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TECHNICAL NOTE NO. 1630

A GENERALTZED THEORETICAL INVESTIGATTON OF THE HYDRODYNAMIC
PITCHING MOMENTS EXPERTENCED BY V-BOTTOM SEAPLANES
DURING STEP-LANDING IMPACTS AND
COMPARTSONS WITH EXPERIMENT

By BenJamin Milwltzky
SUMMARY

A theoretical lnvestigation 1s made of the hydrodynamic pltching
moments experlenced by V—bottom seaplanes during step—landing impacts.
The entire immerslion process is analyzed from the instent of initial
contact untll the seaplane rebounds from the water surface. In the
analysls the primsry flow about the lmmersed portion of a keeled float
or hull is consldered to occur in transverse Plow planes and the virtual-
mass concept is applied to calculate the reactlon of the water to the
motlion of the seaplane. , ‘

Tt i1s shown that the pltching moment and the center—of-pressure
location may be represented in generallzed Torm by means of dimenslonless
variebles which take into account thes effects of such factors as the
geaplans welght, angle of dead rise, trim angle, and initial wvelocity.
The varlation of these coefficlents during an impact 'is governed by the
magnitude of a single parameter, called the approach parameter 1k, that
ig determined by the trim and the Initial flight—path angle snd permits
reduction of the lmpact varisables to a common basis.

Equations are presented from which the variation of the pitching~
moment and center—of-pressure coefficlents have been calculated for a
wide range of condltlons extending from lmpacts along shallow flight
paths epproaching planing to very steep impacts where the resultant
velocity is normal to the keel. Solutlons are also presented for the
condlitions which exlst at the instants of maximm acceleration, maximum
noment, meximum draft, and at the instant of zero draft durlng rebound.
The results show that the maximm hydrodynemic pitching moment is
attained slightly after the maximum acceleration ls reached and occurs
prior to the attaimment of the maximm draft.

The eanalysis also shows that the pitching moment &bout the step at
any given stage of the impsct process 1s Independent of the angle of
dead riss and that the center of pressure in an impact is located at a
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distance only slightly grester than one—third the wetted length forward
of the step. The most forward center—of-pressure locations, In terms of
the wetted length, are attained at low values of-the approach parameter
(which, for a gilven trim angle, correspond to steep flight paths) but

the center—of—pressure distance converges to & limliting value of exactly
one—third the wetted length forward of the step as the planing condition

is approached.

Comparisons of theoreticel pitching-moment time historles and meximum
values of the pitching moment with experimentel date obtained in the
Langley 1mpact basin with floats of 30° and 40° angles of dead rise

‘ ailcave "Gmu ULI.U bd_Lbu_LdLaUU. Irre8ULCTS &8re 1oL &0 U yeemuu.u WJ- U.u. UL
measured values.

INTRODUCTION

Because of the evident need for a more rational foundation upon
which to base water—loeding requirements for the design of modern sea~—
planes, an extensive theoretlcal and experimentel research program has
been undertaken in the field of hydrodynamic impact loads. The theoret—
lcal phase of the progrem has resulted 1n references 1 and 2, which
deal with the analyslis of Impact loads for V-bottom seaplanses. Refer—
ence 1 presents a critical survey of previously published impact theories,
vhich are shown to be applicable only to impacts where the resultant-
veloclty is normal to the keel, and in addition considers the effect of
the veloclty component parellel to the keel. Reference 2 provides a
generallzed enalysis, with experimental conflrmation, of the motions and
overall hydrodynamic loads experienced by V-bottom seaplanes throughout
the course of step—landing impacts and shows that the motion and time
characteristics of such lmpacts may be represented by mesans of dlmension—
less variables which take into account such factors as the seaplanse
welght, dead—rise angle, trim angle, and initial veloclty. The variation
of these coefficlents during an Impact was shown to be governed solely
by the magnitude of a single parameter, called the gpproach parasmeter Kk,
which is determined by the trim and the flight~path angle at the instant
of initial contact with the water surfacs.

The present papdr represents & continuation of the work of rofer—
ence 2 and applies the theoretical coefficlents and equations Introduced
by that paper to the development of the nondimensiocnal hydrodynamic
pitching-moment and center—of-pressure coefficlente for step~landing
impacts., The entire immersion process ls analyzed from the instant of
initial contact until the seaplane rebounds from the water surface. In
the analysis the primary flow about the immersed portion of a keeled
seaplene float is considered to occur in transverse flow planes and the
virtuael-mass-concept 1s applled to calculate the reactlon of the water
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to the motion of the seaplane. - The results of the analysis are presented
in the form of chartes which may be used to determine the hydrodynamic
pltching moments and the center—of—pressure locatlion on a seaplane at any
time during an impact as well as the pltching moments, the center—of-—
pressure locatlon, the state of motion of the seaplene, and the time after
contact at the particular instents of maximum pltching moment, maximum
acceleration, maximum draft, and at the instant of zero draft during
rebound. The appllcabllity of the theoreticael results is 1llustrated by
comparisons with experimental deta obtained in the Langley :meact basin
with a V-bottom float (fig.,l) beving an angle of dead rise of 30° at the
step and a similar Ploat of 40° angle of dead rise.

