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PLANING-SURFACE TESTS AT LARGE FROUDE
NUMBERS - AIRFOIL COMPARISON™

By A. Sambraus
INTRODUCTION

‘The take-off capacity of a flying boat depends upon
the design of the hull bottom ahead as well as aft of the
stepes Systematic tests - largely made dy the industry
itself - had proved the benefit accruing from a well-
designed hull bottom long before theoretical insight into
the flow phenomena involved had been obtained. The theo-
retical framing of the problem was beset with seriouvs dif-
ficulties and, though restricted to the processes within
range of the planﬁng bottom ahead of the step, the solu-
tiong do not as yet afford a comprehensive survey.

NOTATIOK

Planing

surface,

airfoil

2, accelération of gravity.

p =Ye, dengity.

v plate speed.

vy =7V B, vertical spe=d component at planing surface.

b plate width (at right angles to V).

¥, plate length (in ¥V direction) (for planing
surface = area of pressure surface divided
B Bl

" . ” - . & 4
" Gleltflac%enversuche bei zrossen Froudeschen Zahlen und
Tragflugelvergleich." Luftfahrtforschung, vol. LS -
no. 8, #August 20, 1936, pp. 269-280.
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Pla a ddrfoil
[
LD distanee of Lift resultant

E from trailing edge of plate.

Te= AL 1B depth of immersion.
B angle of attack of plates
B lgffective" angle of attaeck =
W : :
B minus angle of downwash Bj.
AB supplementary angle of attack
due to boundary-layer friction
at planing surface.
4R OR ! o
By = ——=—= R =—x angle of downwash due to infi-
mpV D TV b nite width of surface in mo-
tion free from gravity.
& = —E;f Froude numnber.
f%é
| R = EEL Reynolds Number.
|
R 1
R % load faetor.
P R S |
— v b i
o |
i
Gy forward plate loading.
Gg rear plate loading.
E | B! momentum of downward moving
fluid mass.
By = g b= my ' = p mb2 mass reduced to V3 moving
2 4 & downward per length "one" at
infinitely small angle of at-
tack.
n m' mass reduced to V. moving
downward per length "one" at
finite angle of attack.
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Ploning Airfoil
surface
Ro B’ normal force of plate at infi-
nitely small angle of attack.
R R normgl force of plnté ait “faida te
angle of atback {figy 1)
ag=l ooy’ B FALV=R, " cog B 1ift &t infinitely small angle
of attack.
A =R cos B [A!' = R! cos B 1lift at finite angle of attacks.
/ |
wo= 2L = Bt = —QT = conversion factor.
) &g L) Ao !
!
Cu = PN S ] T . 14£5 "eoetiicieonts
a p 2 L P 2
5 TR 5 VLD
Wy horizontal push-rod force.
Ty frietional drag in boundary-
layer drag coeffieient.
R s
o ik e ditaig’ eolefficientl.
B, g
2
K auxiliary gquantity (taken from
fig. 18 -of weference 2).
PART I
le Previous Studies
In his method of explaining the case of accelerated
planing, H. Wagner (refercnces 1 and 2) disregarded both

the gravity
aceclerated
attack, the
great as tha
whose plan c
face) (airfo

and the fluid viscosity. He observed that, in
planing at very (infinitely) small angles of

1ift of a planing surface is exactly half as

¥ of an identdcal infinitely thin alffell
orrespounds to the wetted surface (pressure sur-
il comparison).
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The attempt at reconciling Vagner's theory (refer-
ences 1 and 2) with Sottorf?s test data on flat planing
surfaces (references %, 4, and 5) was quite satisfactory
foterve: Gy figs. 14 @and 16s) £or short plates (ises, Hor
small 1/b) up to about 1/b = 1 at both small and large
angles of attack within the entire range of Froude num-
bieinls’ icompmitsing Seoftiortlsiprosran. Bor lons platesh on
the other hand (large L/b), the agreement was far from
satisfactory (curve D in figs. 14 to 16). This might be
due in part to the increasing gravity effect with great
plate length; then, too, it should be observed that Wag-
nerl!s theory for the case of long planing surfaces is
applicable only to very (infinitely) small angles of at-
tack. And so the discrepancies between theory and exper-
iment could be traced to the fact that the assumption of
infinitely small angle of attack did not constitute a
sufficiently close approximation for Sottorf'!s test range.

2. Experiments

The purpose of the experiments was to elucidate these
discrepancies between theory and experiment; that is, to
separate as far as possible the effect of gravity and
that of the finite angle of attack. With this in mind, &
made a series of tests with the high-speed carriage in the
Prussian Experimental Laboratory for Hydraulics and Ship
Design, Berlin, on flat planing surfaces at largest possi-
ble Froude numbers; that is, at the highest possible test
speed and with the smallest possible plates. (See table I
at end of report,) In distinction to Sotteorf's Hests
(reference 3) the peak speed V was raised from 9.5 to

16 meters per second; and the plate width b. reduced
from 30 to 15 centimeters, thus raising the highest ob-
tained Froude number F = V/J/bg to 2.37 times its value.

The experiments with long plates and high load rating, re-
stricted to 6 meters per second speed in Sottorf's test,
were considerably extended.

The experimental arrangement, patterned largely af-
ter Sottorf set-up, is deseribed later on.

As in Sottorf's experiments, the plates weore left
free to trim and loaded with weights (figs. 1 and 22). At

the chosen load ratings T Qs 2L8 5 0109, 2
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0.0545* (gee table I), this assured three groups of tests
e 2 to 4, 14 %o 18, and 17 to.l9) whieh; in. tunro,
were subdivided according to Froude number (speeds) into
test series with constant weight loading but variable cen-
ter~of-gravity position. Table I also indicates the test
series, run with the 15- and 30-centimeter plates. To ag-—
sure greater accuracy and at the same time afford a check
on Sottorfl!s measurements, the tests were made - as far as
the exverirental set-up allowed - with the 30-centimeter
plate. 3Because it was occasionally expedient to analyze
the test data in relation to the speed rather than the
Froude number (figs. 2-4, 14-16, and 17-19), and also be=
cause the speeds at equal Froude number are proportional
to the roots of the plate widths, the speced was referred
to one nlate width. In the following it was referred and
converted to the 30-centimeter plate (figs. 2-4, 14-16,
and 17-19), the same as Sottorf employed in his tests.

