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" THE SCALE IFFECT IN TOWING TESTS WITH
ATRPLANE-TLOAT SYSTEMS*

By Rudolph Schmidt

In the design of seaplanes it 1is necdessary to know
the manner in which the forces and moments on the float
system vary 1n order to predict the take-off performance.
As a rule the bases of the computatione are the results
of tests of models in a towing tank dut the converslon of
these to the full sige shows deviations from the truth.
The DVL accordingly developed a method for the determina-
tlon of the forces and monents on full-slze floats.

SUMMARY

The present report lncludes a description of the mak-
ing of three-component measurements on a full-slze float
mounted on an actual alrplane and the comparison of the
results with those from two models of the same form but of
different size which had been tested in the towling tank.
The purpose of the comparison is to determine the effect
of the Reynolds Number on the results of model tank tests.

The float was tested at three scales: at full size
fltted to the seeplane iteself wlth speclally developed
test equlvment, and in 1:2.5 and 1:5 sizes in the Naval
RHesecrch Laboratories at Hamburg and Berlin.

Following e brief discussion of previous tests in-
tended to elucldate the vroblem of scale effect on float
systems and a description of the testing equlipment, the
choice of the reference quantities to be used in the com--
parlison 1s discussed. The selection of load, speed, and
trim as a basis of comparison seems best suited to the

Y *#1Der Masstabeinfluss beim Schleppversuch mit Flugzeug-
Schwimmerken." ILuftfahrtforschung, vol. XIII, no.
7, July 20, 1936, pp. 224-237.
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practical operation of making thils -comparison. The guan~
titles affected by scale are then: resistance, trimming
moment, and thelr derivatives; planiling number'(rosiatance/
welght on water); and position of center of pressure.

In order to assure a proper comparlson at high speeds,
the effect of the alr forces on the exposed parts of the
float must also be considered. This was done by means of
a model test in the small DVL tunnel. The experimental
part bf tho report closes with a discussion of the curves,
thelr discroepancies, and the probable causes of the dis-
crepancles.

The theoretical part gives an explanatlon of the con-
cept "scale effoct” as woell as its physical causes. The
scaloe effoet i1s most convenlently analyszed by considering
its effects on the tangential (friction) forces separate-
ly from those of the normal (preasure) forces. Based on
the theoretically and experimentally determined laws for
the coefficlents of friction on plates in longitudinal
flow, the methods in which both the Reynolds Number for
the three slzes of model and the coefficlients of friction
for plates at the same Reynolds Number vary are investi-
gated 1n a numerical example. The effect of the Reynolds
Numbor on the trimming moment takes tho form of a change
in tho pressure distrlbution as a result of the separatlon
phenomena which may have a varlety of cauees. It was
found that the moethod of influencing the pressure distri-
butlion and obtailning a better agreement between ship and
model by means of a so-called "turbulence wire" used in
tank tests of ship models is ineffectual on seaplane
floats.

It is shown in a numerical example that the order of
magnlitude of the scale effect on both frictlon and pres-
sure forces 1s 1n magnitude and direction in satisfactory
accord with theory and with the results from tests of
planing surfaces 1f the partlally rough assumptlons are
taken into account. ZExtrapolating this result to the size
of the largest flying boats bullt so far (Do X, with 48
tons total welght), 1t 18 observed that for the investiga-
tion of float systems of such enormous sisze it is neces-
sary to choose a model scale for which the Reynolds Num-
bers correspond to those of the 1:2.5 scale model, The
scale effect then 1s approximately 50 percent of the fric-
tional resistance of the modsl.

Another example shows how the experimentally deter-
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( mined scale effect may mffect the calculation of the take-=

« off '‘time and run in designs with different power loading.

. A. favorable .cirgumetance 1s that the resistance from the

it model test 1s always greater than for the full size and that
consequently the take-off performances computed on the basis

' of model experiments will always be inferior to those of the
ractual seaplane. .

~— . The results are summarized as follows:

l. The meauuréd scale effect 1s, on the whole, 1in sat-
lsfactory agreement with theory and with tests
of plates and- planing surfaces.

2. The use of the ."turbulence wire' -or roughening the
surface 1s impracticable for tests of float ays~-
tems. .

3¢ The method of conversion customary in shlp design
is impracticable.

4. The calculatlon of take-off performancés based on
model tests leaves one on the safe side.

5« * In order to make safe calculations in advance of
take~off performances, it is necessary to use
models of the order of the 1l:2.5 scale compara-
tive model.

The experiments described herein have been duplicated,
using another famlly of .models of a different form. The
results were fundamentally the same.

I. INTRODUCTION

The development of seaplanes for long ranges with a
useful load assuring economiocal flight, has not led to a
satisfactory result so.far, The difficulties lie in vari-
ous spheres. The problem of economical long-range flight
and 1ts obstacles, has already been treated exhaustively
from different points of view. One fundamental obstacle to
a satisfactory. solution of the long~-range seaplane 1s the
teke~off. The hydrodynamic processes on its float system
set an upper 1limit to the flying welght which when exceeded
leaves the alrplane still capable of staying aloft but un-
able to take off.
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In the endeavor to utilize the limits that have been
set, to the utmost, with due regard to the load, a knowledge
. of the physical processes at take-off ‘and the determination
of the forces and moments, are imperative. Now the means by
which one obtaine this information in ship and airplane de-
slzn, 18 by testing modele, as a mathematical treatment 1is
in most cases 1lmponsible. The testing of models of seaplane-
float systems 1s lntended to serve two purposes: the devel-
opment of sultable forms of floats and the -determination as
exactly as possible of the forces and moments for use 1in
performance calculations. The first problem will ‘not be
dliscussed further In this report.

It has been known for a long time that in the appllca-
tlon of the results from tests of models, sources of errar
exlst, the elimination of which may become of declgive im-
portance, especlally in the case of the airplanes mentioned
above. The endeavor to learn the true megnltude of these
errors in research on models and on the basls of this knowl-
edge to correct subsequent model tests, led to the measuring
of the forces actually produced in full-scale experiments
and the comparing of them with the results from model teats.

