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NOMENCLATURE

Definition Dimension
Effective deceleration of hull LT

Dimensionless coefficient

Dimensionless function of angle of dead-rise L
Half width of plate L
Angle of dead-rise

Half wetted width of hull assuming no piled-up
water L

Half wetted width of hull assuming piled-up
water L

Dimensionless ratio of immersion depth, z/L

Dimensionless ratio of immersion depth at

t =1,

Dimensionless ratio of immersion depth to
maximum deceleration 17,

Dimensionless ratio of velocity of hull
Dimensionless ratio of deceleration of hull
Dimensionless maximum deceleration
Function relationships

Hull Froude number

Gravitational acceleration L/T?
Height of drop L
Length parameter L



NOMENCLATURE ~~ Continued

Definition
Length of hull
=-/A§-'l’1: (0.50 ft in these experiments)
Apparent mass of water
Mass of hull
Coefficient of apparent mass, m/M
Mass density of water
Mass density of hull
Dimensionless ratio of time

Dimensionless ratio of time to maximum
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Time

Initial velocity of hull at contact with water
surface

Velocity of hull
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Potential function

Stream function

Immersion depth below free water surface

Immersion depth below free water surface
at t =t
n

Horizontal coordinate of any point

Vertical coordinate of any point

Dimension
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L/T
LT
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Chapter 1

INTRODUCTION

In many problems concerning the impact of a body on a
water surface one has to deal with a particular type of flow field which
is generated during a fraction of a second, At large impact velocities
the field of flow is built up so rapidly that very large forces lead to
extremely high stresses in all parts of the body,

Seaplane hulls are designed for minimum deceleration
during landing, so as to induce the smallest possible impact forces,
Reduced impact loads mean that structural members can be reduced
in weight, thus permitting much larger payloads,

For nearly thirty years efforts have been made to derive
a means of theoretically and experimentally analyz ing the problem of
impact of a seaplane hull on a water surface, Two theories have been
used nearly exclusively:

(1) the flat plate analogy, and

(2) the expanding prism analogy.

Experiments on the impact of landing are numerous and inconclusive,
The ultimate goal during all this research has been to achieve a hull

shape that would exhibit uniform deceleration during landing,



This report describes the practical aspects of hydrodyna-
mics of V-wedge hulls and constant-force hulls dropping on a calm water
surface,

An experimental determination of the path of particles is
compared with the theoretical flow assumed by Wagner (25), The concept
of virtual mass of water in the computation of the impact phenomenon is

developed and compared with the theory of Von Karmén (24),

Problem

The purpose of this research was to make an experimental
study of the impact of V-wedges and constant-force hulls on a calm water
surface, The theoretical analysis and experimental research of past
investigators will be compared to the experimental results of the present
study,

Problem analysis.--The analysis of the problem will con-

sist of the following parts:

1, Investigation of the flow field induced by the impact
of wedges, and a comparison of experimental and
theoretical particle path lines,

2. Determination of the extent of the flow field,

3, Investigation of the deceleration time=~history of the
hulls during the impact as a function of time and the
angle of dead-rise,

4, Study of the growth of the apparent mass of water

associated with the decelerating hull,
-



5,

Comparison of the behavior of the constant-force and

V-wedge hulls,

Delimitation of the problem,~~In the experiments, V-wedges

of 3, 5, 10, 20, 30, 40, and 50 degrees of dead~-rise angle and two con~

stant-force hulls of 30 degrees of dead-rise angle were considered, One

constant-force hull is the so-called 30 degree constant-force hull and the

other is designated X~hull, A detailed description of these hulls is given

in Appendices A, B and C, The length of the test hulls is kept at sixinches,

Specific delimitations are:

1,

All hulls were dropped along the vertical which was nor-
mal to the free surface of the water,

The hulls were built so that the mass M was the same
for all models and equal to 0, 1455 slugs for all tests,
The height of drop H, was constant and fixed at five
inches, The initial velocity of impact V o Was there-
fore constant and equal to '\@ﬁ:’ = 5,18 fps, The
initial momentum was constant and equal to MV ,
Consequently, the initial conditions for all tests were
the same,

Since water was used, all fluid parameters were con-
stant during the impact, assuming incompressibility,
All the tests were done with water at room temperature,
so that the kinematic viscosity was nearly constant,

The study was restricted to the two-dimensional case,

-8-



Chapter II

REVIEW OF LITERATURE

Although the impact problem has received rather wide
attention in the past, until recently most of the studies have been limited
to theoretical studies and laboratory measurements of pile-up and decel-
eration,

The impact problem has been analysed as a potential flow
around an immersed body of simple geometrical forms., Most investi-
gators explained the difference between theoretical and experimental
results as being due to the effect of spray, the influence of compressi-
bility of fluid and the elasticity of the hull itself,

In presenting the review of literature, the references are
not necessarily presented in a chronological order, but in a logical
development of the subject.

Von Karman (24) in 1929 was the first to study the load

factor of seaplane hulls, Dealing with the two-dimensional case, his
first assumption was the conservation of momentum during the time of
impact of the hull on a water surface, He assumed that the momentum
of the hull is transferred to a certain mass of water, The apparent mass
is the mass of a half-cylinder of water; its diameter is equal to the sub~-
merged width 2c of the wedge and its length is the length of the hull, 1,

(see Fig, 1), The mathematical expression of that statement is

0w



Mz = (M + m)z , (1)

where
M = mass of the hull
m = apparent mass of water = ﬁ%- IZE z?
H = height of drop
z = displacement of the keel below the water surface
2o = 2EH
z = dz/dt
p = specific mass of water
B = angle of dead~-rise,

