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ABSTRACT 

The seaworthiness of two model seaplane hulls having length= 

to-beam ratios of 8 and 12 was estimated by observing the motions of 

heaving, pitching and rolling while towing the models at various speedsg 

model loadings and at various headings to a simple wave front. All 

the experiments were made in the pre-hump speed range. 

The important parameters determining the motions of a seaplane 

operating in this speed range were found to be the effective tuning ratio 9 

the relative wave-hull length ratio and the damping ratio. 

Increasing the hull length-beam ratio from 8 to 12 results in 

improved seaworthiness at the speeds tested. Shifting of the relative 

wave-hull length ratio to less critical values can be obtained by 

changing the angle of heading from ninto the wavesn to nparallel to the 

wave crestsn. Shifting of the tuning ratio to less critical values can 

be obtained by changing the heading from ninto the wavesn to 8 with the 
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I • INTROOOCT ION 

The term "seaworthiness", as applied to aircraft, has been 

defined as the ability of a seaplane to remain operational under condi

tions found in heavy seas, i.e. the seaplane must be able to land and 

take off as well as remain afloat without damage from the waves .. 

Until the institution of the present study, the seaworthiness 

of a seaplane had been predicted from tests of a model towed head-on 

into a train of uniform waves. Predictions made from model tests were 

then correlated with observations made during flight tests of the proto

type aircraft. 

Conditions in nature, however, are frequently such that it is 

impossible or undesirable for a seaplane to take off and land head-on 

into a train of uniform waves. Quite often the course of the aircraft 

is at some angle to the wave train .. 

Because previous model tests of seaplane seaworthiness have 

only remotely resembled conditions found in nature, the strong need for 

developing more realistic testing techniques has been recognized., The 

present study was initiated, therefore, to test a model in a simple 

wave train at angles other than head-on. 

It is recognized that in the natural condition there probably 

would be several wave trains present coming at different angles and 

consisting of different periods and amplitudes -- the result being a 

confused sea. Because the problem of generating a reproducible confused 

sea in the laboratory is very complicated, the present study was limited 
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to a simplified case. A basic understanding of the relationships in

volved could be gained most rapidly by considering the simple sea on 

oblique headings first. It was hoped that suitable techniques could 

be developed whereby the way would be opened to consider more compli

cated conditions. 

The tests were conducted by towing two different models at 

various angles with respect to a rectilinear sea of discrete frequency, 

The purposes of the experiments were two fold: 

1. To develop testing techniques, and 

2. To determine if the techniques would differentiate between 

the behavior of the two models. 

The work described in this report was conducted for the Bureau 

of Aeronautics, Navy Department under Contracts No as 52-1077c and NO 

as 54-908c. 
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II. DESCRIPTION OF EQUIPMENT 

The experimental ap~aratus was previously de~cribed in (5) 1
G 

Models 

The two models were previously employed during ~ systematic 

investigation of the effect of increasing the length-to-beam ratio of 

a series of seaplane hull forms. Hull lines for the two models are 

shown in Fig. 1 and 2. The hulls had a length-to-beam ratio of 8 and 

12. An aluminum channel section was fitted to the hull to support the 

w_ing-tip floats. The span between tip floats was arbitrarily made 

equal to the hull length. The tip float lines were based on the design 

of the XP5Y-1 floats. The length of the floats was arbitrarily made 

one-seventh of the length of the hull. Fig. 3 is a photograph showing 

the two models in the testing configuration. 

The floats were given a 3° nose-up trim relative to the fore-

body keel at the step. The float draft was adjusted so that the hull 

could heel over 3° to either side before the respective float was en-

ti:rely effective. The model particulars are listed in Table 1. 

I Figures in parentheses refer to the references listed at the end of 
this report. 
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III. lABORATORY PROCEDURE AND EQUIPMENT 

The variables considered important to the motion of seaplanes 

were, (a) angle of heading of seaplane relative to direction of wave 

travel, X (b) mode 1 speed, Cv , and (c) wave length, A. • A 

detailed list of all variables and their range of variation considered 

in this study is given in Table 2. During the 1953 experiments, model 

headings of 90°, 120°, 135°, 150° and 180° were used. In 1954 the 

models were tested on headings of 0°, 45°, 90°, 135° and 180°. 

Mode 1 Loading 

The planform area and gross weight of the two models were the 

same, hence the load coefficients of the models were different 

because the beam loading differed. 

Since aerodynamic lift was not "modelled" in the tests, the 

hulls were artificially "unloaded" as the testing speeds were increased 

by removing ballast. 

During the 1953 tests the models were towed at two values of 

gross weight through the entire speed range. During the 1954 tests the 

models were towed at the different speeds at loadings determined from 

a parabolic unloading curve. Two unloading curves enveloping the range 

of practical seaplane operations were used. The unloading curves varied 

between 2.0 < C~ < 3.0 and take off speed coefficients of 6.0 < 
0 

cv < 8.0 • 
TO 

Care was taken when removing the ballast to maintain the center 

of gravity at the specified location. The location of the center of 
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gravity was determined by suspending the model from a single point at 

the bow and at one wing tip. The moment of inertia was determined by 

suspending the model as a torsional pendulum from a 20-ft length of 

steel wire which had been calibrated. The values of the moment of in-

ertia are tabulated in Table 3. 

Towing Bquiement 

The model was towed with a bridle. The towing thrust was 

applied by the bridle attached to the model along the lateral axis 

through the center of gravity; hence the towing did not influence the 

pitching moment of the models. The towing bridle is shown attached to 

the nearest model in Fig. 3. The towing motor and related equipment 

are described in (5). 

~ Proeerties 

The wave profile was sampled by a single resistance probe. 

