
AIAA JOURNAL

Vol. 41, No. 2, February 2003

Thermally Induced Vibrations of Spinning
Thin-Walled Composite Beam

Kyung-Eun Ko¤ and Ji-Hwan Kim†

Seoul National University, Seoul 151-742, Republic of Korea

Coupled thermal–structural analysis, which includes the interaction between structural deformations and in-
cident heating, is performed for spinning thin-walled composite beam appendages. The beam model is assumed
to have transverse shear deformation and rotary inertia, as well as primary and secondary warping effects. Ad-
ditionally, the thermal � utter problem is studied by the stability analysis of the beam. For the thermal analysis,
the two-dimensional heat transfer in the axial and circumferential directions of a thin-walled beam is considered;
the changes of the heating surface should be involved due to the spinning motion of the beam. The thermal and
the structural analyses are based on the principle of conservation of energy and Hamiltons principle, respectively.
Numerical results are compared with those of the uncoupled analysis. A steady-state thermal response can be
determined by the uncoupled analysis, whereas thermal � utter may be studied by the coupled thermal–structural
analysis. Also, the coupled analysis provides data on the stability characteristics, as well as dynamic responses.
Furthermore, the spinning speed plays an important role in the stability of the spinning beam under solar heat
� ux. When the spinning speed is equal to the bending frequency of the beam, then the structure is unconditionally
unstable.

Nomenclature
A = beam cross-sectionalarea
C = contour of the cross section of the thin-walled beam
c = speci� c heat
H = thickness of thin-walled beam
k = thermal conductivity
L = length of thin-walled beam
N = number of layers of the thin-walled beam
q = normal direction of beam surface
R = radius of thin-walled beam
S0 = solar heat � ux
u® = displacements of axis, where ® D 1; : : : ; 3
v0 , w0 = translationaldisplacements along the y and z axis
® = absorptivity
®T = coef� cient of thermal expansion
¯ = solar incident angle
" = emissivity
³ = damping coef� cient
2 = temperature
2med = medium temperature
20 = initial temperature
µ = � ber angle of layer
½ = density
¾ = Stefan–Boltzmann constant
¿ = thermal response time
’ = angular coordinate
Ä = spinning speed
0 = d( )=dx
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Introduction

W HEN a spacecraft makes an orbital eclipse transition as it
exits from or enters into the Earths shadow, vibrations may

develop because of rapid changes in the thermal loading of ap-
pendages. By the unexpected displacements or accelerations, the
spacecraft appendages may degrade system operations.Practically,
interaction of structural deformations and incident heating may in-
duce unstable vibrations of the appendages, which may result in
spacecraft failure. Consequently, stability problems such as ther-
mal � utter have been investigated by the use of thermally induced
bending or torsional vibrations for the booms and solar arrays.
Tsuchiya1 studied the thermally inducedvibrationsof an appendage
attached to a spacecraft. He paid special attention to the behav-
ior of structures near the resonance condition and found that the
resonance occurred as the natural frequency of the appendage is
approximately equal to twice or half of the nutational frequency.
Johnston and Thornton2 analyzed the effects of thermally induced
structural disturbancesof an appendage on the dynamics of a sim-
ple spacecraft. Numerical results showed that the system dynamic
response consisted of a slowly developed pointing error and super-
imposed oscillations, whose magnitude was related to the ratio of
the thermal and structural response times of the appendage. Chung
and Thornton3 investigated the failure mechanism of a solar array
boom. The solar array was deployed with a membrane tension that
induced the boom compressiveforce,which was almost equal to the
boom critical force for torsional buckling of the solar array. They
also studied the unexpected vibration disturbances during eclipse
transition.

Two types of analyses have been developed to study thermally
induced vibrations: uncoupled or the coupled thermal–structural
analyses. Previously, most researchers used uncoupled thermal–
structuralanalysis,which assumes that heatingand temperaturegra-
dients are not affected by the structural motion. Boley4 was the � rst
to consider the inertia effects in calculating the thermal–structural
response of a beam under rapid heating, and Boley5 derived a sim-
ple general formula for the maximum ratio of the dynamic to the
static de� ection of heated beams and plates. Additionally, these pa-
pers showed that thermally induced vibrations may occur when the
structuraland thermal response times are of the same order of mag-
nitude. Tamma et al.6 used a generalized transform method based
on the � nite element method in the dynamic analysis,and they stud-
ied the transient responses of an Euler–Bernoulli beam under rapid
heating.ManolisandBeskos7 investigatedthe dynamic responsesof
beam structures under suddenly applied thermal load. The Laplace
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transformmethod was used with the dynamic stiffness in� uence co-
ef� cients. Lutz et al.8 proposed different � nite element models for
thermal and structural analysis of frame-type structures, and they
determinedtemperature� elds on the selectedcross sectionsof beam
members. Then, the forces and moments generated by the temper-
ature distribution were calculated, and the global response of the
structure was obtained in the three-dimensionalframe.