Wagner (25, 26) considered that since the water displaced
by the hull rises along the sides, the width of the wetted surface and the
apparent mass are greater than those based upon Von Karman's theory,
In order to evaluate the increasedwidth, Wagner assumed that the parti-
cles at the top of the surface move vertically, Utilizing an assumed velo-
city distribution and integrating for the case of V-wedges, a corrected
submerged width 2c¢' is derived,

where

c! T
-2 (2)

(see Fig. 2).
The assumption that the particles in the wave due to the

pile-up move vertically and that the float width at the top of the wave

w10~



determines the virtual mass seems very arbitrary, This last assumption

leads to an apparent mass (w/2)? times that obtained by Von Karman,

2
T T
moeLeE 2 Y @)
Although the method is inadequate, it remains important
because a better solution for the case of the float bottom with transverse
curvature was not available at the time of the work of Wagner,
Wagner discusses the empirical relation for the apparent

mass given by Eq 4,

m = (55 -1 a2, (4)

based on constant immersion velocity of the flow about a triangular
prism with an angle of dead-rise of 18°,

Sydow (17) used the latest value of the apparent mass as
given by Eq 4 in his investigation, For angles of dead-rise close to 20°
the result is 1,5 times the apparent mass given by Von Karman and 0,5
times the apparent mass given by Wagner in his general solution of Eq 3,
The importance of the difference is shown by the fact that for equivalent
instantaneous conditions these ratios of apparent mass can be regarded
as force ratios,

Kreps (6) used the solution of Wagner for the apparent
mass, The finite keel factor recommended by Kreps differs from that

advanced by Wagner, The aspect ratio factor determined by Pabst (11)

-]ll=-



was incorporated in the definition of Kreps of apparent mass of water,

Kreps proposed the following formula (Eq 5):

2

e By7p
m-m(l-;)—z‘zz. (5)

Mayo (7), using Eq 5 and comparing with experimental
data showed that a factor 0,82 should be inserted in Eq 4, Therefore,

Eq 5 becomes
= e w 1)2 2R 42 6
m = 0,82 (ZB 1) 527 . (6)

Because of the aspect ratio factor Eq 6 does not hold for small angles
of dead-rise, The study indicates that Eq 6 will be satisfactory for
angles of dead-rise between 15° and 30° but begins to be unduly excess-
ive for angles smaller than 10° A variation of cot?g with angle of dead-
rise may be better than the variation of (—;% - 1) with angle of dead-
rise,

Monaghan (10) developed a theoretical formula based on

the flow about an expanding prism leading to Eq 7,
: o
m =—(1-25)3 cot?B 7% 22 , (7)

He also gave a formula for the wetted width computed in the same way

as Wagner:

¢! =%(1-—)c : (8)

R o



Szebehely (18, 19, 20, 21, 22) derived a mathematical
expression for the maximum impact for V-wedge and parabolic wedge,

Considering the weight of the float, the momentum equation is

1+%‘i\;‘ﬂ-———l—-—-—i=vo+gt, (9)

4c4z) + 1
C °

and the acceleration is given by Eq 10:

. (Vo +gth -g (1+p)
-z = g(l_‘.;)g{ - 4 (10)

Further improvement of the determination of the added mass is obtained
if the water pile-up is considered, The maximum deceleration 'im P -
gravity effects are neglected, is computed, It corresponds to the immer-

sion z,, where

SRR TR (11)

with the value

TS Vo2 '
-z = 1.02—’131- g (12)
a' being
. :
! =
o = SWigB (13)

The time tm to reach maximum deceleration is

. B /M
ty = 0285~/ 25

-]3-



In fact Eq 12 indicates an infinite impact force fer a com-
pletely flat bottom. Of course, if the elasticity of the hull plays an impor-
tant role, the above analysis is invalid,

Szebehely noted that the effect of gravity at the depth z,,
of maximum deceleration was very small and therefore can be neglected
for small dead-rise angle and large impact velocity.

The suggestion of Crewes mentioned by Ward Brown (27)

attempts to systematize aspect ratio correction factors by assuming a
linear relation between added mass and the quantity S¢/p , where S
is the area and p the wetted perimeter, The justification is that for

an elliptic plate the added mass is:

8
m =

%l
gl

SZ
iy (15)

It is interesting to note that the formula of Crewe yields
approximately the same results as the finite ratio correction factors
obtained experimentally by Pabst (11) and much later by Yu Tach Yu (31),

Ward Brown deals only with the impact of relatively lightly
loaded rectangular plane wedges of constant finite dead-rise, He notes
that the one possibility that might invalidate the equation of motion is the
existence of time lag effects, These effects are analogous to the Wagner
effect in aerodynamic theory. As a result of applying steady motion char-
acteristics (slamming) to an unsteady motion (impact), these effects

might arise, The Wagner's effect, however, is commonly ignored in

= Jd



aerodynamic theory, and there is as yet no reason to suppose that time
lag effects, if they exist, have any significance in hydrodynamic impact
theory.

Trilling (23) linearizes the problem of impact and applies
classical methods of potential theory to determine the pressure on two-
dimensional bodies whose submerged portion may be approximated by a

semi-ellipse, Assuming a potential flow, the force is therefore:

-p4d (d2
F th[dn ds . (16)

The integration is carried out over the boundaries of the
fluid for an elliptic cylinder, of axes 2b and 2a , which strikes the

water at an angle 6 . The complex flow in the plane § is given by

Eq 17:
i b 6 1 1 ; : :
F(§)=-1——‘;3$—-§--§ 1og-i—’_1-§-+1aemne g (17)

Assuming a>>b , the momentum is given by Eqs 18 and 19:

M

i 2b%/7 (18)

M

= ra?/2 (19)

Bisplinghoff and Doherty (1) summarized in 1950 most of

the previous investigations. In general the forces which must be con-
sidered when studying the problem of a wedge entering a water surface
arise from three sources:

(2) time rate of change of momentum

“ihe



(b)

skin friction drag f

S

(c) buoyancy £

The force resulting from (a) is by far the largest of the

three and the majority of investigators have neglected (b) and (c) in

their studies, Steady state drag coefficients were obtained for wedges

with angle of dead-rise B equal to 10°, 20°, 30° and 40° by conducting

tests in a water tunnel,

It was shown that in general:

(1)

(2)

(3)

The steady state force fS was larger than f but
smaller than fu $

The expanding prism results are considerably closer
to experiments than the results of Wagner, The
expanding prism results agree more closely with
experiment for B = 20° and 30° than for B = 10°
and 40° , A definite trend exists in which the expand-
ing prism results are too high at the low dead-rises
and too low at the high dead-rises,

The results of Wagner based on the flow about a flat

plate are consistently high,

The ratio c'/c derived by Bisplinghoff and Doherty based

on the flow about an expanding prism is high in the low dead-rise range

and low in the high dead-rise range,

Ml



Bisplinghoff and Doherty studied the case of the two-
dimensional impact of seaplane bottoms of arbitrary shapes, Because
of the complexity of the problem, two simplifying assumptions were
introduced in their theory., They are:

(a) steady-state and buoyancy forces are neglected, and

(b) the instantaneous flow properties are the same as

those about a flat plate of width 2c .

A constant-force hull is derived and agreement between
experiment and theory is only fair, The predicted initial value of the
impact force is not fully devel oped and the delicate energy balance
required to maintain the constant force is not preserved, As a result
the horizontal portions of the bottom near the chines enter the surface
at an appreciable velocity and the impact force approaches a second
maximum, Failure of the theory to predict the initial value of accelera-
tion may be due to the following:

(2) theoretical assumption of an incompressible fluid, and

(b) lack of understanding of the nature of the water pile-

up at low dead-rise angles,

The equation proposed by Milwitzky (9)

_w tanB 2B

follows the trend of the expanding prism result but is considerably in

error at high dead-rise angles.

L



Schulz (16) made a comparison of the theoretical accelera=
tion history with the actual acceleration history of the constant-force hull,
The tests on the theoretically derived constant-force hull for g = 20°
indicated that the acceleration did not peak as fast as it was expected.
Under the assumption that a hull with an angle of dead-rise less than 10°
behaved in a similar manner, he deduced that the constant-force hull
needed to be flatter over a greater portion of its keel area. He further
presumed that the hull should have a slightly steeper angle of dead-rise
near the chines; thus the peak in the later part of acceleration history
would be avoided, Using a step by step method of empirical corrections
a final optimum contour was derived, The hull finally developed by the
preceeding procedure had as equivalent angle of dead-rise of 20°, Hulls
where B is equivalent to 30° and 40° were produced from the dimension-

less plot of the hull where B is equivalent to 20°,
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Chapter III

EQUIPMENT AND PROCEDURE

The experimental equipment and the procedure that were
employed in utilizing this equipment are discussed under the heading of
the specific item of equipment, These are: (1) drop tank, (2) drop
mechanism, (3) deceleration measurement device, and (4) flow visuali-

zation,

Drog tank

The model hulls were dropped into a rectangular tank made
of plexiglass, This tank, which measured six inches wide and three feet
high with a four-foot long front wall, was set into a frame of welded angle
irons,

At the bottom of the tank a tap was provided to flush out the
water after each experiment, Two vertical scales graduated in inches
were attached at the front panel to facilitate the measurements taken
from photographs, Above the tank, a microswitch, adjustable in height,
was mounted on an angle iron and electrically operated the camera shut-
ter as the hull approached the water surface, The tank was set indepen&

dently from the dropping mechanism,

Drop mechanism

The drop mechanism consisted of a vertical guide for a

square rod which moved parallel to it, The model hull was attached
-19«



to the rod by a 6 x 6 x 4 -inch clear plexiglass plate, A hole was provided
in the plate of plexiglass for the accelerometer wiring, The rod was made
from a piece of #-inch x # -inch square brass tubing. The supporting
guide was a heavy angle iron with a lock to immobilize the rod supporting

the hull before dropping.

Hulls

V-wedge hulls of 10, 20, 30, 40 and 50 degrees of angle of
dead-rise, and the constant~force hull were the same as used by E. F,.
Schulz in 1954, Thé three- and five-degree hulls and the X-hull were
built in the Colorado State University Hydraulics Laboratory by the same
method as that used by Schulz (16).

All models were constructed of mahogany, the surfaces of
which were sanded and painted with six coats of Periseal. The inside of
the hulls were hollowed out to receive the accelerometer, Metal ballast
was added as necessary to maintain the constant mass M of the hull
(0.1455 slugs) . All hulls were six inches long., The geometrical dimen-
sions of the V-wedges are given in Appendix A, Figure 4 shows the
general cross-section of a hull provided with accelerometer and rod,

The dimensions of the X~hull were graphically obtained by
reading the x* and y* coordinates of a seaplane forebody at an arbi-
trary section, The beam was 11 inches and the angle of dead-rise 31°
10', This template was reduced to a beam of 9,5 inches and to an

angle of dead-rise of 30°,

=20~



The X and Y coordinates are given by Eqs 21 and 22:

X =9,5/11 x* = 0,864x* (21)
9,5 tan 30° 2SR
Y =37 Tan31%iov V= 0.825y% (22)

The results are shown in Appendix B,

Deceleration measure-
ment device

Accelerometer --The deceleration time history was

obtained by means of a Statham Model A8-10-335 accelerometer, The
accelerometer was bolted to the inside of the hull (Fig, 4). The shielded
flexible accelerometer lead passed through the hull cover plate and was
formed in a loop to permit free motion of the hull, The accelerometer
had a natural frequency of 250 cps and was able to record acceleration
between + 10g. The signal from the accelerometer was transmitted

to the screen of an oscilloscope. A camera recorded the image which
appeared on the oscilloscope screen,