The wave probe was cleaned and calibrated daily. The wave length was 

computed from the deep-water wave period using the equation 

Tabulated values of the wave properties used may be found in (9). 

Movie Film Records 

For the needs of this report the model motion data were taken 

from the front and side view movies. The wave period, wave height, and 

model speed were obtained from the oscillograph records. 
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Several methods of reducing the measurements from the movie 

film were tried. The movies were projected on a sheet of white paper 

with a standard 16-mm movie projector which had been modified so that 

it could be stopped at any frame without damage to the film. The at

titude of the model relative to a horizontal datum and the position of 

the center of gravity relative to a horizontal datum were traced on the 

paper. These tracings were then processed using protractors and scales 

to determine the following: 

1. Change in trim angle, A~, 

2. Change in heave, A z , and 

3. Change in angle of roll, ~ ~ 

Convectron Tube Records 

As suggested in (5), it was planned to use the convectron 

tubes to measure angles of trim and roll. Movies were taken from the 

front and side during all tests to facilitate the dynamic calibration 

of the convectron tubes. Figs. 4 through 8 show comparisons of the 

trim and roll measurements made by the convectron tubes with those 

taken from the movie data. Examination of these graphs leads to the 

conclusion that the convectron tubes do not satisfactorily measure the 

angles of trim and roll of a model seaplane. This is attributed to 

the acceleration sensitive features of the convectron tubes. 

It is possible to use the convectron data if the longitudinal 

and lateral accelerations could be measured and these measurements de

ducted from the convectron tube indication. The convectron data could 



also be analysed if a particular angle of trim or roll were always 

associated with the same value of acceleration. Unfortunately, both 

phase and amplitude relationships between the attitude and accelerations 

evidently change with angle of heading, wave period, and speed. In 

some cases where the associated accelerations are small, i.e. roll on 

Fig. 4, there is a fair agreement between the movie and the conve·ctron 

data. On the other hand the accelerations may cause convectron read

ings which exceed the reading due to the angle, i.e. trim on Fig. 4. 

Limits of Precision 

The measurements made during these experiments are believed 

to be accurate within the following limits: 

Model Speed !. 0.05 fps 

Angle of trim or roll + 0.5 degree 

Heave + 0.04 ft 

Wave height .:!:. 0.02 ft 

Wave period :: 0.1 sec 

Time from oscillographic records .:!:. 0.01 sec 

Time from movie records !. 0.02 sec 
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IV. PRESENTATION AND ANALYSIS OF DATA 

These data were analysed on the basis of the theoretical work 

on ship motions outlined in (6), (7) and (10). These theoretical 

studies are summarized in (8). 

In the case of a ship moving in a regular seaway, the motions 

of the ship are the result of the waves which generate the exciting 

force. The resultant reactions of the ship are classified as the in-

ertial forces, the damping forces, and the restoring forces. A general 

equation of motion as shown in (8) is as follows: 

0 0 0 N 
ds 
-+ R.s = F(s, t) , (1) 
dt 

where s represents any translational or rotational oscillatory motion 

of the seaplane, and 

+ represents coupling terms. 

The three translational motions and the three rotational mo-

tions can all be reduced to pitching, heaving and rolling by assuming 

a number of linearizations. These three simultaneous equations result: 

z = rmAzcos(w et - € z) , ( 2) 

'T = rmA,- cos(~ et - € 1" ) , (3) 

Ill = r~cos( c.-) et - € .0> , (4) 

where rm is the applicable wave function, 

As is the amplitude parameter for that particular motion, s , 
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we is the frequency of encounter of the waves, 

E s is the total applicable phase shift for that particular mo-

tion, s • 

The applicable wave function, rm , for a sinusoidal wave is 

defined as the total wave height, h , for heave, and the change in 

wave slope, ~ , for trim and roll as illustrated below: 

The amplitude parameter is a dimensionless parameter which ex-

presses the magnitude of the model motion relative to the size of the 

wave as follows: 

for heaving Az = A~/h , (5) 

for pitching (6) 

for rolling (7) 

The frequency of encounter, w e , is the term which defines 

the relative frequency with which the seaplane encounters the wave~ and 

is given by the equation: 

G)e= (1 - oc:) = c0 (1 - v cos"> 
c ' (8) 

where .w is the circular wave frequency, and 
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oc is the ratio of seaplane speed in the direction of wave 

travel to the wave celerity. 

When the seaplane has an appreciable component of velocity in the same 

direction as the wave travel, or the seaplane speed is great enough in 

the direction of wave travel, so that C( > 1 , then the frequency of 

encounter computed by Bq 8 becomes negative. When oc > 1 , the sea

plane is encountering the waves in the inverse order from which they 

were generated. 

The total phase shift, E s , is the sum of two elements. 

One element is a result of inertial effects and is commonly found in 

periodic or harmonic motion. The second element is the effect of 

changes in the velocity field around the hull due to its motion and to 

the "added mass" or entrained water. 

As shown in (8) the amplitude parameters, As , are a function 

of the effective tuning ratio for any particular motion, given in param

eters of the relative wave length. The effective tuning ratio is ex

pressed by: 

1\ e = As ( 1 - OC) (9) 

where /\s is the tuning ration for the motion, and 

OC is the relative seaplane speed from Eq. 8. 

The tuning ratio is the ratio of the wave frequency and the natural un

damped frequency of the seaplane in that particular degree of freedom 

concerned. 
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where W is the wave frequency, and 

1ls is the natural undamped frequency. 

The effects of the variable heading relative to the wave 

travel are accounted for by multiplying by the "encounter factor", 

1 - OC • The effective tuning ratio is defined as: 

We !n 
A =-I =T e Vs e 

where Tn is the natural period of the hull in seconds, and 

Te is the period of encounter in seconds. 