The intention to extend such full-slize experiments to
include eseaplane-float systems, is of many years! stendlng.
The first experiments with geometrically similar float mod-
els of different siges 1n Germany, were those made by Herr-
mann (reference 1) in collaboration with the DVL and the
HSYA in 1926, with a view to determining the effect of the
model slze on the test data. A contlnuation of similar in-
vestlgations followed in 1929 by the DVL at the Hamburg
Tank. Subsequently the HSVTA carried on the test program in-
dependently and also the exneriments on full-size floats.-

These tests showed that with the test equipment then
avallable, it was not nossible to make a correct and com-
plete investigation of a full-size float system.whose di- °
menslons corresponded to those of average~slze seaplanes.
This conclusion was the cause of meklng the measurements on
the seaplane itself rather than in the towlng tank.

II. EXPERIMENTATION

1) Structure of Bxperimental Airplanes

. The condition of motion of an alrplane-float pystem 1is
determined by the speed relative to the water v, +the trim
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a, and the load A. The latter 1s a function of the water
speed, the alr speed, angle of attack, propeller thrust, and
the aerodynamic properties.of the alr structure that is at-
tached to the float system. The behavior of a float system
is definitely dependent pn the properties of this ailr struc-
ture attached to it. Consequently, in the making of model

. tests that are lntended to glve a general plcture .of the
behavlior of a float system, it is necessary to make the load
variable within the practical ranges under consideration as
well as the trim and smneed.

This requirement governed the construction of the ex-
perlimental alirplane - a Junkers F 13 (fig. 1) - particu-
larly as rogards. the arrangement of the float system. This
wnes 80 designed that the float to be investigated lies in
the center, below the fuselage. The forces were measured on
a three-componeni balance mounted between airplane and float.
Two slde floats, attached to the wings, provide the neces-
sary lateral stablllty as well as a partial unloading of the
central float. Thils 1s necessary in order to be able to
suit the loading of the float to the instantaneous condi-
tions which, &8s already pointed out, depend upon the effect
of the alr structure on the float. From this circumstance
follows the need for providing an additional unloading, es—
peclally in the investigation of models of large flying
boats since the latter have, as & rule, a lower get-away
speed than the experimental alrplanse.

Out of consideration for the stabllity and maneuvera-—
bility of the machine as well as the strength of the wings,
the track of the stabllizing floats was restricted. For
the investigation of the effect of interference on the flow,
g model of the float system was tested in the towing tank,
and the resistance of the central float for different tracks
of the stabllizing floats was measured and compared with the
reslstance without side floats. It was established that
wlth the present track the departures from the unaffected
resistance lle within instrumental accuracy.

The changing of the load on the central floet was accom-
plished by increasing the.distance of the side floats from the
wing by lengthening the flotation-gear struts, so that the
load distribution between central and side float could de
changed. - "Since, in:this magpner, the.change of load takes
place by steps only and for this purpose the alrplane must
be lifted out of the water, the three-component balance be-
tween airploane and central float was also made adjustadble to
sult the height, which was nccomplished without steps by

ar
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means of threaded splndles ond can also be done while aflont.
2. Test Equipment

The three-~component belance conslsts of a system of le-
vers, by means of which the forces are conducted to three
hydroullc capsules, the hydrostatic pressure in which is a
mensure of the magnltude of the forece acting.on each cep-—
sule (fig. 2). '

The measurement of load, resistance, and trimming mo-
ment 1s done by measuring three components of the result-
ents, of which two are parellel to the vertical axls, the
other parallel to the longltudinal axle. The float is
Joined to the alrplane by two parallel links P; and Pg
which recelve only the two commonents N, and Nz paral-
lel to the vertlecl exig ond falling in the direction of the
links, For instrumental recsons, the forces occurring at
the volnts of nttpnchment are reduced by levers Hy; and Hg
and led to the cgapsules M; arnd M;., The component T
perpendlcular to the directlon of the llnks is led by a le-
ver Hs, which 1s vivoted at polnt 0, to capsule M,. The
links and capsules are secured to the main glrder S.

The entire three-component balance can be rotated
around point B, and thus the angle of setting between
float and alrplane can be changed. The lever system ls of
weldcd-steel tubing; all moving parts are mounted in self-
allgning ball bearings.

The capsules are double-acting slnce negatlive force
components may occur. The capsules (fig. 3) consist of a
double plston K sliding In a gulde F. The force is ap—
pllied to the trunnions P of the piston. Both faces of the
platon rest on rubber membranes M, whlch seal the fluld
chambers RBR; and BRg and which make 1t possible to put the
fluid in the capsule under pressure, according to the. amount
of force actlng and the surface of the plston. The pressure
leads to the manometers are attached at A, and Ag,

The speed 1s meszsured by a Prandtl pltot tube located
about 70 centimeters below water surface. The method of op-
eration 1s as follows (fig. 4): There are two leads from
the pitot tube to the measuring devices ~ one for the total
pressure on the head, the other for the static pressure on
the circular slot. The fluld systems are separated by two
rubber membranes M,; and Ma. On the one side is the meas-
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uring fluid; on the other, sea water. The membranes sepa-—
rate the two. liguids, although they still permit direct.
pregpure transfer. ' '

Before the taking of a reading, sea water 1s sucked
up by means_ of a hgnd pump until the membrane capsules
are completely filled. This forestalls any influencing of
the indicated pressure by the height of the water column
due to the dynamioc pressure existing for the time being in
the total head line, which 1g not measurable. The total
meesuring range is divided between two manometers of dif-
ferent sensltivity. The fine recording ingtrument 1s pro-
tected against overloading by an automatic cut-off valve V,
which closes the pressure line of th'e fine measurling device
on reachlng s certeln pressure. The trim is recorded pho-
tographlcally. Since the airplane always moves in a hor-
lzontal plane during the measurements, it sufficee to pho-
tograph the shore line simultaneously with a reference on
the alrplane by a camera mounted in a fixed positlion on
the alrplane. The camera was a Zeliss Ikon-Kinamo with a
Tessar lens of 4 centimeters focal length. A cross hailr
fitted in the camera served as reference llne.

