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Abstract; The application of computational fluid dynamics/computational solid method (CFD/CSM) on solving
the aero-thermo-elastic problem of spinning rocket is introduced. Firstly, the aerodynamic coefficients of a rocket
are calculated, and the results are compared with the available experimental data, which verified the accuracy of
the CFD output. Then, analysis is carried using ANSYS Workbench multi-physics coupling platform. which in-
cludes fluid, thermal, and structural solvers. The results show that spinning causes a significant effect on the de-
formations and stresses. Furthermore, thermal stresses due to high temperature at the rocket warhead and tail

edges have a dominated effect, even more than those produced by aerodynamic forces. Consequently, this impor-
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tant outcome should be taken into consideration during the rocket design stages.
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1 Introduction

With the development of aerospace technolo-
gy, all kinds of vehicles speed are constantly in-
creasing. Aerodynamic heating contributes to
high temperature and thermal stresses due to high
temperature at vehicles' warhead and tail edges
should not be ignored"**), Nowadays, high speed
rockets need to be able to bear not only the aero-
dynamic pressure load, but also the thermal load
generated by aerodynamic heating. Since the
effects of aerodynamic thermal load are often neg-
lected in rocket aerodynamic design, it is unable
to obtain a more accurate analysis of the data and
reach an accurate conclusion. For large slender-
ness ratio wrap around fins spinning rocket, the
research on the whole rocket static aero-thermo-e-

lastic problem is more complex than the separate

component ones. In summary, the development
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of an efficient static aero-thermo-elastic analysis
in the preliminary design of the whole rocket is
necessary. What is more, aero-thermo-elastic a-
nalysis relates to interaction of fluid, temperature
and stress fields®*, Decoupling calculation meth-
[5-7]

od is used in engineering generally One-way

coupling method is used in the paper.

2 Initial Conditions

The model used in these calculations is a
finned rocket with a slenderness ratio more than
25. The aerodynamic parameters are calculated in
different conditions that the angle of attacks are
0°, 4° and 8°, while the Mach numbers are 1,
1.2,1.5, 2, 2.5, 3, 3.5 and 4, respectively. The
far field free stream condition is standard temper-
ature and pressure (101. 325 kPa, 288 K). The

aero-thermo-elastic problem is calculated in at-
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mosphere condition (82, 822 5 kPa, 277 K) at a
height of 1 300 m. The angles of attack are
0.58°,4°,8°,Mach numbers is 3. 4, and the spin-
ning speed is more than 130 rad/s. It is assumed
the air is modeled as an ideal gas and the viscosity
varies with temperature in accordance with Surth-
land three coefficient formulas. The internal
structure of the rocket is simplified. The shell
thickness is assumed as 5 mm and the material is
assumed as 30CrMnSi. The internal section of the
rocket is divided into multiple segments, and each
section maintains the defined density, Poisson’s
ratio, Young’s modulus and coefficient of thermal
conductivity. The internal materials are steel, ex-

plosive and propellant.

3 Flow Field Calculation Methodolo-
gy

Computational fluid dynamics (CFD) is used

to accurately compute the aerodynamic coeffi-

L10  and com-

cients of many complex geometry
The method is used

to compute the aerodynamic forces and aerody-

plex flow phenomena %,

namic heating loads. The convective flux use two
order upwind and advection upstream splitting
method (AUSM) schemes and selecting the shear
stress transport (SST) turbulence model™*. In
the paper, the far-field boundary is based on Rie-
man invariants reflecting boundary conditions.
The method of the virtual wall is used to simulate
the heat conduction. The single reference frame
model is used to perform the problem of spinning
supersonic rocket™, Flow field mesh number is
1500 000, Y™ <C2M%. Fig. 1 shows the topology

graph of fluid filed. Flow field computation grid

is shown in Figs. 2, 3.