Generally, uncoupled thermal–structural analysis cannot de-
scribe the unstable motion of structure, whereas coupled thermal–
structuralanalysis,which includes the effectsof structuraldeforma-
tions on heating and temperature gradients, can follow the unstable
motion that may be induced by the sudden thermal loading. In this
regard, the stabilitycharacteristicsof the coupledanalysishavebeen
also studied. Thornton and Kim9 adopted an analytical approach to
obtain the thermal–structural response of a rolled-up solar array
due to the sudden increase of the external heating, and the results
were comparedwith theuncoupledanalysisresponses.Additionally,
the stability criteria established the conditions for thermal � utter.
Thorntonet al.10 developedan approachto analyze the thermally in-
duced vibrationsof a split-blanketsolar array due to self-shadowing
of the central truss. The results showed that parallel-member shad-
owing can develop thermally induced vibrations, whereas cross-
member shadowing can not induce the same phenomena.

Spinning motion plays an important role in space structures.
Leung and Fung11 used the � nite element method to analyze spin-
ning structures. Because the beam member is oriented arbitrarily
relative to a rotating frame, general spinning structures can be con-
sidered. Gulick and Thornton12 studied the thermally induced vi-
brations of the axial boom for a spin-stabilizedspacecraft. The un-
coupled analysis may provide the steady-state thermal response,
whereas the coupledanalysis can be used to investigatethe unstable
behaviorof spinningstructures.Farmer et al.13 studied the effectsof
the geosynchronousthermal environmenton the surfaceaccuracyof
a tetrahedral-trusssupportstructurefor a high-frequencymicrowave
antenna. They emphasized that the thermal environment and the
slow rotationof the spacecraft relative to the sun result in long expo-
sure to both heat and cold, thus settingsevere temperatureextremes.

Large spacestructuresare typicallymade up of three-dimensional
truss-type structures, and they are almost always composed of the
composite materials with high-strengthand low-density properties.
Givoli and Rand14 analyzedthe large truss-typespace structuresun-
dergoing periodic motion by using Fourier decomposition and the
� niteelementmethod.The numericalresultsof the thermaland elas-
tic analysis described the transition between the quasi-steady state
and the dynamic state. Thornton and Paul15 reviewed the modeling,
analysisand thermal–structuralresponsesof large spacecraft.Givoli
and Rand16 devised a numerical scheme for the open-loop optimal
control of thermoelastic deformation for cylindrical-shaped truss
structures.Four different cost functionalswere considered; they in-
volved the elastic deformation of structure and included penalties
on the control magnitudes.

In this study, the coupled thermal–structuralproblem of spinning
composite thin-walledbeam appendagesis analyzed,and the stabil-
ity characteristics are also studied. The derived external force vec-
tor of the solar heat � ux includes the thermal–structural coupling
terms. A structural model is generated based on the thin-walled
beam theory with the transverse shear deformation and the rotary
inertia, as well as primary and secondary warping effects. In the
thermal analysis, the two-dimensionalheat transfer in the axial and
circumferential directions of the beam is considered. Furthermore,
the spinningmotion of the beam results in the change of the heating
surface, which is to be considered. The thermal and the structural
analysis are based on the conservation of energy and Hamilton’s
principle, respectively.Numerical results are based on the � nite ele-
ment method. Additionally, the Newton–Raphson iteration method
and the Newmark direct integration method are used to solve the
coupled nonlinear equations for each time step. Then the results of
the coupled thermal–structural analysis are compared with those of
the uncoupledanalysis.Dynamic analysis of the appendagesis per-
formed for various solar incident angles and the ply angles of the
composite materials. In addition, the stability characteristicsof the
spinning thin-walled composite beam are studied in detail.

Fig. 1 Spinning thin-walled beam with the solar heat � ux S0.

