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SUMMARY

The resulis of free-stream wind tunnel experiments on a
gsemi-balanced skeg rudder are presehted; ‘

The tests on this rudder, which has skeg and overall
characteristics which are typical for the rudders fitted to many
modern ship typea, are the first in a pro;jeeted series of testa on -
skeg rudders. '

The experiments establish a better understanding of the
working and performance of the semi~balanced skeg rudder, and provide
design data, Results are preéented as 1lift, drag and normal fo:rc'e :
coefficients and centre of pressure for the rudder plus skeg com'binat:.on,
for the rudder alone and skeg alone; a complete range of rudder angle
of attack was tested for selected positive and negative angles of
attack on the skeg,

In order to provide a basis for cbmpa.riaon, the all-movable
rudder case was simulated by sealing the gap between rudder and skeg,
The results for the all-movable case compare very satisfactorily with
existing published date, thus confirming the satisfactory operation of the
new dynamometer, inatrﬁmentation, test techhiq_ues and analysis,

The results for the skeg rudder show that, with inoreasing -
angle of attack, discontimities occur in the growth of 1lift together with
a large movement of centre of pressure. The skeg rudder resulis are
compared with those for the all-movable case, and the flow breakdown
accounting for the discontimuities in the skeg rudder characterigties
is discussed.

Visual flow studies  with supporting photographsﬂ are describeds

Cthege; are in general agreement with the flow breakdown indicated by the
force measurements,
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1. INTRODUCTION

A fundamental approach to the desigm of ship rudders:
is being used increasingly by designersj namely, the free-stream or
open-water characteristics for a suitable rudder are used, together
with a velocify and angle of attack to which modifying factors have
. been applied. The rudder in the free-stream condition and the
modifying effects on the free-stream of the hull and propeller are,
therefore, treated as individual components of the complete system,

Current tieficiemies 'in the method are known to exist,
end these include the deu:ivat:f,on or a[vaila.bilit& of suitable modifying
factors for the widely varying effects of hull and propeller and, the
a.vaillability of suitable f‘ree-stream data for partiocular rudder types.,

_ ‘Such a breakdown into components ‘does, howefv;er, have the
important merit that it allows free-streanm meatigations to be made of”
the variation in rudder forces, due to cha.nges in rudder parameters,
which are independent of the effeets of different hull foms and

' p:opeller arrangements.

- This design procedure baaically requires the use of free—
stream or open-water data applicable to ship rndder configurationa.
Recourse has been made by the designer to relatively large quantities of
published aerodynamic free-stream dataj the principal data available are
for Bymmetrical section aerofoils of low aspect"ratio, and are suitable for
many ship applieations, e.8., Refs,l a.nd 2, Lese information 1s available
for flapped control surfaces suitable for ship applieations, - Rers.B
and 4,

Referring to more recent developments in hip rudder
types, the semi-balanced rudder supported by a fixed horn or skeg is being
increasingly fitted to vessels of all types., Whilst the skeg rudder is
a combination of. all-movable and flapped rudders, ‘it does not necesaa.rily
'a‘.'ollow that the oha.racter:lstioa of the skeg rudder are intermediate
between the all-movable and flapped rudders this point was discussed, for
_example, in Ref,5, Whilst some experiments on semi-balanced rudders are
reported in Ref,6 and isolated free-stream tests on a skeg rudder are



included in Ref.7, comprehensive free-siream information on such
rudders is very limited and no systemmatic studies are known to have
been carried out; the need for more data on this type of rudder was -
" also discussed in Ref.8. '

In view‘of the inoreasing application of the semi-
balanced skeg ruddeqr, an investigation into the free-stream
characteristice of this rudder type was initiated,

In the normal way, for a given velocitj and angle of
attack, a knowledge of the forces and moments acting on the rudder and
skeg (both separately and combined) is reguired in order to computes

(a) the rudder torque, hepessary in the design of rudder steck
and sieering gear,

(v) the moments about root of rudder, necessary for structural
design considerations and

(e) the lateral force acting on the ship, necessary in the
' deﬁermination of manoeuvring characteristics,

In order to minimise seale effects, it was desirable
that the projected tests be carried out in a wind tunnel where a high
'Reynolds Fumber could be achieved; various sources suggest that trust-
worthy results should bé obtained when the Reynolds Number is upward of
1,000,000, Further, in order to derive the necessary forces and moments
at various angles of attack for both rudder and skeg, a new wind tunnel
dynamometer was required to be designed and constructed specifically for
this purpose,

Tests on a series of rudders are projgﬁted, and this
Report describes and discusses the results for the first rudder which
has skeg and overall characteristice which are typical for the rudders
fitted to many modern ship types. |



2, DESCRIPTION OF MODEL

The modol was lamenated from jelutong with a mean

- .geometrio chord ¢ of 457 . This value was chosen as being the

largest sise possible oonnnensura‘be with acceptable 1:l.mits on
corrections due to wa.ll effects. :

The principal‘characteristic of the rudder are as follows:=-

* 457

" Mean Chord i -
Spa.n-‘_' ) s = 680 mm .
! Geometric -A_spect Ratio - | AR_G. ' = 1.49
Taper Ratio - C fCe o= 059
Phickness/Chord Ratio /e = 0,20
Section o o .= . FACA 0020 Root anmd
‘ : , Tip, with square tip
Sweep of Qub;ri:er'Chord | a | = '3.50
Sk;g Depth/Span | = 0.50
Skeg Area Ratio = 20.5%
‘Balance Area Batio - R = 19%

‘Horizontal and Vertical Gaps
Between Skeg and Rudder

4 mm

In way of the skeg the overa.ll 'NACA 0020 sestion. sha.pe
was maintained for the rudder plus skeg eombination- the nose radius
of the portion of movable rudder behind the skeg was approximtely one=
half the local section thickness at the centreline of stock. Further
pa.rticula:r:s of the rudder are given in Fig.l, and more detailed reasons
for the choice of the model rudder chara.cteristics are given in APPENDIX Al.