As in Sottorf's casc (figs. 1 and 22), our experi-
ments covered:

l, The produced wetted length 1 of the pressure
surface;

A1)

e« The ensuing angle of attack P of the planing
surface; aand

3¢ The drag Wy of the planing surface (push-rod
force).

The position of the lift resultants (fig. 1 and table
I, colunns 6 and 13) and their components normal to the
planing surface (= R) and in the plane of the planing
surface (= Wy = friction) were mathematically established
from Gy and Gg, tho plate weight and Wg§ from Wy

PRtlatved tho copffielent of frictlon e = -7~ (ta-

ble I, columns 8 and 15),

3. Results of Experiments (Airfoil Comparison)

')

: 2
The results are shown in figures 2 to 4, with l/E :
the reciprocal value of the sguared Froude number F as

*Corresponding to"Sottorfty 1oad ratings Op = 0,218,
0.109, and 0.0545 (reference 3).
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abscissan The speeds converted for the 30—-centimeter
z)

platie®aretdneluded alsol BFheright—=hand¥side of eachName

oif " the" thiree plotis correcgponds teo Low' speed (great grav-—

i6y cffect )y with. the lLeft border ;% = 0. ecorrespondins
N

tlo. the extreme case of infinitely hish speed; That ds.Selie

gravity=free problem. As ordinatc, we plotted with the

aid of fipures 14 to 16, the experimental angle of attack
B for the assumed U/b in figures 2 to 4. The curves
connecting the individunl B  values zive the angle-gf=
attack range for given 1/b of the planing surface at

eonstant  liit coefficient Cpe

Figure 2 illustrates the results for the high load
ating (i.e., large B), and figures 3 and 4, for low load
rating (i.e., small B). Winter's wind-tunnel tests™ (ref-
erence 6) - the results of which are reproduced in figure
25 - are also represented by the angles of attack of flat

airfoils at doubled lift coefficients c, at ﬁg = 0 for
1/b SRR 2 e e L T The good agreement existing between

airfoil and vplaning surface test data at large Froude num-
bers, even for gzreat plate lengths and high B (figes 2 %o
4). congtitutes the flrst regult of cur work; that 18 ,
contrary to the original expectations, the airfoil compar-
igson retains its validity even at larger angles of attacke

If the gravity (Froude number) and the viscosity ex-
erted no effect on the process, each plotted curve would,
in conformity with the general dynamic law of similitude,
be o straight iine B = constant; because for every one of
these curwves the plate loading was vatried as the square
of the speed. The slope of the curves is, in consequence,
a criterion for the actually existing gravity and viscos-
IpyRet fielehy

The drag W of flat planing surfaces with no allow-

ance for viscosity, is given in figure 1 for given loading
R and spgle B with W gin B. Fiegures 2 to 4. show
that W and B increase in part and drop in part with
incrcasing Froude number; that is, with rising gravity ef-
fect under otherwise identical conditions.

1l
L)

*Airfoil investigatiors made by He. Winter in the wind tun-
nel of\tho Danzig Technischen Hochschile (chair, Professor
Flugcl). These cxperiments are much more accurate thanwthe
hitherto known experiments with long surfaces by Eiffel
(reference 7).
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Before proceeding with the discussion of figures 2 to
4, a few words about the viscosity effect may be to the
point. Taau this effect in the boundary layer is negligi-
bly small on the effective angle of attack, is borne out
by the following argument: Suppose a very thin turbulent
frictional layer starts to form on the leading edge of the
blaning surface (fig. 5) which at the end -of the plate

~~ﬁr the velocity distribution according to equation

& ( (fig. 6), whereby TV = velocity of potential
flow outside of frictional layer (= plate speed), ¥ =
digtance from plate and &8 = 0,37 LV/F“ thlckness of

fpdetional layers Then the thiceckness of the friction-

al layer at the leading edge, affected by friction while
Pasging by the plate, follows from

y=5
Vg = // 7V dy
y=o
= ¥ A
having recourse to equation LS <y\ 8, = £ B Tie,
6). v 8
Owing to the friction on the plate, the potential flow

is deflected through an angle A B, = gT (fig. 6), which

is followed by an increase in effective angle of attack
and hence a rise in 1lift by AR. With minor discrepancies
the interpretation of the test data gave A By = 0.15°

(table I, column 17). The experimental accuracy for the
angle of attack being *0.1°, the friction effect may be
ignored. Admittedly, the cited change AR due to the
change in Bw does not exhaust the effect of viscosity on
Ehe 1ift. As on the ‘airfoil, the cumulative 1ift AR of
the planing surface is in a well-defined relationship with
the friction in the boundary layer. For the two-dimen-
sional airfoil problem, this reclationship has been rather
well cleﬂrod up by Botz (refercnces 8 and *9); dbut the.
thrce—-dimensional problem of the long planing surface pre-
sents so much greater difficulties, which probably will
not be overcome until after exh-ustive measurements of the
actual velocity distribution in the boundary layer have
been made ond when it becomes possible to ascertain the
cumulative 1ift AR by mcasurcment.
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After thig digression, we return to our discussion of
figures 2 teo 4.

According to Wagner's theoretical reasoning, the drag
(angle of uttde) of wide and short plates and given load-
ing increases with increasing gravity effect (decreasing
Froude number). The experiments (figs. 2-4) actually man-
ifest this effect on short plates (at least up to 1/Db =
2) at all load stages. In fact, these short plates dis-
closcd, even at the highest Froude numbers reached in the
test, a change in angle of attack (drag) with the Froude
number.