Formulation
Modeling and Basic Assumptions

Figure 1 shows the spinning composite thin-walled beam with
the solar heat � ux S0. XYZ is the inertial reference frame, and xyz
is the body-� xed reference frame rotating about the X axis. In this
study, following assumptions are considered:

1) The absorbed heat � ux depends on the deformations of the
beam.

2) The incident solar heat � ux S0 is constant, parallel to the XY
plane.

3) The thermal energy is emitted from the external surface of
the beam similar to the diffuse radiation, and the internal radiation
within the beam is neglected.

4) The temperature is constant across the thickness of the beam
wall.

5) The cross sections of the beam remain in their own planes.
6) The thin-walled beam theory is applied to the analysis of the

structural model with considerations to the transverse shear defor-
mation and the rotary inertia, as well as the primary and secondary
warping effects.

Coupled Thermal–Structural Analysis
Thermal Analysis

Figure 2a shows the thin-walledbeam model under the solar heat
� ux S0 , and the normal direction with respect to the deformed state
of the beam is q. The beam slope, dV=dx , is de� ned in the inertial
reference frame, and V is the translational displacement along the
Y axis. Figure 2b shows a cross section of the heating surface of the
spinning beam.

Heat transfer is assumed to occur in the axial, x , and circumfer-
ential, ’, directions simultaneously, then
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where ± D 1 or 0 indicates that the side of the beam is either heated
or not heated. The second term on the left-hand side describes the
diffusion radiation from external surface of the beam, and the third
term de� nes the solar heat � ux. The term cos.¯ ¡ @V=@x/, which
expresses the effect of structural deformation on the incident heat
� ux, is the thermal–structural coupling term that is ignored in the
uncoupled thermal–structural analysis.

The initial condition is expressed as

2.’; x; 0/ D 20 (2)
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Fig. 2a Heat � ux for the coupled thermal–structural analysis.

Fig. 2b Heat surface beam cross sec-
tion.

Fig. 3 Composite thin-walled beam with circular cross section.

Structural Analysis
Figure 3 shows the composite thin-walled beam, and sxn is the

local coordinate system de� ning the contour, length, and thickness
directions, respectively.

To get the thin-walled beam model, the displacement � elds is
assumed to be as in Ref. 17:

u1.s; x; n; t/ D u0.x; t/ ¡ µy .x; t/

µ
z.s/ ¡ n

dy

ds

¶

¡ µz.x; t/

µ
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¡ Á0.x; t/[Fw.s/ C na.s/]

u2.s; x; t/ D v0.x; t/ ¡ z.s/Á.x; t/

u3.s; x; t/ D w0.x; t/ C y.s/Á.x; t/ (3)

where µy.x; t/, µz.x; t/, and Á.x; t/ are the rotationsabout the y and
z axes and twist about the x axis, respectively. In addition, Fw.s/
and na.s/ are the primary and secondary warping functions.

Then the strain–displacement relations are
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where Ac and ¯c are the cross-sectionalarea of the boom bounded
by the midline contour and the circumferential contour length,
respectively.

The three-dimensional constitutive equations of generally or-
thotropic materials can be integrated along the thickness direction.
Then, the resultant forces Nx x and Nsx , transverse shear resultant
force Nxn , and resultantmoments L x x and L sx , includingthe thermal
effects, can be expressed as
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where K i j , i 6D 3 and j 6D 5, A44 , and N T
i , i 6D 3, are the modi� ed

stiffnesses, extensional stiffness, and thermal resultant forces and
are expressed as in Ref. 17.

The strain energyof the deformation in the thin-walledcomposite
beam can be written as
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The position vector frg and the velocity vector fvg of a point on the
deformed thin-walled beam can be expressed as in Ref. 11:

frg D fr0g C fug (7)

fvg D fPrg C [­ ]frg D fPug C [­ ].fr0g C fug/ (8)

where fr0g is the position vector of the undeformed beam and the
spinning matrix [Ä] is de� ned as

[Ä] D

2

4
0 0 0

0 0 ¡Ä

0 Ä 0

3

5 (9)

Then the kinetic energy with the spinning motion is

T D 1
2
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½fvgT fvg dn ds dx (10)

When formulas (6) and (10) are used for the potentialenergyand the
kineticenergy, theequationsof motioncanbe derivedbyHamilton’s
principle as in Ref. 17:

±

Z
.T ¡ U / dt D 0 (11)