I.ea.d.i.ng edgé roughness (a turbulgnce’ ‘-'sfrip) was applied to
both sides of the rudder, and consisted of 0,0059 in Dia., carborundum
grit (Ho.lOO)' spread evenly over double=sided adhesive tape of 10 mm widthj
the leading edge of the roughness strip was located 5% aft of the leading
edge of the chord.



3. - AFPARATUS AND TESTS

The tests were carried out in the 7" x 5% low~speed
wind tunnel at Southampton University, Ref.9.

Fhe rudder was mounted through the tunnel floor and
the gap between the rudder and the floor was approximately '

2,5 mm (0,0055 ¢).

Force and Moment measurements were made using the
strain-gauge dynamometer deseribed in Ref,10; this dyna.momete'r is
capable of the measurment of five components leading to the derivation
of 1lift, d:r:aga.nd centre of pressure chordwise and spanwise, can
measure the rudder and skeg forces either separately or combined and
allows independent_ad:lust_:!nent of angle oi_‘ attack for both rudder a.nd'

" skeg about a common axis, The acouracy of the dynamometer ias
within * 1.2% for torque and within * 0.,4% for the remaining.
components.

Fig., 2a shows a photograph of the ékeg rudder in the
wind tunnel, and Fig, 2b gives a similar view but with floor removed
to show the dynamometer,

. The tests were carried out at dynamic pressures of
0,1194 m and 0,0584.m of water, which correspond to nominal wind
speeds of 46 m/s and 32 m/s and nominal Reynolds Numbers of
1.23 x 10° and 0.86 x 10° at the mean test temperature of 38°C
and mean pressure of 102 x 10° N/m? .

_Teats were carried out in the ahead condition for variation
in the rudder angle of attack d, in 21;0 inorements, over a range
of angles up to stally this range of tests vas carried out for fixed
values of skeg angle A of approximately -15°, =-10°, -5°, 0°, 5°,

, 100, 15°, All the basic tests \r'e;-e carried out at a nominal Reynolds
Number of 1,23 x 106 $ in order to determine the influence of Reymolds
Number, some extra tests were carried out at a nominal Reynolds Number of
0.86 x 10°



One test condition (S8 =0) wvas repeated with the
_leading edge roughness removed.

Tuft Btudies were carried out in order to observe the
flow over the ruddery white wool tﬁfts, approximately 25 mm long, were
attached to the rudder with clear adhesive tape and photographs taken
of the resulis for both sides of the rudder at various angles of attack,
(Leading edge roughness, as for the force measurements, was applied for
the tuft studies)

Finally, in order to provide a basis for comparison with
the skeg rudder, and to provide a comparison with existing published
all=movable data, tests were carried out on a simulated all-movable rudder
of the same dimensions as the rudder plus skeg combination; this was
achieved by sealiné the gap between the rﬁdder and skeg with plasticine
and black adbesive tape, and varying the angles of attack of rudder and
skeg simultaneously. Leading edge roughness was applied for this
simulated all-movable case. ‘



4, DATA REDUCTION AND CORRECTIONS

A computer program was written, Ref,ll, to provide
the final data in coefficient formj; +the program incorporates the
. dynamometer five-component interaction matrix and correction formulae,
the resolution of forces and momentis from instrument axes to stream
axes as necessary, and includes corrections for wind tumnel boundary
affects,

The raw data was mero corrected before inser‘éion in
analysis program; a oross plet of zero-corrected raw data ylelded
the angular misaligmment in the rig which amounted to 0.25° and
this correction was applied 4o all measured angles before insertion
in the program. |

Tunnel bourndary corrections were applied as described
in Ref,12 and outlined in Ref,11 and amounted to corrections due
to s01id blocking, streamline curvature and downwash, The net
corrections for this rudder are summarised as follows:

Cie = .'009956' Cry
®e' . .= S 0Cu + 0.7706 €,
Coc - =  0.9956 Cp, +.0,0110 C_:&

where suffixes 'u' and 'c!" indicate the uncorrected
and corrected values respectively, : ’

| The boundary correction to rudder angle & is not
applied to the skeg angle & ; this correction varies typically from
zero up to about 0,7° at maximum rudder angle and, without oross-
fairing, its application would not allow direct comparison between
results for d!iffere,nt fixed values of ,6 foz_; varlation in rudder
angle, e
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Se PRESENTATION OF DATA

The notation of the angles and coefficients used in
the presentation 1s” given in Pig.3.

The results of the testa a.re tabulated in non-d.i.mensiona.l.. :
form in APPENDIX A3 and are presented graphically in Figs.4 to 10,
These plots show force coefficients, cenire of pressure chordwise
(as a percentage of mean chord from leading edge) and centre of presﬁure
spanwise (as a pe_rcenta.ée of gpan from root) versus angle of attack, ‘
In the fest resulta, the total area of rudder plus skeg is als¢ used in
deriving the force coefficients for rudder alone and skeg alone; this |
allows direct oompé.rieoﬁs to be made between the absolute forces on the
rudder, skeg and ﬁddu plus skeg. The only exception to this is in the
graphical presentation'of normal force coefficient Cpn for rudder alone, '
described below, o )

Fig.4 shows the results for the all-movable rudder
plotted to a base of oL , the rudder angle relative to the wind.

In Figs. 52 to 5g the results for both rudder plus
skeg and rudder alone are plotted to a base of K , the angle of rudder
relative to wind, for various fixed values of skeg angle £ e '

In Pig.6 the lift characteristics for the rudder alone
for selected skeg angles are :Eepi-oduoed.

