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BATIONAL ADVISORY CONNITTEE FOR ARRONAUTICS
ADYANCE RESTRICTED REPORT

THE PORPOISING CHARACTERISTICS OF A PLANING SURPACE
REPRESENTING THE POREBODY OF A FLYING-~BOA? EULL

By James M. Denson
SUNMARY

A V-dottom planing surface representing the forebdody
of & flying=doat hull wae used in an investigation of the
low~angle type of porpoising. Controlladle tail surfacses
were fittod on an outrigger that supported them in a
poeition roughly the saze as they would have deen on a
complets model. The planing surfacs was considsred as
though it were part of a corplete dynamic model and for
each teat it was balanced to bring the center of gravity
of ths aseembly to ths desired position, and the pivot
abdbout which it was free to turn wae located there. The
model was towed in the same mannsr as a complets dynamic
model.

The porpoleing characteristics of the planing surface
were odserved for different combinations of load, spsed,
moment of inertia, lacation of pivot, elevator setting,
and tail area., The model was found alwaye to bde stable
above and unetadble below a rather well-defined critical
trim and shoved no tendency to porpoise in the high~angle
oondition that is commonly observed with flying boats.

Thes critical trim wvae found to be detsrminsd mainly by the
epesd and load and, to a smaller sxtent, by the lecation

of the pivot and the radius of gyration. Moving the pivot
either forwvard or down or increasing ths radius of gyratien
lovered ths critical trim., When porpolsing d1d occur it

was observeld that a decrease in the radius of gyration caused
the amplitudes of the oscillations in trim to increase marke
edly. An increase in the mass and moment of inertia without
changing the radius of gyration or other variables resultsd
in an incrsased amplituds of the osclllations. Increasing
the taill area to about twice normal sise d1d not appear to
affect ths critical trim.

By a comparison of the data from these tests, in which —
the sffect of a wing was cospletely adsent, with data from
& cosplete model and from theoretical computations, 1t was







tris that would cause porpoising was obhserved for varioue
combdinations of speed, load, moment of inertia, location eof
pivot, and maes, In addition to the experimental investi-
gation, the effezt of a wing and of increased tail area
upon low~angle porpoising at a spesd above the hump

was analytically computed by the method of reference 1.

PLANING MODEL

A sketoh of the mods)l and the arrangement for testing
ie shown in figure 1. The model has & V=-hottom planing
surface with an angle of dead riee of 22%° and a bheam of
16 inches. The keel is straight for s distance of 36 inches
forward of the stern and is faired into 2 bluff bdow having
a developable bottom. The model was fitted with a *normal®
tail plane of NACA 0015 airfoill section of rectangular plan
fora and with & epan of 41 inches. The chord of the stabi-
fiser was 63 inches and that of the elevator wae 5% inches.
The moment arm of the tail piane varied with the location of
the pivot, averaging about 4 feet. TFor tests with increaced
tail area, a second tail plane having about 1; times the
area 0f the normal tail plane was attached to the model and
was locsted about one chord length above it so as to form
a biplane tail having 2% times the normal area.

The moment of inertia, the lomd on the water, and the
sass moving vertically could de independently adjusted.

TEST PROCEDURE®

The model was towed at the low water level in the
NACA tank using a procedure similar to that followed in
references 2 and 3 for the towing of dynamic modsls to
deternine trim limits. Run:s were made at conetant speed
and with fixed loads on the water while the tria of the
model wae adjusted by means of the elevator to obtain the
eritical trim,

Critical Trim

For the purpose of this report "critical tria" wsay
b defined as the trim separating the stadle range froa
the unstable range. At trims above the critical value
the planing surface ran stably and, if it was momentarily
disturbed, the resulting oscillations dscaysd to sero after
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8 few cycles, At trims below the critiocal value por-
poieing began spontansously and continued indefinitely at
& fairly constant amplitude of the oecillation ia trim,
This concept of a definite critical trim may not be
striotly true. Instead, a narfrow range of trim wherein
the model ie neutrally stable may separate the stable from
the unstable range. Coombes (reference 3) has desoribded

a range of neutrzl stabllity for a dynamic model of a
twin-float seaplane.

