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with the symbols used in earlier Shipbuilding Institute investigations of
rudder and steering characteristics. Insofar s poasible, they conform
to the recommendations of the International Towing Tank Conference.

Points

0,

Center of the turning axis of the rudder in the xy-plane
of the ship

Center of lateral resistance of the ship without rudder

Interval of abscissas (Figure 6)

Maximum breadth of ship

Maximum profile thicimess

Thickneas of profile nose at dy/dx = 0 (Figure 3)

Thickneas of the trailing edge of the profile

Original thickness at the trailing edge of a
shortened profile

Length of the straight profile tail

Thickneas of the rudder neck (Figure S)

Rudder height

Profile length, in general

Lateral length of the hull

Shipts rotation at 35° rudder angle
Lateral lohgth of the rudder

Original length of the shortered profile

Length of the upper edge of the rudder

Length between perpendiculars

Rudder length

Length of the rudder at the height =

Length of the lower edge of the rudder

Length in the waterline of the ship

Langth of a waterline st the height s

Length of the profile nose

Radius of path, in general

Radius of the path of the center of lateral resistance

Radius of ourvature of the profile contour at the
maximm thickness

Radius of the profile nose

Radius of the trailing edge of the profile

Lenzth of the profile tail of varisble thickness
Figure S)

Draft of the ship
" :




x Profile abscissa, longitudinal axis of the rudder,
longitudinal axis of the ship

Zan Distance of the profile nose thicknesas from the leading
Ly

Zya Distance of the profile neck from the leading edge

x4 Horigontal distance of the turning axis of the rudder OA
from the center of lateral resistance OL

¥ Profile ordinate

z Vertical distance of a waterline above the keel base or

: above the rudder base, respectively
n = ylA Non=dimensional ordinate
Qo Contour parameter for the curvature on the profile nose
(Figure 6)
A, =2-TYA, Aspect ratio of the hull
Ag = H*y/Ax Aspect ratio of the rudder
Apo = H'g/A,, Aspect ratio of the rudder with unshortened profile length
& ==z/A Non=dimenaional abscissa

Areas
; Ag Lateral area of the hull
‘ Ap Rudder area
: Ag, Rudder area for unshortened profile length
Ag Crosa-sectional area of the slipatream in the teat

section of the wind tunnel
v =A/(Ly, -T) Fullness of the lateral area

e ——

Volumes

| 4 Volume dispiacement of the ship
6, =V/Ly.B.T) Fullneas of the displacement, referred to the lateral
length
dyp = ¥V/(Lpy . B.T) Fullneass of the displacement, referred to ths length
between perpendiculars

Angles

™ Rudder angle, positive for the stern rudder in the
sense of the port side rotation

& Angle of oblique flow, in general

e, Drift angle on the rudder axis, in general

6 4a Drift angle on the rudder axis, determinative for non-
linear forces

€ Drift angle on the rudder axis, determinative for
linear forces

€ Prift angle at the ocenter of lateral resistance of the
ship

€ pax Flow angle at the transverse force maximum

€ Flow angle of the rudder, in gemeral

€ns Flow angle of the rudder, determinative for the non-
linear forces

) € pw Flow angle of the rudder, determinative for the linear

forces
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Velocities
’ Relative velocity of the flow to the ship
o Polative velocity of the flow tc the ruddsr
Rewv.Ly/» Reynolds number of the rudcer
Forces and Mowents
c Transverse force of the rudder perpendicular fo v, ind

positive toward the right, as seen against theR
relative flow

Ca Transverse force contribution of the rudder to the ship,
perpendicular to v and positive toward the right,
as seen against the relative flow
ccmCfAn,: '!. ¢/?) Transverse-force coefficient of the rudder
©C,Max Maximum transverse-force coefficient of the rudder
tp= Di(Ay - ¢} .e/8) Resistance coefficient of the rudder

oy = Mi(Ap, L, v%. gM)Coofficient of the rudder moment referred to L /2

LTV Corresponding coefficient of thz -udder moment
referred to Lo/4 from the leading edge

xRy Drag power coefficient of the rudder, Equation [6]

Coe Coefficient of the non-linear transverse-force gradient

Gue Coefficient of the linear transverse-force gradient

6y m Xf(Ape-v :o/8) Longitudinal-force coefficient of the rudder

oy Corresponding lateral-force coefficient of the rudder

Sypr Coefficient of the control force of the rudder,
Equation [5]

D Resistance of the rudder, positive in the direction of
the relative flow of VR

Dy Contribution of the rudder to the ship's resistance

N Moment about the vertical axis of the rudder at L /2,
positive as seen from above, clockwise directi

M, Moment about the turning axis of the rudder of any
arbitrary location

Mp Contribution of the rudder to the yawing moment about the

center of lateral resistance of the ship
oy Moment about the vertical axis of the rudder at L /4 from
the leading edge

X Longitudinal force of the rudder, positive in the
rudder-x-direction toward the bow

Xa Contribution of the rudder to the longitudinal force of
the ship

Y Latsral force of the rudder, positive in the rudder-
y-direction to starboard

Ya Contribution of the rudder to the lateral force of the
ship

Physical Quantities
v Kinematic viscosity of the flow medium
e Density of the flow aedium
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ABSTRACT

Starting from present day criteria for the choice of the
size and arrangement of rudders, this paper discusses the
suitable streamlining of guiding-head and balanced rudders.
In addition to a purely visual comparison of conventional
(usual) and newly developed profiles, the report includes
profile offsets that have not been published previously and
contrasts the form parameters of various rudder profiles
which are based on a familiar mathematical method of pro-
flle representation, Comparative studies of several familiar
foreign rudder profiles and of rudder profiles which have
been developed in the Shipbuilding Institute in recent years
indicate that the modem profiles definitely improve rudder
efficiancy, both when the ship is moving astern and ahead;
this also applies to bow rudder profiles. The influence of
the thickness ratio (proportion of thicknass to length) in
the case of plate rudders—==which has not been established
experimentally in publications thus far-—is indicated in an
additional test series, To illustrate the possibilities of
subsequently improving the rudder profile either in effi-
ciency or balancing, the use of a rudder wedge arrangement,
with and without profile shortening, is discussed and
examples are given from a special experimental investigation.

A. INTRODUCTION

Support vreceived from the German Research Association and an ex-
tremely effective granﬁ from the Ministry of Transport has enabled the
Shipbuilding Institute of.the University of Hamburg to carry out several
theoretical and experimental investigations on the characteristics of
rudder. over a period of several years. Moreover, it was possible to
observe that during this period of time, the range of problems concerning
rudder and steering qualities of ships became larger an¢ more acute.

Thus, it was easily possible that the active pursuit of these investigations
was promoted and broadened by a fruitful contact with present-day require-
ments, on one hand, and by benefiting from the investigations started in
other research institutes on similer subjects, on the other.

The result was not so much a solution »f individual problems taken
up cmsecutively, but rather the purauit“of research work on a broad front;
hence, it will be understandable that the broad investigations are not
entirely completed but that it is inadvisable to delay all reports until
final completion. A number of findings have already been arrived at on the




basis of the rosults obtained in several individual fields which may have
fairly useful practical applications. Hence, the purpose of this paper

is to supplement the subject matter area of the intermediate results
reported thus fur]"z as well as the nearly concurrent intermediate re-
sult:s.w’:’0 In this connection, I must therefore ask the forbearance of
the reader if the timing of this report appears to be too early in view of
the whole range of problems to be tackled and too late in view of the
many detailed resuits obtained,

Since the installation of the facilities required for these and
similar experimental investigations is still incomplete, many compromises
regarding technical execution of the investigations were required. Staff
workers of the Shipbuilding Institute, especially Messrs. Bohme, Thiemann,
and Malzahn, deserve credit for the fact that the quality of the test
results was not adversely affected by this circumstance.

B. CRITERIA FOR ARRANGEMENT AND STRUCTURAL DESIGN

The first consideration vhen designing the rudder of a ship is, of
course, determination of the surface area. As a consequence of the pro-
peller arrangement and of certain real~--cr assumed--requirements for ma-
neuvering characteristics, we then obtain in relation to the preselected
surface area, a more or less arbitrary arrangement of the rudder or rudders
in relation to the ship and especially in relation to its propulsion
system. After this determination has been made, relatively little leeway
remains for selecting the aspect ratio of the rudder (AR = HZR/AR) s the
surface outline, and the type of rudder. In making these last-mentioned
decisions, it will often be found that structural and operational con-
siderations play a decisive role and that the only remaining problem of
the hydromechanical design is to utilize the structural conditions to
attain the best posasible hydrodynamic efficiency.

If for the time being we disregard the attempts at "hydrodynamic
treatments®™ of undesirable effects of horizontal gaps and the rare

]'Refermcea are listed on page 57,
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occasions to arrange for end disks and intermediate disks, then the only
design element remaining for this hydrodynamic problem is the streamlining
of the rudder. This last problem represents the core of this report.
However, in order to see it in the proper context, we shall first conmider
the other problems involved in designing ship rudders.

Even today statistical data are used=-probably almost exclusively--
in selecting the size of the rudder surfaces. Several smu-cela"’a-9
indicate, in the "usual manner," as it were, the rudder ai2a as a percent-
age of the lateral plane (AR/AL) as a function of the ship type or as a
function of the volume displacement ¥ referred to the lateral plane Al. and
and the lateral length LL' The results of References 3 and 4, conceived
to be valid for ™mormal" merchant ships, are shown in Figure 1, They are

a%, -

SHIBA

[

‘LOWER LIMIT' ACCORDING

1o [3]

\
L A
'

o © ¥ 3
A0 | o '
: o |o
[ G a0 &% &5 s
=
Pigure 1 - Minimum Rudder Sizes for Directional Stability

reasonably consistent with one another as well as with the data of
References 6 to 8. These data are based on the practical requirement of

3
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providing ships with a high value /(A . L) with a rudder area whick is
sufficiently large for directional stability. In the case of ships with
saull values of vl(AL < Ly), on the other hand, this dimensioning criterion
would result in (m umusually small rudder area; it is true that directional
stability of the ship would be attained, but the radius of the turning
circle would be uwnustally large.

Thus, we have touched on the two steering qualities of a ship which
are the most interesting for practical ship operation. Fregquently, only
the radius of the tuming circle as such comes under discussion; by this
we th?.t]y wnderstand the smallest tuming circle or, more procisely, the
radius of the tuming circle at approximately 35-deg rudder angle. This
is represented nondimensionally as "rotation® (LL/R)JS in Pigure 2. In

2t el

Facred

[ o [ 4 .&A—" an ' am o
Figure 2 - Rudder Size and Turning Ability at a 35-Degree Rudder Angle

contrast to the aforementioned directional stability, this radius of the
tumning circle represents a clearly defined charactsristic of every ship,
one which can be controlled with relative ease and which at least gives a
vory good clus for judging its behavior. In each special case, it is
poasible to set sise requirements which can easily be justified. The
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situation is altogether different in the case of directional stability; not
sven the experts have urood on the definition, let alone on the *correct

duipml vessel must have dirnctiona.l stabilicy. MNr, evan the question
of whether a ship sust have ®hatural® directional stability, i.e., not

l require automatic pilot, or vhether it may suffice to atcain directional
‘ stability, with the aid of an automatic pilot is by no means wnanimously

decided as yeot.

Without doubt, however, directional stability is the most signifi-
cant of all the steering qualities of & ship; ultimately; of course, a
ship sust first of all be able to keep a fixed course in an economical way,
and the ability t> alter this course will have to be of secondary impor-
tance. With this in mind, it may be sowrhat swprising that References 10
and 11 offer statistical data for the choice of the rudder sigze as a
function of the desired radius of the turning circle (see Figure 2). Prob-
ably the reason for this procedure, which may not seem to be altogether
logical, consists solely in the fact that the greater obviousness of the
radius of the turning circle holds a certain attraction comparad tec di-
rectional stability. It may also be that these procedures were originally
conceived in such a ma mer that for a given ship with a given rudder
surface, the radius of the turning circle to be expected was to be determined
on the basis of statistical data or of adapted theoretical considerations;
see References 2~ to 14.

The diagrame of Figures 1 and 2 are based on the above-mentioned
data, on an additional personal report of the Hamburg Model Basin (HSVA) on
prom rudder sizes of trawlers and inland vessels (self-propelled vessels),

and on qualitative derivations from the underlying theoretical principles-
contained in Reference 5; these diagrams serve to determine the rudder sise
as a function of the above-mentioned “wean breadth-length ratio”
¥V _8:L,;-BT J,, B
‘ Adi Ly " T lg T L Lyy
| for a specified constant or a statistical directional stubility. Moreover,
f they serve to indicats the radii of the turning circle that are randomly
[ obtained with this selection. In addition the changes necessary in the
| 5

il A b Gt v SRS A WO SN IR

SNt A i




e RN ——

v

bt SO
IRy i
. T

rudder surface (beyond or below the sise governed by directional stability)
to attain a corresponding change in tho radive ot chc turning circle ney
be estimated. The data of Poleuld, Seho-horr, ad Mo are useful
for this purposs and agree very well with the amalytical results obtained
by Schuits!® (ses Figure 2). The data taken from Reference 3 are alto-
gether different; they show implicitly the determination of AR/AL as a
function of #/AA; . L) and are thus unsuitable for determining subsequent
changes in the rudder sise. According to Refereuce 5, the two curves con-
tain an implicit determination to the effect that the rudder size is always
chosen in such manner that the directional stability barely vanishes so
that directional instability prevails. Moreover, Figure 2 should not be
used for values smallor tham A /Ay = 0.01 and for values (LL/R)” greater
than approximately 1.2. In the case of every normal ship, a marked re-
duction in the rudder surface toward sero by no means leads to a maximm
rotation approaching sero; even without rudder, a finite turning circle is
still obtained. Comversely, in the case of a fixad rudder angle of 35 deg,
an arbitrary increase in the rudder surface by no means produces a futher
increase in the obtainable rotation., As indicated in Reference S, a
rotation of approximately 1.2 represents the practical asymptotic boundary
value for infinitely large rudders.

In Pigwes 1 and 2 the rudder surface area is presented as an
obvious criterion both for attaining turning sbility and for attaining
directional stability and coupled with the latter for insuring “yaw-
checking ability®™* for the ship as well, To be sure, this is a customary,
but nevsrtheless coarse simplification of the actual relationships. Thére-
fore, it should be expressly pointed out that the dimensioning of the dead-
wood in front of the propeller and the arrengmment of fixed fins behind
the propeller are also to be taken into consideration, both with and with-
out the rudder, if certain characteristics of the ship are to be produced
or changed. In this comnection, it should also be pointed out that these
measures are not neariy equivalamt. An increase of the deadwood means

*'l'rmhtor'l note: Stutsfehigkert = yaw-checking ability, ability to
check swing of ship*c head by laying the rudder to the opposite hand,
“mocting” ability.
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somsthing totally different from an incresse in the rudder area or an
additional arrengement of fixed fine. Attention should also de called to
the danser of cutting svey ths Ssadmed Which is 5o popular today; the
oquivalence of the deadwood area snd the rudder enlargement vith regard te
directional stability vhich exists in the case of a smooth sea is sasily
lost in a following sea, for instance. This denger is easily intensified
if the areas of kesl or bilge keels are dimensioned with extreme scantiness
as is curtomary. It is too :asily forgottem that the kesls not only serve
to stabilize the ship against rollimg but also to improve directional
stability by reducing the possibilicy of rumning off course.

An additional factor is implicitly contained in the above-mentioned
statistical and simplified analytical results although it is not comeidered
in s refined form. This is the effect of the aspect ratio of the rudder

A | 4
Hap T (M AL
Agm= . - . L (] 1
2 (‘f’ Y /TR (‘f‘) T___T' 4 Auds nj
vhich varies with the rudder sise for a givem ship.

IhQuchofmmmmel.tothodrmTMnnﬂyu
the basic design and lies in the vicianity of

(n./‘r)z = 0.3 to 0.7 to 0.8

if classified statistically by types of ships.