Fig.7 shows the 1ift characteristics f_ér the skeg alone,
plotted to a base of < , - o _

. In ﬁg.e a comparison is made between 1ift coefficient
versus angle of attack o for the all-movable case, rudder plus skeg for
£ = 0, rudder plus skeg for S = 0 at reduced Reynolds Number, and
rudder plus skeg for A = 0. without transition sirip.

o In oxrder to pr&ide a direct comparison with the all-movable
. rudder, the corrections to the skeg rudder data necessary to yield the
' p = 0 case from the /5 = =0,25° case were carried out for the
results shown in this diagram, '



In Fig,9 the movable rudder normal force coefficient
Cw curves based on movable area only, for various fixed values of
skeg a.:'zgle'/s , are plotted to a base of & , the angle of the rudder
relative to the 'akeg (or ship). Whilst for consisteney the_ test results
‘for -Cn are based on total area, for possible design applications the
graphical presentation of Cn in Fig.9 is based on movable area;
i.e. since for this rudder (skeg area/total area) = 0,205, the coefficients
Cu in the tabulated test results have been divided by 0,795 in order
to derive the coefficients based on movable area,

A In Fig.10 the normal force coefficient Cv curves
based on total area of rudder plus skeg, for various fixed values of
gkeg angle ,6 s are plotted to a base of e » the angle of the rudder
relative to the skeg (or ship). '

Photographs of the tuft studies of flow patterns for a

skeg angle (5 of -5.° .and various rudder angles 4 s are shown in
Fi.g.'12or -



6e DISCUSSION: OF RESULTS

6.1 Comparison of All-Movable Rudder of Present Work
with Existing Published Datas

The all=movable rudder forms a basis with which the
skeg rudder can be compared, In order to check its characterietics,
comparisons were made with the free-stream characteristics of all-

. movable control surfaces published byWhickerand Pehlner, Ref,2,
" and Jones, Ref.l. '

' Seiected results of Refs,]l and 2 for a Reynolds Number
of 0,86 x 10° and Geometrie Aspect Ratio of 1,5, and corrected for
sweep, thickn_ess ratio and taper ratio as necessary, are'repfoduoed
below together with the results for the present work,  The results for
the present work for the complete range of rudder anglea are shown in
Fig.4. )

Ref,2. Ref,1, Present Work -
(Smoo‘l‘h) (Smoafh - and (L.E. Eoua"lness)
LE. Rouahﬂess)
C ’ ’
[j—':] 0,052 . 0,053 (smooth) . |
Xjx=o | | 04051 (Rough) 0.048
CLmax 1,02 ] 0,94 - (smooth)
g 0,77 (Reugh) 0.91
O sraLL 220 _180 _ 200
Co @ 10° | 0,043 - o 0,040
co @ 20° 0,160 _ - 0,172
cre @ 10° 16e% ; - 17.5%
cPe @ 20° - 2%% - 2%
cks @ 10° | 45% | - 45%
ces @ 20°) | 408 - | ATH
. jusl’ Pre-sfull




The results of Ref,)l with leading edge roﬁ.ghnees would
indicate a deficiency in the 1ift curve slope of the present work of .
approximately 0,002/degree, Further, tests in Ref.2 were carried out with
a groundboard; making an approximate boundary layer displacement thickmess
correction (10 mm) to the present work would account for a further deficiency
of approximately 0.001/degree, Taking into account the facts that the tests
in Ref,2 were carried out with a groundboard displaced from the tunnel floor,
tests in Ref,) were carried out with a complete wing clear of tunnel walls,
~ and that corrections for variation in the parameters of the various rudders
are of necessity approximate, it is considered that the lift curve slope
. for the present work is very satiefactory.

The results of Ref,l would indicate a deorease in C yax
and a slightly earlier initiation of stall when lead,'l.ng edge roughness is
applied, It is oonsidéred, therefore, that roughness probably accounts
" for the 8lightly lwe;- values of Cimox 8and gy for the present work
compared with Ref.2, - - '
Considering the above gqualifications concernming test
conditions, drag coefficient and centre of pressure for the present work
also show satisfactory agreement with Ref,.2, '

It is concluded that the overall characteristics of the
all-movable rudder of the present work compare favourably with existing
published data, and that its characteristics form a very satisfactory basis
with which to compare the skeg rudder, The results also confirm the
satisfactory operation of the new dynamometer and equipment which was
constructed primarily for these tests, '

6.2 . Skeg Rudder Characteristics:
6.2.1 Lift and Stall

The 1ift cha.raoterisfica for skeg angles varying from
«15.25° to +14.75° are shown in Fige.5a to 5g. Ih all cases, including
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the rudder plus skeg and rudder alone conditions, there is a distinot
discontimity in the growth of the lift curve., The discontinuity becomes
more pronounced as negative a.ngle of attack on the skeg is increased, The
discontimity is considered to be due to early separation aft of the akeg;

' flow through the gap between rudder and skeg is lz.kely t0 be contributing
¢o this early separation and this phenomenon, together with ito influence
on the characteristics of the skeg rudder, is the subject of a more detailed
discussion later,

: For all skeg angles the 1ift curve is approximately
linear before and after the discontimuity, and of smaller slope after the
discontimuity. Compared with a 1ift curve slope of 0.048/deg.. for the all-
tiovable rudder, the lift curve slope for the rudder plus skeg combination is
approximately 0.038/deg. before the discontinuity for both negative and
positive skeg a.ngleo; after the discontinmuity it 1is approximately 0.029/deg.
for negative skeg angles and approximately O 02‘2/deg. “for pOSltl‘VB slceg a.ngles.
Based on total area of rudder plus skeg (per Figs, 5a. to 5f) “the 1ift ourve
slope of the rudder alome for all skeg angles is ap_proximately 0.029/deg.
before the discontimuity and 0,022/deg, after the disconmtimity,

