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FOREWORD

A previous report on the Hydrofoil Craft Structural Design Study (Martin
Engineering Report 11706) had been prepared for the Bureau of Ships under
Contract NObs-4376 in 1961. A subsequent review of that report in 1964 indi-
cated the need for extensive revision, and this has been accomplished under
Contract NObs-4791.

This report completely supersedes the earlier report.
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• 1. 0 SUMMARY

study has been made of environmental conditions and the corresponding
vehicle response characteristics to develop a rational method for determining
structural design criteria for hydrofoil ships. While the methods are rela-
tively general, application is made to a specific 280-ton hydrofoil ship4 air
be-P'%) in ASW missions in the North Atlantic environment. 9

i C.. Loading conditions are analyzed for both hullborne and foilborne conditions
to determine statistical distributions of the pressures and loads which may be
expected on various areas of the hull. These loadings are compared with exist-
ing seaplane loading specifications and interpreted in terms of past experience
in seaplane design. Analysis of typical structures for the overall hull bend-ing, bottom plating and stringers and decks and supporting structure is carried

out for static strength, fatigue life and stiffness under the loading conditions.
Statistical loadings for the struts and foils are determined, but evaluation of the
controlled ship response and detail foil and strut structure is not included as a
part of this study. -

SIt is concluded from the analysis of the structure that both static strength
and fatig;e life must be considered in the design of hydrofoil ship structure
In the particular example ship, design fatigue life is the determining factor f
overall hull bending and local design of forward areas of the hull bottom, hile
static strength or stiffness is of most importance on midship and after areas
of the hull and the deck structure. Very low deadrise angles (5 to 60) lead to

very large local pressures and high landing accelerations which may become
critical for static strength determination of overs."I hull bending.

Recommendations for continued work are developed on the basis of the study
results. Experimental work is necessary to more clearly establish the rela-
tion between static strength design and the highly transient loading represented
by low deadrise impacts, and specific fatigue life characteristics should be de -

SHtermined for typical welded aluminum hull bottom structure. Measurements
of the slamming behavior and sinking speeds in the landing approach should be
made in actual service conditions representative of ASW tactical operation.

I
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2.0 INTRODUCTION

I The structural design of a hydrofoil ship for open sea operation is a challeng-
ing problem. Efficient exploitation of the high speed capabilities of the hydrofoil
places a premium on lightweight structure, yet the conditions of operation in

I both hullborne and foilborne modes may impose large loads on the structure.

In classes of vehicles where there is a long background of experience, the
criteria for structural design have often been condensed to simple statements
of maneuver load factors (as for aircraft), working allowables in terms of 1 g
loads (as in ships, bridges, etc.) or other "rule of thumb" design guides. This
assumes that the actual future loading conditions and material characteristics
will be within the bounds of the previous experience. In the design of high per-
formance aircraft and missile systems, such as approach is already outmoded
due to dissimilarities of design and the relatively increased importance of re-

SI peated loads.

Particularly, the rapid advances in large hydrofoil ship design without a
substantial background of applicable operational experience require a rational
analysis system for the establishment of suitable structural design criteria.
It is the purpose of this report to examine the environmental and structural
characteristics of the hydrofoil ship in both hullborne and foilborne operation

I in the open sea to determine a rational buildup of design loads criteria and
show by examples how these may be applied to a typical design.

!
!
I
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3.0 GENERAL DESIGN CONSIDERATIONS

3.1 SUMMARY

In order to proceed with a finite study of such a broad field as structural
design for hydrofoil craft, it becomes necessary to limit the investigation.
For this reason the approach which follows is a combination of specific and
general factors. To provide concrete examples a particular ship and mission
have been defined as the example design, the typical environment of the North
Atlantic has been assumed, and fairly simple analyses have been used to deter-
mine the ship responses to loads. However, the methods of determination of
the loading spectrums and the reactions in the ship structure are believed to be
representative and applicable to much broader classes of hydrofoil ships.

g 3.2 THE STUDY SHIP

The particular design selected for the study example is an outgrowth of the
PC(H). The general hull form and foil configuration have been followed while
increasing the gross weight to 280 tons.

In sizing the configuration for minimum weight, one of the influencing parani-
eters to study is the density value, the total displacement divided by the volume
(lb/cu ft). A comparison of density values of the 110-ton PC(H) and other craft
disclosed that the PC(H) was on the low side with room for loading growth.
Subsequent studies and evaluation of the extent to which density of the PC(H)
could be increased resulted in the determination that it could be doubled.

Comparison of Vehicle DensityI lb/cu ft
PC(H) 110-ton version, BuShips 8.1
Hydrofoil boat--80 ton, Maritime Administration 11.8
Patrol craft-type vessel 22.0
Destroyers 23.0
Seaplane--large type 21.6
PC(H) 110-ton densified to 195 ton (study) 17.6

This study included rearrangement of crew living and working areas to accom-
modate additional personnel, adaptation to a modern weapon system, space provi-A sions for future ASW electronic equipment, an investigation into maximum
fuel capacity increases possible by utilizing the voids under the platform decks
as tanks, a review of various propulsion systems capable of satisfying the
requirements of increased weight resulting from density increases, and finally,
a reappraisal of the hull, foil and strut structure for the increased weight.

- These data, coupled with experience in aircraft applications, resulted in the
* choice of a density value of 14 lb/cu ft which represents a compromise with re-
- gard to the maximum attainable value of 17.6 lb/cu ft estimated to be possible

ER 13727

3-1



in the PC(H) design.

A volumetric size for the 280-ton hydrofoil craft was established based on
this value of 14 lb/cu ft and resulted in the following dimensions:

Length 130 ft between perpendiculars
Beam 3 5 ft molded maximum
Depth 16 ft midships

The hull form configuration is identical to that of the BuShips 110-ton PC(H).
An interior arrangement study showed that this configuration has enough available
space for 30 days of continuous sea operation for 37 crew members, sufficient
fuel capacity below the platform deck for at least 30% of the loaded weight and
space for various combinations of gas turbine and diesel machinery.

A canard foil configuration with a 70% to 30% load distribution, a loading
of 1150 psf and a foil aspect ratio of 4.0 is used as a representative system.
This system is similar to that of the EC(H) design in the arrangement of the
struts and foils, but differs in the aspect ratio of the foils. The aspect ratio
of 4.0 was chosen as a good compromise based on hydrodynamic, structural,
lightweight, handling and docking considerations.

At 45-kn design speed this foil configuration gives a design lift coefficient
of:

CLdesign = 1150/(76)2 = 0. 2, 1150 = GW/545

and the lift curve slope is estimated to be:
CL = 4. 3/rad = 0. 075/deg

The foil configuration for the 100 knot design is estimated to be roughly
similar but with supercavitating foils at much higher loading:

20 Ldesign 100 = 2850/(168.5) = 0.1, 2850 = GW/221

CLa1O0 = 3.44/rad = 0.060/deg

The example reference configuration is shown in Figs. 3-1 and 3-2. The
mission chosen for the study is the ASW patrol mission. It will be recognized
that such a choice does not explicitly define the detail operational history of a
particular ship or even the average of a class of ships since the use of a new
type vehicle can be expected to lead to new techniques. However, for the
purposes of the study the following characteristics have been selected as
representativb of the actual operational requirements for hydrofoil ships used
in ASW missions:
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1. Operational availability 60% of time
2. Hullborne operation 90% x 60% = 54% of time
3. Foilborne 10% x 60% = 6% of time
4. Maximum hullborne speed 15 kn
5. Design foilborne speed 45 and 100 kn
6. Autopilot and control system designed for operation in Sea State 5
7. Distribution of hullborne operation speeds as shown in Fig. 3-3

3.3 ENVIRONMENT

The North Atlantic is assumed to be a representative area in which to oper-
ate a hydrofoil craft on barrier ASW missions. The "Climatological and
Oceanographic Atlas for Mariners" (Ref. 1) presents cumulative frequency
distributions of the North Atlantic surface wave heights and periods, for
specific observation stations, in the format shown in Figure 3-4. These
curves provide the basis for the computation of wave heights and lengths for
this study. The data from six selected representative observation posts were
selected for inclusion in this study:

(a) 260 to 300 N; 700 to 840 W
(b) 350 to 370 N; 68' to 700 W
(c) 400 to 440 N; 660 to 700 W
(d) 330 to 350 N; 480 to 500 W
(e) 430 to 450 N; 400 to 420 W
(f) 50 0 to 52 0 N; 360 to 380 W

The yearly cumulative frequency distributions of wave heights and periods
from these six stations, covering the four seasons of the year, represent a
fair average of the North Atlantic surface conditions from the southern sector
to the northern sector. However, it is to be pointed out that wide variations
can exist between these sectors and that specific designs should take due note
of this fact in determination of the wave height and frequencies to be anticipated
where specific operational times in given localities would yield something other
than the average conditions used for demonstration purposes in this report. The
differences between the northern and southern sectors are dramatically demon-
strated in Figs. 3-5 and 3-10.

The data in Figs. 3-4 and 3-5 were gathered by periodic observations of
wave height and frequency and therefore represent a time distribution of the
surface conditions. To transform these data into frequency distributions repre-
senting numbers of waves the following procedure was used. One wave height,
5-1/2 ft, with one wave period, 8 sec, is used in the example.

(1) By using Fig. 3-4 as an example, and by considering 1-ft intervals,
the percentages of time at >5 ft and >7 sec, and >5 ft >9 sec are read directly
from the curves, and the difference is interpreted as the percentage of time at
>5 ft waves having 8-sec periods.
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Similarly, the values at _>6 ft_>7 sec and.>6 ftŽ>9 sec are interpreted as
>6 ft waves at 8-sec periods. Then, the difference between these two percent-
ages is interpreted as the percentage of time that waves of 5-1/2 ft in height
and 8-sec periods exist at that particular observation station.

(2) The time percentage for all other stations is similarly obtained
and combined on the basis of the amount of operational time to be spent in
each locality. In this example an equal amount of time is assumed to be spent
in each locality and hence the average of the time percentage of all stations
was used.

(3) For each 1-ft interval of wave height and period, the number , N,
of waves over a given length of time is obtained from

Chosen period of time (se_)Wave period (sec)

For the example for 1 yr

N 1. 13%T (seconds per year)
5-1/2 ft, 8 sec = 5.1/2 ft, 8 sec x 8

(365 x 24 x 60 x 60)= 0.013x 88

= 51, 100 waves/yr.

Thus, in the example there are 51,100 waves which are 5-1/2 ft in height
and have a period of 8 sec. Or, more correctly, since a 1-ft interval was
used in the determination, there are 51,100 waves between 5 and 6 ft in height
having periods between 7 and 9 sec.

(4) Since it is more convenient to use the length of the waves rather than
the wave period in ship design, the empirical conversion factor (Ref. 2)

Lw = 3.41(Tw) 2  was used. Tw = Wave period, sec

The distribution of wave heights and lengths so determined is shown in
Fig. 3-6, and is considered an average representation of the surface condition
of the western North Atlantic Ocean.

Since the data presented in Ref. 1 were based primarily on visual wave
observations by experienced observers, the heights are "significant heights,"
or the average height of 1/3 highest of the waves. The distribution of "average"
and 1/10 highest waves according to the von Neumann spectrum (Ref. 2) was
determined and is shown in Fig. 3-7. For the redistribution of the observed
waves the spectrum is lumped in 3 groups as shown. The cumulative occur-
rences for each wave length, redistributed according to the von Neumann
spectrum, are shown in Figs. 3-8 through 3-11 for the significant waves.

I

ER 13727

3-4



In w3ing the wave data it should be noted that the occurrences represent
numbers of waves passing a fixed point or small area. For the low speeds
involved in the calculations for the displacement condition the data can be
used directly. But at foilborne speeds, the number of waves encountered is
determined from the relative ship speed multiplied by the time on foils divided
by the wave length.

3.4 SHIP RESPONSE TO EXTERNAL LOADS

Load producing incidents are reacted by the vehicle in three basic modes:
"static balance of weight and impressed loads, rigid body inertial reaction to
time variant loads and flexural response to rapidly applied loads or impulses.
In the most general case of all, these would be considered simultaneously, but
it is beyond the scope of this study to consider the flexural response mode in
detail (even by itself). For the type of hull forms to be considered it is esti-
mated that the major factors in design criteria may be evaluated in terms of
the rigid body responses and that consideration of the flexural effects should be
assigned to specific design analysis. This procedure has been used success-
fully in aircraft and missile structural specifications.

- - The vehicle response to static loads (buoyancy or steady foilborne) or single
impact loads may be simply determined. For combinations of loads the solution
"of the problem is a little more devious and requires some assumption as to the
location and magnitude of part of the loading system. For example, consider
the rigid body supported by two forces:

-a b

1Ad

I

I a no. 9. W b

F + Fb n W (1)
Sa b cg

-•iW k2 (2):
•;aFa+w 9 . bF b

ER 13727 ;
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Fb
If F a 0,F then ncg and the load factor at b is:

2 F Ft

nbg gngg + (3)nbb cg (b= ncgg + Wk 2 9

Thus, an impact at b can be treated as though a reduced mass,
W/4 + b 2 \ , were being subjected to the external conditions at b with

a resulting increase in load factor.

If Fa E 0 and both Fa and Fb are loads due to impact, the pair of equations,
Eqs (1) and (2), must be solved simultaneously. This can be done by iterative
procedures, but the solution will be too sensitive to errors in approximations
involved in impact formulas to be significant. Where F and Fb are the foil

loads, they are so dependent upon the foil control laws that they must be
considered as specific design problems.

When one of the forces, say Fa, is primarily constant (as from buoyancy)

during an Impact, the equations may be written in a combined form in the
following manner:

F =Ba
Sbe

B + Fb = ncgW =nbW g W (1a)

W2

aB + e bFb9 b
bW b
Q=(bFb- aB)-. (2a)

Substituting in (la) for U,

Fb = nbW-B-(bFb-aB)! b . (3a)
k

For cases where B = W, this equation becomes:

F_( b2L2 = _,ab
W k 2  k 2 (4a)

ER 13727

3-6



SComparison with Eq (3) shows the increase in load, Fb, that would be

necessary to give the same accelerations at b, when a buoyant force equal
to the vehicle weight is acting at a distance, a, on the opposite side of the; • cg. When a = 0, the conditions of impact correspond to the weightlessness
assumption of the simplest hydrodynamic impact formulations, and Eq
(4a) is then the same as Eq (3), except that the acceleration at the point b
is (load factor - 1) g.

Looking a little further to the source of these loads, we see that they
arise from the extent of pressures over the hull surfaces. Hydrody-amic
theory for dynamic pressures in planing and impact provides the way to
determine the level of pressure and load to be expected from prescribed
disturbances.

In the determination of the local pressures on the bottom, the contact
conditions (normal velocity and angle) and body geometry are sufficient
for the application of the general pressure formula as developed in Ref. 3.

2 2

Peak pressure = p/2Vn _ P/2Vn (5)2 4 tan2 o2* f (e,•r,• ,

sin2 T, + - 1 cos2 r*

where

P = density of water:--2.

v = velocity components normal to average bottom slope in-
cluding: sinking speed, vs, component of ship speed
normal to bottom slope, V. (e + 7-), and the wave

orbital velocity.

(*0 +T-0, in rough water for the nomenclature of this

report.

0 = angle of hull reference (positive bow up) to horizon.

' = angle of butt line to hull reference (positive up toward bow).

4, = wave slope at contact with hull bottom (positive upward
slope to the direction of ship motion).

1 deadrise angle of hull.

Average pressure is given in Fig. 3-12 as the ratio of P toaverage
Ppeak versus the range of deadrise angles. The data in Ref. 4 for 20 to

500 deadrise are extended to lower values of deadrise by fairing to the
analytical values at very low deadrise angles according to the basic Wagner
analysis in Ref. 5.
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The determination of loads and accelerations is not a simple matter be-
cause a substantial time interval, area of bottom wetting, and ship motion
are involved. Extensive work has been done with strip analysis methods to
give solutions to the impact problem in great detail. However, for the pres-
ent study a simpler analysis has been used based upon several approximations:

(1) The length of hull in the impacting region is treated as a constant
deadrise prism in linear, two-dimensional motion (the effect of
angular acceleration is accounted for by using a reduced mass of
hull).

(2) The momentum exchange during the impact is between the hull and
the virtual water mass moving with the bottom section without loss
to the wake.

(3) The exact shape of wetted area is relatively unimportant to the
maximum load level.

On the basis of the first approximation, the average pressure is uniform
over the submerged area and the load will be given by P S. Theaverage
reduced ship mass for a force applied a distance x from the cg is obtained
from the rigid body response Eq (3)

M
(1 2)+ - Mr, the reduced mass. (3b)

The load represented by PaverageS must accelerate both this mass, Mr,

and the virtual water mass, Mw, involved in te impact. The acceleration

at the impacting station is thus:

P S
a average (6)x M +M

r tv

The second approximation is common to most hydrodynamic impact theo-
retical analyses. It is acceptable for substantial load levels where the loss of
momentum to the wake is relatively small. It relates the penetration velocity,
vn, at any time to the initial contact velocity Vno.

vn (Mr + MW) = Vn0 (r (7)

The equations of pressure, velocity and mass relationships (Eqs 5, 6
and 7) may be combined to gi7,e:

ER 13727

3-8



tIa- f(•) v2O (8
ax no1 Mw (8)

MI ( + w f 01(o, Of 0,) "
Mr Mr

I The reasonableness of the third approximation may be shown by evaluation
of the above equation for several possible shapes for actual impact areas:
rectangular, triangular and elliptical. The virtual water mass associated
with the impact is given in general form by the integral:

x2

M =P - K y 2 dx (9)w 2 x

j where

y = wetted half width at x

P 2 = mass per unit length of half circular cylinder

K correction factor for associated water mass

SK =(1 - ta ) (approximate for •= 00 to 400)

The results of calculations for area and water mass may be shown in tabular
form:

,,IIII I I
2 1 x2

^I X1 - x 2 x2x1-

. . . . a b c

2 4ay2 2by2 rcy2
Yay

IMw P K~ray3 P K_ by3 PK 2 7 c 3
[(for equalMW)y=y Y2 =Y = Y3 =Y2 3 / -] 5

I
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It will be noted that the equation for the local acceleration, a , can be written

as:

f0 (geometry, vn0 )y2 max f1 (geometry)

X Mr [1 + y3max f2 (geometry, Mr)] (8a)

where f0 I f1 and f2 include the factors in the peak pressure, area and

virtual water mass which are invariant with time.

During the course of a given impact the immersion width, y, increases,
and the area and virtual water mass both increase. At first the increase in
the area is the controlling factor, and the load increases with time. However,
the higher exponent of the denominator in Eq (8) eventually results in
such a rapid increase that the load reaches a peak and then decreases. The
peak acceleration is determined where the derivative of a with respect tox
time is zero.

when

d a M•x 3 2 Mw 2

dt 0; Ymax 7f2 ;and M 7r

and the maximum acceleration is obtained by substituting in Eq (8a)

S2\ 2/3 > (8b)

xmax 0 2 ý7f ( 7

f = S/y2

f2 = M w/M y

f0 2/3
max. (Mr)1/3 + 3 (mw)2/30)

Rectangular Triangular Elliptical

(PK)2  ( S /3 /3 1/3
2/3 1. 86 3 1.95b 1. 92c
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thus, the maximum acceleration (or load) is almost invariant with the type
of wetted area shape and varies directly with the cube root of the ratio of
length to width of the wetted area. This ratio must be estimated on the
basis of the particular conditions of impact being investigated. Since the
load varies with the cube root, only moderate variance will be introduced

* by errors in this estimation.

/[fg\1/3- / \2/31 1/3
a 0".25 (f0K " (10a)

e fa 0 wavi0
• P 2/3

The factor 0. 25 x x is a function of deadrise angle 3 and
p -

is plotted in Fig. 3-12. The working equation for acceleration is then
written as:

a r.2 av 1 l/length 1/ 1 1/3bamax - p 'i•t / ... 2/3 width)

3.5 MATERIALS

The materials selected for use in the example design are weldable, medium
strength aluminum alloys, 5456-0 and 6061-T6. Alloy 5456-0 is one of the most
suitable materials for welidA:g because of its high yield strength in the as-welded
condition. Alloy 6061-T6 is considered best for non-welded applications where

, k its high strength heat-treated characteristics can be maintained. Although its
corrosion resistance is not the best, alloy 7075-T6 alclad is considered in many
of the examples because its static strength is great. (7075-T6 is used extensively

Il in high performance seaplane structure.)

The general characteristics of these aluminum alloys and other materials
are given in ANC-5 and various industry handbooks. For convenient reference
some of these data are shown herein. The crippling stress of sections in bend-
ing is shown in Fig. 3-13. Column allowables for aluminum tubes are shown in3: Fig. 3-14.

i i
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Foils and struts might utilize aluminum, steel or titanium. Critical bending
allowables considering skin buckling are given in Fig. 3-15 for several typical
alloys.

Special design data for permanent set behavior of typical seaplane plating-
stringer combinations are reported in Ref. 6. The curves in Figs. 3-16 and•

3-17 give the results of the study in general form for 7075-T6 alclad and 5456
material for two stringer configurations. A considerable increase in the strength
of the plating supported by the wide flange of the J type stringer is evident. It
should be noted that these data were obtained at 6-in. stringer spacing and the
gain in strength for the J stringer will be less at greater spacing. (The Z stringer
is nearly equivalent to a line support of the plating.) The accompanying plating
stress is shown as a function of applied pressure in Fig. 3-18 for values less
than yield (permanent set).

An important characteristic of the structural material is its fatigue life as
used to typical structure. Stress as a function of life cycles for plating bending
over Z stringers is given in Fig. 3-19, and results of typical seaplane bottom
plating panels are shown in Figs. 3-20 and 3-21 (see Ref. 7). A more general
form of the fatigue life for a typical riveted structure of 7075-T6 aluminum is
shown in Fig. 3-22.

Specific allowable fatigue data for composite structures of welded 6061 and
5456 materials are unavailable. However, for this study generalized data will
suffice to determine which conditions of loading may be fatigue critical. Gen-
eralized data proven by many element and overall tests to be reliable for com-
posite aircraft structures are presented in Fig. 3-22 (Ref. 8). The data is
Fig. 3-22 is based primarily upon 7075 materials, but is presented in nondimen-
sional form by relating the amplitude, a, and the mean, m, stress to the ultimate
strength, u, of the material. In this form, fatigue strength is plotted as con-
stant life lines in terms of the parameter a/u and m/u. Because of the great
variety of repeated loadings encountered by a structure, it is not feasible to ex-
press each in terms of its own particular spectrum. All properties can be ex-
pressed in terms of constant amplitude loading and are called S-N properties.
Any straight line drawn across this constant life chart represents a specific S-
N curve. The fatigue data presented in Fig. 3-22 corresponds to a theoretical
stress concentration factor of approximately 3 which represents notched-type
structure. This may be too severe for welded-type structure but until test data
become available, it will suffice.
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The analysis is made in terms of cycle ratio summations, that is, the fatigue

life exhausted by various numbers of cycles (n1 , n2 . . . . . . . nn) of different re-

peated loads (1, 2 ......... n) is proportional to the sum of cycle ratios (nl/N1 +
n2IN2 ..... +nn/Nn) where N, N .......... N is the corresponding cycle to

failure. NnIN = 1, though conservative for structures whose loadings are

predominantly positive mean, will be used and considered as representing
fatigue failure.

3.6 LOAD DEFINITIONS

Consistent with aircraft practice the following load and strength definitions
are used throughout this study.

Limit Load: Limit loads or stresses are the maximum anticipated static loads
or stresses to be experienced under the design conditions required of the vehicle
in its function.

Yield Load: Yield loads or stresses are limit loads or stresses multiplied by a
specified yield factor of safety.

Ultimate Load: Ultimate loads or stresses are limit loads or stresses multi-
plied by a specified ultimate factor of safety.

Yield Factor of Safety: The yield factor of safety is a specified minimum factor
by which the yield strength of the material must exceed limit load or stress.

Ultimate Factor of Safety: The ultimate factor of safety is a specified minimum
factor by which the ultimate strength of the material must exceed limit load or
stress.

Yield Strength: The yield strength in terms of stress is as specified in IvIL-
Handbook-5, the stress equivalent to a 0. 2% permanent set determined by the
stress-strain relationship of the material considered.

Ultimate Strength: The ultimate strength in terms of stre.ss is, as specified in
MIL-Handbook-5, the failing stresses determined on the basis of the original
unloaded cross sectional area.

Fatigue Loads: Fatigue loads are expressed by loading spectrums which de-
fine the number of repeated load applications, the mean load level and the ampli-
tudes.

Fatigue Strength: Fatigue strength is expressed as the number of repeated load-
ings to cause failure under particular conditions defining load level, load ampli-
tude, and procedure of repeated load application for a specified material.
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4.0 DEVELOPMENT OF DESIGN CRITERIA CONCEPTS

4.1 SUMMARY

The general design considerations of the previous section are utilized in
this section to determine the structural design criteria for hydrofoil ships.
The conditions of hullborne operation are investigated to give: hull loadings
in the assumed operational environments, including normal buoyant forces,
pressures and loads due to slamming; and deck, superstructure and all side
loadings due to wave action. Foilborne loadings on the foils and struts are
developed for both 45- and 100-kn example designs, and corresponding im-
pact loads and pressures on various portions of the hull during landing are
determined. In all of these conditions the loads data are presented on the
basis of cumulative occurrences per year so that they may be used for both
limit load static design and fatigue damage studies.

