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SUMMARY

This report presents the results of systematic model
experiments on the hydrodynamic characteristics of flying
boats, aimed primarily at developing a comprehensive view
of the factors influencing porpoising and of their rela-
tive importance. The experiments "radiated" from a given
reference ship; they embdrace changes, over reasonably
wide ranges, in the value of each of a number of variables,
treated indevendently.

The experimental results are summarized in a series
of 25 figures, each of which gives the complete data for
all the modifications of one variable,

The results are further cordensed for easy reference
in charts 1 to 3, which follow the Summary. °‘In these
charts the principal portions of the summary figures are
reproduced at smaller scale and are arranged in groups
according to the type of the variable they represent.
Here the relative influence of the variasbles ig “brouchE
out merely by the relative "blackness" of the charts.

The major conclusions which follow are based upon
the ranges of change of the variables indicated on the
summary figures:

1., The stability limits for a given hull under various

loadings and aerodynamic conditions are determined (1)
Primarily by the three variables which govern the load on
the water in steady motion - gross load A4,, wing lift at

arbitrary trim angle Z,4, and rate of change of lift with

The complete set of data from which the figures in this
report were prepared and on which the analyses in this
report were made may be obtained on loan from the Office
of Aeronautical Intelligence of the National Advisory
Committee for Aeronautics, Washington, D. C.
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trim Zg and (2) secondarily by the tail damping rste

Mg. Increasing the water-borne load raises bdoth limits
without materially affecting the width of the stable range;
increasing the tail damping rate lovers the lower 1limit at
high speeds — the magnitude of the effect being greatest,
hovever, at damping rat=s considerably below normal.

o, MAlterations to the afterbody, under given loading and

aerodynamic conditions, may alter the upver limit and the

psak value of ths lower limit in the vicinity of the humv;
they do not alter the lower limit at higher sve=ds. Bha
humo trim and the hump resistance in steady motion follow
the varistion of the meak of the lower limit. Assuming =a
reasonable length, the most powerful aft-rbody variable is
the angle between a prolongation of the forebody keal and a
line Joining the tiv ofithe . main gtepiwith the tiprofethe
stern post. Increasine this angle rais=s the bhump trim and
resistance and the uvoar limit of stabilityv; if carried far
snough, it will suprress upp=r-limit vpormoising at high
speeds. Increasing the step height 2lso sumnresses uvver-
limit porpoising at high spe=zds.

3., Alterations to the forsbody, under givaen loading and
aerodynsmic conditions, may alter both limits bdbut tend
to affect princivally the low:r limit at high spe=ds. If
gufficient forebody length to provide flotation and to pre-
vent diving a2t low speeds is assumed, the most powerful
forebody variable is the amount of warning of the bottom
in the region just ahe~d of the main sten. Increasing the
warping lowsrs the lower linit at high speads but raises
the hump resistance. :

4, Pinally, as a tentative, very bronad conclusion: None
of the modifications consid-red in the experiments was
svecessful in =liminating completely either upper-limit or
lower—-1limit porpoising and, in general, moedifications
whick tended to improve the pornoising characteristics
tended to injure the rssistance charactaristics. Modifica-
tions of the loading cr of the aerodynamic conditions (that
is, of the variable of grouns I and IT shown in charts 1
and 2) ware found not to affect the charactsristics avr-
nreciably except as they influenced tha net watar-borne
l10ad; modifications of the hull form (tpking grour ITII,
chart 3, in its entirsty) had larger affects, but these
modifications were mainly variations on a givan parent
form. It follows that sny significant imoprovement in both
norvoising and resistance characteristics must demend uron
imnroving the basic osrent form of the hull.
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INTRODUCTION

Porpoising is a self-sustaining oscillatory motion
in the vertical longitudinal plane, which occurs at plan-
ing speeds. It can originate in an instability of the
uniform longitudinal motion in smooth water and does not
depend for its persistence upon any system of periodic
disturdbing forces such, for instance, as is provided by
head seas. In the words of one test pilot, "It is always
unpleasant and it may be catastrophic,"”

Observations of porpoising show that there are really
two principal oscillatory motions (1) a vertical oscilla-
tion of the center of gravity and (2) an angular oscilla-
tion about the center of gravity. These two motions are
seen to have the same period but to differ in phase. The
necessary energy to sustain porpoising must evidently be
drawn from the horizontal propelling force, there being
no other possible source, The average water resistance
must therefore be greater than for steady motion under the
same conditions if the speed is held constant, or the av-
erage speed must be less if the propelling force is held
constant. In the latter event, an oscillation in the hor-
lzontal speed may be added to the two motions described
above, but this is usually small and may ordinarily be
disregarded,

Two main classifications of porpoising are distin-
gulshable with hulls of conventional type:

(1) Low angle or "lower-limit" porpoising, which
oceurs at relatively low trim angles, is clearly at-
tributable to instability of the forebody planing
alone and is largely uninfluenced by the afterbody

(2) High angle or "upper-limit" porpoising,
which occurs at relatively high trim angles, is
clearly attributable to interaction between the
forebody and afterbody and is influenced in important
respects by changes in the afterbody form

There is usually a region of stable trim angles be-
tween the regions in which these two classes of porpois-
ing occur. The stable region is conveniently described
by a statement of the trim angles at the upper and lower
"limits of stability," The objective in designing is to
eliminate porpoising or, failing this, to widen as much
as possible the range of stable trim anzles between the
two limits,




Porpoisines ph=nom=ns havs been studiad by theorati-
cal anslysis of the conditions for stability, atarting
from the basic esauations of motion (referenc=s 1 and S
To date, this apvroach has failed to advance matsrially a
detailed understanding of the phenomena, =2nd it reouir=s
so much time-consuming lahor as to render its nractical
application in individual cases nearly orohibitiv=,

Most of what is now known about nrorroising hsas been
learn=d through mod=1l exveriments conducted with dus re-
gsrd to the dynamic reaquirements. The inherent danger to
the actual ship limits the score of systematic exo-riments
on norroising at full scale, and mod-=1 axpariments have

the additional advantage that the test conditions cean Dbe

more accurstely contrcllz:d and the test results therafore
more resadily interpreted. Sufficisnt evid=nc= exists to

~indicate satisfactory correlation betwesn shio and model

porpoising in basic r=spects.