If we now exclude extreme cases, e.g., 0ld river tug boats or old
sailing vessels, them, according to Eguation [1], we still obtain 2 spread
ofﬂurﬂdorup.etntiuAn&o-OJformmummﬁthhry
rudder areas wp to 2.5 tor long slender ships with correspondingly small
rndder areas. On the basis of the aspect ratio alome, however, the initiel
efficiency of the rudder is almost tvice as high for a greater aspect
1 ¢jo as for a smller cne. The smaller aspect ratios, on the other hand,
have approximately 60 percent higher efficiency at maximm rudder angle.
thus it will indeed be possible to influmnce directional stability as well
as turming ability and yaw-checking ability by the choice of a rudder
aspect ratio. In actual practice, however, these facts cam be utilised
caly in the tramsition to the multiple-swrface arrangement.
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Wile it is trus, 08 meutioned above, that the rudder aspect ratio
has & cemsidersble effect en the efficiency ef the rudder (although from
s purely visusl standpeist, it is ot &t ali couspicwous in most cases),
the situstisn is exactly the opposite as far a8 the rudder profile is
csacerned. The profile design as a rectamgular or trapescidal rudder and
in certain rare cases also as an angular (broken) trapese or as an ellipse
becomes ismedistely oconspicuouws in most cases. However, the hydrodynamic
effect on fundamental characteristics such as course keeping and turning
ability is extremaly slight. It is easier for such a design to influence
the tendency of a vessel to veer off cowrse at full speed shead or at full
spoed astern whca starting from the st-rest position. Obviously, however,
this pessibility is not interesting emough tr restrain the gemeral teandency
toward the traperoidal rudder for it is precisely the trapesoidal rudder
vhich intensifies this tendency to veer off course compared to the rectan-
gulsr rudder or even more compared to the rudder with the planform of &
full ellipse. Hydrodynamically speaking, moreover, the trapesoidal rudder
is samsvhat inferior to the rectangular rudder because of its wmfavorable

- presswre distribution. BSuperiosrity would be obtained only for the tripe-

seidal twin rudder whosc upper adge would again have to be somsvhat shorter
thn the maxtimm rudder length. Bven the static advantages of the trape~
mum~mthnudindwcueotdnlpcderudderlineechecmwof
the application of the force for the bending moment of the rudder post is
not located in the center of gravity of the surface, but always lies
scaovhat below. |

" According to a proven rule of thumb by Schremk, this ceiter lies
betwosn the actual ceater of gravity of the surface and the cemnter of
grovity of the surface of the equi-area full ellipse of equal positiom in
a vertical sense aad height. Nemce, compared to the rectangular rudder,
the apparent effect of the bemding moment reduction through the trapesoidal
form im reality is ouly eme~half. If this factor is takem into accoumt,
it is poasible that in mamy cases, the simpler structural design and the
asswred hydrodymamic improvement in the case of the rectangular rudder
aight influeni:e the compromise in this direction. Of course for static
reasens, the rectampular rudder calls for a greater relative profile thick-
ness ocompared to the trapesoidal rudder, If, for instace, we start out
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tmacrmnudraholehomaﬂnlmcm&‘um
MctmmdpLﬂofﬂsrnioﬂmuMquuw.
than the eguiesres rectanguler rudder calle for g incresss 4o he
relative prefile thicimess of a little over 20 parcemt, i.0., from apprex-
imately 8/L = 0.20 for the trapesoidal rudder to 5/L = 0.2$ for the
osrrespending rectangular rudder. The test deta indicated in this report,
however, are likely to favor such an increase in the profile thiclmess.
In making a hydrodynamic comparison between trapescidal and rec-
tangular rudder ae it is practically expressed in the formation of the
familiar ooefficients for force cosponents ard moment, it must be borme in
mind thgt for the trapesoidal rudder, the "lateral length® is to be used
as the length in forming the moment cosfficiemt; this "lateral length® of
the rudder ia obtained geometrically simoly from the fundsmental rolation

Mg
L‘,.-j‘:f'bﬁ."l [2]
[ ]

78~ {5+ i) 33

in the case of the trapesoidal rudder. In the case of the elliptical
rudder comtour, it amowmts to

S ki (4]
In this case, it will be seen that fimdsmentaily the rectangular form must
mmmmmmammwumhfw
the trapesoid amd ellipse alwvags tuwn out to be samewhat greatsr——although
for practical ferms oaly elightly so—then the mean rudder length which,
of cowrse, is also the lateral length for the rectamgular rudder.

In addition to the static criteria, the structural amd operational
criteria also detormine the type of the rwider bearings and in tum the
choice of the redder tyrs as well. In most cases, factors such as ocon-
venient removebility aad the wse of aatifriction bearings or sleeve-type
boarings determine whether a spade rwider or a semi-balanced rudder is
chosem. Although this has not yet been taken into accomt experimentally
in this paper, owr attemtion is nevertheless directed to the fact that

md smounts te
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oonsidersble efferts are still required in the area of rudder design to
offset the fwdamental hydrodynamic inferiority of the semi-balanoed
rufder or at lsast to minimige it. The other apecial rufder design—
different from the normal balanced rudder—-, is the one-piece through
rudder with a cortinuous guiding head, or more briefly, the guide hoad
radder. It hes recently lost some cf its present-day significance, but it
offers far greatar pessibilities of arriving at a hydrodynamically satis-
factory design (see Mgure 7).

All rudder forws have in common the structural and operational
interest in cheosing the location of the tuming axis of the rudder im auch
manner that far the normal ooandition of shead mwtion the sero position of
the ruider vith regard to the rudder moment cuwrve is a stasble conditiom
in order to aveid fluttoer, noise, and additional bearing stresses. Un-
fertunately it is impossible to satisfy these desires by placing the
turning axis far in frent because in that case the rudder moments inorease
groatly at maximm ruider angles and wnder loadings in a seawsy. ¥or-
tunately, the effect of the twist of the slipstream bdrings shout a dis-
placement of the pressurs cemtar to the rear; this must be borme in wmind
vhen wsing measurements without a propeller. Independently of this, how-
ever, thers is the preblem, based on structwal requirements, of develop-
ing profile forms which have pressure centers, that are located as far as
peasible to the rear; this has, in fact, been achisved to A certain extemt
in the case of the messurements en novwly deweloped profiles set forth in
this report. Independently thereof or in addition thereto, emperiments
are to be carried Yerwerd by taking ®artificial” maasures such as remeval
byunthn.l

C. HYDROMECRANTIC ASPECYS

Thas hypdremechmic aspects supplament the structwral aspects. Any
wrk te affectively develsp geod rudder forms should coesider carefully
all structural requiremsnts aad desires and be recsptiwe to resuitamt
suggestiens without howewer adeptimg them directly as the fuadssmmtal oom-
ditton for each and overy desiga. The hpirodymamic ruider developmsmt must
retain sufficient sceps far purely bypirodynamic aspects in ander that
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potentially significant effects which later might beoome structurally

possible in some modified form are not excluded at the beginning. Not
oniy forms thet are structurally possible and hydrodymnamically sownd are
to be presented as the highlights of a development for even forms vhich
are now considered structurally musual or which are even hydrodymamically
umaatisfactory may yield interesting data and thw lay the useful foun-
dation for further development,

In thia text then, we shall report not only on the rudder with pro-
file 318 38 IR 28 vwhich is structurally possible because of its thick
rear edge and which is of an altogether “advanced design," hydrodynamiocally
sposking (the last nmber indicates the maximm relative thickness in per-
osnt-=gee Figure 11) hut on profile Jf8 62 TR 25 a8 well. Profile JfS 62

TR 28 iz hydrodynamically superior but becawse of its very thin trailing
oldge it ocertainly will not become popular in this form, structurally

spesking. HBven the form of a thick plate (Figure 13) beveled in the fromt
snd vear, which an earlier investigation? had shown to be inferior from the

hybreSynamic standpoint, smd the equally inferior, mewly im ostigated
plate bow rudder JfS 37 3R 15 (Figure 12) shall not be disregarded. We
should not ignore osvenm such crude forms as J£S 59 BR 15 or JI8 54 BR 15
(Tigwe 13) if these even more normil bow rudder forms are hydrodynamiocally

superisr.

/ N/VA
Figwe 3 - Rwider Rffect on the Turning Ship
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The fundsmrertal hyéromechanic sspects for juliging the quality of a
rodder must, of course, be furnishad by the purpose which the latter is
to serwe o the ahip. The Hest resuits set forth here are immedistely
appliocsble to a ship underway in shead motion. OCustomarily, such data are
regarded as decisive for all of the purposes the rwider is to accomplish
on the ship although the rudder effect in straight-dhead motion is only
momentary and relgtively weak in all cases, To round out the pioture, w
should also consider the rudder effect on the turning ship (Figure 3)
vhich, after all, is more pronownced in most cases.

Figure 3 is a schematic drawing of the hydrodynamically interesting
mwunthQWcudlnwnmmmoochtMMum‘
‘b' and for the rwi‘er “Cps deflected by -GR. The rudder forces are
represcrited, on the one hand, as the longitudinal rudder foroe X and the
laterai rudder force Y, and the rudder lhﬂ‘tmn‘; and on the other
had, they are represented as a rudder comtribution to the lougitudinal
force of the ship l_n, to the lateral force of the ship Tpe and to the
yawing moment sbout the vertical (nmnl)mnnoftheomu-o‘fwun
resistamce. The rudder contributions to the transverse force of the ship
and to the ship resistance nreckmd nn. The hydromechanically imteresting
d!wtsofthorddaonthonupuamolamthemmlrorca!!,
which is decisive for the .omtribution Mo and which thuwe brings asbout the
turning of the ship, the rudder contribution to the drag power reguirement
dﬁanhbﬂl,ﬁichhdantiwfwthemodlu-tnthotmm
circle, and finally the comtribution to the transverse force of the ship
Q’. The oontribution to the trameverve force of the ship has only a very
indirect effect on the steering characteristics of the ship vhereas it omn
hardly be inflinenced independently of the comtrol force; hence, it is not
given sny further sttemtion in this commection. Fros Figure 3, it i
easily possible to establish a relationship for the comtrol feroe with
foroe compenents referred to rulder ames.

Cyar=Cy condg -+ op -eindy [5]

3n this commection, we immedistely introduce the customary non-
dimensional form; soe the Notation. In comneotion with the drag
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coefficient,.we have disregarded in Equation [6] the contribution to the _
thaft moment ‘(shaft torque) L vhich is insignificant compared to the
steering moment HR

. . L =z
Cxpr=Cy 8in (e; + Op) — ¢y -con (e + Sn) — " L *Cyre 6]

According to Equation [5], when the ship is moving straight ahead,
“YRr is axactly equal to the transverse force coefficient of the rudder as
indicated by S in Section F for the test results in wind tunnels;
According to Fquation [6] S\Rr becomes equal to the rudder resistance co-
efficient S from Section F when the ship moves straight ahead. In this
case, the oblique inflow toward the rudder, quite generally designated as
€ in Section F, coincides with the angle of rudder deflection GR. In
accordance with the definitions of the symbols in the Notation, for a
positive rotation LL/RL of the ship, the rudder angle in terms of the
rotation must be regarded as negative.

According to Figure 3, moreover, we find that for the turning ship,
the inflow at the location of the rudder axis o, (which inflow is to be
determined on a purely geometrical basis) amounts to

(=224 ) Lu/Be 71

tane,,= taneg + I, vy

However, in order to determine the circulation-dependent rudder
lift--characterized by the index 'w" according to Equation [5]--the hydro-
dynamically effective angle of inflow at the rudder axis' €y TUSt be re-
duced by approximating the size of the drift angle at the center of lateral
resistance U

zy, Li/R
ton ey = (A L (83

Thus, we obtain the unfortunate theoretical result, which indeed is
supported experimentally, that the circulation-dependrnt so-called linear
or Mvaterline™ components of the rudder forces are functions of the inflow
angle of the rudder

13
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. — Li/R
c..-d.+nmm~[-£i‘—-7:.i-ui] [9]

vhereas the so-called nonlineu;'pr "frame" components of the rudder forces

k]

remain functions of the purely geometrical inflow angle of the rudder,

- LiR
Emﬂén-l-l!'cm[mtl +1‘:_,4._c_7_:,_‘71:_] [10]

The wmnavoidable consequence is that the relationship between oblique
inflow toward the rudder and rulder force components (polar curve of the
rudder) varies somewhat with the rotation of the ship. It is necessary,
therefore, that rudder measurements also be carried out behind the turning
ship or ship model or that the rudder measurements for the ship moving
straight ahead must be converted in a certain way to the turning circle
measurement. To do so, we can fall back on the method for computing non-
linear rudder forces which is touched upon and indicated in more detail in
Reference 5. With sufficient accuracy, we can neglect the effect on the

y required in Equations [5) ~nd [6]), In a simplified representation, cy
is computed as:

°r=°-¢'txn+°-"m"-ﬁ%|— (11]
Thereby, we obtain approximately

cm-éu+%%+‘z=‘h+% 12]

and finally a3 a correction formula

cy = ¢y (bei & = Epy) + G- (Bope - £, + £])
ey = cx (beis = ep,)

(13}
In this case, the coefficiant Cye 88 & gradient of the nonlinear
component must also be determined from the measurements for straight-ahead
motion. In order to convert the measurements for the ship in straight-
ahead motion to turming circle measurements we must, of course, alsc know

the drift angle and the corresponding rudder deflection. An absolute

normalization is, of course, impossible in this case. However, for the

14

T ——————— e - o T St

ot AR

kB G O BSOS KR 4 10 e Wl U 701




T Py “RPTIOn Wor—

TV T e TR e T TREET U e————

comparisons undertaken i ection F, we have drawn upon data by Sh:lbals
which, comparatively speaking, represent fairly good mean values for
interesting typea of merchant shipa. Therefore, we have used the results
represented in Figure 4, namely, rudder angles with drift angles as a
function of the ship rotation as well as the rudder sise and the fullness
of the displacement.

2

| i
TESTS BY SHIBA:

-l /R
g -nuLR [
e hq‘-h*ﬁﬁqL
} o
¥
s
S
-
»*

+vaw:s oF - 6 Ano L /R
CHOSEN PFOR THE PROFILE COMPARISO |

0 [ 24 “ “g_. 24

Figure 4 - Relationship between Rudder Angles GR,
Drift Angles at the Center of Lateral Resistance €
Drift Angles on the Rudder Axis ¢,, and Ship Rotation LL/R

Thus, the results of rudder tests are then to be examined with a
view to the criteria for hydrodynamic quality. A great control force and
a small drag power requirement are the first prerequisites for ships
moving straight ahead or going into a turn. It is true that in actual
practice a high maximun transverse force is utiliged during ship rotation
only if rudder angles exceeding 35 deg aire used. However, when checking
the yaw, this characteristic has effect for almost every ship. Finally,
we are to develop the astern characteristics of the rudder to as high a
degree as possible, both for small rudder angles and for the maximum
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transverse force. Of course, the best astern characteristics of a ruider
are of no avail if this rudder is located so closely behind the deadwood
that in astern motion, the transverse flow toward the rulder produces a
comterforce of practically equal rugnitude on the deadwood thus almost
completely cancelling the rudder sffect. However, the modern trend toward
larger propeller apertures provides an opportunity to attain a certain
control efficiency in astern motion with rudders which have good astem
characteristics.

D. ANALYTIC AND GRAPHIC REPRESENTATION OF PROFILE FORMS

From the foregoing considerations, the importance of streamlining
the rudder has developed into a measure for obtaining favorable rudder
characteristics which may indeed be chosen rather freely. The structural
limitations in this case are not -0 incisive ax in the choice of the
aspect ratio, for instance. Surprising as it may be, however, the material
on ship rudder profiles scattered throughout the literature does not offer
a very syatematic picture. Form systematisation is an effective means of
utilising practical experience quickly and effectively and with statistical
accuracy; this is the more important, the fewer the quantitative hydro-
dynamic investigations that are available.

In view of this situation, it appears wise to use the rudder pro-
file mtuntintionlg’zo developed at the Hamburg Model Basin and the
Shipbuilding Institucela and subsequently developed even further as a basis
for this investigation. In Figure S5, we proceed to show this systematized
notation for the dimensional ratios=-the "outer" proportiomna of the pro-
f3ile, as it were~—and the form parameters of the individual curved
sections which comprise the total profile. Correspondingly, the form
parameters might be designated as the "inner" proportions of the profile.

