x10™ second for
the unsteady flow computations in order to resolve accurately the transients of the cavity
formation. The program simulation rumming Hme to calculate the development of fluid motion
during one-second takes about 32 days (763 hr) on a workstation with double processor
Pentium I 450 Miz.

There are three sets of results, which are computed. The first set for an air injection
beside a spoiler with 8=90° and 45°. The second for an injection at a distance L and 0.71L
from the spoiler with 6=90° and 45° respectively. The thitd is double air injection beside the
spoiler and at a certain distance downstream the spoiler in the same time.

5. RESULTS AND DISCUSSION

The transient flow around a ship spoiler is affected by air injection, spoiler position
and spoiler inclination. For the above different conditions, the bubbles shape, the two-
dimensional flowfield around the spoiler body and the pressure variation on the wake of the
spoiler body were determined,

Figure 4 displays the iso-density computational contours for cavities formation in a
time sequence beside ship spoiler and the experimental images for the bubble at the same
time. The air injection was just beside ship spoiler with spoiler angle (8) of $0°. The ship
spoiler bas a length L. The upstream speed (u) equals 5 m/s. The injection velocity (v) of air
equals 10 m/s downward. The physical time for each calculating step is optimized at 1x107 s.
It is demonstrated that the cavity formation has three stages. First, a cavity starts to grow at
the wake of the spoiler body as shown in Figs. 4a-c. At the second stage, the cavity starts to
split as shown in Figs. 4d-f. Finally, the splited cavity runs away to collapse at the third stage
as shown in Fig. 4g. The cavity is attached to the ship spoiler from the beginning. The
computational and experimental results show that there is a good matching of bubble
formation except the computational bubble shape has little more depth. This may be due to
that the computation was in 2D only.

Figure 5 displays the iso-density computational contours and the experimental images
for cavities formation in a time sequence, where air injected at a distance L downstream the
ship spoiler at spoiler angle (0) of 90°. The ship spoiler has length L. The upstream spead
{u) equals 5 m/s. The injection velocity (v) of air equals 10 m/s downward. The physical time
for each calculating step is optimized at 1xt0™ s. It is demonstrated that the cavity formation
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has three stages tll it split and run away. First, a cavity starts to grow downstream of the
injection hole as shown in Figs. 5a-b. At the second stage, the cavity starts to grow upstream
of the jection hole and attaches the spoiler as shown in Figs. 5c-e due to reverse flow. At
the third stage, the cavity splits and the splited cavity rins away to collapse as shown in Figs.
5f-g. The computational and experimental results show that there is a good matching of
bubble formation.

Figure 6 indicates the iso-density computational contours and the experimental
images for cavities formation in a time sequence, where air injected both beside the ship
spoller and at a distance L. downstream the spoiler and spoiler angle (8) of 90°. The ship
spoiler has length L. The upstream speed (u) eguals 7 mv/s. The injection velocity (v) of air
equals 10 m/s dowoward. The phyzical time for each calculating step is optimized at 1x10™ s,
It is demonstrated that the cavity formation has three steps. Fivst, two cavities start 10 grow
separately around the injection holes as shown in Fig. 6a. At the second stage, the cavities
merge together and prow downward direction as shown in Figs, ab-d. At the anl stage, the
cavity grows mainly downstream and takes the final form as shown in I igs. 6e-g. The bubble
growth is more stable and takes the final form more rapidly. The computational and
experimental results show that there is a good masching of bubble formation.

Figura 7 shows the iso-density computational contours and the esperimental images
for cavities formation in a time sequence, where air injected beside (he ship spoi
spoiler angle (0) of 45°. The ship spoiler has length L. The upstream speed (u) equals 5 m/s
The injection velocity (v) of air squals 10 m/s downward. The physical time for sach
calculating step is optimized at 1x10° s, It is demonstrated that the cavity formation has three
stages. First, a cavity starts to grow at the wake of the spoiler body as shawn in Figs. 7a-¢, Al
the second stage, the cavity takes long foot shape as shown in Figs. 7d-e. Finally, the bubble
starts to split and tun away to collapse at the third sage as shown in Fig 7€ But, the
expermmental images show that the bubble was filling the space between the spoiler and the
body of the ship. This is may be due o two-dimensional |_'-"|I'.|;‘.-.J?.'JliUII:_'i model consideration
So, a laver of water was isolated between the bubble and the ship bo

