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Abstract; For the research of helicopter/ship dynamic interface, the method of combining steady flow and stochas-
tic flow is adopted to establish a flow field model applied to the flight dynamics analysis of shipborne helicopter.
The steady flow is calculated by computational fluid dynamics (CFD) method, while the stochastic flow is com-
posed of the compensation velocity derived from ship motion and turbulence above the deck. The accuracy of the
proposed flow field model is verified by comparing the helicopter response in the proposed flow field with the re-
sults calculated by US Army's Military Specifications (MIL) model which is commonly used in engineering. Mean-
while. it also shows the proposed flow field model is more appliable to flight dynamics analysis of shipborne heli-
copter. On that the basis, ship deck flow field is simulated at different sea conditions by adjusting the wind speed
on the deck, mother ship movement and shipboard turbulence, etc. And helicopter angular rate response is calcu-
lated. The results show that the difference of dynamic stability between helicopter’s roll and pitch leads to the facts
that the influence of above factors on the helicopter's roll angular rate response is greater than that of pitch angular
rate, that the frequency and amplitude of mother ship roll motion are much greater than those of pitch motion, and
that the disturbance caused by roll motion on the air has greater influence on the helicopter response. The ship-
board turbulence is the main disturbance factor that influences helicopter flight stability and its intensity determines
the amplitudes of angular rate response.
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0 Introduction

The nonlinear and inhomogeneous character-
istics of shipboard flow field has a great influence
on aerodynamic loads, flight stability and trim
characteristics of helicopter, and challenges heli-
copter/ship dynamic interface. Therefore, the es-
tablishment of an accurate airflow model is the
basis of the flight dynamics analysis of shipborne
helicopter in the shipboard flow field.

The research of airflow on the deck is a chal-
lenge because of its complexity and countless ori-
gins. So far, the airwake model from MIL-

F-8785C has been widely used in engineering cal-
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culationt',

This engineering model is developed
for fixed-wing aircraft. In dynamics analysis, the
aircraft is considered as a particle. For any given
point of aircraft at any time, the wind speed is
considered as the airflow value at the center of
mass. That is to say, the synthetic airflow veloci-
ty of the whole aircraft components is the same in
dynamics analysis at any time. This method is
obviously not suitable for rotorcraft dynamics
analysis because of its poor calculation accuracy.
Owing to the airflow gradient, the airflow values
of helicopter modules, including main rotor, fu-
selage, tail rotor and empennages, are different

at the same time. Especially for the main rotor
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module, the rotor disk diameter is far longer than
the scale of airflow field, resulting in the different
airflow values of blade elements. These differ-
ences have more or less influence on aerodynamic
loads calculation, thus changing the aerodynamic
characteristics of helicopter modules.

With the development of computer simula-
tion technology, computation fluid dynamics
(CFD) has been widely applied to airflow simula-
tion. Nowadays, research on airflow model on
flight deck and airwake model before the ship has
been the research hotspot. However, These usu-
ally cost significant computational resources and
storage space, which is the limitation of real-time
simulation. Additionally, it also found that load-
ing readily available CFD solutions took a large a-

23 In an

mount of time in the flight simulation
effort to reduce the computational resources and
also provide a method for experimental determi-
nation of the airflow field, a stochastic airwake
model was proposed”. In this model, filters
were derived on the basis of the vehicle response
and pilot control activity. The filters could then
recreate similar disturbances as the airwake when
driven by white-noise. This model reduces the
computation cost, only when the stochastic filter
coefficients are stored in memory. Gaonkar pro-
posed a method to extract auto-spectral densities
and cross-spectral densities from baseline da-
tal®”. The research is to accurately depict a sto-
chastic airwake from either CFD or flight test
baseline data. With an equivalent airwake model
employed by UH-60 black hawk disturbance®,
Xin and He proposed another method that consid-
ered the turbulence field as a sum of cosine func-
tions with equal energy spaced frequencies and u-
niformly distributed phase angles'”?. The study
integrated the stochastic airwake into FLIGHT-
LAB and demonstrated similar stochastic winds
as the baseline CFD model. Sparbanie also devel-
oped a stochastic model of unsteady ship airwake
disturbances, which relied on stochastic filters
that were derived from the vehicle response and
pilot control activity when hovering at a particular

location relative to the ship deck™. In this

study, the stochastic filters were derived from
flight simulations by using a CFD database.