Figure 6 shows the notation used for the computation of the profile
contours, al) of which consist of polynomials and are split up into 30~
called influence functions, one such fumction being used for each form
parameter. Thereby, it is possible to represemt every conceivable—~
reasonable and unreasonable~—~profile form of a rudder. As an inevitable
consequence, we also obtain the possib: analyzing clearly unusual
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profile forms which are graphically represented and of expressing thea by
corresponding equations. This method (which has been described in more
detail in Reference 20) also permits the analysis of the much more difficult
ship linul9 and may therefore be regarded as sufficiently accurate for
rudders. The guide head rudder shown as the third form in Figure 7 may
serve to prove that the method of clearly analysing arbitrary rudder
profiles on the basis of polynomials is easily reproducible. It is taken
from Reference 3 where the offseta are also indicated. These offsets are
computed on the basis of an analysis of a small workshop drawing and they

thus enable us to draw ths profile with great, hydrodynamically effective
accuracy.

1 AHZIE L s e
3
1"

INITIAL PROFILE

RUDDER
WEDGE '

a ____..__i_ - - Q-Qq‘-‘ Y
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; — A=A
VRN T S
R

Figue 5 ~ Dimmmsional Ratiot and Profile
Parameter of Rudder Profiles

\

It should be noted, moreover, that the profiles are gonerally
correlated with so-called profile families. In that case, the profiles of
one family essentially differ only in the maximmm relative thickness which,
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Figure 6 - Comtour Equation and Contour Parsmeter for the
Representation of Rudder Profiles

in most cases, lies between 35 and 20 percent of the total length from the
front. The relative maximm thicknesses B/L which are to be considered
are obtained both from available systematic teet data which begin mostly
at B/L = 0.12 (see Reference 26) and from extreme structural desires which
lead to B/L = 0.25. Most profile families consist of simple profiles
whose entire related variations differ only in the thickness ratio B/L.
Such families are for instance the familiar NACA 00 .. -profiles and the
more recent family JfS 58 TR .. Nourelated families are the familiar
Joulowski profiles as well as the family JfS S2 TR .. end JfS 62 TR ...
from the Shipbuilding Institute. A glance at Tables 1 and 2 shows the
characteristic features of these profile families.
For years profile development at the Shipbuilding Institute has

alvays proceeded in such mommer that the particular data of available pro-

' file forms are carefully examined with regard to their relation with the

i form paramsters snd that all further steps are derived from this by param-
eter modifications which promise to yield results.
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E. COMPARISON AND DISCUSSION OF VARIOUS RUDDER FROFILE FORMS

The experiments discussed in this report (Sectiom F) cover balamced
rudders only. HNowever, there is already 3 need to extend the experimemits

TARIE 1
Principal Form Paramsters of Familiar Balanced Rudder Profiles
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to guide head rudder forms as well.
file forms cannot disregard the profiles of the guidc hLcad rudders.

. e = ——

In any event, a sur ey of rudder pro-

In

Figure 7, therefore, we have sumarised the guide head profiles according
to References 3, 22, and 27 which are probably the most familiar ones of

all.

From the standpoint of ths present time, a continued development

would probably be worthwhile especially ror Seobeck~Oertr rudders and for
the HSYA guide head rudder, particularly if hollow profile flanks are

used.

TABLE 2
Form Parameters of the JdFF Profiles
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Balanced rudder profiles are submarised a8 profile shketches in
Figures 8 to 11. Table 3 comtains the profile offsete of all of the IfS
rudder profiles with the exceptiom of the offsets of the IfS 52 TR...
family already published in Reference 3. The form parameters are sum—

mariead in thain e!_tirety in Tahla 2. Tha ;uﬂ-d”'ln-'l fovm natisa ~f

- — —— -a am oV

Figure 7 ~ Examples o>f Commonly Used
Profiles of Guide-Head Rudders

foreign profiles are indicated in Table 1. Figure 12 shows the profiles
of bow rudders and Figure 13 the profile sections of the plata ruidars
investigated or takem into consideration. In order to demonstrate more
clearly and graphically the development into profiles with a relatively
thick "nose” and a relatively flat "tail" (which proved successful
according to the experiments reported here), Figure 14 shows a greatly
emlarged reprosentation of the nose contours and Figure 15 showa the tail
contours of the old and new balmce’ rudders of particular interest to us.
The rudder profileuzz’” shown in Figure 9 are very ‘neffective
on the basis of all practical exparience and theoretical analy#is, In
spite of their Maeschetic™ conmtowrr, the two profiles dec not exhibit any
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Figure 8 — Common Profiles of
Balanced Rudders of 15 Percent
Relative Thicknsasa

Figure 9 - Examples of Common
= : : et —_— Balanced Rudder Profiles of
M- Greater Relative Thiciness
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Figure 10 - Symmatrical Flow Pro-
files from Familiar Experimental

i Figure 11 ~ The New JfS Balanced-
Tnvestigations Rudder Profiles
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TARLE 3
Profile Offsets of the Rudder Profiles of the Present JIfS Investigation
JISaE TR 18 ™" 18 85 BR 15 IS M4 BR 15
W | v -
* L ¥ v * v . v
A3 ™ s - I L L T
0 0 0 0 0 ] 0 0
0,004 0,08 0,09038 0.0387¢ oo 0,01409 S04 0,00090
,0i0 0,08 0,03083 0,05104 0,028 0,05342 0,02 0,06001
0,050 0,1 0,04089 0,00814 0,08 0.05300 0,06 0,06814
0,040 02 0,05901 0,08835 0,19 0.04800 0.10 0.08875
0.080 0 0,00045 0,10075 0,18 0,03386 0.15 0,08708
0,080 0,4 0,08840 0,10018 0,30 0,08000 0,30 0,08170
0,130 08 0,0T140 011918 0,50 0,00874 0,38 C,05431
0,180 08 0,074%¢ 0,1337¢ 0.40 0,07349 0,30 0,04408
0.%00 1,0 007800 0,12500 0,50 0,07500 0,36 0,00879
0,60 0,08781
,-n 048 0,07385
] 0,50 0,07560
0,300 0 0,07800 0,12580
0,378 01 0,07271 0,12115
0,380 (I8 ] 0,00029 0,11080
0,435 03 0,080878 0,08378
0,580 0,04547 0,07490
0,578 0.8 0,08503 0,05408
0,050 06 0,02358 0,03080
0,728 0,7 0,01847 0,02180
0,800 0.8 0,01021 0,01231
0,578 0.9 0,0008% 0,00819
0,930 1,0 0,00780 0,00750
1,000 | oommo | o007
I8 50 BR 15 118 37 BR 18
= = X - =
L = P L L L
0 )] 0 0 0,00750
0,00008 0,02 0,00858 0,08 0.00039
0,008¢1 0,05 0,01505 0,10 0.01¢52
0,00482 0,10 0,02101 0.15 0,02188
000084 0,20 0,02893 0.20 0,03136
0,061448 0,% 0,03443 0,25 0,04135
0,01938 0,40 0,08847 0,30 0,05124
0,02803 0,00 0,04419 0,35 0,000¢2
0,02857 0,80 0,06724 0,40 0,08798
004821 1,00 0,04821 0.45 0,07811
0.50 0,07500
»—2r an
Zpn " Thn
0,06821 0, 0,04831
0,00817 0,1 0,04832
0,07813 0,2 0,04211
0,10808 0,4 0,08282
0,i%767 0,6 0,02702
0,1679% 0.8 0,03516
0,19781 1,0 0,02500
T=Zpn
nR—ZR
0,19781 0o 0,02500
0,308325 0,2 0,02637
. 031500 0,4 0,03596
0,57012 0,8 0,04876
0,43088 08 0,08588
0,60078 0,9 0,0733
0,50000 0,07500
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Table 3 Continued

JIS8 TR 15 25 JiS61 TR 15 25
£ x v v x =z | 4 v

2 n 2 L T n L L
0 0 0 0 0 0 0 0
0,0050 0,02 0,02025 0,03374 0,004 0,02 0,02025 0,03374
0,1025 0,06 0,03082 0,05104 0,010 0,05 0,03062 0,05104
0,0250 0,1 0,04089 0,0881 { 0,020 0,1 0,04089 0,06814
0,0500 0,2 0,05301 0,08835 0,040 0,2 0,05301 0,08835
0,0760 0,3 0,06045 0,10075 0,080 0,3 0,06045 0,10075
0,1000 04 0,08850 0,10016 0,080 0,4 . 0,08540 0,10018
0,1500 0,6 0,07149 0,11915 0,120 0,6 0,07149 0,11915
0,2000 0,8 0,07425 0,12374 0,160 0,8 0,07424 0,12874
0,2500 1,0 0,07500 0,12500 0,200 1,0 0,07500 0,12500

Z—-n zZ—n
a 8

0,2500 0 0,07500 0.12500 0,200 0 0,07500 0,12500
0,3150 0,1 0,07366 0,12277 0,270 0,1 0,07300 0,12166
0,3800 0,2 0,06922 0,11538 0, 0,2 0,06734 0,11224
0,4450 03 0,08174 0,10290 0,410 0,3 0,05891 0,09819
0,5100 0,4 0,05206 0,08677 0,480 0,4 0,04880 0,08149
0,5750 0,56 0,04148 0,06013 0,550 0,5 0,03862 0,08437
0,6400 0,6 0,03145 0,05242 0,820 0,6 0,02934 0.04890
0,7650 0,7 0,02330 0,03882 0,600 0,7 0,02200 0,03681
0,7700 0,8 0,0700 0,02983 0,760 0,8 0,01743 0,02905

,8350 0,9 0,01542 0,02570 0,830 0,9 0,01535 0,02558
0,9000 1,0 0,01500 0,02500 0,800 1,0 0,01500 0,02500
1 0,01500 0,02500 1,000 0,01500 0,02500
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Figure 12 - Bow-Rudder Profiles

Figure 13 = Profile Sections
of the Plate Rudders In-

vestigated
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Figure 14 - Nose Contours of Several Balanced Rudder Profiles
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Figure 15 - Tail Contours of Several Balanced Rudder Profiles
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great performances in the experiments ocarried out in the place cited.
Conversely, profile TMB 075 075 15 which is a fairly primitive design (con-
sisting only of a leading-edge circle and two tangent straight profile
flanks) shows tairly good results if the Reynolds numbers are sufficiently
large.25 The good characteristics with respect to asterm motion proved
their worth even at the smaller Reynolds numbers of the JfS investigation.
Therefore, the TMB profile ie included in Figure 8 as well as in Figures
14 and 1S.

F, SUPPLEMENTARY WIND-TUNNEL TESTS

Our published literature does not contain an excessively large
number of special and systematic tests with free=-running ship rudders.
Not very much new material has been published since a summary of such test
results was made in 1955.26 Now that it has become pretty clear what the
fundamental influence of the aspect ratio and Reyiiolds number amounts to
(see Figures 44 and 45 in this connection), thc need has arisen for carry-
ing out comparative profile investigations. The lact that the prcfiles of
the NACA 00.. series which, after all, had originally been intended for
other purposes in the field of aeronautics, suggested the question whether
it might not be possible to produce even more suitable profiles for use as
ship rudders. Thus, new profile forms were produced at the Shipbuilding
Institute which, nowever, were not yet sufficiently verified experimentally
although, on occasion, they had already been used for comparative
testsl’22’3° and have found practical application as well.

Figure 16 = Rudder Models Tested in the
Wind Tumnel, Aspect Ratio AR =1
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Figure 17 - Test Setup in the Former JfS
Wind Tunnel at the Hamburg Engineering Institute

For the supplementary tests which appeared to be necessary in view
of the influence of profile forms, the following JfS profiles newly
developed in recent years were used:

Balanced-rudder profiles JfS 58 TR 15
25
JE£S 61 TR 25

J£S 62 TR 25

JfS 54 BR 15
JfS 29 BR 15
JfS 57 BR 15

For purposes of comparison, the following profilss were investi-
gated:

Balanced-rudder profiles

Bow-rudder profiles

TMB 075 075 15

18
NACA OC 15

25
Bow-rudder profile JfS 55 BR 15 (ellipse)
Plate rudder B/L = 0.015
0.03
0.05
0.07

The large number of tests were carried out in the wind tunnel of
the Hamburg Engineering Institute (formerly JfS Wind Tunnel). Figures 16
and 17 indicate the models and test setup used. All of the models had a
square planform of 0.4 X 0.4 m. The slipstream cross section had a diameter
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of 1 m 5o that a tank blockage of AR/AS = 0,204 was cbtained. As a acale
for these measurements we used a flexible-~joint spring balance with
electricsl metering elements, which is zlso suitable for tank experiments.
The testing path is practically zero so that it is not necessary to make
any geometrical correction for cthe rudder angle. The capacity of the
tunnel permitted a Reynvlds number of approximately 0.8 x 106. Several
characteristic values for the profiles were investigated to obtain a clue
to their dependence on the characteristic in gquestion. By way of

suppl ting these tests, we also carried out experiments in a slipstream
di of 0.5 m with the profiles NACA 0015 and JfS 58 TR 15 with models
of 0.1 X 0.1 m. Thereby, for a tunnel blockage of AR/hs = 0,0501, a
Reynolds number of approximately 0.13 x 106 was included as the minimum,
The rudder measuring device for small ship models as used for the small
rudders of the investigation2 served as & wind-tunnel scale.

All of the data obtained are included in Tables 4-18 in the form of
the familiar coesfficients e for the transverse force, Cp for the
resistance, Cy for the lateral force, Sx for he longitudinal force, and
Sy, 25 for the moment about an imaginary turning axis referred to the L/4
point of the rudder length. As examples for the graphical representation,
Figures 18 tp 39 show these coefficients as a function of the angle of
attack €. In doing so, we have generally represented the largest of the
Reynoids numbers investigated. In the case of the profiles designated as
bow rudders, we have measured and plotted the moment coefficient y which
represents in nondimensional form the moment referred to the center of the
rudder length rather than plotting the coefficient cM,ZS. These bow
rudders and the plate with B/L = 0.05 were provided with a shaft at LR/Z
for mounting support on the scale (all the other rudders had the shaft at
LR/4 from the front). A rod correctisn for this rudder shaft was deducted
from the measured resistance. No further corrections were made since at
the time the measurements were undertaken no sufficiently reliable pro-
cedures had yet been worked out for correcting the wind tunnel measurements
of rudder surfaces with small aspect ratios. Since it is a fact, on the
other hand (see Reference 26) that the use of the wind tunnel corrections
for measurements on airfoils (hydrofoils) with larger aspect ratiocs would
le.d to an undercorrection for the transverse force maximum in the case of
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rudders with ar aspect ratio of 1 and to an owercorrection vithin the
remaining range, the methnd used here probably represents the la

used here probably represents the lasser of
two evils. In any event, the omission of the correction is of minor im—-
portance for cosparing the profile forms investigated here.

However, if we compare the data with foreign measurements, as in
Figures 44 and 45, for instance, this factor should be borme in mind. The
foreign measurements used in these figures are all corrected in the usual
manner; that is to say that the transverse forces are somewhat too low
in the case of the maximum transverse force and otherwise somewhat too
high. However, since the tunnel blockages are lower there for the most
part, than in the case of the JfS measurements with the 0.4 m rudders, the
correcticns are not 80 great either and therefore they cannot be decisive
for the quality of the comparison with the new measurements.

As for the rest, the results of the measurements have been repre-
sented exactly as they have been measured geometrically. In doing so, we
have used the definitions which have been recommended by the International
Towing Tank Conference (ITTC). Thus, in each case a clockwise momente-
clockwise as seen from above—~is figured positive. The resistance is
always calculated positive in the direction of the relative flow. The
longitudinal force is figured positive in the direction from the profile
center toward the nose of the profile. The lateral force, accordingly, is
figured positive at a right angle toward the right starting from the
positive x-direction. It should be borne in mind especially that the
transverse force is figured positive to the right-—always seen contrary
to the relative fiow--and that a positive angle of flow always results
from a rotation which is positive in the direction of the moment. Thus,
for instance, all of the measurements for astern motion indicated here
have been measured and represented with flow angles between 180 and 90 deg.

