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Abstract 

  The current work focuses on wall temperature (300 - 1200 K), dimensionless spin rate (0 

- 0.315) and angles of attack (0 - 10°) on Magnus effects for the 7-caliber Army-Navy Spinner 

Rocket  (ANSR) using Reynolds-averaged Navier-Stokes methods. The Mach number and the 

Reynolds number, in terms of the free-stream velocity and the ANSR diameter, are 1.8 and 

8.37×105. Different turbulence models are verified by a fully developed turbulent channel flow to 

ensure accurate prediction of the near-wall turbulence. The k- epsilon Yang-Shih model provides 

a favorable result in terms of the logarithmic velocity, turbulent kinetic energy, turbulent shear 

stress and dissipate rate. The ANSR simulations suggest that the Magnus force is approximately 

proportional to the dimensionless spin rate. Furthermore, the simulations provide a profound 

insight into the flow structure and reveal that the separation point moves forward with the 

increasing dimensionless spin rate. With the increase of angle of attack between 0 - 10°, the 

boundary layer thickness distortion increases, however the variation of the separation point is 
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negligible. The current study also suggests that higher surface temperature has a positive effect 

on reducing the Magnus and drag forces, in the meantime, on increasing the lift force. 

 

*Address correspondence to Associate Professor Liangyu Zhao, School of Aerospace Engineering, 

Beijing Institute of Technology, 5 South Zhongguancun Street, 100081 Beijing, P. R. China. E-

mail: zhaoly@bit.edu.cn. 
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Introduction 

Spinning rockets have advantages in simplifying control systems and reducing costs, so 

they have received widespread attention. However, the spinning rockets have a unique 

aerodynamic characteristic, the Magnus effect. The Magnus effect of the spinning rocket is a 

phenomenon in which a lateral force is generated in a direction perpendicular to the plane formed 

by the rotational angular velocity vector and the velocity vector when the rotational angular 

velocity vector does not coincide with the centroid motion velocity vector. It has an important 

impact on flight trajectory and dynamic stability. In severe cases, it will cause divergent conical 

motion. Researches have been carried out to further understand the Magnus mechanism, in order 

to better predict and control the Magnus effect of spinning rockets. However, the work in this field 

is still very limited. 

The magnitude of the Magnus effect depends on multiple parameters including the spin 

rate, wall temperature, angle of attack (AOA), fineness, Mach number and Reynolds number. Any 

change in these parameters will lead to a different state of the boundary layer condition, hence 

affect the Magnus effect, flight trajectory and dynamic stability. 

Prior experimental studies, both on free-flying [1 - 3] as well as wind tunnel mounted 

projectiles [4, 5], and computational fluid dynamics (CFD) simulations [2, 5 - 7] using Reynolds-

averaged Navier-Stokes (RANS) method provide some useful database for Magnus forces and 

moments. In experiments, Murphy & Schmidt [1], Schmidt & Murphy [2], Donneaud et al. [3], 

Luchuk & Sparks [4] and Klatt & Hruschka [5] studied the Magnus effect of spinning rockets at 

different angles of attack. Luchuk & Sparks [4] experimental results show that for a 7-diameter 

long rocket with a 2-diameter long nose the maximum Magnus lateral force coefficient appears in 

the range of 10° to 15°. Although experiments are normally considered the most reliable means to 
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obtain accurate aerodynamic parameters, including Magnus force, there are certain shortcomings: 

wind tunnel experiments are often limited in the range of accessible flow conditions, especially at 

low Reynolds numbers, which leads to a different boundary layer state where the transition from 

laminar to turbulent flow occurs somewhere along the body. This, in turn, leads to nonlinear 

dependencies of the Magnus force on parametric studies, such as AOA and spin rate, etc. 

Furthermore, experiments are expensive, and the visibility of the flow structure is limited. There 

are certain deficiencies in analysing the flow structures to reveal the flow mechanisms. In CFD 

simulations, Pechier et al. [8] and Silton [9] numerically simulated the flow field around a spinning 

rocket at transonic and supersonic speeds. DeSpirio and co-workers [10 - 12] simulated the impact 

of the stern of the rotating projectile on Magnus force using CFD + +, and found that the geometry 

of the tail of the projectile has a significant influence on the magnitude of the Magnus force. The 

numerical work of the predecessors mainly focused on the studies of the Magnus effect with 

different AOA, the geometry of the tail, Reynolds number and Mach number. There are few 

articles on the effects of wall temperature and dimensionless spin rate variations on the Magnus 

effects. In addition, although the previous simulation values of the drag coefficient and lift 

coefficient are in good agreement with the experiments and semi-empirical formulae, there is still 

a certain deviation from the experimental values in the prediction of Magnus force and Magnus 

moments, which motivate the current work.  