Finite Element Method
Governing Equation

When the � nite element method is applied, the matrix form of
the coupled thermal–structural equations of motion can be written
as follows:

For the thermal analysis, the equations of motion (1) become

[C2]f P£g C [K2]f£g D fF2.U; £/g (12)

where [C2], [K2], fF2g, and f£g are the heat capacity matrix, con-
duction matrix, conductionvector due to the radiation, and temper-
ature vector, respectively.
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For the structural analysis, the equations of motion (11) become

[M]f RUg C [CG ]f PUg C .[KE ] C [KÄ]/fUg D fF.£/g (13)

where [M], [CG ], fFg, and fUg are the mass matrix, gyroscopicma-
trix, external force vector due to thermal moment, and displacement
vector, respectively. In addition, [KE ] and [KÄ] are the elastic stiff-
ness matrix and the stiffness matrix of the spinning motion of the
beam, respectively.

Two sets of Eqs. (12) and (13) are coupled by the term fF.£/g
and fF2.U; £/g; thus, the nonlinear equations must be solved si-
multaneously.The Newton–Raphson iteration and Newmark direct
integration methods (see Ref. 18) are used to solve the the coupled
nonlinear equations.

Stability Analysis
The modal analysis of the stability problem is assumed be based

on the lowest mode because the structural responsemainly depends
on the � rst mode vibration.

For the beam without spinningmotion, the lowest modal equation
with the modal damping can be written as

RX1 C 2³!1
PX1 C !2

1 X1 D f©gT
1 fFg (14)

where !1 and f©g1 are the natural frequency and modal vector
of the � rst mode for the free vibration. Additionally, fFg can be
obtained by using the analytical solution of the circumferentialheat
transfer.9 The effectsof theaxial heat transfercan be neglectedwhen
compared with the circumferentialheat transfer. Laplace transform
and the Routh–Hurwitz test are used in Eq. (14) to study the stability
characteristics.

Then, the stability region is

´ < .2³·2 C 4³ 2· C 2³ /=· (15)

where · D 1=!1¿ and ´ D ®T 2¤.B=R/ sin ¯ . Additionally,2¤ is the
steady-state perturbation temperature, and
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The stabilityof the spinningbeam may be analyzedby the lowest
two modal equations, and they become

RX1 C 2³!1
PX1 ¡ 2Ä PX2 C

¡
!2

1 ¡ Ä2
¢
X1 D f©gT

1 fFg
RX2 C 2³!2

PX2 C 2Ä PX1 C
¡
!2

2 ¡ Ä2
¢
X2 D f©gT

2 fFg (16)

Now fFg is obtained by using the analytical solution for the cir-
cumferential heat transfer.12 As with the beam without spinning,
the effects of the axial heat transfer can be neglected.

Floquet theory may be applied to analyze the stability of the
spinningbeam; the theory establishesthe stabilityof linear ordinary
differential equations with periodic coef� cients.

Table 1 Box beam case: � rst two eigenfrequencies (rad/s) for the lateral bending mode
and transverse bending mode

Lateral bending mode Transverse bending mode

Fundamental Second Fundamental Second

Ply angle, deg Ref. 17 Present Ref. 17 Present Ref. 17 Present Ref. 17 Present

0 871 870.3 —— 4330.9 249 249.3 1558 1556
(¡0.08)a (C0.12) (¡0.13)

15 881 880.9 4383 4380.1 253 252.2 1577 1573.7
(¡0.01) (¡0.07) (¡0.31) (¡0.21)

30 949 948.1 4657 4653.6 269 268.2 1676 1673.8
(¡0.09) (¡0.07) (¡0.30) (¡0.13)

45 1236 1236.3 5490 5480.1 318 317.4 1985 1981.1
(C0.02) (¡0.18) (¡0.19) (¡0.20)

60 2182 2181.6 7554 7529.5 443 441.7 2786 2776.1
(¡0.02) (¡0.32) (¡0.29) (¡0.35)

75 3916 3912.3 12333 12293 765 762.1 4934 4919.1
(¡0.09) (¡0.32) (¡0.38) (¡0.30)

90 4583 4582.2 —— 18062 1502 1500.5 8502 8509.2
(¡0.02) (¡0.10) (C0.08)

aValues in parentheses are percentage difference.

Numerical Results and Discussion
In this work, we mainly consider the results obtained by the cou-

pled thermal–structural analysis of the spinning composite thin-
walled beam.

