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Methods and procedures are given that have been adopt4 and/or developed to analyze hellcopiers with 
respect to survival at sea in case of an emergency ditching. The areas considered are intact and damaged stabHjty, 
waterborne rnotionrs, and impact loads. Stability of the helicopter is analyzed by applying the criteria lor ships 
and advanced vehicles of rreveral ship classlflcation societim and the U.S. Navy. Waterborne motions are  
determined by the strip theory and superposition techniques common in naval architecturn. Several procedures 
developed for predi~qing impact loads are considered with respect to applicability to helicopters. I n  conclusion, it 
is shown that the existing theories and criteria for ship vehicle stablllty, motions, and impact loads can be applied 
to helicopters on the sea surface lo obtain a measure of their sunivd capabllitles, to develop design information 
for systems intended to be activated under such conditions, and to give pilots more information regarding 
operation in this mode. 

Nomenclature 
=area bounded by heeling and righ~ing-arm 

curves from maximum rolI angle 8, to 
~econd intercept 

=area under righting-arm curve from tero 
angle to maximum roll anglc 8, plus area 
under heeling-arm curve between the same 
angular bounds 

=half breadth 
=width of bilge keel 
=distance between helicopter water plane and 

forward blade tip 
=height of linear seakeeping process 
=the mean square of H 
= relative distance 
= immersions per hour 
= probability of immersion 
= rms relative motion 
= rms relative velocity 
=body axis coordinates: y  vertical,^ horizontal 
=Earth axis coordinates: x horizontal, 

vertical 
=heave 
=total vertical motion 
=wave amplitude 
=body pitch angle. rad 
=maximum roll angle 
=wave length 
=water density 
=wave frequency, rad/s 

Introduction 

T HIS paper describes the methods and procedures that 
were adopted and/or developed to determine the 

waterborne performance of a helicopter during emergency 
ditching modes. The scope encompasses intact and damaged 
stability, motions, and structural impact pressures. 
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It is useful to determine the waterborne motions of the 
helicopter from the standpoints of determining accelerations 
for structural design, analyzing passenger transfer into rafts 
launched from the helicopter, and the probability of im- 
mersing certain locations or machinery. The waterborne 
motions or seakeeping analysis of the helicopter is performed 
by a frequency domain strip theory and superposition analysis 
common in naval architecture. Methods are given for 
estimating the effects of added mass and damping of extended 
wheels. 

The intact and damaged stability are considered by 
adopting the procedures for ships of various classification 
societies and the U.S. Navy. In the case of the latter, the 
seakeeping results for roll are directly incorporated. In 
considering the structural impact loads while landing, a 
literature survey was conducted to determine the alternative 
procedures available for estimation of the loads. The 
adaptability of these procedures is then identified by con- 
sidering their applicability to the characteristics of a 
helicopter. 

Waterborne Mutiuns 
General 

The only quantitative requirements for the consideration of 
helicopter performance in a seaway are the British Civil 
Airworthiness Requirements. These basically indicate that 
the flotation and trim characteristics be investigated for sea 
states 0-7 approximated by regular waves of varying 
height/length ratios. The only criterion for performance is 
that the helicopter not capsize. 

In predicting performance either model tests or analytical 
predictions can be utilized. The analytical technique2J 
considered herein is a statistical frequency domain irregular- 
wave analysis from superposition of the regular-wave 
response of a strip theory model of the helicopter. 

The motion response output is used to give an indication of 
the absolute acceleration, rolling displacement, and evenr 
exceedance. The absolute motion accelerations is important 
from structural and comfort standpoints. The rolling 
displacement is also important in the analysis of dynamic 
stability. The event exceedance is important in determining 
the immersion of blade tips and hatches. When the blades are 
under power, the former can lead to blade failure and sub- 
sequent hull failure and the latter can hinder evacuation of 
personnel onto rafts, if this is intended. 
Motion Analyses 

The motion predictions require that the mass, damping, 
buoyancy stiffness characteristics of the helicopter be known. 