These studies focused on patrol crafts and
training ships, and played little attention to large-
scale warships and carriers as well. In addition,
Military Specifications ( MIL) model described
the airwake before the ship, while failed in accu-
rately representing characteristics of airflow on
the deck. Therefore,we propose an airflow model
which is divided to steady flow and stochastic
flow, and the shipboard flow field at different sea
conditions simulated by changing wind-over-deck
(WOD), ship motion and free-air turbulence on
the deck.

1 Airflow Field Modeling on the
Deck

1.1 Airflow model designation

Steady flow field is the deterministic compo-
nent of the proposed model and it also accounts
for the known steady effects of the airflow, such
as blockage, the flight deck and recirculation
effects behind the hangar structure. CFD tools
are adopted for the calculation of steady flow. As
for large ships, especially for a destroyer or a car-
rier, they have steady navigation attitude and lon-
ger periodic motion than helicopter. That is to
say, there is no remarkable differences without
considering the ship motion in steady flow com-
putation, for its influence on airflow structure is
little.

Stochastic flow field is the unsteady compo-
nent and it is mainly composed of the compensa-
tion velocity component derived from ship motion
and free-air turbulence on the deck. WOD is par-
allel to the flight deck in steady flow computa-
tion. There is an angle change derived from the
ship motion between the flight deck plane and sea
level plane. The coordinate transformation of
WOD from space axes to ship axes results in a
relative velocity. The compensation velocity com-
ponent is the compensation for the reality wind in
coordinate transformation. With the considera-

tion of ship pitch-rolling coupling motion, there
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is a pitch angle in pitching motion and a roll angle
in rolling motion. The compensation velocity
component can be obtained by vector calculus.
On the other hand, free-air turbulence component
has nothing to do with the position of helicopter
and ship, because it relies on the filters that are
derived from the Dryden turbulence model™ .
These filters are set in different height above the
deck and excited with a white noise input to create
the stochastic airflow. For any given point in
space, there are three wind velocities in this tur-
bulence model, which can be stored in memory
prior to the calculation by the functions of height
and time. In fact, this is a two-dimensional tur-
bulence model of height and time, or ship speed,

and the disturbance extent is determined by the

intensity of Dryden model.
1.2 Steady flow computation model

In this paper, a 3-D ship CAD model is sim-
plified for CFD computation, and the CFD com-
putation follows the principle of fluid mechanics
and adopts the finite volume method by FLUENT
tools.

An elliptic cylinder is set for the placement of
the 3-D ship model in the computational domain
center, as shown in Fig. 1. In this topology struc-
ture, the wind direction is controlled and changed
by the regulation of longitudinal boundary veloci-
ty and horizontal boundary velocity to avoid the

grid re-division''?',

Fig. 1 Network topology structure for CFD computation

In the condition of Vyop =15 m/s and $wop =
60°, the steady flow can be computed by CFD
tools. Horizontal velocity vector distribution of a
certain cross section lane is shown in Fig. 2, and
the computing result of CFD is shown in Fig. 3.

It could be seen from Figs. 2,3, when the in-

coming flow passes through the high buildings on

Fig. 2 Horizontal velocity vector distribution
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Fig. 3 The computing result of CFD

the deck, there are vortexes forming near the
buildings and downwash forming after the build-
ings, which shows the accuracy of this model.
The airflow structure is changed on the deck.,
greatly influencing helicopter flight quality.