(10) 

( 11) 

The relative wave length mentioned in connection with Bq 9 

is defined as the ratio of the hull length and the wave length: 

A/L. (12) 

Actually, in an oblique sea, the relative wave length is more 

realistically: 

L cos")( 

However, since the data are separated according to heading, 

the correction for the obliquity of the wave front is included in the 

data identified by the various values of )\/L in Figs. lOa through 

lOe. 
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Presentation of ~ 

The experimental data are tabulated in Table 4. Included in 

this table are the parameters which were used in the analysis. Graphs 

of the amplitude parameter vs effective tuning ratio are shown in Fig. 

9. This graph gives a comparison of the two hulls for the three motions 

- trim, heave and roll. The amplitude parameter is shown in terms of 

the relative wave length (i\/L}. The envelope of maximum values is 

shown as a solid line. Mean values of the motion are shown as a broken 

line. 

Polar diagrams illustrating the effect of heading on the am

plitude parameter are shown in terms of the relative wave length in 

Fig. 10. Here again the data for the two hulls and the different mo

tions are shown as a comparison graph. The lines drawn here are envelope 

values and represent probable maximum values of the motion at any par

ticular heading and relative wave length. 

The correlations of seaplane motions as expressed by the am

plitude parameter and speed coefficient are shown on Fig. 11. The lines 

drawn are mean values at any particular speed and relative wave length. 

Correlations of the amplitude parameters to relative wave 

length are shown in Fig. 12. These correlations are shown for two speeds 

- 0 and 13.8 fps. Since the two hulls had different beam widths, the 

speed coefficients were 3.5 and 3.7 for the Lib= 12 hull and the 

lib = 8 hull respectively. These curves represent mean values of the 

amplitude parameter. 
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V. DISCUSSION OF RBSULTS 

In order to examine the results of these experiments in terms 

of a real seaway. a brief discussion of the seaway will be introduced. 

The Seaway 

The properties of ocean waves have been discussed in (4) and 

(7). The waves present in the ocean are classified into 'sea' and 

'swell'. The waves experienced in a storm area generated by the local 

winds of the storm are called 'sea'. When the waves travel out of the 

storm area, they change into 'swell'. 

The salient features of 'sea' waves are~ 

1. Individual waves have sharp angular tops. 

2. The waves are short-crested. The crest line is usually 

only two or three wave lengths long. 

3. The waves are relatively steep. 

4o Small waves may be added to other larger waves. 

Sometimes the individual crests may seem to line up with other crests; 

at other times the lines of crests seem to intersect at angles of 20° 

to 30° to each other. The short crested feature is caused by inter

secting wave systemso 

'Swell' is characterized by these features~ 

1. Swell waves are low with rounded tops. 

2. Waves following one another are nearly of the same height. 

3. The crest lines are usually six or seven times the wave 

length longo 
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4. Groups of five to eight waves follow each other followed 

by relative calm of approximately twenty seconds duration. 

5. The waves in the group gradually increase in amplitude 

toward the middle of the group. 

There may be some local choppy waves superimposed on a swell. The 

presence of the swell can be recognized by the relatively long crest 

lines. The following diagram shows typical records of sea wave records 

and swell records taken from (4). 

Typical Sea Wave Records 

I~ .. I 
60 -Sec. 

Typical Swell Records 
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It is shown in (4) and (7) that the ocean waves -- no matter 

how complex or confused -- are actually composed of the sum of many 

small sinusoidal wave trains of various heights and wave lengths and 

travelling in different directions. These elemental waves all obey the 

classical relationships between celerity, wave length and period as 

shown in (9). 

Operating a seaplane in a "swell" or in a "sea" may call for 

different techniques. In the presence of a swell, the wind is likely 

to be calm and the landing or take-off run may be made parallel to the 

crests and if possible, in the relatively low waves occurring between 

the "packets" of higher waves. 

The landing or take-off run in useau waves may well be dictated 

by the wind conditions present. The steepness and irregularity of the 

waves are the outstanding features of the sample sea wave records shown 

previously. Furthermore, it is difficult to predict with a great deal 

of confidence how high the next wave will be. 

Probable Maximum Values 

Examination of the various graphs on Fig. 9 indicates that 

some scatter exists in the data. Because of the scatter, envelope values 

and mean values have both been shown on these graphs. The envelope 

lines have been faired through the upper values of the data and are 

assumed to be probable maximum values of the amplitude parameter. The 

mean lines are shown as broken lines and present a graphical picture of 

the relative importance of the scatter of the datao It is advisable to 
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use the maximum values as indicated by the envelope curves because these 

extreme values are likely to be associated with large values of accele-

ration. A large value of As means a large amplitude of seaplane mo-

tion. 

Critical Tuning Ratio 
we 

The value of the effective tuning ratio, Wn , at the maxi-

mum amplitude parameter is called the critical tuning ratio. In some 

cases the maximum amplitude parameter is poorly defined and the critical 

tuning ratio occurs over a range which is referred to as the critical 

range. The occurrence of a peak value of motion is analogous to resonance 

in a vibrating system and may also be referred to as synchronism. The 

critical range should occur when the frequency of encounter is equal to 

the natural frequency for that motion or when the tuning ratio is unity. 