SYMBOLS
A hydrodynemic aspect ratio
a longitudinsl distance between step and center of moments
b longitudinal dlstance between center of gravity and center
of momsnts
c distance, measured normasl to longlitudinal axis, between center

of gravity and center of moments

F force

g acceleration due to gravity

1 wetted keel length

M pitching moment

m, two~dimensional virtual mass

niw impact load factor, measured normal to water surface <— %)

P longitudinal distance between step and center of pressure

8 distance from given flow planse to foremost Immersed station
along keel

t time after contact

v velocity of seaplane

W welght of seaplane or total testing weight

X distance parallel to water surface
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¥y draft of keel at step, normal to water surface

z penetration of a glven station, normal to keel

B engle of dead rise

V4 flight-path angle relative to water surface

p mags density of water

T trim angle

£(B) function governing veriation of virtual mass with dead rise
@(a) end-flow correction to totel hydrodynamic load

g (a) end~flow correction to hydrodynmemic pitching moment
Subscripts:

£ float

h horizontal or hydrodynemic

max maximam

° initlal conditlons or referring to polnt o

r resultant

8 at the step

T “total

v vertical

Dinensionless Variables

Pitching-moment coefficient based on vertlical veloclty

Mg /g\ g(a)
= ;;g <§> ¢1(A) gln Tcos T
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Pitching-moment coefficient based on resultant velocity

. _ Mg ra\ $(a)
Cng 'vrie”(w g, (2)
o}

Center—of—pressure coefficient

2
Ccp =7p sin T ¢(A) % [f(B);L ¢(A)pﬂf
¢.(8) 6 sin ¥ coser

Retio of center—of—pressure distance to wetted length

g(a)
g1(a)

Toad—Pactor cocefflclent

Cpr =

~ |

1/3
21,8 {w |6 sin T cos?r

7.2 \€ 1[2(8)]%8(a)0n

Cz:

Verticael—velocity ratio

R

Dreft coefficlent

1/3
g (8] “glalen)|

6 sin 1 coseT

Cd.=y
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Timse coefficlent

2 1/3
. g J ()T g(a)on
Cy = 5
6 sin T cos2r
Approach paremeter
k= 8inT .o (T + %)
gin 7 °
ANATYSIS

Bagls of Anslysis

A detsiled dlscussion of the physical concepts upon which the
analysis 1s based 1s given in references 1 and 2. Briefly, the flow
about a slender lmmersing shape such as & keeled seaplane float or hull
1s assumed to occur 1in transverse flow planes which mway be considered
fixed in space and orlented normal to the keel. (Ses fig. 2.) Because
of the absence of a satisfactory three—dimenslional theory, the motion
of the fluld in each flow plane is treated as e two—dimensional phenomenon.
In order to account for the effects of end flow that exist in the three— )
dimenslonsl case, the total force on the seaplane, whlch 1s obtalned by
integreating the reactions of the individual flow plenes in contact with
the hull, 1s reduced by the applicatlon of an aspect—ratio type of
correction.

In any flow plane the momentum imparted to the water ls determined
solely by the growth of the float cross—sectional shape Intersected by
the plane and may be expressed as the product of the virtual mass
associated with the immersed cross section and the velocity of penetration
into the plene. After the step has passed through a given flow plane the
intersected cross section ceases to exist and the plane becomes part of
the downwash where it remsins thereafter, independent of the subsegquent
progress of the impect. ) o ' . ' -

In potential flow the two—dimenslonal virtual mass of any float
cross section is determined by the shape lmmersed in the flow plane. In
the. case of V—shaped cross sections, if the chines are not immersed, the
flow patterns at all degrees of penetration are models of each other
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and the virtusl mess 1s proportional to the square of the penetration.
The congtant of proportlonaelity is determined by the dead-rise angle B.
Thus the two~dlmensional virtual mass of any V—sheped cross section may
be expressed by

e = E(8)]2 F 22 (1)

wvhere the quantity f£(B8)z represents the radlus of an equivalent seml-—
cylinder of water comstituting the virtual mess of the lmmersing shaps.

On a two—-dimensional basis, the momentum of the water contalined
wlithin any flow plene is

2
= [e(p)]® & 222 (2)
The reaction of the water within the plane is therefore glven by
F = [f(B)]2 & (ze'z' + 2zé2) (3)

Ths total force on the seaplane, which acts normal to the keel, is
obtained by integrating the forces contributed by the individual flow
planes in contact with the hull. Since conventional floats and hulls

are essentlially prismatic for an apprecleble distance forward of the
step, the integration is performed under the assumption that the immersed
portion of the hull has constant cross sectlon and that the trim remains
constant during the short duration of the lmpact; this integratlon gives

3,
= {£(8)]2d(n) > t:: - Zi_,’z + z5222> (%)

where the quentity @(A) 1is applied to the calculated total force as &
correction for the effects of end flow. which exlist in the three—dimensionsal
case and is determined by the geametry of the immersed portion of the
segplemns.

In reference 2 an analysis of the equations of motion resulting
from the application of equation (%) to the condition where the wing 1ift
is equal to the welght of the seaplene showed that the motion and times
characteristics of such impacts may be represented in generalized form
by means of the following dimensionless variables:
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Load—factor coefficient

1/3

6 sin T coslr

EE(B)]2¢(A)M

(5)

;=

where

® |

niw=—

Draft coefficilent

[f(B);]2¢(A)pn /3

(6)
6 sin T cosor

W

Time coefficlent

2 1/3 '
[£()] #(a)ox -
6 sin T coslr

Cy = t¥o %

Verticel—velocity ratilo

(8)

o™ |

It was also shown that the variation of these nondimensional
quantitlies during the course of an impact is governed solely by the
magnltude of the approach parameter .

gin T
sin 70

cos (T + 75) (9)

which may be considered a criterion of impact similarity and dspends only
on the trim and the Flight—path angle at the instant of initial contact.
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For a given value of k, therefore, the respective variations of the
preceding dimensionless varlables during an impact may each be represented
by & single curve, regardless of what the dead—rise angle or weight of

the seaplane, the attitude, or initial velocity may be. Similarly, there
is & single variation with k of each of the dilmensionless varlables
representing the stete of motlion and the time at any given stage of the
impact. Figure 3 is a graph of equation (9) end shows the variation of «
with trim and £light—path angle.