; 1 ¥ 4
As regards very long plwteu < 3) the grav1ty an—
&
pears to have a drag decreasing rather than increasing
effect (B = opproximately constant), according to figures

2 to 4., At least, this holds true for the highest Froude
numbers reached in the test, which is in line with Sottorf Ve
results (figs. 2-4)., At very low speeds the loading of

the planing surfaces is finally borne free from drag by

the buoyant 1ift. But it is.precisely the long plates
which, in view of the persistence of the gravity on the
short plates at equal Froude numbers, scem to raise the
doubt as to whether the tests actually correspond already

to the gravity—-free problem.

But thet this igs actually the case is suggested from
the airfoil date plotted at f% = 0, provided these wval-

o

ues themselves are correct and not, perhaps, afflicted
with an pproc1uble crror due to chamfering of the leading

and trailing edges, or caused by the conversion of the test
data (”ifﬁ 26 and 270

In order to bring out the.accord between the planing
surface and airfoil data even more clearly, figure 7 shows

te i freicoiefifdicient s  Te o =lam——er againgt angle of at-

tack for the three load staces, the region of maximum

Froude numbers reached in the teg By oa @56 amd ¥ slige

347 Deing shown as shaded area. (It corresponds in figs:
2-+4 to the range between V¥V = 22,6 and 6 meters per second. )
The grapberalso ineludes half the Lift coeffilclents ,Eaapdf
flat planing surfaces with the aid of figure 29. The gaod
agreemnent extends far beyond that predicted by Wagner for
infinitely small angles of attack and includes, in fact,

a consideradle range of Froude numbers.

9]
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This accord between planing surface and airfoil ties
in with the following thecoretical consideration.

According to the theory of aerodynamics, the 1lift of
an airfoil can be considered as equivalent to a downward
motion remaining behind the airfoil in the fluid (fig. 8).
The same holds for the planing process in the gravity-—free
problem,

Then on a long, narrow nlate a plane flow may be as-
sumed to existin the after-region of the plate in the
planes perpendicular to the direction of flow. The down-
ward momefitum B of the water mass lying between two such
Pleanmes of distance "one" ig B = ¥y m, whereby Vg =V B
is the downward velocity of the water at the plate and m
the entrained (reduced to Vi) guantity of water. Now
since this momentum of the plane flow can equally be as-
sumed to remain unchanged behind the plate, the 1ift R of
the plate can be computed from the momentum theorem at

B =B =% §n (1)

The entrained water mass m depends upon the form of
Bilde ot lown: At infindtely small B of the plate the ens
trained mass m = my; (or my'!) corresponds to half (or
whole) the mass of the circular cylinder with diameter of
e plate width b (fig. 9):

On the planing surface On airfoil
1 g @ ' w2 (2)
S5 = 5P b z itV = P D 4

For fini¢e B the entrained water mass m of the
planing surface corresponds to the contour of the water;
for the airfoil, to the form of the vortex surface ((figs.
10 ond 11). The vortices shed from the lateral edges of
the 2irfoil appear in the plane flow as spiral vortex
areas in the rear region of the airfoil., The form of
these contours and vortex surfaces is defined by one inde=-
pendent variable, i.,ee, t/b, whoreby t =1 B is the
depth of the immersed trailing edge of the planing surface
and the height of the plate of the airfoil (perpendicular
to flow direction) (figs. 10 and 11),

8o if w. (or @Y for. the airfoil) is the ratio of en=
trained water mass m at finite B +to that at infinitely
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i =l ey | m! = p! m ! (3)

Por,the dift of this long plate, .the following is
therefore anplicable:

On the planing surface On sinfoil

R=uR R' = p! Ry!

o

=2l 1l V2 B Bl migd SR

them p (and p!) con only be dependent on t /B
|

& B 2 g5
= i e e R g (4)
whereby WH, " ‘2nd "R dgnote Whe 1dtY coefficients comput-

ed according to the theoory for infinitely small B (that
is, according to equation (2), fig. 9).

Vinter!s studies afford a double check on thig line of
reasgoning for the airfoill

2. Poes the nesult of the airfodl Soeigbis iort the Ease
of very smoll immersion depth (1,04, Bsumall B)
. & . /
with w! = 1 agree with equation (4)7?
: 1 t
Newe 13 . Bisure 12 gi%os the 1if% Tatié uf = “AT = —QT
A, me
paramcter) and

le. Boes. @' . aetuslizg fepend on. &b only?
(
various B (= 59, 10°, and 15°) against

% = Lf. The.dndiviidusl valwes. of [ e nies ol
tained from
b2 e e o i
l\-‘v' p —-21:—-— v B = C('.'L—é v b .L
s 2 g )
S - Al B




NeA,C.A., Technical Memorandum No., 848 1

by having recourse to Winter'!s data cg, <§, %)

(solid curves, fig. 29). It is seen ~ and this
ig g further result of this study - that @il

these test points for % =2 2 lie falrly well

on one curve; that is, that the 1ift ratio !
ig in fact dependent on %/b only.

Note 283 The curve laid through the test points can be ex=-
tended to the left as far as % = 0 and Teadis-

Iy egrried to point p! =1y THat this ig falr-

Iy exact for alrfoils with % £ 3 ‘ds-albso meen

from figure 29, where thc dashed straights
B <B, 1) obtained from equation (4) with

) b,
pt = By represéant faivly sccurately the tan-
génts to the curve cy (B, 1/b) at point B =
Os The minor discrepancies from the mean curve
are - excepting exverimental inaccuracies =~ for
short plates, in part, perhaps, attributable to
the fact that the premise of plane flow in the
rogion of the trailing cedge is not completely
fulfitled.: Then, too, Winter'ls experiments, un=
fortunately, do not give a complete picture of
the forces on plane airfoils. The test plates
were slightly cambered at leading and trailing
edges, which at very small B revealed itself
as a disturbing influence.