A plot of the typical results in composite form is given in Fig. 4-1. This
shows the pressures on a selected bow location (Station 2) for both 45- and
100-kn designs. The effect of the design flight speed is graphically shown.
For the 45-kn design the slamming condition is the major source of high bow
pressures while at 100-kn the landing condition is greater. The inadequacy
of typical design pressures that would have been specified by application of
the seaplane design specification MIL-A-8629 is evident from comparison of
the two indicated points in Fig. 4-1 with the actual loading spectrums.

In the application of the pressure and loads spectrums to tf e design of
the structure for the hydrofoil ship it is recommended that consideration be
given to the transient nature of the loadings and the actual distribution of
pressures on the bottom. Experience with structural design of seaplane
hulls is presented to show some of the practical aspects of the design criteria.
However, the practical solution for structural design for safe response to the
extreme pressures at low deadrise angles is not well defined.

4.2 HULLBORNE CONDITION LOADS

4.2.1 Summary

The hydrofoil ship in the ASW mission, as described in Section 3.2, spends
most of its time in the displacement condition. A very large number of cycles
of moderate pressures (due to static draft in waves) and hogging and sagging
inducing loads is experienced due to the open sea nature of the assumed
mission.

J A method of approximating the probable slamming occurrences with the
associated bow loading is developed. If the ship is operated without restriction
(to avoid slamming), the bow is subjected to fairly substantial pressure levels
(over 40 psi) and high local accelerations (over 4g) more than 10 times a year.

Estimates of the level of waves coming over the bow and corresponding ship
motions are used to develop pressure loading criteria for the decks, super-
structure and hull sides.
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4. 2. 2 Buoyant Forces and Damping

Hull pressures or loads due to buoyancy are usually considered proportional
to the vertical depth of submergence of the point considered. This is true,
however, only under static conditions. When wave and/or ship motion exists,
the pressures are affected to varying degrees depending upon the severity of
the motions. In waves, the orbital motion of the water particles causes the
buoyancy pressures to be somewhat less than expected for the depth below the
wave crest and somewhat greater under the wave trough. This orbital motion,
the basis of the Smith Correction, diminishes as depth of submergence in-
creases. Ship motion in heave and pitch also affect buoyancy pressure by
reason of the velocity head.

For design considerations, the buoyancy pressure should be determined
neglecting the Smith Correction because the effect is small and, for greatest
depth of submergence from the crest of the wave, is also conservative. Ship
motion may also be neglected at low speeds because the effect is small and
compensates for the omission of the Smith Correction.

The variation of the maximum buoyancy pressures along the length of the
ship is dependent upon the maximum wave height at each station along the
ship's length. Figure 4-2 represents for the study ship the maximum condi-
tions at the bow and the stern under the highest wave and critical wave length
to height ratio. From this figure, it can also be surmised that as the wave
would proceed along the ship the depth of submergence becomes less until at
the stern the wave crest is about level with the deck. Thus, at the bow the
maximum keel pressure is:

P 6_4_ x 24 = 10. 7 psi (Station 1/2 to 3)
K 144

and at the stern is:

PK 4144 x 12.5 =5.55psi (Station 9to 10)

The corresponding pressures in still water are:

PK= 644x 6.5 = 2.9psi(Station 1/2 to 3)
K 144

and 64
P - x 2.9 =1.3 psi (Station 9 to 10)

The cumulative occurrence of these pressures can be determined from the
data of Fig. 3-6 using the 85- and 125-ft waves and the assumed net utiliza-
tion of 54%. Figure 4-3 presents an approximate distribution of keel pressure
at the bow (Stations 1/2 to 3) and at the stern (Stations 9 and 10).

I
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The buoyant hull pressures discussed so far have neglected the damping
effects of the struts and foils upon the pitch and roll responses of the ship.
These forces and their effects upon the ship motion are difficult to determine
by any analytical procedures short of a complete analog solution of the prob-
lem. Such a study is beyond the scope of this effort. However, experimental
data are available which give some insight into the phenomena of hydrofoil
damping, and from the results of these studies it was concluded that foil damp-
ing, on the ship configuration under consideration, was n~egligible for design{| purposes.

The experimental data was obtained in conjunction with a Martin sponsored
program conducted to determine the effect of length-to-beam ratio on the mo-
tions and performance of hydrofoil craft operating at displacement speeds in
both smooth and rough water, Ref. 9. Two models were tested in rough water,
comprised of irregular waves having a significant height of 16 ft full size. One
of the models, used as a basis for comparison, closely resembles the example
configuration, Fig. 3-1. The second model hull configuration tested has a
length-to-beam ratio of 2 (see Fig. 4-4). The data are in the form of motion
pictures and oscillograph records showing pitch, heave, wave profile and
speed traces as a function of time.

Unfortunately, the quality of the oscillograph records does not permit an
accurate determination of the heave and pitch rates for the desired configurations.

42, However, a measure of the effect of foils on the ship's motion can be obtained
from a comparison of ratios of pitch and heave amplitude to average wave
height, for which the data suffices. Figures 4-5 and 4-6 present the results of
model tests analyzed by this method. It should be noted that each point rep-
resents an average of 20 or more wave encounters, thereby minimizing the
motions resulting from wave encounters having low probability of occurrence.
Both records and motion pictures indicated that the craft generally followed
the waves except at the higher speeds where an occasional wave would cause
it to go out of synchronization for a short time.

4 For the reference ship, the effect of foils on heave and pitch motion is
contrary to normal expectations, (Fig. 4-5). Whereas foils are usually con-
sidered as devices which will damp the action, in this case the reverse was
true and pitch and heave have been increased with both foils extended. When
the main or after foil is removed leaving only the bow foil, the heave is in-
creased by a small amount while the pitch is damped, particularly at the higher
speeds.

It is postulated that this effect of foils on the motions is a function of their
close proximity to the water surface and their location with respect to the hull
buoyancy distribution. In the first instance the foils are subject to the internal
particle velocity of the waves; hence, they will tend to rise and fall with the waves.
Thus, they provide a reaction which is additive to that resulting from the hull
buoyancy. This gives rise to the second part of the postulation, the position

I
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of the foils. If the foils can be so placed that they react to the waves either
before or after the reaction due to buoyant forces, a damping action can result.
Partial proof of this postulation is indicated by the results given in Fig. 4-6
for the low length beam ratio hull.

The hydrofoil system for the configuration having a length-to-beam ratio
of 2 is similar to the reference craft in planform and load distribution, but the
foils are located closer to the extremes of the hull (forward foil 10% instead
of 20% of the hull length aft of the bow). For this c unfiguration, the hydrofoils
are sufficiently close to the extremes of the hull to provide some measure of
damping in both pitch and heave. In this case the reaction of the bow foil
occurs before the strong buoyant forces of the hull sections immediately aft
come into play. Further, by the time the hull buoyant forces are becoming
dominant the particle velocity on the backside of the wave may be acting down-
ward with sufficient strength to assist in the damping. The indication that the
rear hydrofoil does not contribute to pitch damping in either configuration, but
seems to have an amplification effect, is seen in the increased damping in its
absence. In both cases the foil is located directly beneath a section of the hull
which has strong buoyancy characteristics.

A series of ex,,.eriments with typical hydrofoil boat hulls fitted with feasible
hydrofoil systems tested in regular wave pattern is needed for positive proof
of the above postulation and to provide needed data pertaining to the effect of
foil damping action.

4. 2.3 Hogging and Sagging

The concept of hogging and sagging upon trochoidal waves is a well accepted
procedure for ship girder design and needs no development. An expansion of
the procedure, however, to include a loading spectrum for the waves of the
example environment, the Western Atlantic Ocean, is presented in 5. 2. 2.

4.2.4. Slamming

The phenomena of slamming which results in a condition of severe impacting
or pounding at the hull forefoot in certain critical wave conditions is studied,
and formulas are developed for determination of the impact pressures and
load factors. Loading spectrums are determined for the study ship in the
assumed operational sea conditions.

Slamming is most likely to occur when the tuning factor approaches unity,
Ref. 10. The tuning factor is defined as the ratio of the ship's natural period
of oscillation to the period of wave encounter. The motions of the ship, at
this condition, are characterized by large angles of pitch and an unfavorable
relationship between maximum pitch and wave cycles. For example, in waves
whose lengths approach the ship length, the bow reaches its lowest point in the
wave crest and its highest point over the trough. Thus, it can be visualized
that water may be shipped as the vessel proceeds through the wave crest and
slamming will occur subsequent to the emergence of the forefoot.
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r
The oscillograph records of the model tests, Ref. 9, discussed previously

in th2 section on hydrofoil and strut damping were examined to determine the
phase relationship between pitch and heave. Generally, it was found that the
maximum negative pitch angles were equal in magnitude to the maximum pos-
itive pitch angles. The same can be said for heave. The data showed that
maximum values of heave almost always were accompanied by zero pitch
angles. Similarly, but to a lesser degree, maximum trim angles occurred
when the heave was near zero. Thus, the data indicates that the example
craft will generally be out of phase with the waves by 1800. This behavior is
illustrated in Fig. 4-7.

It will be noted that at the point of maximum angular velocity and zero
vertical velocity (zero pitch angle and maximum heave) the forefoot is about
to contact the wave. Thus, angular velocity will have the greatest effect on
slamming impact while the effect of vertical velocity due to heave will be
negligible.

Normally, the maximum angular excursions in pitch are less than the max-
imum wave slope. However, the ratio of pitch angle to maximum wave slopeI approaches unity when the tuning factor is equal to unity. For instance, the
example given in Ref. 10 shows that for the minimum value of amplitude pos-
sible, i. e., the value corresponding to large damping or to magnification factor

equal to 1. 0, this ratio can vary on the order of 70% for waves approximating
1. 5 times the length of the boat to 100% for long waves. Since it is unlikely
that large damping will be achieved (judging from the model test results for the
reference configuration), the maximum amplitude in pitch, both negative and
positive, is derived on the basis that the ratio of pitch angle to maximum wave
slope is equal to unity.

j The ship will be required to operate at any heading. At headings not di-
rectly into the waves, the ship's motion will include roll and yaw as well as
pitch and heave. However, the conclusions reached in Ref. 11 are that the
effect of roll and yaw on pitch and heave are very small and can be neglected.

In a given physical wave the period of encounter at oblique headings is
based on an apparent length as indicated in the following sketch.

I Cras2 at t .0
V /coo 1P-Vl .. .. Crest 2 at t TE

w Ship at t - TE

I X Ship at t -0 Crest 1 at t 0

ER 13727

1 4-5



V5 = ship speed, (fps)

Vw = wave speed = 2.26 Lw, (fps)

LP = heading, (deg)

L = wavelength, (feet)w

and, the period of encounter is

L w/Cosi LrE - (12)
E +V w/CosL - V cosP + V (

It should be remembered that the wave height is constant regardless of
heading; thus, the maximum wave slope for oblique paths will be

€max =In/(Lw/C°S• )

max w w os

The velocities acting at the time of a slamming impact are shown in the fol-
lowing vector diagram. Heave is zero and the maximum angle of pitch is equal
to the maximum wave slope, t, as discussed previously.

SVa v vertical velocity due
to rotation

Svv v = component due to wave
v and ship speed

The maximum angular acceleration will occur near the point of forefoot im-
pact as shown in Fig. 4-7. Therefore, the maximum vertical velocity at distance
.9 from the point of rotation was obtained by means of the equation for harmonic
motion. The center of rotation for the combined motLon in heave and pitch is
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I
I

not exactly defined. At the part of the cycle approaching the slam it is assumed
that the rotation is about the midship station.

2 r I (ý (1 1b)

Va= TE max

I(V Vwave)• Lw/c°S3

v ship + COS - TE max (13)

when the bow makes flat contact at the maximum slope of the wave. This most
severe relationship will hold true for only the bow portion of the hull, where
the upward sloping butt lines can match the wave slope.

Thus, the summation of the velocity normal to the bottom is equal to

L /cos 2
v w 2 - (14)

n TE • " E

Slamming occurs when the ship's period equals the period of encounter. The
equation for ship's period given in Ref. 10 is:

T = 2 ?rk [(060 + 0.36 B/D) (15)g p g GML

Where

k = radius of gyration in pitch (feet)

B = Beam (feet)

I D = Draft (feet)

GML = Longitudinal metacentric height, (feet).

I These relationships are empirical and include the entrained water mass. The
radius of gyration is approximately one-fourth of the length of the hull. Further,
for ships at load draft the longitudinal metacentric height is on the order of the
length, Ref. 12, hence,

T p= 0.277 Ls(0.60 +0.36B/D) (15a)

Where

I S = ship's length, (feet).

I
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Thus, for the slamming condition, when TE = T substituting Eq (15a) in Eq
(14) gives

F Lw /cos i + 2 7fvn = € !I
.277 (0.60 +0.36 B/D)]

n L0.277

7rH + 22r. Hw/(L-/csO4J)
V n= __ LS (16)

0. 277 LS(O. 60 + 0.36 B/D)

According to Lehman, Ref. 13, the most likely area to encounter severe
slamming pressures is centered at a point 20% of the length of the ship aft of
the forward perpendicular (as indicated by the regions of slamming damage).
Figure 4-7 indicates that typical slamming conditions can exist in the region of
Station 2 and forward. For load determination the Station 2 area is treated as
a constant prismatic section with a deadrise angle of 300. An additional area
centered at a point 10% of the length of the ship aft of the forward perpendicular
was also considered for comparison purposes. In this case the assumed pris-
niatic section had a deadrise of 450.

The slamming condition has been assamed to occur when the sum of
(0 + r -4) = 0 = 7*. For this condition the pressure Eq (5)

p 2

Peak Pressure = 2
sin2 -* + 4 tan0 j 2si'r~4 ~COS T*

7r 2

becomes:

p V2/4 tan2 •r

P =v / (5a)
p 2 n 7r2

Figures 4-8 and 4-9 show peak pressures as a function of wave height and equiv-
alent wave lengths for Stations 1 and 2, where the reference dimensions required
to evaluate Eqs (16) and (5a) are:

P = 300, 450 Beam = 35 feet

R = 39 feet, 52 feet Draft = 6 feet

L = 130 feet

The preceding discussion relates the bottom pressures of a vessel to the wave
geometry. The next step in the analysis is to determine the number cf occur-
rences of various wave geometries which will be encountered by the reference
craft when operating in the displacement condition.
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It is evident that during its lifetime the vessel will travel an equal amount
of time at each point of the compass, and, since waves are random, will also
spend an equal time period at each oblique heading. Equation (12), for the
period of encounter solved for critical ship's speed for each heading, can be
used to provide the proper distribution provided the percent time spent at each
displacement speed is known. Figure 3-3 is an estimate of the percent time as
a function of speed expected for the subject ASW craft. It will be noted that
about half of the time is spent at speeds of 2.5 to 6.0 kn (4 to 10 fps) to be con-

sistent with ASW mission requirements. For each increment of speed the con-
ditions for slamming, i.e., effective wave length and oblique heading can be
calculated. For example, in a wave whose true length is 220 ft the heading which
will produce slamming at 15 fps is obtained in the following manner.

I L/ow/COS 46 2. 26
VS TE Cos kP Vw = 2.26 !Lw (12a)

cos q- 220/5.2 - 2.26 V 220[ 15

1=530
Lw/cos = 367 ft

Curves of critical speed versus heading, calculated in the above manner, for
the wave lengths given in Fig. 3-6 are presented in polar form in Fig. 4-10.
Likewise, the percentage of time the vessel operates ai each speed, as giveti in
Fig. 3-3, is shown. It should be borne in mind that the occurrences of slam-
ming are represented in an idealized manner in Fig. 4-10. All of the waves
are considered to be concentrated at discrete wave lengths of 85, 125, 220, "Iad
340 ft. The ship speed for critical period of encounter is thus a straight hori-

zontal line with the component of ship speed in the direction of wave travel equal[ to Vs cos Lp. The time at heading and speed for slamming is thus given by the

cross iiatched bands shown in Fig. 4-10.

In the actual sea, there is a continuous distribution of length as well as height.
Since the distribution of time at speed is not uniform, the actual distribution of
slamming occurrences may be different from that for the idealized analysLs used.
However, Lhe exact description of the sea may never be known, and the use of
the lumped characteristics seems to be justified at the present time.

One except.on will be made for the group of waves lumped at 125-ft length.
While all the critical speed encounters in the 85-ft waves will be downwave (con-
ditions not leading to significant slamming), a large number of the 125-ft group
will be upwave. It is estimated that 1/3 of all the waves in the 125-ft band will1 be of lengths permissive of upwave slamming.

!

ER 13727

I ... 4-9.



The percentage of the total time in which the ship will encounter slamming
conditions is obtained from Fig. 4-10. For each specified true wave length
(Lw = 125, 220 and 340) there will exist equivalent wave lengths equal to Lw

cos 4. Each equivalent wave length has one critical slamming speed range as
indicated by cross hatching. Since both speed and equivalent wave lengths rep-
resent averages of a band, it is possible to define segments of the polar which
define the slamming occurrences as a percent of the total polar (see cross
hatched areas in Fig. 4-10). Hence, the percent of time during which slamming
will occur for each heading is

% time 2 (deg per segment) x
360 x % time at speed for 220 ft at 530,

segment % time =2 x 7. 2 5 x4.5 = 0.18%.
360

The number of occurrences of the different wave heights at each true wave
length (4j = 00) is obtained from Fig. 3-6. The percent time from the above
equation and the number of occurrences of each of the heights for a given true
wave length provides the number of occurrences of slamming conditions which
the ship will experience in a prescribed period of time. Peak pressures are
now obtained from Figs. 4-8 and 4-9 for each of the wave heights and equivalent
length (true length/cos'4) combinations. Thus, the data are now in the form of
occurrences of peak pressures. Table 4-1 is typical of this procedure.

The occurrences of the peak pressures for each true wave length are put in
the form of cumulative occurrence curves by summing up the occurrences be-
ginning with the highest pressure as shown in Table 4-2. The resulting data
for each of the true wave lengths are shown in Figs. 4-11 and 4-12. The total
cumulative occurrence curves shown in these plots are obtained by the direct
addition of the curves for the different wave lenaths. The summation curves of
peak pressures for the two stations are compa: ed in Fig. 4-13.

The peak pressures disc-,ssed above are used primarily to establish the struc-
tural requirements of the hull .iting. However, by means of Eq (10b) they can
be translated into local accelecaidons for use in determining hull bending. Equa-
tion (10b) may be written in the form

amax = C hlenth) 1/3 Ii \1/3
32.2 - 32.2 \width p (l1c)p

where

P is in psf.
P
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TABLE 4-1

Occurrence of Peak Pressures due to Slamming in 220-
Time Factor = 0. 00477

(Fig. 4-10) Time Factor ýý 0. 00956 Time Factor = 0. 00358

L L L
Hw p w p w p

w Occurrence cos L Occurrence p cos 4 Occurrence p cos ip Occurrence p

6 6 x 104 220 286 3.1 234 573 3.0 266 215 --

7 5.6 x 104  268 4.2 535 4.0 200 3.5

8 5.3 x 104  253 5.4 506 5.1 190 4.5

9 4.8 x 104  229 6.9 459 6.4 172 5.7

10 4.4 x 104  210 7.5 420 8.0 157 7.0

11 3.9 x 104  186 10.2 373 9.5 140 8.4

12 3.5 x 10 4  167 12.2 334 11.4 125 10.1

13 3.0 x 10 4  143 14.2 286 13.3 107 11.8

14 2.6 x 104 124 16.5 248 15.4 93 13.8

15 2.2 x 10 4  105 19.0 210 17.7 78 15.8

16 1.9 x 10 4  91 21.3 182 20.0 68 17.9

17 1.6 x 10 4  76 24.0 153 22.5 57 20.0

18 1.3 x 10 4  62 27.0 124 25.0 47 22.5

19 1.05 x 104  50 30.0 100 28.0 38 25.0

20 8.5 x 10 3  40 33.0 81 31.0 30 27.7

21 6.9 x 10 3  33 36.5 66 34.0 25 30.2

22 5.5 x 10 3  26 40.0 53 38.0 20 33.5

! N

0 0$Z4 ; .4



E 4-1

Slamming in 220-Ft Waves--Station 2

or =0.00358 Time Factor = 0. 00364 Time Factor = 0 00187 Time Factor 0. 00086

L L L
p pw p p

urrence p cos LP Occurrence p cos t Occurrence p cos 41 Occurrence p

215 -- 306 218 -- 368 112 427 52 --

00 3.5 204 3.1 105 -- 48 --

190 4.5 193 4.0 99 3.4 46 3.0

72 5.7 175 5.0 90 4.3 41 3.8

57 7.0 160 6.2 82 5.3 38 4.7

40 8.4 142 7.4 73 6.3 33 5.7

25 10.1 127 8.9 66 7.6 30 6.8

07 11.8 109 10.5 56 8.9 26 8.0

93 13.8 95 12.0 49 10.3 22 9.3

78 15.8 80 14.0 41 12.8 19 10.6

68 17.9 69 15.8 36 13.5 16 12.2

57 20.0 58 17.8 30 15.2 14 13.6

47 22.5 47 20.0 24 17.0 11 15.3

38 25.0 38 22.3 20 19.0 9 17.1

30 27.7 30 24.5 16 21.0 7 19.0

25 30.2 25 27.0 13 23.0 6 20.7

20 33.5 20 29.5 10 25.5 5 23.0
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TABLE 4-2

Cumulative Occurrences for 220-Ft Waves froý

Summation Summation
of p of p

Pp Occurrence Occurrence p Occurrence Occurrence Occurrence 0

40 26 26 21 16 1272 13.5 36

38 53 79 20.7 6 1278 13.3 286

36.5 33 112 20 182 1460

34 66 178 47 1507 12.8 41

33.5 20 198 57 1564 12.2 167

33 40 238 19 7 1571 16

31 81 319 125 1696 12.0 95

30.2 25 344 17.9 68 1764

30 50 394 17.8 58 1822 11.8 107

29.5 20 414 17.7 210 2032 11.4 334

28 100 514 17.1 9 2041

27.7 30 544 17.0 24 2065 10.6 19

27 62 606 16.5 124 2089 10.5 109

25 631 10.3 49

25.5 10 641 15.8 78 10.2 186

25 38 679 69 10.1 125

124 803 15.4 248

24.5 30 833 15.3 11 9.5 373

24 76 909 15.2 30 2625 9.3 22

23 5 914

13 927 14.2 143 8.9 127

22.5 47 974 14 80 2848 56

153 1127 8.4 140

22.3 38 1165 13.8 93 8.0 420

21.3 91 1256 13.6 14 26

/



TABLE 4-2

r 220-Ft Waves from Table 4-1--Station 2

Summation Summation Summation
of of of

Occurrence Occurrence p Occurrence Occurrence V Occurrence Occurrence

36 7.6 66 3.8 41

286 3277 7.5 210 3.5 200

7.4 142 3.4 99
41 7.0 157 6264 3.1 286

167 204
16 6.9 229 3.0 573
95 3596 6.8 20 46 11,189

6.4 459
107 6.3 73

334 4037 6.2 160 7205

19 5.7 172

109 33

49 5.4 253

186 5.3 82

125 4525 5.1 506

5.0 175 8426

373

22 4920 4.7 38

4.5 190
127 4.3 90

56 4.2 268

140 4.0 535

420 193 9740

26 5689
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The length-to-width ratio of the wetted area to be used in slamming loads is
3. 0. This approximation was arrived at by a rational consideration of the ship's
motion through waves having periods which would produce slamming. Also, theI fact is considered that the most likely area to encounter severe slamming pres-
sures is centered at Station 2. In view of these considerations and the ship's
beam at this Station 2, a length-of-width ratio of 3 appears to be the maximum
applicable to slamming. The remaining constants are given below for Stations 1
and 2 together with the reduced equations for local accelerations in terms ofIg units.

Station 1 Station 2

I ! =450 j3 =300

C =0. 44 (from Fig. 3-12) C = 0.27

2 2 2
- 5.01 x = 59.8 - 3.07 46.8k 2 . k 2 -3 7 x2 =-4 .

k = 26.7 k = 26.7

Mr = 3190 (Eq (3)) Mr =4700

n n = 0.187P n2 = 0.103 P

where

I Pp is in pounds per square inch.

The local accelerations for Stations 1 and 2 are shown in Fig. 4-14. For
structural analyses these accelerations are normally referred to the center of
gravity. The transfer to the center of gravity is accomplished by diyiding the

2
local acceleration by the reduced mass factor 1 + -. This puts the accelera-I2
tion in terms of total ship mass. Figure 4-15 presents the linear accelerations
at the cg for loads applied at Stations 1 and 2.