Because of the inherent drng=r to the shin and the
consequent nesd cf advance warning on nornoising charac-
teristics, modsl experiments in thes past have tended to
place the emphasis on predicting the characteristies of
individual designs rathsr than on developing a broad vpic-
ture of the influsnce and relativs importance of ths var-
ious factors involwed, The latter voint of view was
adonted for the investigation which forms th2 subject of
this revort. In addition, through simnlification of the
testing procedure snd the use of an unusually small model,
the exparimental work has be=n materi=lly m2ccelerated so
that considerabls ground csan b> cover=d in a short time.

The esxveriments followed = vrogram designed drimarily
to gain persnmective, and considsrable attention has been
given to presanting the test results in simnle formes Only
tha basic rorvoising ch»racteristics are considered; namely,
the upoer and lo'ar limits, 2s thase would be determined in
an actual ship by respactively raising or lowering thes trim
angle from a mean value in the stable range., Variations,
particulrrly of the high-angle tyne of normoising, are known
to exist; these have b22n disregarded for th=2 prasent in thse
Intevest of elarifying the basiec types.

The work was undertaken with the financi=sl assistance
of the National Advisory Committes for %2ronautics. The
nrogram originally laid out was to parallel similar work
contemnlated by them. In the course of two y2ars the vro-
gram has baen expand=d consider~bdly along ind=pendent lines,




SCOP™ OF INVESTIGATION

It is thes purvose of this revort to pr=sent the rs-
sults of certain systematic model *¥neriments on flying-
boat hulls. Porvoising choracteristies and steady-motion
resistances ~re considar-~d, but tha rrincipal emphasis is
on thz porpoising characteristics. Th= experiments radi-
At2d from a given flying boat, taken as a basic point of
d=parturs. The refer=nce shiv us~d was the XPB2M-1, =
representative modern design having, for » gross weight
of 140,000 pounds, =2 wing loadine AO/S of  3&,0 mounds
per square foot, and a besm loading bl WDE gl 0.89,
Each of a number of variables was alter=d, separately
from the others as far asg vpossible, over a range of val-
ues embracing ths normal value for the refearence shiv and
intended to be wide enough to covar all values likely to
be encountersd in practice. The advantage of this proce-
dure is that it materially simplifies the nreblem of co-
ordinating test results. It does not necesssrily restrict
the applicability of the results to ths refzrences ship -
provided that thes ranges of changs of the variables are
sufitielantly wida,

The radiasting chart (fig. 1) shows tha thres groups
into which th~ variables fall natur-1lly:

Grouv I - Weipght and In»rtia Loading
Grour II - Asrodvnamic Conditions
@roun  TLI < Hull Poxm

and also ths comronent variables of asech groun which hnave
bsen covered, to date, by the axwariments, ~ Ttewilidl b
seen that the last grouv is subdivideg into

Groun IIIA - Afterbody Form
Group ITIF =~ Forebody Form ,
Group IIIE -~ Hull Form (As a Whol=)

The dimensions and particulars considared as "normal'
for ship and model (1/30 scale) are €iven in tadle I. The
basic hull lines ars shown in fiecure 24

Condensed summary figures of test results (figs. 6 to
30) include all the pertinent data2; all conclusions or
generalizations are bas=4 on.ths ranges of change of the
variables which they show. Hagd the rongaes of ehanges
been extended "ag absurdum," ‘soms of‘the conclusions and
generalirzations would undoudbtedly have besn altared.
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TEST METHOD

Tests of a dynamic model, complete with wings and
tail surfaces, are a recognized method of investigating
the porpoising characteristics of individual flying-boat
and seaplane designs (references 3 and 4), Difficulties
inherent in this method are

(1) That the magnitudes and the influence on
porpoising of the separate aerodynamic and hydrody-
namic components of the variables involved are not
easily evaluated

(2) That scale or interference effects may
easily prevent accurate reproduction of bhe full-
size aerodynamic forces and moments

(3) That the time and cost involved in construct-
ing and altering models is high

The method used in the present investigation was de- ‘
signed to overcome these difficulties as far as possible
and to permit direct studies of the hydrodynamic charac- i
teristics under rigidly controlled "gerodynamic'" condi-
tions. A dynamic model of the hull is used without wings
or tail surfaces. The equivalent of the aerodynamic
forces and moments are applied by

(1) A calibrated hydrofoil for lift forces and
force derivatives

(2) A calibrated spring and a calibrated dash-
pot for aerodynamic moments and moment derivatives

All these are readily adjustable to produce magnitudes

corresponding to any desired air structure.

DESCRIFTION OF APPARATUS |

A disgrammatic sketch and a photograph of the appa-
ratus used in the porpoising experiments are shown Sihol G asE ‘
ures 3 and 4.

The main frame is fitted with vertical tracks guided
by rollers so that it is free to move vertically but
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Otherwise restrained with respect to the towing carriage
of the tank. The model is attached to the forward end of
this frame through pivots at the center of gravity which
allow freedom in pitch; the after end of the frame carries
the supporting column for a hydrofoil., This frame trans-
mits the 1ift of the hydrofoil to the model; its weight,
with all the attachments moving with it, is a part of the
gross weight of the model, ;

The walking bean, pivoted on the main frame, changes
the angle of attack of the hydrofoil in proportion to
changes in the angle of trim of the hull., Through the de-
sign of the hydrofoil itself, and by means of the ad just-
ments provided, the aerodynamic lift can be made to corre-
spond to prescribed values of

29 1ift at arbitrary trim angle (I,)

2g rate of change of lift with trim angle (dL/dT)

2, rate of change of 1ift with vertical velocity (dL/dw)

A torsion spring, mounted in the axis of the model
pivot, is provided with the necessary adjustments for mak-
ing the resultant aerodynamic moment correspond to pre-
scribed values of

M moment at arbitrary trim angle (Mo)

0o

Mg rate of change of moment with trim angle (dM/4T)

The dashpot shown is provided with a number of cali-
brated pistons which, together with ad justment of the
radius of action, provide for making the aerodynamic tail
damping moment correspond to prescribed values of

Mq rate of change of moment with angular velocity (am/aq)

The following two aerodynamic derivatives are neg-
lected in this arrangement of the apparatus:

Zq rate of change of 1lift with angular velocity (dL/dq)

My rate of change of moment with vertical velocity (dM/dw)

A series of special tests described later, confirmed the
assumption made in designing the apparatus that these two
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derivatives probably had negligible effects on fhe siabil-
ity limits.

