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Abstract: To do research on helicopter/ship dynamic interface, the method of combining steady flow and stochastic flow employed is adopted to establish a flow field model that is applicable to shipborne helicopter flight dynamics analysis. The steady flow is calculated by computational fluid dynamics (CFD) method, while the stochastic flow consists of the compensation velocity derived from ship motion and turbulence above the deck. The helicopter’s response to flow field of the article is calculated, which is compared with the calculation results of US army’s Military Specifications (MIL) model commonly used in engineering, verifying the accuracy of the proposed flow field model. Meanwhile, it also shows the flow field model established in this article is more appliable to flight dynamics analysis of shipborne helicopter. Based on the basis, simulate ship deck flow field in different sea conditions by adjusting the wind speed on the deck, mother ship movement and shipboard turbulence, etc. and calculate helicopter angular rate response. The results show that the difference of dynamic stability between helicopter’s roll and pitch results in that the influence on the helicopter’s roll angular rate response is greater than pitch angular rate; The frequency and amplitude of mother ship roll motion is much greater than those of pitch motion and the disturbance caused by roll motion on the air has greater influence on the helicopter response. The shipboard 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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1. Introduction

Due to the nonlinear and inhomogeneous characteristics of airflow field, it has a great influence on the aerodynamic loads, flight stability and trim characteristics of helicopter, bringing the challenge for helicopter/ship dynamic interface. Therefore, the establishment of an accurate airflow model that is applicable to flight dynamics analysis for shipborne helicopter is the basis of research on flight dynamics analysis.
The research of airflow on the deck is a challenge task as a result of its complexity and countless origins. So far, the airwake model from MIL-F-8785C is widely used in engineering calculation1. 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 in the center of mass. That is to say, the synthetic airflow velocity 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 calculation accuracy. Owing to the airflow gradient, the airflow values of helicopter modules, including main rotor, fuselage, tail rotor and empennages, are different at the same time. Especially for the main rotor module, the rotor disk diameter is far longer than the scale of airflow field, resulting in the different airflow values of blade elements. These differences have more or less influence on aerodynamic load calculation, thus changing the aerodynamic characteristics of helicopter modules.
With the development of computer simulation technology, CFD is widely applied in airflow simulation. Nowadays, airflow model on flight deck and airwake model before the ship have been the heated research focus. However, the databases rely on significant computational resources, primarily the system’s memory. This is the limitation of real time simulation. Additionally, it was found that readily available CFD solutions took a large amount of time to load into memory prior to the start of a simulation2-4. In an effort to reduce the computational resources and also provide a method for experimental determination of the airflow field, a stochastic airwake model is proposed5. In this model, filters are derived on the basis of the vehicle response and pilot control activity. The filters can then recreate similar disturbances as the airwake when driven by white-noise. This model reduces the computation cost, for only the stochastic filter coefficients have to be stored into memory. Goankar proposes a method to extract auto-spectral densities and cross-spectral densities from baseline data6,7. The research effort is going on with the goal to accurately depict a stochastic airwake from either CFD or flight test baseline data. With an equivalent airwake model employed from UH-60 Black hawk disturbance8, Xin and He proposed another method that expresses the turbulence field as a sum of cosine functions with equal energy spaced frequencies and uniformly distributed phase angles9. The study integrates the stochastic airwake into FLIGHTLAB and demonstrates similar stochastic winds as the baseline CFD model. Sparbanie also develops a stochastic model of unsteady ship airwake disturbances, which relies on stochastic filters that are derived from the vehicle response and pilot control activity when hovering at a particular location relative to the ship deck10. In this study, the stochastic filters are derived from flight simulations by using a CFD database.
These studies mainly focus on patrol crafts and training ships and pay little attention to large-scale warships and carriers. In addition, MIL model mainly focus on the depiction of the airwake before the ship, but characteristics of airflow on the deck can’t be accurately represented in airwake model. Hence, the article proposes an airflow model which is divided to steady flow and stochastic flow through three determination factors, including wind-over-deck(WOD), ship motion and free-air turbulence on the deck.
2. Airflow field modeling on the deck
2.1. Airflow model designation
Steady flow field is the deterministic component 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 carrier, they have steady navigation attitude and longer periodic motion than helicopter. This is to say, there is no remarkable differences without considering the ship motion in steady flow computation, for its influence on airflow structure is little.
Stochastic flow field is the unsteady component and it mainly consists of the compensation velocity component derived from ship motion and free-air turbulence on the deck. The WOD is parallel to the flight deck in steady flow computation. 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 component is the compensation for the reality wind in coordinate transformation. With the consideration of ship pitch-rolling coupling motion, there is a pitch angle in pitching motion and a roll angle in rolling motion. The compensation velocity component can be gained 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 model11. 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 turbulence 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 turbulence model of height and time, or ship speed, and the disturbance extent is determined by the intensity of Dryden model.
2.2. Steady flow computation model
In this paper, a 3D ship CAD model is simplified for CFD computation, and the CFD computation follows the principle of fluid mechanics and adopts the finite volume method by FLUENT tools. 
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Fig. 1  Network topology structure for CFD computation
An elliptic cylinder is set for the placement of the 3D ship model in the computational domain center, shown in Fig.1. In this topology structure, the wind direction is controlled and changed by the regulation of longitudinal boundary velocity and horizontal boundary velocity to avoid the grid re-division12. 