In the détermination of the critical value of the
planing surface, the trim of ths model was gradually
lowsred from a stadle attitude until oscillations degan
spontansously and continued regularly through an amplitude
of about 2°, The trim wae then increased while the
sooompanying decrease in amplitude was noted. At the
point where the oscillation seemed to diaappear, the trim
was noted and compared with the correeponding attitude
at which the model) bdegan to porpoise durinz the deorease
of trim. In general, the two readings did not differ by
more than about #°, The average of the two readings
thus obtained was recorded as the critical trirs.

During a constant-speed run of the carriage, the
eritical trim was obtained for several comdinations of
load and mass moving vertically. In this manner the
variations of oritical trinm with load, speed, and mass were
determinsd. Changes in moment of inertia ani location of
pivot were made and the tesste repeated. For certain loca-
tions of the pivot the aecrodynamic control was inadequats
to balance the hydrodynamic moment &t the critical trim and
a gravity moment was used to obtain the desired trim. Thie
ues of a gravity moment caused the model to pivot about a
point different from the centesr of mase of the rotating
system: No allowance was made for the variation in loading
iatroduced dy the aerodynamic forces on the tail surfaces.

Porpolsing Oscillations

Jor a limited number of te2ts, observations were mads
of the amplitude of the oscillations in trim that followed
after the model was trimmed below the critical value. Tests
were gade at constant load, speed, mass, and moment of
inertia; and the amplitudes were cbtained for various
slevator settings. For a particular elevator setting the
nodel was restrained in piteh by pulling lightly on lines
attached to the bow and the stera. Tnis dazping in pitech
was barely sufficient 'to prevent porpoising but still per-
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migted the model to aseume the attituds requirsd for
equilibrium of the hydrodynamic and aserodynamic forces.
The trim at squilibrius was observsd and ths model wvae
then rslsnsed to permit porpolsing. After a fev cycles
the oscillations would reach a maximum in amplituds and
would usually continus indefinitely between ths two limit-
ing valuee of trim. Ths upper and lower limits of oecil-
lation were recorded.

In the teste to dstermine the effact of radius of
gyraticu vn azpiltude of poerpulsling the critical tric sas
dstermined for a particular configurntion of the model, and
the elevator wvas lowersd enough to causs ths model to trims
at nbout 4° below that valus. The pitching ocecillations
vsre prevented by damping as previously described. The
nodel wae then releassd and ths namplitude of oscillation
obssrved. The radius of gyration was changsd during ths
run by varying the mase moving verticnlly without mnking
any c¢hange in moment of inertia, load, speed, or elevator

lctllnf.' The amplitude of oscillation was ngalin noted
after the change in mass. This method did not completely

leclate the effect of the rndlue of gyration upon ths
anplitude because the channges in the radius of gyration
wers, in general, accompanied by n small ohnnge in ths
eritical trim,

TEST RESULTS

Porpolsing Characteristics of a Single Planing Surfacs

_The combination of planing eurface with taill plane
exhibited the presence of one critical trim vnlue and
had no tendency to porpoise at higher trims. The por-
polsing thnt occurred when the trim was less than ths
eriticnl value closely resembled the motions in the
porpoising of a complste dynamic model when planing on
ths forebody alone. W¥hen the trim of the model was in-~
crensed from the unstable to the stable range, the critical
trin was found to be practically the same as the valus ds~-
tesrmined by lowering the trir from the stable to the un-
etable range. Recovery from porpolsing alvays followed
the npplication of sufficient positive moment to trim ths
modsl above the critical value. The nbsence of the high-
angle condition of instability with the eingle planing
surfaceris in agreement with the commonly accepted oonospt
that the high-angle type of porpoising of a flying boat is
a phsnomenon thnf alwvaye involvss the afterbody.