Oscilloscope -~ The arrangement was the same as that

used by Schulz (16), The oscilloscope was a Model 304 A Dumont,
which was equipped with a special short-persistance blue cathode ray
tube and a driven sweep. This oscilloscope was specially designed for
photographing these relatively low frequency transient signals,

Oscilloscope camera -- The camera was a Fairchild

oscilloscope camera, which was equipped with an 2,8 Wollensak
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coated lens mounted in a Rapax shutter and equipped with a Polaroid-
land back., A print of the record can be obtained within a few minutes
after exposure, The shutter of the camera was set at ""B'" and operated

from the microswitch mentioned earlier,

Flow visualization

Birefringent solution method -~ The property of doubly-

refracting bentonite suspensions was used to make the flow pattern visi-
ble during the water-hull impact. A small tank, one foot deep, three
inches thick and two feet long, was built to test the possibility of using
this technique, A solution of three percent of Californian bentonite was
adopted to produce sufficient birefringence in order to get any signifi-
cant amount of information, However, the experiment ran into diffi-
culties with thixotrophy. To eliminate flocculation, sodium carbonate
was added to the solution; only slight deflocculation was noted.

Beside these handicaps, it was noted that the maximum
deceleration of the hulls occurred within the first 0,01 of a second,
Experiments indicated that the reaction time interferred with the pheno-
mena of flow visualization, Under a six-inch depth of fluid, the polar-
ized light was completely diffused.

Neutral buoyancy bubble method -~ It was required to have

a solution which was transparent and insoluble in water, and whose den-
sity was the density of the water in the test tank during the experiment,

This solution was made with carbon tetrachloride (unit weight =1,59 g/ml)

-22=



and xylene (unit weight = 0.86 g/ml ). These were mixed in the appro-
ximate ratio of one part to three parts by volume., The mass density of
the bubble solution was adjusted before each experiment by a trial and
error method,

By means of a syringe with a small brass tube tapered at
one end, spherical droplets of about g‘--inch in diameter were placed
approximately in the main central plane of flow,

The tank was illuminated from the back by a one-hundred-
watt photoﬁood reflector, The spherical droplets of the solution, having
a different index of refraction from the water, acted like a convergent
lens of very small focal distance and produced a refracted beam of
wide dispersion, To obtain an intense brightness of the droplets, the
reflector was set one foot from the tank and illuminated one~-half of the
flow field. The beam from the reflector was directed at approximately
45 degrees to the plane of flow in the tank, The camera was placed three
feet away from the tank normal to the plane of flow but out of the glaring
light of the reflector (See Fig. 5). With such a device, the contrast
was satisfactory, and each droplet looked like a bright star in a dark sky,

A 4 x 5-inch Speed Graphic camera with an f2.8 lens was
used for obtaining the photographs of the path of the droplets during the
impact, The aperture was set at £f5,6 and Tri-X film was used, The
camera, fixed at a speed of %5 of a second, was triggered by an adjusta-

ble microswitch, The switch, mounted on the tank, was activated by a

o o



cam fixed on the rod (Fig, 4) . By adjusting the position of the switch
on the tank, the time of photographing, relative to the initial impact,
could easily be adjusted., For each hull, a series of photographs show-

ing the progressive evolution of the flow field was thus obtained,

o 2w



Chapter IV

THEORETICAL ANALYSIS

This chapter presents a theoretical analysis of the impact
problem, It can be divided into three main parts: (a) momentum equa-

tion; (b) study of the deceleration, and (c) determination of the flow field,

Momentum equation

An expression for the apparent mass of water set into mo-
tion when a hull strikes a calm water surface can be developed from con-
sideration of the conservation of momentum,

Consider a wedge (see Fig, 1) of mass M angle of dead~-
rise B and density p,, . Let the velocity of the wedge when it hits the
water be Vo « As it moves downward from the water surface, more and
more water is brought into motion, From the principle of conservation
of momentum, the momentum of the wedge at a distance below the water
surface, plus the momentum of an apparent mass of water m having
the same velocity dz/dt as the wedge, would remain constant and equal

to the initial momentum of the wedge, That is,

MV, = (M + m) dz/dat , (23)
or

Vo= (1+ p) dz/dt , (24)

-25-



in which p = m/M is the coefficient of apparent mass of water, It is
obvious from physical reasoning that m is a function of the immersed
depth z and the angle of dead-rise B times the specific mass of water

p and the length of hull # ., Thus m can be expressed as

m =pf(z,p) L, (25)
or

m _pf(z,p) £

i ?r_n?él_ ’ (26)
where

M= Pmsz. (27)

in which L is defined by

_ [Mass of hull 3

L . (28)
Pm ¥
Eq 26 can be reduced to
= E 4 f(Z ’B )
M M pm Lz . (29)

Under the assumption that f is a product of f, (8) and f, (z") Eq 29

becomes

n
o= a@iEL (30)

where A (B) = —&-fI(B) J
Pm

Since Eq 30 is a physical equation, and p nondimensional, f, (z") isa

homogeneous function, Thus Eq 30 can be written in the form

-26-



b= Afy(z"/L?) (31)

where f; must also be dimensionless, since A is nondimensional,
This is possible if n = 2 or if f; is of the form f; is of the form
f3(z/L)2* 9 , Experimental work done by the previous investigators

show that n = 2 does not give good results, Therefore, let

b= Afy[(d L) *a] | (32)

If f, is taken as the simple form

f3[(2/L)2* @) = (z/Lpt @ | (33)
the momentum Eq 24 now can be written as

V, = [1+A(z/L)?+ *)dz/at . (34)