The natural frequencies of the hulls were obtained in calm water at zero 

speed. It has been pointed out in (10) that the orbital velocities of 

the water particles and the translation of the hull at some speed in 

the waves cause variations in the exciting force, the damping forces, 

and the inertial coefficients. These variations cause the critical value 

to be displaced from the theoretical value of unity and also cause a 

slight shift with increasing wave length. This is shown in the compari-

son of heave and roll graphs, Figs. 9c, 9d, 9e, and 9f. The critical 

tuning ratio for both hulls shows a tendency to increase with increasing 

wave length for heave, as contrasted with the opposite tendency for roll. 
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When the amplitude parameter is unity, the total amplitude of 

motion is equal to the corresponding wave function, i.e. ~ trim = 
maximum wave slope, ~ roll = maximum wave slope, and A heave = 
total wave height. When the amplitude factors are greater than one, 

the motion is greater than the wave function. This magnification of the 

motion is characteristic of synchronism and is limited by the energy 

dissipative damping forces. If the damping is large, the magnification 

is small and the peak amplitude parameters are small. Comparing the peak 

amplitude factors in heave and roll (Figs. 9c and 9d with 9e and 9f) it 

is evident that damping in heave is greater than in roll. 

:!!!.!! Parameter 

The pitching motion is probably the most important motion since 

it results in considerable discomfort to the pilot and due to the angular 

acceleration relatively high load factors on the extreme ends of the sea-

plane .. 

Comparison of the envelope curves of the trim parameter for 

the two hulls indicates that the longer hull generally exhibited smaller 

trim amplitudes. For the shortest wave length used, the longer hull ex-

perienced 30°/o smaller changes of trim than the short hull. This reduc-

tion in trim was only 15°/o for the two longest wave lengths.. The trim 
c:Je 

parameter showed a critical range between 0.75 < ~ < 0.85 • The 
n 

critical value was well defined for the two longer wave lengths. The 

critical tuning ratio was independent of relative wave length, ?\/L • 



Bxamination of the polar diagrams in Fig. 10 indicates that 

the greatest pitching amplitudes occur at a heading of 180° with those 

at 135° being only slightly less. Least pitching occurs at 90° with 

45° and 0° next iR order of amplitudes. 

Comparison of the trim parameters for the two hulls, Fig. 11, 

shows that for the two longest wave lengths studied, the pitching oscil

lations increase as the speed increases. When the waves are approximately 

equal to the hull length, the pitching oscillations are virtually inde= 

pendent of the speed. As the speed increases, the hull passes gradually 

from a condition where it follows the passing wave contour to a situa= 

tion where it appears to lose contact with the dropping downslope por 

tion of the wave. At this point the model is in a diving attitude be= 

cause the afterbody is still in contact with the crest of the wave. At 

the highest speed tested in the longest wave, the longest hull showed 

smaller changes in the trim amplitude. Bxamination of the movies shows 

that the forebody has opened a large furrow in the crest of the wave 

and the afterbody has occupied this space before the water can close 

the gap. The forebody and step areas of the hull were subjected to 

heavy loads as evidenced by large quantities of milky spray. At lower 

speeds the spray appears as a clear blister originating near the bow. 

The blister varies in size as the hull encounters the waves. 

The manner in which the pitching amplitudes increase as the 

wave length is increased is shown in Fig. 12b. Here the trim parameter 

is shown as a function of relative wave length for the highest speed 
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tested (approximately 40 percent of getaway speed). This graph shows that 

both hulls have a critical wave length beyond which the pitching ampli

tude becomes smaller. This critical wave length occurs when i\ IL = 1. 9 

for the Lib = 8 hull and A. .IL = 2.2 for the L/b = 12 hull• As pointed 

out in (1) and (2), seaplanes experience critical values of maximum trim 

angle, maximum normal acceleration, and maximum angular acceleration 

when the wave length is approximately 2.5 times the hull length. Limi= 

tations of the wave generator prevented production of waves longer 

than A/.L = 2.4. 

It is interesting to note that the trim amplitude factor is 

significantly lower when the effective tuning ratio is zero or negative. 

These negative values can only occur when the seaplane has a component 

of velocity in the direction of wave travel greater than the wave celerity. 

In order to develop the negative ~ e , the seaplane must be travelling 

with appreciable velocity in the direction of wave travel. In the area 

where oc> 1, the differences between the performance of the long and 

the short hull are less pronounced. In this case, the higher length to 

beam ratio hull pitches less violently; but it has little advantage 

from the seaplane motion point~of-view when it travels with the waves. 

It is recognized that other factors must be considered in 

operating and controlling the seaplane on the water. Many times the 

wind and the sea are running in the same direction. From purely 

aerodynamic considerations, the pilot would choose landing and taking 

off into the wind to gain every possible advantage from decreased water 

speedo Hydrodynamic considerations alone would indicate landing and 
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taking off or maneuvering should be parallel to the predominant wave 

crests or with the waves because in this way the maneuver is carried out 

when far removed from synchronism and the probability of high impact 

loads are reduced. If the wind and the sea are running in the same 

direction, this means landing and taking off either crosswind or downwind. 

This may be inadvisable operationally. The advantages of the longer hull 

from the pitching point-of-view are clearly evident in those cases where 

the take-off run must be made into the wind and into the waves. 

A limitation of the model data should be pointed out here. The 

models are not equipped with an empennage. Undoubtedly there would have 

been some aerodymamic damping of the pitching motion of the seaplane due 

to the horizontal tail surfaces. 

Heave Parameter 

Heave herein refers to the vertical translation of the hull 

caused by the oscillatory motion of the waves. The vertical translation 

of a seaplane in waves is sometimes referred to as rise. (l)g (2) and 

(3). Naval architects refer to this translation as heave. Use of the 

word 6 rise' implies importance of vertical motion due to hydrodynamic 

lift on the planing hull. Since these hulls were tested at relatively 

low speed as predominately displacement hulls, the word heave is used 

in connection with this discussion. 