Fig.1 Topology graph

Fig. 2 Flow field grid

Fig. 3

Section of grid

4 Structure Field Calculation Meth-
od

Finite element method is used to calculate
the rocket deformations and stress distributions.
The rocket solid region grid and simplified inter-
nal region grid are shown in Figs. 4, 5. Using the
multi point constraint (MPC) approach to define
the bonding of contact surfaces, normal force and
tangential force of each part are transferred
through contact surfaces. ANSYS multi-field sol-
ver can be used to deal with the problems that the
meshes do not match on the coupling interface.
Inertia relief is a method that based on d'Alembert
principle, adding a virtual inertial force to balance
the external force. It is used to simulate the rock-
et's free flight condition and make sure that the
rocket has no rigid body displacement %', In ad-
dition, because the body is rotating, a rotating

angular velocity is applied to the rocket body.

Fig. 4 Solid region grid

Fig. 5 Internal region grid
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S Equations
5.1 Aerodynamic flow

The general form of the fluid dynamics con-
trol equation can be expressed as

9Q | JE | OF | 3G _IE, aF +an

dt  dx  Jdy dz  Ix dz D

where
Q= [o-u pvspwspE]"
E=[pu,ou’ + psouv,puw, (pE + pru]’
F = [pv,pvou,o0° + pspow, (bE + p)ov]"’
G = [pw,owu,owv,pw’ + p, (E + p)w]’
E, = [0,z sTu st 1"
F,= [0ty oty ]’
G, = [0st0 sy ste s ]
where p is the fluid density, p the pressure, and
E the total energy of unit mass. (u,v,w) are the
three components of the Cartesian coordinate sys-

tem. N-S equations of rotating coordinates ™"

do ) =
a[+( () =0 2)
JWi +P6,,) (T{j)+[0Fi
(3)
E' +w,p) —
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where

dJw; | Jw; d
=[G+ 72— 25, 7]

dx; dx; da,

Jd ('R
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E'=e+ 2 7(0(}’*1)+ 2 2

where W is the relative speed, E’ the total energy
of relative rotation, ¢ the radiant heat (¢ =0 in
the present study), F the external force, inclu-
ding volume force and centrifugal force, w the an-
gular velocity of rotation, and R the radius of gy-
ration.

For the closure of above equations, the SST
k-w turbulence model developed by Mentert™ is
used. The SST model integrates the advantages
of standard k¢ and standard kw model boundary

layer inside and outside. & and » transport equa-

tion can be written ast'®-

d d
(L(%—r,, %7ﬁ ‘Ow/ng—[(,qum,u, ‘kj}

(5)
dlpw) _ Yo du:
&t "0 ar, Pt T
9 - 1 0k dw
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where 7;; is shear stress

o (Ju,- du; . 2 du,
Ty = dz;  da; 3 da,

2
a,-,) Sokd, (D

Blending function F,

F, :tanh(arg’f) (8)
where
arg; = min max( “/Z ’5(10[)) ) Z%po'wzkl)
O. O9Cl)y y‘w (/D,%y_

CD., = max(200.: L Ik Ie 10°+)

’
w dx; Iz;

The eddy viscosity is defined as

_ [901113
“ max(aiws02F,) )

where 2 is the absolute value of the vorticity, and
F, given by
F, =tanh(arg}) (10)

24k 5004
0.09wy’pyzw ’

where arg, = max(

The constants ¢ of the SST model are calcu-
lated from the constants, ¢ ,¢, as follows
e=Fop +0—FDe an
where ¢, is the constants of kw model, ¢, the
constants of ke model.
The constant set ¢; is

Okl :O. 5’gw1 :O. 5,51 :O. 075 ’B% :O. 09

= () ()

The constant set ¢ is

=0.856,8 =0.082 8,8" =0.09

o = 1. Oval

k=0.41,7, :@i)_ (;ﬁi)

All other parameters are given in Ref. [13].