Equation 34 can be made dimensionless with the dimensionless variables

n =2z/L and 7 = tg/Vo . Therefore,
F"=[1+An"+°‘]%} ’ [35]

in which F = V_/~/gL can be called a wedge Froude number,

Study of the deceleration

Solving Eq 35 for dn/dT , it becomes

dn _ F?
& " TTARFT o (%3

2w



d’n

The deceleration ==z = n is obtained by differentiating

Eq 36 with respect to time and can therefore be expressed as a function

of
v A Z + 1 +a ’
n.= -F2 ((1 +:3,,zn+ @2 (4 L (37)
or
14 Q
v _md n
n F* A(2 + o) (T+AnTay - (38)

Since n is a continuous function for positive values of and has the value
zero when n = 0, and zero again when n-— o= , the deceleration has
a maximum, The maximum deceleration h‘m is reached when the deri-

vative d 7j/dn = 0; i.e., when

5+2a) 2t - (1+4)

(1+AnZ'Fa)4 =0 . (39)

Pt A (2+ o) &

this occurs when

1
i 1+ g =—

el Bl g Rl . (40)
Substituting the value of n,, given by Eq 40 into Eq 38, the maximum

deceleration is

(5 + 2a)° 1+ g

+
=-F'A 2+ ) | A5+ 29) ) il (41)

im
Integration of Eq 34 yields the dimensionless variable s as a function
of the dimensionless variable n , or

3+

1 A
T s [ ntgpen I (42)

=28



The value of 7., for which the deceleration is maximum is obtained by

m

substituting the value of Nom given by Eq 40 into Eq 42

ay A 2+ o :
Tm f‘xP“ % 3+a 'm ) (43)

Determination g_f
the flow field

The problem to be considered is the determination of the
properties of the two-dimensional unsteady flow pattern in the vicinity
of a wedge entering the surface of a fluid,

It is assumed that the hull is of infinite extent, that the
fluids extend to infinity along and below its surface, that a potential
flow exists, that the flow pattern is the same as if the hull were immer-
sed in the fluid and represented by the flow around a plate in translation
normal to the plate, If the width of the plate is 2b and its velocity V ,
the complex flow given by Bisplinghoff (1) for the steady case in the

Argand plane z is

§ it =iV RS, (44)

\

Separating the imaginary and real parts of Eq 44, the equation of the

stream lines for the steady case is

P S e v v O GO el 7’
v /(X ¥ b)i J(X J b*) 4X2y (45)
2

¥s = 1
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The stream function for a uniform flow of velocity V is
¥ = vx (46)

The stream function ‘¢, for the unsteady case is the sum of the two

stream functions Y' and ¥ given by Eqs 45 and 46
\

Y, = ¥g*+ Vx = kV = Constant , (47)

Where kV is the streamline parameter and k a length parameter,

The solution of Eq 47 for y? yields

v = (x-0? [preegy - 11 (49

The streamlines are shown on Fig, 23,



Chapter V

PRESENTATION OF DATA

Presentation of data is presented under four main headings:
(1) numerical method of computation, (2) determination of coefficient of
apparent mass for V-wedges, (3) constant-force hulls, and (4) flow
field extension,

Numerical method
of computation

In analyzing the results of the experiments given by the
time-history curves, it was necessary to compute the velocity V and
the immersion depth n of hulls at the time t ., The method of compu-
ting each of these quantities is presented below and the resulis are pre-
sented in Appendix D,

Velocity -- The velocity Vn was obtained by a numerical
integration of the deceleration-time history curves given by the oscillo~
scope, At the very beginning of the impact, the acceleration a is +g,
Consequently, the value of the deceleration was measured in the positive
direction on Fig, 3 froma = + g , At the time tn the velocity V, is

given by

tn
vV, =V, -S adt . (49)
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The trapezoidal rule for evaluating this integral is

n

> 4 an=-1+ay
Vo 2%, 7;" g > Ot (50)

At being equal to 0,001634 sec, and Vo equal to 5,18 fps, Eq 51 gives

the value of the velocity V, infps when t =t, , Therefore,
- a )
V. = 5/18~0,0525 E —a=laoon (51)
n 2 2

Immersion depth -- The immersion depth n, is obtained

by integration of the velocity function with respect to time, At the time

1:n the depth Nn is

1 tn
M *T S Vdt (52)
(o]

n, being computed by the same procedure as is used for the velocity
with At = 0,001634, Therefore,

n

4
n, =0.,00345 5 Yn-=1*Vn

1 2 . (53i

Coefficient of apparent mass -~ The coefficient of apparent

mass p, is given by Eq 24, Therefore,

K

G A LA (54)
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Determination of the coefficient
of apparent mass

According to Eqs 32 and 33, p is determined by knowing
the two functions ¢ and A,

Determination of a -~ Consider the log-log plot of p ver-

sus n (Fig. 7). The density of the hull being less than the density of
water, one can expect a maximum immersion depth at which Vn tends
to zero and p tends to infinity, Consequently, all curves have to be
asymptotic to a certain straight line n = constant, Under these condi-
tions for a practical problem, one can neglect the curved portion of the
graph for which p is greater than unity. The remaining portion (0<p<1)
can be approximated by a series of straight lines, It is significant that
the slope of the straight lines 2 + & is constant, This indicates that o ,
which has the value 0,15, is independent of the angle of dead~-rise S,

In drawing these lines, there was a variation in o of approximately five

percent, The coefficient of apparent mass can be written as
e ABnt® | (55)