DAIDOLA, GRAHAM, AND BLAKE J. HYDKONAUTICS 

Table 1 Mass propertics of a square in an infinite fluid with and without bilge keels 

Hydrodynam~ Init,> Hydrodynamic monlcnr 
Direction of motion, per unit length, of inertia 

axis of rolalion Cross-sectional forms lrpa per unit lenglh, rpu4 

Square 

X 
Fig. 1 Coordinates for relative molitrn. 

The cross-sectional and length/beam characteristics of most 
helicopters are such that strip theory and added mass and 
damping for ship-like cross sections can be utilized. However, 
if the landing wheels arc extended, their size is generally such 
thar the hydrodynamic effects should be included. To this end 
the hydrodynamic added mass and mass moment of inertia 
for a rectangle with corner plates is utilized4 (see Table I). It 
can readily be seen that for cross sections with wheels, the 
cffects on added mass are moderate (13.9% increase for 
d/a=O.l ) ,  while those on mass moment of inertia arc large 
(70.9% increase for d/a = 0. I) .  Free-surface effects arc ac- 
counted for by dividing the added mass and roll moment of 
inertia in haIf. 

The damping due to the exrendcd landing wheels can be 
determined by considering them as bilge keels and utilizing 
available empirical formulas for prcdicting the effects. 
Event Exceedance 

The classical approach to the statistics of seaway and 
scakecping response has been to assume linear processes that 
are normally distributed. Further, various investigators have 
shown that the heights of lincar seakeeping processes follow a 
Rayleigh distribution. The Rayleigh probability density 
function of a random variable H is: 

Gir en the Raylcigh distribution, the probability that the 
heights of hcakecping events such as waves, motions, and 
accelerations will excccd a vaIue x is : 

Equation (2) can be used to find exceedance of absolute 
motions. Another use is to determine the exceedances of 
certain events that may be described by relative motions. For 
Ihe immersion of hclicoptcr blade tips, using the coordinate 
system nf Fig. 1, Lhe heavc at x is: 

{=Z,-BX (3) 

If point Q is considered in the waterplane of the vessel, then 
the relative motion between il and the sea surface can bc 
written as: 

h = Z ,  -OX-qelWr (4) 

Whenever h EcosO, the blades will be immersed. Con- 
sequently, if the relative motion between Q and thc sea sur- 
face is known, Eq. (2) can be used to compute the probability 
of occurrence of blade tip immersions. 

The number of immersions per hour can be computed as 
fol lows~: 

A tabulation of the results of Eq. (6) giving the immersions 
per hour of specified points on a helicopter is given in Table 2. 
In this case in all headings except the beam sea condition, the 
helicopter blade tips strike the sea surface quite often and risk 
damage. This indicates that the pilot should head along the 
direction of wave crests while the rotors are still turning. 
Normal pilot technique is to land into the wind which usually 
will mean landing into waves. The pilot will retain pitch at- 
titude control through his normal flight control system and 
can maneuver as necessary to prevent rotor blade immersion. 
Hc can also control aircraft heading so as to orient the aircraft 
in the most advantageous position before engine and rotor 
shutdown. 

Stability 
General 

Once a helicopter is waterborne, its overturning stability in 
both intact and damaged conditions becomes a pertinent 
consideration. 4 measure of this stability for boats and ships 
has been the maximum beam wind a vessel can endure without 
overturning, regardless of the loading condition. Crowding of  
passengers t o  one side and topside icing are also potential 
critical considerations. A helicopter, however, will not fly 
under heavy icing conditions. 

Helicopters operate in a large variety of loading conditions. 
For example, the number and location of passengers, amount 
of fuel, and thc amount and Iocation of cargo are all variables 
which will significantly affect the loading of the helicopter. 