The present investigation concentrates on improving the accuracy of predicting the Magnus 

effect of the spinning rocket and incorporating the wall temperature into the factors that affect the 

Magnus effect, which extends the work of the predecessors. In order to predict the Magnus force 

more accurately, different turbulence models have been verified by a fully developed turbulent 

channel flow [13 - 17] firstly. The fully developed turbulent channel flow simulation has the 
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advantages of simple geometric shape and easy formation of high-quality orthogonal mesh, and 

the simulation results can be compared with those from direct numerical simulation (DNS) [16]. 

Based on the fully developed turbulent channel flow benchmark results, the three-dimensional 

RANS equation and k-ε Yang-Shih model [17 - 20] in ANSYS Fluent 18.2 are employed to 

simulate the Magnus effect for the 7-caliber ANSR of different dimensionless rotational angular 

velocities, different angles of attack and different wall temperatures. The simulation results are 

visualized to further study the effect of each parameter on the Magnus effect. And the simulation 

data are also reanalyzed using modern reduction techniques in an attempt to give some empirical 

formulas for Magnus force with rotational angular velocity, AOA and wall temperature, so that 

the Magnus effect can be predicted quickly in engineering. 

 

Governing equations and turbulence modeling 

The three-dimensional compressible Navier-Stokes governing equations of the differential 

form are given by 
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where ρ is the density; t is the time, ui (or uj) is the Favre averaged velocities in xi (xj) direction, 

where i, j = 1,2,3; P is the static pressure; μ is the dynamic viscosity; e is total energy per unit 

volume; and q is the heat flux generated by heat conduction, and for ideal gas, P = ρRT.  

In an eddy viscosity model, one assumes the Reynolds stresses are related to the mean 

velocity field by [17]  
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Where, the Kronecker delta symbol, 𝜹ij, is a piecewise fuction with 𝜹ij = 1 if i = j and 0 otherwise. 
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The constants cμ = 0.09, C1ε = 1.44, C2ε = 1.92, σk = 1.0, and σε = 1.3. The term of E is confined to 

the buffer layer. The RANS equations are solved using the double precision density-based solver. 

A second-order upwind scheme is adopted for spatial discretization. For convective fluxes, Roe-

FDS [21] flux-difference splitting scheme is utilized. Gradients are computed with the least-

squares gradient method.  

In the first part, different turbulence models are tested by a fully developed turbulent 

channel flow. As for calculating the channel flow, i, j = 1, 2 and the density is constant. In this way, 

the RANS equations are simplified into a two-dimensional incompressible format. Based on the 

verification, the k-ε Yang-Shih model is employed to study the three-dimensional model of ANSR 

in the second part. 
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Verification: turbulence modeling 

The study, in this section, investigates the validity, accuracy, cost and applicability of 

several RANS turbulent models, such as the k-ε model with RNG and enhanced wall treatment 

(EWT), the k-ε realizable with low-Re and time scale based Yang & Shih model [18], and k-ω 

models (SST and BSL), by simulating the near wall characteristics of fully-developed turbulent 

channel flow. Due to the simplicity and the high quality of the grid, the simulation cost of the 

verification can be reduced while ensuring accuracy. 

The simulation domain is (1×2) h, and a full-structure grid is utilized to ensure that the 

channel wall resolution is sufficiently high (y+ ~ 0.5). Periodic boundary condition is applied to 

the inlet and outlet, with pressure gradient of dP/dx = -1 to ensure a fully developed turbulent flow. 

No-slip conditions are utilized to the channel walls such that the velocity at wall is zero. The 

Reynolds number based on the wall friction speed is 590, which corresponds to a Reynolds number 

of approximately 1.2×104 based on the centerline velocity. Double precision coupled solver is 

selected. The interpolation method for pressure remaines at second-order, and third-order 

discretization is applied to all other terms. Convergence criteria for all simulations requires 

residuals below 1×10-7. 

The comparison of the current results with those from the DNS [16] is shown in Figure 1. 