In the present analysls the theoretlcal coefflcients and squations
presented in reference 2 are applied in the development of the non—
dimensional pitching-moment and center—of—pressure coefflcients. As a
result of this generalized treatment, the number of independent varlables
and the number of cases for which solutlions are requlred are conslderably
reduced whlle the presentation and correlation of data for the entirs
range of seaplane and flight parameters 1ls greatly simplified.

Although the application of the theoretical results to impacts of
particular seaplames requires the definition of f£(B) and @(A), the
generalized solutions of the motion and time characteristlics of step
landings in terms of the foregolng dimensionless variasbles ares valid
regardless of how these functions may be defined. The function F£(B),
which governs the variation of virtuasl mass with dead rise, has been
eveluated from the results of an lterative solution for the force on a
two—dlmensional V—shape Immersing with constant veloclty, reported by
Wagner in reference 3. This variation i1s given by

£(B) = é’% -1 (10)

The end—loss correction @(A) may be approximated from the results of
tests conducted by Pabst with vibrating pletes in water (reference k).
Application of these results to the V-bottom seaplane glves

tan T
¢(A) =1 — m (11)

Although the validity of the relatlionships given by equations (10)
and (11) has not been experimentaelly verified for very low dead—rise
angles, the applicetion of these functions has yislded calculsatsd
results that closely agree with extenslve test date obtalned in the

o
Langley lmpact basin with floats of 22;— s 30o , and 4o° angles of deoad
rise and reported in references 1, 2, and 5. -
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Pitching Moments

As shown by equation (3) , the force contrlbuted by a given flow
plane may be considered to arise from two sources: nemely, the inertia
reaction to the acceleration of the virtual mass and the additional
change 1in momentum accompanying the sxpansion of the virtuel mess with
penstration into the flow plenes. TUnder the assumption of two—dimensional
flow within the flow planes, for & prismatic hull at positive trim, the
inertia reaction follows & quadratic varlation along the keel while the
force due to the expansion of the virtuel mass 1s lineariy distributed.
(Bee fig. 2.) The shape of the longitudinal distribution of the totael
force during an impact is, of course, determined by the relative
magnitudes of the component dlstributions. For steady-state planing,
however, since there 1s no acceleration, the total load 1s linesarly
distributed along the keel and the center of pressure ls located &t a
dlestance equel to one—third the wetted length forward of the step.

Under actual three—dlmensional conditions, however, as a result of
the longitudinel components of flow introduced by the pressure gradient
along the keel and the finite lsngth, the theoretlical two—dimensional
distributions are somewhat modified as gualltatively shown in figure 2
by the broken—line curves, so that

F = [f(ﬁ)]2 %1 Ef‘l(A,s)za‘z‘ + 21'2(A,s)z22J

where the reduction in force from that calculated by the assumption of
two—dimensional flow in the flow planes 1s determined by the geocmetry
of the immersed part of the hull and the station under comsideration.

As a result of this effect the total load on the seaplane was
reduced by the application of an aspect—ratio type of correction @(A)
which depends on the immersed shape of the hull, TIn the present analysis
a similar type of reduction ¢1(A is applied to the moments calculated
by essuming two—dlmensionsl flow in the flow planes. The pitching
moment about the step—keel point is therefore given by the expression

ften T
My = [f(B)]2¢1(A) %Ej;zs = (225 + 2222)(1 — ) ds

or

HORISEN

p 2 T + 2'22:83 (12)
ten
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vwhere the pitching moment is teken as positive in the dlrection of
increasing trim. '

The pitching moment may be related to the motion of the seaplane
measured relative to the water surface by lntroducing the following
expresslions from reference 2:

%8 = Gos T (13)
g = + K (1k)
cos T
where
K= (%, ~Fo tan T) sin T
end
¥ = | (15)

cos T

Substituting equations (13), (1%), and (15) into equation (12) gives

_[ee)) ?¢1(A>p«[g-yh

= + (F + K cos 1)° 3] (186)
® 6 sin®r cosdr L1 ' v

Equation (16 ) may be reduced to dimensionless form by Introduction
of the nondimensional variables defined by equations (5), (6), (7), (8),
and (9). Thus, the equation

7 2 c.,C
¥y

Cms=cd3 (—- +n> -~ =L (17)
Yo i

gives the relationshlp between the pltching-moment coefflicient at any
instant and the corresponding draft coefficlent, verticel—veloclty ratio,
end load—factor coefficlent, where the plitching-moment coefflcient for
the step-keel point ls deflined by

M
— g A 8
Cms_}_—:é<w>%l-(—(-ijsin7 cos T (18)
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Equations (1), (16), and (18) of reference 2 provide the following

relationships which define the motion of the seaplane during the impact:

. 2
3C 2(—?—+ n)
& \35 _

Co = (19)
A
1+ Cy3
41/3
1 _ 1
L ¥
1+ x Fo
Ca = [3 e Yo /-1 20
. (20)
Yo _J
1/3
i 2
. 11 . gf—L _ 1
LA T L4k A Ty e
Yo Yo 1 _Yo Jo
1+ 8 L+
(21)

Combining equations (17), (19),and (20) results in the following equations:

cg3
S

CaCy
Cme=3<l

(22)
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Cd.3

cms=cd3i‘_+n21—3 (23)
To B (14 c3)

and
5 /3 ]
B _l—.._ l . -, K _:L_'— .l
1+ .__3 +® ' 14k }L+R
C o]
Cms=_7’ L+ k o © -1 3+ 5-E8 o (2k)
2N B A ' Lo+
| Yo . Yo i

Applying equations (20) and (21) provides the relatlonship between
the pitching-moment coefficlient and the vertical~veloclty ratio:

i)
#
0|<4,

e . (25)

The preceding equations apply at ell instents during an impact.