Graphical records of porpoising are obtained fivon g
scttber, attached to the model and located at an arbitrary
height directly above the center of gravity when T = 9,
which moves over a smoked glass fixed with respect to the
towing carriage., The records are reproduced photograph-
ieally,

The drive gear of the Stevens Tank is arranged to
provide a series of fixed, reproducible speeds. A de-
seription of the tank will be found in reference 5.

TEHST PROCEDURE

All tests were made at constant speeds and in sub-
stantially still water, It is considered that tests at a
steady speed are more likely to bring out porpoising tend-
encies than accelerated tests, because they allow time for
any instability to develop. In all cases in which propois-
ing occurred, a steady-state cycle was developed after a
very few initial transient cycles. It was found that the
transient cycles depend upon the amplitudes of the initial
disturbances which start porpoising, as compared with the
steady-state amplitudes, a larger number of transient
cycles occurring when the initial disturbances are rela-
tively small and a smaller number when the initial dis-
turbances are relatively large.

The amplitude of the final steady-state cycle 1is
largely unaffected, however, by the magnitude of the ini-
tial disturbances and is therefore a convenient measure
of the inherent porpolising tendency under given condi-
tions. The principal reguirement in testing is that the
initial disturbances shall be sufficiently severe %0 in-
sure development of the steady state within the limits of
the test run. To this end the model is accelerated rapidly
in a distance equal to about three or four times its -own
length,

The tests under eath combination of hull form, aero-
dynamic conditions, and loading followed the same basic
program, In detail:

(1) Tests were made at each of a number of fixed
speeds, covering the range from a little below the
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hump to get-away in approximately equal steps,

(2) At each speed, tests were made with varia-
tions of the applied moment (corresponding to result-
ant aerodynamic moment), covering a range sufficient
to produce trim angles embracing the upper and lower
stability limits, as ordinarily defined. The moment
setting (corresponding to elevator setting) was not
altered during the course of any one test.

(3) At each speed and applied moment, a test
was. made with each of three values of the tail damp-
ing dM/da corresponding consecutively to one-half,
one, and two times the normal value given in table I,
unless stability occurred with less than the maximum
of these values. In the latter event no Further
tests were made. When the maximum value failed to
cause stability, an additional test was made with a
large excess of tail damping to define the steady-
movion attitude,

(4) The tests with normsal particulars were made
first and were carried out very completely., In the
later tests with modified particulars, certain cages
were omitted which the firet tests had shown to be
relatively unimportant.

(5) Graphical records were made of the steady-
state, fully developed, porpoising gycie Topr 11
tests in which propoising occurred.

(6) The stability limit is arbitrarily defined
as the trim at which the total sweep in trim angle
during porpoising (that is, the double amplitude) is
2°. This definition is of greatest significance in
connection with lower-limit porpoising, where the
amplitude tends to blow up progressively; in the
case of upper-limit propoising, which tends to start
suddenly and may often consist pringipally 6f vepti~
cal motion, an arbitrary definition of the stability
limit is largely unnecessary.

The limits shown in the charts are for normal
tail damping, and are lifted from auxiliary charts
‘of the sweep measured on the graphical records
against the steady-motion trim angle, at constant
speed.
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ACCURACY

The accuracy of the readings from the various wvarts
of the apnaratus and toiling gear has beesn checked by fre-
quent calibration, =nd it is believed that the valu=s
used in preparing the curves are correct within the fol-
lowing limits:

S8t Foot oY 880008 (. .« wla s fa s ge poien b 20 .03
Y R ST o I U PN | AT NN L 3 £0.01
st R TR SRR I T N IV R TR SO S 0.3
Ppimming moment, pound-inech . . . &+ v o o o 0 . 0.1
RS S o e i BT LA i e ¢ io\opiect bt e | e e e ey g e, e +0.05

Another method for avpraising the accuracy of the
t2sts is to compar= the reproducibility of fully developed
porvoising cycles. When the apparatus wes first put into
use, this matter was givern conslderabdle attention. It was
found that records of porpoising cycles obtainsd at inter-
vals of s=vernl months, under presumadbly identical condi-
tions, were as nearly alike as they could be measured.

In a more recant case, two models built to the same lines
and tested 2 y2ars apert gave practically identical re~
sults over the entire sp2ed rangs. Thus Xt. was not. con—
sid=red worth while to carry on any systematic rrogram of
check tests during the present investigation.

The modals were very. carafully constructed and it is
believed that the average deviation from the lines wWas not
more than +£0,Q1 inch. Special car= was taksn to mroduce
sharp edges at the step and chines and to avoid Any small
local irregularities. Thes mod=ls were made of white vpine
and covered with four coats of spar varnish rubbed down
to a very smooth finish with wet sandpaper between coats.
The average length of time required to construct a model
was about 48 man-hours with sn =additional & man-hours for
setup nreperatory to testing,

Thas graphical records of the test results were
mounted directly on largs charts, ore for each set of
particulars. One of these large charts, for the refer-
ence ship, has been sufficiently reduced in size to per-
mit including it in this revort and is shown Aas £ignp e’ Hi,
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This type of chart is considered an important presentation
of the results because it provides a complete comprehen-
sive view of all the porpoising characteristics under a
given gset of particulars and not merely of the stability
iidmits.

Description of Large Chart - One for
Bach Series of Tests (fig. B5)*

(1) The ordinates are trim angles that are meas-
ured from the base line, which makes an angle of 2°
with the forebody keel; the abscissas, speeds.

Speed scales are given for model and ship speeds and
for the speed coefficient Cy. The Stevens Tank

speed numbers for the various fixed speeds at which
tests were made are given at the foot of the vertical
lines drawn at these speeds.