The comparison (figs. 2-4) discloses that at finite B
and large F the tests for the planing surface 1ift yleld
8@ percont of the airfoil 1ift. This = the third result of
the study - means that, within the bounds of experimental
accuracy, the reduced masses for the planing surface are =~
even at finie B ~ half as large as for the airfoil.

Whence follows the fourth fact, to wit: the 1ift con-
ditions of vplaning surfaces do not change linearly with
B (fig. 29). And this is the renson why an attempt to de-—
yelop "a theory for the long plate conformably to Blenk's
(reference 10) theory for the short plate, appears to hold
out little »romise. :

The results of the last consideration lend point to a
deduction about the magnitude of 1lift of long, longitudi-
nally curved planing surfaces. Even these cambered planing
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surfaces reveal in the region of the planing edge a plane
flow which should not be much unlike that on the flat plan-
The surfisce (£ia, 13}, Pheltebsl list of suech a plonime
surface should therefore be just about as high ag that of

a flat planing surface with the same t/b, and further-
more, this relation should hold for infinitely small as
well as for . Ainitel B, Unieomtunabely. . oSottonf s experits
ments do not lend themselves to such a check on account of
the low F in the experiments with curved platess

Mathematical Treatment of Figure 12

i R GIEPE A Vel TS W 9 - | g
B = 5° g "1n° B = 15°
(A B % i 5
e = = T ! ber ot L
1/ C,/B ! e S Ca/B B! 5% 3 Cﬁ/s B b b P
P L8 == ;
il 1eS 1142870 10,087 Fas001Teo2 ] Dl 742424 Led8 | OOk
2% L6 LGl il 74 il S e 8 59 8 w8 76 2624 g2
3 94 L3800 S 261 152 8 2 84 a2 2ililastts | 276 S (BS .
7045 -64? :"004 .')4:8 .’:’j }.10 114995 1302 47-86 1.945
30.0 5116408 1261 +A919.29| 5el2 265, |1 2+08 1" 783
l'—g.'l_’E.gzrl S & e S :E- E.Q: aa £
HE = i g ) ig plotted against Tl B was charted from
figure 29,
Figures 14 to 16 contain the data for the flat planing
surface in the conventional manner (reference 2, fig, 14 ),
Vel snsuing B plotted against 1/b for the three

l
)

l_.l
()
)
) 5
15
O o
g

e
css The individual eurwves are the result of Jeiln=
est ipoints for the different speeds (Froude num—

=
D

+
b

Curve A represents the test data for the highegt @aoude
number reached in the test (figs. 2-4) and consequently,
aporoxinatcs the conditiong encountered with the gravity- :
free preoblems

2=4 ., points at = 0):is fairly coincident with cunee A

0|

Curve B, obtained from Winter's airfoil studies (figs.
1
¥
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Curve C is obtained conformably to Prandtl's airfoil
theory for the infinitely short airfodil in frictionless,
gravity—-free motion with consideration of the finite B
in conjunction with equations (10) and (18) of reference 2.
The calculation given in table II was made as follows:

The value Kk (table II, column 3) was computed from fig-
ure 18, reference 2, for several arbitrarily assumed ef-
fective B, (tadle II, column 1), after which the value

-

b

R 1 was obtained for each By from R =
pro2. 2 km B
5 Vb w

K % o T* By D1 (reference 2, equation (10)) for the three

load stages (table II, columns 4, 6, and 8). Against these
values as abscissa, we then plotted the value B = B, + B3

(table II, columns 5, 7, and 9) for the three load stages
as ordinate. The fact that this curve actually coincides
at certain load stages with the test data for long plates,
is nothing more than mere chance. At still lower load
stage the test values would lie above this curve.

Curve D, which is valid for the long plate in the ex-
treme case of infinitely small B was arrived at as fol=-
lows: For flat planing surfaces and very (infinitely)

! s :
small -8B, i AR U | EL = =X, From By = ___éEE_;_ follows
b : B w w P EbE.
i 4R 5 s
B = —5—5 (reference 2, equation (22), whereby

Vi/Tmp ¥o°
R = A) vhere W3i/W is a function of 1/b (fig. 9, ref-
erence 2). The mathematical treatment is seen from table

III. VWhen the plates are long the curve manifests a
marked discrepancy from the experimental results.

This departure of curve D from the experimental re-
sults, the explanation of which formed the object of this
study, does not rest on the gravity effect but rather
wpont the, fact that the 1ift conditions do not change lin~
early with the angle of attack.

Figureg 17 to 19 give the position of the.lift re-
sultant 1,/1 against 1/b (table I, columns 6 and 13)

for the flat planing surface at the three load stages.
The speeds plotted in the upper chart again refer to the
30=-centimeter plate. The corresponding curves Liseds, fop
load stage twice as high) from Winter's airfoil tests
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The par-

tially marked discrepancies from the curve obtained in

airfoil ftests are perhaps difficult

o espliaTnyg

and they

probably constitute the chief cause of the experimental

. unavoiddble ervers in loadimng of

friction in the test lay-out - insignificant as far as the
(=)

acleuracy, fom slicht

other measurements

(B and 1) are concerned -~ exerted,

on

account of the great lever arms, a great influence on the

determiagtion of the

moment

sbont

the trailing

edge and .

through it, upon the position of the center of pressure.