An inspection of the rudder alome curves indicates that

the_ start of the decrease in rate of growth of 1lift ocours at about O = 7,5
for the B = -15,25° case increasing to about oC = 12,5° for the

B o= 9.75° case. For comﬁara.tivel purposes the 1ift characteristics of
rudder alome for 3 = ~10,25°, =0,25° and B = +9.75° are reproduced
in Pig,63 the lift curve slopes and trends are seen to be similar, It is,
however, interesting to note that at angles of attack up to about 10° the
skeg angle @ S = «10,25° produces a favourable inflow angle leading to
an increase in 1ift compared with the B = =0,25° case, whilst the skeg
angle of B = 49,75 is disadvantageous, As would be expected, once breakdown
of flow occurs aft of the skeg, these conditione are reversed and more lift
15 produced by the - B = +9.75° case, |

L]

Considering the B = =0,25° case (Fig.5d) after the
discontimity in 1ift curve it is seen that, of the total 1ift produced by
the rudder plus skeg combination, about 83% of the 11ﬁ is contributed by .
. the movable portion of the rudder and the remainder by the skeg, The
contribution of the skeg deoreases with increase in negative skeg angle and

11



increases with increase in positive skeg angle,

Fig,7 shows the 1ift characteristies for the skeg alone,
All the skeg angles show a similar trend; there is a steady build up of
1ift until separation aft of the skeg occurs at which stage there is a
distinct decrease in the 1ift on the skeg. The decrease in the 1ift on
the skeg is an indication of the influenoe of the flow leakage from the
high pressure (face) side through the gap to. the low pressure side, As
rudder angle is further increased the positive and nega.tive total prasaure

" build uwp is sush that the 1ift on the skeg starts tq increase again,

A general observation from Figs.6 and 7 is that in
relative terms the attitude of the skeg does not have a large effect on the
1ift produced by the movable portion of the rudder (Pig.6); a much greater
proportion of the change in total 1ift of rudder plus skeg combination for
variation in the skeg angle is due to the relatively larger change in the
1ift on the skeg itself (Fig.?).

Figs.5¢c to 5f indicate that the maximm 1ift coefficient
CLmox for rudder plus skeg combination (tested at a Rn of 1,23 x 10° ) varied
from lo‘@for p = 9-75°g~ 0.940 for /3 = 4’750’ £ 0,870 for ,8 = -0°250
$0 0,850 for A = =5,25°. (Cimax Was not attained for B = 14.75° due to
vibrations in the rig, mor for A& = =15,25° and =10,25° due to the limits
of approximately 40° in angular adjustment of 4 ). The values compare with
‘a CpLmax of 0,93 (coﬁected to a Rn of 1,23 x 10."’ ) for the allemovable
" rudder, Compared with the all-movable rudder, therefore, CLwmax for the
rudder plus skeg combination is 1% larger for A3 = 4.75°, 6% smaller for
/6 = «0,25° and 9% smaller for Ié = =5.25%

-Filga.50 to 5f show that the stall angle,’o'c_s‘;;:,_','for'fhéhr"&dder :

g plus' skeg, was not influenced significantly by skeg angle and ha.d values of

'"36" 34% 34° and 37° for skeg angles B of =5.25°, =0.25° . 4.75° and 9.75° .
regpeotive]_y, chTm_ for the Tudder aloné was- approx:l.mately 33 for “each ‘of " th Ty

——— T e a——— T e — o — = — - .

skeg angles, These values compare with a stall a.ngle of 20° for the “all-movable
rudder, Fig.8, which shows 1lift coefficient versus angle of attack -
for various conditions, ‘includes ‘the results for the all=-movable rudder and the
skeg rudder (for rudder plus skeg at B =0 )3 an overall picture of the
differences in 1lift producing cha.racteriatics between the allemovable and skeg
rudders is clearly seen,

12



642.2 Drag

An approximate comparison between the skeg rudder with

B = =0,25° (Fig.5d) and the all-movable rudder (Fig.4) at zero angle
of attack (o¢c = 0 ) indicates that Cbo for the skeg rudder is up to
about 10% greater than the all-movable rudder, A comparison in terms of
equal 1ift shows that for 1ift coefficients of 0,250, 0.400 and 0,800
the drag of the skeg rudder is about 40% greater, 155 /greater a.ndrﬂo% B
greater respectively. These differences in drag increase with increasing
pegative skeg angle and decrease a little with increasing positive skeg
angle, '

From Figs.5a to 5f it is seen that there is a discontimity
.in the growth of drag with increase in angle of atta.ck for both the :mdder
plus skeg and rudder alone casesg . this dlscontinulty ocours approximtely _
at the completion of. separation and then stall of the portion of rudder behind
the skeg, » L ' )

Figs.5a to 5f also show that the drag of the rudder alome
case is considerably loi:er than the case of rudder plus skeg for low angles
of attack; close inspeotion‘in fact reveals that at low angles there is some
negative (forward) drag on the rudder alome., This latter fact confirms that an
attractive force existed between the rudder and skeg at low angles; using
the case of B = =0.25° (Pig.5d) for discussion, as angle of attack is
increased and the angle approached at which leakage through the gap would
appear to commence (about 5° = 74°) the drag of the rudder alone is -seen to
increase.relatively_rapidly until it is, as would be expected, only a little
less than the case of rudder plus skeg, If the rudder alonme were treated as
if in isolation, and withcﬁ’c attraction, then if the tofal drag coefficient
of 0,020 on the rudder plus skeg were assnmed to be comprised of 0.004 due to
_friction and O, 016 due to form, and the movable part is assumed to account for,
say, 80% (0,003) of the friction and 50% (0.008) of the form, then a drag
coefficient of about 0,011 would have been expected from the movable part of
the rudder, - -