Wu decided not to umdertake here a comparative tabulation of pre-
cise force coefficients of the individual profiles. In most cases, the
performance differences of the various profiles are obvious enough in the
figures. Thus, the greatest transverse force coefficient muasured was
1.478 for the JfS 62 TR 25 profile and the lowest transverse force maximum
of the balanced-rudder profiles was 0.88 for the TMB 075 075 15 profile if
the Reynolds number was equally high., In astern motion, however, the TMB
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075 075 15 profile with CC,Max = 1,115 is the best of these¢ profiles
whereas the NACA profile 0025 yields the poorest value, that is, 0.908.
Among the bow rudders, JfS 57 BR 15 is best (maximum transverse force of
1.03) and the elliptical profile JfS 55 BR 15 is the worat (maximum
transverse force of 0.743). For the purpose of carrying out a curve com-
parison, exact profiles have been selected. As for the effectiveness at
smaller rudder angles, Figure 40 shows that the JfS 62 TR 15 profile is
particularly good and the figure also shows the relatively good position
of the two JIS S8 TR profiles. Figure 41 indicates the balancing
possibility for the new JfS profiles, clearly an improvement over the NACA
profiles; the turning axis may lie farther back without risking any danger
of overbalance. The form of the familiar polar curves (Figure 42)
indicates the effectiveness and the drag power requirement, especially at
larger angles.

Profile JfS 58 TR 25 whose practical application is sturdy in form and

performs very well; Figure 43 compares the polar curves in straigh<+-ahead
motion and motion along the turning circle with II/kL = 0.5. In doing so,
we have made the conversions starting out from the straight-ahead motion
and using Equations [5] to [13]. In this case, we have introducad a drift
angle on the ship ¢; =11 deg (see Figure 4) as well as a standard value
xLA/LL =-1/2 and a (value) cge = 1.0 as it may be derived from Figure

40 with the aid of the method of Reference 26. This cautious method of
estimating the rudder effect when turning and when checking the yaw in the
turning circle already confirms the empirical fact that the drag power
requirement is greater when checking the yaw than when turning. By way of
supplementing the above data; Table 19 lists several comparative values
for the control force and the drag power requirement for various profiles
at a 35 deg rudder angle, both in straight-ahead motion and in motion along
the turning circle. The method of calculation is the same as for Figure
43. Note that the superiority of the more recent profiles over the NACA
profiles is also retained in the turning circle.

Figures 44 and 45 serve to compare foreign measurements and to
illustrate the influence of the aspect ratio and Reynolds numbcr+. The
results are in line with the general trend; thus there is every indication
that the comparable results obtained here will remain valid even if the

Reynolds numbers are extended further and if other aspects ratios are used.
) k)|
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TABLE 4
Test Results for T™B 075 075 15
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Re -0,38-10¢ Re = 0,64 - 10°
° ec cp ey °x €M a° cc cp ey ey e”_“
— 2 -0,055| 0,040 | —0,056{ 0,038 0,002 —0,052 | 0,038 | —0,083| —0,038 | —0,002
0 0040 | 0000] —0040| O 0 0031 | o |—0031]—0001
2l o000 0,040 0,051 | —0,038| 0,002 0,082 | 0,033 0,053 | —0,081| 0,004
0,134 | 0,085 0,139 | —0,063 ] —0,008 0,130 | 0,054 0,135 —0,043 | —0,004
1 0271 | 0,108 0,288 | —0,081 { —0,087 0,291 0,111 0,205 | —0,059 | --0,034
1 0438 | 0,179 0,469 | 0,000 —G,071 0435] 0,176 0,485 | —0,056 { —0,000
0,562 | 0,259 0,617 | —0,051 | 0,108 0,567 | 0,202 0,623 | —0,052] —0,013
0,662] 0,303 0,753 | —0,049 | —0,139 0,667 | 0,357 0,756 | —-0,042 | —0,131
0,776 | 0,482 0,913 | —0,020 | —0,153 0,776 | 0,473 0910 | —0,023| —0,150
35| o0.851) 0,002 1,042 | —0,008 | —0,178 0,847 | 0,003 1,040 —0,008 | —0,173
40, 08568 0,682 1,003 0,028 | —0,183 0,861 | 0,700 1,110 0018 | —0,189
41} 0,808 0,672 1,049 0,021 | —0,181 0,743 | 0,678 1,008 0,011 | —0,173
42| 0,758 | 0,682 1,019 | —0,001 | —0,181 0,719 | 0.667 0,981 0,019 | —0,100
0,662 | 0,602 0,987 | —0,021 | —0,174 0,716 0,672 0,981 0,031 | —0,164
0,642 | 0,726 0, 0,035 | —0,176 0,648 0,719 0967 | 0,034 —0,272
0,577| 0,756 0,850 0,040 | —0,176 0,682 | 0,755 0,862 0,044 | —0,175
0,502 | 0,786 0831| 0,042]| —0,178 0,602 | 0,768 0914 0052] —0,173
0,38 | 0,806 0,876 0,081 | —0,181 0,350 | 0,792 0,865 0,058 | —0,176
80| 0,220} 0,881 0908 | 0,073] —0.2158 0,225| 0,873 0899 0071} —0212
0,000 0,980 0,980 { 0,080| —0,261 0,087 | 0,972 0972| 0,097] —0,256
Re = 0,69 - 10* ASTERN MOTION Re = 0,56 - 10*
e cc cp ey ex L 18001 ec ep ey x .
— 2| —0,058 ]| 0,033 | —0,058| —0,030 | —0,002 0] —0,0i0| 0,057 0,010 0,057 | -0,050
6 O 0,030 0 —0,0% 1] 5| —o,182{ 0,073 0,188 0,057 | —0,073
2| 0,055 0,030 0,056 | —0,028| 0,008 10{ —0,3%6 | 0,121 | 0,352 | 0,061 | —0,148
0,138 0,058 0,141 | 0,048 | —0,001 16| —0,5321 9,213 0,569 0,088 | —0,224
1 0204 | 0,108 0,309 | --0,055| —0,030 20{ —0,705 | 0,319 0,772 0,059 | —0,317
15| 0,441 ] 0,182 0,473 | —0,062 | —0,069 25! —0,885! 0,466 | v,998 | 0,052 | —0,387
0,575 0,620} —0,047 | —0,102 3 —1,033.f 0,634 1,211 0,032 | —0,429
0,670 | 0,361 0,760 | —0,044 | —0,122 35| —1,10¢ | 0,81t 1,370 0,031 | —0,487
0,780 | 0,491 0,021 | —0,035]| —0,15¢4 40 —1.095! 0972 1,484 0,044 | 0,483
S5 08361 06817 1,055 —0,014| —0,178 45| —1,022 | 1,081 1,487 0,041 | —0,473
0862] 0,715 1,150 0,007 | —0,184 50; —0,624 | 0,861 1,062 0,076 | —0,341
41| 0,824 | 0,694 1,077 0,016 | —0,184 55| —0,539{ 0,910 1,054 0,080 | —0,335
42 0772 0,680 1,029 0,012] --9,178 u&l —0,447 | 0,942 1,040 0,084 | —0,324¢
0,717 | 0,688 0,892 0,022 | —-0,171 70] —,272| 0,996 1,029 0,085 | —0,307
0,66¢ | 0,717 0,676 0,048 | —0,170 80{ —0,088 | 1,017 1,018 0,091 | —0,289
55| 0,583| 0,745 1,948 0,052! —0,171 90| —0,082{ 0,882 0,882 0,092 | —0,259
0,515| 0,772 0,926 0,060 | —-0,174
70 0364| 0,788 0,864 0,073 | —0,177
80| 0226 0,879 0,905 0,070 | --0,213
90| 0096 | 0,983 0,963 0,006 | —0,250
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TABLE §
Teat Results for NACA 0015
Re =~ 080 - |O# Re - 058 10°
o ‘¢ ep °y ex LV o ¢ cp ey ex N e
- -007¢]| 0080 | —0.077] ~0,037] —0,017 - —0,047] 0021 | —0,048 ]| —0,020 | —0,001
— 0,016 0040 | -0018] —0,000] —0,000 o o 0,019 0 —0010{ 0,004
Dat ! onsd 00435 00880 — 0000 8,087 o431 G057 | —00i9 | G008
0,143] 0074 0,148 ] —0,081 | —0,004 0,140 0028 0,142] —0016| 0018
10l o345] o123 0,%1 | —0,081 | —0,000 1 0,047 03| o002| o002
15 Oeus| 0308 ~0,077 | —0.025 15 O4ez| o0us | Oeew| 003! 0081
0o54] 0318 | o6 | —0.108| —0.108 oe2| 0,147 oesm| 0075| o004
ogus| o4 | 07m0] —0.108 | —0,132 0762 0215 o781| 0137 —0.002
0.715] 0528 08sd ! ~0,007 | —0,180 ng37| 0277 oues | —0,148( —0.013
o722| o608 | 0941] —0084] —0,571 007 0417 | 0,785| —0.06¢ | —0.608
0704 aem | 0973 —008s) —0,176 0672 ] 043 | 0796| —0033| —0.000
0744 0,949 | —0,0u3| —0,208 0705| 0537 | ous6| —0035] —0.129
0619] o8l 1019 —0,047| —0022 oez( og12 | 0917| —003i | 0,137
0,006| 0ue0 1076 | —0,014| —0.224 0820 | 0857 X —0017| 0,160
0543] 09t 1,072 0,008 | —0,353 0,858 0,719 0910 | —0,035 | 0,149
1,008 toe{y o -0.3%0 0502 0,73 oMe8| -001L] 0,153
0440| 0768 | 0885| —0,003| —0,157
0307 079 | oss8]| 0015} --0.170
0,185 0,008 0488 0032 0213
00015 0980 | o%wo| o0083] -0
Re -- 0,87 - 1O? Re =~ 0,79 - 10*
e e °p ey ex Mo L cc cp ry x LI
—0,001 - -0,085! 002t | —0,0355] -0019| 0,001
0,003 [1] 0,020 o —0,020 0,003
0,007 0,058 | 0,023 0058 | -0.021 0,008
0,014 0,141 ] o026 0,143 ) —0,014 0,014
0,018 1 0,289 | 0,082 0,202 0,009 0,021
0,018 1 04411 0,089 0,444 0,048 0,019
0,001 048221 0.138 0,630 0,086 0,008
—-0,004 0,775 | 0217 0,798 0,130 | —0,004
—0,029 092 | 0,320 0962 0,186 ] —0,024
-0,083 1,025 0,408 1,081 0,218 | —0,060
-0,122 1052} 0,505 1,153 0,111 { —-0,421
—0,129 0,718 | 0,524 0,887 | —0,023| 0,124
—-0,139 0,645 | 0,603 0,914 | —0,023] —0,137
—~0,141 0,631 ] 0645 0,902 | —0,010] 0,141
—0,149 0,543 | 0,700 0911 ] —0,004 | -0.352
—0,153 & 0,52¢ | 0,731 0,902 0,013| —-0,155
—0,163 0,448 | 0,761 0,883 0,007 ] 0,181
--0,178 0322 0,71 0,853 0,031 | 0,175
—0,214 0,208 | OK75 0,388 0,054 | —~0,211
—,2061 0,085 | 0,060 0,949 0,085 | —0,255
ASTERN MOTION R - 3,66« i
"’:’-) t‘c CD cy fI fu'h
-0 0,050 [1] 0,030 0,00t
—0,241 1 0,009 0,248 0,047 | —0,077
-0 | 0,102 0,397 0,033 | 0,157
—-0592 | 0,180 | 0,561 0,096 | —0,222
—0,043 | 0,258 0,892 0,022 | --0,2847
—0,771{ 0,378 0,857 0,015 | 0,139
—039I8 | 0,532 1.081 0,002 | —G 418
~1,022] 0719 1,249 0,003 | - 0458
—1,050 | O8N 1,380 | 0,003 — (0. 480
— 1,010 | L4l 1,450 am2l 0492
—0,4872 | 0,806 0,844 0,079 ] - 0,347
- 0,511 (1%, 1] 0,008 0076 | 0841
- 4,431 [IR!]§] 1,005 [1X] &) 0,336
—0277 | 0.1 LG [[XTri% T 111
—0 1t 1424 100 GANiY o7
—0mi | ouNe | 0880 0 0

e g S SN
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TABLE 6
Test Results for NACA 0025

