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Abstract. 
Exploring the aerothermal characteristic of a flight body has great military applications in tracking, locating, thermal protection, and infrared stealth technologies. Available studies are mostly focused on the transient aerothermal characteristics of vehicles in some specific flight datum, which are not able to satisfy the requirements in real-time tracking for an infrared system. This paper probes into a method of dynamic thermal analysis of a cone-cylinder flight body with a high spinning speed. Firstly, a theoretical model for analyzing the dynamic aerothermal characteristics is established using the thermal node-network method. Then, trajectory datum and the convective heat-transfer coefficients are solved simultaneously. Besides, the trajectory datum in supersonic, transonic, and subsonic regimes is separately defined as the boundary conditions, and fluid-thermal analysis methods are implemented by a combination of sliding mesh and multicoordinate approaches. Finally, the flow characteristics are analyzed and compared with disregarding the rotational speed. The results demonstrate that there are significant differences between the two cases, especially at the high-speed regimes. This study further confirms that it is essential to conduct the aerothermal analysis from a dynamic point of view, and taking the impacts of coupling motion into account is also of vital importance.

1. Introduction
For flight vehicles, aerothermal responses are crucial in the testing of flight parameters for an infrared radiation tracking measurement system, such as coordinate, attitude, and yaw [1–4]. Furthermore, aerothermal analysis methods are also essential to design the thermal protection structure and infrared stealth technology [5–9]. However, it is hard to accurately assess the aeroheating characteristics due to physical uncertainties and time-varying properties. In the past few decades, a series of numerical methods to estimate the aerothermal characteristics for hypersonic vehicles were proposed [10–16]. Knight et al. [17–19] appraised the capability for CFD simulation of hypersonic shock wave laminar boundary layer interaction for a double wedge model and compared with experimental heat transfer and schlieren visualization. Zheng and Qiu [20] performed the uncertainties in aerodynamic force and heating characteristics of the wing of a hypersonic vehicle accounting for uncertain-but-bounded geometric parameters. Ahmed and Qin [21–25] explored extensive research on a spiked blunt body. They investigated the airflow over the conical, disk, and flat spiked bodies and analyzed the flow asymmetry around axisymmetric spiked blunt bodies at hypersonic regimes. Qin et al. [26] conducted a loosely coupled fluid-thermal method to explore the aerodynamic thermal responses of a spiked blunt in a hypersonic regime and relevant flow variation.
Unfortunately, researchers have mainly focused on the transient aerodynamic heating of vehicle in some specific flight states [27–29]. However, aeroheating characteristics on the surface of vehicles are not only determined by the current flight state but also related closely to the heat transfer environment during the flight, which is a progressive, lasting, and dynamic process [30]. Therefore, the results of the transient thermal analysis were inevitably deviated from a practical situation, which cannot be used for real-time tracking and monitoring of the IR detecting system [31]. For example, Duda [32] formulated an effective method which can be employed to calculate the transient heat fluxes, and the algorithms were used to assess the transient temperature distribution in a whole component based on measured temperatures in selected points on the component surface. Research on the real-time infrared radiation imaging simulation method of aircraft skin with aerodynamic heating effect, Li et al. [33] employed a dynamic simulation method to carry out the research of infrared radiation (IR) characteristics of an aircraft during the flight, and the aeroheating model and environmental radiation model were established for solving the heat balance equations.
Additionally, high-speed spinning is the major mode to maintain flying stability for some vehicles, but related to the aeroheating characteristics for a flight body with coupling motion of precession, spinning, and pitching is limited. Particularly, the effects of spinning are often neglected. For example, Silton [34] adopted the CFD method to analyze the flow behaviors for a flying projectile under different velocities and attack angles, but the rotational speed was ignored. Although the simulated values of drag and lift coefficients were basically consistent with the calculated data of semiempirical formulas and experiments, there was a remarkable deviation between the Magnus force and moment with the experimental results. On the contrary, James [35] investigated the flow characteristics of airflow around the M910 projectile under different rotating speeds. The simulated results acquired by employing the RANS/LES mixed turbulence model were in good accordance with the experimental values in subsonic and transonic conditions.
Therefore, the dynamic aerothermal characteristics of the flight body in coupled motions of precession, spinning, and pitching are necessary studies. In this article, dynamic aerothermal related to the surface of a cone-cylinder spinning flight body is reconstructed using updated modeling approaches. Firstly, the six degrees of freedom (6-DOF) trajectory model is established, and the motion characteristics are analyzed at different launch conditions. Then, the trajectory datum and the convective heat-transfer coefficients are simultaneously solved by the Runge-Kutta method, and the influencing factors are also analyzed.
2. 6-DOF Trajectory Model
A kind of spinning projectile is taken as the research object to investigate the continuous aeroheating characteristics on the surface of a flight body in the coupled motions of precession, spinning, and pitching. The simplified structural model is depicted in Figure 1; the lengths of the conical section and the cylindrical section are, respectively, indicated by  and . The diameter of the cylindrical section is .