The results from the popular k-ε, RNG with EWT model, the k-ω BSL model with low-Re 

correction, and the low Re k-ε Yang-Shin model [18] are shown in this paper. Figure 1(a) illustrates 

the mean dimensionless streamwise velocity profile (u/uτ) against y+ (here, y+ = /u y  , y is the 

wall nornal distance, and uτ  is the wall friction velocity); the dimensionless turbulent kinetic energy, 

k+ = k/ 2u , and Reynolds shear stress, <-u’v’>, variations along the channel width direction, y/h, 

can be found in Figure 1(b) and (c). The turbulent viscosity, T , is plotted in Figure 1(d). From 
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Figure 1, it is evident that the result with k-ε Yang-Shih model [18] provides better agreement with 

DNS than those with the other two models, especially for the peak k+ value and the turbulent 

viscosity in the viscous sublayer and buffer layer, which is linked to the energy cascade rate and 

the turbulence structure. Note from Figure 1(d) that the k-ε Yang-Shih model [18] provides a 

wrong trend in T  close to the channel centerline compared with DNS and other two models, 

which suggests further investigation for the k-ε Yang-Shih model [18] implementation away from 

the wall, in Fluent, is necessary, as the model works well in reference [16] at Reτ = 395. However, 

the magnitude of the current turbulent viscosity value with the Yang-Shih model [18] is closer to 

the DNS compared those with the other two models in the channel centerline. Thus, the k-ε Yang-

Shih model [18] is considered to better predict the wall-bounded flow, which will provide a basis 

for the work in the next section. 

 

Simulations of the Magnus force of a spinning rocket 

 

The study in this section investigates the impact of the different dimensionless spin rate 

( p  = 0 - 0.315), AOA (α = 0° - 10°) and wall temperature (Tw = 300 K - 1200 K) on Magnus effect 

for the 7-caliber ANSR using the RANS approach. 

 

Geometric models and meshing 

The computational model of the ANSR is 7-diameter (d = 20 mm) in total length as shown 

in Figure 2. It consists of a 2d secant ogive followed by a 5d cylindrical afterbody [2, 12]. 

A three-dimensional structured grid is generated using the ANSYS ICEM software. The 

overall structured mesh and the symmetry plane are shown in Figures 3 (a) and (b). The distance 



 

 9 

 

between the entrance of the simulation domain and the nose cone is 35 times the diameter of the 

projectile. The length between the tail of the projectile and the outlet of the calculation domain is 

50 times the diameter of the projectile; and the dimension in the radial direction of the projectile 

is 50 times the diameter of the projectile. The topology of the 3D mesh is shown in Figure 3 (c). 

An O-grid type mesh with a distance of 0.1d from the rocket body is generated to maintain a fine 

mesh quality required to resolve the viscous sublayer. The first-edge spacing used for this mesh is 

2.5×10-5d, which yields a y+ value of 0.5 or less to ensure capturing the Magnus effect of the 

spinning shell. A C-grid type mesh with a stretching ratio of 1.0 is generated around the body to a 

distance of 0.5d. All mesh stretching ratios are kept below 1.2; aspect ratios are between 1 and 20 

and angles are greater than 45°. 

Mesh independent study is performed on multiple simulations with three typical mesh 

densities, which are listed in Table 1. The simulation results using RANS with k-ε Yang-Shih 

model [18] of the three grids are in good agreement. The relative differences of the lateral force 

are less than 0.5%, as shown in Figure 4. So the Mesh1 resolution is considered to be sufficiently 

high. In addition, the Mesh1 case running time to achieve a convergent solution is only about one 

quarter of the Mesh3 one. So, in this work, Mesh1 is chosen for the parametric studies of the 

Magnus effect, such as different dimensionless rotational angular velocities, angles of attack and 

wall temperatures. Note: Nin is the number of nodes between the inlet and the model nose. Nl is the 

node number in the streamwise direction, and Nc is the node number in the circumferential 

direction. Nout is the number of nodes between the end of the model and the outlet. In the wall 

normal direction, Nb is the node number in the O-shaped boundary region; while N1r is the node 

number in radial direction of the C-shaped region; the node number radial direction of outside the 

C-shaped region is N2r. 
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Boundary conditions and test cases 

A far-field supersonic boundary condition, with standard free stream temperature and 

pressure (101.325 kPa, 288 K) and Mach number of 1.8, is adopted. The Reynolds number, in 

terms of the free stream velocity and the ANSR diameter, is 8.37×105. A non-slip isothermal and 

rotational wall boundary condition is employed for the rocket surface, in order to avoid the moving 

reference frame. All calculations are considered to converge when the residuals are below 1×10-7, 

and the amount of change in the aerodynamic coefficient value is less than 0.1% in the last 500 

steps. 