More nccurate measurcments of the position of the 1lift re-
sultant on planing surfaces are desirable in order to re-
move the existing doubts. j

TABLE II. Mathematical Treatment for Curve C (figs. 14-16)

be lbd2 sowlt B o {0 b V.8 saleil 8 9
e e -
ettt e e 0 1.8
Bmod Basofly % v 3532 = OulOf = 0.0545
By = §° = 4° = 2°
degree are K L/b ~BC' L/E_, Bo L/b Bo
R % | 0R005 2T ORI 9L 304 Bud" JHa% 4.3 3.35 | 2.3
s .00873| .983}| 8,08 8.5 |4.04 | 4.5 24,02 288
s «OL31 SIS Dl Bladoi Rl 475 e 36 HiREEo
10 SOI7E =7 4,08 9,0 | 2,04 S 1lzi02 | 80
1.5 20262 s DD 20 9.5, 11558 545 <69 | 365
5.0 | sbmag! | "loal e ut " I0 0 115069 16,0 JANEE (Fagn
3.0 20524 .918| 1l.44 IR0 il 2 7@ « 56 | SO
4,0 «0698 < 390ih ISHnE 12.0 +D6 8.0 <28 N6R0
6.0 .1047 + 85 28 14.0 sB9mt 1020 + HOMINSIN0
8.0 <1396 . 805 SELERNILE S0 v 3 1280 o 1.5 OO
10,0 1745 S 6D (512 18.0 .26 | 14,0 L3 aso
bio = s ~—j;——; obtained from R = K g o V@ By b 1
_F% yep2 KT Bw
- (reference 2, equation 10)
4 B
By = ——~—§2 my = = (reference 2, equation 18)
T = _p_ 'nga T
e
K (reference, 2,/ fig. 48y

B = By * Bi
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TABLE III., Mathematical Treatment for Gurve D (figs. 14-16)

1 2 3 4 | 5
. 50
Eor E—BE_E =
2
/b Wy/W = 0,218 = 0,109 = 040545
i - Oly5B 14.54 vl o ' 3,63
g5 555 14,4 P2 3.6
2 545 14,66 Y58 3466
2 516 1546 M 3.88
Ba5 512 15.62 /%) 3.90

W;/W (reference 2, fig. 9)

st D 4R b 2 R 2
TW/Wowop Vb W, /W

£ (reference 2, equation 22)
G5 g .

4. Recapitulation

In the endeavor to adduce additional data on the proc-
esses on planing surfaces, we attacked the problem in two
ways: complementary tests and theoretical deductions.

As regards short. flat planing surfaces, the result
was as theoretically anticipated: the gravity has a drag
inereasing effect.

For long, flat planing surfaces, it was found that :

1, The airfoil comparison retains, contrary to the
original expectations, at large Froude num-
bers, its validity even for greater angles of
attacks;

2 The 1ift conditions for planing surfaces of any
length can be expressed Dby one gingle ecurve
wt = u'(%), even with finite angle of attack

5. Even at finite angle of attack, the reduced mass

is half as great as for the airfoil;
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4y Contrary to the original expectations, the IEED
conditions do not change LTinearly with the
angle of attack. i

The gravity—-free problem thus appearing to be cleared
up to some extent, the effect of gravity on the angle of
attack following the drop in pressure as a result of the
gravity - or what is equivalent to a rotation of the flow
phiebure = as weldl gg on the Lift due to bueyant 1lift glean
now be more clearly isolated and studied (reference 2, DD.
212-215), This might be important for future experimental
and theoretical studies.

PART II

l. Experimental Arrangement (figs. 20-22)

A detailed description of the high-speed carriage and
of the drag-recording instruments can be found in refer-
ence 1ll. ©Suffice 1t to noWe® here that the drag-recozding -
equipment is so controlled by electric contact that the
push rod always remainsg horizontal. The front and sides
of the carriage are Titted with windshields as in Bottorfts e
later studies (references 4 and 5). Trial runs revealed

the necessity for damping devices fore and aft of the
plate to dampen the plate motions.

As distinct from Sottorf's use of wooden plates with
inserted glass strips, our plates were of plate glass 7
‘and 12 millimeters thick, fastened by countersunk screws
to Lautal supports. The holes in the plagites, neceissainy
for mounting, were plugged with gsealing wax. For the de-

ternl nation of the wetted length the glass plates carried
a scale ‘counting from the trailing edge.

i l“"

2e Mot Broicedlire

The tests followed a systematic schedule including all
data on magnitude and distribution of the loading weights.
Thig reduced the number of runs necessary for exploring
the gquestionable regions to a minimum. The plate was left
free: to tirlm during “the pansir The tegh date: for given )
amount and position of loading included:?

Ls The ensuing wetted length 1 of the pressure
surface;
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2. The ensuing angle of attack B . of the planing
surface;

3. The drag of the planing surface Wy (push-rod
effort) (fige 1).

Angle B 'was measured by recording the forward and
rear trims. The wetted length 1 (= area of pressure
surface divided by plate width b) was obtained from pho=—
tographs of the surface pushed by the water, the pictures
be'lnb taken by a camera mounted on the planing surface,
the shutter being released mechanically at a certain point
during the run. To assure a check on the constancy of the
wetted lenbth during the run, apart from the trim record,
throe photographs were taken on one plate at time inter-
vals equivalent to about 6 meters running distance. In
fact the photographs disclose two - and at times three -
contours close to each other, so that the reading may be
considered to be fairly reliable (CF L, 23-25), Speed and
position of plate being practically unchanged during the
actual recording period, reduces the conditions of the
tests to those of a stationary flow.

The upright digits in figures 23-25 give the numbers
of the run. They corresponded, for instance, with numbers
50, 52, and 58 on figures 23-25, to test numbers 32, 13,
and 12 of the test program in table I.

The interval between tests averaged about 20 minutes
and was long enough to practically return the water to a
state of rest.