34

Re = 0,88 - 108 Re = 0,00 - 10#
° e ¢p ey ex Lo * ¢ ¢p ey ey e
—0,052 | 0008 | —0,083! —0,084| —0.004 — 3 0,080 0,03 | 0051 | 0,034 —0,00¢
0 0,033 0 2,033 | —-0,002 0 0,034 0 —0,08¢ | —0,001
0,052 0,00 0,053 -0034| 0033 2 0033 0,034 0,06¢ | 0,008 0,004
0,130 | 0,03 0,153 | —0098| 0,008 5 0,129 0,060 0,138 | —0,029 0,000
1 0,900 | 0,000 0275] —0012| 0,01¢ 1 0272] 0,088 0,278 | —0,008 0,018
1 0,481 | 0,080 04| 0,032 0,014 1 0423 | 0,000 0,431 0,022 0,013
bs72| o4 0,080 0,000 05771 0,138 0,889 | 0,008 0,005
o 0,728 | O%2 0,754 0,107 | —0,008 25 0,732| o222t 0,787 0,100 | —0,007
osst| 0317 922 0,167 | —0.025 30| 0805]| 0,317 0,833 0,17¢ | —0,038
1,087 | 0,440 1,117 0,345 | —0,080 1,038 | 0,447 1,107 | 0229 | —0,082
1,178 | 0,583 12683] 0300| —0,102 1,188 | 0,800 1,59¢ 0,306 | —0,104
1,318 0,809 1,497 0388 | —o,182 45 138! 0,778 1,490 0,380} —0,150
477 1,313) 0,847 1,518 032 | —0,173 1,390 | 0,874 1,552 0,308 —0,177
1,308 | 0880 1,529 0,384 | —0,188 49| 1,313} 0810 1,548 030 | —0,185
0,534 | 0,084 0,851 | —~0,032| —0,130 1.305| 0,835 1,558 0,398 | 0,190
0,521 | 0,000 0,847 | —0,031 | 0,132 51| 0,527} 0,67 0,859 | —0,017 | —0,133
0,485 0,74 0,871 | —0,018 | —0,147 0,485] 0,719 0,867 | —0,015| —0,144
0,433 ] 0,745 0,857 | —0,007 | —0,154 0,435 | 0,746 0,863 0,008 | —0,151
0,308 0,788 0,844 0,028 | —0,160 0319 | 0,780 0,842 0,033 | —0,185
0,194 ] 0,881 0,882 0,039 | —G,210 0,198 | 0,851 0,872 0,047 | —0,206
0,085 | 0,938 0,938 0,085 | —0,255 0,083 | 0828 0,928 0,083 | —0,354
Re =0,78 - 10* ASTERN MOTION Re == 0,58 - 10*
° ec ¢p ey ex Cof oo '__..': ec ep °y (39 Mo
— #§ -0,050| 0032 | —0,051 | —0,030 | —0,006 o o 0,08¢ 0 0,084 | —0,004
0 0,031 0 -0,081 0,001 5( —0,267| 0,035 | —0,274| 0071 | —0,088
2| 00585] 0,038 00586| —0,088| 0,003 10 —0,412| 0,142 | —0,431! 0,088 | —0,185
5 0,132] 0,03 0,134 | —0,0M 0,010 15| —-0,558 | 0,190 | —0,585 0,040 | —0,235
1 0,052 0275 ~0,005| 0,015 —0,672| 0,288 | —0,730| 0,041 | —0,200
L 0,419 | 0,089 0,438 0,083| 0015 28 —0,738 | 0,381 | —,08%0| 0,033 | —0,340
0,586 | 0,145 0,085 | 0,008 30 0,767 | 0,511 | —0,921| 0,058 | -—-0,362
0,782 | 0.217 0,758 0,112 | ~0,004 35| -0,672| 0,548 | —0,864] 0,084 | —0,332
0,883 [ 0,319 0,918 0,188 | —0,026 37| —0908; 0,719 | —1,157| 0,028 | —0,438
1,083 | 0,446 1,103 —0,058 - 0818 | —1,210| 0,050 | —0,447
1,192 0595 L2041 0310] 0,000 45| —0,52¢ 1 0,708 | —0,872; G.i%i | 0,338
1,351 0,7 1,479 0,393 | 0,148 | —0478| 0,773 | —0,800 | 0,131 | - 0,335
1,33 | 0,805 1,507 0,401 | —0,153 55 —0,412| 0,528 | —0,915| 0,138 | —0,382
47 1,321 | 0,832 1,509 0,398 | 0,165 €| —0,3¢1| 0858 | —0914| 0,13¢ | —0.323
1,315 | 0,864 1,521 0399 0,177 701 ~0,208} 0,837 | —0949! 0,130 | - 0,311
1,318 | 0,80¢ 1,535 0,404 | 0,183 801 —0,055] 0856 | —0,852| 0,112 | —0,284
1,310 0,918 1,545 0,413 | —0,187 90| —0,085) 0901 | —0901| 0,085 | —0.252
511 1,202 0,947 1,540 1 0400 ] —0,194
0,515 | 0,685 0,857 | —0,016 | 0,135
55| 0,495]| 0,710 0,884 | —0,001 | —0,139
0434 | 0.747 0,855 0,002 | 0,182
0,341 | 0,771 0,841 0,056 | —0,164
0,216 | 0815 0340| 0,07t —0,197
m‘ 0086 | 0924 | 0934 oles| —0:247
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TMLE 7
Test Rasults for Jfs TR 18
RNe ~ Q13- 10° Re = 0,08 . 40
[ L") (7Y ry ey L Lo o e ey (73 L
AN ~0008| 6080 | -0ux7| —0090] 6011 - § 0007 088 | Q0| —CON| 040
07 oMel o 01| ~0000] 0010 o] .00 oM | —-00| oame
27 eem| aneg et -002: 0840 e | 008 am| —-0088| 0000
AN 1| et QI78] —008] CON oM | o8 o] 00| 0,000
A e3Mm| and osns] 00K | -0 00| 008 0018} —0083] 0000
18, oAN | 6,154 o | —0.078 | ~ o,t7| ome o461 | 0,008 0,008
0 50| ol 0678 | -00u2| —0.117 0| 6198 - 0,008 [ ]
;MmN 6v7T] o Lied | 0000 ] -0.147 1 os| ofM -0, | —0.000
mniy eme| 08 09s| -0Mdt —0UTT oss | oelt N7 01| -6155
n7 eme| oeat 1,081 | --Q075] —0.108 7% 0380 0| 0100 --0,148
w1l TRl 078 10m| 8070} —-0118 o8| osns 1,013] 01| -0,
W oen] 47 1.0 ] —~0008 ] 0217 o780 ] 0,801 1062] —0,1131 ~0, 30
MY ) 0N 1,000} - 0087 | —~0.240 074] 078 1,081 | --0,000 ] 0,320
887 M3 09500 1001 002} - -0587 883! 01¢ 1L007] 0081 | —-0.308
0,7 emo0| o1 e | 0,00 | 030 eslz| onot 1,007| —00m | ~0,288
07 o (KL 1,008 0ntg| - 0388 a837] oMb 1,114] —0008} 0381
eAm}| 00 1180 ] 0,081 0300
[} 1,008 1080 @ -~ e
Re - Q08100 Re - 0,85 - 100
L e cp L1 cx LV « ¢ » cy ] ex L1
—0,087] 0031 | —0008 | --O,089 | ~0,003 - -086]| 0088 | -0088] —0030] - 0002
) 0,096 [} 0,00 | — 6,001 ) 0,000 [} ~-0088 | - 0,001
a0 aoRe| -oMmd| & 0,081 | 0,0M4 oeng| 0082 o
0108 | 403 a1 | 0019 0,001 0,1 | o0a9 0,158 | --0,0M 0
oA | 0057 00| --0001 | 0,001 6318| o0m 830} -0003| o001
04| oum 0,4M 00| -0 ] a48¢ | o008 6,008 0030 | -0007
0477 | 0408 0,m3 6 | 0082 om7 | 0,100 0,703 o | -0.03
058 | 030 Oxnd | 0,128 ) —0,008 onas | o2 0] OIM| 0,047
100 | 0470 1,083 0,098 —0,063 1,088 | 0,304 1000] o1%| 0077
aXS7 | 004 0983 | — 0 | —0.2w 31l 81| aare 1,13t --0,087
e | 063 1006 | -00807 | 0,189 1,13] ne 1.u] 60| - o007
aneh | 0,766 1,100} 0018 | 0215 08781 oM 1] -.0018) 00
0N} 0731 1| 000k —0,190 O3 | 063N 1.0 -00n1f o0am
0,7 | 0731 1032 00y 0191 as | 0748 | oom| o1
08% | 0758 o] o000t | 0189 N | 0,7% L] oviz| o308
o5 | 0774 ome]| ootz 0w 0231] 0,18 1071} 0007| -0198
Qe | OR8N osie| 0018 —Gim 08| 0758 ooms| 0001 oaxe
0,821 | OMis O873| 00| 01 oM | 0,74 0| o017 --0as7
a4 | amn 00| O0mMe] —0,20 0471 0,790 08| 0013 --0,187
nonz! o 0em|  00a2| --0271 N oxis| om7 0OXT8| o0a| olu
03] a2 oss] 000 | 03%0
0,058 | 1,000 L0 | 0,089} - 0.3
Re  O78- 100 ASTERN MOTION Ro @54 - 10°
e p y cx L ”‘:’:L e cn cy ry “atm
Q053 | 0033 00| -hen|  ao0m (1] 02 | o a0s2| o
0 Y o 00| o 013] 0082 | 047 0050 ]  0,0u3
o0 ] 0082 | emn| o 0213 | oo | 63 08 | 0,187
0,041 ] 008 0104 | 0w | o000 0,687 oams | 080 01| o2
0x22 ¢ D00y ([ o I X a,a01 —-0640n | 03w4 | 0707 047 0t
oxn]| oo oxm| oot | eong 0771} o602 | omoN a0 | -0388
067 ] o Ot | 03| 0038 0832 | 858 | 1,00 oMy o418
07| 0% 7] o] oMb L8] 0ss | 12w a5 [ o463
1050 | 087 L] sam | oo LAt ] ok | e DA 0404
LM | 0477 | a2 000 L L0488 | oew 0018 | - 0408
Lz | osie Lah| o2 | 0a0e 0610 ox 1,021 0ol | - 035
o8 | 0087 L] oo ]  wass 0425 | aamis | 1012 00| 02
ome | 0,762 LA oM | ez 044G ] 0Ny | Lo omT| 03w
0,740 | 073 tam]l oo - o u 02| apee | Low 0073 o2n
(X5 TR I omn] ol o vt | 118 | e ool 0247
05 0ms [IRIYH) [[X}-} [IN] " [IXT TN X [1X 1] A0 0,249
0k | 0,08 090 X711 (1N 13
0xze b anl ants b o] - oam
a2e] awe [T ¥ EETYISUN TR
YT SR A1, wimiz|  noae
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TABLE 8

Test Kesults for JIS S8 TR 25

Re = 0,58 - 10° Re = 0,67 - 10*
o ec ep ey ry LN o° eo ep cy ex LN
— -0,0621 0068 | —0,054 | —0,063 | 0,008 —0,050 | 0,048 | —0,082] —0,064 | —0,008
1] 0,088 0 —0,088 | —0,008 0 0,044 0 —0,04¢4 | —0,008
0,088]| 0,085 0,008 | —0,063 | 0,008 0,082 | 0,084 0,084 | —0,042 | —0,007
0,158 | 0,080 0,160 | —0,008 | —0,000 0,161 | 0,044 0,165 | —0,080 | —0,011
10 0317 | 0,078 0,398 | —0,082 | —0,014 0319 | 0,078 0,337 | —0,019 | —0,014
1 0483| 0.133 0,408 | 0,008 | —0,085 0491 | 0,138 03807] 0,008 —0,025
00672| 0192 0,007 0,050 | —0,045 0870 | 0,197 0,008 0,044 | —0,043
0,858 0,808 0,007 —0,089 08481 0,290 0890 | 0,085| —0,070
1,000{ 0418 1,118 0,163 | —0,102 1,021 | 0,40¢ 1,088 0,161 | —0,105
1,9883| 0572 1,3% ! 0,933| -0,143 1,208 | 0,568 1,313| 0,228| —0,139
1,206 | 0,798 1,460 0,277 | —0.177 1,321 0,719 1,474 0,208 | --0,183
41 1,330 0719 1,408 0,323 | —0,188 1,32¢ | 0,747 1,489 0,305 | —0,169
43 O,708 1,033 0,007 | —0,904 1,35¢| 0,778 1,527 0,388 | —0,177
0,081 | 0,008 0,978 | —0,011 | —0.200 1,384 | 0,805 1,547 0,341 | -0,181
0828 { 0,707 0,847 0,027 | —0,208 1,370 | 0,838 1,57¢ 0,354 | —0,189
0577 0T 0,008 3,027 | -0,208 1,399 | 0,880 1,611 0,387 | —0,196
0,008 | 0,799 0945 | 0,038 | —0,907 0,602 | 0,704 0,887 0,610 | —0,198
0380 €818 0,802 0,087 | —0,202 0,645} 0,738 0,971 0,025 | 0,187
0,320| 0.887 0918 0,083 | —0,331 0,570 | 0,778 0,084 0,021 | —0,205
0000 | 0956 0,888 0,000 | —0,285 0,512 | 0,787 0,837 0,048 | —0,202
0,97 | 0810 0,887 0,088 | —0,199
0,220 | 0,884 0,891 0,076 | —0,224
0,078 | 0,936 0,838 0,088, —0,258
Re = 0,78 - 10 ASTERN MOTION Re - 0,58 - 10*
° L] en Cy oy Mo l_ﬂ.): cc cp ty ex CM’-

0,047 | —0,081 | —0,045 | —0,008 0| 0,014 0,085 0,014 0,085 | --0,005
0,043 0 —0,043 | —0,008 5| —0,151 | 0,089 0,160 0,088 | —0,089
0,044 0,063 | —0,042 | —0,009 10] —0,203 | 0,139 0,318 0,087 | —0,168
0,050 0,158 | —0,087 | —0,009 15 —0,428 | 0,196 0,484 0,079 | —0,233
0,07 0,321 | —-0,020 | —0,014 20| —0.674¢| 0,356 0,755 0,088 | —0,297
0,123 8538, 0,607 —~0.024 25 —0,785 1 0,475 | 0912 | 0,088 | —0,361
0,191 0,685 0,047 | —0,042 30| —-0,885 | 0,589 1,071 0,087 | —0,415
0,887 0,008 | —0,087 38| —0927| 0,714 1,189 0,053 | —0.437
0,411 1,001 0,158 | —0.100 40| —-0,9875 | 0873 1,308 0,041 | —0,461
1,308 0,233 | —0,132 45| —0,610{ 0,735 0,052 0,088 | —0.345
0,711 1,472 0,307 | —0,180 0,588 | 0,797 0,870 0,085 | —0.344
0,877 1,617 0,377 | —0,194 58] —0,478 ;| 0,863 0,980 0,104 | —0,340
0,908 1,635 0,389 | —0,197 60| —0,385 | 0,802 0,968 0,113 | --C,328
0,841 1,084 { 0405 —0,208 70| —0229| 0,952 | 0972 | 0111 | —-0.311
0,972 1,691 0,425 | —0,211 80| —0,069 | 0,987 0,984 0,104 | —0,203
0,758 1,000 | —0,008 | —0,208 80| +0,104 | 0,852 0,952 0,104 | —0,263

0,743 0,983 0,015 | —0,200

0,785 0,882] 0,033 —0,204

3 0,960 0,087 | —0,205

0,821 0,901 0,073 | —0,202

0.873 0,903 0,087 | —0,227

0.95¢ 0,954 0,105 | —0,288
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Re = 1,56 - 10* Re = 0,70 - 10*
° cc ¢p ey ey Ao e cc ep oy cx Mom
- 2| —0,064 | 0,052 | —0,058 | —0,050 0,005 — 2| —9,068| 0,050 | --0,068 | —0,048 0,008
o ¢ 0,047 0 —0,047 0,004 o o 0,049 0 -0, 049 -0, 1004
2t c,0e8 | 2,050 0,088 | —0,047 0,004
5 018t | 0,064 0.185 | —0,040 0,004 2| 0,082 0,050 0,084 | —0,048 0,004
10] 0,317 0,083 0,326 { —0,027 | —0,002 5 0,161} 0,058 0,168 | —0,043 0,003
5 u.501} 0,i33 0,516 { 0,002 | —0,014 10| 0,323 | 0,084 0,333 | —0,027 | —0,002
20{ 0,676 0,203 0,704 1 0,040 | —0,033 15 0,509 | 0,150 0,526| 0,008 | —0,015
25| 0,866 | 0,807 0,915 0,088 | —0,088 201 0,602] 0204 0,718 0,045 —0,034
301 1,056 0442 1,137 0,147 | —0,004 25 0.873 0,300 0,921 0,080 | —0,059
31, 1,083 | 6,476 1,174 0,151 --0 102 30! 1,047 0,437 1,126 0,145 | —0,091
321 1,131 0,508 1,227 0,170 | —0,100 35 1,231 0,508 1,362 0,216 | —0,132
33 1,166] 0,539 1,270 0,183 ] —0,118 36| 1,254 0,638 1,388 0,222 —0,139
34| 1,188 0,572 1,305 0,190 | —0,127 371 1,260 0,658 1,400 0,238 —0,142
251 ¢,780 | 0,638 1,008 | —0,074 | —0,191 381 1,202| 0,691 1,444 0,250 | —0,150
40 0,799 0,723 1,077 | —0,040 | —0,203 39 0,801} 0,710 1,089 | --0,048 | —0,202
46| 0,891 ] 0,717 0,996 { —0,018 | —0,181 40| 0,795| 0,725 1,075 | —0,044 | —0,208
50| 0633| 0,755 0,985 | —0,001 { —0,196 43 0,707 0,738 1,021 | —0,021 | —0,201
86 0,579| 0,780 0,970 | 0,027 —0,194 50! 0640} 0,756 0,980 | 0,004 | —0,195
60 0,506 | 0,808 0953 | 0,034 | —0,200 55| 0,509) 0,783 0,984 0,042 | —0,197
700 0355 0,818 0.800| 0,053 0,194 60| 0,512 0,806 0,954 0,041} —0,200
80 0,220 0,880 0,807 0,072 | —0,224 70{ 0,385] 0,807 0,884 1 0,087 ( —0,105
90| 0,104 | 0,963 0.943 0,104 | —0,263 80| 0,226 | 0,884 0,909 | 0,089 [ —0,227
90| 0,i01| 0,853 0,953 0 101 | —0,259
Re = 0,79 - 10¢ ASTERN MOTION Re — 0,56 - 10
O ¢c cp cy cx (v, 1_8?" cc ¢p 1% cx M.n
—~ 2| —0,058 | 0,047 | ~0,060] —0,045| 9,004 0 +0,005] 0,086 | —0,005| 0,088 0,001
o o 0,048 | 0O —0,048 0,003 5| —0,142} 0,102 0,150} 0,080 | —0,077
2| 0,060 0 047 0,061 | —0,045 0,004 10 —0,208 | 0,149 0319} 0,085 | —0,153
5 0,147 | 0,051 0,151 | —0,038 C,002 15| —0,444 | 0,222 0,486 | 0,000 | —0,219
10 0,322! 0,078 0,330 { —0,0:0 [ —1.002 20| —0,3621 0,376 0,751 | 0,127 | -0,281
15 0,485 0,128 0,511 ,007 | —0,014 25| 0,771 0,475 0,900| 0,105 | —9,333
2| 0678| 0,192 0,708 0,052 | —0,031 301 —0,804 | 0,593 1,071 0,088 | —0412
25 08561 0298 06001 0,005 0,057 35 —0,856| 0,709 1,188 1 0,033 | 0,438
30| 1,037 0,422 1,108 0,154 | —0,087 40| —0,999 ( 0,870 1,324 | 0,024 —0,466
38| 1,213 0,578 1,328 0,223 —0,128 45| —0,638 | 0,728 0, 3| 0,064 | —0,342
40 1,327 0,782 1,487 0,202 | —0,154 50 ~0,606 | 0,820 1,011 0,070 | —0,349 .
41 1,342] 0,731 1,083 | —0,627 | —0,208 55 ——0 5021 0,880 1,000| 0,004 | —0,345
46 0,720| 0,728 1,024 | —0,008 | —0,200 60 -—0 413 | 0,910 0985{ 0,083 | —0,332
50| 0646 | 0,738 0,880 | 0,021 | —0,185 70| —0,248 | 0,967 0,004 | 0,008 | —0,313
551 0,602| 0,795 0998 | 0,037 —0,204 80 «-0 078 0,985 00841 0,06 | —0,204
40| 0,530 0,810 0,988 0,054 | —0.201 90 —0 1041 0,963 0,983 | 0,104 | —0,285
701 0,377| 0,518 0,808 0,074 | —0,198
40| 02568 0,868 0,809 0,101 | —0,222
80] 0,100 0943 0.109 | 0.108 | —0,260
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TABLE 10
Test Resuits for JIS 62 TR 25