Center of Pressure

The center—of—pressure distance p from the step is defined by

p== (26)
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From equations (5) and (18), since

. 1/3

=Ly°2.<?l> £ [f(5)32¢(A)p:r

cos T \&

6 sin T coslr

and

= Cms}'ro2 W ¢1(A)
Me = (E) @(a)

8ln Tt cos T

the reletlonship that exlste at eny instant between the dimenslionless
center—of—pregsure coefficient Cc:p and the moment and load—factor
coefficients is given by

Cep = g’;‘—s (a7
where
1/3
2

#1(a) W )6 sin T cos2r

The combination of equation (22) with (27) gives the reélatiomnship
between the center—of—pressure cocefficlent and the draft coefficient:

C
% d (29)
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Combining equations (24) end (27) glves the following relationship
between the cenmter—of—pressure coefficlent and the vertical—veloclty
ratio:

- -1/3 ¢
o L1 _;L___;_\
1+t e 1+k i.m_
. 1+ & 1+ = g
1247 4k __Z_ + K
_?o J 3 Yo ]

.

Substituting the geometric relatiomship 1 = pov prg (see fig. 2) and

" the definition of the draft coefficienmt, equation (6), into equations (27)
and (28) gives the following expression for the ratlo of the center—of-—
pressure distance to the wetted length:

Cp = ;%%E (31)
where
o ga)
il g, (a)

Combining equation (31) with (20), (21), and (25) provides the
relationship between the ratio of the cemter—of—pressure distance to the
wetted length and the vertical-velocity ratio which exists at all instants
during the impact:

Sl 1
L N 14k L K
1 + K yo
Cp = = + £ o
r= "I FA ° (32)
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Combining equations (20) and (32) gives the relationship betwsen the
ratlic of the center—of-pressure digstance to the wetted length and the
draft coefficlient which applies for gll values of k:

1
Cr=%+ﬁcd3 . (33)

Transfler of Moments

The determination of the pitching moment and the center of pressure
permits the ready calculatlion of the hydrodynemic moment about any point
on the seasplane. For any polnt o located at a distance a forward of

the step (see fig. 1)

Mgy, = Fplp — &)

Introducing equation (26) glves

Moy = Ms<l - %) (34)

By use of equations (18) and (28), equation (34) masy be written

Oy, = Ong (1 ~ &) (35)

or

1/3
Cng 108) [£(8)] 2B(a)on (36)
= C... — 1 £
Cmoh Top | oP a sin T g, (a) 6 sin T cosr
where
= M;.k—l (E) M siln T cos 7T (37)
o, 5o ¥ ga(a)
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Special Conditlons

Conditions at maximm moment.— Equation (25) provides the general
relationship between the pitching—moment coefficient end the vertical-—
velocity ratio which applies at all times during an Ilmpact. The condi—
tions which exist at the instant when the maximm moment is reached

d

at

are determined by differentiating equation (25) and setting = 0.

Thus, the eq;uatién

1 1

L4k -;L+K, 2<_y___ + n) - ﬁa(g-)e + 32k E-L + 16K°
1 +& o Yo + Jo [e) ) =0 (38)
v

Lok
Yo '§_—+2l€
O

provides the relationship between the vertical—velocity ratio at the
instant of maximm moment and the approach parsmeter k. The substitution

of values of - obtalned by solution of equation (38) into equations (24),

y
(30), (20), a.nd.o(El) permits the determinastion of the maximum pitching—
moment and center—of—pressure coefficients as well as the draft and load—
factor coefficlents at the instant of maximim moment. The time coefficient
corresponding to the occurrence of maximum moment may be celculated from

the varietion of Cy with _y_ determined in reference 2.
Yo

Conditions at maximum scceleration.— The relationshlip between the
vertical—veloclty ratio at the lnstant of maximum acceleration and ths
approach parsmeter k is glven by equation (27) of reference 2:

(9l-.z + 6n>(g—+ n)
1 1 Yo o

Kl _i_ — loge .
+ K
o " (T-,i+6n(l+n)
Yo

=0 (39)

The vertical—wveloclty ratio at the instant of maximum scceleration may
be determined from the solution of equation (39), and the maximm load—
factor coefficlent and the draft coefficilent at maximum accelerstlion
(reference 2) may be calculated by means of equations (21) and (20).
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By use of these values of the vertical-veloclty ratio, the pitching-moment
and center—of-pressure coefficients at the instant of maximum acceleration

may be calculated from eguations (25) and (30).

Conditions at maximum draft.=-At the lnstant of maximum draft jL = 0,

With this substitution equations (20) and (21) permit the determinaizgn of
the maximum draft and of the load—factor cocefficlent corresponding to this
instent (reference 2). Similarly the application of equations (25) and
(30) provides the following explicit relationships between the piltching—
moment and center—of-—pressure coefficlients at the instent of meximum
draft and the approach parsmeter K: '

1 1

2 1+ 1 +r Ha

K K 1+g
= 2 - e + —_— 4o
AT . (o)

and
_1 \3 _1 |
1+x 1+x

cep = (B2 e T oa)  [lpes (1cn)

The expression relating ® and the ratio of the center—of-pressure
distance to the wetted length at the instant of meximm draft is obtained

from equation (32):

1

1 1+nk 1+k |
- (k1)

Limiting conditions.— Since the approach parsmester & may range
between O and w, 1t is desirable to determine the limiting velues
between which the coefficlents of motion at different stages of the impact
mey vary. The condition of k¥ = O 1s obteined when the fllght path at
contact 1s normal to the keel of the seaplane. For this condition
squations (19) and (20) becomse

o < \2 _.
e
(k2)
1+ Cg3

Cqy =
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and

Cambining equations (42) and (43) gives

c, - 3(;@7/3 <1 _ }%>2/3 (1)