3. Evaluation of thc Experiments

This time interval was employed for evaluating the
tests = ie.c., for dcveloping the films, in order to ascer-
tain the wetted length, obtain the angle of attack from
the front and rear trim reccord, rcad the horizontal push-
rod force from the diagram, and complete the actual run-
ning spced, from which data and the applicd loading welghts
the magnitude, position, and direction of the 1lift result-
ant werec obtained. In the event that minor deviations from
the contemplated specd and from the intended plate normal
force had caused a dcparture from the intended load stage,
this fact was allowed for by a correction in the angle of
mttack. For in gravity-frce motion the angle of attack
reacts the samo as the load stage, whether the planing
surfoce is short (reference 2, cquation 19) or long (ref-
ercnce 2, cquation 21),
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4, Experimental Accuracy

As regards the accuracy of the test values, it may be

speed was, at the mogt, 1«5 percent at variance
the purposed speed. The forcc measurement was prac-
ally free from error, although occasionally some wvery
inevitable waves in the tank made the measurement
the wetted length on short plates quite difficult, par-
cularly as an error in reading here of even a few mile
spelled an appreciable error in the determina-
the nogition of the 1ift resultants. Elastic
raing of the balance were allowed for in the evaluation.

Sy

PARMD T T

Note on Winter'!s Experiments

Winter's test data are reproduced in figures 26 and
2%. Having hbeveled off, for the purposge of 'better adhen=
enceroif fillow, ithe dleading ands trailing edees of  thes plaiieis,
equivalent in effect to a plate curvature, the curves do

not pass through the zero point. The effeect of thig ini=
tial eunvature was neutwaligzed by placings theabsie igsa

through the point of intersection
ordinate oxis (figs. 28 and 29).

of the ecurves with the
The dashed lines in fig-

ure 29 give the c,.-B values according to the theory for
-‘ ~ . Lo
very (infinitely) small angle of attack., They were ob-
tained from
2
L P e
p'—Z—'J B'—:Caé'Vb-L
firom whitch “follows
e SR
8 2 WP
c,.~B values of figure 28, referred to the leading

the nlate, were converted for the planing surface
analysis to the trailing edge as reference point (t92. "0 )&
Figures 29 and 30 show the curves on which the planing
surface evaluation had been based. '

Transilstiton by Jie Yaniecr,
National Advisory Committee
foe Al ziomiau ticls,
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Table 1.~ Test program and results,

0 — moment-reference point

V
F = —— —Froude number
"b-g
R —"! — Reynolds Number
M=R-1l,
w
ik l:i‘ = coefficient of friction
2
b=15cm b=30cm
1 - T (N ) Y S . T N 5 8 I () T 1% N R, ¥ e ! 16 17
; | { l =007 5 _
Fo. | 4. 1 t | M| pn R o A ! ‘ s | Wt Reto y R e ST N
test | ] v | =87
cm cm |em kg| l | em em | em kg ‘ ’ Y& 5
B Sose
Foror
TEE V—=6m/s R—=36kg & — 347
1 ‘ [ 11,55 | 36,5 | 5,78 | 945 | 0,705 | 2,19 | 0,00201| 0,734 | 0,00251
2 ‘ 140 | 260 | 3,52 | 686 | 071 | 1,56 | 0,00078| 0,560 | 000269
sl i | | 19,2 | 16,0 | 2,11 | 406 | 0,711 | 0,96 |-0,00185 0,379 | 0,00296
[ | | V=15m/s R=05625kg ¥ = 433
4 [ 1145 | 36,0 | 4,60 | 1457 | 0,706 | 2,70 | 0,00140| 0,694 | 0,0024]
5 13,85 | 26,0 | 3,35 | 1060 | 0,706 | 1,95 | 0,00074] 0,535 | 0,00257
o] b 0 I .85 | 17,0 | 1,86 | 602 | 0,644 | 128 [-0,0023 | 0,303 | 0,00289
V = 6,718 m/s V=95m/s R=904kg I = 5,6
7 | 696 50,0 | 6,07 | 457 | [ | | 0,915 | 0,00220
8 | 7,38/ 46,0 | 527 | 370 ‘ ‘ 0,860 | 0,00234
9 | 898 30,6 | 4,10 | 262 ‘ 0,622 | 0,00254
10 [10,28 [ 230 | 308 | 101 [ 0,495 | 0,00269
1 [1200 157 | 215 | 123 ‘ 0,363 | 0,00289
12 [16,33 | 10,0 | 1,25 | 85 I et 2 0,253 | 0,00316
V=8485m/s R= V—=12m/s R— l4dkg ¥ — 6,93
13 | 7.35( 45,5 | 6,12 | 606 0,813 | 0,00223
14 | 883305 | 3,68 |400 0,601 | 0,00242
16 | 9,81 235 | 3,05 | 311 | 0,483 | 0,00267
16 |1238 | 152 | 2,00 | 190 ‘ 0,335 | 0,00276
17_|1655| 9.8 | 1,20 | 125 3 | | \ | T 0,238 | 0,00804
V=11314m/s R=32kg F=025 V=16m/s R=256kg ¥ = 0,25
18 | 7,32 | 44,0 | 53 |1068] 0,742 |*4,97 | 0,00318 | ’ [ 0,750 | 0,00213
19 | 85 | 31,0 | 4,0 | 750 0,748 | 351 | 0,00275 | [ | 0,565 | 0,00228
20 | 9,18 24,8 | 323 | 600 0,750 | 2,81 | 0,0025¢ ! ( { { 0,474 | 0,00239
21 (1248 | 14,6 | 2,1 | 355 0,776 | 1,65 | 0,00125 | [ [ \ 0,307 | 0,00263
22 [1472] 10,8 | 1,25 | 245| 0,605 | 1,22 [ 0,00138 | | | 0,244 | 0,00282
V=16m/s R=04kg ¥ = 13,05 V=226m/s R=b12kg § = 13,05
23 | 7,26| 46,0 | 535 |2169] 0,787 | 7,35 | 0,00290 | | i | 0,725 | 0,00197
24 | 7,18 46,5 | 5,05 |2162] 0,727 | 7,45 | 0,00318 | | 0,728 | 0,00196
25 | 89 | 20,0 | 3,58 [1359] 0,735 | 4,63 | 0,00234 | 0,501 | 0,00216
26 | 9,95| 21,0 | 2,82 | 079| 0,734 | 3,36 | 0,00097 [ 0,385 | 0,00229
27 | 11,98 | 14,6 | 2,1 | 705| 0,758 | 2,33 |-0.00088 | \ | | 0,289 | 0,00248
28 (164 | 9,6 | 1,20 | 419 0,689 | 1,54 (0,00088 | ‘ ' 0,206 | 0,00268
20 [17,07] 9.0 | 1.5 | 480 0,734 | 1.4 [~0,00486 | | | 0,196 | 0,00272
e 0100
=t e
s Y b
V=28485m/s R=09kg F =63 V=12m/s R=172kg F =693
30 [ 418 | 460 [ 276 | 318 [0772] 3.8 | 0,00342 [ [ ) 0,826 | 0,00222
31 | 426 | 45,5 | 2,92 (318 0,77 | 3,86 | 0,00321 | 0,813 | 0,00222
32 | 50 | 32,0 | 2,26 | 230 | 0,783 | 2,72 | 0,00304 ‘ | [ 0,617 | 0,00241
33 | 492 | 32,5 | 235 | 220 | 077 | 2,76 | 0,00286 | | | 0,623 | 0,00239
34 | 542 | 255 | 194 | 172 | 0,741 | 2.16 | 0,00319 \ [ [ 0,513 | 0,00251
35 | 651 | 16,5 } 1,25 [ 108 [ 0,718 | 14 | 0,00355 | | [ 0,361 | 0,00273
36 | 646 | 16,2 | 121 108 | 0,732 | 1,37 | 0,00417 | | [ 0,357 | 0,00275
37 [ 745 | 120 | 0,02 | 74| 0.674| 1,02 | 0,00324 i | [ 0,281 | 0,00203