Herein, procedures and criteria developed for boats and 
ships are used to evaluate the stability of the helicopter. The 
criteria are based on righting-heeling moment analyses with 
the following as the most important considerations: 1) 
available energy for righting vs heeling energy, 2) anguIar 
range of righting moment, and 3) angular location of 
maximum righting moment. Determining which loading 
conditions result in the smallest maximum righting arm and 
smallest range of positive righting arm can be done 
analytically by use of the Ship Hull Characteristics Program 
(SHCP). Figure 2 shows a comparison of an SHCP righting- 
arm curve and an experimentally determined curve using a 
model with blades. The differences between the two may be 
due to the absence of blades from the theoretical result. 
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Tablc 2 immersions per hour nf specified points on N twin-mlur 
helicopler fur f ive  heading angler; 

Specified Heading anglc, deg 
poi11 t 5 U 45 90 135 180 

1) Forwardrolur 169.6 26.9 0 96.4 251.6 
tip, forward 

2) Forward rotor 0 0 0.03 0.24 0 
3) Aft rotor 0.07 0 0 0 0.085 

tip, aft 
0 0 (I 0 0 4) Aft rotor 

rip, t u  hcam 
5 )  Forward hatch 0 0 0 0 0 

(3;- @L??F< F I X 1  
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Fig. 2 Variation n l  righting moment with roll angle. 
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Fig. 3 Rolling m o t h  stability analysis. 

Fig. 4 Stability when floating in regular and irregular saves. 

In  tact Stability 
The U.S. Navy,' American Bureau of S h i p ~ i n g , ~  U.S. 

Coast C i ~ a r d , ~  and International Maritime Consulting 
Organization, lo requirements and recornmcndations have a 
common criterion which can be applied to determine the 
maximum beam wind speed the helicopter can withstand. This 
critcrion requires a ratio nf 1.4 for the area under the righting- 
momcnt curve to the area under the heeling-moment curve, 
unlil the second point of intersection or the point of down 
flooding, whichever gives the least heel angle. By determining 
the projected area of thc exposed portion of the helicopter 
including rotors, at incrcmcnts of heeI, wind heeling-arm 
curves can be generated for increments of wind speeds. 

Damaged Stability 
I t  is of interest to examine the stability of a helicopter for 

various damaged conditions because most of these vehicles 
have little or no watertight compartmcntation within the 
fuselage. With the thin shell plating which must be used to 
construct the aircraft, in general there is a higher probability 
of shell puncture than for marine craft. 

For a measure of the damaged stability, a rescrve buoyancy 
criteria, which requires a vessel to withstand a wind heeling 
momcnt superimposed from any direction can be used to find 
a maximum allowable wind speed. The wind hecling-arm 
curves uscd in the intact stability analysis can be used for the 
damaged stability with reasonable accuracy. The wind 
heeling-arm curve which intersects the maximum righting arm 
for the damaged condition in question yields the maximum 
allowable wind speed. 

Correlatim R e t w e e ~  the M o t h  and Intact Stability RchllIls 

The analyses previously discussed do not explicitly address 
the inrerplay between motions and stability; however, the 
U.S. Navy does have a procedure for advanced vehicles which 
does this.: 

Figure 3 shows an application of some of the principles of 
the Navy procedure. Although the intcnt of the latrer is to 
assure stability under a predetermined extreme condition, 
hercin the righting-heeling energy criteria were used to obtain 
a maximum allowable wind speed for a givcn sea state. 
Although the maximum roll motion 0 ,  is usually determined 
from model testa, herein the amplitudc short-term 
analytical roll responsc was used as the maximum. The area 
A, represents the energy imparted by wind and wave and must 
be absorbed in the oppositc side roll (see Fig. 3).  The area (A ]  - 
A,) represents a safety margin. 

Figure 4 shows a comparison between model test and 
analytical capsizing results, both with no wind superimposcd. 
The experimental boundary points are based on judgment 
during observation, while the analytical points are determined 
by a righting angle corresponding to 80% of the area under 
the righting-arm curve. 

It is interesting to note that the experimental results indicate 
less resistance to capsizing even though the righting moment 
was determined to be greater for the experimental model than 
the analytical model (sec Fig. 2). However, observations 
during the tests indicated that as wave height increascd, it was 
a breaking wave with its attendant wave slap on the fuselage 