(2) The graphical records of porpoising are
Placed on the chart with the small cross, which in-

% dicates the steady-motion attitude, at the height of
the observed trim and longitudinally to the right of
the vertical speed line, on this line, or to the
left of it, depending upon whether the tail damping
was one-half, one, or two times the normal tail damp-
ing, respectively. Values of the tail damping are
indicated at the tops of the vertical speed lines,

(3) 4 circle with alternate quadrants blacked
indicates that a test was made but that the motion
was stable,

(4) The records are placed on their sides, so
that increasing heave corresponds to progression
toward the left of the chart and increasing trim,
progression toward the bottom. The short horizontal
and vertical lines, respectively above and to the
right of a record, indicate zero trim angle and zero
heave from the static flotation corresponding to
140,000 pounds in the ship,

(56) Notes are given defining the ranges of trim
angles within which the forebody or afterbody was
observed to be "wet" or "clear."

*This description applies particularly to the larger size
C of these charts, In reducing, for fig, 5, certain details
’ have been omitted,
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(6) The thr=s curves revresent the fre=s-to-trinm
track® for ths hull in steady motion, the uover sta-
bility limit, snd the lower st=2bility Tifdt v

(7) Tha st=bility 1imit 418 ardbitrarily definsd
ag the trim at which the total swesp in trim =nele
duringe vorpoising is 2°, The 1imits shown are for
normal tail damping 2nd are 1ift=d from auxiliary
charts of trim sween, as mesasured on the gravhical
records, plotted agminst steadv-motion trim angle =t
constant sma-=d.

Insorder to permit ready comvarison of the test re-
sults, the statility limits h=ave been taken off the large
charts describsd ahovs Aand presented in the form of sum-
mary figures, each of which shows the stabdility limits
for all the modifications of one variable. Thesz summary
figures constitute tha vrinciral presentation in this re-
POET ¢

Descrintion of Summary Pigurss - One for All Modifications

cf Bach Variable (figs, 6 to 30)

Trim angle against spesd (At the trmn)
Included are: A
Stability limits (for 2° oscillation) -
solid - curves cross—-hatch=d on

unstabls side

Free-to-trim tracks -
center-line curves

Take—-off trim tracks -
dashed curves

Rasistance against speed (in ths middls)

Free-to-trim reasistances
e bt Lo b auhal b Sl St bt ke kot St
The trim track corresponding to resultant asrodvnamic
moments about the center of pravity saqual to zaro, as ob-
tain=sd by interpolation, 1% sy onihohukl . alenegy Aand
not for the comrlets airmnlane,
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Applied moment and resistance against trim (at the
bottom)

Cross plots at four fixed speeds indicated
DISCUSSION QOF RESULTS

The effects of each variable or modification covered
by the tests are discussed below in some detail. It is
intended that/ reference be made, in following the discus-
gibn o the sumnary figures described in the preceding
section,

It has been mentioned Previously that the aim in lay-
ing out the program of experiments was to change only one
variable at a time, thereby isolating its effects. Natu-
rally the program was not entirely successful in this re-
spect; in certain cases, two or more of the variables
listed were found to constitute essentially the same
change from a hydrodynamic Proint of view. Where this is
clearly the case, it is noted in the discussion.

Group I - Weight and Inertia Loadings (Chart 1)

(1) Modification of gross weight (?1g. '8)

120,000 pounds 86 percent
140,000 (normal) 100
160,000 114
200,000 143

Porpoising,. Incressing the gross weight moves the

range of stability in the direction of higher trim
angles and leaves the width of the stable range vir-
tually unaffected. The speeds at which porpoising
starts are delayed by increasing the gross weight,
and the free-to-trim track is shifted to higher trim
angles in the vicinity of the hump., The free-to-trim
track tends to cut across the middle of the stable
ranges for all gross weights,

Resistance. Not investigated (except for the normal

case).
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(2) Modification of momsnt of inertia (fig. 7)

0.816 x 10° slug-feet® 60 percent
1.366 : (normal) 100

1.716 126

2.049 150

Pornoising. Incrsasipg the moment of inertia re-
duces very slightly the rangs of stability at low
speeds. The principml conseduence of increasing

the moment of inertia is to increase the mormoising
ammlitudss under otherwise identic2l conditions.
The morpoisinege freauency is r=duced also, anmproxi-
mately in provortion to the ingrease in the recivn-
roe~l of the square root of the radius of gyration.

ﬁg§l§tance. This modifieantion ecould mot, aff acts tihe
resistance.

(3) Modification of longitudinal position of center of

gravity (fig. %)

87 inches forward of step 53.7 percent berm forward of step
70 (normal) 43,2
50 30,8

The center of gravity was shiftzsd by altering the
location of the modzl pivots and rehallasting.

Since the hydrofoil 1ift is awmplied through the
model pivots, this procsdure is equivalsnt to 2lter-
ing the centar of gravity and the wing nosition si-
multaneously and does not introduce an additional
moment dus to 1lift.

Pornoising, Shifting the center of gravity_ cither

—

Torward or _a2ft has conlyia-very sikight 26fcet omirthe
range of stability at moderate speeds. The »nrinci-
pal consedguence of shifting the center of gravity is
to shift bodily the curves of applied moment, the
result being that a different moment is reauired to
procduce the same trim angle in steady motion. As
would bes expected, ths rsavired change in amvlied
moment is equal to the net weight on the water times
the ;shift of the center of egravity and the wing,

Resistance. Not investigated for the free-to-trim
condition (excent for the normal case).

L
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Group II - Aerodynamic Conditions (Chart 2)

(1) Modification of wing 1ift 1?2 at . T o= BOCEREE 9)
7

o
4.63 vsz pounds 67 parcent
6.95 vsg (normsl) 100
9.27 v * 133

Chunging the wing lift was accomplished byv changing
the angle between the normal hydrofoil and the hull
base line which sinulates » changs in the incidencs
Of the wing, This left .AL/&Y. and .-dl/dw unchanged.

Porpvolsing. Incrzasing the wing 1ift makss the sta-
ble rangs ~ppreciably Wider, chiefly by lowering the
lower limit at moderate gpeeds. The Yearwprelst! IF &
tested prevented upner-limit porpoising at high
spe=sds. Increasing tha lift lowers the free—to=-trim
track =2t modsrate speeds Just abovs the hump, so
that its relation %o tha lowsr limit of stability is
virtually unaffeect =d,

Registance. Not investigatzad,.