Re -: 058 - 100 Re = 0,60 - 10*
. o ep ey cy Mo e [ cp ey ey e
— 2| --0,052] 0,038 | —0,053] —0,036 0,002 - 2| —0,055| 0,040 | —0,058 | —0,038 0,001
of © 0,038 0 —0,086 0,001 o o 0,038 0 —0,036 0
2 0,002] 0,038 0,063 | —0,033 0,001 2 0,085| 0,039 0.0868 | —0,036 0.001
5 0,181 | 0,040 0,164 | —0,020 0 3] o,168| 0,043 0,169 | —0,028 0
10{ 0,32¢] 0,073 0,332 | —0,016 | —0,007 10| 0,334 oM 0,341 | —0.012 | - 0,008
18] 0,516 0,123 0,531 0,013 | —0,020 15| 0,521 0,123 0,535 0,018 | —0.020
200 0688] 0,108 0,713 0,085 | —0,038 20} 0,706 | 0.200 0,731 0,05¢ | — 0,039
25 0,894 0,307 0,940 0,100 | —0,087 251 0,894 | 0,305 0,940 0,102 | —0,088
30| 1.088]| 0449 1,187 0,135 | —0.105 30 1,072 | 0,442 1,149 0,153 | —0,000
35 1,254} 0,617 1,383 0,213] —0,145 35 1,238 | 0,608 1,361 0210} -0,135
38 1,320 0,712 1,478 0,261 | —0,164 40| 1,373 | 0,762 1,541 0,290 9,158
39 0,799 0,705 1,085 | —0,043 | —0,202 41 1,378 | 0,783 1,554 0314} --6,135
40| 0,790 0,707 1,060 | --0,034 | —0,220 42 1,307 [ 0,828 1.502 0,530 —0.162
45 0,714} 0,708 1,004 0,008 | —0,181 45 1,481 | 0,025 1.887 0379 | —0.174
50 0,648 | 0,745 0,988 0,017 | —0,102 46 0 698 | 0,723 1,006 (1] —- 0,185
35l 0596 0,702 0,992 0,034 | —0,200 50| 0681] 0,747 0,997 0,038 —0.104
60| 0,527 0,308 0,962 0,053 | —0,200 85 ,606 | 0,780 0.986 00471 0,198
70] 0,381 | 0,828 0,903 0,075 | —0,197 601 0,532] 0,803 0,961 0050 | -0.197
80| 0251] 0,892 0,023 0,082 | —0.226 70 0381| 0,824 0.90¢ 0,076 —0.197
90| o111 ] 0,980 0,960 0,111 —0,258 80| 0,248 0,868 0.997 0008 0215
90| 0,117 | 0952 0,958 0117} -0258
Re = 0,78 - 10* ASTERN MOT'ON Re 0,.8 10°
2° cc tD "l' cx t.w.n 1‘3? "C—_! ‘p ry “q ; r‘
— 2| —0,056] 0,030 | —0,067 | —0,037 0,001 o 0 0,073 a 9,073 -6,
0 0,038 0 ~90,035 0,001 5| —0.147 0,078 0,'53 0,085 -0,082
2] 0,084 | 0,037 0,085 | —0,034 0,001 10| —0428| 0,108 0,445 00800 ¢ -0163
8] 0,182 0,042 0,185 | —-0,027 0 15 —0.377| 0,240 0,620 0,063 i 023
10 0,320 0,072 0,337 | —0,014 | —0,0C5 20| --0,708 ' 0,343 0,780 0,073 ; -0.305
15| 0516 0,122 0,530 0,016 | —0,019 25 —0,886, 0,46¢ 0.982 0,056 | —0O.387
20 0,708 | 0,199 0,733 0,055 | —0,039 3 - 0976 0,603 1.147 0.034 -(,.445
25| 0,303 0,305 0,938 0,101 | —0,684 35( 1,090 0747 1,280 0016 | —0.47
30| 1,084 | 0,442 1,159 0,158 | —0,007 4 —1, i8] 0808 1.382 noi- — 0 404
15 12501 0,801 1,376 0,230 | —0,13 45 09785, 105 1,431 0.3 | —0,481
40 1,378 0,751 1,538 0.311 | —0,153 50{ —0,553| 0320 0,883 0,104 | —0,342
45 1,447 ] 0,930 1,685 03¢ —0,181 35 —0471 | 0,875 0,887 0,116 | —0,336
48 1,478 ] 0,966 1,721 0,382 | -0,188 60| —0,388 , 0,922 0,992 0,125 | —0.330
47 1,457 | 1,004 1,728 0,381 | —0,184 70{ —0,225 | 0,088 1,005 0,178 | —0,313
48 1,451 ] 1,010 1,720 0,402 —0,198 8 —0,050 | 1,003 0,997 0,125 | —0,28%
49 00673 ] 0,730 1,000 0,023 —0.193 w0l —0,11t1 | 0,963 0.983 0,111 —~0,258
50| 0,688 | 0,743 0,998 0,04 | —0,194
35| 0,613 | 0,794 1,002 0,047 | —0,202
80| 0548] 0,818 0,982 0,085 | —0,202
70| 0,405 0,855 0,942 0,088 | —0,205
80| 0,278 | 0,872 0,807 0,123 | --0,219
90 0 120 | 0,860 0,960 0,120 | —0,255
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TABLE 11

Test Results for JfS 55 BR 15
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Re = 0,56 - 108 Re = 0,71 - 10°

. ‘e 0 ey erx N ¢ ¢ cp ey cx ey
—~ 2 ~0073| 0031 | —0,074| —0,028| —0010 — 2{ —0,080| 0,031 | —0,081 [ —0,028 | —0,012
0005 0033 | .005]| —0,033 —0,002 of o 0028 | o —0,028 | —0,001
0083 0031 | 0084 —0,028| 000 2| 0086 0031 | 008t —0028( 0011
0208| 0040 | 0208 —0022| 0027 5 0186 0037 | 0,189]| —0,021| 0,080
100 03s2| 0088 | 0330 —-0008] 0,064 10| 0335] 0059 [ 0340 —0,000| 0,088
15\ 0308| 01086 | 0317| 0028] 0,101 15| 0478] 0097 | o488 0020 0,105
oe08| 0185 | 0634] 0025! 0,133 200 0601| 0182 | 0627 0035 0139
067¢| 0320 | 0748{ —0.013| 0,108 22| 0618 0244 | o0664| 0005] 0,013
0.743] 0447 | 0867| —0015| 0124 25| 0664 0331 | 0,742| —0.019| 0,110
0680 0542 [ 0376 —0,040| 0,102 30 0721| 0438 | 0844 —0018| 0,110
o081 0548 | 0:73] —0,043| 0,101 35 0682] 0520 | 0870 —0,038| 0,098
37 0857 o388 | 0867 —0080| 0,007 36 0670 0541 | 0860 —0,044| 0,097
0648 0001 | Osnz]| —0043| 0007 3711 oe6s| 0560 | 0870 —0,045| 0,099
:1 0542 0.64a | 0888 —0,044 | 0,005 30| 0640! 0584 | 0872 —0,043| 0,005
0348| 0712 | 0887| —0039( 0089 45| 0595| 065¢ | 0883| —0,041| 0097
0478 | 073 | 0891 —0,081| 0,085 30| 0538 0,704 | 0,885| —0,041| 0,080
0407 0775 | 0875| —0,036{ 0,073 55| 0483 0,751 | 0893 | —0,034] 0,083
70{ 0277 0540 | 0884 —0,027| 0,052 60l 0411 0,79 | 0890 | —0,039| 0,072
0137 0856 | 0367 —0014] 0029 70| 0,284 0540 | 0,888 ] —0.020{ 0050
0 0870 | o870 0 —0,002 80| O,141| 0,848 | 0,560 | —0,000] 0,020
| 80| o 0876 | 0878 0 0,001
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TABLR 12
Test Results for JfS 54 BR 15
Re = 0,58 - 10* Re = 0,71 - 100
. cc ‘o ey x 3 e ¢ <p ey cx ‘y
- 2] —0,0880} 0,073 | —0,082] —0,071 | —0,017 — 2| --0,056}) 0,071 | - 0,059 | —0,089 | —0,018
0o 0 0,069 0 -—0,089 | —0,003 0f 0,003 0,067 0,003 | —0,087 { —0,003
21 0064 0,071 0,046 | —0,0089 0,000 2| 0,068 | 0,088 0,070 | —0,066 0,017
5! 0163} 0,083 0,170 | —0,088 0,020 3l 0,167} 0,073 0,173 | —0,089 0,031
10 . 0,121 0,349 | —0,061 0,057 10 0340} 0,117 0,335 | —0,056 0,080
15| 0,402 | 0,183 0,523 { 0,051 0,075 15| 0,449 0,182 0,481 { —0,059 0,078
201 o0,628} 0277 0,688 | —0,045 0,003 20 0,633 0,277 0,680 [ —0,043 0,096
25 0,762 0,385 0,858 | —-0,036 0,093 & 0,760 ,404 0,860 | —0,045 0,102
j0 04873 0,534 1,028 | —0,025 0,114 n, 0864 0540 1,018 | —0,036 0,116
35 0,967 0,688 1.187 | —0,008 0,114 35| 0,945 0,602 1,171 | --0,028 0,117
40| 0965 0,820 1,268 | —0,007 0,004 40 0,022 0,820 1,237 | —-0,04v 0,103
411 0861} 0,783 1,163 ( —0,026 0,087 411 0,840 0,795 1,155 | —0,049 0,103
421 0,798 | 0,750 1,085 | —0,022 0,088 42 0,788 0,772 1,103 | —0,046 0,082
43 0,723 ] 0,9%9 1,040 | —0,026 0,086 45 0,720} 0.754 1,042 | —0,024 0,088
3| o652 0,792 1,026 | —0,009 0,075 50, 065¢4] 0,795 1,030 | —-0,010 0,078
55 0577] 0,823 1,007 0 0,068 35f 0,577 | 0,828 1,000 | —0,002 0,073
80 0489 | 0,844 0,978 0,001 0,060 60| 0.481 | 0,838 0,988 | —0,004 0,083
70{ 0,326 0,884 0,941 0,004 0,045 701 0,321] 0,890 0,046 | —0,003 0,049
80f o,183] 0,879 0,804 0,010 0,026 80| 0,138 0,887 0,901 0,002 0,029
80 0,005| 0,901 0,901 0,003 0,001 80| 0.003] 0908 0,908 0,003 0,002
Re = 0,78 - 10*
«° [7s] cp ‘y x (574
— 2| —0,084| 0,089 | —0,088 | —0,087 | —0,014
0 ,080 0 —0,080 | —0,00)
2] 0060]| 0,083 0,081 | —0,081 0,014
8| 0,149 | 0,085 0,154 | —0,052 0,035
10f 0341 | 0,121 0,387 | —0,080 0,058
15| 0492] 0,180 0,524 | —0,058 0,075
20 0,830 0,284 0,689 | 0,052 0,088 _
25! 0,787 0408 0,887 ! 0,044 0,084
0,863 | 0,544 1,019 | —0,039 0,104
351 0985]| 0,700 1,192 | —0,020 0,111
40| 0962} 0,837 1,275 | —0,024 0,088
41 0,905 0,837 1,232 ] 0,038 0,079
42 0812} 0,778 1,124 | —0,0385 0,077
45! 0,732 0,769 1,082 | —0,026 0,070
56 0,649 0,803 1,032 | —0,018 0,061
55] 0,576 0,838 1,018 | —0,009 0,053
60] 0,489 0,867 0,995 [ —-n,011 0,048
70 0,317 0,804 0,857 | —0,011 0,034
80 0,165{ 0,890 0,808 0,007 0,018
90| 0,006 | 0,905 0,903 0,008 [ —0,002
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TABLE 13

Test Results for JfS 59 BR 15
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Re = 0,58 - 10#
* ! cc T cp cy x L)
-~ 2 —0,059| 0,078 0,062 | —0,076 | —0,008
0 0080 | O —-0,080( 0,002
0,068 | 0,080 { 0,089 | —0,078 0,01t
0,163 ] 0,005 0,17t | —0,080 0,036
0,338 0,140 | 0,357 |} —0,070] 0,046
0,492 ] 0,199 0,526 | 0,064 0,064
0,634 | 0,289 0,608 | —0,088 0,083
0,785 | 0,404 0,883 | —0,034 0,088
0953 0370 1,110 | —-0,018] 0,113
1,082 0,738 1,260 | —0,018 0,108
1,029 | 0,887 1,358 | —0,018 0.089
1,023 | 0,908 1,368 | —0,014) 0,000
0,702 | 0,752 1,601 | —0,089] 0.ra8
0,743 | 0,776 1,074 | —0,035 5088
0,669 | 0,802 1,045 | —0,004 0,081
0,574 | 0,830 1,008 | —0,008 0,052
0,487 | 0,854 0,083 | —0,005 0,051
0,321 0,894 0,850 | —0,005 0,035
0,159 | 0,903 0,917 | —0,001 0,014
0 0,913 0,913 (1 0,002
Re = 0,71 - 10* Re = 0,78 - 10*

O e cp cy cx N I .0} -5 ey x L7V 4
2| —0,058 | 0,084 | —0,081 | -- 0,082 | —0,008 - 2| —0,059] 0,088 | —0,082| —0,088 | —0,012
o o 0,080 0 -—0,080 | 0,002 o o 0,085 0 —0,085 0
2l 0,065| 0,083 0,068 | — 0,080 0,011 2| 0,068 0,087 0,069} —0,084| 0,012
5 o,152{ 0,008 0,160 | --0,083 0,027 5| 0,173 0,088 0,181 | —0,081 0,028
10f 0342 0,138 0,361 | —0,076 0,047 10{ 0,341 0,140 0,360 —0,078 0,049
15 0404 0,108 0,528 | —0,084 | 0,064 15! 0,502 0,209 0,639 | —0,072 0,07t
20 0,840 0,300 0,704 | —0,063 0,087 20, 0,649 | 0,206 0,711} —0,058 0,089
25 0,782 | 0,420 0,800 | —0,058| 0,093 25| 0,791 0,428 0,888 | —0,053 0,008
30| 0930 0,577 1,084 [ —0,035 0,115 30f 0928 0,573 1,000 | —0,032 0,118
35 1,024 | 0,757 1,273 | —0,033 0,113 35] 1,018] 0,749 1,263 | —0,029 0,100
40| 1,020| 0,906 1,364 [ —0,039 0,098 40| 1,019 0,801 1,353 ) —0,027 0,004
41 1,009 0,923 1,368 | —0,037 0,001 41 1,005| 0,926 1,365 | —0,039 0,088
42| 0,808 | 0,747 1,000 | —0,015 0,074 42( 0,808 | 0,779 1,121 | —0,030 0,075
45 0,720 ( 0,778 1,063 | —0,033 0,085 45 0,747 | 0,780 1,079 | —0,023 0,087
50 0,661 0,800 1,048 | —0,014 0,081 50 0,660 0,820 1,052 | —0,022 0,063
58] 0581} 0,835 1,017 | —0.,003 0,053 551 0,583 | 0,852 1,032 | —0,011 0,056
60| 0,482 0,858 0,089 | —0,003 0,047 60] 0,503 | 0,874 1,008 | —0,002 0,047
70 0315 0,881 0,035 | 0,005 0,037 70{ 0.322{ 0,801 0,956 | —0,007 0,033
80| 0,160 0,899 0,913 0,001 0,012 80| 0,163 | 0,910 0,924 0,002 0,017
90 0 0,921 0,921 0 —0,001 80| 0,005| 0,918 0,918 0,005 | —0,000
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TABLE 14
Test Results for JfS 57 RR 1%
Re = 0,568 : 10¢ Re = 0,78 10*
. ec ep ey ey oM " ec °p cy ex ey