The probable maximum and the mean values of the heave ampli= 

tude parameter are shown in Fig. 9c and 9d. Comparison of the heave 

amplitude parameters for the two hulls indicates that the shorter hull 
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experienced up to 28 percent larger heaving amplitudes than the L/b = 
12 hull, except for the longest wave length used, where the longer hull 

showed about 12 percent higher heaving amplitudes. This can be explained 

by referring to Fig. 12d. The longest wave used was approximately twice 

the length of the longer hull whereas this same wave was 2.4 times the 

length of the shorter hull. Therefore, the short hull was past its 

critical wave length in the longest waves used. On the other hand, the 

longer hull appears to have been near its critical wave length. 

The critical tuning ratio occurs between o.so <(~e 0.85 • 
~ 

Examination of the envelope curves on these graphs shows a consistent 

shifting of the critical tuning ratio to the right as the wave length 

increases. This shifting is probably caused by variation of the natu

ral frequency of the hull in heave, w)n • The virtual mass of the 
z 

heaving seaplane is affected by the vertical velocity of the water 

particles, hence the shift in critical tuning ratio when the effective 

wave length, 1\JL , is changed. 

Comparison of the polar diagrams, Figs. lOc and lOd, shows 

that the least desirable heading as far as heaving is concerned is 

either the 180° (running into waves) or the 135° heading. Here the 

longer hull again shows different characteristics than the shorter hullo 

The short hull (L/b = 8) experienced the largest heaving amplitude on 

the 180° heading (2.1) followed by 135° (1.75), 45° (1.3), 90° (1.1) 

and 0° (1.0) 1 • The long hull (L/b = 12) experienced the greatest 

heaving on the 135° heading (1.8) followed by 90° (1.65), 0° (1.12), 

X Figures in parentheses here refer to the maximum heave parameter for 
the specified heading. 
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45° (0.98} and 180° (0.95) • The longer hull had 10 percent higher 

beam loading which caused greater chine immersion than the shorter 

hull experienced. This probably accounts for the smaller heaving 

amplitude of the long hull. 

Comparison of Figs. llc and lld indicates that the heave 

parameter for the long hull shows little variation as the speed was 

increased from zero to approximately 40 percent getaway speed. The 

short hull on the other hand, showed some trends toward higher heave 

parameters for this same increase in speed, particularly for the 

~IL = 2.2 wave. This is probably explained by the fact that this wave 

length is the critical wave length. Figs. 12c and 12d show the heave 

parameter as a function of relative wave length for two speed conditions. 

For the zero-speed both hulls show a gradual increase in heaving ampli

tude as the wave length is increased from 0.8 to 2.4 times the hull 

length. For the highest speed used in these tests, the heave parameter 

has a critical value at ~/L = 2.2 for the short hull (L/b = 8} • 

Results of the tests on the long hull also indicate that in the case 

of the heaving motion, the critical relative wave length was greater 

than ).../L = 2.0 • 

Testing these models without wings probably caused somewhat 

larger-than-normal heaving amplitudes. 

Roll Parameter 

The roll data were handled in a manner similar to that of the 

other motions. The envelopes of the roll amplitude parameter are shown 
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in Figs. 9e and 9f and represent the probable maximum rolling ampli-

tudes for the two hulls. The mean lines are again shown as broken 

lines. The short hull (L/b = 8) experienced from 7 percent to 14 per-

cent greater rolling amplitudes than the long hull, depending on the 

wave length considered. 

The critical tuning ratio occurs between 0.6 < cJ e < 1. 7 • 
J;; 

The critical tuning ratio of the roll parameter decreased as the wave 

leng_th was increased. This is due to the fact that the rolling cycle 

is largely dominated by the heaving of the wing-tip floats. Since the 

heaving of the hull is influenced by the vertical wave velocity effects 

on the vertical mass, the wing-tip floats are subjected to the same 

type of effects as the hull. 

The wing-tip floats were adjusted so that the hull could heel 

over 3° to either side before the floats were effective. The rolling 

for somewhat less than 6° was damped by the viscous effects of the fric-

tiona! resistance of the wetted hull surfaces and the eddy making losses 

due to lateral flow past the keel and chine. 

Figs. lOe and lOf show that on the 45° heading the hulls 

experienced the largest rolling amplitudes. The least amplitude of 

roll occurred at the 0° heading. Theoretically the hulls should ex~ 

perience no rolling on either the 0° or 180° headings; however, the 

placement of the tip floats permitted some rolling and also at times 

a tendency for the tip floats to bury themselves was observed. When 

this happened, high amplitudes of roll were noted. 
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On the 90° heading relatively large submergence of the tip 

floats caused noticeable deceleration due to the additional heavy drag 

on the floats. This occurred when the hull settled in the trough of 

the wave forcing the tip floats under at or near the crests of the 

waves. As the speed increased the model would rise in the water tend~ 

ing to relieve the forced submergence of the floats. 

Examination of Figs. lle and llf shows that for the shortest 

wave length used there is little change in the roll parameter as the 

speed varies. On the other hand, for the other wave lengths the roll 

parameters first increase and then decrease after the speeds exceed 

Cv = 0.8. This decrease is related to the manner in which the hull 

rises with increasing speed, giving the wing-tip floats greater clearance 

with less chance for a roll oscillation to start. 

Pigs. 12e and 12f illustrate how the roll parameter varies 

with relative wave length for the zero-speed and the highest speed tested. 

When the seaplane is hove-to, the rolling amplitudes increase for both 

hulls as the wave length increases up to ~/L = 2.4 • This is quite 

logical in light of the previous discussion on the 90° heading. When 

the wave length is equal to the span between wing-tip floats as is the 

case for ~/L = 1.0 , the hull has little opportunity to heel over 

between wave encounters because of the relatively long time during each 

encounter that the tip floats are simultaneously submerged. As the 

heading changes from 90° to 180° or as the wave length increases from 

~IL = 1.0 to 2.5 , the seaplane has not only a greater opportunity to 
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roll but the positive buoyancy of first one and then the other tip float 

causes the rolling to start. For this reason the wing-tip floats pro= 

vide a dual, and seemingly opposite, role in the rolling motion: 

1. The tip float may actually start the rolling cycle when 

one wing-tip float encounters the wave before the hull 

or the other float. 