(2) Modification of wing 1ift rate Zq (fig. 10)

0.34k vs2 pounds ver degres 75 percent
Oult58 v 2 (normal) 100
Py 68T v ° 150

Changing the wing l1ift rate was accomplished bv al-
tering the hydrofoil size. This Produced A corre-
sponding change in the value of dL/dw. Thes T3t o
T = 5° was unchanged from ths normal 1ift in nll

cases. (In later tests, described below, dL/dw
was changed independently,.)

Porpoising. Increasing the wing lift rate has prac-
tically no effect on the stability limits at modsr-
ate speads and decreases ths range of stability very
slightly at high speeds. Tha free-to-trim treck is
unaffected at moderate speeds Just over the humv,

Resistance. Not investigatad.
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(3) Modification of vertical velocity dompine g, (fig. 11)

O.u58 Vg pound-seconds per foot (normal) 100 percent
0,916 vq 200

By means of a specially constructed dashovot which was
attadhed to affect only the hsaving motion, the rate
of change of 1ift with vertical veloeity was doubled,
This change in the apparatus is shown in the second
sketeh in figure 31, The tegts Were limited to three
speeds and to normal tail d=2mning.

Poiinio'l siinge. Study of the vorvoising cyvecl=s on the
granhical records f~ils to reveal any aonreciabdle
differences when 4&L/dw is Aoubl=d.

Registance. Thilg smo.d4 fiem thion ‘eould not Aaffset the
resistance.,

Note. The resultant aerodynamic moment VM, 1is altered in
the course of each series of tests and is not properly
considered an independent variable,.

(4) Modification of tail moment rate M, (fig. 12)

0.98 vq pound-feet per degr=e 71 percent
3: 31 e (normal) 100
2.05 vg 150

Porpoising. Incr=asing the tail moment rate has:no
noticeabile: effect.or either stability limit or on .the
range of stability. The largest moment rats used =p-
preciably reduced ths sige of the steady~-state cycles
in lower-limit porpoising at high speeds, and there
was also a tendency to suppress upmer-~-limit pornoising
at very high spe=ds.

Resistance. This medifieation eonld not affeet the
rasistance.

(5) Modification of tail d-mping rate Mgq (fip. 13)

0 ¥ 116% Vg pound-foot-s=2conds mer radinan 0 parcent
2,02 s 25

4,08 Ve 50

g8.10 Vg (normal) 100
16.2 Vg 200




(6) Inclusion of phase angle between

2l

Porpoising. Increasing fhe damping due to the hori-

zontal tail surfaces lowers the lower limit at all
speeds, the amount increasing with speed from nearly
zero at the speed at which lower-limit porpoising
starts to a very large amount at high speeds;” at &
given high speed, the effect on the lower limit pro-
gressively decreases as the tail damping is increased,
Increasing the tail damping has no appreciable effect
on the position of the upper limit but -has a tendency
to delay the speed at which this type of porpoising
starts, The largest damping used (twice normal) pPre~
vented upper-limit porpoising in the region of get-
away speeds.

It is worth noting that, at 19 feet per second, mod-
el speed (about 70 mph ship speed), upper-limit por-
poising freouently could not be suppressed with 20
times the normal tail damping and occasionally 80
times was not sufficient. In a few instances, lower-
limit porpoising was not entirely suppressed with 20
times the normal damping.

Resistance. This modification could not affect the
resistance.

122 lagging (normal)
26°
36°

It had been suggested that, in the full-size airplane,
there might be a time lag between the pitching ve-
locity and the pitch damping moment produced by the
tail. Special tests were therefore run to investi-
gate this matter. The phase angle was introduced by
putting a small calibrated spring between the dashpot
pPiston and its piston rod. Tests were run at approx-
irmately the three lagging phase angles shown above,

at each of three speeds, and with various values of
the tail damping rate.

Porpoising. The test results showed that the great -
est of the lagging phase angles considered was the
only one which had any noticeable effect whatever
and that its only effect was to raise the lower limit
very slightly at the lowest speed investigated.

a xMg, and q (fig.14)
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Resistance, This modifieation could nont affect the
resistance,

(7) Inclusion of ‘aerodynamic moments and forces attridut-

able to My and 2q (fie. 15)

A single dashpot attached to the carriage, the piston
of which was attached to the stern of the madel -t
the ta2il length of the airplane, replacad the usual
dashpot and supcvlied the three derivatives Mq, My,
and Zq- This change in the =pparatus is shown dia-
grammatically in the third sketch in fipgure 31. The
piston itself was necessarily very small with rela-
tively large clearance., Tests were limited to three
speeds.

Porpoising. At the lowest speed, the inclusion of
My and Z had practically no affeet on either the
lower 1limit or the upper limit; at the middle speed,
the lower limit was lowered very slightly and the
upper limit raised very slightly. At the top sveed,
the lower limit was vary slightly raised 2nd, =as far
as could be detected, the upper limit was unaffectad.

The setup of the apraratus was complicated and the
testing, difficult. Therefore, since the effects
found wer=s so small as to be negligible, no attempt
has been made to consider these two aerodynamic d=-
rivatives in any further work,

Resistance. These modifiecations could not affect
the resistance.

Group IITA - Afterdody Form (Chart 3)

Brawings of modifications are shown in figure 32.
The manherYin which the variovs modifications were
carrisd out should be espacially not-ed.

(1) Removal of afterbody (fig. 16)

With aftsrbody (nornal)
Forebody Aalone
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In order to make as drastic a change as possible, the
afterbody was removed, TFor these tests, the model of
the forebody alone was set up with an outrigger which
permitted ballasting to keep the center of gravity in
the same location with r espect to the forebody and to
keep the moment of inertia asbout the center of gravity
the same as for the complete hull, This outrigger

was placed high enough so that, in general, it was
clear of the water.

Porpoising. The tests of the forebody alone show
very clearly that the lower limit is attributable to
the forebody and that an upper limit does not exist
when the afterbody is removed., At moderate speeds
(just beyond the hump ), the afterbody keeps the trim
angle down and prevents lower-limit porpoising; at

all higher speeds, the lower-limit porpoising is unin-
fluenced by the presence or absence of the afterbody.