5.2 Heat transfer in structure

Fluid-solid coupling heat conduction method

can be expressed ast!’
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%(phwv P (gph) =V - RV + S, (12)

where p is the density, h the sensible enthalpy, &
the thermal conductivity, T the temperature, and
S, the volumetric heat source. Therefore, transi-

ent term and heat source are zZeros.

5.3 Formulas of aerodynamic coefficients
Fq

Ci=25 (s
C :qF—'S (14)
C. _q%z (15)
P %N" (16)

where ¢..,» S, x,, and x, are the dynamic pres-
sure, reference area, center of pressure location
and center of gravity location coefficients, respec-
tively. [ is the length of the rocket, Fy the drag
force, F, the lift force, M the pitching moment,
and Cy the coefficient of normal force. The vertex

of the rocket warhead is the reference point.
5.4 Static structure analysis

(1) Steady state thermal analysis equation
K(DT=0 (1) an
where K is the thermal conduction matrix, and Q
the rate of heat flux vector. Two kinds of the
thermal element which are 10 nodes tetrahedron
element (SOLID87) and 20 nodes hexahedron el-
ement (SOLID90) are used to do thermal analy-
sis. Firstly, temperature field is obtained through
thermal analysis. Then, temperature field is put-
ted into structure elements to do structure analy-
sis.
(2) Static structure analysis equation
Ké =F (18)
where K is the stiffness matrix, é the displace-
ment vector, and F the force vector. Two kinds
of deluxe structure elements, 10 nodes tetrahed-
ron element (SOLID187) and 20 nodes hexahe-
dron element (SOLID186), are used to do struc-
ture analysis. Three kinds of load are applied to
these structure elements. They are inertial loads,

structure loads and thermal loads.

5.5 Coupling equations

Deformation compatibility conditions and

force equilibrium conditions should be satisfied on

the fluid-structure coupling interface'®,

di=d, 19)
neri=n-e (20)
qr =gs 2D
T, =T, (22)

where d. g, T, and r are displacement, heat
flux, temperature and stress field on the fluid-
structure coupling interface, respectively. n is the
normal direction of interface. Subscripts { and s

represent the fluid and the solid, respectively.

6 Calculation Flow Chart

One-way coupling method is used to calculate
the fluid-thermal-structure coupling calculation
problem. The one-way method flow chart is

shown in Fig. 6.

E Heat flux calculation

Surface temperature
distribution of the rocket

[Conjugate heat transfer

Aerodynamic loads Structure
calculation thermal analysis

I !
!

Aero-thermo-elastic calculation

Fig. 6

Aero-thermo-elastic calculation flow chart

7 Numerical Results and Discussion
7.1 Aerodynamic coefficients analysis

The drag, lift, pitching moment and center
of pressure coefficients result from implementa-
tion of CFD are shown in Figs. 7— 10. The re-
sults are compared with the experimental data,
and illustrate that the SST turbulence model can
compute accurately the supersonic rocket aerody-
namic forces with high accuracy verifying the ac-

curacy of the CFD numerical results.
7.2 Aerodynamic heating analysis

Fig. 11(a) through Fig. 11(c) are contours of

temperature distribution of spinning rocket war-
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Fig. 7 Drag coefficient v. s. Mach number
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Fig. 8 Lift coefficient v. s. Mach number
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ng moment coefficient v. s. Mach number

Experiment data o =4°
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Simulation data @=4°
Simulation data @=8°

Center of pressure coefficient v. s. Mach number
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head, flow field and fins at =0. 58°, respective-

ly. Fig. 11(d) is the contour of a warhead of spin-

ning rocket at @=38°. The temperature distributi
of center line of windward side and the middle
section line of wrap around fin are shown in

Figs. 12(a, b), respectively.