—-0,087( 0,028 | —0,058 | —0,096 | —0,013 — 8| —-0,086| 0,030 | —0,057| —0,088| —0,011

0 0,026 0 -0,056 0,001 0f 0,003, 0,098 0,003 | —0,038 0,008
0,080 | 0,031 0,080 | —0,080 0,019 2! 0,086 0,031 0,060 | —0,039 0,023
0,147 ] 0,043 0,150 | —0,089 0,044 81 0,148 0,037 0,150 | —0,024 0,048
0,383 | 0,069 0,300 | —0,017 0,078 10f 0,203 0,088 300 { —0,018 0,081
0435 0,133 0,453 | —0,008 0,009 18] 0,435 0,123 0,452 | —0,008 0,101
0,579 0,213 0,617 | —0,002 0,196 20| o0572| 0217 0,612 | —0,008 0,111
0,717 0,338 0,793 | —0,003 0,002 28 0,608] 0,349 0,780 | —0,021 0,007
0,804 | 0,511 1,030 0,015 0,121 271 0,735 0,401 0,837 | —0,023 0,101
1,010 0,888 1,232 0,016 0,130 28] 0,751 0,427 0,863 | —0,024 0,104
1,053 | 0,878 1,370 0,008 0,134 20| 0825 0,470 0,049 | —0,011 0117
1,046 | 0,98% 1,304 0,014 0,108 3{ 0,877 0,508 1,018 0,001 0,123
0,708 | 0,707 0,097 | —0,038 0,078 35 0,985| 0,703 1,210 | —0,011 0,140
0,872 | 0,736 0,988 | --0,088 0,078 40| 1,038 0,889 1,366 | —0,014 0,127
0,601 0,778 0,983 | —0,038 0,070 42| 0,996 0,065 1,385 | —0,051 0,120
0,034 | 0,828 0,981 | —0,088 0,062 43] 0,704 0,724 1,008 | —0,050 0,088
0,454 ) 0,868 0,978 | —0,041 0,088 48] 0667 0,736 0,092 | —0,048 0,086
0,300 | 0,008 0,088 | —0,028 0,047 50; 0,603| 0,794 0,085 | —0,048 0,077
0,149 | 0,028 0,941 | —-0,014 0,023 85| 0,535| 0,841 0,008 | —0,045 0,073

,008 | 0,084 0,084 | —0,005 | —0,002 60 0485 0,880 0,080 | —0,048 0,087

70| 0,307 0,940 0,437 | —-0,083 0,048

80| 0,184 | 0544 0,856 | —0,013 0,080

80] 0,001 ] 0962 0,962 | —0,002 (V]
TABLE 15
Test Results for Square Plate B/L = 0,015
Re = 0,56 - 10* Re = 0,71 - 10*

< ¢o ep cy cx c"u «° L] cp cy Cx tx'"
— 8] —0,057T] 0,018 | —0,057 | —0,018 0,004 - 2| —0,056| 0,022 { —0,057 | --0,020 | —0,002
o O 0,017 0 —-0,017 0,001 o o 0,018 0 -0,018 0,001
3 00587 0017 0,087 | —0,0158 | —0,008 2 0,058 0,019 0,037 | —0,017 0,004
8| 0.1586] 0,024 0,158 | —0,010 | —0,004 5 0,151 0,030 0,153 | --0,018 0,007
10 0,338 0,071 03451 —0011! 008 167 0,348 0,077 0,357 | —0,0i8 | —0,006
15 0,583 | 0,149 0,673 | —0,001 | —0,037 15 0,544 | 0,155 0,565 | —0,000 | —0,034
200 0,762 | 0,272 0,800 0,008 | —0,082 201 0,749| 0,271 0,797 0,001 | —0,077
25| 0,920 X 1,021 0,010 | —0,128 25 0,925 0,413 1,013 0,017 | —0,120
30/ 1,070} 0,587 1,220 0,027 | —0,175 30| 1,047| 0,587 1,201 0,016 | —0,185
35 1,155 | 0,762 1,382 0,038 | —0,213 35 1,158 0,758 1,384 0,043 | —0,002
40 1,178 0,039 1,508 0,038 | —0,256 40| 1,177 ] 0,944 1,508 0,033 | —90,230
41 1,153 | 0,939 1,486 0,040 | —0,256 41 1,167 | 0,936 1,487 0,052 | —0,247
42| 0863 0,714 1,123 0,050 | —0,202 42| 0,354 0,725 1,119 0,032 | —0,199
45 0,778 0,747 1,074 0,018 | —0,201 45/ 0,785 0,748 1,083 0,027 ] —0,195
50| o0,881; 0,768 1,026 0,020 | —0,194 50| 0,689 0,768 1,031 0,034 | —0,187
85| 0,598 | 0,785 0,885 0,038 | --0,188 55| 0,598 0,784 0,985 0,042 | —0,181
60 00502 0,802 0,945 0,034 | —0,184 60| 0,508 | 0,821 0,964 0,027 | —0,186
70{ 9,338 0,883 0,926 0,021 | —0,102 70] 0334 0,840 0,803 0,027 | —0,186
80 0,180| 0,975 0,901 0, —0,234 80| 0,182 0,046 0,864 0,015 | ~0,223
®W O 1,048 1,048 0 —0,265 90 0,008| 1,038 1,036 0,003 | —0,262
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TABLE 16
Py % -
Test Results for Square Fiate B/L = 0,03
Re = 0,67 - 10¢ Re = 0,71 - 10*
' cc cp oy ex LI o° ec ep ey ey M
o | 0,083 | —0,058 | —0,031 | —0,00% —0,068 | —0,083 | —-0.003
0,033 0,007 | —0,033| 0,002 0,003 | ~0,083( 0,001
0,035 0,083 | —0,033| 0,005 0,083 | 0,088 0,004
0,080 0,189 | —0,031 0,008 0,159 | —0,081 0,008
0,008 0,349 | —0,032 | —0,000 0,333| —0,031 ! —0,000
0,170 0,583 | —0,025 | —0,038 0,852 | —-0,085 | 0,036
0,778 | —0,022 | —0,077 0,778 | —0,034 | —0,080
0,428 0,085 | —0,013 | —0,116 0968] 0,004 ] —0,117
0,508 1,198 ,003 | —0,160 1,171 0,002 | —0,164
0,762 1,358 0,018| —0,202 1,343 0,008 | —0,203
0,930 1,476 0,038 | —0,248 1,463 0,034 | —0,240
0,951 1,480| 0,035| —0,253 1,468 0,035 | —0,243
0,718 L1128 0,088 | —0,104 1,118] 0,087 —0,188
0,743 1,108 0,083 | —0,104 1,007 0,080 | —0,198
0,771 1,088 | 0,028 | —0,188 1,047 0,028 | —0,187
0,780 0973 | 0029 —0,176 0000 0,037 —0,182
0,797 0883| 0034 | —0,176 o8| 0,034 | —0177
0,863 0921 0,007 —0,188 0917 0,080} —0,182
0,953 0870 0,000] —0,317 0,975 0,005 | —0,217
1,062 1,082 0,007 | —0,259 1,006 0,005 | —0,263
TABLE 17
Test Results for Squars Plate B/L = 0,05
Re = 0,56 - 10 Re = 0,67 - 108
© e p ey °x 272 LTI [ o cp cy cx cx T
—2| —0,054 [ 0,062 | —0,056 | —0,050 | —0,013 | 0003 —2[ —0,0510,056| —0,053! —0,05¢] —0,012| 0,001
0| 0,005|0,060{ 4,006 —0,050| 0,001 | —0,000 of o 0054| 0 —0,054] 0,003] 0,0025
3 0,062|0,0587| 0,083|—0055| 0,018] 0,002 2] 0,061{0,088| 0,083[—0,055( 0,018] 0,002t
5| 0,161]0,068] 0,i66]—0,054| 0,089 —0,008 6| 0,166(0,071f 0,171| —0,086| 0,040| 0,0027
10| 03s8|0,118] 0,851] —0,038| 0,088 ]| —0,008 10 X 0117 0,360 | —0,085| 0,068 |—0,0218
15| 0,518(0,182 0,650] --0,051| 0,085 | —0,053 15| 0,814'0,103| o0,45¢| —0,083] 0,088 | —0,0508
0 0600[092011 0,742 0,087 0,088 —0,089 20 069710315 0,763 —0,047{ 0,102 {—0,0839
85| 0,844 (0,428 0,946| —0031] 0,008) —0,139 251 ©0,859|0,460| 0,972| —0,054] 0,100 }--0,1343
| 09910,610| 1,188| —0,040] o0.124]|~0198 30| 0985]062¢] 1,173 —0,042| 0,111 )—-0,1821
35| 1,060(0,788| 1,387|-—0,082| 0,107| 0,285 351 1,070(0,783] 1,332! —0,037| 0,107 ;—0,2250
40 1,100|0048| 4509|0013 0,1r2| —90,2¢3 40, 1,i25,0054! 1,475( —0,008] 0,101 |—0,3677
41 1,10510,072| 1,472(—0,000| 0088| ~0,270 41 1,108|1,010| 1,498 —0,035| 0,112 [—0,262¢
42 1,005(0979| 1,460| 0,004 0,004 | —0,274 42| 1,079(1,018| 1,482| —0,034! 0,103 |-0,2673
43| 0,884]0800| 1,208| 000! 0,080, —~0212 43 0.832 0,780 1,148| —0,010| 0,072 |-0,£151
45| 0,78510804( 1,123]1--001%] 0082 —0,200 45/ 0,708(0,705( 1,126] 0002| 0,070|—0,2115
50| 0,714]0842]| 1,103] 0008| 0,080] —0207 50| 0,731|0,544] 1,117] 0,017 0,085|—0,2144
85| 062¢(0884) 1,082( 0004 0083|0207 55 o0616]/0879| 1,073] 001! 0,062)--0,2080
80| 0,53010,922] 1,0683]—-0,008! 0,061]—~0,205 60] 0521(0,817] 1,055| —0,008| 0,054 |—0,2097
701 0338{0,048] 1,005|—0007| 0,045 —0,206 70| 0,34210042| 1,002| —0,001( 0,089]|—-02111
80 0,161/0,688' 0072|0008 0,023) 0220  80f 0,162(0864| 0,977] —0,008| 0,023(—0,22i4
80| 0 0908 0998 O 0 —0,250 80| 0 09%| 0996| O 0,001 {—0,2484

43

e




RSt TR cadee oY )

A

ML

BT L )

[T

- e U Py

BRI, .

-

%
¥

TABLE 18
Teat Results for Square Plate BA. = 0,07
Re = 0,56 - 10° Re = 0,71 - 10#
[ e ep ey ex LV o° ¢ ep cy (X3 LIV
—-0,082| 0,071 | --0,084 | —0,000 0,008 0 0,074 0 -0,074 0,002
0 0,068 0 -0,000 0,003 2 0,085 0,077 0,008 | —0,074 | —0,001
0,068 | 0,071 0,084 | —0,0890 | —0,002 0.160 0,086 0,167 | —0,073 | —0,008
0,158 0,080 0,163 | —0,087 | —0,006 10{ 0,333 0,132 0,341 | —0,073| —-0,018
0315| 0,135 0,333 | —0,080 | —0,020 15| 0,488 0,308 0,331 | —0,073 | —0,047
G482 0,100 0,517 | -0,087 | —0,048 0,654 0,311 0,781 —0,088 | —0,005
0,648 0,308 0,712 | —0,085 | —0,093 28} 0,788 0,442 0901 | —0,088 ] —0,142
0,783 | 0,440 0,805 | 0,088 | —0,140 3| 0015 0,503 1,089 | —0,085 | —0,187
0,908 0,888 1,079 | —0,05¢ | —0,184 38| 0,988 0,738 1,233 | —0,040 | —0,222
09891 0,738 1,228 | —0,0% | —0,213 1,000 0,873 1,327 | -0,085 | —0,247
1,084 | 0,889 1,356 | —0,023 | —0,247 41] 1,008 0,801 1,348 | —0,021| —0,3585
1,010} 0,889 1,36 --0,008 | —0,247 43] 0,788 0,788 1,108 | —0,081 | —0,215
0,833 | 0,754 1,116 | —0,010 | —0,208 43] 0,787 0,749 1,066 | —0,0068 | —0,202
0,738 9,788 1,044 0 —0,198 50! 0,698 0,768 1,087 0,040 ! —0,199
0,881 | 0,761 1,081 0,053 | —0,197 55| 0,618 0,806 1,014 0,044 | —0,200
0,801 | 0,792 0,004 0,030 | —0,102 60| 0,512 0,828 0,872 0,020 | —0,188
0,407 0818 0,057 0,021 | —0,189 70{ 0,318 0,871 0,027 0,002 | —0.202
0,316 | 0,856 0,018 0,003 | —0,18¢ 80| 0,178 0,072 0,987 0,008 | —0,233
0,173{ 0,078 0,990 0,001 | —0.238 90| 0,002 1,076 1,076 0,002 | —0,279
0 1,071 1,071 0 —0,278
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Figure 18 ~ Flow Forces on Rec-
tangwlar Rudder TMB 075 075 15
Ap ™1, Re = 0,62 . 106, JfS wind

tunnel measurement, uncorrected,
AR/ES = 0,204, (Numerical values in
Table 4)
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Figure 19 - Flow Forces on Rec-
tangular Rudder TMB 075 075 15 in
Astern Motion
Ap =1, Re = 0.56 . 106, JfS wind

tunnel measurement, uncorrected,
Ac/Ay = 0.204. (Numerical values in
Table 4)
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Figure 20 = Flow Forces on Rectan- Figure 21 - Flow Forces on Rectan-
gular Rudder NACA 0015

gular Rudder NACA 0015 in Astern
g =1 Re =0.79 . 108, JfS wind Motion

tunnel measuremsnt, uncorrected,
Ap/Ag = 0.204. (Numerical values in

Table 5).
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Figure 22 - Flow Forces on Rectan- Figure 23 - Flow Forces on Rectan-
gular Rudder NACA 0025 gular Rudder NACA 0025 in Astern
Motion
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Figure 24 - Flow Forces on Rectan- Figure 25 ~ Flow Forces on Rectan=-
gular Rudder JfS S8 TR 15 gular Rudder JfS 58 TR 15 in Astern
Motion
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Figure 26 - Flow Forces on Rectan- Figure 27 - Flow Forces on Rectan-
gular Rudder J£S S8 TR 2§ gular Rudder JfS 58 TR 2% in
Astern Motion
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Figure 28 - Flow Forces on Rectan- Figure 29 - Flow Forces on Rectan~
gular Rudder JfS 61 TR 25 gular Rudder JfS 61 TR 25 in

Astern Motion
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Figure 30 - Flow Forces on Rectan- Figure 31 - Flow Forces on Rectan-
gular Rudder JfS €2 TR 25 gular Rudder JfS 62 TR 25 in
Astern Motion

47




ijl =
i | N i

Figure 32 - Flow Forces on Rectan-
gular Bow Rudder J£S 55 BR 15
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Figure 33 - Flow Forces on Rectan-
gular Bow Rudder JfS 54
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Figure 34 - Flow Forces on Rectan~
gular Bow Rudder JfS §9
BR 15

BR 15
T TTA I
@ ]', )i ~ & ; s S

':j:w /. T A |

: yial

v py *T%/

u‘i'ae / NE | /) .