Due to asymmetric grid modeling in CFD
computation, with the consideration of the re-
quirement on airflow valuing and interpolation
calculation for any given point in space, the re-

sults from CFD computation are transformed to a
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uniform and regular formation which is stored in
three-dimensional matrix. Any node in this for-
mation includes longitudinal, horizontal and ver-
tical velocities, which are stored in the data ma-
trix. Then for any given point in the space, there
are some nodes around it and the wind values of
them are stored in data matrix. The wind values
of this point can be calculated by interpolation
method.
A three-dimensional space
J T € [Loin s Tnan
2:2(2:9:2) | Y € [Yuins Yinar )

1 2 € [2min s Zmax ] J
can be divided into [ X m X n grids, where [ =
(Timax —Tmin)/Adsm = (Yyix — Ymiw)/Ad, and n =
(Zmax — Zmim)/Ad are respectively the numbers of
the whole grids in three directions; Ad is the grid
spacing. The results from CFD computation are
to UCi,j,k),V(i,j,k) . W(i,j, k),

which are the three-dimensional matrix in storage

transformed

of three direction velocities, where i =1,2,++,/;
j=1,2,sm;k=1,2,+,n.

For any given point P(x,y,2) in this space,
there are 8 grid nodes A, B, C, D, E, F, G, H
around it, as shown in Fig. 4. Owing to the same
calculation method of the longitudinal, horizontal
and vertical velocities of P, here the longitudinal
velocity is taken for example. The longitudinal
velocity of these 8 grid nodes can be read directly
from the data matrix, which can be expressed as
the three-dimensional matrix. Suppose the longi-
tudinal velocity of A, B, C, D, E, F, G, H as
UG+1,5,0), UG, .k, UG+1,j+1,k),U(,j+
1,0, UG,j bk +1D, UG+ 1,j,k+1D, UG+ 1,5+
1.+ 1), UG,j + 1,k + 1), respectively, where
i=lax ] j="Tayle=Taz]."1 1"

isthe opreation of rounding up.
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Fig. 4 Three-dimensional linear interpolation

Ar = (x — 2oi)/Ad Ay = (y — youn) /Ad s Az =
(2 —2mw)/Ad. Then, the longitudinal velocity of
P can be calculated by the three-dimensional line-
ar interpolation method, namely
up=0G(+1—

) (B+1— AU, k)
AI){(]—O—IA;}){ - o }

+ (Az—RUG,j,k+ 1)
(F+1—AUG,j+ 1,k
+ (Az—RUG,j+1.k+1)

(F+1—AUG+ 1,5,k
+(Azk)U(i+1,j,k+l)}
(F+1—AUG+ 1,5+ 1,k)
+(Azk)U(i+1,j+1,k+1)}}

(ij){ }}—HAr

i){(j—ﬂ—lAy){

(ij){

P

The horizontal velocity vp and the vertical wp

can be also calculated by similar equations, which
are not repeated in this paper. By the same to-
ken, the airflow values at any time of other aero-

dynamic components can be calculated.
1.3 Stochastic flow computation model

Pitching motion and rolling motion are the
main periodic motions of ship motions. Based on
the experimental formula, the ship motion can be
expressed by the function of frequencies and am-
plitudes of rolling and pitching motions. At any
time ¢, the pitching angle can be expressed as
9, () and ¢,(#). In ship pitching motion, the
WOD of ship pitching motion is shown in Fig. 5.
In this figure, u,wop is the longitudinal velocity in
ship axes system, and is also the input of steady
flow model computation. Meanwhile, uwop is the
longitudinal velocity in space axes system, and is
also the actual wind speed. There is a pitch angle
derived from ship pitching motion between space
axes system and ship axes system, so the relative
velocity Auwop makes up for the transformation
from space axes system to ship axes system.
Based on vector calculation principle, the calcula-
tion equation is Auwop =uwop — tswop. By the same
token, the compensation velocity derived from
ship rolling motion can be calculated by Avyop =
Vwob — UswoD-

Thus, the compensation velocity in space ax-

es system can be calculated by
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Fig. 5 WOD of ship pitching motion

Due to different locations of helicopter rela-
tive to the ship deck at any time and the different
heights of helicopter modules, a two-dimensional
turbulence model is developed in this paper. It
can be seen from Fig. 6 that a series of filters are
set between the top of the structure and the deck
based on the ship size, and the whole space above
the deck is covered by the filters. When excited
with a white noise input, the filters will recreate
disturbances to the helicopter as the unsteady air-
flow. Meanwhile, the airflow value of any nodes
in space is stored by the function of time and
height, such as U(i,k),V(i, k) ,W(i,k), where
i=1,2,++,Nis the number of storage time and %

=1,2,+,M the number of filters.