Determination of A -- The parameter A in Eq 55 can be

evaluated in the following way. When p = 1, one obtains

= A”1[2 a8 56
n, A . (56)

f
-

The variation of My & with g (Fig. 8) can be represented by the

1

equation
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e t. 125
n ., = Const. (B+5)

where Bo = 12°, Therefore, r;“ ., can be obtained directly for a

given value of B . Substituting this value in Eq 55, A can be evaluated,

Thus A will be given by

6

A=y

The substitution of Eq 57 in Eq 55 gives

The introduction of the angle B, = 12° for all V-wedge hulls bound the
value of p when B tends to zero. Most investigators have obtained for
A a function depending on B such that A tends to infinity when B tends
to zero, It is felt that Eq 58 can be used for values of 8 smaller than
three degrees and results for the flat plate may be obtained, The angle

B, is a correction angle due to the fact that at the beginning of the impact,
which occurs in a very short time, a very restricted part of water is set
into motion with a lag of time, The latter is caused particularly by the
elasticity of hull and water, Hence, = is then assumed to be a function
of the celerity of an elastic wave,

Maximum deceleration
for V-wedges

The theory is compared with the experimental results on (1)
the maximum deceleration . (2) the immersion depth | (3) the

value of to maximum deceleration,
- 34~



Maximum deceleration -- The substitution of p given by

Eq 58 in the theoretical Eq 41 gives the following expression for the

maximum deceleration h'm

2.80 x 103

Ny ® B+ 1277 ° (59)

Figure 9 shows the plot of Eq 59 versus [ with the experimental results
of Bisplinghoff (1) and the results of the present investigation, The
results of the present investigation are in agreement to an approximation
of less than five percent for all V-wedges except the 30° hull, For the
latter case the result is within eight percent of the curve, Bisplinghoff's
results are higher than theoretical results and also higher than the results
of the present investigation, This discrepancy can be explained by the
consideration that the drop tank of Bisplinghoff was smaller than the tank
used in this study. The proximity of the boundary would increase the
resistance to the expansion of the flow during the impact and consequently
would increase the value of the maximum deceleration,

Immersion depth Ny to maximum deceleration -=- Substitu-

ting the value of A and o in the theoretical Eq 40 one gets the following

expression for the immersion depth Ny to maximum deceleration,

N = 2.85 x107% (g+ 12008 (60)

Figure 10 shows the plot of Ny, Versus B on which are plotted the

experimental results of the present investigation as well as the results

= 35w



of Bisplinghoff, One can see that experimental results for 3, 5, and 30
degree hulls are within reasonable agreement with the theoretical result;
for the 10, 20, and 40 degree hulls the approximation reduces to ten per-
cent, Equation 60 shows that when B tends to zero, L tends to 0,015,

Value of 7,, to maximum deceleration -- The expression

for the time to maximum deceleration as a function of the angle of dead-

rise is obtained by substitution of A and « in Eq 43, Hence, one gets

v mR e x 10T (B 1N (61)
Figure 11 shows the plot of Tm Versus B . The experimental results
for the 3, 10 and 30 degree hulls agree very well with the theory; agree~
ment reduces to 12 percent for the 5 degree hull and 30 percent for the
40 degree hull, For the latter case, the lack of accuracy may be due to
the fact that the deceleration-time history curve given by the oscillo-
scope has an origin which is difficult to determine experimentally, In
that case, the beginning of the impact can only be determined within 0,02
second accuracy, In the case of the 50 degree hull this error was of

very large magnitude, For this reason, even though some data were

taken for this hull, they are not presented,

Constant-force hulls

Figure 12 shows the plot of the deceleration versus time
for the constant-force hull, One can see two maxima for the 30 degree

constant-force hull and for the X-hull, It should be noted that the
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profile of both hulls have two flat portions - at the chine and the keel =
separated by an inflexion point, The ""drop" of those hulls can be a com-
posite effect of two consecutive hypothetical V-wedges.

Consequently, the two flattest parts of the profile will pro-
duce two maxima accelerations, For the X-hull, the first maximum
deceleration reaches -1,6 gravities whereas for the 30 degree constant-
force hull the first maximum deceleration reached -2.2 gravities, An
opposite trend occurs for the second maximum deceleration, The second
maximum deceleration are respectively -2,6 and -1,6 gravities,

For both hulls, the time separating the two maxima is equal
to 0,03 seconds,

A log-log plot of the coefficient of apparént mass } versus
the immersion depth 7n is represented in Fig, -13. One cannot differenti-
ate the 30 degree constant-force hull and the X-hull from each other, but

one can still represent p by the form
po=Agita (62)

Assuming that Bo = 12 remains the same for the two different typés of
hulls, A would have the same value as a V-wedge of 22 degrees angle
of dead-rise, It is important to note that in this case a is negative and
is equal to 0,15, On the other hand, in the case of a V-wedge a had

a positive value, Under these considerations Eq 34 becomes
e i (63)
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whereas for V-wedges p = A n®® ,

One can conclude that, for a given value of n , the coeffi-
cient of apparent mass p for constant-force hulls (g less than one) is
larger than that corresponding to a 30 degree V-wedge hull, The maxi-
mum deceleration for constant-force hulls is, therefore, expected to be

less than the maximum deceleration of the latter.