Systematic preliminary tests made 1t posslidle to per—
fect the recording method so that the force components
could be measured within £#0.3 percent accuracy. The cap-
sules were calibrated directly by weight loading. The de-
sign of the three~component balance permitted only the
measurement of the components lying in a system of body
#xes. In order to carry out the mathematical determina-
tion of the quantities, load and resistance related to the
ground azes, 1t 1s necessary to know the angle between the
two systems of axes, which in the present case equale the
angle of trim of the float. The error in the measurement
of the trim must not exceed 1/20 degree 1f the error im the
resistance determination under otherwise unfavorable condi-
tions 1s not to exceed ¥1 percent. The photographic rec-~
ord of the trim assures this degree of accuracy. The pltot
tube used for measuring the speed was callbrated on the alr-
plane 1tself by taxylng over a staked-off distance at dif-
ferent speeds and comparing the prensure reading with the
clocked speed. The calibration ecurve (fig. 5) with the
measured polnts shows & mean .accuracy of about 1.5 percent
of the dynamic pressure. The departure from the theoretl-
cal dynamloc pressure {(dashed lines in fig. 65) 1s attridbuta-
ble to the effect of the streamlined tube to which the pl-
tot tube was fastened.




8 N.A.C.A. Technical Memorandum No. 826

All instruments are housed in the cabin of the air-
plane (fig. 6). The test readings are recorded photo-
graphically on standard film with a Zelss Ikon~Klnamo.
The manometers are mounted on an elastically supported
board to which the camera 1s rigidly attached by struts.
This camera l1s synchronlzed with that used for measuring
the trim by & common drive from an electrle motor.

Various auxlliary equipment had to be provided - among
othors, a supplemental system of sea-water cooling for the
englne,

3. Test Procedure

For the investigation of scale effect a float was
chosen, the form of bottom of which had distinctlve char-
acteristics. In these tests only the form of the bottom
was of importance, and to save exvense the above water
form could be made very simple. A4ccordingly, wooden con-
struction was adopted.

The model used in the investigation was a float with
135° bottom dlhedral and a recurved chine. The lines are
shown in flgure 7.

The actual tests were made on Lake Constance. The
measurements were so evaluated that reslstance W and
trimming moment Mgt were obtained versus speed arnd trim
for three different load curves. These load curves are
derived by means of the equation

ve
L=0 (1~
Vst

where A 18 the momentary welght on the water (= water
1ift), v = speed, vgt = speed of get-away, and G,
initiel load (= ststlc buoyancy at v = 0). The three
different curves of weight on water were obtalned by ar-
bltrary cholce of Gy and vgge

For the determination of the scale effect two models
of the float, at 1:2.5 and 1l:5 scale, were tested 1n
the towing basins of the HSVA (Hamburg) and the VWS (Ber-
lin) to determine the mean load curve with due regard to
Froude's model law,
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4, Cholce of Beference Quantities for the comparieon

cara, [ P -

The question of mechanical aimilarity is diacussed
in more detall 1h a subsequent sectlon (I11,2). It may be
conoceded in advence that the comparison of the test data
from different-size models of the same family actually
compares processes which are not mechanically slimilar.
Strictly speaking therefore no geometrical similarity ex-
1sts elther. It 1s therefore a matter of éxpediency which
quantitles shall be used as a basis of comparlson. In the
practlical testing 1t was found expedient to represent the
condition of motion of the float system by five quanti-
ties: 1loed A, resistance ¥, +trimming moment X,
speed v, &and trim «. It will be equally expedient to
compare those of the gqunantlities which afford o definite
plcture of the scale effect elther for the analysls of the
hydrodynamic processes or for the practical application of
the model tests. The cholce of speed and load on the ba-
8ls of Froude's law already glves two quantities as a
basis for the comparison. The resistance is ruled out be-
cause the effect of scale on it is most vital in practical
appllications. Thus trimming moment or trim must be se-
lected as the third reference quantlty.

With one exception, the trimming moment ie not a sult-
able gquantity for the analysis of the hydrodynamlc changes
in condition, for the reason that, consisting as 1t does
of a product force X lever arm, it is not slngle-~valued.
If the scale effect on the trimming moment for a = const.,
or on the trim for M = const., 1s presented, the magni-
tude of the scale effect depends not only on the scale of
the model but also on the axis of momente selected. There
is for every condition a reference axis for which the
scale effect on moment or trim disappears altogether. So,
to assure clearness, the position of the resultant at a =
consi. rather than the trimming moment must be compared.
fhis can be accomplished as follows: . Choose the reference
exis for the trimming moment as nearly as possible in such
& manner that the partial moment of the reslstance compo-
nent 1s small in comparison with the partial moment. of the
component of the welght on the water; that is, as nearly
as possible on the line of actlon of the reslistance compo-
neénty, Then the 'intersection: of the .resultant with the
line of actlon of the resistance is- the "center of pres-—
sure" as in a wing, expreesed by :

Mgt
h = A
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The line connecting the stev corners was selected as a
sultable poslition of the roference axls because there these
assumptions are very closely approximated.

Using this axlis, the partial moments of the resist-
ance are small compared to the partial moment of the weight
on the water, since this latter is a multiple of the re-
flatance and the movement of the line of action of the re-
slstence 1s alwnys small. But lnasmuch as the welght on
the water itself is used as a basls of comparison and so
hos the same magnitude when comnarimg two conditions, the
comparison of the trimming moments Mgt of itself indi-
cates with sufficlent accuracy the relative magnltude of
the scale effect on the simple 1dea of the "ecenter of pres-
sure posltion™ h. The choilce of this reference axis has
the further advantage that the plotting position of the
center of pressure h affords a measure for the change in
pressure distribution due to the scale effect.