2
3C4’

C, = (45)
v El + cd353

The time coefficlent may be directly obtained by integrating
equation (43):

and

Ct = Cg (1 + %cd3> (46)
or » L4
1-4 1/3 1-L
C; = ° 1+ 4 Yo (&7)
t E2 MY
o :

For the case where k = O, equation (25) becomes

Mo 96 -%) w

Combining equations (43) end (48) gives

Cd_3<ll- + Cd3)
g h(l + 6 3)3
‘d

(49)
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For this condition equation (30) gives

%)
l2(%>h/3'

The relatlonshlp between the center—of—pressure coefficlent and the dreft
coefficlent ie given by equation (29) which is valid for all values of k.

cp = (50)

For k = 0 the variation of the ratio of the center—of-pressure
distance to the wetted length is obteined from eguation (32)

1 1 .
C,. = & + ——or (51)
roko 4o ¥

yO

The preceding squations apply at all instants during an impact in
which the resultant veloclty 1s normal to the keel and permit the

determination of the conditions at specific stages of the impact which

may be of intersest. For k = 0, equation (38) permits the calculation

of the vertical—velocity ratio corresponding to the occurrence of
maximm moment:

Y 1
_.y_ = —— = .6208
Yo

: (52)
/13 — 2

The draft coefficient at this instant is determined from equation (43):

ca = (/3 - 93 - o.8u60

(53)
while the load—Ffuctor coefficient is obtained from =squation ():
T3 _ 2)2/3
¢, = 3(/13 3)3 = 0.5187 (54)
Gfﬁi—-e)



NACA TN No. 1630 ' 21

Equetion (L47) permits the calculation of the value of the tims coefficient
at which the maximum mcment occurs:

(3 - 93 + (/55 - 3)*7° = o.oma (55)

The maximum moment coefficient is determined from esquation (48):

cn113 (l/_z(;g_-l—)(_‘/—)a = 0.1685 (56)

while equation (50) permits the calculation of the center—of—pressure
coefficient for the sams instant:

(33 F-3) (Vl_ 1) = 0.3247 (57)

The retlo of the center—of-pressurs dilstance to the weltted length is
obtained from equation (51):

1 1
Cp = ____*/_i_; - 0.3838 (58)

In a similar manner, the solution of equation (39) permits the
determination of the conditions at the instant of maximm ascceleration.
As shown by squations (38) to (k1) of reference 2 the state of motion at
maximm acceleration for k¥ = 0 1s deflined by the following constants:

_(2y3
y_T
505 (60)
2/3,,3
= 3f2 Y - .
c, 7) (9 0.6123 (61)
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ORI TORETE

Equeatlion (60) permits the determination of the moment cosfficlent
at maximm acceleration from equetion (48). For k =0

_i7 (2 ( _z)_
Cug = 5 {3 +1> 5 = 0.1440 (63)
The center—of-pressure coefficlent—at thls instant is obtalned from
equation (50):
1/3
-0 ()
Cep = 7 T3 = 0.2352 (64)
12(9)

and the ratlo of the center—of—pressure dlstance to the wetted length
from equation (51):

Cp = %+ = 0.35T1 (65)

2
8y

When k = O equation (46) shows that the draft always increases
with time. Thus, while the downwerd velocity of the float grows smaller
es the impect progressed, a maximum draft is never reached. As discussed
in reference 2, this result is due to the fact that, since the decelera—
tion of the sesplane, for k = 0, 1is In the same direction as the
resultant velocity (normal to the keel), the seaplene continues along its
original path of motion throughout the impact. Thus, only the flow planes
directly beneath the keel are affected by the lmmersion and absorb all
the momentum lost by the seaplane. Consequently, an infinite virtual
mass (infinite draft) is requlired to satlsfy the conditlon of zero vertical
velocity of the seaplane. Thls result is due to the neglect of the
buoyant forces which, because of the large drafts attained, are of
greatest 1mportance at the very high flight—path angles beyond the
range of epproach conditions applicable to conventional seaplanes., TFor
values of K other than zero the foregoing result doss not apply slnce
part of the momentum lost by the seaplane is contalned in the downwash
left bshind the step, resulting 1n the attalmment of a finite maximum
draft (reference 2).
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For smsll values of k (steep impacts) the differences between the
tims coefficients corresponding to the occurrence of maximim acceleration,
meximim moment, maximum draft, and the rebound from the water surface are
large. As the flight path becomes flatter this difference becomes smaller
and approaches zero as the planing condition (k¢ =) 1is reached. For
the planing condition the dimensionless variaebles approach the followling
limiting values:

|
8

lim C,
K—>»

K—>o0
lim C4
K—>x
lim G4
K—> >

l:T.mCms

K —>o00

It
(@)

Il
(@)

I
8

It
(@]

lim G,
K —>c

P

' _ 1
iim C, = E
K~—>x

THECRETICAL RESULTS AND DISCUSSION

On the basis of the foregolng analysis the varlations during an
impact of the dimensionless coefficients representing the pitching
momsnt and center of pressure depend solely on the magnituds of the
epproach parameter k. TFor & gliven value of k, therefore, the
respectlve variations of the pitching-moment and center—of—prsssure
coefficients may sach be repressntz2d by a single curve regerdless of
the seaplene propsrtles, attitude, or lnitial wveloclity. Consequently
a single variation exists between the coefficlents corresponding to any

glven stage of the lmpact (a glven value of }L and the approach

o
paremeter k. The use of dimenslonless variasbles, by thus taking into
account such factors as dead-rise angle, welght, trim angle, and velocity
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in accordance with the laws governing the variation of the pitching
moment and center of pressure with these quantities, permits reduction
of the impact conditions to a common basis defined by the approach
parameter. '

