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Conclusions

We presented numerical simulation results for flow past fixed and freely-vibrating
cylinders, usin g a  Chimera Reynolds-averaged Navier-Stoke s method . Th e predicted
Drag vs. Reynolds number curve for fixed cylinders was found t o be in good agreement
with experimental measurements at sub-, trans-, and super-critical flo w conditions.

For freely-vibrating light structures with low damping exposed to high Reynolds
number flow conditions, cross-stream amplitudes of 1.5 cylinder diameters are observed.
At a  Reynold s numbe r o f IxlO

5
 in-lin e amplitude s o f 0.3 5 cylinde r diameter s ar e

observed, wit h a  significant increase i n th e average dra g coefficient. A t a  Reynolds
number of IxlO

6
 the in-line oscillations are significantly smaller with amplitudes of 0.05

cylinder diameters.
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Abstract

A Reynolds-Averaged Navier-Stokes (RANS ) metho d ha s bee n employe d i n
conjunction with a chimera moving grid approach to provide accurate resolution of four -
quadrant propeller flows under both the design and off-design conditions. Time-domai n
simulations were performed first for the DTRC 4118 propeller under ahead, bollard-pull,
crash-ahead, crash-astern , an d backin g condition s an d compare d wit h th e availabl e
experimental data . Preliminary numerical results were also presented for the DTRC 4383
propeller to illustrate the applicability o f the chimera RANS method for highly skewed
propellers.

Introduction

The potentia l flo w method s base d o n th e assumption s o f inviscid flui d an d
irrotational motion ar e widely used in propeller flo w analysi s (Kerwin and Lee, 1978 ;
Greeley and Kerwin, 1982; Kosal et al., 1998). However , some off-design propeller flo w
phenomena ar e dominated by viscous effect s an d cannot be accurately predicted b y the
potential flo w methods. Off-desig n conditions include all fou r quadrant s as defined b y

the ship velocity an d the propeller angula r velocity co . Th e fou r modes o f propeller

operation ar e defined a s ahead or forwar d ,  backing or astern crash -

ahead o r reverse backing an d crashback o r crash-astern Durin g
crash-astern an d crash-ahead operations , th e reversa l o f propeller rotatio n create s a
relatively large angle of attack, causing the flo w t o separate a t the leading edge o f the
blade. Th e water tunnel measurements performed by Jiang e t al . (1997) demonstrated
that the flow is unsteady even when the propeller i s operated in the steady crash-astern
condition. Furthermore , th e propeller inflo w i s strongly affected b y the unstead y stern
boundary layer flow generated b y the braking or turning maneuvers o f the ship during
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crash-astern operations. It is therefore desirable to use advanced viscous flow methods in

order to provide more accurate resolution of the propeller flow in off-design conditions.

Jiang e t al . (1991) extended th e inviscid-flow propeller desig n methods fo r the
simulation o f backing and crash-astern conditions. The y adopted a  simplified approach
in propeller flow analysis program PSF by assuming that the blade pressure distribution
is some factor o f the pressure distribution whe n there is n o separation. Althoug h this
simplified metho d can correlate th e calculated thrus t and torque with measurements in
certain range o f advance coefficient through a  camber correction factor , th e real blade
pressure distributio n cannot b e predicted. A  recent stud y b y Che n an d Ster n (1999)
suggested that more sophisticated viscous flow methods are needed in order to improve
the prediction of propeller performance under crash-ahead and crash-astern conditions.