Table 1.~ Continved

b=15cm b =30 cn
BT, (] R MUY L) 0T ) . U] 7, A (ST ] 1 I 1§ ¢ 00 D S O 500 . . 16 AT
| |
0=0, o=
vers.| g0 ! ' M | i BRoaosl o o R / Mo our Reted o AL
r. i el ] it
em | em |cm kg | cm | cm |cmkg | ;'ﬁ o
V=11314m/s R=16kg F = 925 V=10ms R=128kg F =92
38 | 418 | 47,5 | 315 | 594 | 0,773 | 540 | 0,00872 0,795 | 0,00200
39 | 4,23 | 48,0 | 291 | 592 | 0,765 | 543 | 0,00342 0,800 | 0,00209
40 | 503 | 285 | 2,04 | 353 | 0,782 | 3,22 | 0,00335 0,527 | 0,00231
41 | 535 | 225 | 1,71 | 301 |0,831| 2,54 | 0,00304] 0,438 | 0,00243
42 | 626 | 150 | 092 | 198 |0817) 1,70 | 0,00298 0,316 | 0,
43 | 7,87 | 100 | 072 | 118 |0,745| 1,13 | 0,00173 0,228 | 0,00285
44 | 777 | 102 | 080 | 121 | 0,745 |.1,15 | 0,00153] 0,233 | 0,
V=16m/s R=32kg F = 1305 V=226m/s R=256kg ¥ = 1305
45 | 423 | 500 | 31 |1233| 0768 8,0 |0,00340 0,774 | 0,00193
46 | 50 | 265 | 1,87 | 691 | 0817 | 4,23 | 0,00430 0,465 | 0,00220
47 | 5,07 | 26,0 | 1,88 | 688 | 0,827 | 4,16 | 0,00422 0,458 | 0,00220
48 525 | 22,0 | 1,63 595 | 0,844 | 3,52 | 0,00392] } 0,402 | 0,00228
49 16,13 | 145 | 1,0 | 303 | 0847/ 3,32 | 0,00388] 0,267 | 0,00230
50 | 742 | 95 | 0,67 | 2783|0894 1,52 | 0,00136 0,204 | 0,00268
51 | 7,52 | 95| 058 | 2720802 | 1,52 | 0,00160) 0,204 | 0,00
Y
% v h
P \ V—=6m/s R=0kg X=347 =
52 \ 36,6 | 1,15 | 258 | 0,776 | 2,19 | 0,00328] 0,734 | 0,00251
53 ‘ 26,3 | 0,63 | 182 | 0,760 | 1,58 | 0,00342| 0,563 | 0,00267
4 | 2l il 15,8 | 0,22 | 108 | 0,754 | 0,95 | 0,00275| 0,375 | 0,00297
| [ =75m/s R=1408kg F=433
55 [ 3,39 | 36,0 | ,0 | 396 | 0,78 | 2,70 | 0,00337] 0,694 | 0,00241
56 385 | 252 | 0,65 | 280 |0,778 | 1,89 | 0,00300( 0,515 | 0,00255
o 492 | 16,0 | 0,12 | 165 | 0,728 | 1,2 | 0,00276| 0,361 | 0,00282
| . V=05m/s R=226kg § —~ 65
58 ‘ 2,26 | 89,0 | 2,54 | 1541 | 0,76 | 8,45 | 0, 1,360 | 0,00191
59 2,75 | 58,5 | 1,69 | 1061 | 0,798 | 5,55 | 0,00297| 0,971 | 0,00207
60 299 | 44,56 | 1,17 | 816 | 0,811 | 4,23 | 0,00320] 0,780 | 0,00219
61 3,56 | 30,6 | 0,86 | 556 | 0,794 | 2,90 | 0,00323| 0,579 | 0,00247
62 425 | 19,56 | 027 | 344 | 0,785 | 1,85 | 0,00287] 0,403 | 0,00259
V=12m/s R=36kg F'= 693
63 243 | 87,0 | 2,55 | 2436 | 0,776 | 10,5 | 0,00300f 1,272 | 0,00183
64 2,69 | 60,0 | 1,69 | 1701 | 0,784 | 7,2 | 0,00310] 0,950 | 0,00198
65 2,05 | 48,0 |'1,42 | 1350 | 0,779 | 5,76 | 0,00310f 0,793 | 0,00207
66 343 | 31,0 | 0,71 | 885 | 0,790 | 3,72 | 0,00310| 0,557 | 0,00225
67 4,06 | 19,5 | 024 | 575 | 0,880 | 2,34 | 0,00327] 0,386 | 0,00247
V=13l4ms R=8kg F =92 V=16m/s R=64ikg ¥ = 9,25
68 | 235 | 48,5 | 1,77 | 312 | 0,805 5,50 | 0,00328 0,808 | 0,00208
69 | 2,32 | 46,0 | 1,56 | 312 | 0,848 | 5,08 | 0,00362 0,781 | 0,00213
70 1 260 | 32,0 [ 1,21 | 222 | 0,863 | 3,62 | 0,00358 0,380 | 0,00227
71 | 2,85 | 255 | 0,99 | 174 | 0,847 | 2,88 | 0,00356 0,484 | 0,00237
72 | 3,13 | 200 | 0, 135 | 0,835 | 2,26 | 0,00336) 0,398 | 0,00248
73 | 3,73 | 10,7 | 0,28 | 79 |0916 1,21 |0,00321 0,242 | 0,00289
74 | 384 | 106 | 0,26 | 80 | 0,942 | 1,20 | 0,00383 0,239 | 0,00282
V=16m/s R=16kg ¥ = 13,05 V=226m/s R=128kg F = 1305
75 | 2,34 | 46,0 | 1,57 | 633 | 0,850 | 7,35 | 0,00380f 0,725 | 0,00197
76 | 2,21 | 450 | 1,75 | 636 | 0,872| 7,20 | 0,00400} 0,712 | 0,00198
77 | 2,64 | 29,5 | 1,13 | 422 | 0,888 | 4,72 | 0,00417 0,505 | 0,00214
78 | 293 | 21,0 | 0,83 | 203 | 0,856 | 3,36 | 0,00418 0,385 | 0,00229
79 | 3,31 | 150 | 0,51 | 227 | 0,940 2,40 | 0,00441 0,205 | 0,00248
80 | 3,65 | 1,0 | 0,33 | 178 | 1,010 1,76 | 0,00506] 0,230 | 0,00261
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Figure 13.- Flow past flat and curved
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a, Glass plate with holder.
b, Cemers.
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h, Rear suspension(push rod).
1 " loading.
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Figure 22.- Experimental set-up with high-speed carriage.
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Figure 20.- Installation of planing Figure 21.- Experimental set-up with
surface. high-speed carriage.