4.2. 5 Deck Wetting Pressure Loads

During the course of its operation a ship will encounter heavy sea conditions
in which the deck will be submerged to varying depths beneath ensuing wave
crests as the ship plunges and thereby is subjected to large hydrostatic pressure
loads. The following investigation treats this condition using a rational analyticalii method to determine the order of magnitude of the highest of such loadings with
the purpose of providing the designer with a better estimate of what the design
loading should be for this condition. Deck pressures are determined as an ex-
ample for one forebody station, Station 1/2.II

I
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Lewis in Ref. 10 indicates that the cobditions for the wettest decks are the
same as for slamming. However, due to the relative height of the deck above
the still water level, the presence of slamming does not necessitate wet decks.
Graphical representations of the ship's motions in waves such as Fig. 4-7 indi-
cate that only the worst of the slamming conditions typified by waves of low length-
to-height ratios whose length is near the ship length, will cause wet decks and
hence highest pressure loads.

At the point in time that'the decks are wettest (Fig. 4-2) the craft is moving
forward through the wave, and is beginning to pitch upward by the bow. Thus,
the deck pressures of the bow region consist of the static head of water on the
deck, and the force component due to the upward acceleration.

Since the deck's loads occur as a result of the worst slamming conditions,
the same basic analytical treatment may be used as for slamming. First, the
main displacement buoyancy is assumed located aft on the ship (F a W), and

secondly, the ship is considered pitching with a simple harmonic motion having
a period approximately equal to the wave period (TE). The response to the

buoyant forces may be expressed by Eq (4a).

F ab

The local load factor, nb, at b, the centroid of the bow plunging load, Fb,

is obtained from the second assumption, the harmonic pitching motion. Assume
the pitching to take place about the cg and have angular motion equal to the maxi-
mum wave slope, then the amplitude of motion at b is equal to (b ?r Hw/Lw). The

maximum acceleration at b is determined by:

2 / 7T 2 (b/rH\
-~+1 +2 IrY!--+1.

-b 3 2.2 \E/ \L/32.2

The motion is actually a combination.of pitch and heave and it should be noted that
the equivalent amplitude, (b 7Hw/LW) = A, does not imply pure rotational motion.

A tabulation of the results of the simultaneous solution of these two equations
follows. The table is based on the use of both the ship's calculated radius of
gyration and the arbitrarily assumed radius of gyration of one-quarter of the ship's
length, which is used (Ref. 10) to account for the damping of the attached virtual
water masses. The dimensions a and b, the locations of the aft buoyant force
and the bow plunging force, Fb, are estimated from Fig. 4-2.
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Without Virtual With Virtual
Water Mass Water Mass

a 27.5 ft 27.5 ft

3 b 46 .8 ft 46.8 ft

k 26.7 ft 32.5 ft

3 ab/k 2  1.89 1.28

b 2/k2 3.36 2.27

L/w 7.0 7.0

3 TE 5.2 sec 5.2 sec

2 2.0 2.0

F bW1a/ 2 415, 000 lb 437, 000 lbi ~(1 +b2/k 2 )

SF a (normal buoyancy) 627,000 lb 627,000 lb

As shown in the table the required bow forces, Fb, are approximately the

same, varying by only 5%, and equal about 2/3 of the normal displacement buoy-
Sancy. With the two forces (Fb and Fa) thus determined, the ship is graphically

positioned on the critical wave profile (while simultaneously satisfying both buoy-
ancy values) to determine the height of the wave crest with respect to the deck.
In Fig. 4-2, the wave crest is seen to be somewhat forward of Station 1/2 at the
instant of slamming. However, it can be conceived that in the next ensuing
instant the crest will be at station 1/2 with the up acceleration being approxi-
mately the same. Thus, the deck pressure for this near maximum encounter
is determined as follows using a wave crest 8 ft above the deck.

Fa 627,000 + 415,000 = 1.66

cg W 627,000

n/2 =n + 6 (n 2 - n ) where 66.3 = distance to Sta 1/2

S= 1.66 + 1.41 (2.0 - 1.66) = 2.14

P 1 / 2  = 64xhxn1/2

SPl/ = 64 x8 x2.14 11l00 psf

1/2-
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The above procedure was followed for several wave lengths and heights
shown in Fig. 3-6. It was found that by the time the lengths become 220 ft
or longer and length-to-height ratio exceed 12, the stem is not likely to sub-
merge. Waves shorter than 125 ft are also not critical.

Thus, it can be concluded that for a ship of the proportions chosen for this
study the maximum deck pressures at the bow due to plunging may be as high
as 1100 psf. Further investigations conducted in a similar manner would be
required to determine the maximum values throughout the forebody, but these
values would also have to be decreased to account for the lessening of the crest
height as the wave moves aft along the ship's length and as the water flows off
the deck to either side as the bow rises.

The occurrence levels in 125-ft waves at like conditions (i. e., heading,
speed, wave height) will be the same for both slamming and deck wetting.
However, the cutoff point will be different since slamming can occur without
wet decks. For example, in Figs. 4-11 and 4-12 the conditions which give
the maximum peak pressures (23 and 43 psi) are the same as those which cause
the highest deck pressures at a wave length-to-height ratio of 7. The occur-
rence levels for deck pressures corresponding to other wave length-to height
ratios were obtained in a similar manner. The resulting cumulative occur-
rences per year of the deck pressures are shown in Fig. 4-16.

Other parts of the deck from midship to stern will be subjected from time
to time to masses of water from waves breaking over the gunwales in combina-
tion with roll action of the ship. These pressures will be less than those on
the forward deck due to the lower vertical acceleration from roll and static
heads. A peak pressure of 450 psf, equal to the static head of 7 ft, is estimated
as the worst condition.

Thus, for the study ship the design deck pressure is assumed to vary from
1A100 psf at the bow to about 450 psf amidship and is constant at 450 psf from
amidship aft.

4.2. 6 Superstructure Wetting Pressure Loads

Water pressure loading of a ship's superstructure is equal at the base of
the side walls to the local deck pressure and decreases linearly to zero at a
height equal to the crest of the highest passing wave. Thus, the design load-
ings are entirely dependent upon the general arrangement of the superstructure
on a particular ship. However, special consideration must be given to certain
areas where heavy masses of water wash with substantial velocity against such
areas as the flat forward wall of a deck house or a protrusion along the longi-
tudinal sidewall of the structure.

Considering, for example, the study ship used in this investigation it may
be seen that the forward vertical wall of the pilot house at Station 1-1/2 could
encounter a substantial wash of water upon emerging from a plunging condition.
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The relative velocity of the water mass would be the advancing speed of the
particles in the crest of the wave plus the ship's speed. (The ship will be
proceeding slowly at this time.) The particle speed in the wave crest is
(trochoidal wave)

vw= 7. 1 JL w LVw 7L-

w

and since the worst conditions of plunging occur at wave lengths near the ship's
length and at the highest waves (H/Lw = 1/7) the velocity of the water is

v .1 f v = 11.3 fps
VW= --- 7

In these wave conditions the ship could not likely exceed 15 fps. Thus, the
maximum relative velocity is v = 11.3 + 15 = 26.3 fps.

The dynamic pressure, P, is determined by

P D = C D " -p2 V2

D D 2

If the forward face of the pilot house is flat, the drag coefficient, CD, may be

assumed equal to unity. Hence, the maximum dynamic pressure would be

S(1) (: (26. 3 690Opsf

In addition to this dynamic head pressure it is necessary to add the static
head pressure increased by whatever heaving acceleration may also exist. The
condition of wave washing against the pilot house corresponds to position 2 in
Fig. 4-7. The angular acceleration is reduced to near zero by the balance of
aft buoyancy and bow loading. The total acceleration on the hull will still
be near maximum. The same wave and ship conditions can be expected to
produce maximum deck loading and superstructure pressure loads. Thus, the
heaving acceleration to be applied to the static head pressure is n 1. 66
(from example in Section 4.2.5). cg

If the height of the crest at Station 1-1/2 is 3 ft

P =64x3xl.66 =320psfs

Thus, the total pressure is

P = P + Ps = 690 + 320= 1010 psf
T D s

and is distributed as follows:
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Superstructure s..

3 ft

Deck

690 1010 psf

Thus, the superstructure side wall of a ship would be designed for a pres-
sure at the deck equal to the design deck pressures decreasing to zero at
the top of the passing wave crest. For regions subject to a dynamic pressure
due to the velocity of a moving water mass the dynamic head pressure plus
the accompanying static head should be used.

4.2.7 Side Plating Pressure Loads

In addition to ordinary buoyancy forces the side plating of a ship is subject
to dynamic pressure loads resulting from the velocity head of waves breaking
against the hull sides. This will occur at particular points on the hull depend-
ing upon the ship's heading and upon wave lengths. In very long waves the en-
tire ship responds to the motion of the wave and hence it is, in local regions,
only lightly affected by the wave velocity. In shorter waves the overall effect
on the ship is small; the ship holds its position in space but in local areas the
side plating will feel the full effect of the velocity head from the breaking waves.
Now, since wave velocity is a direct function of the square root of the wave
length, the longest waves which least affect the ship's motion will produce the
highest local dynamic pressures. The critical wave length for this condition
may be different for various locations along the hull's length and could only
be determined from experimental data. However, it is likely that the critical
wave length is less than that equivalent to the ship's length. Therefore, for
preliminary design the designer may conservatively assume the ship's length
as the critical wave for this condition. For the study ship of this investigation
a 125-ft wave is chosen. In the breaking wave the top velocity approaches the

wave celerity, 2.26 •w = 25.3 fps (for Lw = 125). The dynamic pressure

loading will be 640 psf, about the same as for the superstructure.

Thus, the side plating for the study ship would be designed for a dynamic
pressure of 640 psf plus the static pressure from buoyancy.
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Theoretically, breaking waves occur when the iength-to-height ratio is be-
Slow 7. 0. Figure 3-9 gives a cum ulative occurrence of 5000 per year for such

waves 125 ft in length. Since the craft is operational 60% of the year and is
in hullborne operation 90% of the operational time, the total numbers of times
the ship can be struck by these critical waves is 5000 x 0.6 Y 0.9 = 2700. Be-
cause of the random heading with respect to the waves these occurrences are
distributed uniformly through 3600. It follows then that the bow and after side
plates (both port and starboard) each experience these pressures 675 times per
year. (Any particular local area would be loaded to this level less than 1/3
of this level. )

1 4.3 FOILBORNE CONDITIONS LOADS

4.3.1 Summary

In the foilborne, or flying conditions, the ship is subjected to loads not
encountered in the displacement condition, and the increase in ship speed is
potentially a source of greatly increased loads and pressures as compared
to displacement condition loadings.

The displacement condition loadings were primarily a function of the ship
configuration and the operating natural environment. In the foilborne conditions
(including the transition from displacement to flight, takeoff and landing) there
are major factors in the environment which are under the control of the pilot.
In addition, there will usually be automatic flight controls which operate to
limit the attitude of the ship and the load factors to be experienced.

Since impact loads for hulls of hydrofoil craft at high speeds are similar
to those experienced by water based aircraft, a comparison is made with
previous seaplane experience on pressure and loads.!

!
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4.3.2 Hull Impacts

4.3.2. 1 Normal Landing
The attitude, forward Speed and vertical velocity in takeoff and landing are

under the control of the pilot within the limits of the basic ship performanceand control system design restraints.
The basic ship performance restraints are partially described by the foildesign operating characteristics:

Ce sCopnnso olA geof Attac..k

where

Vs = ship speed initial speed/cos Y'

= flight path angle

( = flap angle
= ship trim angle (hull reference line, (H up by the bow)

1 OL = incidence of foil zero lift line to hull reference
CL =&aC = (aa LaL L 4i- aOL+ Y + 0 + Lad C

CLa lift curve slope
For equal foil loadings the total lift is:

L:=C p V2
L Vs (total foil area, S)and, prior to initiating the takeoff or landing transient, the ship is assumed tobe in steady motion (L = W).

The maximum vertical velocity of the ship that could be obtained will be
limited to the flight path angle, Y', that would result in the steady state with
full deflection of the control. At this condition the lift is equal to the weightand the vertical velocity is at its greatest value.
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C LV2 d Si max 2=0
d nL 2 s (6 =) L2 2

Tr design L Sdesign max

'-d g designn + s L

•design desig = aiaOL + ++ 6
22

i ~~dsg d6 V7V eind

£i e s s [adesign (Vs / -(¶i) - aOL) d5

In actual practice the finite distance from the hull in the flight altitude to the
Swater surface wll put a further limitation to the sinking speed in landing:

V =Vdrop limit

where h is the drop height and a the acceleration. The downward acceleration
"is under control of the pilot. In either manual or automatic control it is unlikely
that the negative g value would be allowed to exceed 0. 5. At this acceleration,

v = 132. 2 h
Si -0. 5 g limit

The height above the water (h = 10 ft) and length of the ship also limit the
maximum trim angles that can be attained to less than +80, and it is anticipated
that the normal takeoffs and landings would be restricted to lie between +6 .

The map of vertical velocity versus the ship speed for various trim angles
V for the 45- and 100-kn example ship designs is shown in Fig. 4-17. Since the

maximum sinking speed for the 100-kn design can be obtained at 0 = 00 with flap
control (6 = -150), it is not necessary to go to a bow-down attitude for quick
landing, as it is on the 45-kn design.

An assumed distribution of attitude at landing is shown in Fig. 4-18. The
ship speed at landing must be between the maximum design speed and the stall
speed. For statistical purposes it is assumed that all the landings will be
equally divided between two forward speed conditions 45- (or 100-) kn design
speed and 25- (or 40-) kn minimum speed. The maximum sinking speeds are

L taken from Fig. 4-17. This combined distribution of attitude, forward speed
and sinking speed may represent rather extreme conditions for the average
hydrofoil ship. However, high sinking speed landings could be the normal
characteristic in ASW missions.
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The distribution of the landing approach conditions is used in conjunction
with the sea surface conditions to determine the statistical distribution of pres-
sures and loads which determine the structural design loading. The sea surface
conditions are represented by the wave summaries in Figs. 3-8 through 3-11,
cut off at the maximum operating height of 13 ft. Preliminary calculations in-
dicated that the waves could be grouped at three height ranges without signifi-
cant loss in accuracy: 6 ft (3 to 9), 10 ft (9 to 11) and 12 ft (11 to 13) for each
typical length of wave. Table 4-3 gives the maximum wave slope, (' max, and
the percentage of time that the particular range of wave heights and lengths are
present with respect to all conditions suitable for foilborne operation (waves
less than 13 ft estimated for the example design). The total rough water per-
centage adds to 75%, and the remaining 25% corresponds to relatively smooth
water (waves less than 3 ft).

TABLE 4-3

H/L w 85 125 220 340

6 = 12.7" 8.60 4.90 3.20

t = 16.4% 32.4% 12.0% 2.4%

rw=4.63 3.81 2.88 2.32

10 = 21.20 14.40 8.20 5.30

t = 0.5% 3.8% 2.5% 0.8%

rw = 7.70 6.35 4.78 3.85

12 ( = 25.40 17.30 9.80 6.40

t = 0.2% 1.7% 1.5% 0.8%

rw = 9.25 7.62 5.75 4.63

orbital wave velocity, rcw = 7. 1 H/ .1 (trochoidal)

The direction of heading is assumed to be evenly distributed around the
clock. Typical loading conditions are shown below:

2% o10%*

v- .-- waveUpwave
.t 25% .. .

v +rw 0rc~ ~
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15% Wave

Cross wave

50% r 0

v 1

10%* 20%*

Down wave
25% 

Wave

•" ~*Not mutually exclusive--bow loading may follow stern contact. )

The total number of landings per year is based on the shipt s availability
•.• (60%) and the percentage of time foilborne (10%). Thus, the ship is on the foils
1 6% of the year, 525 hr. For an. average flight of 15 rain, the total number of
• landings is 4 x 525 = 2100/year.

i ~The number of landings for a particular set of conditions is found as in the,;
i L •following example:

SDesign speed 45 kn 100 kn
i Landing speed 45 25 100 40 •

Ship attitude, 0 0 0 0 0 (selected)

% time 30% 30% 13% 13% (Fig. 4-18) (a)

Sinking speed 12 11 18 18 (Fig. 4-18)
•Wave range 10 ft x 125 ft 4)ma = 14.40 (Table 4-3) (b)

3.8 % of time ,ax
SNo. of landings 24 24 10 10 (a) (b) 2100/100 x 100

Kr r!W

S~4-23
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The actual loadings experienced by the ship hull will depend not only upon the
gross conditions described above but also on the detail condition at actual con-
tact with the water surface. Direction of the ship motion with respect to the
wave system, position of contact on the wave, roll angle and the geometry of
the hull will all affect the impact pressures and loads. A complete evaluation
of these factors, even for the example designs, is beyond the scope of this
study. However, some consideration can be given to the direction of landing
with respect to the waves as it affects the probable impact conditions.

The impact in each condition is determined by the relative normal velocity
at the hull station under consideration, the hull deadrise angle and the relative
trim angle between the local hull form and water surface.

Normal velocity, vn= v +Vs (e +))+v
n v 8w

v = ship sinking speed (Fig. 4-18)v •

0 = ship attitude (selected input to Fig. 4-18)

=geometric slope of hull lines to reference lines

vw = vertical component of orbital velocity

This normal velocity, Vn, is used in Eq (5) to obtain the peak pressure

acting on the hull station. This equation is plotted in Fig. 4-19 with deadrise
angle, 3, and effective trim angle, T* (r" = T• + 0 - d J ) parameters against
the peak pressure divided by the normal velocity squared.

The geometric characteristics of the example hull at several typical stations

are:

Station 2 3=30 T= +4

6 60 -20
0 0

8 5 -3.5

With these hull form data, the distribution of headings and possible wave
contact conditions shown and the particular set of conditions selected above for
the landing attitude and wave range, it is now possible to complete the deter-
mination of the peak pressures.

vs (knots) 45 25 100 40
(fps) 76 42.2 168.5 67.5

vv 12 11 18 18

II
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Case I bow, 20% upwave vw = rw = 7.1 x 1011/ 7-= 6.4 fps

Station2 0+7=0+40 =0.07 rao

10 + - 41 = 10.40 P /v 2 = 6.2/144 (Fig. 4-19)

p n

vn (fps) 23.7 20.4 36.2 29,1

P (psi) 24.2 18.0 56.4 36.5
p

No. of 4.8 4.8 2 2
occurrences (20% of 24) (20% of 10)

Case 2 n'idship and stern, cross wave 15%, upslope vw = 6.4

Station6 E+7=0 - 20 -0.035

1[0+T- 7 =20 Pp/v 178/144p n
115.7 15.9 18.5 22,• n

p 306 315 424 600

p
Station8 0 + 0 -3.5 0= 0. 061

1 + 7 - 41= 3.5 Pp/v = 140/144
pn

13.7 14.8 14.1 20.3

P 183 213 194 402
p

No. of 3.6 3.6 1.5 1.5
occurrences

Similar calculations throughout the range of conditions provide the data for
the cumulative plots of peak pressure in Figs. 4-20 and 4-21.

It will be noted that the pressures on the after portion of the example hull
are quite large. The primary factor is the low deadrise angle. Even though
the relative normal velocity is lower in the after portion of the ship, the low
trim angle at contact in combination with the small deadrise yields high pres-
sures. Since the trim angle is largely governed by external circumstances,
only change in hull form to utilize higher deadrise can relieve the high pressure
conditions. The effect of such charges is indicated by the alteriate lines in
Fig. 4-20.

i'
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4.3.2.2 Crash Landings Due to Foil Loss

Unusual landing conditions may occur due tc the loss of one or more of the
main supporting hydrofoils. Lateral unbalance as a result of foil damage will
result in roll-yaw motions whose analysis is beyond the scope of this study.
However, complete loss of lift at either forward or aft foils may be treated as
a simple body motion, assuming that the ship rotates about the undamaged foil.

The ship crashes into the water by rotating about the remaining lift vector,
the weight moment being balanced by the inertia of the hull.

W 2 + 2
(k W x

g c g c g

S)k 2  2)

16= 2(. 2U) .A0 I ý g Xcg AO/(k2 +X 2 g)

where

W = gross weight

k = radius of gyration about cg

Xcg = distance from cg to remaining foil

0 =pitch angle

SAO = change from initial level flight condition

= distance from remaining foil to area of impact

The local acceleration, velocity and drop height at the impact area are .0",
A0 and RAO, respectively.

TABLE 4-4

Impact at Station 1 2 8

1 80.8 67.8 80

x cg 21 21 49

k 26.7 26.7 26.7
2 + 2 1155 1155 3110

cg
e/V g 88.5 73.3 80.5

0.12 0.14 0.12A 70 80 70
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TABLE 4-4 (continued)

Impact at Station 1 2 8

v= e 30.6 27.3 28
450 300 50 (120)

T 150 40 -3.5

i p (Eq 5) 45 knot 27.0 25.0 1060.1 (330.0)

100 knot 44.0 12.3 1450.0 (452.0):1~ The resulting impact pressures at Stations I and 2 for loss of the front foil

3 and at Station 8 for loss of rear foils are calculated in Table 4-4 for smooth
water conditions. Actually the sea will have substantial waves more than 75%
of the time. Depending upon the position of impact with respect to the wave,
the impact pressures will be more or less than the smooth water value inIm Table 4-4. Calculations of the probable distributions of the impact conditions
and the resulting peak pressures were made in a manner similar to those for<1 •the normal landings, and the resulting distributions are plotted in Fig. 4-22.

4.3.2.3 Landing Loads

For the purpose of structural design, the overall load associated with the
peak pressure, and its occurrence rate is needed in addition to the peak pres-
sure distribution. This load can ba found by utilization of Eq (10b).

++++|1/2
length 1I /

xmax. p ýwidth M r)

where C is a constant dependent on the deadrise angle from Fig. 3-12. A
reasonable approximation for the length-width relationship is length 3 width,

I therefore for Mr

Station 2 nx = 0.1032 P 30* 4,800 (slugs)

Station 6 n = 0.0130 P 6 19,000xmax P

SStation 8 nmx 0. 0145 Pp 50 8,0

max

where P p is inpsiandni ising. The loadis 3 2 . 2 Mrnx.

For example, in the Case 2, Station 6 impact above, the local acceleration
at Station 6 would be:

I :
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n =0. 0130 (306) = 4 g for 45-kn ship at 45 kn
xinax

(315) = 4.1 g for 45-kn ship at 25 kn

(424) = 5. 5 g for 100-kn ship at 100 kn

(600) = 7.8 g for 100-kn ship at 40 kn

It should be noted that the development of the load formulas was based upon
the analysis of the weightless impact. This is basically consistent with the
landing approach conditions where the maximum sinking speed was determined
in most cases by the steady-state maximum glide angle. It would thus appear
necessary to add 1 g to the above accelerations to get the actual load factor on
the ship. At small values of the impact force and accelerations this is correct,
but at the large values (> 2 g) the change in vertical velocity during the build-
up to the maximum load will be sufficient to markedly change the lift on the
foil system.

Since the detailed analysis of the actual ship response (including its auto-
matic system inputs to the foil controls) is outside the scope of this analysis,
it will be generally assumed that at the time of maximum impact load the foil -

lift is zero on the foils which experience upward acceleration and unchanged
from the steady glide on foils receiving downward acceleration due to the im-
pact. (Except that at least 1 g combined loading on hull and foils will always
be assumed.)

The distributions of the local acceleration in normal landing are plotted in
Figs. 4-23 and 4-24. All bow-type loadings are assumed to be centered at
Station 2 while the stern and midship landings are assumed equally divided be-
tween Stations 6 and 8. Thus, the number of significant pressure occurrences
and loads is the same for the bow (Station 2) but the loading occurrences are
1/2 the pressure occurrences for Stations 6 and 8 (e. g., the pressure for
Station 6 at occurrence level 10 is 310 psi, and the corresponding acceleration
is 4 g (= 0. 013 x 310) at occurrence level 5).

At low load levels there are two factors which must be added to the impact
load distribution to obtain a total landing load distribution curve. The assumed
glide approach on the foils will maintain the total acceleration at least to the
1 g level, and the large number of incidental wave contacts in takeoff and land-
ing runout will increase the occurrence rate. These effects are shown in the
curve extensions (dashed lines) in Figs. 4-20 through 4-24.

The impact load factors in terms of the total ship mass are determined by2 2
dividing the local impact acceleration by the reduced mass ratio, 1 + xcg/k2 .
These load factors are plotted in Figs. 4-25 and 4-26.

I)
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4.3.3 Flying Loads--Hydrofoils

A hydrofoil system passing through a seaway is subject to loads induced by
the waves. Since the foils are relatively fixed in trim and heave, the disturbing
function is the vertical component of the wave internal particle velocity. The
effect of this velocity on the fixed foil is to give it an effective angle of attack

vw

s :

where

vw = vertical component of internal particle velocity (fps)

Vs = ship speed (fps)

The maximum vertical velocity component is the orbital velocity. By trochoidal
wave theory, the orbital velocity at depth below the surface is

2 7rh
LwSv =rc0)=7.1-" e

where

LW = wave length (ft)

H = wave height (ft)

h = depth of submersion (ft)--assumed to be 8 for both foils

If the rate of change of the foil lift coefficient with change in angle of attack,

CLa, is known, the incremental change to the lift coefficient for a change in

angle of attack is

C = CL
L e Lj

The proportional change in foil load, defined as a load above the normal running
load, is:

AL/L = &CL/CL = CL/CL
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At the point of maximum vertical velocity (vw = rw) the change in foil load

2= r (CLa /CLdesign) V /Vsdesign

It is anticipated that almost all of the foilborne time will be spent at the
design speed. However, since speed reduction is a practical method of alleviat-
ing the loading conditions, the data will be shown for two speeds for each ex-
ample ship design: 35 and 45 for the 45-kn ship and 70 and 100 for the 100-kn
ship. No attempt was made to proportion the time at each speed, and the oc-
currence rate data are presented on the basis of either one speed or the other
full time.