Besides th e crash-astern propeller flow problem, the viscous flow model is also
needed to quantif y th e damping effec t o f a  propeller. Viscou s damping is an important
factor for torsional vibration damping of ship's propulsion system. I n fact, in addition to
the excited forces/moments o f the propeller blades and the added mass of the entrained
water, damping is an important input to propulsion shaf t vibration analyses. Althoug h for
initial design purpos e regression formul a (Parson s an d Vorus, 1981) ar e available fo r
added mass and damping estimate, the applicability of them is restricted t o the 4-, 5-, 6-,
and 7- Wageningen B Screw series geometry with the expanded area ratios in the range
of 0.5 to 1.0 and pitch ratios i n the range o f 0.6 to 1.2. Also , viscous damping is not
included in the damping coefficients of Parsons and Vorus's regression formula. I n order
to properly accoun t for viscous effects , i t i s necessary t o employ accurate an d robust
numerical methods which can provide detailed resolution of the propeller boundary layer,
turbulent wake, leading edge separation, and unsteady ring vortices induced by propeller
operations under off-design conditions.

Numerical Method

The present chimera RANS method solves the Reynolds-Averaged Navier-Stokes
equations for incompressible flow in general curvilinear coordinates (£'',*) :

where an d represen t the mean and fluctuating velocity components, an d 0 i s the
conjugate metric tensor, t  is time p is pressure, ar e the body forces, and Re = L/ v is
the Reynolds number based on a characteristic length L, a reference velocity ,  and the
kinematic viscosit y v . Equation s (1 ) an d (2 ) represen t th e continuit y an d mea n
momentum equations, respectively. Th e equations are written in tensor notation with the
subscripts, j an d ,jk, represent the covariant derivatives. I n the present study , the two-
layer turbulence model of Chen and Patel (1988) is employed to provide closure for the

(1)

(2)
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Reynolds stress tensor Mor e details o f the chimera RAN S method ar e given in
Chen and Liu (1999), Chen et al. (2000, 2002) and Chen and Lee (2003).

In the present study , the RANS method has been employed in conjunction with a
chimera movin g gri d approac h fo r time-domain simulatio n o f tw o selected propelle r

configurations unde r open wate r conditions. Calculation s wer e performed fo r both the
design and off-design conditions including ahead, backing, bollard-pull, crash-ahead, and
crash-astern conditions. Detail s of the numerical results are presented in the next section.

Results and Discussion

Calculations wer e performe d firs t fo r th e DTR C 411 8 propeller a s show n i n
Figure 1 . I n the chimera domain decomposition approach, it is convenient to construct an
overset gri d system wit h the propeller blade s an d shaf t grid s embedded i n background
cylindrical grid blocks. I n the present study , each propeller blad e is covered by a small

82 x 23 x  1 4 grid around the propeller roo t and shaf t junction and a larger 82 x 31 x 29

grid outside the shaf t boundar y layer. Th e propeller shaf t i s covered by a 71 x 17 x 18 1
grid block. Th e propeller blad e and shaf t gri d blocks are embedded in two overlapping

cylindrical grids with 62 x  26 x  181 and 51 x  35 x  181 grid points for the upstream and
downstream sections o f the solution domain . Fo r th e ope n wate r propeller conditio n
considered here , i t i s necessar y t o simulat e onl y on e propeller blad e wit h periodi c
boundary conditions specified in the circumferential direction. Th e total number of grid

points used  is about 360,000 for a  122° section o f the solutio n domain (i.e., 1/ 3 of the
domain plus one grid layer of overlap).

Figure 1. Multi-block chimera grids for DTRC 4118 propeller

For th e ope n wate r propelle r flo w computations , i t i s possibl e t o solv e th e
propeller flo w o n a  non-rotating coordinate syste m wit h fixe d grids b y includin g th e
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centrifugal an d Coriolis forces in the RANS equations. Alternatively , one may solve the

unsteady RANS equations for the rotating propeller directly o n an earth-fixed coordinate
system. I n the present study , the latter approach i s adopted s o that the method can be
easily generalized fo r complete shi p an d propeller flo w simulation s wit h the propelle r
operating in a non-uniform ship wake. Th e use of rotating grid also greatly simplify the
far field boundar y condition where uniform flow can be specified without considering the

swirling velocity components.