As shown by the form of the coefficients, for a given value of k
the pitching moment and center of pressure corresponding to a glven stage
of the lmpact are relaeted to the primary verlasbles constituting the
float propertles, attitude, and magnitude of the initial wvelocity by the
following proportionslities:

N J:'02 (ED ¢1(A)

sin T cos T \8/ ¢(4)

Mg

and is independent of the angle of deed rise, and
W 1/3
2
[£(B)]"8(a) p tanT g(a)

o

As & result of the analysis, figures Lk to 13 show the theoretical
varlations of the pitchling-moment coefficlent, center—of-pressure coeffl-
clent, and ratio of the cembter—of-pressure distance to the wetted length
obtained during step—landing impscts. The solutions include values of «k
which correspond to & wide range of approach conditions extending from
impacts in which the resultant velocity 1s normel to the keel (& = 0) to
impacts along very shallow flight paths which begin to approach the
planing condition. Figures 1L to 20 show the variations with the
approech paremeter of the condltions which exlist at dlfferent stages of
the Impact: In order to compare the conditlons at the instant of
meximim piitching moment wlth those exlsting at other stages of the
immersion, solutlons for the state of motlion and the time corresponding
to the occurrence of maximum acceleration, meximm dreft, and at the
Instant of zero draft during rebound, which were previously presented
in reference 2, ars shown in figuree 17 to 20 by the broken—line curves.

Although the dimensilonless curves permlt the complete determinetlon
of the pltching moments as well as the motion experlenced by a seaplans
during an impact, some interpretation of the results ls desirable. For
impacts at different values of &, since both the pitching-moment coeffi—
clent and the time coefficlent are based on the inltlal vertical velocity,
the actual time histories of the mament will have the same relative
shapes asg the dimensionless curves if the vertical velocity is the same
for each value of k. Thus the curves shown in figure 7 may be interpreted
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as corresponiing to dlfferent seaplanes landing with the same sinking
speed but with different resultant velocitles and thus varylng flight—
path engles, in which case the maximm moment for the shallow approeaches
(high resultant velocities and large velues of k) will be greater than
that for the steeper flight—path angles and will be atbained in a shorter
time after contact.

On the other hend, a scmewhat different interpretatlon of the
dimensionless curves may be glven when a particular ssgplane landing over
a renge of flight—path angles is considersd. In thils case the resultant
velocity is more or less constant while the sinking speed, which depenis
largely on piloting technique, may be varled to provide a range of
flight-path angles. As has been previously shown, the pltching moment
at any proportional part of the impact cycle varies as the square of the
initial verticel veloclty while the corresponding time 1s inversely
proportional to the vertical velocity. If the resultant velocity and the
trim angle are held constant, steeper flight paths are assoclated with
the smaller values of k. Since the 1lncrease in vertical wveloclty more
than offsets the reduction in pltching-moment coefficient and the lncreass
1n time coefficlent with decreasing values of &k, +the maximum moment
obtained with constant resultant velocity and trim angle will be greater
for the steeper approasches than at the low flight-path angles and will
be attaelned in a shorter time after conbtact. The increase in pitching
moment with flight-path angle 1s 1llustrated by figure 21 which shows the
variation with flight—path angle and trim of a dimensionless pitching—
moment coefficlent based on the resultant veloclty at contact.

With regard to the sequence of events during an impact, figures 1L
to 20 show that the maximum moment occurs slightly after the maximum
acceleration is reached and precedes the attainment of the maximum draft.
The state of motlon at the instant of maximm moment is only slightly
different from the conditions which exlist at ths instant of maximum
acceleration. As might be reasonably expected, for ths same sinking
speed, & greater times is required to reach a given stage of the impact
at the high flight-path angles than is required for the flatter approach
conditions. In a similar manner, ths differences in the states of motion
and the timss corrsspondlng to the various stages of the impact are largs
for small valuss of k (high flight—path angles) and becoms very small
as the planing condition is approached.

Although the pitching moment at any stage of an impact varies with
the square of the inltial verticeal velocity, the locabtlon of the center
of pressure 1ls 1lndspendent of the Initial wvelocity and is determined
primarily by the wetted length. In fact, as is shown by equation (33),
the center—of—pressure distance forwerd of the step is only slightly
greater than one—third thes wetted lemgth. The fact that thils distance 1s
somewhat greater than ons—third the wetted length arisss from the
quadratic nature of the longitudinal distribution of the negative
increment 1n hydrodynemic load accompanying the deceleration of the
virtual mass., (See fig. 2.) When this distribution is added vectorially
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to the positive lineer load variabtlon caused by the expansion of the
virtual mess, the resulting distribution of the total load 1s not quite
linear and the center of pressure 1s shifted slightly forward of the
center—of-pressure locetion for a linsar distribution. The extent of
this forward shift of the center of pressure depends, of course, on
the relatlve magnitudes of-the quadratic and linser distributions and
incresses wlth penetration (see equation (33)). Consequently, ths most
forwaerd location of the center of pressure, both in an absolubte sense
and in terms of the wetted length, for any given value of &k will be
attained at the instant—of maximum draft. For impscts at low values

of & +thies forward shift of the center of pressure in terms of the

wotted 'lnmcrf-'h may bs qu‘H"a 'Ixa-r-axa aa a result of the '!n'rmq drafts and

(SR T~10 ] vass

the relative magnitudes of the quadratic and linear distributions
obtained at the high flight-path angles. For the planing condition,

since thers 1s no acceleration, the total load 1s linearly distributed
along the keel and the center of pressure is located at a distance equal
to exactly ons—third the wetted keel length forward of the step. As
shown by figures 13 and 16, even for the practical range of seaplane
impact conditions (values of k > 0.2) the shift of the center of pressure
forward of the one—thlird point 1s relatively smsll and for practical
purposes may be neglected in most cases.