In view of these facts, A, v, and « were employed as
the basis of comparison, and W and Mgy were compared.
The inverse of the lift/drag ratio, or planing number ¢ =
I/A, is also included in the comparison since it provides
a criterlon for the hydrodynamic efficlency of the float
system, just as the center-of-pressure positilon h for
Judging the scale effect on the pressure dlstribdbution.

® 5. Bffect of Air Loads

The comparison of the test data 1s disturbed by the
effect of the air loads on the float. Because of the ex-~
perimental technique, it is not possible to provide iden-
tical conditlions as regards air loads in the full-scale
and the model tests. In the former the air loads on the
float are included 1n the measurements; 1t may be assumed
that these air loads are almost those of the free-meving
float because the effect of the air structure of the ex-
perimental airplene on the air flow can be only insignifi-
cent, The effect of the vertical component of the air -
loads is negligible compared to the load of the float sys-
tem, so that only the effect of the alr reslstance and
alr-trimming moment need be considered. In model tests
two different methods were used to neutralize the effects
of the alr loads on the drag and trimming moment. The one
used by the VWS (Berlin) consiste in messuring the air re-
sistance at different trims while the raised model is towed
Just above the level of the water, This method is guite
lnaccurate because the alr resistance of a float that is
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taking off partly in the water i1s different from that of
a float towed over the water. In fact, the aerodynamiec
trimming moment cannot be measured at all by this method.
The HSVA (Hamburg) method consists in measuring only the
water reslstance by fitting a wind screen immedlately be-
fore the model, extending down to the very edge of the
water. From the point of view of the hydrodynamical engl-
neer, thls method 1s undoubtedly the best although oven
here there 1s a source of error in the effect oi the water
spray whilch, however, can have no great effect on the test
result.

To assure-a comparigon of the - test data to which ex-
ception could not be taken, the aerodynamic loads were
measured in the wind tunnel with due allowance For the in-
fluence of the weter surface. This test method is not
. qulte exact since the effect of the boundary layer of the
rlate and of the waves that actually form on the surface
of the water cannot be taken into account. Even so, the
result of the tests shows that this inaccuracy has no ef-
fect on the final result of the comparlson. The results
of the wind-tunnel tests were appllied by subtracting the
measured alr reslstance and the trimming moment from the
full-~size test data. Similarly, in the model teste of the
VWS (Berlin) there was subtracted from the total drag the
amount obtalned as a result of the over—-water towlng test,
It 1s to be presumed that the discrepancies between the
VWS and the HSVA tests can be traced to too great errors
wlith these methods.

6. The Results of the Comparison

The test data are presented in figures 8 to 19, The
VWS tests have been included on the W eand My i curves
for comparison, although the comparison 1tself should be
restricted, for reasons previously explained, to the full-
glge test of the DVL and the HSVA measurements. ¥or plot—
ting drag and moments the trim o was selected as parame-
ter. The plotting of the planing number € and of the
center of pressure h was confined to the DVL and HSVA
neasurements, and specifically against the trimo a oforo
different Sbeeds. These angleg included a = 3 47, 657,
6°,-and 7° bedause an edequate number of test values 1ls
available for these.* Plotting the values of W and e
shows the effect of the mscale on the size of the horizon-
tal component of the resultant, those of Mgty and h,

*For lack of space, only the values for o« = 3°, 5°, and 7°
are reproduced here.
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the effoect of the scale on the location of the resultant
at the float and on the pressure distrlbution.

BReglgtance: The ascending branch of the ¥ curves
dlscloses the peculiar fact that the 1:2.5 slze model has
the highest, and the 1l:1 silze float the lowest reslstance,
and the differences at o = 3° are somewhat greater than
at 4°, 1In towlng tests of ghip models, 1t has eslso been
observed occaslonglly that the results from small modsls
of less than l-meter length are in closer agreement with
those from large models over 5 meters long than the re-
sults from medium-sige models of about 2.5-meter length
(reference 2). At around v = 5.8 meters per second and
small trim, the curves fork into two branches. The lower
branch shows, in the range v = 6 to 9 meters per second,
a slower lncrease in resistance, while with the 1l:1 size
float, there 1s even a brief decrease in resistance at
o =3° and v = 8 m/e. The sequence of the curves start-
ing from v = 6 m/s is 1:5, 1:2,56, 1l:1, with 1:1 having
the lowest resistance. Beglnning at v = 8.5 m/s, the re-
sistance lncreases very rapldly. The curves for the three
scales are here practically alike. The maximum resistence
lies between v = 10,5 and v = 11 m/s. The position of
the curves 1ls such that the 1l:1 float has the lowest, the
1:5 the highest resistance. As o 1increases the differ-
ence diminishes somewhat. In the first part of the de—
scending branch of the curve thls sequence remains at
firet as far as v = 13,5 m/s, to be followed by an irreg-
ular shape of the 1:2.5 pgnd 1:5 curves, which at times
even undercut curve 1:1. 1In this range also carn be seen
the tendency to minimum resistance for the 1:1 scale
floet, and that the difference decreases as a 1increases.
At hlgh speeds the curves for the 1:2,5 and 1:5 models
show a marked rlise in resistance again, which commences
the sooner the greater the trim. This 1s due to the fact
that the afterbody touches the water agaln and the resist-
ance therefore becomes greater. This was not observed on
the 1:1 model where, to be sure, these running conditions
were not measured at o = 7°.

Planing number € : Naturally the scale effect must
reveal the samo tendency as the resistance curves them-
selves. . The dilagrams reveal that the 1:1 float has almost
alwagys the best ¢; the curves further permit the deter-
mination of the best trim for any speoed. '

Moment of trim Mq4: With exceptlon of the curves
a = 3° the momont curves are colncident up to around
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v = 9,5 m/s. Only in the gone where two reglimes of flow
are posslble, as already discussed 1n connection with the
Teslstance curves, greater divergences occur. This sug-
gests that 1ln thls eritical zone of partial flow separa-
tion the vlscosity has & greater effect. The maximum mo-
ment values occur at the same speeds as the maximum re-
sistance values. The scale effect produces a decrease 1in
moment as the slize of the model increases.. This tendency
persiets up to about v = 14 to 16 m/s, where o partial
overcutting of the curves occurs, attributable to lnade-
quate instrumental accuracy at small trimming moments.