The sea conditions are summarized in Table 4-3, and the heading of the
ship with respect to the waves is uniformly varied as in the landing analysis.
Since the orbital wave velocities occur without regard to the direction of travel
of the ship, the primary change with heading is the encounter rate: [see Eq (12)]

Encounter rate = (Vs cos LP + Vw )/Lw

which averages out to approximately (2/3) V s/Lw

The number of wave encounters is thus obtained for each wave group in
Table 4-3 by combining the operational time foilborne with the percentages of
time that the various waves occur and the wave length and ship speed.

Occurrences/year = (seconds/year) (% foilborne) (% wave condition)
(2/3 Vs/Lw)

= (3. 15 x 107) (0. 60 x 0. 10) (% from Table 4-3)
(2/3 Vs/Lw)

= 1. 26 x 106 (% Table 4-3) (Vs/Lw)

Figures 4-27 and 4-28 show the results of operation of the fixed foil system
in the assumed operating conditions.

The addition of an autopilot to the fixed foil system reduces the load to some
prescribed value. A detailed analysis of an autopilot system and its function is
beyond the scope of this study. Therefore, it is assumed that the autopilot will
hold the load change to some prescribed level as presented by the dashed lines
in Figs. 4-27 and 4-28.

Reference to Figs. 4-27 and 4-28 shows that, with fixed foil response to
waves, load factors five times the desired 0. 25 g load factor above normal
load occur a large percentage of the time. For subcavitating foils (Fig. 4-25)
a load factor of 1. 5 g above normal load will occur approximately 1000 times
in the course of a year. These load factors can be reduced to almost any
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reasonable level by having an autopilot apply control surface reactions rather
than assume a fixed foil response. If 0.25 g is the desired maximum load
level, then except for some dynamic effects, the maximum load on the foil
should not exceed the nominal 0.25 g above normal load. This assumes that
the autopilot and the hydraulic control system are working perfectly.

The actual load level for design depends upon the reliability of the autopilot
and hydraulic control systems. Analysis of each component in the hydrofoil
flap hydraulic control system indicates the servo and relief valves to be the
most critical components. Failure of either of these components would result
in either a full up or full down flap deflection. These positions would be anal-
ogous with a rapid landing or other single cycle response rather than with the
fixed foil response to waves as shown in Figs. 4-27 and 4-28.

In order to obtain the load factors due to fixed foil response, it is neces-
sary that the control surface lock in a given position for a given wave and
velocity condition. The autopilot is designed to alleviate this condition and
limit the load factor to a predetermined level, e. g., 0. 25 g. Analysis of the
autopilot system indicates that the accelerometers and gyros are the only com-
ponents in the system that would produce the condition of locked flap position
just described. Using standard reliability failure rates of 0. 000011 for the two
rate gyros and 0. 000008 for the three accelerometers, and including an oper-
ational factor of 20 for shipboard use, the combined mean time between failures
is 1080 hr.

If a typical mission of one-month duration assumes 70 hr of foilborne time,
the probability of successful operation (failure free) is given by:

Sw Ps = et/t

wr t = operation time

t= mean time between failures (MTBF).

J Using the autopilot MTBF of 1080 hr and 70 hr per mission on the foil

ps = e-70/1080 0.937

The probability of successful operation is therefore 93. 7%. (Obviously, this

probability is for a given autopilot system. No attempt has been made to see
what is required to increase the MTBF of the autopilot components that bear
on the fixed foil response to waves.)

The effect of such a failure may be considered in several ways:

iiL
ER 13727II 4-31



(1) The mission proceeds without limit.

(2) The particular run is completed.

(3) Landing is made as soon as practical.

In relatively smooth conditions it would be feasible to proceed with the mis-
sion if the stability of the system was not impaired. The level of actual oc-
currences would be determined by the portion of total time that the load control
would not be working. With the failure occurring on 6.3% (100% - 93. 7%) of
the missions on the average, in the middle of the particular trip the number of
occurrences will be 3.15% of the uncontrolled motion.

For moderate sea conditions, or where the stability of the system may have
been impaired, the particalar foilborne run might be completed, but further
operation foilboine would be with a substitute or repaired system. The num-
ber of load occurrences would drop by another large factor

y 1/2 hr/run 1
say 35 hr/half mission - 70

In rough sea conditions, the landing (by reducing power) would be made as
soon as possible (within 1 min) after a control failure, since the unrelieved
motion of the vehicle would be intolerable to the operating personnel. The

number of load occurrences would be reduced to 1/30 x 1/70 x 3.15% - 1 10070, CO00
of the unmodified occurrence rate.

The cumulative occurrence rate for the foil loads is thus built up from the
basic curves as shown in Fig. 4-29. The low level load portion of the uncon-
trolled motion (relatively calm water) is added in at (1) a level of 0. 0315, the
middle portion (3-ft to 9-ft waves) at (2) 0.0315 x 1/70 and the high load end at
(3) 0. 0315 x 1/70 x 1/30. A faired curve through these three sections of oc-
currence rates will then approximate the cumulative effects of control failure
in various sea condition, as modified by appropriate operational decisions.

4.3.4 Flying Loads--Side

Struts running through waves in any direction other than perpendicular to
or effectively parallel with the wave crest will experience side loads due to the
motion of the water particles within the waves. By trochoidal wave theory, the
maximum horizontal velocity component will occur at the crest and trough of
the wave. These velocities are equal in magnitude, but opposite in direction,
such that passing through a wave will cause loads in both directions. The mag-
nitude of the velocity, rca, is tabulated with the other wave parameters in
Table 4-3.

,4
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Since the strut is a symmetrical airfoil, side loads will occur only when
the strut has an effective angle of attack. This angle of attack is,

rw sin
e V s + rw cos

where

a = effective angle of attack (deg)ie
Vs ship velocity (fps)

-- = ship heading (deg) (00 heading into waves)

F eCL s2 R

where

F = lift = side load on strut (lb)

CL = lift curve slope
:,•• ?2 ()2

VR = effective velocity = s+ 2Vs rw cos L +

A = submerged side area of the strut (ft = (draft ± )C

C = strut chord (ft)

This analysis assumes the forcing function acts as a sharp edge gust, with
no relief from movement of the affected surface. The boat will actually tend
to roll and yaw in some fashion. The autopilot will attempt to overcome this
tendency, and will, to some extent. It is beyond the scope of this study, how-
ever, to determine the actual motion of the autopilot-stabilized boat in waves;
therefore, no correction is applied to the loads.

For example, assume the forward strut traveling at normal draft, 8 ft, at
45 kn parallel (at the crest) with 10-ft waves having a wavelength of 125 ft:

C = 5ft

V s = 76fps

irw = 6.4 fps

As = (8+ 10/2) 5=65
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CL = 4.3/rad

S= 90O

F5 6.4 4.3 (65) (76.5)2 = 140,000 lb

In most cases, as in this example the wave speed is less than 10% of the
ship speed so that the force is approximated by

F
S = rw sin41CL (As)Vs

L Se s

"---Wave

5 ft '4"•
Still water level r = 6.4

140,000 lb

8 ft
5 ft--

-- V =76

The occurrences of these loads within the wave spectrum are calculated in
a manner similar to the foil load change curves. It is assumed that the boat
spends an equal amount of time at each of the following headings:

qj = 0";300 ;607;900 ;1200 ; 1500 ;and 1800 .

Figure 4-30 represents the percentage occurrences of the strut side loads
as functions of the strut design parameters (CLa and submerged area), design

speed, and the wave distribution defined by Table 4-3. Using these generalized
data and assuming a chord length of 5 ft with a lift curve slope of 4.3/rad for
45 and 100 kn, the load frequency spectrums of Fig. 4-31 were generated.

This analysis assumes the surface orbital velocity of the wave to be uniform
over the entire depth of the submerged strut in spite of the fact that the orbital
wave velocity diminishes as the inverse log of the submergid depth. This was
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done since the load relief calculated by using the actual submerged orbital wave

velocities for the reasonable design foil depth of 8 ft resulted in approximately
a 15% reduction. Hence, the use of the uniform side load based upon the sur-
face trochoidal velocity appears to be a reasonable conservatism in view of
the statistical sea state derivation.

The spectrums in Fig. 4-31 correspond to the passage of the strut through
the wave crest. A complete cycle of strut loading includes a reversal of the
load when passing through the wave trough. These loads are smaller becauseI of the reduced strut area involved by a factor ranging from 2. 2 for 6-ft waves
to 7 for 12-ft waves.

Turning the ship requires an additional steady side force on the struts. ForI fairly tight turns (0. 3g) the load per strut is approximately (0.3/3) W = 63,000
lb. This is probably not additive in any substantial rough water since the roll
control of the ship would be insufficient. It is assumed that some form of
automatic control would be provided to prevent sharp turns at high speeds in• ~rough water.

4.4 SPECIFIC COMPONENTS CRITERIA

The preceeding sections give the measure of the peak pressures and loads
which will be experienced by the ship hull in dynamic encounters such as

•A slamming and landing. In the application of these to the design of the actual
structure there are some additional factors which must be considered with
regard to the extent of the loaded area, the pressure distribution and the value
of the peak pressure at the time of the maximum loads.

The peak pressure spectrums for the various impacts are given by Eq 5 A
using the normal velocity at initial contact. As soon as a significant area is
loaded, the resulting force retards the normal velocity, and although the area
increases, the pressure decreases. The maximum load occurs when the
virtual water mass, Mw, equals 2/7 at the reduced ship mass, Mr (see Section
3.4). At this point the normal velocity equals the normal velocity at initial
contact divided by (1 + Mw/Mr) = 9/7, and the peak pressure is the initial peakw r

2pressure divided by (9/7)

The shape of the impact area at maximum load will depend upon the hull
•i'•••form and the water surface conditions. For simplicity and consistency with

the load derivation (Section 3.4, Eq 10) a rectangular loaded area is assumed

load condition is given by:

3 3
pK 7ay =K(6 r/8) (2y) =M =(2/7) MSw r
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2= [(8/217K) M]'1 3

and the length of the impact area is 3 (2 y)

The distribution of the pressure across a section is primarily dependent
upon the deadrise angle, as shown in Fig. 4-32 for constant velocity impact.
(These curves from Ref. 4 are the source for the P average/P peak data which
are shown in Fig. 3-12.) In addition to this pressure distribution (which is
determined by the rate of expansion of the wetted area) there is a negative
pressure due to the deceleration of the virtual water mass previously set in
motion (the a Mw term which is included in Eq 6).

The distribution of the inertial pressure is elliptical according to theoretical
analysis at low deadrise angles, and this will be assumed to apply for all dead-
rises.

(Pressure) (Area) = (P akeel) y(6 y) = ax Mw a K6wy 3

ainertialkeel - ax 2Ky

The net pressure distribution for typical midship sections is shown in Fig.
4-33. Two examples are shown for a landing impact at Station 6: one for the
initial design deadrise angle • = 60 and one for an increased deadrise 3 = 170.
The conditions for the landing are the same as the Case 2 (cross wave at 45
knots) example used in Section 4.3.2:

3 = 60 170

vn (fps) 15.7 15.7

2
P /V (psi) 178/144 26.5/144

P (psi) 306 45.5
p initial(P)

n (g) 4 1.6XXmax

K= 1 - 2tan/ 0.93 0.81

2 y (ft) 13.7 14.3

Length (ft) 41 43

P inertial (psi) 11.4 4.4

nrtakeel
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I: j3 60 170

P p at nmax (psi) 186 27.5
Paverage at nmax (psi) 39 15

4 Paverage fne) (.)=15

I (psi) 39 - (11.4) =30 15 - (4.4)11.5

The net pressure distribution (constant velocity theory minus the inertial
pressure) is to be used in the design of the ship structure. The transverse
distribution of the load is not significant with respect to overall hull loading,
but for plating, stringers, floors and bulkheads it is important to know the
shape of the loading as well as the average value. As indicated in the general
curves, Fig. 4-32 and the specific example, Fig. 4-33, the lower the deadrise
the more extreme the variation in pressure on the bottom at any instant. In
the low region the deadrise is 30* or more and the pressure is not far from
uniform. In the initial design the midship and after sections have deadrise of
60 or less, and the pressure distribution is such that one-half the loading is
concentrated in the outer 15% of the wetted area. Even for the higher deadrise

L (170) of a revised hull form the pressure at the outer edge is 4 to 5 times the
net pressure at the keel.

It should be noted that the peak pressure at the edge of the impact wetted
area is directly related to the increase in width of the impact area and a com-
ponent of the ship forward speed. Except for the bow regions the contribution
of the planing pressure from the ship forward speed is usually quite small.
Therefore, a reasonably estimate of the increase in width of the pressure area
may be made directly from the value of the peak pressure

Pp = • (dy/dt)2

SI (dy/dt)= p (P inpsf)
CPP p

Thus, the peak pressure point for the example of 3 60 (Pp = 144 x 186 26, 800)I is moving outward on the hull bottom at 164 fps.

1 4.4.1 Hull Bottom Plating, Stringers and Bulkheads

The application of the computed loadings to the particular components of the
structural design can not be given in the form of exact criteria except in a gen-
eral way. The water loads applied to the hull skin as pressures are reacted by
the stresses within the plating and stringers, which are in turn supported by
floors and bulkheads to be distributed throughout the hull to the final reaction
of the inertial forces of the ship mass. However, in consideration of the type

ii of pressure distributions applied to the hull, it is possible to establish some
guide lines for the conventional static structural analysis of plating, stringers

I and bulkheads.
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The mechanism of the support of normal pressures by relatively flat plating
is such that excessive permanent set of the plating occurs long before actual
rupture of the plating. Actual breaks in bottom plating when they do occur are
generally the result of fatigue cracking brought on by repeated loadings. The
two general criteria for the bottom plating are given as an allowable permanent
set of the plating (usually given as % of the span between stringers) and life
expectancy required for typical operational experience.

The peak pressures given on a cumulative occurrence basis (as, for example,
in Fig. 4-20) provide the basic information required for application of both cri-
teria. However, reference to the typical instantaneous pressure distribution,
Fig. 4-33, shows that the peak pressures on the cumulative occurrence curves
must be modified for application to the plating design. First, the pressure must
be averaged over the stringer spacing (particularly for low deadrise).

Keel "•-

aver age•Pp
Po

Secondly, for plating some distance from the keel, the peak pressure itself will
be lower due to the progression of the impact (as in Fig. 4-33 the peak pressure

27 ft from the keel is (7/9) of the peak pressure at the initial contact at the keel).

The stringers are loaded by the plating, and similar modifications to the
pressures apply. Generally, the pressure for the stringers design is less than
for the plating, since the bays on both sides of a stringer must be loaded for
maximum loading.

•i ~ ~Keel "

• _ •etrige'r

SPp
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As progressively larger areas are wetted, the stringers build up the loads
on floor frames and bulkheads. The value of peak and average pressures at

I• the time of maximum total impact load may be determined as shown at the be-
ginning of this Section (illustrated in Fig. 4-33). The arrangement of the hull
structure may be such that some other lesser total load would be critical for
structural design. In that case intermediate values of the pressures must be
estimated between the initial values at the keel and the values at peak impact.

1 4.4.2 Deck Structure

The forward weather deck may experience substantial waterloads from
waves, Section 4.2.5, but much of the deck is relatively lightly loaded. Thus,
additional criteria were developed to ensure the stiffness of the deck as well
as its strength.

! |The stiffness of the immediate underfoot deck structure was considered
I| from a psychological as well as a structural point of view. Unlike the usual

concept that a structure which is strong enough is stiff enough, the deck struc-
j •ture must be of such rigidity that personnel traversing it will sense that it is

rugged, substantial, more than just adequate. For the various types of deck
structure, the criteria for stiffness are:

(1) Plate stiffness

Et 3

The parameter - should be greater than 20

where

E - modulus of elasticity, psi

I t = plate thickness, in.

b = stringer spacing, in.

(2) Stringer stiffness

ElIThe parameter shuld be greater than 45, but need not be greater than 70

where

I E = modulus of elasticity, psi

4
I = section moment of inertia of the stringer, in.

L = longitudinal spacing of transverse supports, in.
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These criteria were concluded by experimentation with actual fabricated
panels of plate-stringer design. Two 34 x 60 inch aluminum alloy panels were
constructed, one with 0. 072-inch plating and stringers at 8-inch spacing, the
other with 0. 080-inch plating and stringers at 6-inch spacing. The stringers
on each panel were 1-3/4-inch deep I-sections attached to the plating with two
rows of spotwelds.

The experiment was conducted by placing the panels on various arrange-
ments of simple transverse supports and determining, by the consensus of
personnel traversing the panels, which configuration and support spacing pro-
vided a satisfactory "feel" of strength and rigidity considerirg individually the
plating stiffness between stringers and the stringer stiffness between supports.

The plating stiffness of the panel with the wider spacing between stringers
was considered inadequate. The plating stiffness of the panel with the narrower
spacing between stringers was considered to be adequate. Since plating stiff-
ness is directly proportional to the modulus of elasticity of the material and the
cube of the thickness and indirectly proportional to the cube of the short span

dimension, the parameter Et.3 can be used to describe the acceptable range of

stiffness. This is shown in Fig. 4-34.

The effect of stringer spacing on the average deck weight using constant
stiffness and strength as a basis is also shown in Fig. 4-34. The variation
in weight shows a slight advantage for a design using light plating and closely
spaced stringers.

The desired stringer stiffness is determined by considering a man's full
weight to be concentrated at the midspan of one central span of a beam continuous
over many equally spaced supports. To use the fabricated experimental panels
for determining stringer stiffness, it was necessary to employ the simple beam
equivalent, i. e., the simple beam whose distance between supports would re-
sult in the same deflection as a continuous beam over many supports but loaded
in one central bay. The simple beam span equivalent is approximately eight-
tenths of the continuous beam span. The consensus of personnel traversing the
panels, with panel support provided at various spacings, was that simple spans
greater than 34 inches felt too flexible and that spans less than 28 inches were
more than adequate. Converting these simple beam spans to the equivalent

continuous beam spans and using the parameter 4- to represent stiffness, it
L

was concluded that for satisfactory stiffness the value of the parameter should
be greater than 45 but that it need not be greater than 70. The recommended

EII

value is EI = 60.
L3
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L I
I~For internal decks additional loading criteria should be included in the

decking design for flooded conditions. This loading will depend upon details* !of the hull design layout, but it is generally estimated that allowance for a 10-
ft head (640 psf) will be sufficient.

4.5 PRACTICAL CRITERIA FROM RELATED SEAPLANE EXPERIENCE

The takeoff and landing operation of a seaplane is in many respects similar
to that of the hydrofoil ship. The hull is involved in substantial impacts, but
must be constructed with minimum structural weight. The detailed specifica-
tion of these impact loads and corresponding development of efficient structure
for the seaplane was the subject of many years of study. Unfortunately, the de-
sign and production of new seaplanes came essentially to a halt just as it ap-
peared that the various methods could be reconciled to form a unified set of
design criteria substantiated by test. Although such a goal is not yet attained,
a review of some of the major steps in seaplane hull structural design can pro-
vide a practical link between the experience of an existing operational systemI (seaplanes) and proposed criteria for a new system which is not yet operational
(hydrofoil ships).

1 4.5.1 Landing Loads Specifications

The military specification for the determination of water loads for seaplanes
at the time of last major designs was MIL-A-8629. This provided two basic for-
mulas for the determination of pressures and overall loads:

P I PfK 1 V /tan

r2/ 2) 21/ 2 2/3
F=K2 ~K3 [W/ (1x k j V/tan 1

Where

f and K2 are factors for relative position on the hull

K I and K3 are factors for type of operation (sheltered of rough water) and
* 1a the pressure area being considered (keel, chine or average

across bottom)

I Vs = landing speed

WW/(1 + x2 /k 2) g = reduced mass at impact point

/= deadrise angle

II
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A formula is also given for the time for the impact load to reach its maximum
value (to be used as a basis for dynamic analysis of the structure).

While these formulas provided a simple guide to the determination of applied
pressures and loads, it was recognized that the empirical factors involved (fl,

K1 , K2 and K3 ) were based upon a fairly narrow range of seaplane designs.
Particularly, it was noted that the formulas were based upon experience from
designs with deadrise angles between 20' and 300 and previous seaplane hulls
of moderate length-to-beam ratio. Thus, the specifications allowed the designer
freedom to use rational methods for determination of the pressures and loads.
Consideration was also given to the results of dynamic model tests in simulated
wave conditions to modify the K3 operational loads factor for advanced hull de-
signs.

In recent years there has been a trend to specify a spectrum of landing ap-
proach conditions to be treated by a rational analysis to develop the correspond-
ing design pressure and loading spectrums. This approach is given in MIL-A-8864
and MIL-A-8866 seaplane waterloads specifications but is not yet represented by
an operating design example.

4.5.2 P5M Design

The P5M seaplane is an excellent example of a design which bridges the gap
between rule-of-thumb design and the analytical approach to loading and design
criteria. At the time of its design development the analysis of seaplane impact
phenomena had yielded the basic formulas of MIL-A-8629. The deadrise of the
hull was similar to previous designs, but the hull form was substantially changed
by the extension of the afterbody. It had been shown in dynamic model tests that
such an extension had a favorable effect on rough water behavior which resulted
in substantially reduced impact loads. Thus, the loads determined by the MIL
spec were reduced by 15% on the basis of these tests.

The structural design of the P5M followed previous seaplane experience.
The applied pressures and loads were treated as steady state loadings, and the
structure was designed to have sufficient strength or stiffness as required by
a static design.

Two circumstances of the P5M development and operational history have pro-
vided valuable information for the correlation of design criteria and service ex-
perience. As a part of the development program, one ship was instrumented
for the measurement of pressures and accelerations and flight tested in measured
rough water conditions. A fairly large number of the production aircraft were
in service with operating squadrons in a number of bases of varied sea condi-
tions. The service life in these operations was sufficiently active to build up
records of several thousand takeoff and landing cycles on many of the craft.
The result was a scattering of plating failures and the detection of incipient
fatigue cracks during regular overhaul and inspection periods.
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4.5.2.1 Rough Water Demonstration Tests

I The complete analysis of the P5M rough water tests is given in Ref. 14.
Several of the plots are reproduced in this report to illustrate particular re-
sults.

The positive accelerations registered at the center of gravity for all landings 4
and takeoffs are plotted in Fig. 4-35. The test data are shown in two sets, one
is the relative distribution of the maximum value per landing or takeoff and the
other includes all of the measurable impacts in each takeoff and landing. The
two sets are essentially the same at the high load end of the spectrum, but the
ratio of the number of occurrences at low load levels is quite high. It will be
noted that the loading increases fairly regularly with the decrease in occurrenceI level (on log scale), as might be expected from a random sampling of landing
conditions. However, there are not enough test data to fully define the curve.
The one maximum acceleration of 4. 8 g actually measured within the 52 landings
might well correspond to an order of magnitude lower occurrence rate. An in-
crease in the number of tests would be expected to fill in the distribution curve
at least out to the maximum measured acceleration. An increase in the severity
of the test conditions, higher waves and speed, could be expected to extend the
distribution to higher loads.

The calculated maximum acceleration of the P5M according to the specifica-
tion MIL-A-8629 was 6 g. This is higher than the maximum experienced during
the test and would require the distribution to be extended in a straight line to an
occurrence level below 0. 0001. Considering the whole fleet of seaplanes, there
have been well over 100, 000 landings. However, the extent of rough water en-
counters is not known. The few cases of damage or loss to P5M hulls due to
water impacts have generally been caused by some unusual circumstance not
consistent with design loads requirements.

The cumulative frequency per takeoff and landing of pressures on the hull
is shown in Fig. 4-36. Each diagram represents a particular pressure gage
on the hull bottom. They are arranged in Fig. 4-36 in their relative location--
keel at the top, chine at the bottom, step at the right and bow towards the left.
In each block the design pressure according to specification MIL-A-8629 is in-3 dicatedbythe appropriate I p mark.