When porpoising of the planiang surface 414 occur, the
msotion wae usuaslly coastant in amplitude but, ia some casee,
{t would wax and wane in a mamaer similar to that reeulting
from the addition of two simple harsonic motione of elightly
differeat periods.

Sritical Tric
The variation of the ceritical trim with speed of the
planing surface is plotted in figure 2, where all variabdlee

are expressed as follows:

Load coefficient, C, = a/wt®

¢ross load coefficieat, Cp = 8o/wd3

Speed coefficlent, Cy = V//gb
vhere
A load on water, pounds
8o initial load on water, gross load, pouande
® maximum deam, feet
» specific welight of water, pounds per cubic foot

€ scceleration of gravity, fest per second per second

k radius of gyratioa, fractioam of besanm

1y location of pivot forward of trailing edge (T.3.), -
fraction of deanm

te location of pivot above kesl, fraction of bean,

The lond on the water was selected as the paramster
and each plot represents a p-rticular combination of location
of pivot and radius of gyration., The mase moviag vertioally
is given in the same nondimensional units as the load
coefficient. The moment of inertia ig not 115'01 in each

case but Hl{ be c¢bdtained from the values given fo! the msse
and the radius of gyreticn,

Effect of tall ares.- The variations in critical trim
with speed for the model having the normal tail and for the




model having the tail area increased 1285 percent are plotted
ia figure 3. Increasing the tail area toc more than twice
aorsal aise appearsd ia the present testa to change the
eritical trim very little. 4 more preeise exploration of
the region of neutral atadility might reveal a definite
effeot dut 4t does not appear that any practicadle increase
in the tail area vf a flying boat deyond the area that would
s required for auitable asrodynamic characteristics would
have any marked effect upon the lowsr limit.

Rffecy of radiys of gyrstiopn.- The variation of crit-
ical trim ia plotted as a function of the radius of gyration
in figure 4, which shows the results of tests at two dif-
ferent loads at a speed coefficient of 6,0 with the pivot
located 0,38 beam forward of the trailing edge and 1.26
beams adbove the kesl. The radius of gyration as here uaed

te /¥, in which the mass M 1includes the model, counter-
wveights, and fittinga. (See fig. 1l.) The curves show that
increases in the radius of gyration lower the critical trim
but that the effect is small when compared with the effect
of apeed and load.

ect of Jocasion of pivot.- Figure 5 shows the
variation of critical trim caused by changes in the location
of the pivot for two combinations of load and radius of
gyration., There 1s a definite tendency for the critical
trip to be lowered when the pivot ia moved elther forvard
or down. This effect is also amall wvhen compuarad with
the effect of load and speed.

Amplitude of Porpolsing Oscillations

X{foct of elevator setiing.~ Figure 6 shows how the
amnplitude of the porpoiaing is affected by the elevator
setting. The axis of ordinates represents the trim assumed
by the model for a particular elevator setting when por-~
poising was restrained by the application of externel damp~-
ing. The amplitude of the oscillation that follrwed the
rexzoval of the damping 1s represented by a horizontal line
betwveen the values of the upper and the lower limits of the
trim occurring in the oscillation.

Effect_of taill area.~ The variation of amplitude with
radiuve of gyration for the model having a biplane tail with
125 percent increased arem is shown in fisure 7(c). A
comparison of this plot with figure 7(d) shows that the
larger tail area resulted in somevhat grester amplitudes
of osciilation.




Rffeot of radius of gyration.- The variatien in
anplitude with changes 1in the radiue of gyration k, wvhen
the elevator setting wvas constant, is ehown in figure 7.

The marked inorease in amplitude with a decrease in radius
of gyration may be due in part to the fact that the decrease
in k cauees an increase in the critical trim, An inter-
pretation of this figure should include the effect of ele-
vator setting upozn criticalil trim.