Center of pregsure h: The tendency of the scale ef-
fect must, of course, be the same as for -the plotting of
Ugts At speeds beyond v = 16 m/s the values become too

inaccurate for comparison.

III. THEORY

1. Mechanical Similarity (reference 3)

Complete agreement of processes in the model test
wlth the conditions encountered for full size 1is obtalned
only when complete mechanlcal gimilarity exists between
both processes. Thls 1s predicated on the assumption that
ell physical forces affecting the flow are 1n the same
ratlo to the inertia forces.

In bodles moving on the boundary surface of two medl-
ums of dlfferent densities, the viscoslity and gravity
forces are of primary importance in the flow phenomena.
From the derlvation of these force correlatlions follow the
laws of similarity:

inertle forces = const., the Reynolds law of simi-
Viscoslity forces larity,

and inertlis forges . songt,, the Froude law of similarity.
Gravity forces .

These laws -0of simlilarity give the equations of the condi-—
tions under which a model test must be made if mechanical
similarlty of phenomena is to exliet betweon model and full
8lze, not only as regards inertia forces but also as re-
gards one of the other types of forces mentloned.
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The laws of similerity state that for the viscoslty
forces the Reynolds Number _ .

.
B=_‘D

and for the gravity forces the.Froude Number
v

v &l

must be equal for model and full size.

F =

Consldering the viscosity forces, if the medium for
model end full size 1s the same, the product of modsel
length X veloclty must be constant; 1.e., 1f the geometri-
cal dimonslons of tho model and of full slze are 1in the
ratio of A the speods in the modcl test must heve the

X! +times value, while as regards tho gravity forcos the

speeds must hoave the Al/a times value. This is the rec-
son why no combined consideration of inertia and grovity
forces is possible - os long as the same medium 1s employed
for both the model and full size.

This has led to making model tests in which the flow
phenomenn ore nffected by viscosity as well as gravity. in
such a way that in the test itself the gravity forces are
taken wlith congideration because experimentally it is eas-
ier to comply with the Froude than with the Reynolds model
law, The disregard of the wviscosity forces leads to dis-
crepancles in the flow form and hence 1n the test results,
which are designated as "scale effect," whose slze depends
upon the scale of the model and on the proportion of the vis-
coslty forces to the total process. 1In naval deslgn the
viscosity 1s taken into account mathematically by determina-
tion of the friction forces on the basis of measurements of
the reslstance of flat plates at the same Reynolds Numbers.
Thls method presuvpvoses a.knowledge of the wetted surface,
the wetted length, and a friction coefflcient.

Quite apart from the errors ensulng from thls method
in the conversion to full sige, it 1s not appolicable to
vplaning water craft because the wetted area as well as 1ts
length 18, according to the conditions of motion and load-
ing, sudbject to large fluctuptions end can therefore not bde
utilized for computing the frictionsl resistance. On that
account the frictionel forces have been dlsregarded hereto-
fore 1n such cases and work has boen confined to reaching
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the Reynolds Number for full slze by using the .largest pos-
sible models and high towing speeds, whlch led to the

*building of high-speed towing carrliages in_ the Naval Ex- -

perimental Laboratories.
. 2, The Physical Causes of Scale Effeét

The disregard of the viscosity forces in model tests
may affect the form of the flow in two ways: 1) through
the influence of the surface friction on thé boundary-
layer conditions and so on the tangential forces; 2
through influencing the pressure distribution and the nor-
mal forces. Both effects are of course intimately related
because of thelr common origin.

8) Influencing the tangential forcesg.~ The relation
between frictlonal resistance and Reynolds Number has been

exhaustlvely investigated in plate and plpe tests. It was
found that for the boundary layer, three forms of flow &Are
posslble: lamingr, turbulent, and turdulent with laminar
epproach, The results of the tests are shown in figure
20. For the flat plate the sglear stress at point x 1in
laminar flow 1s derived from the theory of the boundary
layer according to Blasius (reference 4):

—-1/8
T, = 0.664 £ va (IX (1)
L2 2 v/

13 turbulent flow with the ald of the teat data (reference
b) as

—1/
Ty = 0.0576 & v® %;) e (2)

From.theae the frictlon coefflclients are derived as

C = LI 2 S rax - ‘(3)

P ys pvel
5 v ¥

for lamlnar flow as
0y = 1.827 RTMB. . oo (4)
and for turbulent flow as

0y = 0.074 BR™*/® , (5)
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In turbulent flow with laminar approach the coeffi-
clent is formed from the two parts for the laminar and
the turbulent and consequently devends upon the point of
transitlion from laminar to turbulent conditlon. There-
fore, € may be written as

Ty L
Cf = = —g |/ Ty ax+ S modx (6)
(o} 'Lk

in which 11, 18 the point of translition from laminar to
turbulent flow and 1 = the total length of the plate.
According to Gebers (reference 6), this transition takes
place on a smooth flat plate at a critical Reynolds Number
of Bx = ~5 x 105, The introduction of this value and of
the coefficlients cited in (4) and (5) into equation (6)
gives, according to Prandtl (reference 7), the coefficient
for turbulent boundary layer with laminar approach as

Cp = O + % [1.327 Rg*/® - 0.074 nx‘*”] (7)
L
G = 0.074 R™*/® . 1700 (8)