It is immediately apparent that the measured pressures regularly exceed the
design values over most of the region. The trend of the pressure with decrease
in occurrence level is fairly consistent among the various locations and indicates
that even higher values might be expected in the normal life of a seaplane (where
several thousand landings might be expected). A variation of pressure with the
occurrence level is given in the later specification MIL-A-8866. This distribu-
tion is approximated by the slope of the dashed lines through occurrence level =

1 point on several of the diagrams in Fig. 4-36. While the later specification
is qualitatively an improvement over the older one-point design, it appears that
pressure increases faster with decrease in occurrence level than given by

MIL-A-8866.
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In spite of the relatively high frequency of occurrence of measured pressures
higher than the design value there was little evidence of strain in the bottom
plating during these tests. Part of the explanation for this may be in the detail
review of a particular landing impact shown in Figs. 4-37 through 4-39. The
particular instance is shown in overall context in Fig. 4-37. Of a series of
impacts during a typical landing the maximum was No. 3 (about 4A4 sec after
the first contact of the landing run). The value of the measured acceleration
was the maximum of the whole test program, 4. 8g. By noting the time of
initiation of the pressure rise at each gage location, it was possible to deduce
the shape and rate of growth of the wetted area as shown in the lower portion
of Fig. 4-37. From theso data it was then possible to compute the instantaneous
pressure distribution at a given section for several time values as shown in Fig.
4-38. In this particular case the design plating pressure, the measured peak
and the calculated peak are within good agreement up to the chine flare region.
It will be noted that the high pressure ares is traveling outboard at about 80 fps,
which means that a particular plating area (6 in. between stringers) is loaded
at peak pressure for less than 1/100 sec. Higher measured pressures in other
cases would be inoving even faster, and the duration of load would be corre-
spondingly less.

The integration of the computed pressures over the bottom for the time in-
tervals of the impact is compared with the measured acceleration in Fig. 4-39.
Also shown is the maximum acceleration computed by the simplified theory,
Eq 10b, using the measured peak pressure of 50 psi.

4.5.2.2 Hull Plating Fatigue Life

As a result of the detection of fatigue failures and incipient cracks in the
hull bottom plating of P5M after several years of operations, a study was made
of the life expectancy of the remaining ships. The results of this study were
published, Ref. 15, and have been used as a guide to special inspection during
overhaul periods.

Basically the results of this study showed the need for consideration of the
loading distribution-occurrence spectrum. While the bottom plating and its
supporting structure may withstand a transient load higher than the static de-
sign limit, each loading exacts its toll from the life of the structure.

The probability of damage to a typical bottom area was determined by apply-
ing Miner's Cumulative Damage Theory to the rough water flight test pressure
distribution (Fig. 4-36) and combining with the statistical material fatigue
properties. This established the no-failure probability plotted at a severity
factor of 1. 0 in Fig. 4-40.

The aircraft was operated in service in conditions which on the average were
much less severe than the rough water test conditions. However, no statistical
records were kept of the operating conditions. The severity factor in Fig. 4-40
is intended to represent the ratio of plating pressure in other operating conditions
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to the distribution obtained in rough water tests. The full set of curves in
Fig. 4-40 was determined by recomputing the cumulative damage ratios for
several assumed severity factors. From statistical analysis of the two failures,
as compared with the survival of the other P5M a/c in similar operating squa-
drons, it was determined that their probability of no-failure was quite high for
the number of landings involved. The plotted points in Fig. 4-40 corresponding
to the two service failures indicate that the average operational severity was
between 0. 6 and 0. 7 of the rough water flight tests.

The results of operational experience on the P5M confirm the method of ap-
plication of Miner's Cumulative Damage Theory to seaplane hull bottom loadings.
On the basis of the loading spectrums for hydrofoil craft developed in Sections
4.2 and 4.3 the structural design can therefore include the consideration of
operational life for the anticipated service conditions.

4.5.3 M-270 and P6M Seaplanes

4.5.3. 1 High Impact Pressures at Low Deadrise Angles

The hull sections for the research seaplane, M-270, and the P6M were sub-
stantially different from normal design in that an attempt was made to approach
an ideal "constant force" impact. This was to be achieved by using a rounded
section near the keel as shown in the following sketch. Since little was known
of the actual performance of such a design feature, a special drop test program
was conducted on a full scale section of the M-270. These tests are reported
fully in Ref. 3.

Theoretical section

M-270 section ---
(Sta 350)

ii I
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The results of the drop test of the rounded bottom section have a direct ap-
plication to the impacts of relatively flat deadrise surfaces since the rounded
bottom at initial contact is practically at 0 deadrise. Figure 4-41 shows a
summary of pressure coefficients measured on the M-270 as compared with
theory and some NACA tests on a circular section. Two curves are shown for
the drop test data: one using the conventional recording of the pressure trans-
ducer outputs on 100 cps galvanometer units, the other with special high fre-
quency response elements in the recording circuits (approximately 1000 cps).
These very clearly indicate the sharp-peaked, transient nature of the pressure
wave on the low deadrise surface, as shown in Fig. 4-33 and discussed in Sec-
tion 4.4. However, even with the high frequency response, the theoretical peak
pressure was not confirmed by measurement.

The significance of this very high pressure wave on the structure was not
directly established in the drop tests, but tests were continued to the stage of
visible damage or permanent set of the plating or back-up structure for several
skin gages. From comparison of the typical static permanent set curves, Fig.
3-16, with the conditions of test that caused damage, an indirect measure of the
effective pressure is obtained.

Plating t/b Pressure 1% Set Vn P1%/v 2

0.156 0.035 200 >40 0.125

0. 081 0.018 155 35 0. 127

0.064 0. 0142 110 25 0.176

From these data it would appear that the theoretical average pressure at the
time the first bay is fully wetted is in fair agreement with the inferred pressure
on the basis of permanent set damage. Although this might be taken as a simple
basis for design in the low deadrise areas of hulls, it must be kept in view that
the wetted area was relatively narrow (less than 6 in. from the keel). For a
constant deadrise bottom of greater extent the impact area would cover several
stringer bays, and the outboard bay would be more heavily loaded.

The theoretical dynamic peak pressures estimated for the P6M hull design
were averaged over the appropriate stringer spacings to obtain equivalent static
design pressures. The structure was designed for limited permanent set under
the derived equivalent static bottom pressures. In the limited wave conditions
of the flight test programs, it is probable that maximum design pressures were
not experienced by the bottom plating except near the step region. However,
the lack of any visible signs of strain during the flight tests in waves up to 3 ft
at speeds greater than 120 kn was taken as sufficient proof of the general ade-
quacy of the bottom plating and stringer design.
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4.5.3. 2 Computation of Hull Loads

It is recognized that the method of computing the impact load for given hull
form and water contact conditions, as given in Section 3. 4 is a very simple
representation of a complex problem. Two factors were considered particularly
questionable: The use of lumped geometric hull form at a particular station and
the neglect of hull bending response.

In the analysis of both the M-270 (Ref. 16) and P6M hull loadings, automatic
computational methods were utilized which allowed the loads to be computed by
a strip analysis of the hull loading and took into account the particular hull form,
wave shape and vehicle structural response. These methods provided very de-
tailed information on the shape of the wetted area as it varied with progress of the
impact in assumed landing attitudes. However, the maximum impact loads were
very close to those computed by the simple formulas using the lumped hull geome-
try at the station of load centroid, except for the effects of the vehicle flexibility.
The P6M was relatively flexible due to a large structural cutout in the central
portion of the hull, and loads were generally reduced by inclusion of the hull
structural response in the computational program. The effect was much lower
in the stiffer M-270 design, and it is anticipated that hydrofoil ships would gen-
erally be less flexible. Thus, although the hydrofoil ships might be affected by
dynamic responses within the structure, it does not appear likely that the magni-
tude of the applied water loads would be affected by the hull bending flexibility.
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15.0 DESIGN PROCEDURES, SIZING CHARTS AND EXAMPLE PROBLEMS

j 5. 1 SUMMARY

The significance of the design criteria to the structural design of a hydrofoil
ship is illustrated by a number of examples. The general procedures used are
a combination of typical ship and flying boat hull structural design methods.

The overall strength of the hull girder is investigated for hullborne, foil-
borne and landing conditions. Bending moments (longitudinal) are determined
for a typical design deadweight loading. Typical longitudinal stresses at the
keel and deck for an assumed midship section are used to show the relative
importance of fatigue in the design of the hull girder.

The required local strength of the hull bottom plating and stringers is deter-
mined by landing pressures. Design charts based on seaplane hull experience
are used as a basis for estimation of permanent set and fatigue life of the plating.

A large portion of the hull structure is made up of decking and sides which
are relatively lightly loaded (compared witi the hull bottom). A number of de-
sign charts are presented for decking, stringers and supporting structure com-
binations which provide stiffness and strength to meet the design criteria. Sev-
eral types of structure are considered, and an example of a value analysis for

5I selection of optimum design is given.

Although the complexities of the complete foil-strut structural design are
beyond the scope of this report, design charts for section properties of typical
thin walled sections are presented.

5.2 HULL GIRDER ANALYSIS

5.2. 1 Summary

ii The maximum hull bending moments for all conditions of operation are
summarized in Fig. 5-1. Each condition of loading is shown separately as the
cumulative occurrence versus bending moment. A total cumulative plot of all
types of occurrences could be constructed, but is not, since the various loadings
have differing mean stress levels.

As expected, the landing conditions generate the maximum moments and
highest stress levels for the initial design deadrise. Even with increased dead-
rise, moments due to the landing loads are still the greatest of all conditions.
However, it will be noted that the most severe slamming impact in combination
with a wave far aft on the hull gives relatively large moments also.

The normal foilborne and hullborne conditions in rough water give moderate
hull bending moments, but the number of cycles of the loading is so high that
fatigue becomes a major factor in the adequancy of the hull bending structure.

I

1
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In order to make numerical comparisons of stress levels and fatigue damage
for the various hull bending conditions, a typical midship section has been assumed.
The deck and bottom scantlings were estimated to be consistent with local loading
criteria. The deck is of 6061 aluminum alloy consistent with integral extrusions
and minimum welding on assembly while the hull bottom is assumed to be 5456
aluminum alloy. The midship section modull are:

for the deck 1.025 x 106 /81 1. 265 x 10 in. =1.05 x 103 ft-in.C

fo tekel1.2 x16 4 3 3 2
-for the keell. 025x 106/98 =1.045 x 10 in. = 0.87 x 10 ft-in.C

The section shown in Fig. 5-2 is for the hull modified to a higher deadrise
0 0angle (17 at Station 6, 12 at Station 8). It is assumed that the structural bend-

trig modulus would not change with moderate changes in the hull deadrise.

For tb is selected section the fatigue damage analysis (primarily for the nor-
mal hullborne hogging and sagging conditions) shows a life expectancy of slightly
more than one year. To increase this by a factor of 10 would require a reduction
in the stress amplitude of approximately 25%. This coul. be accomplished by an
increase in the structural section modulus and/or redesign for more uniform
weight distribution.

5.2.2 Normal Hullborne Hogging and Sagging--Static Strength

In normal shipbuilding practice the design of the hull girder is based upon
two assumed static buoyancy conditions. In one condition the vessel is balanced
at its midportion upon a critical wave (hogging), and in the other the vessel is
supported on waves at the bow and stern (sagging). The wave form usually chosen
for these criteria is a hypothetical 20:1 trochoidal wave of length approximately
equal to the length of the vessel.

In this study a broader treatment more representative of the actual sea en-
vironment is used to explore a fuller range of wave conditions. The study shows
the determination of the limiting (critical) static condition and the spectrum of
loadings to be used in determining fatigue damage.

The study begins with the North Atlantic wave data of Fig. 3-9 which was
developed from the data of Figs. 3-4 and 3-6 to present cumulative wave data for
all wave lengths in the range from (85 + 125)/2 = 105 ft to (125 + 220)/2 = 172 ft
approximately. All waves in this range are assumed lumped at an average wave
length, Lw, of 125 ft. Since this average length is approximately equal to the

length (130 ft) of the study vessel, the response of the vessel to these critical
ranges of data will produce the most severe static loading conditions and most
damaging fatigue spectrum.
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The 280-ton example ship design has a hull form similar to PC(H) as shownA in Fig. 3-1. In the investigation which follows, the study vessel's weight is as-
sumed to be the same for all design conditions and is distributed as shown in
Fig. 5-3. All weight enclosed within the hull, i.e., the hull structure, fuel,
furnishings, machinery etc., is assumed as distributed loads and included underthe "Distributed Weight Curve." Foil weights are treated as concentrated loads.

The effect upon hull bending is examined for variations in the wave length-to-
* height ratio to establish the trend and the critical value. Figures 5-3, 5-4 and

5-5 present loading, shear and bending moment diagrams for smooth water,
standard trorhoidal waves of length-to-height ratio equal to 10:1 and 20:1 and a
hypothetical "notch" wave of sufficient depth to utilize the total sectional buoy-
ancy at each section, thus concentrating the buoyancy force over the shortest
possible length and producing the maximum possible bending moment. From
these figures the maximum values of bending moment at the midship section
can be plotted as in Fig. 5-6 to show the variation of the bending moment with
the L w/H ratio. The extreme value at the top of the plot is still water; the ex-

SI treme values at the bottom would approach the value for the hypothetical notch
wave. (Note that the current formula for design levgth--to-height ratio,

1. 1 CL--gives a value of approximately 12.5 for the sample ship.)

Figure 5-7 shows the cumulative ocourrence of the moments produced by
waves 125 ft in length (the approximate length of the study vessel). The fre-I quency values of Fig. 5-7 are 54% of those of Fig. 3-9 and the bending moments
are from Fig. 5-6. Vt Is seen that even at the minimum L /H value, (6), a con-w
siderable number (approximately 500) of hogging and sagging loadings can be
expected per year. Considering all waves higher than 2 ft to be encountered
during the hullborne time (54% of the yearly values) the probability of encounter-

SI ing the most severe waves while operating is equal to- =50.00215S50
(23.21x105)

where (23. 21x1 is determined as follows:

Waves >2 ft

L Total Cumulative (0. 54)x Cumulative
L._.ew Yearly Value

3-8 85 ft 1.4x10 6  7.55x105

3-9 125ft 2.0xl06  10.80x105

3-10 220 ft 0.7x10 6  3.78x105

1 3-11 340 ft 0.2x10 6  1.08x105

Totals = 4.3x10 6  23.21x105

3 Thus, the probability of experiencing a near maximum load is 1 time out of
each 4650 wave encounters. This frequency of occurrence is quite high, and as
s~hown in Figs. 5-6 and 5-7, the midship girder bending moment for the minimum
L /H value (6) approaches that of the arbitrary hypothetical notch wave, the maxi-Lw/

mum anticipated value for static analysis of the hogging and sagging conditions.
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Thus, if in the analysts procedure a hypothetical notched wave is used for
quick approximation, the structural sizing would be made using a yield factor of
safety of 1. However, if it is preferred to use a 10:1 trochoidal wave, a yield
factor of safety of 5. 1/3 = 1.7 should be used for hogging and 9. 2/6.2 = 1. 5
should be used for sagging. (Refer to Fig. 5-7 for values.) If a 20:1 trochoidal
wave is chosen for analysis, the yield factor of safety should be 5. 1/2 = 2. 6 for
hogging and 9. 2/3. 7 = 2. 5 for sagging. In each case the ultimate factor of
safety should be 1. 5 x yield load factor.

Thus, the following general recommendations can be made for vessels of the
130-ft class:

(1) If a hypothetical notch wave is used as a basis for static strength
analysis of the hull girder, a yield factor of safety of 1. 0 is recom-
mended. The ultimate factor of safety should be 1.5.

(2) If a 10:1 trochoidal wave is used as a basis for analysis, a yield factor
of safety of approximately 1. 6 (rounded average of values determined
above) should be used for both hogging and sagging. The ultimate
factor of safety should be 1. 5xl. 6 = 2. 4.

(3) If a 20:1 trochoidalwave is used as a basis for analysis, a yield factor
of safety of approximately 2.5 (rounded average of values determined
above) should be used for both hogging and sagging. The ultimate
factor of safety should be 1. 5x2. 5 = 3. 8.

On this basis the maximum static design stress for the normal hullborne
sagging condition would be:

6 3
deck 9. 2x10 /1. 05x10 = 8,700 psi compression

6 3keel 9. 2x10 /0. 87x10 = 10, 500 psi tension

and for the hogging condition

deck 5. x106 /1. 05x10 = 4, 800 psi tension
6 3keel 5. lxWO /0. 87x10 = 5,800 psi compression.

These stresses are well below the allowable yield strength of the structure.

However, it is evident from the consideration of the large number of loading
cycles involved that an assessment of the fatigue life should be made.

Figures 5-8 and 5-9 present the stress loading spectrum for the 280-ton
study ship. Hogging and sagging is in reality only one type of loading because
each (hog and sag) constitutes the passage of a single wave and consequently is
one cycle. The deck is in tension at hogging and in compression at sagging.
For the study ship the compression stress in the deck is almost twice the value
of the tension stress and thus the mean stress is negative. In the keel and hull

ER 13727

5-4



z I

I:-0 L4-

~~ cc

00

I y1 i4 r~ 00000

ho__ - 0 - t O j LI ro I II

b 0C 000 0 0 0 000

* '~tf~ cc o 00 00 00 c

WO 0f q4 l4 M~ Ct' r-4 I% ~ ~
a~~ c I I I J9

ID

4.
00

r-0 w -

Q) 4b 00

0 c4r4 0 M 4 r4 11 4-1Ii) -li m__ _ _ _l N_ C11Iý
r5-5



T-4 r4

o 0 Ca

CD 00 0

1 -4 
4 c

0. 4-0 0 0 0 0 0

0 0 r4L 0 q4 Co:
.t4 ý00- 00000A0 000 0m

-4 ~ 'ab OI*r40 Nr q '4

~ ~ 4. ) 42
-4 -4 -,4.

m A w Ao N 0o Ao (DC 0
t- -co Co mo .04 '4 v m m N m N 0 00 4 ;

0) 4. 40

00 Q 0 0 0 o 0 0 o 0 0 Co Cob
0 Cl No Co NO to NO Q o N m

C4 w o x

-C C

00 0 Couj 0
_ _ _ x_ _ x -QI Io

ER 13727

5-6



SI

bottom the stress values are reversed and there exists a positive or tension
mean. This situation exists on the study ship primarily because of the weight
distribution used in determining the overall shears and bending moments. For
the study ship a very large weight fraction, 1/3, was assumed for fuel. This
fuel was concentrated midships which resulted in high midship bending moments
during sagging and low midship bending moments during hogging. For ships with
other arrangements and weight distributions this situation could easily be the re-
verse. To show the effect of variation in weight distributions, the damage study

for the deck shown in Table 5-1 and for the keel shown in Table 5-2 is presented
for full fuel, half fuel, and one-quarter fuel..I

Examination of Table 5-1 indicates that if the ship were operated for its full
life at full or half fuel weight, fatigue failure in the deck would be unlikely. Theii effect of a weight distribution which would result in a zero or positive mean while
the amplitude remains constant is clearly indicated as a marked reduction in fa-
tigue life. It can further be seen from the table and also from Fig. 3-22 that if
(1) the mean stress level is held near zero, and (2) the stress amplitude held be-
low values equivalent to approximately 8% of the ultimate breaking strength of
the material, the probability of having a fatigue free structure is greatly im-

I proved.

Examination of Table 5-2 shows that fatigue damage in the keel area is critical
but is lessened as the fuel weight is decreased. Likewise for a ship with weight
more evenly distributed the amount of fatigue damage would be lessened.

Thus, we conclude that for ships of the 280-ton class which are constructed
of aluminum and intended for extensive hullborne operation, it is important in
the design stage to consider fatigue as a problem. The distribution of weight to
effect a near zero mean stress level will be beneficial in increasing fatigue life.

S5. 2. 3 Foilborne Flight

The overall hull loads during foilborne flight are limited by autopilot settings
consistent with what may be considered a comfort level for the crew. Figures
4-27 and 4-28 in this report show load spectrums for 0. 25 g and 0. 50 g auto-
pilot setting for 45-kn and 100-kn ships. Also shown are load factors for fixed
foil responses, which assume autopilot or control malfunction. The values
shown are for specific values of CL and C which give optimum lift-to-drag

ratios for subcavitating foils at 45 kn and for supercavitating foils Q•t 100 kn.
The cumulative occurrence rate for the loading under assumed malfunction/
operational conditions is shown in Fig. 4-29.

iFigure 5-10 presents shear and bending moment diagrams for the 280-ton

study ship for 1 g flight. Maximum bending moments for 0. 25 g and 0. 50 g
autopilot settings for 45-kn and 100-kn-ships are presented in Fig. 5-11. In
this figure, the foils are located at 24 ft aft of Station 0 for the forward foil and
94 ft aft for the rear foil which distributes the hull weight 30% to the forward foil
and 70%.I

I
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to the rear foil. Assuming this same percentage load distribution, the bending
moments (1 g flight) for a forward foil location at Station 12 and at Station 0
are as follows:

Forward foil at Station 24 6
BM= 2.9 x 10 (Ref. Fig. 5-10)

Rear foil at Station 94

Forward fotl at Station 12
BM = (4. 9)10 ft-lb (limit) @ Sta 62

Rear foil at Station 99

Forward foil at Station 0 F BM = (6.9)106 ft-lb (limit) @ Sta 62

Rear foil at Station 104

For foilborne flight, the study ship is considered to be operating under full
autopilot control in such a manner that at each wave encounter one full cycle of
loading is experienced by the overall ship. For this study two autopilot settings
are investigated, + 0. 25 g and + 0. 5 g.

Figure 5-11 presents the midship bending moment spectrums for the two
autopilot settings during 1 g flight at 45 kn and at 100 kn. For the fatigue
damage study for this operation several simplifying assumptions are made to
minimize the determinations without grossly affecting the results.

(1) The minimum and maximum stress are assumed constant and equal to

the values at the 10 cycle level.

(2) The number of cycles cumulated per year will be 6 x 105 for the 45-kn

boat and 1.6 x 106 for the 100-kn design.

(3) The stresses at the keel of the midship section will be determined by

IMc whereI= 1.025x 106 in. andc= 98 in. (Ref. Fig. 5-2).

Only keel stresses are examined since the deck stresses are com-
pression and therefore not critical in fatigue. u = 46, 000 psi, the
ultimate strength of the 5456 aluminum alloy hull bottom plating and
stringer.

1. 45-kn ship (1 + 0. 25) g

At 105 level Min = 2.29 x 106 ft-lb

ER 13727
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S106
2.29x10 x12x 98.... n2620 psi3 mi 1. 025 x 10 6

M m 3 .5 2 x106 ft-lbmax

area 3. 52x 1145=4030 psi

a 4030 - 2620 0.015 4030 + 2620 0.072

u 2x46,000 u 2x46,000

(See Table 5-1 for symbols.)

From Fig. 3-22N ; .N life=

2. 45-kn ship (1 - 0.5) g

5 6At 10 levelMin = 1.62 x 10 ft-lb

a ° 1.62 x 1145= 1850 psi
m in

6M max=4.18x 10 ft-lb

a rex 4.18 x 1145 = 4780 psi

a 4780- 1850 In = 4780+ 1850
u 2x46,000 = u 2x46,000

From Fig. 3-22N=.; .N life=

3. 100-kn ship (1 ± 0.25) g

Values are the same as for 45-kn ship.

Therefore, N = - and life

I 4. 100-kn ship (1 + 0.5) g

Values are the same as for 100-kn ship. Therefore, N =aI and life = w.

From the above investigation it is concluded that under foilborne flight the
fatigue damage to be expected is negligible even with an autopilot setting of
± 0.5 g. Should severe dynamic conditions exist and remain undetected for a
long period of time at very high speeds some damage could occur.

I t
ER 13727

5-9|I

L:_ _



5. 2.4 Hull Bending Due to Impact

Substantial impacts on the hull can occur in hullborne operation (bow slam-
ming) and in landing from the foilborne flight condition. These impact loads
may be combined with foil lift or buoyant forces and are reacted by inertial
forces of the ship's deadweight. The resulting bending moments within the hull
will depend upon both the magnitude and location of the applied forces and in
some cases the distribution of the applied load.

A parametric form of the hull bending moment for concentrated applied loads
is shown in Fig. 5-12. A 1 g loading at various stations determines the angular
acceleration:

' = 32.2 (x cg)/k 2

The inertial reaction of the ship deadweight to the 1 g loading plus the resulting
angular acceleration yields the bending moments from which the parameter lines
of hull station are constructed. Moments corresponding to applied loads greater
or less than the gross weight are obtained by direct ratio. For example, 1 g
loading applied at the location of the front foil causes a hull moment, M = 7. 1 x

106 ft-lb (Fig. 5-12); front foil lift equal to 30% weight gives a bending moment

maximum between Station 60 and 70 M = 0.3 x 7.1 x 106 = 2.13 x 106 and for
70% weight on rear foil the bending moment at Station 60 is M = 0.7 x 1.1 x

106 =0.77 x 106. The total bending moment for the 1 g foilborne condition is

thus a maximum close to Station 60 with a value of M = (2.13 + 0.77) 106 = 2. 9 x

106 (which is the value obtained for the specific calculation shown in Fig. 5-10).

This general bending moment chart (Fig. 5-12) may be used for various com-
binations of loadings where the loading itself is actually concentrated or does not
extend into the region of maximum moment. Bow and stern landings, slammipg,
slamming with aft buoyancy and foilborne conditions generate sagging moments
which peak near midship and thus fit the requirements for application of the
bending moment chart on the example design.