DTRC 4118 propeller: ahead condition
Figure 2 shows the predicted pressure distributions on the propeller blad e surface

under the ahead condition wit h an advance coefficient =  0.833. I t is clearly seen that
the pressure i s low on the suction side o f the propeller an d considerably higher o n the
pressure side o f the blade. Th e pressure differences between th e pressure an d suction
sides o f the blade produced a  net thrus t force which pushes the propeller forward . Th e
predicted thrus t coefficien t K T =  0.155 i s i n goo d agreemen t wit h th e corresponding
measurement of KT = 0.15.

Figure 2. Pressure contours on the shaft and blades of DTRC 4118 propeller; JA = 0.833

Figure 3  shows the particle traces around the DTRC 4118 propeller a t =  0.833.
It is noted tha t the pitch o f particle traces (streamlines) originated fro m th e upstream of
the propeller i s much longer than those released fro m the blade tip or the propeller wake.
This clearly indicates that the axial flo w velocity is higher behind the mid-section o f the
propeller blad e due to local flo w acceleration b y the propeller thrus t force. I n the near
wake region , ther e i s a n obviou s contractio n o f streamline s du e t o radia l pressur e
gradients induced by the swirling flow behind the propeller. Immediatel y downstream of
the propeller hub , there i s a  small flo w separatio n an d the flui d particles i n this region
were pushed back toward the propeller before being swept downstream.
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DTRC 4118 propeller: bollard-pull condition
After successfu l simulation o f DTRC 4118 propeller under the ahead condition,

calculations wer e also performed fo r variou s off-desig n propelle r operation s including
bollard-pull, backing , crash-astern , an d crash-ahead conditions . Figur e 4  show s th e
predicted surfac e pressure distribution for the bollard-pull condition fo r the same DTRC
4118 propeller operating a t zero forwar d spee d (i.e., JA = 0). I t is seen tha t the bollard
pull condition produced a much larger pressure gradient between the pressure and suction
sides o f the blade tha n tha t observed unde r the ahead condition. Th e predicted thrus t
coefficient fo r the bollard-pull condition i s about 0.54, which is also in good agreement
with the measured value of 0.52. Th e slightly higher predictions for both the bollard-pull
and ahead conditions may be due, at least in part, to the differences i n the propeller shaf t
geometry which is not available in the literature.

Figure 4. Pressure contours around DTRC 4118 propeller; bollard-pull condition
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It is worthwhile to compare th e velocity vector plots around the propeller blad e
for th e ahead and bollard-pull conditions a s shown in Figure 5. Fo r the ahead condition
at JA = 0.833, the inflow i s aligned closely with the designed blade angle at the propeller
leading edge . Unde r th e bollard-pull condition , however , th e inflo w approache s th e
propeller leading edge with a large angle of attack. Thi s produced a  larger thrus t force,

but also required a larger torque for propeller operation.

Figure 6  shows the particle traces aroun d the propeller blades unde r the bollard-
pull condition. I t is seen that the pitch i s very short for streamlines fa r upstream or far
downstream of the propeller since the axial velocity in the far field is zero. Furthermore ,
the streamlines close to the propeller hub have much longer pitches tha n those observed
outside the propeller dis k due to strong flow accelerations in the mid-span region o f the
propeller. I t is also interesting to note that some of the fluid particles ar e trapped in the
near field due to strong swirling flow and relatively wea k axial velocity unde r bollard-
pull conditions.

Figure 5. Velocity vectors for the ahead (JA = 0.833) and bollard-pull (JA = 0) conditions

Figure 6. Particle traces around DTRC 4118 propeller under bollard pull condition
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DTRC 4118 propeller; crash-ahead condition

Under th e crash-ahea d operations , th e shi p (an d th e propeller ) i s movin g
backward while the propeller blades are still rotating in the same direction a s the ahead or

bollard-pull operations. Consequently , the inflow impinges on the propeller trailing edge

with a large angle of attack as shown in Figure 7 for a typical crash-ahead operation at an

advance coefficient o f JA = 0.4. Thi s produced large separation regions o n the suction

side of the propeller blades and the ring vortex generated by the crash-ahead operation is

clearly visible near the blade tips. Fo r completeness, the corresponding particle traces are

also show n i n Figur e 8  t o provid e a  mor e detaile d understandin g o f th e comple x

recirculating flow patterns induced by the crash-ahead operation. I t is noted that some of

the fluid particles originated fro m th e upstream an d the blade ti p regions ar e trapped
inside the ring vortex on the suction side of the propeller blades.