Parametric studies of Magus effects are shown in Table 2. In the first part, simulations at 

six dimensionless spin rate: p   = 0, 0.05, 0.107, 0.151, 0.230 & 0.315, respectively, are 

investigated at α = 4°, Ma = 1.8 and Tw = 300 K. Here, p = pd/2u∞, p is the spin rate and u∞ is the 

freestream velocity. In the second part, simulations with six angles of attack, α = 0°, 2°, 4°, 6°, 8° 

& 10°, respectively, are carried out to reveal the AOA on the Magnus effect at Ma = 1.8, p = 0.315 

& Tw = 300 K. In order to probe the wall temperature effect, four wall temperatures (Tw = 300 K, 

600 K, 900 K & 1200 K, respectively) on the Magnus effect are investigated at Ma = 1.8, p  = 

0.315 and α = 8°in the third part.  

 

Magnus effect of different AOA 

In order to represent the quantitative relationship between the Magnus force and theAOA, 

the lateral force corresponding to different angles of attack is normalized by the dimensionless 

spin rate as a new dimensionless parameter Cyp (where, Cyp = Cy/ p ). Figure 5 shows the simulated 

Cyp with different angles of attack compering with experimental and numerical results in reference 

[5]. To compare the current data with those in references, the Reynolds number (Re) and the 
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fineness (l/d) of Klatt effect [5] have been taken into consideration. Iversen [22] suggested that Cyp 

is proportional to Re−0.25(l/d)2. Hence, the Klatt’s experimental data [5] has been adjusted 

accordingly with an aspect ratio l/d of 6.37 at a Reynolds number of 1.09×107 using equation (4):  

 
2 1/4

Re/

/ Re

Refcurrent current

yp ypR

Ref Ref current

l d
C C

l d

   
=     
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 (4) 

The fineness of the rotating rocket in Wilcox's experiment [20] is the same as that of the 

simulation model in this paper, which is 7. In order to approach the current simulation conditions, 

the Magnus force coefficient values at different angles of attack at Mach numbers of 1.77 and 2.21 

were selected from the experimental results of Wilcox [20], and the Reynolds numbers were 

4.7×105 and 3.33×105 respectively. Both Wilcox [20] and Klatt [5] reported in their articles that 

the method of eliminating systematic errors in their experiment and the repeatability of the 

experimental results. All date are shown in Figure 5 corrected according to equation (4). The 

revised experimental data of Wilcox and Klatt are relatively close, but not completely coincident. 

On the one hand, there may be a certain error due to different conditions. On the other hand, this 

also means that although equation (4) is instructive, it is not perfect. It is more meaningful to 

compare simulation results with experimental results with similar conditions. Therefore, for Klatt’s 

experimental data, the error bars relative to Klatt's simulation results are marked in the figure, and 

the error bars relative to the current simulation results are only marked on the Wilcox's experiment 

data. When the AOA is less than 4, the simulation results almost coincide with the experimental 

values. While when the AOA is greater than 4°, the error occasionally increases, and the maximum 

error is 16% at about 7°. The error of Kallt's simulation results compared to the experimental value 

tends to gradually expand with the increase of the AOA, and it reaches 48% at 7o. Considering that 

the Magnus force coefficient is usually only about one-tenth to one-twentieth of the lift coefficient 

and drag coefficient, which is difficult to simulate and measure, the error of the current simulation 
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results is acceptable. Furthermore, the current simulation result is more accurate than the numerical 

solution in references [5], which will support the follow-up discussions. 

For a better understanding of the mechanism of AOA influence on Magnus effect, the 

pressure field with the superimposed cross-flow velocity streamlines for different angles of attack 

over the range 0° - 10° (increment of 2°) at Mach number of 1.8 and dimensionless spin rate of 

0.315 are shown in Figure 6. Note that the pressure on the right side of the rotating body decreases 

rapidly when the AOA increases. Although the pressure on the left side decreases, the degree of 

reduction is significantly smaller than that on the right side, which results in an overall 

increasement in the lateral force following the AOA increase. The vortex at the upper left of the 

projectile increases gradually, and the distortion of the boundary layer thickness along the 

circumferential direction becomes more significant. This indicates that the magnitude of the 

Magnus force is positively correlated with the AOA at least within the range of 0° - 10°. At the 

same time, the position of the airflow separation point on the left side of the body is negligible (~ 

-90°), which means that distortion of the boundary layer thickness is the main factor affecting the 

magnitude of the Magnus force at different AOA. 

The circumferential pressure distribution curve normalized by the freestream static 

pressure P∞ for different AOA at x = 4.5d are displayed in Figure 7. At α = 0°, the circumferential 

pressure distribution curve of the projectile is horizontal line, indicating that the pressure 

distribution is uniform. As the AOA increases, the pressure value at -120°, 40° & 90° drag curve 

down; at the same time, the pressure at -150°, 0° & 150° remains the same value of 1. Thus, one 

deeper trough presents on the right side and double-peak appears on the left side. And intuitively, 

the sum of the pressures on the left side is significantly greater than that on the right side. 