The existence of an attractive force between rudder and
skeg was not unknown nor unexpected; it has, for example, been described and
disoussed in Ref.4., The existence of this force does not invalidate the results
of these tests for small anglesy it should, however, be borme in mind that the

13



drag results for the rudder alone are not for the movable part in isolation
but in association with a skeg having the overall properties and gap size
used in these tests,

6243 Centre of Pressure

Variation of centre of pressure, as a percentage of chord
from leading edge and percentage of span from root, with angle of attack
is shown plotted in Figs,5a to 5g. With positive 1ift on the movable .
rudder and negative 1ift on the skeg the true centre of pressure for the
rudder plus skeg combination becomes indeterminate; the centre.of pressure
for rudder plus skeg has, therefore, been omitted for ,5 = -15.25° and
~-10,25° in Figs.5a and 5b. ‘

The centre of pressure chordwise, CP3, for A = -0,25°
is seen to have a relatively large amount of travel compared with the all=
movable rudder (Fig.4); with increasing rudder angle, d ., CPS moves rapidly
aft until separation behind the skeg is complete (approximtely coincident
with the discontimuity in the lift curve) after which the movement of CP¢ is
less pronounced, A similar form of CPé travel is also indicated in the Report
on tests carried out on semi-balanced rudders by Hagen, Ref.6., With increasing
positive angle of attack /6 on skeg the movement of CP¢ is even mc;re pronounced,
whilet with increasing negative angle of attack its movemeni is less pronounced.

Fox skeg angles A between ~10,25° ard +4,75° the centre
of pressure CPc for the rud.der alone is seen to be forward of the rudder stook
for rudder angle d up %o about 12% s leading to negative torque_s. Published
resﬂts, for example Refs,7 and 13, indicate that CPo is likely to be even
farther forward when working in a propeller slipstream, hence careful choice
of balance area is reqﬁired for this rudder type, partieularly when working aft
of a propeller, if negative torques are to be avoided.

Compared with the all-movable rudder the movement of the
centre of pressure spanwise, CPs, is also seen to be relatively large for skeg
angle 2B = ~0,25°, and for increasing negative and positive skeg angles,
CPs for the rudder plus skeg combination is seen to be larger. than that of the
all-movable rudder; this is apparently due to the relatively larger proportion
of the 1lift oarried by the outboard 'allemovable® part of the skeg rudder after
the portion aft of the skeg has stalled. '
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The centre of pressure of the skeg alone is included in
the tabulated test results in APPENDIX A3; this data is, however, erratic,
due mainly to the faet that the skeg centre of pressure position is analysed
using the difference in forcea on rudder plus akeg and rudder alone, When
this difference tends to zero (such as when the 1ift curves cross for
negative skeg angles) the data becomes irregular and unreliable.

6.2.4  Eudder Normal Force

The rudder normal force coefficient, Cn , (based on movable
area) and chordwise centre of pressure characteristics for the rudder alone
are shown plotted in Pig.,9. This diagram gives an overall picture of the
influence of skeg angle (or drift angle at rudder) on rudder normal force and
centre of pressure, Since torque is defined as the rudder normal force times
. its distance from the rudder stock, the information contained in the diagram
 allows direct calculations for torque in.the free' strean condition to be made
for a skeg rudder with the geometric properties th_e game as, or simtlar to,
those cutlined in Fig.l.

64245 Ship Normsl Force

The ship normal force coefficient, Cy , characteristies for
the rudder plus ékeg combinations are shown plotted in Fig,10, This diagram
gives an overall picture of the influence of skeg angle {or drift angie at
rudder) on ship normal force due to the rudder, Use of the diagram, together
with the appropriate centre of presaﬁre from Figs.5¢ to 5g allows the
caloulation of the turning moment on the ship dwe to the rudder plus skeg
combination in:a free stream, Whilst the centre of pressure CPc of the rudder
plus skeg combination for A8 = -10.25° and -15.25° were indeterminate,
inspection of the data suggests that, compared with the distance of the rudder
to the ship centre of gravity, the use of CPc for 3 = ~5.25° for these cases
would not incur significant error,

6.3 Visual Flow Studies:

Fig.12 presents photographs showing the resulis of the flow
studieas for a skeg angle S = -5° and a systemmatic variation in rudder angle
d o The photographs on the left band side of the figure show the flow over the
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back (low pressure) side of the rudder whilst the adjacent photographs on the
right band side of the figure show the flow over the face (high pressure) side
for similar rudder and skeg angle conditions. The following general comments '
are given on the flow characteristios pertinent to ‘the present study.

The photographs indicate that, on the back (low pressure)
side, separation behind the skeg commences at about §d = 5°~, hag moved forward
about half vay along the movable portion by ¢ = 10°, and that the flow over
the movable portion behind the skeg is completely separated at d =15°, _ _
The upper 'all-movable! portiom is showing signs of separation at d = 2003
this increases up through d = }00 until at d = 40° coﬁ:plete separation
has occurred. |

From the photographs of the face (high pressure) side, flow

o through the horizontal gap is', seen to be starting at about d = 10° and is

well established by d = 150. Reversal of one tuft into the vertical gap
at d = 15° indicates the approximate start of a strong gap flows by d - = 30°
most of the tufts are reversed into the gap.