COMPARTSON WITH EXPERTMENTAL DATA

The applicabllity of the theoretlical results is illustrated by
comparisons with experimental data obtalned in the Langley impact basin,
undsr controlled conditions in smooth water, wilith two float forebodies
baving angles of dead rise of 30° and L40° at ths step. The total
woeights in the tests ranged between opproximatsely 1200 and 1350 pounis.
The detalled test conditions are presented in teble I. During the tests
wing 11ft was similated by the action of a pneumatic cylinder and cam
gystem which was designed to apply a constant upward force to the float
equal to the total weight. i

The experimental results include measurements of the horizontal ani
vertical components of velocity as well as time historiss of the pltching
moment. The moments were mesasured by means of the siraln—gage dynemometer
truss schematically illustrated In figure 1 and ars referred to the front
float attachment polnt as shown in the figure. The origlnal oscillograph
records from a typical test—are reproduced, greatly reducsed, in Tigure 22.

Experimental piltching-moment time histories, as derived from the __
oscilllograph records, are shown in figures 23 to 26. These data are
compared with theoretical time histories of the total pitching moment
about the front attachment polnt as well as with theoretical time
historises of the hydrodynemic pitching momsnt about this point.

The time higtorles of the hydrodynamic pitching moment werse
calculated by application of equations (35) and (37) in conjunction
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with the analytical results plotted in figures T and 12. The dimension a
in equation (35), which represents the distance from the step to the
front attachment point, was measured as 2.89 feet for the two floats
tested. In converting from dimensionless varlables to the dimensional
quantities moment and tims, it 1s necessary to Introduce values for the
functions £(B), @(A), and (A). Equations (10) and (11) present
expressions for- f(B) end @(A) which have been shown to be valid

for a wide range of dead-rise end trim angles. Since @ (A) has not

been evaluated at the present time, 1t was assumed that the aspect—ratio
correctlon to the total load ¢(A5 applies uniformly to all flow
plenes; that is,- ¢;(A) = ¢(4A). From the nature of this approximation

1t would aeppear that this assumption does not involve serious errors.

In order to properly compere the theoreticael amnd experimental
results, the lnertls and static moments, Introduced by the fact that
the center of gravity of the model did not colncide with the center of
moments, must be added to the hydrodynsmic moment sbout ths front
attachment polnt. The Increment in plitching moment arising from this
source is given by the equation

AMO:Wf[ZcozT_(bGOST+CBinT{, (66)

Thus the totel pitching inoment referred to ths point o 1s expressed by

5.2 omi gy (a) E(eY9(n) %

o ) 1 B PlA)px

Mor = g cos T |8in T @g(A) G % 6 sin T cos2r (a.W ¥ be)
—Wf('b cos T + ¢ sin T) (67)

where the dimensions b and c defins the location of the cemter of
gravlty relative to the center of moments, as shown in figure 1. Values
of b and c¢ Zfor each of the configurations tested are given in

table I.

Figures 23(a), (b), and (c) show the results of three tests of the
float with 30o angle of dead rise at 12° trim. All three tests were
made at approximstely the same flight—path angle of about 50 and,
therefore, closely correspond to a single value of the approech parameter
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squal to about 2.2. Two of the testes were made with almost identical
resultant velocities. The third test was made at a velocity approxi—
mately 60 percent grester than that for the first two runes. The
theoreticel results were calculated for values of the Initial verticael
veloclty measured in the tests and for a value of k = 2, which
approximetely corresponds to the magnitude of the approach parameter
esgoclated with the tests. The theoretical tobtal plitching moments
appear to be in substantial agreement with the results measured in ths
tests.

Figure 24 1s a composite plot of the gquantity

Mop + We(b cos v + ¢ sin T)

W2 _ I .
g

Yo

(67a)

2 1/3
mg ) (g [£(8)] "#(a)on (a+ wf> 1

sin T ga) T Yl\W 6 sin T coseT W/l cos

agalnst the variable ty,. For the three tests previously discussed,
since all parameters except the resultant velocity were held constent,
equation (67a) and the form of the time coefficient show that the results
of all three tests should be reduced to the single theoretical variation
8lven by the solid-line curve. As is evident from the figure, this
result 1s closely attalned. The extent of the deviations which do =xist
may be teken as a dlrect indicetlion of the consistency of the experi-—
mental data. The oscillatory nature of the results of some of the tests
(see fig. 22) 1s attributed to structural vibrations induced in the
equipment by the magnltude of the catapulting acceleratlions requlred

to produce the relatively high horizontal velocities attalned in the tests.

Figures 25 and 26 show comparisons of theoretical and experimental
pltching-moment time histories for typical impacts of a float with a
LOC angle of dead rise at trim angles of 9° and 6° and values of the
approach peremeter k epproximately equal to 1. Comparilsons between
theoretical and experimental meximum totel pliching moments for this
float are presented in flgures 27(&), (b), and (c¢) for trim angles
of 129, 9°, and 6°. In order to reduce the increment in pitching
moment due to the displacement of the center of gravity from the center
of moments, another.set of tests was made, at 12° trim, with the float
wolghted to move the center of gravity rearwerd to a position vertically
in line with the front attachment fitting. The results of these tests
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are shown in figure 28. As is evident from the figures, the theoretical
results sppear to be In good agreesment with the experimental data.