Midship landing impacts 0Station 6) cause hogging of the hull,and the loaded
area ie generally across the region of maximum moment. For example the
typical loading analyzed at the beginning of section 4.4 shows a maximum ac-
celeration for an impact at Station 6 of 1. 6 g (for 0 = 170). For this impact as
a concentrated load the maximum hogging moment from Fig. 5-12 would be

M = 1.6 x 6.3 x 106= lox 106. However, as indicated in the earlier section
(4.4), the load is actually spread over 43 feet (for the assumed rectangular
loading). The effect upon the bending is shown in Fig. 5-13 where the peak

6moment for a 1.7 g impact is calculated to be 5.4 x 10 . (It is interesting to
note that, if the water loading is assumed triangular rather than rectangular,
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the maximum bending moment is substantially unchanged.) The maximum bend-
ing moment for other load factors applied at the same station (Station 6) is ob-

tained by direct ratio to the 5.4 x 106 ft-lb reaction to the 1.7 g load i = 3.18

x 106 ft-lb/g.

For the 1. 6 g example in Section 4. 4 the actual moment would be 1. 6 x 3. 18

5. 08 x 106 ft-lb slightly more than 1/2 of the moment for a concentrated load at
Station 6.

The cumulative occurrences for bending moments for impacts at Station 6
are obtained directly from the load factor distribution in Figs. 4-25 and 4-26
and are plotted in Fig. 5-1 for the 45- and 100-kn designs for both initial and
modified deadrise angles.

The cumulative occurrences for maximum hull bending moments for thesagging conditions may be constructed from a comoination of the load factoroccurrences in Section 4 and the parametric moment curves (Fig. 5-12).

Bow landing impacts are represented by the loads applied at Station 2. It
is assumed that the main foil is still lifting its normal share of the weight (70%).
Thus, the maximum hull bending is made up of the impact load factor (Figs.

4-25 and 4-26) x 6.4 x 106 ft-lb/g plus (0. 7 x 0. 8 = 0. 56) x 106 ft-lb.

Stern landing impacts are represented by the loads applied at Station 8. In
this case it is assumed that the bow foil is still lifting its normal share of the
weight (30%). Thus, the maximum hull bending is the impact load factor (Figs.

4-25, 4-26, and 4-22) x 3.7 x 106 lb/g plus (0.3 x 7.1 = 2.1) x 106 ft-lb.

Bow slamming is represented by impacts at Stations 1 and 2. It can be noted
from the data for the impact load in Fig. 4-15 and the induced moments, Fig.
5-12, that the loads are sufficiently higher at Station 2 to yield practically the
same hull bending moments. Thus, it is assumed for analysis that all the bow
slamming is at Station 2. The hull bending moment'for the impact only is (from

Fig. 5-12) load factor x 6.45 x 106 ft-lb. It is considered likely that a substan-
tial buoyant force may be acting at the same time on the after portion of the hull.
Thus, two distributions of moments for slamming load occurrences are shown
in Fig. 5-1, one for the slamming impact only and one for slamming plus a
buoyant force equal to the weight centered at Station 8. The maximum bending

moments are: load factor (Fig. 4-15) for slam at Station 2 x 6.45 x 106 ft-lb
plus 3.7 x 106 ft-lb for 1 g buoyance at Station 8.

The moments due to crash landings from sudden loss of a foil are included
in the summary distributions in the occurrence level range from 1 and 0. 1.
This is a completely arbitrary assumption so that the extreme conditions can
be shown in the same plot.

i i
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Scales for deck and keel stresses corresponding to the hull bending moments
are included on Fig. 5-1. Thes3 apply to the assumed section modulus for the
"midship section shown in Fig. 5-2.. It can be seen that the static stresses do
not exceed the yield strength within the extent of the cumulative occurrence of
once in ten years (0. 1). However, the major improvement in the stress level
with the revised deadrise is evident, In fact, with the modified deadrise, the
crash landings due to loss of the main foils do not cause overall bending stresses
beyond the yield strength even for the 100-kn design.

From the overlay of the moments versus cumulative occurrence it appears
that slamming in combination with aft buoyancy is a condition of possible signi-
ficant fatigue damage. This is assessed in Table 5-3 assuming that a complete
cycle is the normal hullborne hogging bending followed by a slam.

TABLE 5-3

Fatigue Damage Study for Keel at Midship Section Under Slamming
in/year ear amax amin a mu N

Fig. 5-1

10 to 100 90 12,000 -4500 0.18 0.08 1.5 x 104 6 x 10-3

100 to 1000 900 10,300 -4000 0.155 0.07 3 x 104 30 x 10-3

Z/N = 0. 036

This value represents less than a 5% increase in the damage assessment for
the hullborne bending, Table 5-2.

5.3 HULL BOTTOM PLATING AND STRINGERS

5.3.1 Summary

The hull bottom pressures determined from the rational analysis of slamming
and landing conditions for the hydrofoil ship and the practical experience from
years of seaplane design and operation have been presented in Section 4. Their
application in the design of the hull bottom structure is shown by several ex-
amples in the bow and midship sections of the example hydrofoil ship design.

Two main criteria are used for the design--permanent set of plating allowable
between stringers and fatigue life expectancy under the cumulative occurrence
"distributions of the applied pressures. In the bow sections the fatigue life is
the controlling factor due to the large combined number of loadings from slam- -

ming and normal landing. At other areas on the hull bottom the cumulative dis-
tribution of pressure occurrences is substantially lower, and yield strength (per-
manent set criteria) is of primary importance.

INNN I
ER 13727

5-12 1



S* The results from the sample analyses were based upon the assumption that
the materials and overall structural responses to repeated loadings would be
similar to seaplane hull structures. This may be a conservative assumption
for the lower yield strength, welded structure of the hydrofoil ship.

5, 3.2 Plating Design

The plating design pressures are determined from the peak pressure dis-
tributions given in Figs. 4-1, 4-20 and 4-21 according to the general criteria
and practical experience presented in Sections 4.4 and 4. 5. Examples of the
application of the design method are given for two hull locations: bow (Station 2)

I and midship (Station 6). The midship section is considered at the initial design
deadrise, J3 60, and also for a modified hull form of increased deadrise, =
170.

I Two basic structural criteria are used:

I (1) Static strength--allowable permanent deformation.

(2) Fatigue life.

For the sake of the hydrodynamic performance and appearance of the hull
form the plating is designed to an allowable permanent set between stringers
(rather than to a rupture strength criterion). The deformation characteristics
for several typical plating-stringer combinations are given in Figs. 3-16 and
3-17. From comparable seaplane experience and the general form of the
cumulative occurrence curves for the pressures, the set criterion is selected to
be:

b Permanent set less than 1/2% of the span between stringers for a pres-
sure level corresponding to one occurrence per year.

I The fatigue life expectancy for the plating at various pressure levels is given
in Figs. 3-20 and 3-21.

5.3.2.1 Plating, Station 2

For the 300 deadrise section at Station 2 the average pressure over one bay
of plating is approximately 90% of the peak pressure (see Fig. 4-32). From
Fig. 4-1 the permanent set design pressure is:

S45-kn design (slamming) 100-kn design (landing)

PD = 0.9 P 0.9 (43) = 39 psi 0.9 (63) = 57 psi

for 7075-T6 plating on Z stringers (upper graph Fig. 3-16)

t/b 0.0104 0.0127

I b=7.5in. t=0.080 t=0.100

I I
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t/b 0.0095 0.0115

t = 0. 156 in. b = 16.5 (13) b = 13.5 (11)

(1) With the 7075 plating, Z stringer arrangement, any convenient plat-
ing thickness may be used that meets the thickness/span ratio re-
quired,

(2) The integral extrusion will be limited to some practical minimum
gage for the extrusion process (0. 156 estimatcd) and the stringer
spacing is determined. Actually the curves of Fig. 3-17 are for an
extrusion which has a thickened section at the stringer such that the
effective plating span is only 2/3 of the nominal b. The span values
in parentheses are the values for an arbitrary extrusion where the
thickened plate at the stringer extends only 2 in. (b) = 2/3 (b + 2).

The fatigue life of the plating at Station 2 is developed in Table 5--4 for the
100-kn design with 7075-T6 plating. Two plating thicknesses are investigated
for a 7.5-in, stringer spacing, t = 0. 100 (as required for the permanent set
criteria) and t = 0. 156. The relatively short life (3 years) expected of the thinner
plating indicates that for the bow loading conditions the fatigue characteristics
will outweigh the permanent set requirements.

Specific test curves for the extruded plating fatigue life are not available for
a like comparison on the 5456-Hlll bottom. However, since the 5456 aluminum
alloys have a much lower yield strength than 7075-T6, it is inferred that a
greater fatigue life would result from the 5456 alloys when designed to the same
permanent set criteria.

5.3.2.2 Plating, Station 6

Both original and modified deadrise sections at Station 6 fall in the low dead-
rise category, which requires considerable modification to the peak pressure
values for use in design. The method of application of the approach described
in Sections 4.4 and 4. 5 will be shown for both forms (P3 = 60 and 170) for the
cumulative occurrences of pressures for the 45-kn design, given in Fig. 4-20.

The maximum design pressure for the plating will occur in the outermost
bay of wetted area. The value of this pressure in terms of the peak pressure,
PD /PP, is plotted in Fig. 5-14 for the two deadrise angles. (At these low

values, < 200, the expanding plate pressure theory, Ref. 5, is used.) It will
be noted that the average pressure in the outermost bay increases quite rapidly
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TABLE 5-4
Fatigue Damage--Hull Plating at Station 2 (100-kn design)

7075-T6 Plating t/b = 0.0133 (and 0.0208)

IDesign P Occurrence Cycles to Partial
P (es/u 9e Cumulative Failure, N Damage jn/N
PD (?D/0. (Fix. 4-1) n/Year (Fig. 3-20) Ln IN)

5 20,000

10 11 14,000 220,000 0.064 0.064
(1,000,000) (0.014) (0.014)

6,000

20 22 3,800 40,000 0.095 0.159
(250,000) (0.015) (0.029)

2,200

30 33 1,600 17,000 0.094 0.253
(65,000) (0.025) (0.054)

600

S40 44 460 9,000 0.051 0.304
(30,000) (0.015) (0.069)

140

50 55 115 6,000 0.019 0.323

(20,000) (0.006) (0.075)

55 61 25 3,000 0.008 0.331
(15,000) (0.002) (0.077)

1 0
Relative mean life = n/N= 3 years t/b = 0. 0133

(13 years t/b = 0. 0208)
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with increase in the width of the impact area (number of bays). However, a
contrary trend is brought about by the reduction in the normal velocity due to
the progress of the impact. As noted in Section 4.4 the velocity at maximum
impact load is 7/9 of the initial contact velocity, and the wetted half-width for
the typical impact is 7 ft. A typical effect of the velocity change can be super-
imposed on the PD/P curves in Fig. 5-14 for an assumed stringer spacing.

For 8. 5-in. stringer spacing the 7-ft half-width corresponds to 10 bays.
The variation in peak pressure from initial contact at the keel to width of max-
imum impact load is estimated to be as shown in Fig. 5-14. The net plating
design pressure including the estimated deceleration is determined by multiply-
ing the values at constant velocity times the velocity reduction factor. Thus,
although the initial rise in plating .design pressure is quite rapid, the vehicle
deceleration due to the impact causes a decrease in pressure for large wetted
areas. Under the estimated impact conditions and assumed stringer spacing the
maximum plating pressure load occurs on the fifth or sixth plating panel from
the keel.

From Figs. 5-14 and 4-20 the permanent set design pressure at one occur-
rence per year is:

60 170

PD = pp 0.35 (405) = 142 0.70(50) =35

for 7075-T6 plating, Z stringers (upper graph Fig. 3-16)

t/b 0.025 0. 0096

b = 8.5 in. t = 0. 213 t = 0. 082

for 5456-Hlll integral extrusion (upper graph Fig. 3-17)

t/b 0.0245 0.0085

b = 8.5 in. t = 0.208 t = 0,072

The fatigue life of the plating at Station 6 is developed in Table 5-5 for the
45-kn design with 7075-T6 plating on the low deadrise hull, f3 = 60. The rela-
tively long mean life, 30 yr, indicates the importance of the difference in the
occurrence levels between the bow station and the midship area. Since only the
landing impacts give significant pressures at Station 6, the total occurrence
levels are lower than for the bow station (which experiences slamming pressures
as well as normal landing). In addition, the low deadrise section is more criti-
cal to the attitude of the ship at contact so that the slope of the occurrence curves
is greater for the midship section.

Although only the one case is shown in Table 5-5, review of the occurrence
curves in Figs. 4-20 and 4-21 and the f~tigue life characteristics, Fig. 3-20,

I
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shows that the other design conditions (3 = 170 and 100-kn design speed) will
not be more critical for the repeated loading conditions. Thus, for most of
the hull bottom of the example ship the plating will be determined by the per-
manent set criteria.

TABLE 5-5

Fatigue Damage--Hull Plating at Station 6 (45-kn design)

7075-T6 Plating t/b =0. 025 (0 = 60)

Design P Occurrence Cycles to Partial
Pressure Cumulative Failure, N Damage n/Nil•IP P/D) (Fig. 4-20) n/Year (Fig. 3-20) (n IN)

500

50 143 400 45,000 0.009 0.009

100

75 214 160 15,000 0.011 0.020
S~40

100 285 30 5,000 0.006 0.026

10

i 125 357 10 <0.006 <0.032

Relative mean life 1/jn/N = 30 years

5.3.3 Stringer Design

The results of the plating design analysis indicate that the bow section may
be critical for fatigue. Thus, a typical stringer design will be considered in the
Station 2 area for the 100-kn design. Although the design pressure over the
stringer will actually be less than for the plating, at i = 300 the difference is
not large, and for this example the same design pressure will be used as for
the plating, 57 psi. The stringer spacing is assumed to be 12 in., corresponding
to 0. 156 in plating of 5456-H11.

The tentative stringer section can be determined in Fig. 5-15 for a selected
span between floor frames or bulkheads. The design chart (Fig. 5-15) is con-
structed for a wide range of pressures, stringer spacing, span, material allow-
able yield stress and stringer height. It may be used for design where the
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stringer and plating are either separate or made integral, but the particular
stringer section used is intended to represent typical proportions for integral
extruded plating-stringer combinations. For other effective sections the crip-
pling limit might be different, and the curves of Quadrant HI would have to be
suitably adjusted.

For the example, a 3-ft span between stringer support is assumed. Enter
Quadrant I at the given design pressure, 57 psi, proceed across to the stringer
spacing, 12 in., and then down to the line for span, L = 3 ft. These combina-
tions determine the moment (for average continuous loading and fixity conditions

M = w L2 /10). In Quadrant II the moment is combined with the allowable bending
stress to determine the required section modulus. Proceed down into Quadrant -i

III to a selected stringer height, across to Quadrant IV to the conversion lines
for height and down to the span lines to determine the stringer weight per foot
of length and total stringer weight per bay. Because of the rapid change of bend-
ing allowable for b/t values > 10 it will usually be found that the stringer of the
assumed proportions will have minimum weight close to b/t = 10. In the example
case this is a stringer 5 in. high with a nominal thickness of 0. 24 in. (Note that
the adjustment for reduced bending allowables due to flange crippling is done in
Quadrant III rather than II. The geometric section modulus of the stringer is
reduced by the ratio of the critical crippling stress to the nominal stringer allow-
able stress.)

The analysis of the fatigue life of the stringer design is given in Table 5-6.
The characteristics of 7075-T6 aluminum alloy design reference structure, I
Fig. 3-22, will be used, although this may be too conservative for the 5456 alloy
construction assumed for the hull bottom. The relatively short life determined
in Table 5-6 is an indication that fatigue may be the most significant criterion for
the bow section stringers as well as for the plating. However, it must be noted I
that the general fatigue life chart, Fig. 3.-22, applies to composite riveted struc-
tures with the normal manufacturing tolerances and thus includes large margins
as compared to the plating fatigue design charts. Thus, a substantial improve- I
ment in the estimated mean life of the stringers might result when fatigue design
data for a typical hydrofoil ship with welded and/or extruded integral structure
become available. J

4

'i
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Specific Foil and Strut Configuration

TABLE 5-6

Fatigue Damage--Stringers at Station 2 (100-kn design)

J 5456-H3111 Integral Plating and Stringer (design pressure 57 psi, a =25,000 psi)

R = 0 (u = ultimate tensile strength = 46,000 psi)
S1Design Stress,aI Dsig Stess aCycles to PartialPressure n/er (25, 000 PIdCce t ata

n/Year Failure, N DamageP D (Table 5-4) 57 a/2u (Fig. 3-22) ./N En/N

10 14,000 4,400 0.048 0 0

S1 20 3,800 8,800 0.096 80,000 0.048 0.048

30 1,600 13,200 0.144 25,000 0.064 0.112

40 460 17,600 0.191 6,000 0.077 0.189

50 115 22,000 0.24 2,600 0.045 0.234

55 25 24,000 0.26 1,800 0.014 0.248

Relative mean life = 4 years

Zn/N

4 5.4 FOIL AND STRUTS

:15.4.1 Bending Moments in Typical Foil-Strut Configurations

A series of two-legged rectangular bents that simulate a general foil and
strut configuration have been investigated for several types of loadings and end
fixity. In view of the large number of variables entering into the general expres-
sions, it is apparent that a direct comparison and evaluation of the various con-
figurations could not be readily made. For this reason, an appraisal of the study
vehicle was made for the specific foil and strut configuration shown below.
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TABLE 5-7

Bending Moment Summary Specific Configurations

1 2 3 4 5 6 7 8

Moment n =/ B C B E FB 1

A D2I AF -

0.75 0 38 0 16 0 18 0 0
MA, MD 1.00 0 35 0 15 0 7 0 0

1.25 0 33 0 14 0 7 0 0

0.15 21 16 29 62 15 32 0 0
M M 1.00 19 15 27 58 14 30 0 0

EI F 1.25 17 14 25 55 13 28 0 0

0.75 71 77 81 82 41 42 0 0
MBA, MCD 1.00 64 71 76 76 39 40 0 0

1.25 59 66 72 72 37 37 0 0

0.75 71 77 81 82 90 57 50 50
M M 1.00 64 71 76 76 88 54 50 50

BC' CB 1.25 59 66 72 72 86 52 50 50

0.75 82 77 73 72 62 62 103 103
ML/ 2  1.00 89 83 77 77 64 64 103 103

1.25 94 88 82 81 67 67 103 103

9 10 1 2 3 (5) 4(6) 7 8

Moment In B G H E E

0.75 0 14 0 553 0 85 0 77
M 1.00 0 15 0 560 0 83 0 77

MAI D 1.25 0 15 0 563 0 80 0 I 77

0.75 28 29 198 224 191 171 242 286

ME, MF 1.00 28 29 198 238 183 165 242 286
1.25 28 29 198 246 175 161 242 286

0.75 77 77 440 112 51 72 0 0
M MCD 1.00 77 77 440 120 58 78 0 0

1.25 77 77 440 125 62 81 0 0

0.75 77 77 440 112 51 72 0 0
MBC MCB 1.00 77 77 440 120 58 78 0 0

1.25 77 77 440 125 62 81 0 0

0.75 77 77 0 0 0 0 0 0
M 1.00 77 77 0 0 0 0 0 01.25 77 77 0 0 0 0 0 0
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I Bending moments for selected points in the specific configuration are cal-

culated in terms of the loading for several foil to strut stiffness ratios. The
Li effect of end fixity at points A and D is included.

The bending moments for all types of bents studied are summarized in Table
5-7 and apply only to the specific configuration. The following conclusions are
drawn from Table 5-7.

(1) Under side or asymmetrical loading, the bending moment at the mid-
I |span of the foil is zero.

(2) The maximum bending moments on the foil occur in the vertical load-
SI ing conditions.

(3) The maximum bending moments on the strut occur in the asymmetrical
loading conditions.

(4) For vertical loadings on the foil only, the optimum configuration,
depending on the degree of fixity at points A and D, is configuration

I 5 or 6.

(5) For side or asymmetrical loading on the struts, the optimum config-
urations, depending on the degree of fixity at points A and D, are 3,
4, 5 and 6.

1 (6) The optimum overall foil and strut specific configuration is 5 or 6.
Note that the optimum configuration selected is based on a compari-
son of the bending moments only and that deflections have not been
considered. Configuration 6 would have the least deflection.

5.4.2 Foil Section Properties

Section moduli were calculated by an automatic machine program for a series
of symmetrical and cambered NACA airfoils as a function of foil shell thickness
with varying chord lengths. On the basis of these section moduli, design charts
for determining the allowable bending moment for various airfoil sections, with
chord length, shell thickness and material as variables, are established and
presented in Figs. 3-15 and 5-16.

The allowable bending buckling stress of Fig. 3-15 is determined as follows:

(1) The limiting buckling stress for low values of b/t is assumed equal
to the yield stress of the material.

(2) For large values of b/t, the bending buckling stress is determined
from the general buckling equation for flat rectangular plates:

II

ER 13727

5-21

L.



"cr bI

where

a= initial elastic buckling stress
cr

K = buckling coefficient for flat plates in compression with all sides
,

simply supported, K = 3.62 x 0.75 = 2.72

E = modulus of elasticity of the material

t = plate or shell thickness

b = unsupported plate width.

*Design manual for high-strength steels, p. 41, USS.

(3) For intermediate values of b/t, a straight line variation between
steps (1) and (2) is used along with the recommended intercept values
of the Alcoa Structural Handbook and that of the United States Steel
Design Manual for high strength steels.

The use of these figures is explained as follows:

1) Assume an airfoil section, chord length, shell thickness, material
and unsupported panel width,

(2) Enter Fig. 3-15 with a calculated value of b/t and proceed vertically
to the material selected. The allowable bending buckling stress is
read to the left.

(3) Enter Fig. 5-16 with the assumed chord length and proceed vertically
upward to the airfoil section, then horizontally to the left to the as-
sumed shell thickness. Proceed vertically downward to the bending
stress established in step (2) and then horizontally to the right. Read
the allowable bending moment.

An example problem illustrating the use of these figures is as follows.

Determine the allowable bending moment for an NACA 16-206 airfoil section
that has a 10-foot chord, 0.5-inch shell thickness, 25% chord movable surface,
shear webs located at 25%, 50% and 75% of full chord,and is fabricated from T-1
steel material.

(1) Calculate, b/t - 0.25(10)12 60.0.5

(2) Enter Fig. 3-15 with a b/t - 60 and proceed vertically upward to T-1
steel material, then horizontally to the left and read acr 22, 000 psi
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1 (3) Enter Fig. 5-16 with a chord length of 10 feet and proceed vertically
upward to the NACA 16-206 curve, then horizontally to the left to the
shell thickness of 0.5 inch. Proceed vertically downward to a stress
of 22, 000 psi and horizontally to the right. Read the allowable bending
moment of 35,000 ft-lb.

I From Fig, 3-15, the following observations are noted:

(1) The shell buckling stress is very sensitive to small changes in b/t
- values.

(2) At b/t values greater than 60, no advantage can be realized from the
use of high strength steels.

(3) For b/t values between 20 and 60, high strength steels are the more
efficient structural materials and for b/t values less than 20, a titanium
alloy is more efficient than the high strength steels.

(4) Multiple-span type of construction is required to obtain a high shell
buckling stress, i.e., low values of b/t.

We conclude that the foil and strut structure shall basically consist of multiple-
spar type of construction that is fabricated by fusion welding of either USS T-1
type high strength steel or 13V-llCr-3A1 titanium material.

I
I
I
I:
I
I
I
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5.5 DECK STRUCTURE

5.5.1 Summary

The occurrences of high design pressures on the decking are relatively low
and confined to the bow areas. Thus, fatigue life will not be a significant prob-
lem, and much of the deck may be designed by stiffness criteria rather than by
the water loadings.

An arbitrary loading of 975 psf was used to examine the relative merits of
various decking structural systems including both the local decking and the deck
supporting structure. Most of the decking is determined by the stiffness criteria,
while the deck framing support is determined by the assumed loading.

Optimum frame spacing for the deck support lies between 3 and 5 ft in terms
of total weight of deck plus framing, and the variation between 3 and 5 is rather
small. A value analysis example for a number of the possible deck structures
including both weight and cost factors indicates that the integral plating is the
best choice for decking.

5.5.2 Decking Design

Two basic criteria are given for the decking structural design. The require-
ment for stiffness from the psychological point of view is given in Section 4.4.2.
The distribution of pressure loads from waves on the deck is given in Section
4.2.5.

Since the total occurrences of wave loadings on the deck are below 1000,
fatigue damage to the structure will not be significant.

For convenience in comparing the various examples, one value of the deck
pressure loading (975 pst) will be used throughout this section.

The actual bending moment stresses in the decking are a result of the beam
action of the deck loading upon the panels acting as continuous beams over many
supports. Although the deck loading is not actually a constant loading and can
thereby produce various combinations of loaded and unloaded bays, the maximum
beam bending moment will not often be greater than a value somewhat less than
that of a simply loaded beam. For this study the maximum bending moment is

taken equal to WL2/10, where

W = the running load

L = the span (transverse frame spacing).

This maximum value of moment is assumed to be plus or minus and applies
either over the beam supports or anywhere within the beam span. In this study
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I
of decking design, the overall decking tension or compression stresses due to
overall hogging or sagging conditions on the vehicle have been neglected. In
performing an actual detail design, overall stresses greater than 2000 psi (±)
would be considered.