 

Magnus effect of different dimensionless spin rate 
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To explore the effect of different spin rate on the Magnus effect, simulations are performed 

at α = 4°, Mach 1.8, wall temperatures of 300 K and six dimensionless spin rate: p  = 0, 0.05, 

0.107, 0.151, 0.230 & 0.315 ( p   = pd/2u∞) in this part, where p is the spin rate and the u∞ is 

freestream velocity. Figure 8 shows the pressure contour of the non-spinning and a spinning model 

at AOA of 4°. At p  = 0, the pressure is symmetrical. At p  = 0.315, the pressure decreases on one 

side, increases on the opposite side. Then five planes at x/d equals to 0.5, 1.5, 2.5, 3.5 & 4.5 are 

cut, and the pressure corresponding to different section is depicted in Figure 9. It can be seen that 

significant asymmetry of pressure appears at x/d = 4.5, which is near the projectile trailing edge, 

where great focus has been paid around. 

The pressure contours with the superimposed cross-flow velocity streamlines at an axial 

position of x/d = 4.5 is presented in Figure 10. The different dimensionless spin rates for these 

selected cases are p  = 0, 0.05, 0.107, 0.151, 0.23 & 0.315, respectively. For a non-spinning model 

in Figure 10 (a), the flow field and pressure distribution around the model is symmetric; while for 

spinning model, the cross-flow velocity field is no longer symmetric (see it in Figure 10 (b) to (f)), 

so does the pressure field. It can be seen clearly from the figure that the distortion of the boundary 

layer thickness along the circumferential direction increases with the increasement of the 

dimensionless spin rate. 

In addition, Figure 10 shows that the separation point of the airflow on the left side of the 

projectile is gradually moving downward as the dimensionless spin rate increases, which can be 

the main influence mechanism of dimensionless spin rate on the lateral force. The phase angle of 

the separation point position corresponding to different dimensionless rotation angular velocities 

is plotted in Figure 11 by numerical fitting. The phase angle (𝜃) of the separation point is related 

to the dimensionless spin rate ( p ) by 
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 71.16exp(1.334 ) 71.07exp( 13.02 )p p = − −  (5) 

This is the fitting equation with the smallest variance of the data obtained from the current 

numerical simulation results through different fitting methods. It is suitable for accurately 

predicting the position of the separation point on the surface of the ANSR corresponding to 

different dimensionless angular velocities when the Reynolds number is around 8.376×105 and the 

AOA is around 4°. In addition, this equation may also provide a guidance for the change of the 

separation point with the dimensionless spin rate under other conditions. 

The circumferential pressure distribution normalized by the freestream static pressure P∞ 

for different spin rates at x/d = 4.5 is displayed in Figure 12. When p = 0, the model does not spin, 

the circumferential pressure distribution curve of the projectile is bilaterally symmetric, which 

approximates a cosine distribution: 

 / 0.972 0.02coswP P  = +  (6) 

The minimum pressure on both sides appears at θ of ±90°, and the maximum pressure 

appear at 0° & ±180°. As the speed increases, the pressure value decreases within the range of 0° 

- 90°, but increases at -90°, which results in an asymmetric distribution. Thus, a lateral force that 

is directed to the negative z-axis, is generated on the projectile and the magnitude of this force 

increases as the rotational speed increases. Therefore, it can be considered that the magnitude of 

the Magnus force is positively correlated with the dimensionless spin rate. In addition, when the 

dimensionless spin rate exceeds a certain value, more than one trough appears on the left curve. 

This implies a complicated flow phenomenon on the left side. 

To explore the quantitative relationship between the Magnus force and the dimensionless 

spin rate, the Magnus force at different speeds is plotted in Figure 13. It can be seen that the 

numerical simulation results agree well with the experimental values, and every experimental 
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result and simulation result data point almost falls on the fitted straight line. The Magnus force 

coefficient Cy values, corresponding to different spin rate at the 4° AOA, are distributed around 

the straight line, with a slope -0.126: 

 0.126yC p= −  (7) 

Therefore, it can be approximated that the magnitude of the Magnus force of ANSR is proportional 

to the dimensionless spin rate when the Reynolds number is around 8.376×105 and the AOA is 

around 4°. 

 

Magnus effect of different wall temperature 

In view of the fact that the work of the predecessors hardly consider the influence of 

temperature on the Magnus effect, this part of the work studies the different wall temperature 

effects on the Magnus effect. This is very significant for studying the aerodynamic stability of 

high-speed rotating rocket with significant external aerodynamic and internal engine heat problems, 

especially close to the trailing edge.  