The difference in handling characteristice caused by
the changes in the radius of gyration was more marked than
might appear from the plots, During the tests at constant
speed, the slevator wae set to trim the model at about
below the oritical trim. The amplitude of the resulting
oscillation was observed and the mass moving vertically was
changed without changing the speed, the load, or the elevator
setting. Throughout the tests it was noted that, with either
an increase in mase or a decresse in moment -of inertia, the
porpolsing motions of the model when trimmed below the crit-
fcal values were definitely more violent and more likely to
lead to dangerous amplitudes,

In figures 7{b) and T{(c) are shown the results of two
tests to determine 1f, for a particular value of the
radius of gyration, the amplitude would be affected by
the moment of inertia and the mass. In flgure 7(b) at
k = 1,09b, a 50-percent increase in the moment of inertia
1s shown to have caused & cgall increase in the amplitude
of the motion. 1In filgure 7(c) at k = 0.76d, a 100-per-
cont incremso in the moment of inertia 1s shown to have
caused a large increase in the amplitude.

Comparison of Results with Data for Complete
Models Having Afterbody and Wing

xperimental.~ In flgure B 1s plrtted & curve shoving
the 13Wer ITImit éf etadiiity for a particular flylng boat,
whioh has a dead rige of 228° wmeasured at the keel. The
curve is taken from data obtained at the NACA tank during
tests of a %-lcalo model dynamically similar to the full-
8lse craft, which has a gross load coeffici-nt of 0.82 and
& got—-away speed coefficlent of 7.0, The model was towed
at constant speeds and the trir limits were dstermined in
the same way as the critical trims were determined for the
planing surface. The lrad carried by the mocdel was com=
puted for different speeds by deducting the aerodynasic
11¢t from the grose welight. The aerodynamic 1ift wae




eomputed from datas obtained by towing the complete model

a ehort dletance adove the water in the tank. The crit-
feal trim of the planing surface at spesede and 1oads
eorreeponding to the values for the dynamic model ie ehown
for comparieon. The oritical trir of the planing surface
agrees well with the lower limit of stability at the lower
epeeds.

Theoretical.~ The data giver in reference 4 were used
for cormmting the cffgol of B wing, the area of the tall,
and the moment of Iinertia upon the critical trim for a
limited numdber of conditione comparadle with some of the
oconditioss incluidsd in the teats of the planing surface.
Reference 4 deescrides the methods used in deriving the data
and 1n computing the values of the stability derivativee
and the values of the terms in the discriminant equation.
The date from reference 4 and the computed results are
given in tabdle I.

The notation given in tadble I is the same as is cus-
tomarily used in porpoising analysis, in which aXes are
assuped to be fixed relative to the undisturbed water
surface with Z positive downward, X positive forward,
and N positive vhen tending to rmise the bdow. The foroe
2 4s then defined as a foroes alonzg the 0Z axig and 2
is written for 52/5s. The other derivatives are siml!nrly
defined. 4, B, C, D, and 2 are the coefficlente of the
etadbility equation,

AM e B+ 22 s DNeE =0

where M 1is used for the differential operator, Iﬂl'.
R 1s Routh's discriminant and is defined by

R = BCD ~ AD® - B3%

The oriterion for stability 1s that A, B, &, D, £, and R
shall all D¢ positive. These terms have been calculatsd
for a epeed coefficient of 5.63 and a load coefficient of
0.61 on the water. (See table I.)

At a trim of 5° the airplane 1z unstable and an
increase of 3I00 percent in the moment of inertia has not
resulted in stability, although the change in the value
of R 1indicates that the margin of inatadility may have
deen reduced. At a trim of 7° the normal condition e
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stable but a decrease of 50 percsut in the moment of
inertia results in iustadility, ss shovn by the negative
valce of R,

The trend shown by thess calculstions is in agree~
sment with the experimeuntal result obdtaiuned with the plauning
surface: that an increase 1un the radius of gyration cauneer
a definite bdut relatively small decrcaze in the eritical
trim.