Similar trends to those deseribed above were recorded for
skeg angles /6 of +5°%, 0° ana #10°,

6ed Separation and Gap Effect:

Discontimiities in the 1lift and drag é‘u:fves, illustrated
in Figs,55a to! 58; were desoribed in SECTIONS 6.2.1 and 6.2.2 ; these
dieontinuiﬂes are evidently due to early separation behind the skegs this
early separation is confirmed by the visual flow studies, shown in Fig,12 and
disoussed in SECTION 6,3. |

It was seen from the flow studies that whilst separation behind
the skeg starts at relatively loi rudder angles, separation on the 'allemovable"
part of the rudder does not start intil somewhat higher angles; hence an
intermediate situation exists for the skeg rudder where the flow behind the
gkeg is fully sepg.ra.ted w_hj.lsf that clear of the skeg is still attached.: _Thia
‘characteristic was reported in Ref,5, in which the confused flow was attributed
to the horizontal break,
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Flow through the vertical gap from high pressure side to
low pressure side is evident from the visual studies; these studies suggest
that strong gap flow may not be sta.rtihg until the portion of the rudder
behind the gap (skeg) is nearly completely separated (at sbout d = 15°
or o< = 10° for the B = «5° case), The relatively rapid convergence
of the drag resulie for rudder alome with those of rudder plus skeg at about

o =5 - T&° for the B = -0,25° case (and similerly for the /S =
5.250 case) does, however, suggest the initiation of flow leakage at very
low rudder angles, |

Relevant two-dimensional section data, reviewed briefly
" in APPENDIX A2, for aerofoils with large flaps indicates that discontimmities
can occur in the 1ift curve even vhen the gap is sealed; these lift
characteristics are accompanied by relatively large movements in CPeé, It
is also evident from Ref,19 (discussed in APPENDIX A2) that a gap does
allow flow leakage with consequent decrease in lift, anmd that increasing the
gap deereased the 1ift slope; confirmation of this fact was reported in_Ref.4.

The influence of the horizontal gap is not clear; Fig,8
includes the case of the a.ll-movable'rudde:_: (i.e. Tudder + skeg moved
simﬁltaneously) with gaps left open. It is seen that the decrease in lift
curve slope relative to the gap-sealed case is small compared with the
decrease for the skeg rudder /5 = 0 case, This would suggest that the
horizontal gap is not of great significance, Further, this result also
suggests that the relatively sharp decrease in growth of 1ift for B =0
is due primarily to the build up of separation over the flapped portion of
the rudder (behind skeg) as compared with being due to flow leakage.,

| Fig,8 gives an indication of the influence of Reynolds Number,
Bn, for the ’ /6 0 casej as would be expeéted, there is no significant
change in the 1ift curve slope for small angles of attaek, Similarly after the
reduction in the 1ift curve slope there is very little difference in slopes,
CLmox and oCsmu are reduced slightly for the lower En, which follows
expected trends, It is seem, however, that the reduction in 1ift curve slope
is delayed for the lower Rn. Reduced Bn tests were also made for B = 4.75°
and 9.750, Pigs.5e and 5f; for /6 = 4,75° there is only a slight delay in
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slope change but for ,6 = 9.75° the delay is similar to that for
ﬂ = 0 in Fig,e.

. The result for ﬂ = Q0 with the tramsition strip removed
is also shown in Fig,8. The 1ift curve slope is slightly larger up to
about 7&0 but; unlike the case with transifion strip, contimmes up until
about o< = 15° bei;oré the slope sﬁddeni}l‘;‘--dacreases-. This result is in
“agreement with the results presented in Ref;14 vhich show that the effect
| of leading edge roughness is fo decreagse the 1lift curve slope for wing
sections having thickness ratioa of 18% or mores the effect increases with
increase in_thicknqs ratio., A decrease in 1ift curve slope and earlier
~ sfall for a.'erofoiis \;ith leading edge roughness is also reportéd in Ref,l.
Extended laminar flow is likely without the use of roughness and, with the
‘ thin turbulent boundary layer which then develops downstream, separation
- is 11kely to be delayed. Further, the reduced momentum in the lamipar
boundary la.yer in the case of the test without {transition strip, or the
turbulent boundary layer for the reduced En case, is less capable of
promoting gap flow,

The. resmlts of this Report, and supporting publ:.shed data
with gap sea.led, auggest that the’ orvera.ll characteristic discontinui‘by in
the growth of the: 1ift curve for the skeg rudder is due prima.rily to the
semi=flapped rudder c'onfigurats.on,. and early 'build up of separation hehind
the skeg; this would also account for the relatively la.rge movenent of
'CPG for the skeg rudder, The degree to which separation is influenced by
ga.p flow is not conclusive; the results do, hwefver, indicate a steady build
up of flow 1ea.l:age until complete gap flow is esta'bl:.shed. According to
published data on gap effects this would a.ccount, at least in part, for a
‘reduction in the absolute 1ift curve slope,
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Te CONCLUSIONS AND RECOMMENDATIONS

Tl The overzall characteristics of the simmlated all=movable
rudder of the present work compare favourably with éxisting published
data., Its characteristios, therefore, form a satisfactory basis with
which to compare the skeg rudder,

Te2 ' The skeg rudder displayed a characteristic discontimmity

in the growth of 1ift with increasing angle of attack; a relatively

sharp deorease in the growth of 1ift occurs followed by a steady build .
up of 1ift again as angle is further increased until stall of the complete
rudder takes place. The data, supported by visual studies, indicate

that the diadbntinuity is caused by the build up of separation leading

to early stall of the movable part of the rudder behind the skeg.