Code Veri� cations
Figure 4 shows the naturalfrequenciesof the spinningbeam with-

out thermal loading.The � rst two dimensionlessnatural frequencies
at various spinning rates are compared with previous work.11 The
numerical results agree well with the lateral bending and the trans-
verse bending mode.

Table 1 shows the natural frequenciesof the compositebox beam
without thermal loading. The � rst two natural frequencies of the
lateral and the transversebendingmode are comparedwith previous
work,17 and the results agree well regardless of layer angles.

Figures 5a–5c show the numerical results of the nonspinning
beam and are compared with the data9 that deal with the dynamic
behavior of the Hubble Space Telescope (HST) solar array. Based
on the uncoupled analysis, the results are fairly good agreement.

Figure 6 shows the unstablebeamresponsefromthe coupledanal-
ysis of the HST solar array for the solar incident angle ¯ D 80 deg
and dampingcoef� cient³ D 10¡4 . The resultsof the previouswork,9

and the present data agree fairly well. A slight discrepancy, about

Fig. 4 Dimensionless natural frequency of the spinning beam.
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Fig. 5a Average temperature of the beam.

Fig. 5b Perturbation temperature of the beam.

Fig. 5c Temperature distributions along the cross section of the beam
at time equals 60 s.

Table 2 Data from Ref. 9

Parameter Value

® 0.5
®T , m/m ¢ K 1.692E¡5
S0, W/m2 1.350EC3
¾ , W/m2 ¢ K4 5.670E¡8
" 0.13
c, J/kg ¢ K 5.020EC2
½, kg/m3 7.010EC3
h , m 2.35E¡4
k, W/m ¢ K 1.661EC1
R, m 1.092E¡2
E , N/m2 1.930EC11
L , m 5.91
m tip 1.734

Fig. 6 Comparison of the coupled analysis for the unstable beam
de� ection.

2%, may be due to the difference between the analytical approach
and � nite element approach. It is also discussed in Ref. 9.

Dynamic Analysis
Figure 7 expresses the quasi-static and dynamic de� ection re-

sponses of the tip of a nonspinningbeam. The solar incident angle
¯ D 80 deg and damping coef� cient ³ D 0 are used, and the tip
mass m tip D 1:734 kg is chosen as in Ref. 9. The dotted line and the
solid line stand for the uncoupled thermal–structural analysis and
coupledthermal–structuralanalysisresults, respectively.The dotted
line shows the constant dynamic de� ection response after for about
120 s, whereas the solid line shows the increasing dynamic de� ec-
tion response due to the interaction of the temperature gradients
and the de� ection of beam. As a result, coupled thermal–structural
analysis must be performed to investigate the unstable motions that
may be induced by the solar heat � ux.

Figures 8 and 9 show the dynamic response of the beam obtained
from the coupled thermal–structural analysis. Table 2 shows the
solar array data for the HST,9 and we choose to use these data.

Figure 8 shows the quasi-static and dynamic de� ections of the
beamtip for varioussolar incidentangles.As the solar incidentangle
is increased, the de� ection is decreased because of the reduction of
the normal component of the heat � ux. Figure 9 shows the quasi-
static and dynamic de� ections of the beam tip for two typical kinds
of the ply angles of composite materials. As a composite material,
we select the graphite–epoxy as follows:

E1 D 294 GPa; E2 D E3 D 6:4 GPa; G12 D 4:9 GPa

º12 D º23 D º13 D 0:23; º21 D º32 D º31 D 0:01

®T 1 D ¡0:1 £ 10¡6 K; ®T 2 D ®T 3 D 26 £ 10¡6 K

k D 41:5 W/m ¢ K; c D 880 J/kg ¢ K
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Fig. 7 Comparison between coupled and uncoupled thermal–
structural analysis.

Fig. 8 Beam de� ection with respect to the solar incident angle.

Fig. 9 Beam de� ection with respect to the ply angles of the composite
materials.

Fig. 10 Stability boundary of HST solar array and beam.

The solar incident angle ¯ D 0 and the damping coef� cients ³ D 0
are chosen to use. The quasi-static and dynamic de� ections of the
[45=¡45]s stacking sequence are less than for the [30=¡30]s se-
quence. The appropriate stacking sequence of the composite mate-
rials can control the de� ections of the structures.