The critlcal Reynolds Number obtalned from Gebers'!
experiments and employed by Prandtl 1ls, strictly speaking,
appllcable only to flat, smooth plates in a longitudinal
flow. The transition to turbulent flow can also occur at
gome other Reynolds Number. The reasong are: the effects
of roughness of the surfaces, the effect.of the pressure
distribution on a three~dimensional form (in contrast to a
flat plate in a longltudinal flow), the turbulence of the
medium already existing upstream from the body, and the
vidbrations of the body in the fluid. Given the particular
crltical Reynolds Number, the corresponding coefficlent
can be computed according to equation (6). TFigure 20
shows the friction coefficients versus Reynolds Number for
varlious critical Reynolds Numbers. The limlts are defined
by the fact .that By 1s reached just at the tralling edge
of the plate (purely laminar flow) or already exists at
the leading edge (purely turbulent flow). Taeking By =
5 x 10®° as the upper 1limit, beginning at which the bound-
ary layer ig in any case turbulent, the dlagram reveals
that within a large range of Reynolds Numbers entirely
different coefficlents are possible, depending upon the
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external cilrcumstances clited above. This knowledge makes

it poselble to explaln the experimental results in which

the datd for small models are in better magreement with the
data from large models than are the data from medium-size
models, which has been already polinted out in section II,6
in the dlscuesion of the results from the tests. At larger
Reynolds Numbers all coefficients approach those of pure
turbulent flow; the friction forces become independent of
the external influences that are decislve in the critical
range because the preponderant part of the boundary layer

is turbulent and no longer appreciabdly influenced by the
minor influence of the laminar entrance length. In the fol-
lowing, several possibllities for the magnltude of the co-
efflclient of friction will be discussed by means of a numer-
lcal example.

Let the full size have a wetted length L = 2 meters
at a speed of v = 15 meters pver second. The Reynolds

Number 1s obtained for v = 10°% (for water at t = 20° C.
temperature) as

7
31:1=3X 10

For the 1:5 slize model, the corresponding Reynolds Num-
ber at identical Froude number is

3/a s
Rl:& = A Rl:l = 2.68 X 10

Assuming a critical By = 5 x 105 the coefficlent of fric-
tion for the full sige is

C,:, = 2.31 x 1073
1) How large 1s the frictlion coefficlent for the model?

Assuming equal By the friction coefficient for the
model 1g

01:5 = 3.20 X 10--3
that 1s about 38 percent greater than for full size.
- 2) How large would the critical Reynolds Number for the
model have to be to make the coefflclent of fric-

tion the same for both the full size and the model?

B, = 8.45 x 10°
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This value is practically unobtailnadble because 1in
Gebers' experiments Ry = & x 10°® appeared to be
probably the upper limit.

b) Effect of the normal forceg.~ Another effect appears
a8 the result of the change imn pressure dligtribution caused

by the wviscous forces, although this may occur because of a
change in the separatlon phenomena as well -as because of a
changé 1in the pressure distribution in regions of adhering
flow. ©Separation phenomena are produced when because of
the slowing up of the fluld in the boundary layer by friec-
tlon the particles of fluld suffer a loss of klnetlc energy
and then are no longer able--to penetrate into a region
wnere the pressure is higher., The point, then where the
piling up and separation from the boundary of this slowed-
up fluld taekes place, depends on various factors:

1) On the pressure distribution along the boundary,
steep pressure rise favors separatlon.

2) On the time rate of flow - 1n retarded flow separa-
tion 18 easler.

3) On the structure of the boundary layer. A movement
of the point of separation may be assoclated with
the change from lamlner to turbulent conditilon
and because of 1t +the distribution of pressure on
the body may be radically changed.

4) On the condition of the surface. If the boundary
layer on a smooth surface is perfectly laminar,
roughening the surface can cause 1t to become tur-
bulent at the seme Reynolds Number. The effect
described under 3) can likewlse occur because of
it. But, if the flow in the boundary layer 1ls al-
ready turbulent, an increase in roughness will al-
ways result in an increase in the frioction coeffl-
cient as seen in figure 20, which shows, in addl-
tion to the coefficlients for flat plates, the coef=-
ficlents (reference 8) for various degrees of rel-
atlive roughness k/i (k = grain sigze) obtained
from the Gottingen pipe experiments and properly
converted to apply to plates.

The change in pressure distribution through a shift
in the front of separation is especlally pronounced when
the proportion of the separation (eddy) resistance 1s
great compared to the frictional (tangential) resistance
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and when the polnt of separation has not been previously
established by the use of a very full form or by sharp
chines and steps. But planing seaplanes have, for the
purpose of effecting the separation of flow from a part of
the body and through it obtaining a decresase in resist-
ance, one or even several transverse steps, so that for
them the posltlon of the front of the separation is fixed
by constructive measures. For this reason the scale ef-
fect as a result of the shifting of the front of the sepa-
ratlon, has no particular significance as far as they are
concerned, in contrast to ships and the rounded bodles
used in airplane design. ZFor this reason also, the at-
tempts by any method to induce artificial turbulence in
the boundary layer in model tests are unsuccessful in mod-
el tests of alrplane-float systems. Among such methods: .
are the fltting of a "turbulence wire" or a local roughen-
Ing on the model, or even the towing behind turbulence
screens or gride. Thess are always followed by an Increase
In the frictlon coefficient. By influencing the location
of the polnt of separation, however, this can, in shilps
and rounded bodies lead to a drop in the total reslstance
because of the decrease in eddy resistance and so make for
e better agreement between full-slze and model tests.

As yet little is known regarding the influencing of
the pressure dlstribution in reglons of adhering flow.
But that such must exist 1s praved by the test data. The
change 1n the position of the center of pressure .h or in
the trimming moment Mgy can only be the result of a
shift of the resultant, because with the reference axls
that was used the effect of the changed frictional (tan-
gentlal) force is almost eliminated.

3« Order of Magnitude of Scale Effect

From the investigation of the physlcal causes, 1t is
also posslble to draw conclusions as to the order of mag-
nitude. We shall now investigate only whether the experi-
mental data can be explained as to directlon and order of
magnltude on the basis of these considerations.