The allowable bending stress for the decking is derived from the data pre-
sented in Fig. 3-13. In this figure, the local flange crippling stress is presented
as a function of the b/t of the individual flanges. The method of determining the
composite crippling allowable stress, amax, is indicated.

5.5.2.1 Plate-Stringer Design

I-section type stringers have been selected because they are generally the
lightest and most stable open-type sections for such applications. The upper
flange of the I-section provides symmetrical support to the plating while the
lower flange has good lateral stiffness and provides ample space for attaching
the stringer to support members such as transverse or longitudinal frames.
The actual size and dimensions of the I-section stringers and the integrally
stiffened plating used in this design are influenced by structural requirements

I and certain manufacturing and assembly methods:

(1) The present minimum thickness recommended by the aluminum in-
dustry for integrally stiffened extruded plating is 0. 080 in.

(2) The installation methods for attaching the lower flange of any I-section
stiffener to a transverse support frame by mechanical attachments
require a tool clearance of at least 1-3/4 in.

(3) Structural requirements demand certain minimum edge distances on
members through which mechanical attachments are made. In this
design,1/4-in. diameter fasteners are assumed for attaching the
stringers to the support structure. The proper flange width to satisfy
this requirement is 1 in.

Thus, a stringer of minimum dimensions would be as follows:

IT
1 1-15/ 16 in. ( 0. 080 (typical) in.

2.0 in.I
I
I

ER 13727

1 5-25

L



The selection of the optimum plate-stringer design for deck structure can
be accomplished only by considering the many variable factors associated with
both the deck structure itself and the support or framing structure. Since all
factors have not yet been evaluated, this phase of the study has been limited to
the production of data which can be used to show how deck weight varies with
various combinations of plating and stringers. Figure 5-17 has been constructed
and is described below.

5.5.2. 1.1 Explanation of Fig. 5-17

1. In Quadrant A both strength and stiffness requirements are shown.
The strength lines (dotted curves) were calculated, assuming the
stringers at 6-inch spacing and the material to be working at 19,000
psi allowable bending stress under a deck loading of 975 psf. Values
of the moment of inertia required are shown for various stringerw2
depths and frame spacings. The formula w was used,

where

w = running load, lb/in.

L = frame spacing, in.

Fcy = compression yield--allowable bending stress.

2. The stiffness criterion was used to calculate the moments of inertia
required for stringer stiffness. The band of acceptable stiffness is

3
shown along with the recommended value of EI/L = 60.

3. Also in Qadrant A is a set of radiating lines to be used for deter-
mining the moments of inertia required for other combinations of
loadings, stringer spacing and allowable stress.

4. In Quadrant B, the curves reflect the relationship between the moment
of inertia and flange thickness for various depths of I-section with the
central web thickness held constant at 0. 080 in. A correction factor
may need to be applied to account for the reduction in flange strength
below the compression yield strength due to local crippling where the
flange thicknesses are small.

5. Curves in Quadrant C show the relationship between stringer depth,
flange thickness and stringer weight per foot.

6. The weights of various plating and stringer combinations can be read
in Quadrant D for both integrally stiffened and plate-stringer types of
design. The weights are given in terms of deck unit weight. The
stringer spacing is related to the plating thickness by the stiffness re-
quirements, Fig. 4-34.
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5.5.2.1.2 An Example on the Use of Fig. 5-17

' ITo determine an optimum deck plating design for 6061-T6 material for a
frame spacing of 55 in. and a uniform loading of 2100 psf using a stringer depth
of 2-1/2 in. proceed as follows:

Step I

Enter Quadrant A at a frame spacing of 55 in. and proceed vertically to the

recommended stiffncss factor curve of EI/L 3 = 60. To the left is indicated the
moment of inertia required for stiffness, I 1.

1 Step2

* Re-enter Quadrant A at the 55-in. frame spacing and proceed vertically to
5 the strength curve for a 2-1/2-in. deep stringer.

Step 3

Proceed horizontally to the basic load line and then vertically to the load
line corresponding to the material, loading and stringer spacing, b; A =

2100I 35,000 x b. For b = 6.3 in., A = 0.38, and the plating gage is 0.80 correspond-

ing to the stiffness criteria of Fig. 4-34. The strength and stiffness require-
ments for inertia are the same. Other stringer spacing and plating combina-
tions will require different inertia (e. g., b = 8 in., t = 0.1; A = 0.48 and I =
1. 25). To the left is then indicated the moment of inertia required for strength.

[ Step 4

Using the higher of the values of required moment of inertia determined in
Step 1 and Step 3, proceed horizontally into Quadrant B and then to Quadrant C
and Quadrant D, determining the weight per square foot of the preferred deck
plating configuration.

1 5.5.2.2 Sandwich Construction Design

Sandwich-type structure is composed of two faces of high density material
which can support tension, compression, and bending loads, and a core of
low density material which can support the shear load. These parts are bonded
together under controlled heat and pressure to form the sandwich panel.71
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Fac e

Face 
Core

The materials selected for this design are divided into face materials and

core materials.

The face materials are aluminum alloys of various strengths.

Fcy
(psi)

7075-T6 Alclad 62,000

2024-T4 Alclad 37,000

6061-T6 35,000

The cores which are of different types of materials and densities are shown

in Table 5-8.

TABLE 5-8

Ultimate ShearDensity Strength

Material lIbft 3) (psi)
Balsa wood-- 10 150

end grain

Lockfoam 10 320

Lockfoam 12 420
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TABLE 5-8 (continued)

I Cell Foil Ultimate Shear
Size Thickness Density Strength

(iin.) (b/L (psi).....
5052 aluminum 3/16 0.001 3.1 197
foil 3/16 0.0015 4.4 322

3/16 0.002 5.7 431

1/4 0.003 6.0 471

1 1/4 0.004 7.9 620

The allowable tension and compression strengths of the faces are equivalent
to the tension yield and compression yield strengths of the face material be-
cause in sandwich construction the face plates are completely stabilized by the
sandwich core. To determine a practical method of analyzing sandwich-type
decking, numerous combinations of panel size and end conditions were investi-I gated. It was determined that when the length-to-width ratio of the panel was
greater than 3, beam theory analysis would suffice for structural design pur-
poses. It was assumed that both the longitudinal and the transverse splices
would be so designed as to make the panels effectively continuous-type beams.

The maximum shear in the panel is equal to 1/2 wL and will occur at the
transverse frames. The maximum bending moment is assumed equal to
wL 2/10 where

w = running load, lb/inch

L = frame spacing, in.

From a history of tests and field service reports on sandwich panel applica-
tions in military and commercial aircraft, the following dimensions are recom-

* mended as practical minimums for deck-type structure:

(1) Panel thickness = 1 in.

Sl(2) Face thickness =0.060 in.

(3) Foil thickness =0. 001 in.

3i Considering the foregoing limitations and assumptions with regard to mate-
rials, allowables, and methods of analysis, the charts of Figs. 5-18 and 5-19
have been prepared for the selection of sandwich-type decking for variations in
transverse frame spacing, face gage, core and cell size and deck loading. A
detailed description of these charts follows.

I
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5.5.2.2.1 Explanation of Fig. 5-18

Figure 5-18 is used to determine the panel thickness needed to meet bonding
stiffness and bending strength requirements assuming a particular combination
of face thickness, frame spacing, deck loading and ultimate allowable bending
stress.

1. In Quadrant A 1 , the stiffness requirements are shown. The stiffness

lines were calculated using the recommended stiffness value, EI/L 3

60. The value of EI/L = 60 was developed for typical plate-stringer
type of deck design. For sandwich-type decking, it has been assumed
that the moment of inertia of a strip of decking 12 in. in width is the
approximate equivalent of the plate-stringer combination used to

3
establish the value if EI/L = 60. Hence, the value of I for the sand-
wich panel is

I =(2 tf) (t 2 (x)

2(2Otf) t for
=6tftd for(x) =12in.

where

tf = face thickness

and

td = centroidal height between faces.

In addition to the values of panel thickness, the weight in psf is shown
for the assumed face thicknesses.

2. In Quadrant A2 , the strength requirements are shown. The strength

lines were calculated using the compression yield strength of 6061-T6
aluminum alloy (35, 000 psi) as the allowable stress and a deck load-
ing of 975 psf. Values of panel thickness required are shown for
various face thicknesses and frame spacings. The formula used was

wL2
td - w

10 tf Fcy

where

w = running load, lb/in.

L = frame spacing, in.
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Fy = compression yield, psi

I tf = face thickness of the panel, in.

td = centroidal height between faces, in.

3. Quadrant B contains a set of radiating lines which may be used to
determine panel thicknesses for loadings other than 975 psf using an
allowable bending stress of 35, 000 psi.

4. Quadrant C presents a set of radiating lines which may be used to
determine panel thicknesses for allowable bending stresses other

- than 35,000 psi.

5.5.2.2.2 Explanation of Fig. 5-19

- Figure 5-21 is used to determine the core thickness required to support the
beam shear in the core for various types and densities of core materials. The
weight in psf of deck area is also given for the type and density of core thus
determined.

1. Section A contains a set of radiating lines which may be used to de-I termine the maximum beam shear for various deck loadings using
the formula,

Smax =_iwL

where

Smax = maximum shear (lb)

w = running load (lb/in.)

SL = frame spacing (in.)

The shear thus determined is termed uncorrected because in applying
it to the core material, a reduction is necessary to account for the
shear carried by the faces. This is true only in the case of aluminum

foil-type core.

The shear strength of aluminum foil core is influenced by both the
core and face thicknesses. There is no simple method available for

- •computing core shear strength with these two variable factors con-
5 sidered. Therefore, the factor of K, (curve A) and K2 (curve B)

was determined through a series of tests, and the formula

US

lll •,: !|| KI K

'"~I,
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was derived where

S uncorrected shear (Fig. 5-21)

Sc = corrected shear

K, = correction factor for the influence of face thickness on core
shear strength

K2 = correction factor for the influence of core thickness on core
shear strength.

The shear value thus determined for aluminum foil is then used in
Section B.

2. Section B presents a set of radiating lines of different densities and
materials from which the core thickness can be determined using
corrected shear values. The ultimate allowable shear stress used
for determining these lines is shown in Table 5-8.

3. Section C presents core weights in psf of deck area for various types
of core matertai.

5.5.2. 2.3 Example of the Use of Figs. 5-18 and 5-19

It is desired to determine, for a loading of 975 psf, the panel thickness and
weight of a sandwich-type deck using a frame spacing of 5 ft. Use the recom-
mended minimum face thickness of 0. 060 in. and 6061-T6 material.

Step 1

Enter Quadrant A1i of Fig. 5-18 at a frame spacing of 5 ft and proceed ver-

tically to a face thickness of 0. 060 in. To the left is indicated a panel thickness
of 1. 83 in., which is that required for proper stiffness.

Enter Quadrant A 2 at a frame spacing of 5 ft and proceed vertically to a face

thickness of 0. 060 in. To the left is indicated a panel thickness of 1. 22 in. ,
which is that required for strength.

Step 3

Enter Section A of Fig. 5-19 at a frame spacing of 5 ft and proceed vertically

to the deck loading of 975 psf. To the left is the uncorrected shear, 208 lb/in.
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Step 4

I Enter curve B of Fig. 5-19 at a core thickness of 1.71 in., which is deter-
mined by subtracting twice the face thickness from the larger of the two panel
thicknesses obtained in Steps 1 and 2. The value of the correction factor, K 2 ,

Sis read as 0.73.

Step 5

I Enter curve A at a face thickness of 0. 060 in. To the left is -ead 1.16, the
value of the correction factor, K1 .

I Step 6

Determine the corrected shear value using the equation S. = SU/K 1 K 2 . The
correct shear is

208 = 245 lb/in.
(1, 16) (0.73)

Step 7

Enter Section B of Fig. 5-19 at the corrected shear of 245 lb/in. and proceed

vertically to 3.1 lb/ft 3 density line. To the left is indicated the core thickness
(1.25 in.) required for shear strength.

Step 8

Compare the core thickness values determined in Step 4 and Step 7. Enter
Section C with the larger value, 1. 71, and proceed horizontally to the 3. 1 lb/

ft 3 column. The indicated weight in psf of deck area for the core alone is 0. 443.

Step 9

Add the weight of the core, 0.443 psf, to the weight of the faces, 1.73 psf
(see upper end of curves in Quadrants A1 or A2 of Fig. 5-18) to determine the

basic weight of the sandwich decking, 2.173 psf.

, NOTE:

To the basic weight of the sandwich panel must be added the weight of edge
members and filler block for attachment of the panels to the support structure
and for attaching fittings, equipment, etc. This additional weight will vary
from 20% to 40% of the basic panel weight. Thus, the total weight per square
foot of the sandwich decking is 2. 173 x 1.30 = 2.82 psf.

I
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5.5.2.3 Plate Corrugation Design

The plate corrugation design has been selected for study because of the
ease of manufacture,, assembly and installation. Also, a wide variety of corru-
gation can be readily formed, by braking, from standard sheet materials. The
actual size and d4inensions of the trapezoidal corrugation used are influenced
by structural rpquirements and certain manufacturing and assembly methods.

To provide the maximum panel stiffness under loads, the trapezoidal corru-
gation is required to have a minimum width of flat and a minimum taper to the
sides.

,..1. The proper width of flat depends upon the clearance required for the
head of the attaching mechanical fasteners. In this design 3/16 in.
diameter fasteners are assumed for attaching the corrugation to the
support structure. Thus, 13/32 in. is the minimum flat to satisfy
this requirement.

2. The minimum slope of the side is 150 and is required by manufactur-
ing for forming.

The installation of the corrugated panels to the support structure by a blind
mechanical fastener requires a minimum clearance of one inch between the
corrugation valley and plating.

The material selected for this design is a medium strength aluminum alloy,
6061-T6 bare sheet, which has excellent forming and good mechanical properties.

In the plate and corrugation type of construction, the plate is stabilized from
buckling by the corrugation. The allowable plate buckling stress a , deter-

mined from the data presented in Fig. 3-13, is presented as a function of the
b/t of the plating (both edges supported)

where

b = the pitch of the corrugation (in.)

t = the plate thickness (in.)

The allowable buckling stress for the valleys of the corrugation is equal to
the compression yield, Fcy , of the material because, for the thicknesses being

studied, the b/t values of the corrugation flats are less than 28

where

b = the width of the flat (in.)

t = the thickness of the corrugation (in.)
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The b/t value of 28 is the maximum that a flat plate in compression, with the
unloaded edges sipported, can have and work to compression yield F4 . There-

fore, the allowable bending stress, Fb, for the flat plate and corrugatioa is

assumed equal to are ax. The beam theory analysis is used for structural design

purposes since, as in the case of sandwich panels, the length-to-wldth ratio of
the corrugated panels is greater tha!. ýiree. It is assumed that both the longi-
tudinal and transverse splices would be so designed as to make the panels effec-
tively continuous beams. Therefore, for this design, as well as for the designs

previously studied, the maximum bending moment is assumed equal to w L'/10

J where

w = the running load (lb/in.)

L = frame spacing (in.)

From a study of tests and field service reports on various types of deck
construction on military and commercial aircraft, it is recommended that a
practical minimum plating thickness for plate and corrugation-type deck struc-
ture is 0. 063 in.

Considering the foregoing limitations and assumptions, with regard to
materials, allowables and methods of analysis, the charts of Fig. 5-20 have
been prepared for the selection of plate and corrugation-type decking for varia-
tions in transverse frame spacing, plate and corrugation thickness and deck
loading. A detailed description of these charts follows.

5.5.2.3.1 Explanation of Fig. 5-20

1. In Quadrant A 1 , the stiffness requirements are shown. The stiffness

Slines were calculated using the recom m ended stiffness values, EI/L 3

= 60,

E = modulus of elasticity for aluminum (psi)

I = moment of inertia (in. 4 )

[ L =frame spacing (in.)

The value of EI/L 3 = 60 was developed for typical plate-stringer type
of deck design. For plate and corrugation decking, it has been
assumed that the moment of inertia of a strip of decking 12 inches in
width is the approximate equivalent of the plate-stringer combination

I used to establish the value of EI/L 3 = 60.

ER 13727
I 5-35



2. In Quadrant A2 , the maximum bending moments are shown. The

deck loading lines were calculated using the formula M = wL 2 /10

where

M = the maximum bending moment per inch of width (in. -lb/in.)

w = the running load (lb/in.)

L = frame spacing (in.)

3. In Quadrant B, the strength requirements are shown. The strength
lines were calculated for the minimum allowable bending moment the
section will carry, in edther direction, using the allowable bending
stress, Fb , for 6061-T6 aluminum alloy, of either the plate or the

corrugation valley with its respective section modulus. Values of
corrugation depth required are shown for various skin and corrugation
thicknesses and bending moments. The formula M = Fb I/c was used
for calculating the allowable bending moment

where

M = the minimum allowable bending moment per inch of width (in. -lb/
in.)

Fb = the allowable bending stress (psi)

I = the moment of inertia per inch of width (in.4 /in.)

c = the distance from the outer fibers to the neutral axis (in.)

4. Curves in Quadrant C show the relationship between corrugation depth,
plate and corrugation thicknesses and deck weight in pounds per
square foot.

5.5.2.3.2 Example of the Use of Fig. 5-20

It is desired to determine, for an ultimate deck loading of 975 psf, the
corruigation depth and weight of the decking, using a frame spacing of 5 ft and
the recommended minimum plate and coriugation thickness of 0.f063 in. and
6061-TG material.

Step 1

Enter Quadrant A1 of Fig. 5-20 at a frame spacing of 5 ft and proceed ver-

tically to the thickness of 0. 063 in. To the left is indicated the depth of corru-
gation, 1.98 in., which is required for proper stiffness.
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Step 2

Enter Quadrant A2 at a frame spacing of 5 ft and proceed vertically to the

deck loading of 975 psf. To the left is Indicated the maximum bending moment
per inch.

Proceed horizontally into Quadrant B along the required bending moment
line to the plate and corrugation thickness of 0. 063 in. Vertically downward is
indicated the depth of corrugation, 1.82 in., which is required for proper
strength.

SStep 4

Compare the corrugation depth values determined in Step 1 and Step 3. Enter
Quadrant C with the larger value, 1. 98 in., and proceed vertically downward to
the plate and corrugation thickness of 0. 063 in. To the right is indicated the
weight, 2.82 psf, oi deck area.

5.5.3 Main Deck Transverse Frames

5.5.3.1 Number of Supports

The average beam of the hull used in this study is approximately 30 ft. If
transverse beams of this length were used to support the deck loading, they
would be quite deep and heavy. To provide maximum clearance between decks
and to reduce the overall frame weight, it is therefore necess'ry to determine
an optimum number of intermediate supports.

The maximum bending moment of the transverse frame treated as a simple
beam uniformly loaded over its entire unit span, S, is used as a basis of com-
parison. Maximum frame bending moments were then calculated for a uniformly
loaded continuous beam. Both pinned and fixed ends were considered and the
number of equally spaced rigid intermediate supports was varied. The con-
tinuious beam bending moments thus calculated were then ratioed to that of the
simple beam.

The resuits, presented in Fig. 5-21, show that the frame bending moments
decrease rapidly as the number of supports is increased to two and that they
then level off with the end fixity effects becoming negligible. Hence, from Fig.
5-21. it ean be concluded that two intermediate supports should be used with the
transverse frames to provide for minimum frame weight and depth and that the
frame end fixity has a negligible effect on the frame bending moments.

Optimum frame weight and spacing are dependent upon many considerations
involving materials, loadings, strength and deflection criteria, and methods of
stabilization.
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"The selection of the transverse frame material is based on a comparison of
the mechanical strength properties of extrudcd aluminum alloys in the welded
and nonwelded conditions. Of the various aluminum alloys available, 5456-0,
6061-T6, and 7075-T6 are selected for study for the following reasons:

(1) 5456-0 possesses the highest tensile yield strength of the easily
weldable aluminum alloys.

(2) 6061-T6 is a heat-treated medium strength .luminum alloy that carl
be used in the welded or nonwelded condition.

(3) 7075-T6 is a high strength aluminum alloy that is recommended for
nonwelded applications. This material has low corrosion resistance
properties.

Using the conclusions derived from Fig. 5-21, a constant section transverse
frame is then treated as a continuous beam of three spans (of equAl length S/3 =
L) supported by two rigid inteormediate supports (e11 supports oz, the same level)
considering the frame ends as both fixed- and pin-ended, and subjected to a. uni-
formly distributed loading acting in each bay or any combination of bays. The
maximum bending moment for the simply supported continuous beam occurs at
the supports when one outer bay and the center bay are loaded simultaneously;

M - 0. 117 wL2 (limit). For the fixed-ended continuous beam1 , the maximum
bending moment occurs at the frame ends when both outer Lays are loaded si-

multaneously; M = 0. 112 wL2 (limit). Note that the itaxinrnm bending moment
is practically identical for the fixed- and pln-ended conditions,

The maximum bending deflection for the simply supported continuous beam

is 0. 0099 wL 4/EI and occurs in the outer bay when both outei, bays are loaded
simultaneously. The maximum bending deflection for the continuous beam with

fixed ends is 0. 0061 wL /EI and occurs in the center bay when that bay only is
uniformly loaded. Shearing deflections have been neglected because for a uni-
formly loaded 1-section frame with a span to depth ratio of 10, the shearing
deflection is only 6% of the bending deflection.

In determining the transverse frame weight as a function of frame spacing,
the following design criteria and data are uso.d:

(1) With a main deck design pressure of 975 psi, the permissible frame
deflection is set at 0. 50 in. This defiection is estimated to provide
sufficient inherent overall transverse hull stiffness and is also con-
sidered a maximum to which secondary structure, such a, nlumbing
and other lines attached to the frame, may be deflectLd without
damage.

(2) The frame structure sball withstand this de.lection without buckling.

I
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(3) The allowable bending stresses used are as follows:

5456-0, Fb = 19, 000 psi--welded or nonwelded

6061-T6, Fb =35,000 psi--nonwelded

7075-T6, Fb = 60,000 psi--nonwelded.

(4) The plating material of the deck is neglected in the deflection calcula-
tions.

(5) The deck camber is neglected in the deflection calculations.

(6) The maximum bending moments are 0. 117 wbL 2 .

where

1L = 10 ft

w = 975 psf

b = transverse frame spacing (in.)

(7) The frames are aluminum I-sections or channel sections of constant

f cross section with E = 107 psi.

The results of this study are presented in graphical form in Figs. 5-22 and
5-23. Two methods of frame stabilization are considered: one provides ten-
sion straps at proper intervals to reduce the frame spar and the other selects
sections that are of sufficient inherent stiffness to be stable without straps.

[I The plots shown in Figs. 5-22 and 5-23 result from the use of American
Standard sections. Optimizing each section would result in smoother plots.
Numbers on the plots represent frame weight per square foot of deck area.

A summary of the calculations performed in comparing the two methods of
frame stabilization is presented in Table 5-9. In this table, it is noted that the
frame bending moments are critical for 5456-0 material and that deflectionsI are critical for 6061-T6 and 7075-T6. Also, it should be noted that the re-
sulting average stress levels for the inherently stable system are lower than
those for the tension strap system. This indicates that heavier frame sections
are required for the inherently stable system.

Calculations performed for the inherently stable system are in accordance
with the procedures set forth in the Alcoa Structural Handbook.
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The following conclusions are derived from Figs. 5-22 and 5-23 and Table
I 5-9.

(1) The frame tension strap stability system is generally lighter.

1 (2) Frame weight per square foot of deck area decreases for both
I-sections and channel sections as frame spacing is increased.

(3) The established frame deflection criterion is the determining factor
for the frame design using 6061-T6 and 7075-T6 materials. For
lower strength materials such as 5456-0, the deck loading criteria[ is critical.

Not indicated in Figs. 5-22 and 5-23 or Summary Table 5-9 is the fact that
frame depths increase with increased frame spacing, and that channel frames
require slightly larger depths than I-section frames.

5.5.3.2 Frame Selection Diagrams

Diagrams for selecting transverse framing of 5456, 6061, and 7075 aluminum
alloys are developed using strength, deflection and shear buckling criteria.
Optimum frame spacing is selected on the basis of weight comparisons.

It was concluded previously that the transverse frames should have two
intermediate supports. Continuing with this arrangement, the maximum beam
bending moments, shears and deflections were calculated for the continuous
beam-type frame having various combinations of bay loadings. Both simply
supported and fixed end beams were considered with intermediate supports
assumed rigid. The results are tabulated in Table 5-10 below.

TABLE 5-10

Beam Bending Moment, Shear and Deflection
Coefficients and Formulas

3 S l BContinuous Beam--
Single Bays-- 3 Equal BaysSimple Beam

Simply Supported Simply Supported Fixed

Kr -- moment 0.125 0.117 0.112

K2 -- deflection 0.0132 0.010 0.006

K3 -- shear 0.050 0.617 0.567

Maximum bending moment = K1 wL 2

Maximum bending deflection = K 2 wL4/EI

Maximum beam shear = K 3 wL

I
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where

w - beam loading

L = beam bay length

E = modulus of elasticity

I = moment of inertia about bending axis

K , K , K are constants of Table 5-10.
1 2 3

Beam bending moments due to a unit deflection of a support, for a three
equal bay continuous beam, are shown in Table 5-11, considering both simply
supported and fixed ends.