Resistance, Removing the afterbody decreases the
resistance at high speeds in the region where an
afterbody would ordinarily be wetted by spray coming
off the forebody. In the region of the hump, remov-
ing the afterbody allows the trim to increase and
large increases of resistance result. Also, the
water load otherwise carried by the afterbody must
be carried by the forebody. The forebody therefore
rides deeper in the water, causing an additional in-
Crease in resistance,

Remarks, These experiments suggested the concept
that the forebody and the afterbody are essentially
separate parts of the hull, serving different pur-
bPoses, and that to a considerable extent modifica-
tions of each may be studied independently of modi-
fications of the other.

A comparison between the characteristics of the com-
Plete hull and those of the forebody alone reveals,
in particular,

(a) That the afterbody is useful only in the
lower half of the speed range to take off
and that its presence at higher speeds is
entirely detrimental :
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that, at rest and at "displacement" speeds,
it provides flotation

that, at moderate speeds up to the hump, it
controls trim and resistance and prevents
lower~limit porpoising

that, at planing speeds, it is the direct
cause of upper-limit porpoising and some-
what increases resistance

(b) That the forebody is entirely self-suffi-
cient at planing speeds and needs no help
from 'the afterdody

These indications suggest clearly that the forebody
is the main hull and that the afterbody is an append-
age, the function of which is to control trim (vy
providing nosing-down moments) until true planing of
the main hull is established.

(2) Hodification of afterbody angle (fig, 17)

1

20 between forebody and afterbody keels
30 ‘
40

(normal)

The afterbody angle was increased by rotating the
afterbody at the model deck arnd ghifting 1t verti-
cally so that the step height was unchanged; it was
reduced by rotating the afterbody at its keel, leav-
ing the step height unchanged.

Porpoising. Increasing the afterbody angle raises
the lower limit at moderate speeds and causes 1t %o
start at a slightly lower speed but has no appreci-
able effect on the lower limit at high speeds; the
upper limit is raised and, with the two greatest
afterbody angles, the upper limit is suppressed at
high speeds. Reducing the afterbody angle lowers
the lower limit at moderate speeds and shifts its
starting point to progressively higher speeds but
again has no effect on the lower limit at very high
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speeds. The upper limit is lowered at all speeds
and its starting point shifted to progressively
higher speeds. With afterbody angles less than nor-
mal, the high-speed upper-limit porpoising becomes
increasingly violent as the angle is reduced.

Resistance. The afterbody angle for optimum hump re-

sistance appears to be about 3%° for this hull; with
angles greater or less than this the hump resistances
are considerably increased. This is consistent with
the findings of reference 6 in a general way. At
very high speeds, the optimum trim and resistance are
not particularly affected by afterbody angle.

(3) Modification of afterbody length (fig. 18)

2.25 times beam at main step
2.76 (normal)
3,25

The afterbody length was altered by applying a con-
stant multiplier to the station spacing and moving
the stations in or out along the afterbody keel,
Thus the afterbody angle and the step height were
unchanged.

Porpoising. Decreasing the afterbody length raises

the upper limit slightly and has only a very small
effect on the lower limit at moderate speeds just
Past the hump; the speed range over which the free-
to-trim track passes below the lower limit is
lengthened slightly. The shortest afterbody tested
stopped high-speed upper-limit porpoising in the
present instance. The effects are generally similar
to those resulting from modifying the afterbody
angle, :

Registance. Only the free-to-trim resistance was in-

vestigated in this case, Increasing the afterbody
length lowers the hump resistance somewhat. The
shortest afterbody used had a very high resistance
peak just before the true hump, though this presum-
ably might have been eliminated by relocating the
Tail cone,
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(4) Modification of afterbody chine flare (fig. 19)

- Chine flare removed
Normal
Extended

The normal afterbody chine flare ends abruptly, form-
ing a partial step a little forward of the stern
post. Two modifications were tried (1) extending

the chine flare aft so that it washed out at the
stern post (2) removing all the chine flare.

Porpoising. ZExtending the afterbody chine flare

lowers the lower limit very slightly at moderate
gpeeds and leaves the upper limit practically unaf-
fected. Removing the afterbody chine flare ralses
the lower limit slightly at speeds Jjust beyond the
hump and raises the upper limit sligshtly,; and pre=
vented high~speed upper-limit porpoising in the
present tests.

Resistance., Removing the afterbody chine flare
causes a high pgak in the resistance before the true

"hump and slightly increases the true hump. The very

high peak appeared to result from water clinging to
the afterbody sides and running up the tall cone,
Removing the afterbody chine flare had almost no ef-
fect at high speeds. Resistance tests were not run
with the afterbody chine flare extended.

(5) Modification of height of main step - first series

(fig. 20)
1 percent of beam
3
5 (normal)
7
The step height was altered in this series by shift-
ing the entire afterbody vertically with respect to

the forebody.

Porpoising. Increasing the step height in this way

raises the lower limit at moderate speeds Jjust past
the hump but has no appreciable effect at higher
speeds. The upper limit 1is raised at all speeds and
upper-limit porpoising at very high speeds is sup-




pressed. When the step height is decreased, the vio-
lence of the high-speed upper-limit porpoiging is
progressively increased until, with the lowest height
tried, this type of porpoising is exceptionally vio-
lent in the region of get-away.

Resistance. Only free-to-trim resistance was inves-
tigated. Increasing the step height slightly in-
creases the hump resistance and reduces the high-
speed resistance. These indications are consistent
with those found in reference 7.

(6) Modification of height of main step - second series

6P, 23)

l percent of beam

5 (normal)
9
13

The step height was altered in this series by rotat-
ing the afterbody about the intersection of the
afterbody keel and the stern post in the normal hull.
Thus the position of the stern post was unaltered.
The tests were carried to a greater maximum step
height than in the firgt series.

Porpoising. Increasing the step height in this way.

has practically no effect on the lower-limit at any
speed or on the position of the upper limit. The
step heights greater than normal again suppressed the
high-speed upper-limit porpoising and the 1 percent
step height gave exceptionally violent high-speed
upper=limit porpoising.

The position of the free-to-trim track just past the
hump i1s not affected when the step height is altered
in this way.

Resistance. Increasing the step height has practi-
cally no effect on the true hump but decreases the

Peak before the true hump. At very high speeds the
resistance appears to be slightly decreased by in-

creasing the step height to greater than normal.