			
		
			
		
			
		
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
		Figure 1: Geometric model.


The 6-DOF kinetic model is established by the exterior ballistic theory to describe the movement regularities of the cone-cylinder spinning flight body. The modeling procedures are listed below: Firstly, the reference coordinate systems are created, including the ground coordinate, datum coordinate, ballistic coordinate, body coordinate, and body-axis coordinate systems. Then, the dynamic loads are analyzed, including the gravity, drag, lift, Magnus force, static moment, equatorial and polar damping moment, and Magnus moment.
Based on the general theoretical analysis above, the kinematic equations and the kinetic equations are derived according to the momentum theorem and mass center motion theorem in the ballistic coordinate system.

Similarly, the kinetic equations and kinematic equations are derived in accordance with the theorem of momentum moment in the body-axis coordinate system.

Accordingly, the 6-DOF trajectory model can be obtained by simultaneous equations (1), (2), (3), and (4) and constraint equations (5).
where  are the mass center coordinates;  are the force components in the ballistic coordinate system;  are the moment components that of acting on the projectile in the body-axis coordinate system;  are the components of angular speed.
3. Theoretical Model of Aerodynamic Heating
3.1. Surface Element Division
The domain decomposition and surface element division are essential to derive the theoretical model. In this paper, the node-network method is proposed to generate the surface elements and take the center of each element as a compute node. The cone-shaped angle  is equally separated into  parts, and the fan-shaped radius  is evenly divided into  parts. Then, according to the rules of equal areas, the area of a surface panel  and  is, respectively, expressed as

The cylindrical surface is evenly divided into  parts in an axial direction, and the division numbers are identical to the cone-shaped angle in a radial direction. For equalizing the area of the surface panel,  yields

In the body coordinate system, column coordinates of node (i, k) and normal vectors of the surface panel on the conical surface are expressed as

Similarly, the column coordinates of node (j, k) and normal vectors of the surface panel on the cylindrical surface are expressed as

3.2. Convective Heat Transfer Model
In this section, a theoretical model for solving the convective heat transfer coefficient on the surface of the flight body will be constructed from the theory of heat transmission. For taking the impacts of spinning speed into account, the absolute velocity in the rotating coordinate system is assumed to be the flight velocity; then, according to the velocity synthesis theorem,
where  is the velocity vector in the rotating coordinate system,  is the velocity vector in the inertial coordinate system, and  is the angular speed vector. The initial angular speed is defined as

If the standard-sea-level atmospheric parameters are regarded as the airflow parameters of the projectile at the launch position, and the relations between temperature, density, and pressure of the freestream can be, respectively, expressed as

The adiabatic wall temperature  and the recovery temperature  are formulated as
where  is the flight altitude and  is the temperature recovery coefficient. When the flow is laminar, , otherwise, .
According to the fluid mechanics and heat-transfer theories, the local Nusselt number can be approximately substituted for calculating the forced convection heat transfer on a flat plate, when the high-speed airflow is passing over the cylindrical surface longitudinally.
where  are the local Nusselt number, Prandtl number: , and Reynolds number: ; , , and  are the distance from a compute node to the warhead, the thermal conductivity, and the viscosity coefficient.

It is known that the compressible flow theory cannot be used in predicating the aerodynamic heat flux using an implicit function with the given physical quantity. In order to solve the problem, a reference temperature method that calculates the boundary-layer parameters in the flow field is proposed. The transport and thermodynamic properties are evaluated at the reference temperature () which indicates positions inside the boundary layer [22].

According to the theory of heat transmission, a relation between the local Nusselt number and the heat-transfer coefficient is defined as

Then, the coefficient of convection heat transfer on the cylindrical surface can be expressed as

The coefficient of convection heat transfer on the conical surface can be approximately calculated by the circle theorem of hydrodynamics [31].