2. The tip float prevents excessive rolling (capsizing) of 

the hull. 

At 40 percent of the getaway speed, the roll parameter appeared 

much the same as the parameter for pitching and heaving at this speed. 

The difference between the long and the short hull was slight, and the 

short hull (L/b = 8) experienced a critical wave length at "IL = 2.2 ; 

whereas the long hull evidently had not yet attained a critical wave 

length at M., • 2.0 • 

Potential Application of Results 

The problem for both the seaplane pilot and the designer can 

be summarizedg 

1. To reduce as much as possible the amplitudes of the 

motion experienced by the seaplane. Bq 1 is rewritten 

here neglecting all coupling terms: 

Q d2 s + N ds + Rs = P(s , t) • 
dt2 dt 
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The motion experienced by the seaplane subjected to the wave function, 

F (s , t) is the result of the three reactions on the left-hand side 

of this equation. Any one of these reactions may be altered to influ-

ence the motion of the seaplane hull. The extent to which any one may 

be altered is determined by a complex compromise among all of the various 

functional requirements of the seaplane. 

The inertial reactiong Q d2 s , may be effected by the mass 
dt2 

distribution and the distribution of the sectional areas of the hull. 

The damping reaction, N ~ , may be influenced by any one of a number 
dt 

of factors. Among these factors are: 

1. The wa \e generation caused by the motion of the hull. 

2. The energy dissipative eddies. 

3. The passive damping caused by the aerodynamic surfaces 

of the wing and tail. 

4. The active damping caused by pilot correction of parti-

cularly the pitching and rolling of the hull. 

The restoring reaction, Rs, may be altered by distribution of the 

hull displacement both vertically and longitudinally. 

In order to assess the findings of these experiments in a 

more specific manner, refer to the performance of the models as shown 

in Fig. 9. In the case of each motion (pitching, heaving or rolling), 

the motions move from relatively small values of amplitude factor to 

critical or peak values as the effective tuning ratio, 1\ e , is 

increased from either zero or small negative values to 1\e ~ 1.0. 
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A rapid decrease in amplitude factor is experienced as the tuning ratio 

increases beyond the critical value. A second observation from Fig. 9 

and also shown in Fig. 12 is that the amplitude factors are less when 

the relative wave lengths are smaller than two. 

The amplitude factors accordingly are determined by the mag= 

nification factor, the tuning ratio and the relative wave length ratio. 

The design and/or operation of seaplanes from the seaworthiness point

of-view should be such that for the particular conditions existing the 

amplitude factors should be as small as possible. 

To obtain the smallest possible amplitude factors, the magni

fication factor should be as small as practical. Stated in other words, 

the damping should be as high as possible. High damping may be achieved 

in different ways depending on the motion involved. Some undesirable 

ideas such as~ (a) blunt bow and stern, (b) long, sharp chines, (c) 

sharp keel, and (d) horizontal fins at bow and stern are included among 

the methods of obtaining increased damping. One method is manipulation 

of elevator and ailerons to provide active damping of the pitching and 

rolling motions, particularly if these control surfaces happen to be 

in the slipstream. 

Operation of the seaplane in the vicinity of synchronism 

( 1\e ~ 1.0) should be avoided. For a particular seaway this can be 

accomplished by 

1. Change of heading - running with the waves if possible. 

2. Changing the natural frequency of the hull parti-

cularly in the pitching motion. 
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An increase in the natural pitching frequency , wn may be 
'( 

achieved by locating the concentrated masses as near the pitching axis 

as practical. If this could be accomplished, the critical tuning ratio 

( 1\ e ~ 1.0) would also occur at a higher value of frequency of encounter, 

~e • This is illustrated: 

w ~-wv cosx. 
= e = c 
~ --CJ"""'n ___ _ 1\e 

where 

t 

or 

where KL = longitudinal radius of gyration, 

hence, 

M = constant of proportionality, 

W - G.>v cos X 
Ae= c 

M 

KL 

Prom this relationship it can be seen that for a particular heading 

and wave length, the synchronism would occur at a higher speed. At 

a higher speed more of the weight of the seaplane is supported by aero~ 
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dynamic lift. At a higher speed the pilot has more effective aerody

namic control and is in a better position to employ the active aerodynamic 

damping in pitch and roll previously referred to. 

It has been observed that the model requires one or two wave 

encounters before re~sonably steady oscillations are experienced. If 

the pilot could accelerate rapidly through the region of synchronism 

during the take-off run by using such special assistance as JATO, the 

extreme motion might be somewhat alleviated. During landing, rapid 

deceleration may be employed at the judicious moment by using reverse 

thrust. 

These experiments and others reported in (1), (2) and (3) 

show that the amplitude factors tend to be highest when the wave-hull 

length ratio, ~/L , is between 1.0 and 2.2. Although no experiments 

could be conducted in waves longer than AIL = 2.4 , it can be reasoned 

that in extremely long waves the static water line will always be 

parallel to the wave slope and it is known that the steepness of the 

long waves is always low. Furthermore, their frequency, cJ , is so 

low that most seaplane operations in these waves are far removed from 

synchronism. The problem exists with the wave from one to three times 

the hull length. These are waves from 80 to 250 ft in length having 

wave periods from approximately four to seven seconds or circular wave 

frequencies from 1.5 down to 0.9 radians per secondo The relative wave 

length ratio, ~/L , may be reduced by increasing the length-beam ratio 
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for a particular seaplane size or by increasing the length and size of 

the seaplane. There are a number of other hydrodynamic and aerodynamic 

benefits to be gained from a higher length-beam ratio. In the event the 

wave conditions are such that the waves are from one to two times the 

hull length (1.0 < ~/.L(2o0) , the wave length may be effectively 

increased by travelling at some heading other than into or with the waves. 