Te3 The rudder plus skeg combination has distinetly different
lift characteristics from the equivalent all-movable rudder with the same
total area and aspect ratio. Whilst the maximum 1ift coefficient developed
by the skeg rudder is(omly a little lower tham: the allemovable rudder, ite
~ rate of increase of 1ift for increasing angle of attack is considerably
less, Compared with a 1ift curve slopé of 0.048/deg. for the all-movable
case, the skeg rudder (at zero skeg angle, for example) has a lift curve
slope of 0,038/deg, before the discontinuity followed by approximately
0.029/deg. after the discontimuity; at angles of attack of 10° and 20°

the 1ift coefficient for the rudder plus skeg combination is approximatély

30%.and 38% less than the all-movable resﬁectively'.

T4 The fesnlts for zero skeg angle show that, ‘of the total 1lift
produced by the rudder plus skeg combination, about 83% of the 1ift is ™"
contributed by the movable part of the rudder and the remainder by the skeg,
In general terms, the lift produced by the movable part of the rudder was
found to be relatively independent of the skeg angles a much greater
proportion of the change in total lift of rudder plus skeg combination for
variation in skeg.a:agle was due to the rélatively larger change in the lift
on the skeg itself, -
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745 For the same developed 1ift, the skeg rudder had much
higher drag than the equivalent all-movable rudder. For example, at- lift
coefficients of 0,250, 0,400 ard 0,800 the drag of the rudder plus skeg
combination for zero skeg angle was about 40%, 155% and 170% greater -
respectively than the equivalent all-movable rudder., It is considered
that this inoreased drag was due to the early separation of the movabdle
part of the rudder behind the skeg,

T6 The- skeg rudder has a large movement in ita centre of
" pressure with change in angle of attack.

Compared with a total movement in CPc over the unstalledf”
range of about 7% for the all-movable rudder, CPc for the skeg rnddem V.
moved aft about 22%, For most of the skeg angle range tested, the 0150 S
for the rudder alone was forward of the stock for rudder angles up to
about 1&0, leading to negative torques, Other published data indicate
that CP¢ is likely to be even further forward when working in a
propeller slipstreams careful choice of baléme area is, therefore,

required for the skeg rudder type if negative torques are tc be avoided.

Compared with a movement in CPs over the unstalled range
of about 4% to a maximum CPs of about 47% for the allwmovable rudder,
CPs for the rudder plus skeg combination moved about 11% to a maximm
of about 54%. This difference in maximm CPs is evidently due to the
relatively larger proportion of the load carried by the outboard 'all-
movable' part of the skeg rudder after the early stall of the movable
vart behind the skeg,

Te7 The resulis show there is a steady build up of flow

leakage through the ruddereskeg gap until complete gap flow is established;
strong gap flow would appear to begin approximately when the part of the
movable rudder behind the skeg is completely stalled, The degree to which’
the early separation behind the skeg is influenced by gap flow is, however,
not conclusive, Existing published two-dimensional section data for aerofoils
with gaps sealed would suggest that the charaecteristic discontimuity in

1ift curve, and large movement of centre of pressure, obtained for the

skeg rudder is due mainly to its semi-flapped configuration, and not
necessarily to gzap flow,

due to 1eakage through the &aDe

P
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It is considered that the results for the Bkeg rudder of thia,-
Report represent realistic characteristics for the free-ptream oondltlon«»

since the chosen gap size was typical for rudders currently fitted to ‘a.“';'mm'ber'.l'
of ships,

Some further studies on gap size and shape are, however, felt
to be necessary if the influence of gap on separation and rudder perfcs 430
is to be fully understood. _ E

T.8 It is concluded that the resuits of the free-stream tes;
prenented in this Report contribute to a better understanding of the
performance of the skeg rudder; the results do, however, highlight
the need for further investigation of the skeg rudder in order te¢
provide a complete understanding of its operation, and to predict the
most effective combination of rudder, skeg and gap parameters for a
particular situation,
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NOMENCLATURE

The notation

X-Axis
Xp Axis
Y-Axis

Y{; =Axis

ol aTaLL

of angles and coefficients is further depicted in Fig.3.

- Geometrio aspect ratio

- Chord
- Mean chord
- Tip chord .
T - Root chord
- Centre of pressure chordwise, measured from leading edge
- Centre of pressure spa.miise, measured from root
- Drag coefficient
- Lift coefficient. .
- Maximum 1ift coefficient
- Normal force coefficient, normal to Tudder - -
- ; 'Norm’.a.l fci'ce ooefficient," normal 'i:o ékeg or sh.tp o
- Reynolds Number
- : Rudd_er span
- Rudder section thickmess
- Air flow axis = longitudinal axis of tunnel
- Skeg axis
- Axis normal to air flow
- Axis normal to skeg
- Rudder angle relative to flow -
- Rudder stall angle reiative to flow
- Skeg angle relative to fiow (or ship drift angle

at rudder)
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J | - Rudder angle relative to skeg, or ship

P

‘ ~+ Sweep of guarter chord.
. . Skeg area (assumed to £ of stook)
Skeg Area Ratio - Total area (movable + skeg

Balance Area Moveble area forward of £ of stock

Ratio = . .- Total movable area
Total Movable Total area (movable + skeg) - Skeg area (assumed
Area - : S to ¢l of stock)
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APPENDIX Al

CHOICE OF MODEL RUDDER CHARACTERISTICS

The principal particulars of the rudder are shown in
Fig.l and background reasons for the choice of these characteristics’

 are as follows:

Geometric Aspect Ratio

Since at the design stage rudder area would usually
be assumed to be some proportion of ship immersed lateral area,
and rudder span some function of draught (due to aft end deaigﬁ
characteristics) the designer does not normally have freedom of
~choice regarding mddér aspect ratio for a particular ship ty'pe;

A survey of recent ship completions ixidicates the use
of a range of AR, varying from 1,0 to 2.0,

The model rudder tested has a geometric aspect ratio
of 1,5; this is considered to be a satisfactory mean value for modern

ship applications and for the purposes of the basie perfgrmnoe teste,

It is envisaged that a future extension of.the model
rudder series might include aspect ratios of 1,0 and 2,0, '