(7) Modifications of afterbody dead rise at stern post -

no chine flare (fig., 22)
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(8) Ventilation of main step for step height of 1 percent

-10° dead rise at afterbody stern post
Qe '
1009

202 (normal)

30°

The afterbody was warped by leaving the dead rise at

the main step unchanged and altering the dead rise
at the stern post; the buttocks were kept straight

lines. The step height and the angle of b e vaifist ex—
body keel were unaltered. No afterbody chine flare

was used.

Porpoising. Decreasing the afterbody stern-post
dead rise has practically no effect on the lower

1imit at any speed but lowers the upper-limit at all
" speeds. Pocsibly because of the absence of after-
body chine *lare, the high-speed upper~limit porpois-
ing was suppressed in all cases, The stern-post dead

rise which causes the greatest suppression of the
high-speed upper—-limit porpoising was found to be

about 100, From the standpoint of upper-limit por-

poising, stern-post dead-rise angles between 10°
and 209 appear to give the best all-round results,

Resistance. Decreasing the afterbody dead rise at

the stewn post causes an appreciabdble decrease of the

discontinuity that appears before the hump. The
true hump resistance is also lowered dbut to a much

lesser evtent. At very high speeds, the resistance
is not altered materially, dbut 100 dead rise appears

to be about the best angle.

rough preliminary trial (fig. 23)

ilati
g:nzgg:;;zzlon} Step height 1 percent beam
Ventilation of the main step was accomplished by
shifting the afterbody (set for 1 percent step
height) aftward along its keel by 5 percent of the
beam and leaving open the gap thus caused. The
afterbody angle remained unchanged from the normal,
The tests are looked upon as very preliminary in
nature.
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Porpoising. Ventilating the main step in this way
raises the upper limit slightly and entirely sup-
presses high-speed upper-limit vporpoising. The
lower limit was not investigated.

The effect of this ventilation, even though impos-
sible to construct from a practical viewpoint, is
remarkable in that it suppressed entirely the very
violent high-speed upper-limit porpoising (the most
violent yet encountered) which occurred with an un-
ventilated 1 percent step.

Resistance, Not investigated.

Group IIIF - Forebody Form (Chart 3)

Drawings of modifications are shown in figure 838, The
manner in which the various modifications were car-
ried out should be especially noted.

(1) Modification of forebody form - first series of warp-
ing (fig. 24)

Constant section (minimpum warping)

Normal forebtody

Linear dead-rise varistion (maximum warping,
dead rise changes 9.7° per beam forward of

step)

The first forebody in this group had the same length
as the normal forebody, but all the cectiong of the
normal foretcdy were compressed into the forward
half. The after half had the uniform section found

at the main gtep in the normal hull,

The third model was constructed with a linear varia-
tion of dead rise from the forepoint to the main
step. The step section, the profile, the chine plan
form, and the dead rise near the forepoint were un-
altered.

Both models were tested with the normal afterbody..
These models may be considered as belonging to a
group in which warping of the forebody bottom near
the step is the variable, the change of warping
being small between the first and the normal models
and large between the normal and the third models.
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Porpoising. Increased warping of the forebody bot-

‘ tom lowers the lower limit very materially at all
except the very lowest speeds and very slightly

‘ lowers the upper limit at all speeds. At hump

‘ speeds, increasing the warping of the forebody bot-

‘ tom has no great influence on the free-to-trim track

‘ but lowers it materially at higher speeds.

‘ Resistance. Increasing the forebody warping in-
creases the hump resistance appreciably, adcgltse in-
creases the resistance at high speeds when the after-~
body is clear. This is consistent with the findings
of reference 8.

’ (2) Modification of forebody warping - second series

\ {fig, 3b)
| , Dead-rise changes 0° per beam forward of step
eve°
| 5,49
| o A
10.8°

The forebody warping in each case was linear from
step to forepoint in exactly the same manner as in
the linear-dead-rise-variation model referred t0
above. This resulted in having very low dead rise
in the forward half of the forebody in most cases.
The series was built to explore the effect of fore~
body warping more systematically than in the first
series.

Peorpoising. Increasing the warping of the forebody
bottom very appreciably lowers the lower 1limatiat
high speeds but only slightly at speeds Jjust beyond
the hump. The upper limit is also lowered, but to a
very much less extent, Increasing the warping of the
forebody lowers the free-to-trim track at high speeds.
These effects are similar to those found in fhe first
series., 5

It was found that the two models with a dead-rise
change of 0° per beam and 2.7° per beam had noticea-

] ble tendencies toward diving at very high speeds and

\ low trim angles. This is undoubtedly due ©0O the bow
sections having insufficient dead rise aadeigses 1it-
tle interest here, '
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Resigstance. Increasing the forebody warping in-
creases the resistance, at both the hump and planing
speeds.

(3) Modification of forebody length (fig. 26)

2.82 times beam at main step
3,44 (normal)
4,07

The models in this group all used the same forebody
sections; the alteration consisted of applying a con-
stant multiplier to the station spacing. The sta-
tions were shifted in or out Parallel t9 a line tan-
gent to the normal forebody keel at the step. The
multipliers for station spacing were the same as for
the modifications of afterbody length (group 1114,
chart 3).

In the planing range, the alterations in this group
may be considered as constituting small changes in
the warping of the forebody.

Porpoising, Decreasing the forebody length slightly
lowers both the lower and upper limits. With the
shortest forebody, the hull swamped at speeds below
the hump; no difficulty was found at high speeds,
however, when steps were taken to support the model
while it passed over the hump,

Resistance. Decreasing the forebody length increases

the hump resistance appreciably and the resistance at
Planing speeds slightly,

If the alterations are considered as changes of fore-
body warping near the step, then the trends in re-
sistance and porpoising are the same as for the two
Preceding series.

Group IIIE - Hull Form (As a Whole)(Chart z)
Drawings of modifications are shown in figure 338. . The
manner in which the various modifications were car-

ried out should be especially noted,

(1) Modification of hull length (fig, 27)




times b=2am at main stepv
(normal)

The hull length was altered by joinine the altered-
length forebodies (groun IIIF) to the similarly al-
tered afterbodies (groun ITIA). The step height and
the afterbody angle remained unaltered.

Porpoising. Increasing the hull length lowers the
lower 1limit very slightly a2t low spesds and raises it
slightly at higher spe=ds; the uoner limit is lowered
very slightly. Tue free-to-trim track in the region
just past the hump, where it is important, is virtu-
ally unaltered.