The order of magnitude of the possible differences in
friction coefficlent between full slze and model can be
estimated when the Reynolds Numbers are known. It is to
be noted that the coefflclents glven in figure 20 cannot
be directly appllied to the conditions existlng on the
float, because the distribution of prdssure and veloclty
i1s unlike that on the plate.
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A further obstacle exists in the calculation of the
Reynolds Number. .In the alrplane~float system the deter-
mination of the "wetted length" as well as of the true
speed of the water over the planing bottom, present some
difficulty. The comparison of the experimental results
with the plate friction coefficlents is therefore merely
a more or less inexact determination of the order of mag-
nitude. Since the conditions in the buoyant condltlion are
. qulte complicated, only an example from the purely plan-
ing condition will be considered here. In the planing con-
dltion the wetted length is a part of the length of the
planing bottom which, however, varies rapidly and especial-
ly, for the V-type planing bottom 1s not definlite. A key
to the wetted lengths of the planing bottom 1s found from
observation during model tests or from plotting the "cen-
ter of pressure position" h., During the planlng-~surface
tests at the HSVA (reference 9), 1t was determined that
the position of the center of pressure and the wetted
length preserved an almost constant relation.

Making this agsumption for the V-bottom float, ‘from
the plotting of h it 1s possible to estimate the wetted
length approximately. In the model tested, the pure plan-
ing condltion was reached at around v = 13 meters per sec-
onde The length of the wetted planing bottom was then ap-
proximately L = 1,0 meter (at a = 5°* trim). This glves
a Reynolds Number of R = 1,0 X ;076 and accordingly,

Rg.s = 2.53 x 10®° and Rg = 9 x 10° for the models. It

should be borne in mind that these Reynolds Numbers change
as a result of the effect of the temperature on the kine-
matic viscoslty of the water. The difference between mod-
el and full-size tests amounts to about 30 percent, since
the latter was made at an average temperature of around
20° G., ageinat about 10° C. for the model test.

*The length of the vplaning bottom was obtained as follows:
The ratio, according to the planing surface-tests (refer-
ence 9) is: :

Position of center of vressure - g,g
Wetted length

Figure 18 gives for v = 13 m/s. and o = 5° the center of
pressure h = 0.8 m, whence the wetted length 1s computed
h

L = == =1,0 m.
as 5.8 m
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So in the exaitple selected, under the assumption
RK =5 x 10 the Reynolds Humbers and the friction coef~-

-----

'ficients are the followidg? - SRR
Model 1:1 -1:2.5 " 135
? [
R= 1.2 x 1o 2.53 x 10 "9 x 10°
Ce 2.74 x 10'3 3.31 x 1073 2,98 x 10~°

T?e magnitude of the. frictional reslstance for the full
glge 18:

Wp =W -~ A tan 8 (8 = angle of attack of planing bottom).
For 8 = 6°, A =1,015 kg, W = 165 kg

'RJ. = 58 kg

Teking into conslderation the calculated frictilon co-
efficlents, the frictlonal resistance for the 1:2.,56 scale
model 1is ' :

Cr
a.s
YRa.s = Cr, ¥R,

Wa, , = 70 kg

and for the 1:6 secale model

'nu = 63 kg

This means an increase in resistance of 21 and 9 per-—
cent, respectively. The experlmental results for this ex-
amble show that the order of magnitude between full scale-
and the 1:2.5 model is in segreement. But they also show
that the model test at’ the 1:5 scale was made in a range
of Reynolds Numbers in which the coefficlents are profound-

©+ ty-affected by the critical . Reynolds Number and may exceed

or even fall below the coefficient for the 1l:2.6 slze mod-
el, Thils 1s probably also the reason for the intersection.
of the two model curves in vlaning condltion, PFrom the
plotting of the position of the center of pressure h 1t
appears that tho wetted length decreases as the spoed in—
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creases. Consequently, the rough assumption can be made
that the approximate slze of the Reynolds Number changes
inappreciably during planing. It also explalns why, in
planing, the resistances of the full-slze model are inva-
riably lees than for the 1:2.,5 model, while those of the
1:5 model at large trim angles fall gtill lower, because
in the range of Reynolds Numbers in which the full-size
and 1:2.5 model lle, no appreciable changes in the coeffi-
clent can take place.

The effect of the scale on the pressure dlstridbution
1s seen from plotting Mgy or h. Obviously, as the mod-
el increases 1in slgze, the resultant shifts toward the step.
This is 1n agreement with the HSVA planing-surface tests
(reference 10) where, on the basis of measurements of the
wetted surface 1t was polnted out that that result should
- not be attributed to a shortening of the wetted length dut
rather to a change in the pressure distribution.

For the investligation of the agreements of the approxi-
mate size of tire scale effect with the »nressure distribu-
tion we shall use the same example as in the study of the
frictlonal reslistance. Tor comparison the previously quot-
ed planing-surface tests are utilized - with the assump=
tlon, however, that the conditlionas are not materielly
changed, even under greater variations of load. The plan-
ing-surface tests were made for a step loading of A/b°;
that is, about half of that used for the sample problem.
The floats then correspond approximately to the followlng
scales of the surfaces used in the planing~surface testa:

Full-sige l:1 = gurface 2:1
Float 1:2,6 = surface 1l:1.,25
Float 1:5 = gurface 1l:2.b

It may be assumed that the effects of the scale on the
"moment coefficlent" C, from the planing-surface tests

and on the "position of the center of pressure’ h consid-
ered in thils report are of the same magnltude.