The vallidity of the stadility teste on & plauning
surface with tail plane but without wing has been examined
by calculating the derivatives and the terme of the dis~-
criminant equation, assuming that the aerocdynamic effect
of the wing 1 confined to 2Zy and IZg. Making the
asrodynamic values of all the 2Z derivatives equal to
sero and keeping the M derivatives unchanged caused no
chenge in slgn of any of the terms at elther 59 or 79,

A chanse in the value of R, however, indicates that the
wing may have a slight stadilizing effect. These results
are in agreement with the comparieon made in fligure 8 and
with the regults reported in refereance 2. At higher speeds
the asrodynamic terme would be larger and more irportant iam
comparison with the hydrodynamic and the effect of the wing
might bdecome more pronounced.

The effect of a 100-percent lucrease in tail ares has
been oalculated for the sirplane with wing by doubling the
aerodypamic values of M,, My« and Kg. The increase
in the value of R indiggteo that the fcr;or tail area
has resulted in stadility at 5° and an increased margin
of stabdility at 79,

2ISCUSSION

omparison with referencs l.- ¥rom the tewts reportad
in reference 1, Perring and Glauert reached the following
conclusions regarding the porpolsing characteristics of a
seaplane with only the forebdody im contact with the water
(single~step case):

A seaplane, traveling on one step, teunde to
porpcise as the speed over the water 18 increased
and this 1s generally due to the angle of iuncidence
decreasing as the speed incresses. The following
factors may lead to iunstability:-

A\t oae
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Center of gravity too far in frogt of
the main etep.

Center of gravity too high.

Excedelve ssrodynamic weathercook
stabdility.

Moment of inertia too small,

Aerodynamic moment forcing the
noee down.

In order to compare the reeulte of the present tests
of a glnning surface with the conclueione reached in refer-
snoe from tests of a seaplane, & differentiation sust
bs made between the effects that the variadblee have upon
the critical trim and ¢the ¢ffecie that they have upon the
trim assuned ty the seaplane at a particular epeed.

The asrodymanio weésthercook stability referred to in
the foregoing and hersinafter is the weathercock stadility
in pitoh.

The momant of inertia and the amcunt of weathercock
etability do not affect the trim that the seaplane will
assume, dbut wvariations in these quantities mpay cause
porpoleing by lowering the critical trim. The results of
the present tests of a planing eurface with a tall plane
indicate that a decrease in moment of inertia for a par=
tioular value of the mass tends to decrease the critical
trin and theredy may lead to instabdility. The results of
the teate also indicate the effect of excessive weather-
oock stadility as can de seen from a comparison of figures
7(b) sand 7(¢). With the normal tall the porpoising motions
were not so violent as vhen tha tail area was incressed 125
percent. The tests ehowed that the critical trim wae not
meseuradly affected in the one particular case in which the
tail ares was increased although the analysis of reference
1l indicated that, in general, an inorease in tail area should
increses the critical trim, The results of computing the
affect of tail area ae recorded in table I 4o not agree with
the conclusion of reference 1 regarding the effect of westher-
eock stability.

The reeults of the tests are in agreement with the
conclusions that instadility might be causad if the center
of gravity were too far in front of the main etep or 1if
the noee were forced down by an aerodynamic moment becausse
either condition would tend to cause ths seaplane to trim
below the critical wvalue.

Figure § showe that the critical trim is increased




%y raleing the center of gravity and thie result is in
agreement with the conclusion of reference 1.

Dynamic Models Having Txcess Mass and Moment of Inertia

The tests of the planing surface indicated that an
increase in both raes and moment of f{nmertia, without any
change in the radiue of gyration, tends to increase tha
asplitude of the pitching oscetllations during purpoinicg.
This effect is of particular interest because teste of
dynamic models are occasionally made with the model having
excesd weight and moment of inertia. VFrom the analyele
of porpolsing in referonce 1, the authors concluded that
a test of that type, in which the ratio of mass to moment
of inertia was correct, would accurately reproduce the
porpoising characteristics of the full-size craft except
that the frequency of oscillation would be reduced dy the
ezcess mass and rpoment of inertia, The lowered freyuency
may account for the increased amplitudes observed {n the
preosent tests. In a porpoising oscillation of a given
amplitude the amount of energy diseipated by the damping
forces decreases repidly with decrease in freguency. W¥With
an excess in vass and moment of inertia of a dymamic wmodel,
it is to be expected that the demping would be less offec~
tive and therefore the amplitudes of the fully developed
oscillations would be larger than if the freguercies were
correctly reproduced.