For Figure 14 and Figure 15 a, b, c and d, the wall temperature equals to 300 K, 600 K, 

900 K & 1200 K, respectively. It can be seen from the pressure contour that when the wall 

temperature increases, the asymmetry of the pressure on the left and right sides of the wall 

decreases slightly. From the temperature contour it can be seen that the temperature around the 

wall, especially at the position between -90° - -45° and 0° - 120°, is significantly increased. 

And it can be seen from the trend of the curve in Figure 16 that the pressure is significantly 

increased in the region where the temperature is significantly increased, and the sum of the increase 

in the right pressure is greater than that on the left side. Thereby the Magnus effect is reduced with 

the increasing temperature. 
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The temperature fields for different wall temperatures are shown in Figure 17. The increase 

in wall temperature leads to a significant change in the state of the temperature boundary layer, 

and the motion of walls inject momentum to the flow, which extensively changes the flow and 

heat transfer patterns and the aerodynamic forces [23], which affects the Magnus effect. 

It can be seen from Figure 18 (a) that the Magnus force coefficient Cy values corresponding 

to different wall temperatures at 1.8 Mach, spin rate p  = 0.315 and α = 8° are distributed around 

the straight line: 

 65.528 10 0.1096y wC T−=  −  (8) 

Although the coefficient of the first term in equation (8) is very small, the Magnus effect decreases 

obviously with the increasing wall temperature. Therefore, in sensitive cases, the influence of the 

wall temperature on the Magnus effect cannot be ignored. As the temperature increases, it can also 

be seen from Figures 18 (b), (c) that the lift coefficient increases and the drag coefficient drops 

significantly, which indicates a relatively high surface temperature has a positive effect on 

aerodynamic performance and flight stability control. 

The largest pressure variation is between θ = -50° to -70°. A typical wall normal 

temperature distribution at θ = -70° is plotted in Figure 19, where the wall temperature has a strong 

impact on the thermal boundary layer, thus the Magnus effect. 

 

Conclusions  

In this paper, three different eddy-viscous models are verified by a fully developed 

turbulent channel flow case at Reτ = 590 firstly. The results illustrate that k-ε Yang-Shih model 

[18] provides the best solutions than others for RANS wall-bounded turbulence modeling, in terms 

of the logarithmic velocity distribution, turbulent kinetic energy, Reynolds shear stress and 
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turbulent viscosity. These ensure an accurate prediction of the near-wall flow characteristics of the 

spinning rocket, and the subsequent results also confirm it.  

Three sets of parametric studies have been carried out on the three-dimensional ANSR 

model. The current simulation results clearly approximate the experimental values better than the 

numerical solution in the existing references [5]. The magnitude of the Magnus force is 

approximately proportional to the dimensionless spin rate, Cy = -0.12 p , at the AOA of 4°. In 

addition, the simulations provide a profound insight into the flow pattern and reveal that the 

separation point of the airflow on the left side of the projectile moves gradually downward as the 

dimensionless spin rate increases, however almost unchanged with the angles of attack. The 

distortion of the boundary layer thickness is the main factor affecting the magnitude of the Magnus 

force at different angles of attack. Furthermore, the current study suggests that relatively higher 

surface temperature has a positive effect on reducing the Magnus and drag forces, but on slightly 

increasing the lift force. 

 

Nomenclature 

ANSR Army-Navy Spinner Rocket 

AOA angle of attack  

BSL Baseline 

c speed of sound, m/s 

Cd drag coefficient, 2Fd/
2u S 

Cl lift coefficient, 2Fl/
2u S 

Cy Magnus force coefficient, 2Fy/
2u S 

Cyp Magnus force coefficient, Cy/ p  
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CypR Original Magnus force coefficient in references 

C1ε constant in Eq. (3) 

C2ε constant in Eq. (3) 

cμ constant in Eq. (2) 

CFD computational fluid dynamics 

d diameter, mm 

dw distance from the wall, mm 

DNS direct numerical simulation 

E secondary source term 

e total energy per unit volume, J/m3 

EWT Enhanced wall treatment 

Fd  drag force, N 

Fl  life force, N 

Fy  Magnus force, N 

h  half the width of the channel, m 

k turbulent kinetic energy, m2/s2 

k+ dimensionless turbulent kinetic energy, k/ 2u  

l model length, m 

Ma Mach number, u∞/c 

Nb node number in the O-shaped boundary layer region 

Nc node number in the circumferential direction  

Nin node number between the inlet and the model nose 

Nl node number in the streamwise direction 
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Nout node number between the end of the model and the outlet 