Fig. 6 Free-air turbulence model on the deck

For any given point Q(x,h) in this space, the
airflow value can be calculated by interpolation
method. Here the longitudinal velocity of Q is
taken for example. There are 4 grid nodes A, B,
C, D around the point Q, and their longitudinal
velocity can be read directly from the two-dimen-
sional storage matrix. Suppose the longitudinal
velocity of A, B, C, D asUG + 1,k), Ui, k),
UG.,k+ 1, UG+ 1,k 1), respectively, where
i=|Ax] k= |Az]| A =(x — 2./ (V « AD Az

= (22— 2un)/AN.

Then, the longitudinal velocity of Q can be
calculated by the two-dimensional linear interpo-
lation method, as shown in

(k+1—AUG k)
uQ=(i+1A1)[ _ }
+ Az — UGk + 1)
(k+1—A0UG+1,k) } (3
+Az— UG+ 1.+ 1)

The horizontal velocity v and the vertical wy

(Ax — i){

can be also calculated by similar equations. By
the same token, the airflow values at any time of

other aerodynamic components can be calculated.

2 Helicopter Nonlinear Flight Dy-
namic Model

Considering the airflow influence on helicop-
ter, a flight dynamics model for shipborne heli-
copter in time-space airflow on the deck'? ¥ is
developed. In main rotor module modeling, based
on blade element theory, the velocity of every el-
ement consists of the body movement velocity,
blade movement velocity and main rotor induced

velocity. The rigid blade two-order dynamics

14, with the consideration of flap-lagging

model
coupling blade model, is employed in rotor blade
movement model. The blade twist is simulated by
experiential dynamic equations. Dynamic inflow
model™* is employed in main rotor inflow calcu-
lation. When the airflow model is integrated into
main rotor module, the relative velocity of any
blade element is changed with the addition of air-
flow velocity, resulting in the change of inci-
dence, sideslip angle and Mach number. There-
fore, the aerodynamic loads of main rotor module
are recalculated.

The formulas of the relative velocity of any
blade element should be modified. The local ad-
vance ratio of blade element is drawn into load
calculation instead of the advance ratio of rotor.
Then for No. j element of No. i blade, the calcu-
lation equations of airflow velocities U% p.x of

blade span are shown as

Ut =plsin( + 0, + plhcos(T+§); —

Qicosg’,-(rx — ) + %(é’, cosp; + sing, (p,cos(¥ +
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O —qsin(¥—+ ;) —cosB: (r, —02))
b =—pisinBicos(W+ ©); + 4 singsin(¥ +

O+ plcosp + Qi(cosﬁ,- (p,sin¥; +

g,cos¥,) — sinBsing (r, —)) + %(—B, +

posin(¥+ ), + g,cos(¥+ ;) — v;cosp;
Uj =y cosBicos(W + £, — pl cosBisin(W + §); +

s sinB; + Qi(sinﬂ,- (p.sinW; + g, cosW¥;) +

cosB;sing; (r, —2)) — vu;sinf; 4)
Eq. (4) is a dimensionless formula, where
47, is the local advance radio;  the rotation rate
of main rotor; € the hinge offset; y} the length of
No. j element; and v; the induced velocity of main
rotor. f3 ¢ » ¥, are the flapping angle, lagging an-
gle. azimuth angle of No. i blade; j3;.¢; the flap-
ping angular rate, lagging angular rate of No. i
blade; and p,.q,.r, the angular rates of hub. &,
v} .v; are all dimensionless.
Suppose that the local airflow value of ele-
ment is W7 |, and the local advance of element is

. V. .,.—Wi
,},\y.: Yy TeVez 5
. B (5)

where V., .. is the helicopter velocities and Ry the
radius.