Figures 23,24,25,- Photogravhs of surface pushed by water.



N.A.C.A, Technical Memorandum No.

1.0

848

Figs. 26,27

T
Airfoil measure#

ent

(;67/5;;

l/b_f_Q.5xL//<¢O.8

705%

Yo

7 kB

Figure 26.- Winter's airfoil with bevelled leading and
trailing edge(c, against B).

0.4

0.3 ¢

0.2 |

O

T T i 0.67
Aixfoil feasurement :L7bq e
réferreq to 0.8
— it fotge
| e 1 0.5]
i , £ Figure 27.-
i % ! /J/ Winter's
jaiy R ‘ / ;r1~6— airfeodl
; § / //;/ : witn
| i ' bevelled
TP SRR B L L
! +_ i fhﬁ 7 leading
| i ayy A0S “
{ I I/" / /" 2 5 : 0 ] and
*_i [ S ¥ T | dreiling
e — -A_'a,_ryur_..4_/_. o] : S
l 7 i edge
| [ 1A/ /7 |+ 2.6
| |/ /i b (c%1 versus B
| Jrll o AL | referred
T
‘1'v ": ; 4. V/+ ‘ )
Ay A/ ey 1;22;ng
""“““‘7‘377f7,“;*"'7f-‘— e
/ / } +_ /’ +
| L ;}//"/ 4/ 80-9
T T AR e
/J"// 4+ /4— / ’ 7 i
/Qf/ 20/4#’/7 1
¢ T } + /, Z /
L A P A R
;/-//1:;/ *,/ L | E
ORI B
rp_—tJ T | .i. — ,-_i_,_n__._..;
R S R R
3




N.A.C.A. Technical Memo

0.4

0.3

0

randum No. 848 Figs.28,29

it |
Airfoil measurement

-~ referred to leading ——

edge.
1/ =
mmwgm4m___mxw_m__}____"”_.m__m
' —0.5
bolated)

Figure 28.- Winter's airfoil data following elimination
of leading and trailing edge bevel(c, against 8

referred to le

ading edge).

e ik TUs

Airfoil measurement

(U b=0.
3 e

08— L

P

6l

B R __-747_//‘/_1‘__47‘_ et
4 z /ﬂ/ 30

o /'
Z * /:/_{

Qeie——ar

|
i

4 o
7

-

&R et 8

A

| /,2-’:'

5) 10 1S 20

Figure 29.- Winter's airfoil data following elimination
of leading and trailing edge bevel(c, against 8
referred to leading edge).




N.A.C.A. Technical Memorandum No. 848

Airfoil measurement

‘referred to
trailing edge.

e L LA

1 0

/ 7
b / /
/ (extrapolated)

/ /
: Z /4_7;, i

. X f ;/ /' ‘%{ : 17.45
o SRR & s
TaVaRY -
0.2-w——Mj#7%—wa; b
‘fi/ !/Z{ Vi fzo.o |
/,f—j7i/] //] ; ////%/ _?
Ot b

/ - | { | i
L
=— J

0 B W 15 . B B
80
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