Effect of Radius of Gyration

The results of the tests indicate that variations
in the radius of gyration have a twofold effect upon the
porpoieing characteristics of a flying boat, Large
inereaees in the radfus of gyration reduce the critical
trir and also reduce the amplitude of porpoising that
occurs when the flying boat i3 trimmed below the critical
value. The plots of amplitude in figure 7 show a definite
tendency tov converge as the radius of gyration is increased.
Whether the convergence wouli continue to zerc at some
value beyond the range of the present tests is not known.

A comparison of the radius of gyration and the bean
loading for several flyins boats and float seaplanes of
vrecent design has been tabulated ae follows:
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Radius of

Gross load
Lrats ( gyration, k eoefficient, ¢,
fraction beap) i 1

Flying boats:

(tig.
(r1g.
(f1g.,
(r1g.
(rig.

RomNoow

~
-

oat seaplanea:

1.58 1.87
1,66 1.54
2.00 1.57
2.01 1.65
2.04 1.69

E Ak K )

The plot 1n values esuggests

that lus of gyration
which would bde useful in predicting

porpoising characteristios. Tha dashed line iy figure 10
waa drawn through arbitrarily
to radii of gyration somawhat the average of the
values in the piot. Two of the points that lie belew
the daehed l1ine are values for flying boats whioh have
shown unusually severe instability opn the wvater. The qua=
tion for the stralght line i

k= 0.90¢, +o0.5

vhere k 1, the radius of fyration, fraction of deanm.
The fact that the float seaplanes have larger valuee of
the radius of fyration and larger bea

f:ylng boats is of parti

the

FOor some of the heavily
have exhibited severe Porpoising
h while to out a full-ecale
ot of incre the radius or
80 percent.




Bffect or Looation of Pivoe

The reeulte indicate that, in Some cases, a defieite
but rolucivoly small decrsase of the lower limte of stabilicy
of & ssaplane Bay be obtaineqd by moving the center of rrAYViLy
either forvard op downward op by !ncroasing the rad 4
eyration,

Trend toward lncreased pean Loadings

The continued trepng t

1
Speeds. For example v 1 fron
about 0.2 ¢, 0.75, or nearly fourfold, An increase in
the hazards Tesulting from Porpoising hae &8ccompanied the
large increase 1p loading at the Planing 8peeds,

torobody having a
it appears that,

In Zeneral,
required fop the take-of
tional difficulties in ¢




coxcrusions

ns listed below
varia included i
face having a 2230 tail
surfacee to provide pin The conclusions
BFe 4l40 believed to ® seaplans
having a forsbody of . by the Plening
surface. The conditions or Particular interest and
application ape those ariging when the seaplane gete on
the etep during take-off or Planes on the forebody during
& landing,

l. For a given set of variables that include Spsed,

s BOoment of insrtia, ana Position of center of Eravity,
there 15 g rather sharply defined critical trim below whigh
the system 18 unstrable and above which it s stable,

2. The eritical trim i determined tainly by the
8peed and the loadq ¢n the water,

3. lncrcnl!ng the radius of g€yration decreases the
eritical trim,

4. Muving the centsr of gravity either forvard or
down decreases the critical trim.

5. Incrcallng the amount of aerodynamic damping to
about twice the amount normally occurring on flying boats
does not appreciably alter the critiecal trim,

6, Ducrcasing the radius or gyration may have two
effecte, It may increase the critical trim ang it may
also cavee a zirked increase ip the amplitude of por-
Polsing that follows whan the system i trimmed below
the oritical value.

7. An increage in the mass ang moment of inertia,
without any change in the radiug of gyration, tends to
increase the amplitude of Porpoising oscillatione.

langley Memoria) Aeronautical Lnboratory.
National Advisory Committee for 4eronautics,
Lnngley Fleld,
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