Resistance. Increasing the hull length very appre-
ciably reduces the hump resistance. At planing
spesds, the resistance is very slightly reduced.
Theses effects =re consistent with those mentioned in
reference 8.

(2) Modification of hull d=ad rise (fig. 28)

0.5 times normaldead rise at-each station (10° at step)

e . {20° Y{normal)
1.5 (20° ) '

The hull dead rise was altered bv multinlyine the
dead rise At each station bv the same constant. The
ke=l profile was unaltered, dbut the chinas were
changed as necessary. The chine flar=s w=re in-
ereasaed in voroportion to the dead rise.

Porpoising. Increasing the hull dead rises raises

fhe 1ower limit quite materially and lowers the uvver
limit somewh=t. The speeds at which beth the unver
and the lower limits start are progressively increased
with increasing hull dead rise.

In the vicinity of 14 fast mer s=cond, model speed
(about 55 mph for ths ship), the upver and lower
limits almost come togeth>r wh=an the hull d=s=2d rise
ig 10°. Thus it would be nesarly impvossible for such
a hull to take off without passings throuvgh a region
of instability. Jhen the dend rise is 30°, thera is
only a small gap betwzen the upper and lower limits
2t speesds near get-away.
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Resistance. Inereasing the hull dead rise increases
the resistance appreciably at a1l planing sp=ads.

The true hump resistance is not egreatly affected but
Lsideass with 0°. hull Sends phs ense d4 b b b 10° and
300 dead rise, the afterbody chine flare Appeared in-
Suffledient to Prevent concidsrable side= and tail-cone
Wetting at low speeds and, thus, a darge resistance
penk before the true hump, Thesg-= findings are in
general agreement with those in rsference

Spray. No measuremsnts Wers made of volume or height
of the spray, but increasing the hull dead rise Aap-
pear=ad to lower the height of the spray and to make
the hull much cleaner running,

Modification of longitudiral steo position (fig. 20)

541 inches aft of forspoint (shifted 10.5 nercent beam forward )
55E (normal)
578 (shifted 12,4 percent besm aft)

The longitudinal nosition of the main star was altered
by extending or chopnine off the original forebodv and
altering the afterbedy length in the opnnsgite Blengie,
The sten height, the angle between the afterbndy ksel
and base lina, and the longitudinal loeation of the
stern post were kont unalterad,

The net result is that of combining sevasral of the
modifications Alre~ndy considared. ‘hen the step is
moved forward, the forebody is shortesned and itg
Warping very slichtly increas=d, the afterbody isg
lengthened, and the afterbedy snple is in effect
slightly reduced; also, the center of pravity is
farther aft r=lative to the step.

This modification Was included mainly becauss shift-
ing the step is a relatively simnle chanee to carry

eut in full gige’

Porpoising,. Moving the main sten forward lowars the

lower limit vary slightly at =11 spe=ds, as might be
expected from the slightly increased varting of the
forebody bottam. Ths Lpperslimit 1s slightly low=red
at all speeds, again as mirsht be expected from the
decreased sqguivalent Afterbody angle.




Moving the main step forward has substantially the J
same effect on the moment curves as shifting the

center of gravity aft by the same amount. The shift

of the moment curves is equal to the weight on the

water times the distance the step is moved.

Registance. Not javestigated,

(4) Modification of plen form of main step (fig. 30)

459 gwallow tail

Pransverse (normal)
=0

4o &

The plan form of the main step was altered without
changing the keel l1ineg of either the forebody or
the afterbody. The amnount of planing area gchifted
aft of the nocrmal transverse step was balanced by
removing an eoual ares forward of the normal trans-
verse step. This left unaltered the "mean" trans-
verse step and step helght.

Porpoising. In going from a swallow-tail step o a
V-step, the position of the upper 1limit 1is raised

appreciably and tha iatensity of the upper-limit
porpoising, sncreased, A% noderate speeds the V-step
lowers the lower limit, and the swallow tall raises
ijt. The situaticn is reversed at high speeds but

the effects are not so marked.

Resistance. The plan form of the main step doces not .
have any avprecizhle jnfluence cn the true hump re-
sistance (weference 9g). The V-step, however, de-
creases the height of the peak in the resistance
curve Lefore the true hump. At high speeds, the V-
step appears to have highest resistance and the swal-
low tail the lowest resistance in the region in

which the afterbody is wetted,

COMMENTS OW THE TESTS

In a broad sense, lower-limit porpoising snd upper=
limit porpoising are distinguished, beyond the difference
in the general region of trim angles in which each occurs, -
by the differing character of the porpoising motions.
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Lower-limit porpoising is largely a Phenomenon of the fore-
body alone, while upper-limit porpoising depends upon both
the forebody and the afterbody and their relation to each
other, In lower-limit porpoising, the motion is smooth
and regular and the afterbody ig, in general, clear of the
water., In upper-limit Porpoising, the motion is very ir-
‘regular, though consistent in successive cycles in g given
case, and the hull appears to be thrown back and forth,
the forebody and afterdody alternately carrying the bulk
0f the water load; the motion tends to have large ampli-
tudes in heave anad relatively small amplitudes in pitech,

By referring to the chart in figure 5, which shows
the graphical records of porpoising for the normeal air-
plane, it is apparent at once that the amplitude of lower-
Iimit Porpoising is relatively insensitive to changes to
trim angle and damping rate at speeds near the hump dut
that it becomes increasingly sensitive to0 both as the
speed increases and is extremely sensgitive at high speeds.
This means, in effect, that from a practical point of view
lower-limit POrpoising is much more dangerous at high
speeds than at low,

Upper-limit porpoising starts at higher speeds than
lower-limit porpoising, It develops very suddenly as the
trim angle exceeds that at which the afterbody takes an
appreciable fraction of the load, though a large change
of moment is ordinarily reguired to bring this about,

The droop of the upper-limit curves with increase of speed
appears to be caused by brogressive changes in the shape
of the roach left by the forebody. As opposed to lower-
limit Porpoising, the amplitude of upper~limit porpoising
is ordinarily quite insensitive to changes of damping
rate and t0 the speed; the motion is essentially violent
at all times. Ths speed range over which it occurs can
often be slightly reduced at its ends by increased tail
damping; at speeds in the middle of the range, however,
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