Figure 8 displays the iso-density computational contours and the experimental imag
at a distance 0.71L from

for cavities formation In & time sequence, where air injec 'n-

spoiler and spoiler angle (G\ of 457, The ship spoiler has lengih L. The upsiream speed (u)
equals 5 m/s. The injection velocity (v) of air equals [0 m/s downward. The physical rime for
each calculating step is optimized at I1x10™ second It is demonstrated that the cavin
formation has three stages. First, a cavity stars to grow at the wake of the spotler body as
shown in Figs. 8a-d. At the second stage, the cavity takes lonz foot shape as shown i Figs,
8e-f. Finally, the bubble starts to split and run away to collapse at the third stage as shown in
Fig. 8g. But, the experimental images show that bubble was fillme the space between the
spoiler and the body of the ship. This is may be due to two-dimensional computational model
consideration. So, a layer of water was isclated between the hubble and the ship bedy.

Figure 9 represents the velocities vectors and density, total pressure and pressure
contours around the spoiler of with (6} 90° and the air injection beside after one second. This
flow condition was shown in Fig. 4. The iso-total pressure contours are approxXimately similar
to the iso-density contours. There is a reverse flow between the bubble and the ship surface
in the wake region from 2-4L of the spoiler. The maximum velocities are concentrated
around the injection hole and spoiler tips. In this case, the maximum/ minimum pressures
around upstream/ downstream of the spoiler are about 17173/-18716 N/m’. The resuiting
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motment around spoiler fixation point due to fluid interaction in the area of 15L upstream and
downstream the spoiler is 172 KN.m.

Figure 10 shows the velocities vectors and density, total pressure and pressure
contours around the spoiler with angle (6) 90° and air injection at a distance L downstream
from it after 1.2 second. This flow condition was illustrated in Fig. 5-g. The iso-total pressure
contours are approximately similar to the iso-density contours, There is a reverse flow
between the bubble and the ship surface in the wake region from 2-3L of the spoiler. The
maximum velocities are concentrated around the injection hole and spoiler tips. In this case,
the maximum/ minimum pressures around upstream/ downstream the spoiler are about
16378/-25090 N/m®. The resulting moment around spoiler fixation point due to fluid
interaction in the area of 15L upstream and dowustream the spoiler is 8.7 times the moment
for the condition of injection beside the spoiler.

Figure 11 mdicates the velocities veciors and density, total pressure and pressure
contours around the spoiler with an angle (6) 45° and air injection beside it after 1.4 second.
This flow condition represents the case shown in Fig. 7-f The iso-total pressure contours
contain the span of the bubble till the ship wall. The flow is circulated inside the bubble. The
maximum velocities are concentrated around the injection hole and spoiler tips. In this case,
the maximum/ minimum pressures around upstrearn/ downstream of the spoiler are about
14712/-27688 N/m®. The resulting moment around spoiler fxation point due to fluid
interaction in the area of 15L upstream and downstream the spoiler 5 6.7 times the moment
for the condition of injection beside the spoiler with 90°.

Figure 12 represents the velocities vectors and density, total pressure and pressure
contours around the spoiler with an angle (0) 45° for the injection at a distance L from it after
1.96 second. This flow condition represents the case shown in Fig. 8-g. The iso-total pressure
contours contain the span of the bubble till the ship wall. The flow is circulated inside the
bubble. The maximum velocities are concentrated around the injection hote and spoiler tips.
In this case, the maximum/ minimum pressures around upstream/ downstream of the spoiler
are about 16717.2 / -19490.7 N/m?. The resulting moment around spoiler fixation point due
to fluid interaction in the area of 15L upstream and downstream the spoiler is 15 times the
momerit of the condition of injection beside the spoiler with 90°. The same resulting moment
for the bubble after 1.2 second only is 6.9 times the moment of the conditton of mjection
beside the spoiler with 90°. This means that the bubble size have a grear effect upon the
pressure and moment around the spoiler.