In the condition of VWOD=15m/s and ψWOD=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 shown in Fig. 3.
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Fig. 2  Horizontal velocity vector distribution
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 (a)  Longitudinal velocity u
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(b)  Horizontal velocity v
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(c)  Vertical velocity w
Fig. 3  The computing result of CFD

It could be seen from Fig. 2 and Fig. 3, when the incoming flow passes through the high buildings on the deck, there are vortexes formed near the buildings and downwash formed after the buildings, which shows the accuracy of this model. The airflow structure is changed on the deck, having great influence on helicopter flight quality.
Due to asymmetric grid modeling in CFD computation, with the consideration of the requirement on airflow valuing and interpolation calculation for any given point in space, the results from CFD computation are transformed to a uniform and regular formation which is stored in three-dimensional matrix. For any node in this formation, it includes longitudinal, horizontal and vertical velocities, which are stored in the data matrix. Then for any given point in space, not the node, 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. 
As for a three-dimensional space
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it could be divided into 
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 is the grid spacing. The results from CFD computation are transformed to 
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Fig. 4  Three-dimensional linear interpolation

For any given point 
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 in this space, there are 8 grid nodes A, B, C, D, E, F, G, H around it, shown in Fig. 4. Owing to the same calculation method of the longitudinal, horizontal and vertical velocities velocity 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. Supposed the longitudinal velocity of A, B, C, D, E, F, G, H respectively as 
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. Then, the longitudinal velocity of P could be calculated by the three-dimensional linear interpolation method, which is shown in Eq. (1).
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(1)

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 token, the airflow values at any time of other aerodynamic components can be calculated.
2.3. 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 could be expressed by the function of frequencies and amplitudes of rolling and pitching motion. At any time t, the pitching angle could be expressed as 
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. In ship pitching motion, the WOD of ship pitching motion is shown in Fig. 5. In this figure, 
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 is the longitudinal velocity in ship axes system, and is also the input of steady flow model computation. Meanwhile, 
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 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, hence, the relative velocity 
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 makes up for the transformation from space axes system to ship axes system. Based on vector calculation principle, the calculation equation is 
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Fig. 5  WOD of ship pitching motion

Thus, the compensation velocity in space axes system could be calculated by Eq. (2).
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(2)
Due to different locations of helicopter relative 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 could be seen from Fig. 6 that a series of filters set between the top of the structure and the deck based on the ship size, and the whole space above the deck covered by the filters. When excited with a white noise input, the filters will recreate disturbances to the helicopter as the unsteady airflow. Meanwhile, the airflow value of any nodes in space is stored by the function of time and height, such as 
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Fig. 6  Free-air turbulence model on the deck

For any given point 
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 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-dimensional storage matrix. Supposed the longitudinal velocity of A, B, C, D as respectively 
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Then, the longitudinal velocity of Q could be calculated by the two-dimensional linear interpolation method, shown in Eq. (3).
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(3)
The horizontal velocity vQ and the vertical wQ can be also calculated by similar equations, which are not repeated in this paper. By the same token, the airflow values at any time of other aerodynamic components can be calculated. 

3. Helicopter nonlinear flight dynamic model
Considering the airflow influence on helicopter, a flight dynamics model for shipborne helicopter in time-space airflow on the deck12, 13 is developed. In main rotor module modeling, based on blade element theory, the velocity of every element consists of the body movement velocity, blade movement velocity and main rotor induced velocity. The rigid blade two order dynamics model14, with the consideration of flap-lagging coupling blade model, is employed in rotor blade movement model. The blade twist is simulated by experiential dynamic equations. Dynamic inflow model15 is employed in main rotor inflow calculation. When the airflow model is integrated into main rotor module, the relative velocity of any blade element is changed with the addition of airflow velocity, resulting in the change of incidence, sideslip angle and Mach number. Therefore, the aerodynamic loads of main rotor module are recalculated.
The formulas of the relative velocity of any blade element should be modified. The local advance 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 calculation equations of airflow velocities 
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Eq. (4) is a dimensionless formula, where 
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Supposed that the local airflow value of element is 
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where 
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 are the helicopter velocities, and 
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 the radius.