The aerodynamic loads of fuselage, horizon-
tal tail and vertical tail rely on the table look-up
functions of incidence, sideslip angle and Mach
number. Bailey model™" is put to use in tail rotor
module modeling. When the airflow model is in-
tegrated into fuselage module, the airflow value
of its aerodynamic center is regarded as that of
the whole module, and the relative velocity of fu-
selage module is recalculated by

Ve =V, —Wyg, + Viwr (6)
where Wy, is the airflow values in body axis and
Vwr the aerodynamic interference velocities.

On this basis, the incidence, sideslip angle
and dynamic pressure are also recalculated. This
method is also employed in the calculation of oth-
er modules, such as tail rotor module and empen-
nage modules.

In summary, the whole nonlinear state equa-
tions of helicopter are shown as

X=7(X,UW,» (7

u7vyu"P7er’¢l) 519/7 7‘1’/) .
where X: /\() a/\(- e/‘{_S aA']R a,@().(-.\ ’ﬂ().('..\ ’

CO.[.x’CO«.x"P?ﬁdynp
vector; ¥ the azimuth angle, and 0,,, the pitch

is the state

angle derived from blade elastic dynamic twist. u,
v, w, P, q, r are the linear velocities and angular
velocities; ¢, ,9,» ¥, the body Euler angle; 2052, »
A, »Ae the inflow ratios of main rotor and tail ro-
tor; fo.c.sfo... the flapping angles and angular
rates; and §o....»&o.... the lagging angles and angu-
lar rates. U = [0u »0us +0ion +0 o0 ] is the manipula-
ted variables, and W the wind vector of airflow
field. Among them, for any given element of

blade, its airflow value is Wixr =W?9? ., which re-

i
Tye
lies on its location of main rotor. The airflow val-
ue of other modules relies on its aerodynamic cen-

ter.

3 Airflow Evaluation of Helicopter
Modules

For any given element of blade, its location
in space changes with the rotation of main rotor,
which is the reflection on the variety of the azi-
muth angle. For this reason, the location of any
given element in space-time should be recalculated
real-timely.

Without consideration of the inclination angle
and the flapping angle in this paper for their little
influence on results!'™, the azimuth angle of No. i

blade at time ¢ can be written as

v, :J.;.thJan(j\];é) (8

At the time ¢, the coordinate location of the
No. j element of No. i blade in rotor shaft axes

system can be shown in

x| ¥ — cos(¥+ O, — cosY;
=Ry | sin(T+0), |+e| sin® | (D
z|, 0 0

where R’ is the radial distance from No. j element
to the hinge, and e the hinge offset.

The location of this element in space axes
system can be calculated through coordinate
transformation. By the same token, the coordi-
nate locations of the aerodynamic center of other

modules are calculated, and the airflow values of
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the corresponding locations are calculated by the
above-mentioned method in Section 2. These val-
ues are the external inputs as the airflow condi-

tions for the helicopter flight dynamics model.

4 Analysis of Flight Characteristics
in Airflow on the Deck

4.1 Comparison and analysis of airflow models

The air wake model from MIL-F-8785C is
widely applied in engineering calculation. The air-
flow field in flight deck derived from the MIL
model is calculated for comparison with the pro-
posed airflow model. The results of helicopter re-
sponse in the proposed model and MIL model are
all transformed into the formation of power spec-
trum density (PSD) with the Bartlett method for
comparison in following analysis.

The following results are all simulated in the
same sea conditions. The sea conditions are pro-
vided as follows: The WOD conditions are
Vwon=15 m/s and ¢wop = 0°. The helicopter
height when hovering above the deck is A=5 m.
The ship pitching motion equation is 9, () =0.5 «
sin(0. 67) + 0. 3sin(0. 637) + 0. 25, without con-
sideration of ship rolling motion, and the pitch-
rolling axes is determined by the ship structure.
The intensity of free-air turbulence model on the
deck is ¢, = 0.5 m/s, and its scale relies on the
flight height.