TABLE 5-11
Beam Bending Moments Due to a Unit Support Deflection

Continuous Beam with Three Equal Bays

0 +3.60 -2.4 0

I L. _ _L _ -+ 
., ,

K4  -To- -1.60 +0.40 0

KK4 -5.6 +52 1 -3.2 +1.60

/ -- i

K4  -2.8 +0.8 -0.4

Positive moment is tension on bottom fibers

Bending moment = K El A/L2
4
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I

where

K is the constant in Table 5-11.

4

For continuous beam-type frames the maximum bending moment due to deck
loading and support deflection is calculated as follows:

M = maximum frame bending moment

M = bending moment due to the deck loading
L

M = bending moment due to deflected support
: D

w = beam loading

L = beam bay length

E = modulus of elasticity

I = moment of inertia about bending axis

"b = frame spacing

p = deck load per unit area

S= support deflection

Subscripts:

F = frame

"* B = longitudinal beam.

The maximum bending moment occurs at the supports and is expressed as:

M =M +M
F L- D

where

2 2
M =K w L F, MD =K4 E I AB /LF

L 1 F F D 4F FB F
2 2

M =K w L +K E I A /L
1 F F - 4 F F B F

Assuming that the longitudinal beam is uniformly loaded by the frames, and no
interaction exists between the frame and longitudinal beam,

4
A = K w L B/EB IB 2 B B B B
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Substituting

M =K w L +K K( __) W
F 1 F F -W L(EF) B B

w L FF 42\EBIB

w = pb, w =L P'w = b F
F B F BPb

M =K w L +K K2 F (_B
F 1 F F- 4 I b

or

M =W L 2 K + K K E L\ LB
F, F F I-- 4 2 (EBI B LFb

2
M =Cw L

F F F

A diagram for evaluating the parameters of the above equation is shown in
Fig. 5-24. The moment coefficient, K 1 , may be assumed equal to the average

(0. 115) of the two values given in Table 5-10 for a simply supported and fixed
continuous 3 bay beam. K2 K4 is assumed for a simply supported continuous

beam system as 0.010 x 3.60 and for a fixed continuous beam system as 0. 006 x
EF IF LB L

5.2. As the values of EB, and - are increased the effective
EPIB 'LFb

moment coefficient, C, is also increased. Thus, as the relative stiffness of
the transverse frame is increased with respect to the longitudinal beam, the
bending moment in the frame increases. Also, as the beam length of the longi-
tudinal supports increases with respect to the transverse beam's span or the
frame spacing, the coefficient is increased. It is also to be seen that, since the
value of K1 for a simple beam is 0. 125, the limiting value of C should be 0. 125.

In other words, when C is determined to be a value greater than 0. 125 for a
continuous beam concept, it would be advantageous to use individual simple
consecutive beams instead of a continuous three-span beam. Since the differ-
ence between K1 as a simple beam and C as a continuous beam is small, it is

concluded that individual simple consecutive beams will usually be the lightest
construction. For this study, then, simple consecutive beams will be used.
However, a value of 0.15 will be conservatively assumed for KI in order to

take care of some nonuniformity of the loading, i. e., assuming the loading to
be somewhat higher than average at the midspan. This value is used in Fig.
5-25.
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The maximum frame deflection coefficients, K , are listed in Table 5-10
2

n for various combinations of uniform bay loadings. The deflection criterion for
this study was tentatively established as 0. 5 in. for a 10-ft bay. In more
general terms, this can be expressed as 0. 0042 L. This value has been revised
to 0. 005 L for future phases of study to make deflection criterion more corn-
patible with strength criteria.

The frame shear coefficients shown in Table 5-10 are the maximums for
various combinations of uniform bay loadings. A value of 0. 65 is assumed for
this weight study to provide for an anticipated increase in shear loads due to
support deflection. Frame webs are assumed to be nonbuckling under the
imposed shear loads. The use of lightening holes has not been considered.

Figures 5-25, 5-26 and 5-27 show the variation of the transverse frame
weight in pounds for:

(1) Square foot of main deck area.

(2) American Standard I-sections and channel sections.

(3) Newly developed I-sections, using the preceding criteria for strength
deflection and shear buckling.

The use of these figures is illustrated by the following example.

It is required to find the weight per square foot of deck area of 6061-T6
American Standard I-section frames spaced at 4 ft and designed to an ultimate
deck loading of 975 psf. The frames are 10 ft in span and are assumed to be
simply supported.

Enter the upper right-hand quadrant of Fig. 5-25 at a frame spacing of 4 ft
and proceed vertically to the 975-psf deck loading line. Proceed horizontally
to the left to the 10-ft frame bay length and then vertically downward to read
the design bending moment of approximately 60, 000 ft-lb. Continue downward
to an allowable bending stress of 35, 000 psi for the 6061-T6 material. Pro-
ceed horizontally to the right to read the required section modulus of 20 in.
cubed. Continue to the right and find the closest American Standard I-section
for which the section modulus exceeds the required value of 20 in. cubed. As
indicated on the figure, this section is a 10-in. deep by 8. 76 lb/ft I-section
having a section modulus of 24. 7 in. cubed. Thus, to meet the strength re-
quirenients, a framing weight of 8. 76/4 = 2. 19 psf of deck area is required.

-, If, in the example above, the transverse frames were considered as contin-
uous and as having parameters equivalent to those shown in the example in
Fig. 5-24, then the maximum frame bending moment would be altered by the

41 ratio of the moment coefficient indicated for this condition to that used in Fig.
5-25. The ratio would be 0. 105/0.15 and the new design frame bending moment

I
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would be (0. 105) (60, 000) - 42,000 ft-lb. Entering Fig. 5-25 with this value
0.15

and proceeding downward to an allowable bending stress of 35, 000 psi, it is
seen that a section modulus of 14. 5 in. cubed is required and that an 8-in. deep
by 6.4 lb/ft I-section would be required. In this case, a framing weight of 6.4
lb/ft = 1. 60 psf of deck area would be needed to meet the strength requirements.

Figures 5-25 and 5-26 are used to check the hypothetical frame for the de-
flection criteria and shear buckling criteria. The example for the simple
support case is illustrated. Thus, the selection of American Standard I-section
members to meet the assumed requirements is shown in Table 5-12.

TABLE 5-12

American Standard I-Section Member

I-Section psf Figure

Bending strength 10 in. x 8. 7 lb/ft 2.19 5-25

Deflection 10 in. x 8.7 lb/ft 2.19 5-26

Shear buckling 6 in. x 4.3 lb/ft 1.18 5-27

An examination of the American Standard section shapes as utilized for deck
support structure has indicated that excessively weighty sections are required
where more efficient lighter sections would suffice. A new I-section, proposed
as shown, is proportioned to be stable in bending at the yield strengths of
5456-0 and 6061-T6, and to be stable in shear at a stress of 19,800 psi which
will suffice for 5456-0, 6061-T6 and 7075-T6 materials. See Fig. 5-25 for
the allowable bending stress. In Figs. 5-25, 5-26 and 5-27, the dashed line
represents the proposed new I-section properties for the respective design
criteria.

The selection of new I-section members to meet the assumed requirements

of the previously illustrated example is shown in Table 5-13.

TABLE 5-13

New I-Sections Members

New I-Section psf Figure

Bending strength 14 in. x 6.4 lb/ft 1.6 5-25

Deflection 13 in. x 5.5 lb/ft 1.38 5-25

Shear buckling 9 in. x 2. 64 lb/ft 0.66 5 1-27
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Comparing the values of Tables 5- 12 and 5-13, it is seen that the newly
developed I-section is superior weightwise to the American Standard I-section
in a proportion of 1.6 to 2.19, a 27% reduction.

5.5.3.3 Optimum Frame Spacing

The optimum frame spacing based upon the total weight of both decking and
transverse framing is determined from Figs. 5-16, 5-17, 5-25, 5-26 and 5-27.
The weight, determined as a function of frame spacing, bay lengths, material
and type of-frame and deck section, is shown in Figs. 5-28 through 5-32, in-
clusively. From these curves it is evident that, for the design criteria contained
herein, the optimmn frame spacing is approximately 4 ft, with only slight weight
variations between 3 and .5 ft.

The following conclu3ions, based on the design criteria established herein,
are drawn from this study:

(1) For deck structure, the optimum frame spacing is approximately
4 ft, with only a slight weight variation between 3 and 5 ft.

(2) The newly developed I-section is superior weightwise to the American
Standard sections.

(3) The lightest practical deck structure consists of integrally stiffened
5456-0 or 6061-T6 decking and 6061-T6, 6066-T6 or 7075-T6 I-
section transverse frames of the new design proposed in this study.

5. 5.4 Longitudinal Deck Supports

In the main deck transverse frame optimization study, it was concluded that
two intermediate supports should be used. To support each transverse frame
individually with such supports would seriously interfere with a suitable plat-
form deck arrangement. The addition of two longitudinal support beams will
provide structural support for the frames, minimize the number of vertical
supports and provide added hull longitudinal bending stiffness.

Since the longitudinal support structure is similar in design and loading to
the transverse support structure, the results of the study of the transverse
frames can be applied directly. Hence, it can be concluded that two intermediate
supports should be used with each longitudinal beam to provide minimum beam
weight and depth.

5.5.4.1 Stanchiors

Allowable column stress curves are plotted in Fig. 5-33 for standard, round,
extruded tube stanchions of 5456-0, 6061-T6 and 7075-T6 materials. The
curves were determined by the method presented in the Alcoa Handbook.
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From these curves, allowable column loads for the 5456-0 and 6061-TO
materials were established for 100-in, long pin-ended columns using standard
tube wall thicknesses and outside diameters. The results are plotted in Fig.
5-34.

The plots f,-r 6061-T6 are curved since the slenderness ratios for the chosen
combinations of wall thicknesses and outside diameters fall, primarily, in the
Euler range. For 5456-0, the plots are primarily straight lines.

Indicated on the plots are the weights of 100-in. stanchiont, for the various
wall thicknesses and diameters chosen. It can be seen by inspection that the
weight difference between the heaviest and lightest is not very great.

When considering the small number of stanchions that will be used in a ship
of the size considered in this study, it is apparent that the stanchion diameter
and wall thickness can be chosen for reasons other than column strength without.
seriously affecting the overall vehicle weight.

5. 5. 5 Value Analysis

A cost was determined for several possible structural configurations in the
hull. These included different fabrication and installation methods, materials,
standard commercial and special extrusions, etc. For the purposes of this
analysis, only the material and manufacturing costs, including overhead, are
considered. Other design factors such as weight, panel size, flatness, water
leakage, reparability, handling and machining cost were evaluated separately.

Four different manufacturing methods were investigated. They were plate
and stringer, integrally stiffened extrusion, machined plate and honeycomb
panels. Figure 5-35 reflects the relative rating these four meihods attained in
evaluating each with the aforementioned design factors. These assigned num-
ber values are relative only to each other and have weighted values of 1 to 4
with number 1 being the best and number 4 the worst.

Using the decking and supporting structure as an illustration, the findings
and conclusions on cost and weight derived from Table 5,-14 can apply to many
other areas of the hull such as plating, superstructure, bulkheads, frames,
etc. This analysis is for 6061 and 5456 aluminum at three different frame
spacings with the type of structure described in Figs. 5-36 through 5-41.

Table 5-14 shows the weight and corresponding "cost per pound" for the
installations investigated. Caution should be exercised in any use of the "cost
per pound" figure, especially in regard to any decision-making that concerns a
design selection based on cost. The association of a low "cost per pound" value
with an overall minimum cost is not necessarily true. For example, the bonded
plate-stringer with standard channel support design has a $1.86 per pound cost
against a $2. 58 per pound cost for a bonded plate-stringer with special I-supports.
However, their total costs are approximately the same. The reason for the
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"cost per pounds' difference is caused by the weight differential. Therefore,
the total cost associated with corresponding total weight should be the parameter
to consider.

Because Table 5-14 has 69 different combinaLions shown in a tabuiar torm,
it is difficult to derive any quick conclusions. Figure 5-42 is an •t•aenpt at
clarification of some of these data by graphical rupresentation and simplification
by showing only one frame opacing of 6061 aluminum.

A significant point in Fig. 5-42 is the consistent cost of all the plate-.stringer
types ($45, 000 average). However, the weight variance of th,'se designs is
5500 lb, with a range fLon 17, 500 to 23, 000 lb.

The integral extrusion-type designs include $13,000 for die costs which is
reimbursable in whole or part, depending upon the quantities involved. "here-
fore, subtracting tbis from the average cost of $67, 000 makes it more compatible
with the other designs whenever more than one craft is considered. This reduces
the cost to $54, 000 which puts it in the dollar ctass with the plate-stringer types
but with the additional advantage of minimum weight.

The machine plate design does not appear to have ,any strong points as it is
the most costly and has a negligible weight advantage. One of the disadvantages
of the honeycomb design is that it is the heaviest.

The integral extrusion design with special I-section supports is recommended
as a compromise because of the favorable weight and adequate strengtb with
good structural design for hydrofoil operation at relatively low cost.
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Section Properties (full hull)
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Fig. 5-2. Modified Hull Transverse Midship Section
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Fig. 5-16. Allowable Foil and Strut Bending Moment
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8 Stiffness requirements, . 1

0.02
5 0.040.. NOT ES:

S1. Curves in Quadrant A 2  are determ ined for a

0.070deck loading of 975 psf and an allowable stress F%
4 0. 080 •\of 35, 000 psi. The bending moment used is

3 •-7M wL 2/10.0.9 \ -0.92
2. Curves in Quadrant A are determined from

1the stiffness criteria. EI/L .,60. The mo-
1.44 4ment of inertia used is that of an assumed
1.73. 1 1.73 equivalent panel width of 2 in.2.01| !• 20

2.30 Quadrant 1  2.30 3. Quadrants B and C are used to determine
0 - panel thicknesses for deck loadings and

10 2 3 4 5 6 7 8 9 10 bending allowables other than those used in
Frame Spacing (feet) (L) Quadrant A2 .

Examples:

(a) L 5 ft, tf 0.060In., Fb = 3 5,000

psi, and w * 975 psf.

Therefore, from Quadrant A2' t i 1.22 in.

(b) L -5 ft, t f - 0. 060 In. , F b a-20, 000
psi and w = 975 psf.

Therefore, from Quadrant C, t , 2. 05 in.

d Face (c) L =5 ft, tf =0.060in., Fb w50,000
psi and w w 1600 psf.

Core Therefore, from Quadrant C, t - 1. 45 in.

@ Values are weight of both faces of panel, psf.

Fig. 5-18. Diagram for Selecting Panel and Face Thickness of Sandwich-
Type Decking
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1.4 - _ .100 1.2,_ _ • _
~~KI0- • CurveA. K2 Curve0 B•• •

0.8 0.6 ji N - - L___J
0.02 0.04 0.66 0.08 1.0 1.2 0 1.0 2.0 3.0

Face thickness, tf (in.) Core thickness, tc (in.)

/

&



Shear (max) l /2 wLIo bw-. - -. __ _,_ _, 1--
"X 000

- 5052 aluminum core, 1
--- balsa wood--end grain X 900
---- lock foam

_ _800

-.ecin \_. "•r"

400--

W S to -b - 4 5

100 200 300 400 500 600 700 800 900

Corrected shear in core (lbs/inch) Frame spacing (feet)

core shear strength NOTES:

1. The correction factors, K1 and K2 are used in determining thecorrected shear in aluminum foil c No correction fac or is

Por aoe

needed for determining the correct shear for balsa wood or lock
foam.

2. The corrected shear for aluminum fuil core is determined as
follows:

e B Sc = Su/KI x K 2  Sc = corrected shear

I Su = uncorrected shear

(D Weight of core alone. The weight of core inserts necessary
for attachments and splices must be included for total weight.

.0 3.0

tc (in.)

Fig. -19. Diagram for Selecting Core Material and Thickness of Sandwich-
Type Decking
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Strength Requirements Deck Loading
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0.0631600 psf

0__ 050 5- 1400 psf

0.0401200 psf

002V1000 p1 __
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V - 975 psf
W - 800 psf

______ 

5 0 0 
0
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41

St

003

0 040 /Zi1
0.003.io 0.071

04

09975 
psf

800 psf Quadrant A 1
700 psf *

"r6600 psf I I
500 pof L[ L Stiffness Requirements

8 9 10 2 3 4 5 6 7 8 9

Frame Spacing (ft)

Notes:

1. Curves in Quadrant A1 are determined from the stiffness criteria,

EI/L 3 = 60. The moment of inertia used is that of an assumed
equivalent section width of 12 in.

2. Curves in Quadrant A2 are various deck loadings used to determine

the bending moment, M = w L2 /10.

Depth of3. Curves in Quadrant B are used to determine the plate and corrugation
Depth of and corrugation depth.corrugation

4. Curves in Quadrant C are used to determine the deck weight in psf

Corrugation 5. Values are thicknesses of both the plate and corrugation.

150 (typical)
6. The dash lines (---) are for the example in the text.

Fig. 5-20. Diagram for Selecting Plate and Corrugated Decking Material--
6061-T6 Bare Sheet Aluminum Alloy
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I over Constant Span S
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Frame weight for 5456-0, 606l-T6, '7075-T6 materials

tension strap weight included

-- Frame weight for 5456-0- -inherently stable

- -- Frame weight for 6061l-T6, 7075- T6- -inherently stable

Numbers on plots represent frame weight in psf

of deck area

500-

_ _3_.6 _.

0

400-

Inherently stable /2.4

#02.6
.300-

.42.7

4. 5

200--3__9

Tension system

203 050 60
Frame Spacing (in.)

Fig. 5-22. Main Deck Transverse Frame Weight Variation w'ith Frame
Spacing--I-Sections

ER 13727
5-74



Frame weight for 5456-0--tension strap weight included

S---Frame weight for 6061-TB, 7075-T6--tension strap weight included

--- - Frame weight for 5456-0--inherently stable

- - - Frame weight for 6061-T6, 7075-TO--inherently stable

Numbers on plots represent frame weight in psf of deck area

4.2 3.5

- 500

0 oInherently stable

d) 400

4*7 2.4

OOP7

300 4.2

_____ ____ ____ ____/2.6\ " 02. 1_________

4.5 4 --

200 3.0 2.2

"± 00' Tension system
3.2

100 20 30 40 50 60

Frame Spacing (in.)

Fig. 5-23. Main Deck Transverse Frame Weight Variation with Frame
Spacing--Channel Sections
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Deck loading 975 pisf
Frame material- -5456 -0
Deck inaterial--5456-O or 6061-T6
American standard frame sections (
Frame sections assumed laterally stabilized

Stiffener and plating deck I
7

5 8 -_

Integral stiffener deck

7-

5 -

4-.

3 _____lengt (ft)

2 1 45 6j
Frame Spacing (ft)

Fig. 5-28. Totea weight variation of Transverse Frame and Main Deck
with Transverse Frame Spacing
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Deck landing u 975 psf
Frame material - 5456-0
Deck material - 5456-0 or 6061-T6
New I-section
Frame sections assumed laterally stabilized

Stiffener and plating deck

Inew
•"• •~~~. •,= ... ,..=Sa =m.M-M

4-a

4' Frame bay length--ft

CU

Integral stiffener deck

• 8- - .------- • .-.-

4'i

S~Frame bay length--ft i

2
Fi.53.TtlW IghtVegraito otffernvere Frde an Mi Dc wt

7

Frame bay length--ft

2
2 34 56

S~ Frame Spaclng--ft

ffi Fig. 5-30. Total Weight Variation of Transverse Frame and Main Deck with

Transverse Frame Spacing
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Fig. 5-31. Total Weight Variation of Transverse Frame and Main Deck
with Transverse Frame Spacing
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Deck loading -975 psf
Frame material - 7075-T6
Deck material - 5456-0 or 6061-TO
New I-section
Frame sections assumed laterally stabilized

Stiffener and plating deck
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44 40 - -------
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6061-T6- 120 Reference: Alcoa Structural Handbook
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II
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I ~Fig. 5-33. Allcwable Column Stress-Extruded Shapes
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AD-6 flush at 1-1/2 pitch each row • ~1.75 o0o 090
O. 080--

Plating gage a 0.090 606 1-T6 T
Stringer spacing 6. 00 in. 0.080
Frame spacing 2.5 ft
Longitudinal beam 12 x 17. 28 lb I-section -0.080Weight 2.49 psf 

•'

0.0808 1750

.°°Plating gage 0. 09 6061-T6
Stringer spacing 6.00 in. T1
Frame spacing 3.75 ft 0.080
Longitudinal beam 12 in. x 17. 28 lb I-section _ ;
Weight 2.63 psf

""--2. 00 •I
0

MTI Plating ,0. 090 6061-T6 "
Stringer spacing 6.00 in. O.o080
Frame spacing 5.00 0
Longitudinal beam 12 in. x 17.28 lb I-section
Weight 2.87 psf

0.

p2.004

Fig. 5-36. Plate--Stringer Design--Rivet and Bonded, Use F4-_47 Bond
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Plate Thickness 0. 090 6061-T6 I 0 -
Stringer Spacing 6. 00 in. -4 -- 00.080

Frame Spacing 2. 50 ft
Longitudinal Beam 12 in. x 17.28 lb I-beam
Weight 2. 08 psf

o o

1.501

II Plate Thickness 0.090 6061-.T6 >4 4
Stringer Spacing 6.00 in. 0. 080

Frame Spacing 3.75 ft o
Longitudinal Beam 12 in. x 17. 28 lb I-beam
Weight 2. 22 psf

L 2.002Or,. 1 f f
v-ICI1.50 0 0)

III Plate Thickness 0.090 6061-T6
Stringer Spacing 6. 00 in.
Frame Spacing 5.00 ft 0.080 0

Longitudinal Beam 12 in. x 17.28 lb I-beam
Weight 2.46 psf DM

I-i

Fig. 5-37. Plate Stringer Design Integrally Stiffened Eytrusion
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Types of Structure (6061 material)--See Figs. 5-36 to 5-41

Fig. 5-42. Weight and Cost Relationship for Different Types of

Decking and Supporting Structure at 3.75-Foot Frame

Spacing
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F
6.0 CONCLUSIONS AND RECOMMENDATIONS

I A rational method of determination of structural design criteria for hydro-
foil ships has been developed. Although the particular analyses are based upon
specific environment and example ship design characteristics, the specific
results of the study may also have general application. It is concluded that.

(1) A rational estimate of pressure and load occurrence can be developed
for both hullborne and foilborne operational modes of a specific
hydrofoil ship design.

T (2) The magnitude of the pressures and loads can be represented as a
continuous function of the cumulative number of occurrences.

(3) Seaplane experience confirms the need for rational determination of
the loadings on a statistical basis.

(4) Low dead rise angles on the hull (50 to 60) lead to extreme pressuresJ and loads which make landing a critical condition for the overall
strength of the hull as well as for the local hull bottom.

(5) At moderate hull dead rise (120 to 170) the critical condition for
overall hull bending is the fatigue life in the hullborne conditions.

(6) The forward portion of the hull structure may be critical for either
yielding to occasional loads (permanent set) or fatigue failures under
the cumulative occurrence of lesser loadings, depending upon the
material characteristics.

!I (7) The midship and after hull bottom structure is critical for the per-
manent set criteria.

(8) A controlled load factor submerged foil system will not generate
critical vertical loads in the hull if the foil arrangement does not
cause excessively large 1 -g moment in the flight condition.

(9) Substantial side loads are generated on the struts in passing through
wave systems. Unless the response of the hull can alleviate these
loading conditions, the side load experienced on a strut may be from
3 to 7 times the side loads required for steady turn.

(10) Increase in foilborne speed from 45 to 100 kn terwhs 1o make all regions'I of the hull structure critical for the landing loads rather than hull-
borne, particularly at low dead rise angles.

There are many more detailed conclusions which might be drawn from the
0I analyses. However, it must be noted that the study has been primarily directed

to a limited evaluation of a method for development of structural design criteria

II
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for hydrofoil ships. The next steps in this criteria development should be
experimental and operational evaluation of some of the critical areas in the
analysis. Three items in particular would seem to require experimental work
and one, operational experience.

(1) Low dead rise is desirable from a performance standpoint but theo-
retically yields extreme pressures and loads on impact. The possi-
bility of lower-than-theoretical peak pressures, low average effective
pressure and local structural response have been noted, but there is
a lack of experimental confirmation. It is recommended that the low
dead rise impact problem be investigated on structurally representa-
tive models--if possible on an actual hull. (This would also be appli -
cable to the impact of higher dead rise surfaces in the rolled condi-
tion.)

(2) The moderate yield allowable materials which will be used in hydro-
foil ship structures may have appreciably greater life than the refer-
enced seaplane hull structures. It is recommended that a brief life
program be implemented to test a number of typical hull structure
assemblies under repeated loads to determine their fatigue charac-
teristics relative to seaplane or other structures which have been
evaluated.

(3) In all of the analyses it must be recognized that the basic operation of
the ship has been assumed. The two characteristics which most need
substantiation--since they are most important to the final composite
loads--are slamming behavior and sinking speed in the landing ap-
proach. It is recommended that occurrences of slamming and the
landing approach conditions be measured under various simulated
ASW tactical methods in several wave conditions.
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