The aerodynamic loads of fuselage, horizontal tail and vertical tail rely on the table look-up functions of incidence, sideslip angle and Mach number. Bailey model16 is put to use in tail rotor module modeling. When the airflow model is integrated into fuselage module, the airflow value of its aerodynamic center is regarded as that of the whole module, and the relative velocity of fuselage module recalculated in Eq. (6) 
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where 
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 are the airflow values in body axis, and 
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On this basis, the incidence, sideslip angle and dynamic pressure also recalculated. This method is also employed in the calculation of other modules, such as tail rotor module and empennage modules.
In summary, the whole nonlinear state equations of helicopter are shown in Eq. (7)
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where 
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 is the state vector, u, v, w, p, q, r are the linear velocities and angular velocities, 
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 the wind vector of airflow field. Among them, for any given element of blade, its airflow value is 
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, which relies on its location of main rotor. The airflow value of other modules relies on its aerodynamic center. 
4. Airflow valuing 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 azimuth 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 results17, the azimuth angle of No. i blade at time t could be written as
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(8)
At the time t, the coordinate location of the No. j element of No. i blade in rotor shaft axes system could be shown in Eq. (9)
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where 
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T

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 could be calculated through coordinate transformation. By the same token, the coordinate locations of the aerodynamic center of other modules are calculated, and the airflow values of the corresponding locations are calculated by the above-mentioned method in chapter 2. These values are the external inputs as the airflow conditions for the helicopter flight dynamics model. 
5. Analysis of Flight Characteristics in the Airflow on the Deck
5.1. Comparison and analysis of airflow models

The airwake model from MIL-F-8785C is widely applied in engineering calculation. The airflow field in flight deck derived from the MIL model is calculated for comparison with the proposed airflow model in this paper. The results of helicopter response in the proposed model and MIL model are all transformed into the formation of 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 provided as follows: The WOD conditions are VWOD=15m/s and ψWOD=0°. The helicopter height in hover above the deck is h=5m. The ship pitching motion equation is 
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, without consideration 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 σw=0.5m/s, and scale of it relying 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 angle. The variable amplitudes of inner element velocity are small and well-distributed while those of external element velocity increase with the radial direction of element. 
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Fig. 7  Vertical airflow velocity distribution 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 element is variable periodically, so its airflow value is also variable periodically. Besides, as the result of ship periodic motion, the relative velocity component derived from the ship motion is variable periodically, too. Hence, without the turbulence, the element vertical flow velocity presents a periodically variable regularity. The introduction of free-air turbulence model increases the stochastic characteristics of the airflow, which is the representation of nonlinear and irregular airflow model in the deck. 
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Fig. 8  Element vertical flow velocity of the outermost segment
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 velocities 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. 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 partially 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. 
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Fig.9  Comparison of PSDs of main rotor flapping angle
The PSDs of helicopter angular rates are shown in Fig. 10. From this figure, the amplitudes of the results in this proposed model are obviously 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 analysis of Fig. 8 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 influence on the helicopter flight attitudes. In addition, 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. 
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(a)  Roll rate PSD
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(b)  Pitch rate PSD
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(c)  Yaw rate PSD

Fig. 10  Comparison of PSDs of helicopter angular rate response

5.2. Calculation and analysis in different sea conditions
In this proposed model, the airflow in different sea conditions relies on the WOD, ship motion and free-air turbulence on the deck. 
The velocity and direction of WOD are the decisive factors of steady flow component. Change the speeds of WOD, and keep the other conditions unchanged, the responses of roll and pitch rates are calculated respectively. The comparison 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 calculated respectively. The comparison of PSDs in two different conditions is shown in Fig. 12. It could be seen from two figures above-mentioned that the roll rates and pitch rates of shipborne helicopter are all affected by the WOD conditions, both the speed and the direction. 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.
[image: image91.emf]10

-1

10

0

10

1

10

2

10

-6

10

-4

10

-2

10

0

Frequency/Hz

PSD/((°)

2

·s

-2

·Hz

-1

)

 

 

u

WOD

=15m/s

u

WOD

=25m/s


(a)  Roll rate PSD
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(b)  Pitch rate PSD

Fig. 11  Comparison of PSDs in different uWOD
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(a)  Roll rate PSD
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(b)  Pitch rate PSD

Fig. 12  Comparison of PSDs in different ψWOD
The compensation velocity component derived from ship periodic motion is one part of stochastic flow. There are three conditions of ship motion that can be chosen, including pitch-rolling coupling motion, rolling motion only and pitching motion only. Keep the other conditions unchanged as follows: The speeds of WOD respectively is uWOD=7.5m/s and vWOD=13m/s, the free-air turbulence intensity is σw=0.1m/s. The responses of roll and pitch rates in these conditions are calculated respectively, and the comparison of PSDs shown in Fig. 13. From this figure, the results are similar and the same order of magnitude, which indicates that the disturbance derived from ship motion makes a little contribution 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 helicopter response and flight quality in comparison with the ship pitching motion.
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(a)  Roll rate PSD
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(b)  Pitch rate PSD