A more exact evaluabtion of the end—flow corrsection to the pltching

moment @ (A), which in this comparison has been teken squal to the
end—flow correction to the total load @(A), should result in even better
agreement between the calculated and experimentel results., In the absence
of suiteble pressure—dlstributlion date, the favorable results of thils
comparison maey be considered an indirect indication of the wvalldity of
the longitudinel distribubion of the hydrodynemic load (running load)
gpecified by the theory.

SUMMARY OF RESULTS
Theoreticel
The preceding enalysis of the pltching moments experienced by
V—bottom seaeplenes durlng step—lending impacts has shown thab:
1l. The pltching moment about the step and the center—of—pressure
dlstence forward of the step may be represented in generalized form by

mesns of the followlng dimenslonless varlables: piliching-moment
coefficlient :

sin T cos T

Mg (§> g(a)

7.2 \VW/ ¢ (n)

and center—of—pressure coefficlent

Cmg =

. 1/3
g J[2(8)]%g(a)ox /

6 sin T cos4T

CCP =P SinT

It 1s also shown that the veriatlon of these dimensionless guantitles
during an Impact 1s governed solely by the magnitude of ths approach
paramster

gin 1

ko= == 7 cos (T + 75)
which depends only on the trim and the flight path at the instant of
initial contact wlth the water surface. For a glven value of &,
therefore, the respective verletlons of the pltching—moment aend center—
of-pressure coefficlents may each be represented by a single curve
regardless of what the seaplane properties, attltude, or initial condi-
tions may be. Consequently a single varlation exists between the
coefficients existing at any stage of the impect and the approach
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perameter k. The expression of the pitching moment and center of
pressure in terms of dimenslonless variables, by thus taking into account
such factors as angle of dead rise, weilght, trim angle, and initilal
veloclty, permlts reduction of all impact conditions to a common basis
deflined by the approach parameter and leads to a simplified presentation
of both theoretical and experimental results.

2. From the form of the pitching-moment coefficlent it can be seen
that the pltching moment about the step at any given etage of the impact
is Independent of the angle of dead rise.

3. The maximum pitching mcment about the step 1s attained slightly
after the maximim acceleration (load) is reached and occurs prior to the
attainment of the maximum draft. The state of motlon of the seaplane
and the tlme corresponding to the inastant of maximm pitching moment are
only slightly different from the conditions which exist at the instant
of meximum acceleration. The differences In the coefficilents representing
the pltching moments, the states of mption, and the times corresponding

to glven stages of the Impact (glven values of -L) , such as the Instants
Yo.

of maxlmum acceleration, maximum pltching moment, meximum draft, or zero

draft-during rebound, are grestest at the low va.lues of the ap oa.ch

paremeter K (steep flight paths for conventionel trim anglesgr

decrease as the planing condition is approached.

4, For given seaplane properties, attitude, and constant vertical
veloclty, the pitching moments about the step are greater for ths highsr
values of the approach paremeter k (corresponding to low flight—path
engles and high resultant velocities, for conventional trim angles) than
thoge at the lower values of & (steep flight paths and low resultant
velocitles, for conventional trim angles) and are attained in a’ shorter
time after comntact. TFor a glven resultent velocity, on the other hand,
the greater pitching moments are atteined at ths lower values of k.

5. In a step lmpact the cemnter of pressure is located at a distance
only slightly greater than one—third the wetted keel length forward of
the step. The relationship between the center—of-pressure distance and
the wetted length ls lndependent of the magnitude of the lnitisl veloclty
and is determined primerily by the wetted length. For ths planing condi-—
tion the center of pressure i1s located at a distance exactly equal to
one~third the wetted keel length forward of the step and is shifted
slightly forward with decreasing values of the approach parameter .

The most forward center—of=pressure locatlons, both in an absolute sense
and in terms of the wetted length, are obtained in conjJunction with the
large draft coefficlents reached at the low values of x (steep flight
paths for conventional trim angles). For the practical range of impact
conditions (rk 2 0.2), however, only small errors will be introduced if
the resultant force 1s assumed to act at a distance equal to one-'bhird
the wetted keel length forward of the step.
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Experimsental

Comparison of the thearetical results wlth test data obtained in.
the Lengley impact basin with floats having angles of dead rise of 30°
and 40° at the gtep indicates that, within the limits of experimental
error, the calculgted pitching moments are in good agreement with the
Gxiperimental results,

CONCIUDING REMARKS

pitching moment_s experienced. by V—bottom seapla.nes d.uring etep—_'l.a.nding
impacts. The analysis shows that the pitching momept and the cenber—
of-—pressure locatlion mgy be represen'bed in generalized form by means of
coefficient and 'bhe cen'ber—of—preesure coefficien'b Which ta.ke into
account guch factors asg the geaplane welght, angle of dead rise, trim
angle, and jpitial velocity. The va,rie,tion of these coefficients
during en impact is governmed by the magnituyde of the e,pproach paremeter
determined by the trim and the initial flight—pa:bh angle.

Equationg are presented from yhich the yvariation of the pltching-—
moment and center—of—pressure coefficients haye been calculated for g
wide range of conditions extending from impacte along ehe.llow fligh'b—
path angles _;Qproaching planing to very steep lmpacts in which the
regultant veloclty 1is normel to the keel, Solutions are also prosented
for the conditions Vhich ex:].st at the instants of maximum acceleration,
maximm pitching moment, me.ximmn d_ra.ft and gt the Instent of gero draft
during rebound,

Comparisons of theorgtical pitching-moment time highorieg gnd
values of the maximm pltching moment with e%erimenta.l data obtalned
in the Tangley impe.ct bqei;q with flogtg of 30° and 0 a.ngle of dead

FREET IS e

measured. va.lues.

Langley Memorlel Aeronautical Iaboratory
Netlonel Advisory Committee for Aeronasutlics
Iangley Field, Va., J'enua.ry 30, 1948
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