4. Theoretical Calculation and Discussion
4.1. Trajectory Calculation
The primary data for trajectory calculation is shown below: the lengths of conical and cylindrical sections are 400 mm and 500 mm. The cylindrical diameter is 155 mm, and the mass is 46.5 kg. The distance from the center of mass to the warhead is 550 mm. The launch velocity, shot angle, and flight time are 1030 m/s, 45°, and 80 s, respectively. The equatorial moment of inertia is 1.814 kg∙m2, and the pole moment of inertia is 0.163 kg∙m2. The Runge-Kutta method is adopted to simultaneously solve the 6-DOF trajectory model and the aerodynamic heat transfer model, and the ballistic parameters and the heat-transfer coefficients with flight time can be obtained synchronously. Figure 2 presents the trajectory curves at different launch velocities, where the , , and , respectively, indicate the range, flight altitude, and lateral offset. The lateral offset is caused by the gyroscopic orientation effects and gravitational deflection in the trajectory tangent.




		
			
		
			
		
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
		
			
		
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
		
			
		
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		Figure 2: Trajectory curves at different initial velocities.


Figures 3 and 4, respectively, show the flight velocity and spinning speed at different initial velocities. It is shown that the velocity conforms to decrease exponentially in ascending order. Yet at the parabola apexes, there is not the minimum before the air resistance acceleration is greater than the component of the gravity acceleration in the vertical direction. Moreover, the velocity approaches the minimum when the center of mass acceleration is zero, and then, it starts to rise reversely in the terminal trajectory. Thru comparison, it can be found that the velocity in the ascending period is greater than that in the descending at the same flight altitude. Besides, the faster the initial velocity is, the quicker the attenuation rates will be, and the attenuation rate of angular speed in the ascending period is faster than in the descending. It is known that the ratio of flight velocity and rotational speed approaches the minimum in the launch position, and the peak appears at the parabola apexes, yet the ratio starts to drop as the velocity is increasing in the terminal trajectory.




		
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
			
			
			
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		Figure 3: Velocity at different initial velocities.






		
			
		
			
		
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
			
			
			
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		Figure 4: Angular speed at different initial velocities.


4.2. Dynamic Heat-Transfer Coefficients
Figure 5 presents the 3-D distribution of the Reynolds number. As shown in Figure 6, the average reference temperatures on the cylindrical surface and conical surface can be obtained.




		
			
		
			
			
		
			
			
		
			
			
			
			
			
			
			
		
			
			
		
			
			
		
			
		
			
		
			
			
			
		
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
		
			
			
			
		
			
		
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
		
			
		
			
			
			
		
			
			
			
		
			
		
			
		
			
			
			
		
			
		Figure 5: 3-D distribution of the Reynolds number.






		
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
			
			
			
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		Figure 6: Average reference temperatures.


From the results, each compute node corresponds to a Reynolds number and a reference temperature, and the maximum Re is about , which covers the calculation range from laminar to turbulence flow. In the first 20 seconds of the trajectory, the average reference temperature of the conical part is significantly higher than that of the cylindrical part, especially in a short time after launching, but the temperature attenuation is also faster. After 20 seconds, the average reference temperature of the conical part is lower than that of the cylindrical part.
Figure 7 presents the adiabatic wall temperature, recovery temperature, and airflow temperature. As shown in Figure 8, the transient heat transfer coefficients on the surface of the flight body can be obtained. From the results, the trends of adiabatic wall temperature and recovery temperature are basically consistent with the flight velocities, but the change extents are relatively different. The differences between adiabatic wall temperature and recovery temperature are mainly reflected in the first 20 seconds of the trajectory. The airflow temperature is first to decrease and then increase with the change in flight altitude.




		
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
			
			
			
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		Figure 7: Adiabatic wall, recovery, and airflow temperature.






		
			
		
			
		
			
			
			
		
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		Figure 8: Transient heat transfer coefficients.


Figure 9 presents the 3-D distribution of the convection heat transfer coefficient on the surface of the flight body. The results demonstrate that the heat-transfer coefficient is changed similarly with flying velocity, but the extent is discrepant. Firstly, the heat-transfer coefficient decreases rapidly and then increases until reaching a maximum, after it slowly drops off, and the former two processes that have steep gradients are concentrated in the warhead area. For the cone-shaped part, the coefficient of convection heat transfer is proportional to the square root of the velocity in laminar conditions, while the ratio is 4/5 in the turbulent flow conditions. Accordingly, the coefficient of convection heat transfer reaches a maximum at the moment of launching, and then, it drops rapidly in the terminal trajectory. Apparently, the coefficient of convection heat transfer fluctuation increases by a small fraction in the midcourse of trajectory, which is responsible for the laminar-turbulent transition.