Taper Ratio

A s:tudy of recent ship applications indicates the use of
taper ratios varying from about 0,60 up to 1,0, but with no apparent
scientific background accounting for the chosen value, The rudder
tested has a taper ratio of 0.59; future tests on rudders with taper
ratios of 0,80 and 1.0 are projected. ' '

Skeg Depth

The survey of recent ship applications indicates the skeg
depth for the majority of the ships to be between 48% and 52% of the span,
Isolated cases exist where values as low as 40% and as high as 55% have been
used, Since the centre of pressure acts between 45 and 50% of the span
{measured from root), and structural design analysis can be simplified by
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assuming the whole rudder load to act at the lower pintle, then from
the structural point of view the use of a skeg depth/rudder span ratio
of between 0,45 and O, 50 would appear justified.

] If outhoard tailshaft removal is required in single acrew/
gingle rudder or twin Bcrew/twin rudder designs, then existing design
arrangements would indicate a maximum allowable skeg depth of about
50-55% of span, For simplicity of design, and comparative purposes, the
rudder tested had a skeg depth/rudder span of 0,50 (0.496). An extemsion
to the basic tests might entail varying the skeg depth above and below
50% for one of the rudders, whilst keeping taper ratio constant, '

Skeg Area, Balance Area and Sweep of Quarter Chord

Since for a fixed skeg depth the skeg area is related to
© structural requirements, i.e, fore and aft length and thickness {to be
discussed later), and the balance considered is the static geometric
case, the chosen skeg and balance areas have been closely related to

existing rudders,

A survey of published designs indicates the balance ratio
for skeg rudders acting behind a propeller to be generally between
19% and 21%; a value of 19% was chosen for the basic rudder. The skeg
area ratio tends to fary betweer 19% and 23% and a value of 20,5% was
chosen for the basic rudder, In order to achieve these values for the
taper ratio of 0,59, a sweep of gquarter chord of 3,8° is necessary.

" Thickness and Section Shape of Rudders

Since thickness is related to structural requirements of
rudder and skeg, a survey of existing ship rudders was made; this shows
the thickness/chord ratio to vary from about 0,18 to about 0.24.

Based on this data, and the future need to compare the
results withApﬁher published work, a constant thicimess/chord ratio of
0,20 was ﬁsed. The section chosen is the MACA 00 series; its general
section characteristics are well known and are suitable for the proposed
application; a further desirable feature is that its maximum thickness is
30% aft of leading edge which is close to the likely position of the rudder
stock and pintles.
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. Radial and Horizontal Gaps hetween Movable Rudder and Skeg

The gaps for eight rudders for fast carge and container
ships were analysed, These tended to vary between 25mm and 50mm, and
were independent of absolute rudder size; such gaps will, of course, cover
.the provisions for adequate access for cleaning and maintenance. The
analysis indicated the gap/mean chord ratic to vary between about
0.005 and about 0.014,

A compromise gap size of 4mm was choaen for the model
rudder, resulting in a gap/chord ratio of O 009.

Although other experimenters (e.g. Refs.4 and 15) have
used smaller values, the chosen gap ratic is considered to represent a

realistic ship value,
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APPENDIX A2

BRIEF REVIEW OF SOME TWO-DIMENSIONAL SECTION DATA FOR FLAPPED AEROFOILS

In an attempt to provide a better understanding of the
performance characteristics (in particular, 1ift) of the rudder
described in the present work, a brief review was made of some early
published work on flapped aerofoils, Refs.l6, 17, 18, 19, This was
felt necessary since, for example, neither the results in Ref.6, for
gsemi=balanced rudders, nor cross=plots of the data for flepped rudders
in Ref.4, indicate discontinuities in the growtﬁ of the lift curve,

Specific results, and cross-plottings, from Refs,16,
17, 18, 19 are presented in Fig,11l (for clarity, the Nomenclature of
the present Report is used). Considering first the data for variation
in angle of attack with gap sealed, Fig.11(a), the results indicate
clearly a relatively sharp decrease in the growth of the 1lift curve as
separation builds up and stall occurs bn the flapped part of the aerofoil,
. followed by a steady increase in 1ift with further increase in angle of
attack. This effect is more pronounced as the ratio of flap (or rudder)
size is increased as a proportion of the total rudder plus skeg combination.
The most extreme case tended to be for B = -4%9 (Pig.11(b) ) for which
& very pronounced discontimity occurs; Fig.1l(d) also includes the 1lift
rroduced by the skeg alone for which a similar discontinuity occurs. The
variation in CPc with angle, also included in Fig.11(a), for the flapped
foils is seen to be lérge; as would be expected, the movement in CPo
decreases with increasing flap size.

Ref,19 investigated the influence of gap size on performance
for a 30% flap and cross-plots of the results are shown in Fig,11(c);
it is seen that the 1lift curve slope decreases as gap size is increased,
The trend of the curves doés, however, suggest that whilst %here isa
distinct loss in 1ift due to gap (e.g. about 20% for the 0,010¢ gap at 20°)
the difference in effect between, say, the 0.005¢ gap and 0,010 gap is not
large, This conclusion was also arrived at in Re£.20} Parther, the
influence of a gap appears to diminieh at larger angles of attacké this effect



is also reported in Ref.4.

. A general conclusion drawn from this brief review
is that whilat the presence of é.gap influences the 1lift curve slope,
its presence is not of neceséity ir order to produce a discontimuity
in the 1ift curve of a flapped lifting surface. |
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APPENDIX A3
TABULATED TEST RESULTS
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Fig. 12c

FLOW PATTERNS OVER RUDDER
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