PO PF &
A
N

(a) Temperature distribution (b) Temperature distribution of
of warhead thermal flux around warhead|

646.742
623.598
600.455
577311
554.168
531.024
507.881
484.737
461.594
438.450
415.307
392.163

(c) Temperature distribution (d) Temperature distribution of
£ fi y o=8°

Fig. 11 Contours of rocket temperature

=0.58° non-spin
a=0.58° spin
a=4° non-spin
a=4° spin

a=8° non-spin
a=8° spin
Warhead

Temperature / K

x-position on warhead / m
(a) Temperature v.s. x-position on warhead

a=8° non-spin
a=8° spin

Temperature / K

x-position on wrap around fin / m

.12 Curves of temperature distribution
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The numerical calculation shows that spin-
ning induces a temperature distribution variation.
With increasing the angle of attack, the tempera-

ture of windward face becomes higher.
7.3 Aero-thermo-elastic analysis

Figs. 13(a, b) report are the calculation re-
sults of the static aeroelasticity for a non-spinning
rocket while Figs. 14(a, b) are the results of the
thermal-structure coupling of the spinning rock-
et. The non-spinning aero-elastic one's maximum
equivalent stress and total deformation are much
smaller than the spinning thermal-structure cou-
pling one. The results demonstrate that aerody-
namic heating and spinning have a significant

effect on the rocket’s deformation.

0.000 609 09 Max

0.000 161 15

8.649 Type: Total deformation
Type: Equivalent (von-mise) stress Unit: m
Unit: Pa > Min

(a) Stress contours (b) Deformation contours

Fig. 13 Stress and deformation contours due to aero-

elasticity for non-spinning rocket at «=0. 58°

Type: Total deformation
Unit: m
0.000 403 67 Min

(a) Stress contours

(b) Deformation contours
Fig. 14  Stress and deformation contours of thermal-
structure coupling of spinning rocket at o« =

0.58°

Table 1 highlights the calculation results of
the maximum equivalent stress and total deforma-
tion due to the aero-thermal-elastic characteristics
of the spinning rocket. It shows that with in-
creasing the angle of attack, the maximum total
deformation and equivalent stresses are higher.
Since the 30CrMnSi material yields stress of ¢,=>
885 MPa, the structure of the rocket at these spe-

cific flight conditions remains undamaged. How-

ever, due to fluid-thermal-structure coupling cal-
culations of the spinning rocket, as shown in
Figs. 15, 16, the spinning rocket maximum total
deformation due to the first bending mode, occurs
in the middle of rocket body, while the maximum
equivalent stresses occurs at the bottom of fins.
Therefore, a considerable attention should be
paid, e. g. fin thermal protection during the man-

ufacturing process.

Table 1 The maximum stress and deformation of spinning
rocket
Max equivalent Max total
a/ (%)
stress/ MPa deformation/ mm

0.58 415 1.05

4 470 4.82

8 725 6.01

Type: Equivalent (von-mises) stress
Unit: Pa
4.14¢

Py Y:

Fig. 15 Stress contour of aero-thermal-elasticity of

spinning rocket at ¢=0. 58°

0.001 050 5 Max

0.000 590 42

Type: Total deformation
Unit: m

0.000 513 73

0.000 437 05

Fig. 16 Total deformation contour of aero-thermal-elas-

ticity of spinning rocket at ¢=0. 58"

8 Conclusions

Numerical computations are presented using
CFD and CSM to perform aero-thermo-elastic
analysis of spinning rocket. For the slender rock-
et considered, the maximum total deformation is
quite small, in the small angle of attack range
considered, and the relatively low speed condi-
tions. The fluid-thermal-structure one-way cou-
pling method is demonstrated to the feasible, and

the calculation results have shown that spinning



No. 6

Chen Dongyang, et al. Aero-thermo-elastic Numerical Calculation and Analysis of--- 687

and aerodynamic heating cause a greater effect on
the rocket deformations and stresses. In addition,
thermal stress can play a significant role. When
angles of attack are increasing, the maximum to-
tal deformation and equivalent stress are expected
to significantly rise. The maximum equivalent
stresses occur in the lower part of the fins, while
the warhead is exposes to maximum temperature.
As a result, it is critical to properly consider ther-

mal protection of the warhead and fins during the

rocket manufacturing process.
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