Figure 7. Velocity vector plots around DTRC 4118 propeller; crash-ahead condition

Figure 8. Particle traces around DTRC 4118 propeller; crash-ahead condition
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Figure 9  shows the predicted pressure contours o n the propeller shaf t an d blade
surfaces. I n general, the pressure i s very low on the blade suction side and the lowest
pressure was observed near the leading edge of the blade tip region. Th e predicted thrust
coefficient i s significantly higher tha n those obtained earlier fo r the ahead and bollard-

pull conditions. Th e thrust force generated by the crash-ahead operation wil l slow down
the ship and gradually reverse the ship direction fro m backward to forward motion.

Figure 9. Pressure contours around DTRC 4118 propeller; crash-ahead condition

DTRC 4118 propeller: crash-astern condition
For the crash-astern case, the ship is moving forward but the propeller is operating

in th e revers e direction . Thi s result s i n a  larg e angl e o f attac k simila r t o thos e
encountered in the crash-ahead operations. Moreover , the propeller leading and trailing
edges ar e also switched du e t o th e reversal o f propeller rotatin g direction. Figur e 1 0
shows the velocity vectors around the propeller blades at an advance coefficient o f JA =
0.4. Th e corresponding particle traces are also shown in Figure 11 to provide a  better
understanding of the detailed three-dimensional flo w induced by crash-astern operation.
It is seen fro m Figur e 1 1 tha t the boundar y layer flo w i n the propeller ca p region was
pushed backwar d int o th e blad e passage s sinc e th e origina l propelle r trailin g edg e
becomes th e leading edg e now . I t i s furthe r note d tha t th e inflo w impinges o n th e
suction sid e o f th e propeller blad e an d separates alon g th e blad e trailin g edg e (i.e. ,
leading edge in normal operation). I n the mid-span region of the blade passage, a  large
separation region can be clearly seen on the blade pressure side. Sinc e the flow enters the
propeller passage from bot h the leading and trailing edges, the passage flo w wa s pushed
in the radial direction toward s the blade tip and a large ring vortex was formed o n the
pressure side of the blade tip region. Thi s ring vortex is similar to that observed earlier
for the crash-ahead condition except that both the flow direction and vortex location are
completely reversed. Th e similarity i n th e flo w patter n between th e crash-ahead an d
crash-astern condition s ca n als o b e observe d fro m th e corresponding particl e trace s
shown in Figures 8 and 11 , respectively. Unde r the crash-astern condition, the particles
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originated fro m th e propeller hub region wer e pushed backward into the blade passage
and then moved outward to the blade tip region before being swept downstream. Also ,
some of the fluid particles released fro m th e upstream were trapped in th e ring vortex
similar to those observed earlier for the crash-ahead condition.

Figure 10. Velocity magnitude contours and velocity vectors around DTRC 4118
propeller; crash-astern condition

Figure 11. Particle traces around DTRC 4118 propeller; crash-astern condition

For completeness, the pressure contours on the propeller shaf t an d blade surfaces
are also shown in Figure 12 for the crash-astern condition. I t is seen that the low pressure
region i s shifte d fro m th e suctio n sid e t o pressur e sid e o f th e propelle r blade s i n
comparison with the normal ship operation under the ahead condition. Thi s produced a
negative thrust force (i.e., drag force) and a decrease of the ship forward speed during the
crash-astern operations. I t is also interesting to note that the pressure distributions on the
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