The vertical airflow velocity distribution of
element is shown in Fig.7. The distribution of
the element velocity presents irregular circular
frequency with the change of blade azimuth an-
gle. The variable amplitudes of inner element ve-
locity are small and well-distributed while those
of external element velocity increase with the ra-
dial direction of element.

The outermost element vertical flow velocity
is shown in Fig. 8. When the helicopter hovers
and follows up with the ship, the location of ele-
ment is variable periodically, so its airflow value
is also variable periodically. Besides, as the result
of ship periodic motion, the relative velocity com-

ponent derived from the ship motion is variable

0.045
—— 2rd element

0.040 [ - -- 4th element T
""" 6th element ;! .

0.035 ---- 8th element ST
0.030 r
0.025

Element w/(m * s™)

0.020
0.015 L-
0

60 120 180 240 300 360
Vi)

Fig. 7 Vertical airflow velocity distribution of element

- - - - Without turbulence
2L —— The proposed model

Elementw/(m *s")

0 5 10 15 20 25 30 35 40
t/s

Fig. 8 Element vertical flow velocity of the out-

ermost segment

periodically, too. Therefore, without the turbu-
lence, the element vertical flow velocity presents
a periodically variable regularity. The introduc-
tion of free-air turbulence model increases the
stochastic characteristics of the airflow, which is
the representation of nonlinear and irregular air-
flow model in the deck.

The PSD comparison of main rotor flapping
motion in MIL model and the proposed model can
be seen in Fig. 9. From this figure, the results of
main rotor flapping angle are the same order of
magnitude in these two models. In MIL model,
the velocities of all elements are regarded as the
same value, while in the proposed model the ve-
locities of different elements rely on its location
and time. On this basis, the aerodynamic loads of

any one blade are different in these two models.

101 —MIL model
P The proposed model
TE 10°f
<10t
2 10°f
Ay
10" . L 1 !
10" 10° 10 10°
Frequency / Hz

Fig. 9 Comparison of PSDs of main rotor flapping angle
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The differences have influence on the flapping
motion of blade. However, in rotation cycle of
main rotor, all the blade motions are added to the
main rotor module, and the differences are par-
tially eliminated as a result of the symmetrical
distribution of blades. Therefore, the differences
of airflow models have little influence on periodic
flapping motion of main rotor.

The PSDs of helicopter angular rates are
shown in Fig. 10. From this figure, the ampli-
tudes of the results in this proposed model are ob-
viously bigger than that in MIL model. Because
of the same free-air turbulence model on the deck
in MIL model and the proposed model, the main-
differences are the response to the steady flow
component and the relative velocity component

derived from ship motion. The conclusions from

10°T —— MIL model
T: -------- The proposed model
jus)
ryq- 10*2 -
w
= 10ty
a
72}
=9
10° - : ' '
10" 10° 10 10°
Frequency / Hz
(a) Roll rate PSD
o
_ 10 —— MIL model
TE . The proposed model
~ 10°r
! wv
= 107
a
7
Ay
10° s - ,
10" 10° 10 10°
Frequency / Hz
(b) Pitch rate PSD
1077 —— MIL model
7’: O The proposed model
N i
S 1077
w
= 107
a
wn
~y
107 - : .
Frequency / Hz

(c) Yaw rate PSD

Fig. 10 Comparison of PSDs of helicopter an-

gular rate response

analysis of Fig. 10 are as follows: The response of
helicopter to free-air turbulence on the deck
makes a great contribution to the whole response
energy of helicopter in airflow on the deck.
Meanwhile, the response energy derived from the
steady flow component occupies part of the whole
energy, indicating that the differences of element
velocities in different space-time have a great in-
fluence on the helicopter flight attitudes. In addi-
tion, the response energy from ship motion is
bigger in pitch channel than that in the roll and
yaw channels. In conclusion, the proposed model
has great representation of the characteristics of
airflow field on flight deck, which has a better
applicability than MIL model.