The preferred heading is parallel to the wave crests ( X = 90°) since 

on this heading the relative wave length is infinity ( ~ =oO) 0 

L COS?{ 

It should be remembered, however, that if the wave length is approximately 

equal to the span between tip floats that the tip floats may be forced 

under when the hull is in the trough on this heading. 

Performance of the Wing-Tip Floats 

The wing-tip floats on the short hull appeared to be seriously 

submerged during some of the tests, particularly at the 45° , 90° and 

135° headings. The float displacement of the shorter hull may have been 

inadequate for the requirements. Since the floats were scaled on the 

basis of the general hull dimensions, the displacement of the tip floats 

for the long hull (L/b = 12) was approximately 30 percent greater than 

for the short hull. In addition, the span between the floats was arbi= 

trarily made equal to the hull length. This gave the tip floats for the 

short hull a potential static righting moment of 8.0 in=lb as compared 

to 13.5 in-lb for the long hull. Thus, the longer hull derived approxi-

mately 70 percent more support from its tip floats than the short hull 0 
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VI. CONCil.JS IONS 

In summary the purposes of this project were~ 

1. To develop testing techniques. 

2. To determine if the techniques used would differentiate 

between the behavior of the two models. 

The experiments clearly showed the model having the high 

length-to-beam ratio to be more seaworthy. This is in accordance with 

the known facts so the conclusion may be drawn that the techniques were 

adequate to differentiate between the characteristics of the two models. 

Specific results of the experiments will be discussed under 

three headings: (a) Testing techniques, {b) Motions of the models, and 

(c) Recommendations for design and operation. 

Testing Technigues 

The testing techniques were derived from existing procedures 

by considering obliquity to the wave front as an additional variableo 

The model was artificially unloaded as the testing speeds increased to 

simulate the increasing aerodynamic lift. It was towed by means of a 

bridle attached on a lateral axis through the center of gravity. Thus 

the model was restrained in yaw but unrestrained in all the other mo= 

tions. (See Table 2 for a list of variables and their range of varia

tion). 

Recommendations for improvement:- Recommendations for improve

ment in testing procedure are as follows: 
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lo Increase the wave length used to 3.0 times the hull 

length. This can be accomplished by either increasing 

the size of the basin or reducing the size of the modelso 

2. Increase the speed range to at least Cv = 8e0 , or to 

getaway speed. 

3. Design instrumentation which will place the motion meas

urements on oscillograms so that all of the derivatives 

of the motion can be accurately determined. 

4. Use color movie film to obtain clearer photographs of the 

spray envelopes. 

5. Use dynamic self-powered models. 

These recommendations toggther with the List of Variables 

(Table 2) may be considered to be a general set of specifications for 

seaworthiness testing in oblique seaso 

Motions of the Models in Obligue Seas 

The motions of the seaplane were described in terms of ampli= 

tude parameters. The pertinent factors affecting these are (a) the 

damping ratio, {b) the effective tuning ratio and {c) the relative wave

hull length ratio. 

The seaworthiness~ as measured by the pitching and heaving, 

was improved by increasing the length-to-beam ratio from 8 to 12 (see 

Fig. 9}o 
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General Ob&ervations .f..2E. Design and Operation 

Based on observations of the tests and analysis of the data 

the following comments may be made as guides for the operation and 

design of seaplanes: 

1. The critical values of the effective tuning ratio, 

1\e , for the hulls tested are (see Fig. 9): 

Trim parameter- 0.75 < GUe/UJn < 0.85 , 

Heave parameter - 0.5 ( W eiWn <. 0. 85 , 

Roll parameter - 0.6 <We/Wn <.. 1. 7 • 

2. Following are the headings on which maximum and minimum 

amplitude parameters of model motions were observed 

{see Fig. 10}: 

Motion Minimum Maximum 

Pitching 

Heaving 

Rolling 

3. Operation at speeds and on headings producing synchronism 

should be avoided if possible. In the case of the models 

tested, this could be accomplished by traveling with the 

waves (X = 0°} or parallel to the wave crests (X = 90°) 

(see Fig. 10). 

4. Operation in waves having an effective wave-hull length 

A 
ratio between one and two { 1.0 < L cos x < 2.0) should be 

avoided if possible. The amplitude parameters of all 
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motions increase as the wave length increases to a value 

of approximately 2.2 times the hull length (see Fig. 12). 

As the relative wave length is further increased the 

amplitude parameters are reduced. 

5. The tip floats take heavy drag loads for the 90° heading 

at relatively low speeds. 

Recommendations for Improved Technique 

The models and the wave lengths should be of such size that the 

relative wave length can be increased to approximately 3.0 times the 

hull length. This can be accomplished by either increasing the wave 

length generated or by reducing the size of the model tested. 

Increasing the length of the wave generated would require that 

the over-all dimensions of the testing basin be increased so that the 

length of test run may be increased. On the 0° heading 9 at the higher 

speeds used in these tests, only two wave encounters could be obtained 

and these only by carefully controlling the time of release. The model 

seems to have attained stabilized oscillations in pitching and heaving 

when the period of encounter is 1.3 seconds. When the period of en= 

counter is less than 1.0 second 9 probably two encounters are required 

before stabilized oscillations are obtained. 