Flow field extension

According to Eq 48, a series of flow fields corresponding
to different plate lengths 2b were drawn and compared with the experi-
mental flow field obtained from the photograph, The photographs were
taken at a speed of 0,04 seconds, whereas the duration of the flow phenom-
enon is less than that. A study of the variation of hypothetical plate lengths
with different variables, therefore, is very difficult., The stream function
given by the flow around an immersed plate with uniform translation in
the direction normal to the plate can be represented by the experimental
stream lines around the wedge obtained from the photograph, For an -
angle of dead-rise greater than five degrees the hypothetical length 2b
of the flat plate was observed to increase with the immersed depth; below
10 degrees, the length 2b was observed to be independent of immersed
depth,

It was further observed that the computed stream lines
did not agree with the experimental stream lines very near the hull (about

an inch from the hull), if the angle of dead~rise was greater than 30° ,
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The ratio c¢/b (corresponding to Wagner's c'/c = 1,6)
was found to be less than Wagner's value, For a small angle of dead-
rise c'/b had the value 1,2, However, this value increases slightly
with increase of the angle of dead-rise,

For all hulls the spray root of water due to the impact
followed a definite plane wﬁich is slightly less than B/2 as shown in
the picture by a bright line,

It was also observed that an easily measurable effect of
impact in the developing flow field is limited to a distance of approxi-
mately one foot from the hull although there was a flow at greater dis-
tances,

Flow fields at several immersion depths during impact

and theoretical stream lines are shown in Figs, 14 through 23,



Chapter VI

CONCLUSIONS

Analysis of data for the impact of wedges has yielded infor-
mation on the associated apparent mass of water, One can conclude that:

1, The apparent mass of water is not proportional to the
second power of immersion depth, but to a power higher
than two for V-wedge hulls and less than two for constant-
force hulls.

2. The introduction of the coefficient B, in the expression
of the apparent mass of water can probably be considered
as mainly due to the elasticity of hull and water, As a
result, the value of maximum deceleration for small
angle of dead-rise is bounded,

3. The tests on the constant~force hulls indicate that the
maximum deceleration can be reduced from two g's
for the 30 degree V=-wedge to 1.8 g's for the two
30 degree constant-force hull, The presence of two
peaks in the deceleration curves for the constant-
force hulls can only be explained on the basis of physi-
cal reasoning.

4, The extent to which the flow field expanded in the pre~

sent series of tests indicates that it is probably

<+ 40~



necessary to consider the effect of boundary proximity
on the flow field for small tank experiments,

Flow visualization by means of a birefringent dilute
suspension of bentonite was not possible with available
equipment, Diffusion of light by the six inch thick ben-
tonite and water suspension was too great to enable one
to obtain useful results in the drop tank employed.
Neutral buoyancy bubbles immersed in water, in con-
junction with a light source, was a suitable flow visuali-
zation technique. This method made it possible to obtain
photographic records of the flow field generated by the
dropping hulls, The time exposure necessary for obtain-
ing satisfactory photographs was a problem, The neutral
buoyancy bubble technique, while satisfactory, needs

some further refinements,

i The momentum equation seems to be satisfactory for study-

ing problems of impact, However, some suggestions can be made for

further investigations:

1,

There is a need to investigate further the effect of the
properties of the hull material on the problem of impact,
More information about the impact of a flat plate would

be useful,
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Figd 4 3° Wedge, flow field at several immersion depths during impact
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Fig. 15 5° Wedge, flow field at several immersion depths during impact



b};"ig.lb' 10° Wedge, flow field at several immersion depths during impact
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Fig.l 7 20° Wedge, flow field at several immersion depths during impact.
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Figd 8 30° Wedge, flow field at several immersion depths during impact
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Fig.19  L40° Wedge, flow field at several immersion depths during impact

59



Fig.2 ¢ 50° Wedge, flow field at several immersion depths during impact
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Fig.21 30° CTE Force Hull

Flow field at several immersion depths during impact
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Fig.22 X-Hull

Flow field at several immersion depths during impact
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APPENDIX A

GEOMETRIC DIMENSIONS OF V-WEDGE HULLS

(

Cross-section of V-wedge hulls

Ve 3° 58 10° 20° 30° 40° 50°

%, 9.35 935 9.50 9,50 0.5 9.530 9.5
X, 6.35 6,40 6,00 6,10 6,30 0 0
5. 2,95 3.9 1.8 1.90  0.% 0 0
Xe 3,75 495 3,50  2.85 0 398 A6 7.80

Xy 935  deo 1.20 0,35 o8l 0 0

All dimensions of hulls are expressed in inches



APPENDIX B

GEOMETRIC DIMENSIONS OF X~HULL

y
A
| 9.5
" 6'1 sl
| 4
0.4 10,6
o
o™
302

Cross=section of X-hull tested

x*

0,579 1.158 1,737 2.316 2,895 3.474 4,053 4.632 .5:.211 5.500

0.08 :.0,36 -.-0.83 1.33 1.84  2.36 287 .. 3,22, 334 8,32

0,50  1.00 1,50 2,00 2,50 3,00 --3.50 4.,00: 4,50. 4.75

0.066 0,297 0.685 1.099 1,520 1.947 2.360 2.660 2.760 2,740

Coordinates in inches (XY) of contour of X-hull expressed in inches
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APPENDIX C

GEOMETRIC DIMENSIONS OF 30° CONSTANT FORCE HULL

2 //
P
: v
i
T

Coordinates in inches of 30° constant-force hull expressed in inches
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APPENDIX D

SUMMARY OF COMPUTED QUANTITIES

3 degree V-wedge

an

Vn

sec gravities fps f% Tn
0.0000 0.0 5.18 0.000 0.0000
0.0016 13.6 4.82 0.075 0.0173
0.0033 17 (estimated) 4.01 0.29 0.0325
0.0049 10.2 3.30 0.57 0.0450
0.0065 4.5 2.91 0.78 0.0560

Nn = 28 (estimated)

typ = 0.033 sec (estimated)

m = 0.032 (estimated)

5 degree V-wedge
t an Vn

sec gravities fps #n 7n
0.0000 0.0 0.00 0.0000 0.0000
0.0016 9.0 5.18 0.0475 0.0174
0.0033 11.8 4,94 0,172 0.0335
0.0049 12.8 4.42 0.372 0.0476
0.0065 10.0 3.78 0.631 0.059%6
0.0083 7.8 3.18 0.911 0.0697