Fig. 13  Comparison of PSDs in different conditions of ship motion

Change the free-air turbulence intensity on the deck while the other conditions remain unchanged, and the models are simulated and computed 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 increase 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. Hence, the amplitudes of angular rate responses rely on the intensity of free-air turbulence. Additionally, due to the difference in dynamic stability, the free-air turbulence on the deck has a greater influence on the characteristics of roll channel. 
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(a)  Roll rate PSD
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(b)  Pitch rate PSD

Fig. 14  Comparison of PSDs in different conditions of free-air turbulence on the deck

6. Conclusions

(1) The airflow velocities of helicopter modules 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 turbulence model increases the stochastic characteristics of the airflow.

(2) Based on space-time calculation of element aerodynamic loads, the proposed model’s applicability is better than MIL model. Additionally, the response of helicopter to free-air turbulence makes a great contribution to the whole response energy in airflow on the deck.
(3) The airflow mainly affects roll angular rate, for there is the difference of dynamic stability 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 helicopter response. The amplitudes of angular rate responses rely on the intensity of free-air turbulence, for it is the main factor affecting the helicopter flight stability.
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适用舰载直升机飞行动力学分析的舰面流场模型
摘  要：为研究机/舰动态配合问题，采取定常流结合随机流的方式建立了一种适用于直升机飞行动力学分析的流场模型。采用CFD(Computational Fluid Dynamics)计算稳定流场，由母舰周期运动引起的补偿速度和母舰甲板上方紊流组成随机流场。计算了直升机对本文流场的响应，与工程上常用的美军标模型计算结果进行对比，验证了流场模型的准确性，同时表明了本文建立的流场模型更适于舰载直升机的飞行动力学分析。在此基础上，调节甲板风速度、母舰运动和舰面紊流等参数模拟了任意海况条件下的舰船甲板流场，计算了直升机角速率响应。结果表明：由于直升机横向与纵向的动稳定性差异，直升机的滚转角速率响应受到的影响大于俯仰角速度；母舰横摇运动的频率和幅度远大于纵摇运动，横摇对气流产生的扰动对响应的影响较大；舰面紊流是影响直升机姿态的主要扰动因素，其强度决定了角速率响应的幅度。
关键词：舰载直升机；飞行动力学；舰面流场；时空特性；海况
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Corresponding Author E-mail address: � HYPERLINK "mailto:xug12fantasy@163.c" ��xug12fantasy@163.c�om 






_1474653141.unknown

_1476446525.unknown

_1501942731.unknown

_1501958399.unknown

_1508918938.unknown

_1508922516.unknown

_1508923102.unknown

_1508918043.unknown

_1501952883.unknown

_1501952910.unknown

_1501953201.unknown

_1501952909.unknown

_1501942732.unknown

_1501941655.unknown

_1501941891.unknown

_1501942531.unknown

_1501941732.unknown

_1476806173.unknown

_1476813177.unknown

_1501941608.unknown

_1476813151.unknown

_1476813163.unknown

_1476812806.unknown

_1476518982.unknown

_1476537989.unknown

_1476446538.unknown

_1474653212.unknown

_1474809769.unknown

_1474810251.unknown

_1474866755.unknown

_1474869828.vsd
usWOD


ΔuWOD


uWOD


x


xs


y


z



_1475387972.unknown

_1474810269.unknown

_1474809782.unknown

_1474653332.unknown

_1474693814.unknown

_1474782288.unknown

_1474653342.unknown

_1474653219.unknown

_1474653171.unknown

_1474653192.unknown

_1474653205.unknown

_1474653199.unknown

_1474653185.unknown

_1474653155.unknown

_1474653163.unknown

_1474653148.unknown

_1474652637.unknown

_1474653100.unknown

_1474653126.unknown

_1474653133.unknown

_1474653107.unknown

_1474653088.unknown

_1474653094.unknown

_1474653058.unknown

_1474652514.unknown

_1474652546.unknown

_1474652596.unknown

_1474652602.unknown

_1474652589.unknown

_1474652534.unknown

_1474652541.unknown

_1474652521.unknown

_1474652473.unknown

_1474652496.unknown

_1474652508.unknown

_1474652487.unknown

_1474652481.unknown

_1474569049.vsd
A


B


C


D



_1474649300.unknown

_1474652398.unknown

_1474652466.unknown

_1474650888.unknown

_1474649291.unknown

_1467823025.unknown

_1467823785.unknown

_1474568482.vsd
A


B


C


D


E


F


G


H



_1467823033.unknown

_1467822983.unknown