Stability Criterion
Figure 10 shows the stability boundariesof the HST solar array9

and of the isotropic9 beam using Eq. (17). The horizontal axis · is
the ratio of the structural response time to thermal response time.
The vertical axis ´ is the measure of the thermally induced response
that accountedfor the coef� cient of thermal expansion,steady-state
perturbation temperature, and solar incident angle. The stability
boundaries are plotted with respect to the various damping coef-
� cients ³ D 10¡2, 10¡3, and 10¡4 . The dimensionlessparameters ·
and ´ and the damping coef� cient ³ play an important role in the
stability criterion of structures. When the structural response time
of the beam is equal to its thermal response time, as · D 1, then the
stable region is the least value as shown in Fig. 10. As a result, the
structure is more stable as the value of ´ is decreased, and · is far
from 1 and ³ is increased.

Figure 11 shows the stability boundaries of the isotropic beam.
As the length is increased, then the unstable region becomes wider
due to the increaseof the � exibility.Figures12a and 12b indicate the
stable and the unstable de� ection response in Fig. 11, respectively.

Figure 13 describes the stability boundaries of the compos-
ite beam for the stacking sequence of [45=¡45]s . Similar to the
isotropic beam, the unstable regions become wider as the length is
increased.Figure 14 shows the stabilityboundariesof the composite
beam with respect to the various stacking sequences of the mate-
rials, and the [0=45=¡45=90]s sequence results in the larger stable
region for the various damping coef� cients than the other cases.
For this region, the appropriate stacking sequence of the composite
materials can increase the stable region of the structures.

Figures 15 and 16 show the stability boundaries of the spinning
beam for the coupled thermal–structural analysis. Figure 15 shows
the stability boundaries of the spinning isotropic beam with the
results fromRef. 13.The horizontalaxis¹ is the ratioof the spinning
speed and the bending frequency of the beam, and the vertical axis
´ is the measure of the thermally induced response. The stability
boundariesof the spinning beam are plotted with respect to various
damping coef� cients ³ D 2 £ 10¡3, 1 £ 10¡3 , and 5 £ 10¡4 . As ¹
is decreased, the stable region becomes wider. The spinning speed
playsan important role in the stabilitycharacteristicsof the spinning
beam under the solar heat � ux. In the case where the spinningspeed
equals the bending frequency of the beam, the beam structure is
unconditionallyunstable. The solar � ux data in Fig. 15 express the
state of the spinning beam with the heat � ux. Figure 16 shows that
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Fig. 11 Stability boundary with respect to the length of the isotropic
beam.

Fig. 12a Case A in Fig. 11.

Fig. 12b Case B in Fig. 11.

Fig. 13 Stability boundary with respect to the length of the composite
beam.

Fig. 14 Stability boundary with respect to the ply angles of the com-
posite beam.

Fig.15 Stabilityboundaryforthe spinningspeed of the isotropicbeam.
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Fig. 16 Stability boundary for the spinning speed of the composite
beam.

the stabilityboundariesof the spinningcompositebeamwith respect
to various stacking sequencesof the materials. The solid line is the
[60=¡60]s sequence with · D 0:0532, and the dotted line indicates
the [45=¡45]s sequencewith · D 0:0964. The stackingsequenceof
[60=¡60]s has a wider stable region than the [45=¡45]s sequence
does. As a result, the stability boundary of the spinning composite
beam depends on the stacking sequence of the materials and the
spinning speed.

Conclusions
Coupled thermal–structural analysis of the spinning thin-walled

composite beam appendage with the sudden solar heat � ux is per-
formed. Additionally, the dynamic response and the stability char-
acteristics are investigated.Based on the numerical data, the results
are summarized as follows:

Coupled thermal–structural analysis of the beam appendages
must be performed to analyzeunstablemotions that may be induced
by the sudden thermal loading.

The effects of the solar incident angle and stacking sequence of
the composite materials are studied in the dynamic analysis. The
de� ection of the beam decreases, as the solar heat � ux absorbed by
the beam decreases. In addition, the appropriate stacking sequence
of the compositematerials may reduce the quasi-staticand dynamic
de� ections of the beam.

The stableregionof thebeamdependson the stackingsequenceof
the composite materials, the damping coef� cient, and the spinning
speed. Thus, the stable region can be increased by controlling these
factors. Furthermore, the spinning speed plays an important role in
the stability criterionof the spinningbeam under the solar heat � ux.
If the spinning speed equals the bending frequencyof the beam, the
beam structure is unconditionallyunstable.
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