Some problems would arise from reduction of model size. The 

relative weight of a small model increases so that weight requirements 

soon limit size reductions. The trend is toward more elaborate instru= 

mentation - all carried by the model. These instruments add more weight 
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and hence, require greater rather than smaller model size. Much effort 

is being expended toward new light-weight materials and toward simplified 

miniaturized instrumentation. Possibly the combination of these would 

permit reduction of model size and still allow installation of more 

elaborate instruments. 

A complete dynamic model should be used. Only in this way can 

the aerodynamic effects of the wing and tail be added to the motion of 

the model. Testing a self-powered model would seem highly desirable, 

however, such requirements would add to the weight of the model. 

The photographic technique for measuring the model motions 

requires considerable time for analysis. It is highly desir~ble to have 

movies of the experiments. On the other hand? it is more desirable 

to have the time history of wave profile, model motions, and model speed 

all on oscillographic records. Only by the latter method is it possible 

to properly obtain some of the derivatives of the motion such as the 

accelerations and the phase angles between the different motions. If 

the model motions are measured from movie film, the movies should be 

taken at speeds of from 30-100 frames per secondo Color film lends 

itself to more accurate measurements of spray envelopes and wave profile 

along the hull than black and white film. This is now more feasible 

since color film having a relative speed of ASA 128 is now available. 

These experiments indicate that the rolling motion of the 

seaplane is dominated by tip floats. It is believed that the location 

and size of the tip float should be further investigatedo 
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3 Photograph of the model hulls 
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11 Amplitude parameter as a function of speed 

12 Amplitude parameter as a function of relative wave length 
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Table 1 

MODEL PARTICULARS 

Beam, maximum, inches 

Over-all length-to-beam ratio 

Forebody length, inches 

Afterbody length, inches 

Total hull length, inches 

Step depth (at keel), inches 

Sternpost angle, degrees 

Sternpost height, inches 

Center of gravity position 
Forward from main step 
apex, inches 

Above baseline, inches 
(1953 tests) 
(1954 tests) 

Span between tip floats, in. 

Tip float volume, cubic inches 

Gross load coefficient, C~ 

Getaway speed coefficient 

Model 
1067-1 

6.12 

8 

24.60 

24.60 

49.20 

8.0 

3.09 

4.12 

48.0 

9.2 

2.5 

8.45 

Model 
1068-1 

5.02 

12 

30.12 

30.12 

60.24 

0.30 

8.0 

3.92 

3.60 

3.50 
6.50 

60.0 

12.5 

4.7 

9.42 



Variable 

L/b 

v 

X 

Table 2 

LIST OF VARIABLBS 

Title 

Length-beam ratio 

Load coefficient 

Wave length, ft. 

Height-length ratio 

Model speed, fps 

Angle of heading 

Range of Variation 

8 and 12 

for L/b • 8 - 1.5, 2.0, 2.5 
for L/b • 12- 2.8, 3.7, 4.7 

4. 2 t 8. 7 t 9. 7 

0.069, 0.030, 0.027 

0 t 4 5 t 90 t 135 t 180 ° 



Example of computation of !!.!!!. moment of inertia 

Period of a torsional pendulum 

T = 21ry ~ 

where T = period of oscillation in seconds 

I = &oment of inertia of mass suspended by wire 

k = a constant whiCh is related to the wire 

The constant k is determined by observing the period of 
oscillation of a slender box suspended at its center of 
gravity and having approximately the same weight as the 
seaplane. The mass moment of inertia of the bar can be 
computed: 

Ibar = M L·2 = WL2 
12 I2g 

Observed period of seaplane (average of three trials) = 
45.49 seconds. Wire constant. k = 0.00569. 

I = 0.00569 T2 = 0.298 slug - ft2 

411"2 

Note~ k is a constant as long as: 

(1) the weight does not stress the wire beyond the elastic 
limit • 

(2) the unit torsional deformation is amall 

(3) the air drag on the model is negligible 



Table 3 

MOMBNT OF INBRTIA OF MODELS 

Axis ~ Model 1067-1 Model 1068-1 
(lb) L/b :: 8 L/b = 12 

CA I £A_ I 
Slug-ft2 Slug-ft2 

Vertical, z 12.85 1.5 0.397 2.8 0.478 
(yawing) 17.05 2.0 0.384 3.8 0.484 

21.35 2.5 0.382 4.7 0.480 

Lateral, y 12.85 1.5 0.195 2.8 0.294 
(pitching) 17.05 2.0 0.217 3.8 0.310 

21.35 2.5 0.226 4.7 0.322 

Longitudinal , x 12.85 1.5 0.270 2.8 0.252 
(rolling) 17.05 2.0 0.298 3.8 0.290 

21.35 2.5 0.308 4.7 0.302 

Note~ The distribution of ballast in the models is achieved through a 
trial and error process. The consideration for the distribution 
of the ballast are listed below in order of their importance. 

1. Position of center of gravity of loaded hull along 
longitudinal axis ( x axis), 

2. Position of center of gravity of loaded hull along 
vertical axis (z axis), 

3. Position of center of gravity of loaded hull along 
lateral axis (y axis), 

4. Pitching moment of inertia, 

s. Rolling moment of inertia, 

6. Yawing moment of inertia. 

The first consideration is obtaining the proper location of 
the center of gravity. The mass moment of inertia is then 
checked by hanging the model as a torsional pendulum (sample 
computations are shown below). In the case of the yawing 
axis, no attempt was made to satisfy any specified value of 
yawing moment of inertia because the model seaplane was towed 
by means of a bridle and the yawing oscillations were not 
permitted to develop. 
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FIG. 3 PHOTOGRAPH OF MODBL HUllS IN TESTING CONFIGURATION 
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