4.2 Calculation and analysis in different sea con-
ditions
In the proposed model, the airflow in differ-
ent sea conditions relies on WOD, ship motion
and free-air turbulence on the deck.
The velocity and direction of WOD are the
decisive factors of

steady flow
Change the speeds of WOD, and keep the other

component.

conditions unchanged, the responses of roll and
pitch rates are calculated, respectively. The com-
parison of PSDs in two different conditions of
WOD is shown in Fig. 11. Change the direction of
WOD and keep the other conditions unchanged,
the responses of roll and pitch rates are calculat-
ed, respectively. The comparison of PSDs in two
different conditions is shown in Fig. 12. It can be
seen from Figs. 11,12 that the roll rate and pitch
rate of shipborne helicopter are all affected by the
WOD conditions, both the speed and the direc-
tion. Additionally, it has greater influence on the
characteristics of roll channel than that of pitch
channel. The reason lies in the worse helicopter
dynamic stability in roll channel in comparison
with pitch channel.

The compensation velocity component de-
rived from ship periodic motion is one part of sto-

chastic flow. There are three conditions of ship
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Fig. 12 Comparison of PSDs in different Wyop

motion that can be chosen, including pitch-rolling
coupling motion, rolling motion only and pitching
Keep the other conditions un-
The speeds of WOD is

motion only.
changed as follows:
uwop="7.5 m/s and vwop =13 m/s, respectively,
the free-air turbulence intensity is ¢, =0. 1 m/s.
The responses of roll and pitch rates in these con-

ditions are calculated, respectively, and the com-

parison of PSDs shown in Fig. 13. From this fig-
ure, the results are similar and the same order of
magnitude, which indicates that the disturbance
derived from ship motion makes a little contribu-
tion to the whole helicopter response. Besides,
because of the bigger frequency and amplitude of
ship rolling motion, the disturbance from ship
rolling motion has a greater influence on helicop-
ter response and flight quality in comparison with

the ship pitching motion.
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Fig. 13 Comparison of PSDs in different con-

ditions of ship motion

Change the free-air turbulence intensity on
the deck while the other conditions remain un-
changed, and the models are simulated and com-
puted in different conditions. The responses of
roll rate and pitch rate in two different conditions
are calculated, respectively, and the comparison
of PSDs is shown in Fig. 14. From this figure,
both the responses of roll rate and pitch rate in-
crease with the turbulence intensity. In fact, the
response of helicopter to free-air turbulence on
the deck makes a great contribution to the whole
response energy. Therefore, the amplitudes of
angular rate responses rely on the intensity of
Additionally,

free-air turbulence. due to the
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difference in dynamic stability, the free-air turbu-
lence on the deck has a greater influence on the

characteristics of roll channel.
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Fig. 14 Comparison of PSDs in different conditions of

free-air turbulence on the deck

5 Conclusions

(1) The airflow velocities of helicopter mod-
ules are stored by the function of space-time in
the proposed model, and the aerodynamic load
calculations of these modules also have space-time
characteristics. The introduction of free-air tur-
bulence model increases the stochastic character-
istics of the airflow.

(2) Based on space-time calculation of ele-
ment aerodynamic loads, the proposed model’ s
applicability is better than MIL model. Addition-
ally, the response of helicopter to free-air turbu-
lence makes a great contribution to the whole re-
sponse energy in airflow on the deck.

(3) The airflow mainly affects roll angular
rate, for there is the difference of dynamic stabili-
ty between roll channel and pitch channel. Based
on the bigger frequency and amplitude of ship
rolling motion than those of pitching motion, ship

rolling motion has a greater influence on the heli-

copter response. The amplitudes of angular rate
responses rely on the intensity of free-air turbu-
lence, for it is the main factor affecting the heli-

copter flight stability.
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