The planing-surface tests ylielded the following scale
effect: )

Approximately 17 percent between 1:1 and 1:2.5
" 36 " n 1:1 " 1:5
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and from the comparative data with float III:

'+ - -About '-14 percent between- 1:l- -and 1:2.5

n 26 n n 1:1 n 1:6

The result of these calculations shows that the re-
-sults of the comparison between DVIL full-size and model
testas are ln good agreement as regards both dlrectlon and
approximate slze with the theoretical argument as well as
other test data, considering the partially rough assump-
tionasa. )

In view of this fact, the scale effects resulting
from the conversion of the model tests to the largest sea-
plane-float systems in exlistence can be calculated. The
Reynolds Numbers for the float that was investlgated and
the largest float system deslgned up to the present , are
approxlimately as 1:6. The comparative model with 1:2.6
length scale represents the upper limlt for the avallable
test equlpment 1ln naval-research laboratories. A4s a rule
the model tests are made with smaller modele of the order
of slze of about 1:4 to 1:5 of the float that 1s being

. investlgated. For those slzes the ratio of the Reynolds

Numbers is about 1:50 to 1:70. In this case the ranges in
which the planing conditions fall for the float considered
as an example, both for model and full silge, occur at
about

R =9 X 10%° to 1.3 x 10®° for the model
and R =8 x 107 for full size (Do X, for instance)

From figure 20, it may be seen that the friction co-
efficlients for the model, if smooth surfaces be assumed,
may fluctuate between

- L)
Cf = 8 x 107 anaf 4.5 x 15

depending on the effect of the laminar zone, while the co-
efflclient for full slze is invarlabdly '

Cp = 2 x 1072
According to that, the possible scatter in frictional re-
sistance may in such cases mount to 75 percent of the value
for the full size. Since this scatter in the example con-
sldered would involve a possible error in total reslstance
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. W
of around 25 percent (at 1% £ %), it 1s advisable when

investigating airplanes of such sizes to accept the great-
er expenge and the experimental difficulties whlich are 1n-
volved in the use of models of the size of the compara-
tive model (1:2.5). In this case the Reynolds Number
would lie at around 2.5 x 10% that is, in a region
within which the posslble scatter because of the laminar
effect 1s substantially less. Even so, the safety of an
estimate of the scale effect would be still greater 1n
this case than when small models were belng used, although
the friction coefficient (Cp = 4 x 107%) 1is about twice
as large as for full sige.

IV. APPLICATION TO ACTUAL PRACTICE

It was polnted out in the Introduction that the exact
determination of the resistance is of major importance for
heavily loaded long~range seaplanes, In order to show the
working out of results from full-size tests in practlce,
the following example wlll illustrate the effect of an 1in-
accurate determination of the resistance in a model test:

Based upon the data from full-slize and model tests,
the take-off times and dlistances were computed for an
alrplane with different thrust loadings and plotted in
figures 21 to 23 against the initial thrust loading SO/GO.

The simplifying assumptions made for the airplaene
were as follows:

1. The resistance of this float system at any speed
is the minimum, irrespective of whether the
alr structure can produce the corresponding
trimming moment.

2. Unloading is assumed according to the square law
in accordance with the unloading schedule
chosen for the model comparison without con-
slderation of the changes in trim during the
take-off.

3., Increase of the air resistance W of the whole
alrplane 1s assumed according %o the square
law.
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The initial thrust loadings selected S,/G, corre-

apond to the following conditions:

(S - NL) - W accelerntiﬁé foroe
W = "float resistance

at the maximum resistance -of the full sisge:

5 = 0.1626 0,1?50 0.1875 0.200 0.2125
5 "

s e ’ - ’
& ¥ - 0.07 o0.160 0.248 0.342 0,431

Figures 22 and 23 further show the comparatively
poorer take-off time and distance compared to the full
size. The result of this study is the following:

In eirplaones with large excess of power the scale ef-
fect 1s small; for example, at S,/Gy = 0.21 and 1:5 model,

it amounts to about 10 percent increasse in take—off timo
and run. For heavily londed alrplnnes with small oexcess
of power, the results core othorwise. Take—off. times of
60 seconds and more are normal for such airplanes. The
error from the use of the 1:2.5 model test data amounts
in this case to about 60 percent in take~off time and to-.
about 48 percent in take-off run, while for the 1:5 scale
model, it already amounts to o.

One fortunate feature, however, is that the conditions
for the full size are more propitious, hence it may be as-
sumed that fallures in the take-off performance because ‘of
scale effect, will not occur in aeaplane design,

Thoe most lmportant result of the tests 1s the percep-
tion that for roasonably safe determination of the take-
off performances, models must be used of :sizes comparable
to the comparative model of 1:2.5 scale. It ia only with
models of guch sizes that ono reaches the supercritical
range,

Trenglation by J. Veanier,
Natlional Advisory Committee
for Aeronautics.
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Figure 1.~ Experi-
: mental
H Junkers airplane
i F13 with DVL three-
IR component balance.

M
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H
IL'
H /Z
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4,

M A 4

Al,A2 Pressure line connections

F Guide of the piston. G Housing

K Double piston. M Rubber membrane

P Trunions for application of
force

R},R2 Fluid chambers

Z “Indicator for meking the posi-
tion of the piston visible

Figure 3.- Hydraulic double capsule
for the DVL three-com-
ponent balance

EEY

B Pivot of three-component balance

C1,C2 Points of attachment to the
float

G1,G2 Threaded spindles for adjust-
ing the distance of the float
from the airplane

Hj,Hp,Hs Levers. Mj},M2,M3 Capsules

0o Pivot of H3)P1,P2 Strut frames
Sp Spindle regulating incidence
S Main girder. R Resultant
N1,N2 Nornal force components !
T Tangential force components . o I
' FJigure 6,- Measuring and sauxiliary
Figure 2.- Diagram and side view of instruments mounted

~ the DVL three-component in the cabin of the experimental
balance .;%\ ' airplane,

)
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Pst Pa+t Pgat
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=

Figure 4.~ Diagram of the dynamic pressure recording
unit with under-water pitot tube.
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Figure 5.~ Calibration curve of under-water piltot.
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float with 135° included
angle at keel and recurved chine, the-
lengths are plotted on a scale reduced 1:2

Figure 7.~ Lines of the Vee bottom
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Figure 8,- Resistance W at o = 3°
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Figure 9.- Resistance W at a = 5°
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Figure 10.- Resistance W at a = 7°
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