		
			
			
			
		
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
		
			
		
			
			
			
		
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
			
			
			
			
			
		
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		Figure 9: Convection heat transfer coefficient.


To get the effects of launch conditions on the coefficient of convection heat transfer, the influencing factors which include the launching velocity, spinning speed, and launching angle are analyzed, as shown in Figures 10–12. It can be found from the calculation results that the average heat-transfer coefficient increases with launching velocity in the first half of the trajectory, and the decrement grows rapidly at the same time. However, the coefficient is inversely proportional to the initial velocities during the second half of the trajectory, and the launching angle yields a similar tendency. Although the smaller launching angle will lead to more serious aerodynamic heating, it will not be reflected until the body has been launched for a short time. Furthermore, the effects of spinning speed are more noticeable at the high-speed stage, yet the effects will be weakened gradually with a reduction of velocity.




		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
		
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
			
			
			
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		Figure 10: Average coefficients at different launch velocities.






		
			
		
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
			
			
			
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		Figure 11: Average coefficients of convection heat transfer at different initial rotational speeds.






		
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
			
			
			
			
			
		
			
			
		
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
		
			
			
		
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		Figure 12: Average coefficients of convection heat transfer at different launch angles.


5. Conclusions
In this article, dynamic aerothermal characteristics on the surface of a cone-cylinder spinning flight body are reconstructed using updated modeling approaches, and the thermal node-network method is successfully applied for predicting the aerothermal environment of the body coupling motion of precession, spinning, and pitching. The exterior trajectory datum and the coefficient of convection heat transfer during the flight are synchronously obtained. The main results of this work are as follows:
(1)The flight velocity is decreasing exponentially in the ascending period of the trajectory, and the attenuation rates are quicker with the initial velocities. The exponential attenuation rate of angular speed in the ascending period is faster than in the descending. Besides, the average reference temperature on the surface of the conical part is significantly higher than that of the cylindrical part in the first 20 seconds of the trajectory, especially in a short time after launching. After 20 seconds, the average reference temperature on the conical surface is lower than that of the cylindrical part(2)The average coefficient of convection heat transfer is increasing with the initial velocity and rotational speed, and the attenuation rates are growing rapidly at the ascending stage during the flight, whereas the coefficient is inversely proportional to the initial velocity at the descending stage, and the shot angle is changed similarly. Additionally, the transient coefficient of convection heat transfer is dropping sharply at the beginning, and rising dramatically before a slow attenuation(3)Aerothermal characteristic is determined not only by the current flight state but also by the heat transfer environment during the flight, which is a progressive, lasting, and dynamic process. In consideration of the spinning speed, the coefficient of convection heat transfer is obviously too high to disregard, especially in supersonic regimes
Nomenclature
	:	Diameter, m
	:	Mass, kg
	:	Time, s
	:	Area of surface panel, m2
	:	Density, kg/m3
	:	Specific heat capacity, J/(kg·K)
	:	Cone-shaped angle, rad
	:	Thermal conductivity, W/(m·K)
	:	Adiabatic index
	:	Normal vector of surface panel
	:	Equatorial moment of inertia
	:	Polar moment of inertia
	:	Velocity, m/s
	:	Angular speed, rad/s
	:	Dynamic viscosity, (N·s)/m2
	:	Rifling angle, rad
	:	Heat transfer coefficient, W/(m2·K)
	:	Elevation attack angle, rad
	:	Azimuth attack angle, rad
	:	Elevation angle in the  direction, rad
	:	Azimuth angle in the  direction, rad
	:	Elevation angle in the velocity direction
	:	Azimuth angle in the velocity direction, rad
	:	Temperature, K
	P:	Pressure, Pa
	:	Total enthalpy, J
	Nu:	Nusselt number
	Re:	Reynolds number
	Pr:	Prandtl number.

Subscripts	:	Wall
	:	Compute node
	:	Axial direction
	:	Relative values
	:	Freestream condition
	:	Flow parameter at reference temperature condition.
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