N1r node number in radial direction of the C-shaped region 

N2r node number radial direction of outside the C-shaped region 

P static pressure, Pa 

Pw wall pressure, Pa 

P∞ freestream static pressure, Pa 

p spin rate, rad/s 

p  dimensionless spin rate, pd/2u∞ 

q heat flux, W/m2 

R specific gas constant, J•kg/K 

RNG Re-normalization Group 

Re Reynolds number, ρu∞d/μ 

Reτ friction Reynolds number, ρuτd/μ 

Ref references 

RANS Reynolds-averaged Navier-Stokes 

S reference area, m2 

SST Shear-Stress Transport 

T temperature, K 

Tt time scale 

Tw wall temperature, K 

t time, s 

u velocity in x direction , m/s 

ui Favre averaged velocities, m/s 
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uj Favre averaged velocities, m/s 

uτ wall friction velocity, [(du/dy)/𝜌]1/2, m/s 

u∞ freestream velocity, m/s 

u+ dimensionless  velocity, u/ uτ 

u’ fluctuating velocity in x direction, m/s 

v’ fluctuating velocity in y direction, m/s 

X X-coordinate, denote the streamwise direction 

x x-coordinate value , m 

xi length vector, m 

xj length vector, m 

Y Y-coordinate, denote the transverse direction 

y y-coordinate value, m 

y+ dimensionless wall distance, ρuτy/μ 

Z Z-coordinate, denote the spanwise direction 

 

Greek symbols 

α angle of attack, ° 

δij  Kronecker delta 

ε dissipation rate, defined by Eq. (3) 

μ dynamic viscosity, N/m2s 

μT eddy viscosity, N/m2s 

θ phase angle along the body, ° 

ρ density, kg/m3 
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σk constant in Eq. (3) 

σε constant in Eq. (3) 

ω specific rate of dissipation 

 

Subscripts 

c circumferential direction 

b boundary layer 

in inlet 

i, j spacial index  

k turbulent kinetic energy  

l lift 

out outlet 

Ref references 

1r radial direction of C-shaped region 

2r radial direction out of C-shaped region 

w wall 

y lateral force 

yp Ratio of lateral force to rotation speed 

ypR Original Ratio of lateral force to rotation speed in references 

∞  freestream 

ε dissipation rate 

μ dynamic viscosity  

τ viscous stress  
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Table 1. Overview of the computational mesh characteristics. 

 

Mesh Mesh1 Mesh2 Mesh3 

Elements 6.55×106 1.52×107 2.53×107 

Nin/stretching ratios 51/1.2 65/1.15 65/1.15 

Nl 195 220 341 

Nc/stretching ratios 200/1 280/1 320/1 

Nb/stretching ratios 64/1.13 80/1.09 91/1.09 

N1r/stretching ratios 21/1.1 25/1.08 41/1.08 

N2r/stretching ratios 41/1.17 65/1.1 65/1.1 

Nout/stretching ratios 51/1.22 81/1.12 221/1.12 

First Boundary layer edge 2.5×10-5d 2.5×10-5d 2×10-5d 

y+ 0.4 0.4 0.32 
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Table 2 Parametric study of magus effects. 

 

Parameters Test cases conditions 

Spin rate 

α = 4°, 1.8Ma, Tw = 300 K, 

p  = 0, 0.05, 0.107, 0.151, 0.230 & 0.315. 

AOA 

1.8Ma, p  = 0.315, Tw = 300 K, 

α = 0°, 2°, 4°, 6°, 8°& 10°. 

Wall temperature 

1.8Ma, p = 0.315, α = 8°, 

Tw = 300 K, 600 K, 900 K & 1200 K. 
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List of Figure Captions 

 

Figure 1.Fully developed turbulent channel flow validation at Reτ = 590. 

 

Figure 2. Geometry model: ANSR model with length 7d [2, 12]. 

 

Figure 3. Schematic of the structured mesh (a) overall; (b) the symmetry plane; (c) near the 

rocket. 

 

Figure 4. Lateral force corresponding to different meshes, α = 8° 

 

 

Figure 5. Dimensionless lateral force vs. AOA. 

 

Figure 6. The AOA effect vs. boundary layer distortion (coloured with pressure and streamline 

on the plane of x/d = 4.5 ((a) α = 0°; (b) α = 2°; (c) α = 4°; (d) α = 6°; (e) α = 8°; (f) α = 10°, 

respectively, at Ma = 1.8 and p  = 0.315). 

 

Figure 7. The effect of AOA on wall pressure at x/d = 4.5. 