& 4 N RN
Ml g2 / _ \\ N o 1 q'\\
3 +4 e eV

0 = = o !
‘“""‘o‘m’m‘w‘nsrw'n'wrrrrn'w'm'arm"%o‘w-

§ el

Figure 35 - Flow Forces on Rectan-
gular Bow Rudder J¢S 57
BR 15
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Figure 36 - Flow Forces on Square Figure 37 - Flow Forces o1 Square
Plate B/L = 0.015 Plate B/L = 0.03
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Figure 38 - Flow Forces on Square Figure 39 - Flow Forces on Square
Plate B/L = 0.05 Plate B/L = 0,07
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Figure 42 = Drag Power Requirement of Various
Rudder Profiles at Rudder Angle
in Straight-Ahead Motion

TABLE 19

Rudder Efficiency and Drag Power Requirements of the
Profiles Investigated

MOTION ALONG THE TURNING CIRCLE
L RUDDER ANOLE s, - - 35° 7

" STRAIGHT - AREAD MOTION "L, w0
"
PROFILE o Cypr ™Cp NRr
coNTROL | POWER TR s
FORCE REQUIREMENT _TORCE- | REQUAEIENT
NACAQOUS. ...ovierriienniiees 0,79 — 0,522 0,135 — 0,675 0,062
O 0,78 - 0,588 0,145 — 0,637 0.080
JBBETRID ....oovvenreenennnnnns 0,78 ~ 0,670 0,166 - 0,714 0,087
L IE T IO 0,78 — 0,660 0,101 — 0,608 0,115
JNBZ TR .....ooovninnnnn.... 0,78 — 0,708 0,199 — 0,742 0,116
s) SEE ALSO FIGURE 43.
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Figure 43 ~ Drag Power Requirement and &fficiency

of Profile JIfS 58 TR 25 for Straight-Ahead Motion

and for Motion along the Turning Circle LL/R = 0.5
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Figure 44 - Influence of Aspect Ratio on the Transverse-
Force Coefficient for Various Rudders
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G. MEASURES FOR SUBSEQUENT ALTERATION OF RUDDER CHARACTERISTICS
% This catch word was adopted after the last war in order to resume
i research work on the problems concerning ship rudders. Even today there

arises again and again the probtlem of improving the qualities and the
efficiency of a rudder, with the aid of limited means in most cases.
Frequently, an improvement in directional stability is what is
desired., Tie most inexpensive means to achieve this is hy the so-called
rudder wedge u-rangement.* Figure 46 shows an exanple taken from the

AR

extensive investigation by Thiemnn.so Figures 46a, b, and c¢ indicate,

*'l'rmshtor's note: Stankeil - "stagnation" wadge,
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soreover, how this brings about a change in transverse force, resiatance,
and moment. Of courae. the imnrovement of thé tranaveiss force and
directional stability entails a certain additional resistance and a higher
rudder moment., Moreover, it must be borme in mind that the effect of tie
wedge arrangement is ell the greater, the poorer the design of the initial
profile which is to be improved. That is a unique disadvantage of the
more reoent profiles; they can no longer be improved so easily later on by
fittirg a wedge on the profile,

The development of the wedges fitted on the trailing edge of
rudders will hardly be clarified entirely by the statements made here.
After the last war it was a prestige question ut one time whether this
procedure originated in the model basin or in the shipyards building
coastal vessels. It must he admitted, however, that evolutionally the
procedure of the model besin was based on the trailing-edge control mecha=-
nism developed a number of years before for missiles by Herbert Vagner
which makes this procedure about 20 ycars old now. Meanwhile, however, the
author following a friendly cuggeation was able to ascertain that even as
early as 1934 the Howsldt Co. of Hamburg (Howaldt Shipyard at Hamburg) had
fitted the seaside resort ship KONIGIN LUISE with a kind of altermately
step-like ridder wedge to compensate for a reduction of the rudder area.

In the meantime, the shape of the rudder wedge has undergone a
considerable evolution. First, the combination of a shortening sf the
profile at the trailing edge and the simultanecus fitting of a wedge at the
nev tralling edge, as shown in Form II in Figure 46, was succesefully used
in actual practice and later investigated experimeantally. Thereby it is
possible by the skillful application of these megsures not only to in-
croase the transverse force in the entire angular range, but clso to re-
duce the ruwdder moment at the same time, as seen again in Figurea 46a, b,
and c.

It should be pointed out neverthelesc that the astern character-
iatics zre affected somevhat adversely by the wedge arrangement. On the
other hand, steering ability in astern motion depends less on the form of
the rudder than on the rudder arrangement. In the case of a narrov pro-
peller aperture or u twin=screw single rudder immediately behind the dead-
wood, shortoning the deadwood helps more than changing the rudder profile.
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We might sention in this connection one other inexyensive and al-
ready proven method of changing the rudder <hat 15, the use of end
disks. In any event, this lncreases the contribution of the rudder to
directional stabjlity although it produces some additional resistance,
especially for larger sspect ratios, At smalier aspect ratios, say, at
1.0 or even below thet, the rasistance increase s small in relation to
the increase in the transverse force; in that case, however, the maximum
rudder effect decreases sc that we must count on a decrease in the maximum
turning abilicy.

H. FUTURE TRENDS IN RUDDER FORMS

The optimum which was approximately obtained for balainced-rudder
profilea with such forms as IfS 58 TR 25 and IfS 62 TR 25 will have to be
investigated further in view of the influence of structural desires for a
thick trailing edge and possibly for even greater profile thiclnesses.

In this connection, the danger of cavitation or air penetratiosn, when
rudders operate near the surface will have to be consider:d as the Froude
nunber increases.

A parallel development for guide head rudders and semi-balanced
rudders may be based on these results., In the case of the guide head
rudders, a certain measure of balsncing is urgently desirable as a partic-
ulor goal of the developwent; thus far, this has been obtai'ed in the
highest degree with the HSVA form according to Figure 74.

In view of the bow-rudder development and the control o’ -he
astern motion with normal stern rudders, it is not enough to c..“inue the
development of the bow=rudder forms now begun. The effect of th. deadwood
in front of the stern rudder and of the ship hull behind the bow ru..lor
warrents investigation. In both cases, a certain interspace must r¢.ain
in order that the cross flow in the wake of'the rudder does not react upon
the hull with full force.

The above-mentionad fundamental influence exerted on the rudder
forces by the turning of the ship which deforms the entire rudder polar
curve must be investigated atill further, especially in view of the maxi-
mun rudder effect, since poasibly the simple conversion proceas used here
does not encompass the overall improvement which might be obtained.
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A special objective for model teats at particularly amall Reyrolis
numbers, on ore hand, and for certain types of ships, on the other, con-
sists in the development of rudders which, for structural reasons, must
have adequate ahaft thickness while acting supposedly like thin plate
rudders. Rudder IfS 57 TR 18 investizated here has not yet proved to be
satisfactory in thia sense; it still remains at a disadvantage compared
to the plates nf equal or even greater edge thickness.

It goes without saying, that additional effects due to the influence
of the propeller slipstream,a greater Reynolds number, and natural
roughness must be kept in mind for all further developments. In this
connection the question becomes interesting as to the extent to which a
partial flow separation may be quickly compensated for by giving a limited
amount of rudder angle if the maximum transverse force is exceeded. If
adequate safety can be provided in this area, the operational performance
of rudders can also be increased in a simple manner by stepping up
appreciably the permissible hard-cver position of the rudder.
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APPENDIX
DISCUSSION BY OTHER INVESTIGATORS

Dr. Eng. Dr. Aschenbach, Frankfort (expanded in writing)

In 1943, I was engaged in experiments on new types of rudders on
the basis of two German Reich patents; these experiments were altogether
different from those discussed in the present paper.

One of the patents dealt with perforated and staggered rudder
surfaces and the other with a 'spreading rudder' (German !'Spreizruder')
which served as an anti-roll stabilizer.

The tests with the slotted rudder were undertaken at the request of
the Reich Ministry of Transport and were carried out by the Hamburg Model
Basin (HSVA),

In these tests, the slotted rudder was investigated in comparison
to a conventional rudder of a barge; the former had only 89 percent of the
area of the conventional rudder. The greatest profile thickness of the
conventional rudder amounted to 1/30 while that of the slotted rudder
amounted to 1/11 of the rudder length; in both cases it was located in
the tuming axis which was arranged approximately 17.5 percent of the
length behind the leading edge of the rudder.

The balancing surface was equally large for both rudders; however,
the slotted rudder exhibited a greater equilibration due to the slot and
to the pressure increase in the forward zone of the flow which occurs in
the case of streamlined profiles, The body plan of the barge and the two
rudders are represented in Figure 1.

Two series of tests were carried out, First, the steering moments
and the rudder turning moments were measured for various rudder angles
with the model running straight ahead and then Z-maneuvers were carried
out,

The curve of the steering moments are presented in Figure 2, and a
curve of the rudder turning moments for both types of rudders is shown in
Figure 3. From these, the energy expended in shifting the rudder was
computed and is represented graphically for both types of rudders in
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CONVENTIONAL RUUSER ASCHENBACH SLOTTED RUDDER
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Figure 1 - Body Plan of the Barge and of the Two Rudders
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Figure 4. It vwill be seen that up to a rudder angle of 20 deg, the
Aschenbache-alotted rudder can be shifted more Sasily with equal rudder
efficiency.

It should be pointed out that these tests with slements were not
intended to determine optimm rudder arrangements but only to compare the
conventional rudder with a slotted rudder designed on the spur of the
moment, The slotted rudder should have been adapted to the hull, This is
proved by my design for concrete tankers whose rudders were adapted to the
form of the ship and as a result, exhibited a comparatively smaller head
resistance both in the experimental tank at the Berlin Research Inatitute
for Hydraulic Engineering and Shipbuilding and on the river Danube.

During the test runs along a sinuous course, the rudder is shifted
to sero, whereupon it is shifted to port or starboard by means of a ateer-
ing engine and the sheering of the model out of course is observed. Once
the model has reached a course angle of 10 deg, the rudder is shifted to
the opposite course and the measuring process is repeated. By carrying
out this maneuver several times, we obtain the Z-meneuver for 10-, 20-,
and 30-deg rudder angle. If the rudder is shifted in intervals from one
hard-over position to the other (from full-right to full-left rudder), a
turbulent flow is produced about the rudder which does not calm dowm very
quickly; in the case of the moving ship, on the other hand, an almost
laminar flow occurs since the rudder is shifted slowly with the result that
the streamlining of the rudder stands out more prominently compared to the
unstreaml ined conventional rudder just as the existence of a slot becomes
more prominent, too.

Although these tests demonstrated a certain superiority of the
slotted rudder, it would neverthcless be a good idea if the author of the
paper wuld extend his investigations to include this type of rudder also
since in wartime not all of my proposals, objections, and modifications
could bs taken into consideration.

The other patent referred to concermed a twin 'spreading rudder!
('Spreizdoppelruder,' "spreading doudle rudder"} which is to serve the
purpose of roll quenching., According to the intensity of the seaway, the
angle of spread (or flare) o is adjusted, and by means of the twin rudder,
that half of the rudder which is effective in a given case can reduce the.
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yaving of the ship and thus the rolling as well since the yawing and
rolling motiona sre couplsd with one another through the path of the cen-
ter of gravity; the result is that steering the ship along a straignht
course must alsu have the effect of dasping the rolling of the ship, at
least the rolling oscillations, st the same time.

The steering rudder does not participate in this; the spreauing
rudder, however, which mgy be installed fore or aft of the steering rudder
is controlled by a gyroscope which shifts it accordingly. In a calm sea,
the angle a may be set at zero,

Figure 5 showas a sketch of the arrangement. It has not been
executed a8 yet. However, since it is simpler than other stabilizers, I
should like to rocommend that the author include this rudder arrangement
in future tests.

Prof. G. Weinblum, Dr. Eng., Dr. Eng. h.c. , Hamburg
(Word of appreciation).

Although tha somewhat unfortunate time history may have tired you
perhaps, you have nevertheless gained the impression how much work may be
accomplished in thiy field, already regarded as classical, and how much
has actually been accomplished by Mr. Thieme. The latter now resembles a
sponge which is sucked full of useful information; hence, we may expect a
number of interesting results from him in the courae of the next few years.
I believe that I speak for all present vhen I say that we are very
guteful‘ to Mr. Thieme for his fundamental and practically interesting
presentation; thus we conclude the present lecture (Lively applause).

Dr. J. Richter, Dr. Eng., Berlin (submitted in writing).

First of all, I wish to express my appreciation to Mr. Thieme for
his report. He may be certain that not only naval architects but also
marine engineers and electrical engineers are keenly interested in this
work,

I was particularly interested in the difference in the turning
ability of the small ship wodel in ccmparison to the full-scale ship if the
rudder is dimensioned according to scale and if one is governed by Froude's
law vhen determining the model speed. In one individual case, I have
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srcertained that for a scale of length of 1:75, the turning ability of the
model fell 16 percent below the turning ability of the fuil.scale ship.

I am sure that the author can furnish information as to the sigze of the
model rudder required in order to predict the actual turning ability of a
full-scale ship from steering teats with models.

Dipl.~Ing. H. Thieme (Written reply)

The two proposals made by Dr. Aschenbach=-s]otted rudder and
spreading rudder--had not previously come to my attention nor presumably
to many in this audience; hence, this presentation of his proposals will
contribute to many additional lines of reasconing in the rudder develop-
ment. What is common to both proposals from the hydrodynamic standpoint
is that they concern the problem of the tandem rudder. Inazmuch as few
data exist on this subject, I had already taken this project into con-
sgideration for further programs. Thus, the recommendation of Dr.
Aschenbach falls /- somewhat prepared ground.

I should like to point out, however, that I do not expect any
advantage can be gained by uring a slottad rudder. The superiority of
this form as obtained in the rudder moment for equal efficiency in the
lower angle range is based leas on the superior quality of this arrange-
ment than on the arbitrary underbalancing of the barge rudder used for
conparison.

I have some reservations on accepting the conjecture regarding the
dynamically obtained fiow condition on the model rudder and the laminar
condition on the ship rudder.

In conclusion, I wish to ecpress mv keen appreciation to Dr.
Aschenbach for sharing his experiences with us and for his suggestions.

The question raised by Dr. Richter with regard to the methods of
accomting for scale effect on the rudder efficiency broadens the scope
of the subject in a natural and weldome wanner. Hence, I am doubly
grateful to him for his observation.

Jet me first tuwrn to Dr. Richter's statement that in one case he
observed that the turning ability of the model amounted to only 84 percent
of the turning ability of the ship. In a study of 11 ships of all possible
types and various rudder angles, Suarez and Struspf (Davidson Laboratory
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Nots No. 548) determined the ratios of the turning ability between model
| and ship to be between 0.7 and 1.14, in which case the values below 1 are
; 1 altogether preponderant. Hence, Dr. Richter's observation lies within

| the range of statistically normal expectation.

. The following scale effects may have an effeut on the magnitude of
i ths force to be expected on the rudder:

? 1. Apart from undesirable and extreme laminar effects, the wake on
| the rudder is generally greater for the model than for the ship.

2. For rudders in the propeller alipstream, we must always assume
& greater velocity increment for the free-running models than for the
ship., This effect is thus the oppcsite of the one referred to under 1.
Hence, the final result may lie in both directions.

3. In the case of similar flow conditions, the smooth model rudder
* with a smaller Reynolds number normally shows amaller force coefficientas
{ in all cases than the rougher ship rudder with a greater Reynolds number:
from this, too, we may therefore expect a contribution in terms of a
reduction of the ratic of the turning ability.

In the normal case, no suitably computed corrections are made in
model tests because of the considerable difficulties encountered in
estimating these effects in advance. In case of . given advance estimation
the ratio of the turning ability to be expected under 1. may be guarded
against by a dissimilar enlargement of the rudder area on the model or—-in
case one i3 rertricted to fairly moderate rudder deflections--~by replacing
the streamline model rudder by a plate model rudder.

Although this goes somewhat beyond the question raised by Dr.
Richter, but I want to avoid having the reader jump to any oversimplified
analogy conclusions. Hence, I wish to add immediately that theoretically
the change in the course stability as well as in the yaw-checking ability
may be expected to amount to no more than approximately one-hali the
magnitude owing to the scale between model and ship in view of 1. and 2.;
This result is obtained if consideration is given to the change of the
flow angles on the rudder which is brought about by the scale effects.
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