Figure 13 displays the velocities vectors and density, total pressure and pressure
contours around the spoiler with angle (6) 45° for the double air injection case beside and ata
distance 1. downstream it after 1.2 second. The upsweam speed (u) equals 5 m/s. The
injection velocity (v) of air equals 10 m/s downward. The physical time step is optimized at
1x10™ s. The iso-total pressure contours contain the span of the bubble till the ship wall. The
flow is circulated inside the bubble. The maximum velocities are concentrated around the
injection hole and spoiler tips. In this case, the maximum/ minimum pressures around
upstream/ downstream of the spoiler are about 16506.4/-24613.9 N/m’. The resulting moment
around spoiler fixation point due to fluid interaction m the area of 15L upstream and
downstream the spoiler is 7.9 times the moment for the condition of injection beside the
spoifer with 90°. This moment becomes 17.8 times the moment around the spoiler with 90°
after 2 second.

6. SUMMARY AND CONCLUSIONS
The transit flow around ship spoiler with injection of exhaust gases or air forming
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cavity is affected by spoiler position and its inclination angle. This ship spoiler has a strong
wake effect with gas injection position, which can control the ship oscillation.

It is demonstrated that the cavity formation has mainly three stages. First, a cavity
starts to grow at the wake of the spoiler or downstream. In the second stage, the cavity grows
upstream of the injection hole and attaches the spoiler or takes long foot shape (45° spoiler)
or the cavities merge together and generafe a bubble depth (double injection). In the third
stage, the bubble starts to split and the spiited cavity runs away to collapse.

The computational and experimental results show that there is a good matching of
bubble formation in the spoiler with 90°. This indicates that modeling the two-phase flow
field around a ship spoiler using two-dimensional Navier-Stokes with the Free Surface
simulation in Piecewise Linear Interface Construction (PLIC) method is successful. In the
conditions of 45° the experimentai images show that bubbles fill the space between the
bubbles and the body of the ship. This is may be due to two-dimensional computational
model consideration. So, a layer of water was isolated between the bubble and the ship body.

In the spoiler of 90°, the iso-total pressure contours are approximately similar to the
iso-density contours. There is a reverse flow between the bubble and the ship surface in the
wake region from 2-3L of the spoiler.

In the spoiler of 45° the flow is circulated inside the bubble. The bubble shape is
longer which gives more negative pressure on larger area. The moment around the fixation
point of the spoiler of 45” is higher seven times than that around the spoiler of 90°,

In double injection condition beside and at a distance L downstream from the spoiler,
the bubble is stable and has more moment around the spoiler.

Thus, changing inclination spoiler angle and position relative to injection angle will
aives different pressures that create forces and moment which can control the roll, pitch
motion and speed of the ship.
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Fig. (2-a) Schematic diagram of the ship spoiler construction and instrumentation.
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Fig. (2-b) Water tunne! of the ship spoiler and instrumentation.
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3-b Structured grid of ship spoiler of 45°.

Fig. (3) Grid shape of ship spoiler.
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A) Computational results. B) Experimental results.
Fig. (4) Cavities formation due to injection beside spoiler with 8=90°.
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A) Computational results of density contours. B) Experimental results.

Fig. {5) Cavities formation due to injection at a distance L from the spoiler with 8=90°.
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A) Computational results of density contours. B) Experimental results.
Fig. (6) Cavities formation due to double injection beside spoiler and at a distance L from the
spoiler with 8=90°.
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' A) Computational results of density contouss. B) Experimental results.
Fig. (7) Cavities formation due to injection beside the spoiler with =45°.
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A) Computational results of density contours. - B) Experimental results.

Fig. (8) Cavities formation due to injection at a distance L from the spoiler with 9=45°.
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c) Total pressure.

c) Tolal pressure.

Fig. (9) Flow condition due to injection beside the  Fig, (10) Flow condition due to injection at a distance L
spoiler with 8=90°, u=5 m/s and t=1Sec. from the spoiler with 8 =90°, 1=5 m/s and t= 1.25 sec.
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Fig. {12) Flow condition due to injection at a distance
0.71L from the spoiler with © =45°, 2=5 m/s

and t= 1.96 sec.

c) Total pressure.
ig. {11) Flow condition of injection beside the spoiler
with 8 =45°, =5 nv/s and t= 1.4 sec.
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Fig. (13) Flow condition at injection both beside the spoiler and at
a distance 0.71L from the spoiler with 8 =45° and = 1.2 sec.