 

Figure 8. Surface pressure contours of the non-spinning ( p  = 0) and spinning ( p  = 0.315) 

rockets at α = 4°. 

 

Figure 9. Circumferential pressure distribution at the different sections. 
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Figure 10. The Ma =1.8, α = 4 pressure contours and streamline on the plane of x/d = 4.5 (a) 

p  = 0; (b) p  = 0.05; (c) p  = 0.107; (d) p  = 0.151; (e) p  = 0.230 and (f) p  = 0.315. 

 

Figure 11. Location of the separation point. 

 

Figure 12. Wall pressure profile at x/d = 4.5 for different spin rate, p . 

 

Figure 13. Magnus force coefficient Cy against dimensionless spin rate p  at Ma = 1.8 and α = 

4°. 

 

Figure 14. Ma =1.8, p  = 0.315, α = 8, pressure contours and streamlines at x/d = 4.5: (a) Tw 

= 300 K; (b) Tw = 600 K; (c) Tw = 900 K & (d) Tw = 1200 K, respectively. 

 

Figure 15. Ma =1.8, p  = 0.315, α = 8, temperature contours and streamlines at x/d = 4.5 (a) 

Tw = 300 K; (b) Tw = 600 K; (c) Tw = 900 K & (d) Tw = 1200 K, respectively. 

 

Figure 16. The effect of wall temperature on the wall pressure at x/d = 4.5. 

 

Figure 17. Temperature effect at Ma = 1.8, p  = 0.315 and α = 8. 

 

Figure 18. Ma = 1.8 and p  = 0.315: (a) Cyp; (b) Cl; (c) Cd against different wall temperature. 
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Figure 19. Wall temperature effect on the thermal boundary layer profile at p  = 0.315 (θ = -

70o). 
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(a) Turbulent mean velocity. 
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(b) Turbulent kinetic energy. 
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(c) Reynolds shear stress.  
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(d) Turbulent viscosity. 

 

 

 

Figure 1.  Fully developed turbulent channel flow validation at Reτ = 590. 
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Figure 2. Geometry model: ANSR model with length 7d [2, 12]. 
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(a) 

 

(b) 

 

(c) 

 

Figure 3. Schematic of the structured mesh (a) overall; (b) the symmetry plane; (c) near the rocket. 
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Figure 4. Lateral force corresponding to different meshes, α = 8° 
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Figure 5. Dimensionless lateral force vs. AOA. 
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Figure 6. The AOA effect vs. boundary layer distortion (coloured with pressure and streamline on 

the plane of x/d  = 4.5 ((a) α = 0°; (b) α = 2°; (c) α = 4°; (d) α = 6°; (e) α = 8°; (f) α = 10°, 

respectively, at Ma = 1.8 and p  = 0.315). 
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Figure 7. The effect of AOA on wall pressure at x/d = 4.5. 
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Figure 8. Surface pressure contours of the non-spinning ( p  = 0) and spinning ( p  = 0.315) rockets 

at α = 4°. 
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Figure 9. Circumferential pressure distribution at the different sections. 
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Figure 10. The Ma =1.8, α = 4 pressure contours and streamline on the plane of x/d = 4.5 

 (a) p  = 0; (b) p  = 0.05; (c) p  = 0.107; (d) p  = 0.151; (e) p  = 0.230 and (f) p  = 0.315. 
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Figure 11. Location of the separation point. 
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Figure 12. Wall pressure profile at x/d = 4.5 for different spin rate, p . 
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Figure 13. Magnus force coefficient Cy against dimensionless spin rate p  at Ma = 1.8 and α = 4°. 
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Figure 14. Ma =1.8, p  = 0.315, α = 8, pressure contours and streamlines at x/d = 4.5: (a) Tw = 300 

K; (b) Tw = 600 K; (c) Tw = 900 K & (d) Tw = 1200 K, respectively. 
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Figure 15. Ma =1.8, p  = 0.315, α = 8, temperature contours and streamlines at x/d = 4.5: (a) Tw = 

300 K; (b) Tw = 600 K; (c) Tw = 900 K & (d) Tw = 1200 K, respectively. 
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Figure 16. The effect of wall temperature on the wall pressure at x/d = 4.5. 
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Figure 17. Temperature effect at Ma = 1.8, p  = 0.315 and α = 8. 
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(b) 

 

(c) 
 
 
 

Figure 18. Ma = 1.8 and p  = 0.315: (a) Cyp; (b) Cl; (c) Cd against different wall temperature. 
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Figure 19. Wall temperature effect on the thermal boundary layer profile at p  = 0.315 (θ = -70o). 
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