ﬁm = 20,7

t, = 0.0045
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APPENDIX D ==Continued

10 degree V=wedge

t an v

n ] n
sec gravities fps # 7n
0.0000 0.0 5.18 0.000 0.0000
0.,0016 2.9 5.10 0.015 0.0177
0,.0033 5.4 4.94 0.050 0.,0250
0.0049 8.2 4,58 0,108 0.0414
0.0065 8.1 4,15 0.250 0.0564
0.0083 7.8 3.74 0.387 0.0700
0.,0098 Tad 3.35 0.595 0.,0822
0.,0114 6.0 3.01 0.720 0,0932
0,0131 5o 2.7 0.910 0,103
0.0147 2.8 Zadl 1,064 0.112
Yy = 12.7
ty = 0.0064 sec
7m = 0.054
20 degree V=-wedge
tn an Vn
sec gravities fps /“n 7n
0,0000 0.0 5.18 0.00000 0.0000
0,0016 1.4 5.14 0.00719 0.0177
0.0033 2.5 5.05 0.0266 0.0353
0.0049 3.3 4,90 0.0573 0.0524
0.0065 3.9 4,71 0.0998 0.0689
0.0083 4,1 4,50 0151 0.0847
0.0098 4,3 4,28 0,210 0.0998
0,0131 4.3 3.83 0,352 0.128
0,0163 4.1 3.39 0.528 0,158
0.0196 3.6 2.98 0.736 0.175
00,0229 3.2 2,63 0.972 0,194
0.0261 351 2:30 1.253 0,211
0,0310 2.6 1.84 1,807 0,232
0.0343 2,3 1.59 2,256 0.244
0,0376 2,1 1.36 2,809 0,254
Y = 6.1
ty = 0,011 sec
Vg * 011
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APPENDIX D -==Continued

30 degree V-=wedge

. " v

sec gravities fpns Fa @
0.0000 0.0 5.18 0,00000 0,0000
0.0016 0.4 1 by 0.00197 0.0178
0.0033 0.8 5.14 0.00811 0.0356
0,0049 S 5.09 0.0180 0,0533
0.0065 1.4 5.02 0.0312 0,0709
0.0083 e 4,94 0.0474 0.0883
0,0114- 2.4 4.73 0.0944 0,122
0.0147 2.7 4,46 0,160 0155
0.0180 3.0 4,16 0.244 0.185
0.,0212 3.0 3.85 0,346 0.214
0.0261 2.9 3.38 0.533 0.253
0.0327 2.7 2.80 0.852 0.297
0,0376 2.7 2,37 1.189 0.326
0.0425 2.2 197 1.622 0,348
0,0474 1.3 Lol 1.921 0.362
0,0506 1.4 1.61 2.211 0,374
7m = 3.7

tp = 0.020 sec

7m = 0,20

40 degree V-wedge
tn an v

sec gravities fpns #n 7n
0,0000 0.0 5.18 0,00000 0.0000
0.0016 0.2 5.17 0.00101 0.,0178
0,0033 0.4 5.16 0,00404 0.0356
0.0049 Q55 5,13 0,00865 0.0533
0.0065 0.7 510 0.0149 0.0709
0.,0083 0.8 5.06 00,0228 0.,0884
0.0114 1.2 4,96 0.0445 0,123
0.0147 1.6 4,81 00,0764 0.156
0.0180 1.8 4,63 0,118 0,188
0.0212 2.0 4.43 0.168 0.220
0.0261 2.1 4,11 0.259 0.264
0.0310 2.2 3.78 0,372 0.305
00,0359 2.4 3.41 0.519 0.342
0.0425 2.4 2.89 0,792 0.385
0.0490 2.1 2.41 1.149 0.422
0.0523 1.8 2,20 1,351 0,438
i = 2.7

ty = 040 sec

7m = 0,37 70 A



30 degree constant-force hull

APPENDIX D --Continued

tn

an

N

n
sec gravities fps #n 7n
0.00000 0.0 5.18 0.0000 0.0000
0.00273 i e R 0.0157 0.0333
0.00545 3.0 4,91 0.0540 0.0657
0.00818 3.1 4.64 0.116 0.0966
0.0109 2,5 4.40 O, 77 0.126
0.0136 2.2 4,20 0,233 0.154
0.0163 2.0 4.01 0.291 0.180
0.0191 2.0 3.83 0.352 0.206
0.0218 2.0 3.65 0.419 0.230
0.0245 2.0 3.48 0.488 0.253
0.0273 2.1 3.29 0.574 0.275
0.0800 2.3 3.10 0.670 0.295
0.0327 2.4 2.89 0.792 0,315
0.0354 2.5 2.67 0.940 0.333
0.0381 2.2 2.43 1.132 0.349
ﬁm = 3.7
ty = 0.0080 sec
#m = 0.12
X-hull
th an Vg
sec gravities fps #a 7n
0.00000 0.0 5:18 0.0000 0.0000
0.00273 1.9 5.10 0.0157 0.0333
0.00545 2.6 4.90 0.057 0.0656
0.00818 2.2 4.68 0.107 0.0966
0.0109 2.2 4.49 0.154 0.126
0.0136 2.8 4.29 0.207 0.155
0.0163 20 4.09 0.266 0.182
0.0191 2,5 3.88 0.335 0.208
0.0218 2.6 3.66 0.415 0,232
0.0245 2.8 3.42 0.514 0.255
0,0273 2.9 3.16 0.639 0.276
0.0300 3.0 2.90 0.750 0.296
0.0327 3.1 2.63 0.969 0.314
0.0354 3.4 2.34 1,213 0.330
0.0381 3.6 2.03 1,551 0.344
Fm = 4.5
Ty 0.038 sec
7m = 0.34
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