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2. Problem formulation

The model of curved panel under,itHeea nef fl eocatds amf
aerodynamic heatling is shown in Fig

The parameters displayed in Figare as follows"Y : free flow velocity on the curved plate

'Y : in-plane load 0 : dynamic flow pressure above the plale: low static pressur€’Y flow

temperature : thickness 'O maximum height of curvaturé¥v: radius of curvaturedx plate

width.

Nonlinear finite elemewt bamalipaiat behasedrtof
with the efflrttshioganznianMygdiimsle di spl acement 1 s afj
a static analTyhsetnhei $rperfvobmadi on anal ysis of
presernmet ofl refodualvestirgasesthe nonlinear Vi
struat drae t Fourier transform (FFT) anal ysis of
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Fi.g Initial deformation in the t
system i sAcamrprl daiyregdl ryi t i al di spl acement is exert
after statriamsaralty viidrattin ens efmfdectFithres hpowey est i
the initial .plate displacement

2.1 Structural formulation

The equateiranwsedarteaki ng the effect of aerodynam
virtuallheworikk t ual work princiBeéeéedyn(290amic forr
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The effect of ther nrelddyonie2rnt0 3i)s expressed as

P | @

0 ———— 0"YAd (10)
P Ow Qw
wherks the tensile or compressive force’Ycoeffic
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2.2 Aerodynamic loading
Fl wsitdr uctur e interactitchre inonmbdeh e pbattence ©bhe
di stributed pressure on the panel duev to aerod
O ofd 0 w whededd is the effect of wunsid eaidsy talkee ody
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. P a o

where & is the sound speed arid is the isentropic gas constarBased on a thirdrder
expansion of Equation (%he thirdorder piston theory is derived as
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2.3 Nonlinear aero-thermo-elastic equations of the panel
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where] is the temperaturdependent modulus of elasticity énd is the temperaturdependent
coefficient of thermal expansipwhich are taken as zero or one
The effect of cu(abteasdllily defined using

O P ©. O (17
The above equation i-s,tr@mansformed into
2.4 Galerkin method
The Galerkin method is tmpglfeememttda d(lPeaqueak Vv o nt |
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o , ® o %o ,
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The mode shape functions with fixed support <co
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AT © AT OE p m
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Y O, ff % , Q, m (20)

2.5 Converting equations into state-space form

A series of nonlinear ordinary differenti al e
space fordJmcamd anhenat r Uxi nigs tchad cw,dasna leddii gqregn vnaal ture
anal ysis jandpetrfeorimeedquencies and damping of t
instabili.tpy tbedeitgenkal seraoblysei 6requencies a
and mechanTihceal sylsotaedns aer oel astic frequemedctes at
flutter anfchedirwerugamceof such a frequency analy
and new aspects of the behavior of curved stru
and combined f or ms

To transform trhad fmordsets fod t htehrea gyautart u otnisr ear e V
(Kouchkztz2d€lD)
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Also, the Jacobian matrix is written in the form
b 19, 8888 8 19 .y
Iy - . . Iy
T w T Tw ,
1 . . 8888 8 i
[0V) [0V) W
1 é é 8 8838 8 é I
5 U 8 8 8888 8 8 (22)
8 8 88838 8 8 n
3 8 88838 8 g8 n
:: 8 8 8888 8 g "
o Tw T !
One can obtain eigenvalues using equatieterminants as in
 _Om (23)
Thus the final polynomial equation of degree 8 is generated as
i_ i_ i_ i_ i_ i_ i_ o i_ i T (29

The coefficientsi to i depend on the mechanical force inside the platehe heat inside
the platet, the Mach numbep , the height of plate curvature and the thermal coefficie.
These terms are specified in Appendixgeneralone can write

i Q0 Ao (25)

By solving the resulting polynomial equatiaie stability conditions and the shell stability
boundary are determined

3. Verification

A nu rical validation of thiegprepdsicld appr atae
of cu aturdd memsithealnonhl utTae desamise pbéeasnee
present anal ysi s using six mo d e-mo dseéh o wo Ivetriyo ng o
Ami r zadte@gal®dd®9d t hmeodseo ght i oret o(f2l0Albd)a s

For a nonlinear f 1l apl o eittHee ayglirt ehs etnhte setfufdeyc ti so f
Epuré@anue@eaar zhhalte. adDNL Bdr t he compr ess-28tehd oad c
LCO diagramFigumbthednesuwml ts of the coHmder@&sanru full
research

me
rv

4. Numerical results

The results are exFplreshiteed r eqgqu e woy sa&mcdli yniss of
structure is considered. The effectploafnepllaotaed cius
studi ed:t hleheen@aasedrioc anal ysis of curved panel i s
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4.1 Structural analysis of the curved panel

The results of this section consist of two pafthe first part is the analysis of structural
dynamics in both frequency and time domains to determine the vibrational behavior of the
structure under the effect of small and large initial excitatigiso, the effect of environmental
conditions on the tWirational behavior of the curved panel in the frequency and time domains with
the assumption of linear and nonlinear structures is investigatdte second parthe aeroelastic
and thermeaeroelastic behavior of the curved plate in the frequency @amé domains are
examined and compared

The comparison of the first to fourth frequencies of the curved plate for the curvature ratio of
zero to §and for the implane load coefficients of O and.6, is shown in Fig5(a). The diagram
shows the frequency domain analysis and the increase of the first and third frequencies with
increasing plate curvatur@he rise in compressive force inside the plate reduces the frequencies
Figure 5b compares the frequency domain and tiomeaih analysis using the finite element and
analytical methodswhich shows a complete adaptation of the process of changing frequencies
with the frequency domain results for small excitation

Fig. 6(a) shows the nonlinear frequency changes of the platerims of curvature for the
excitation conditions 0001 to 001. As the plate curvature increasése first frequency of the
structure also increases (except for the excitati00) As the excitation growshe frequency
behavior of the plate changfrem increasing to uniform with increasing curvature efféeure
6b compares the change in the first and second frequencies of the plate in terms of curvature for
the analytical and the nonlinear finite element modslobserveda good agreement is sdrved
between these cases

A comparison between the frequency changes of the flat and curved plate structure for
curvatures P2, 4 and 6 is performed for the first three madés shown in Fig 7(a), the first
frequency for zero curvature reaches zero at a pressure coefficiehtie second frequency for
the zero pressure factor starts from 16 and reaches zero for the pressure factor of 4. The second
frequency of the plate with zero curvature is equal tditeefrequency of the curved plate with
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Fi.,g Frequencies of the first to third modes

the curvature 2The frequency changes of the flat structure are uniferhereas for the curved
plate the second and third frequency reductions have a curved, s¥tafeethe trend of changes in
the second and third frequency is differeftfith increasing curvature of the structure from zero to
2, the first and second frequencies increase significantly

For higher valuesof compressive force coefficienthe frequency difference between the
equivalent flat and curved plate modes with a curvature of 2 giavghe curvature ratios 4 and
6, as shown in Fig7(b), the first frequency of the structure letsame and the second and third
frequencies of the structure slightly increase for the curvature ratio @bréparing the curved
plate frequency for the curvature ratios 2, 4 and 6 shows that as the compressive force coefficient
increases, the first fregncies remain the same, while the second frequency of the plate with the
curvature 2 shows more deviations compared with those of the plate with the curvatures 4 and 6.
The frequency difference in the third mode increases for different curvatures.
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Fig. 8(a) shows the changes in the first frequencyhaf curved plate with a curvature of 1 for
the initial excitation conditions.0001 to 001 in terms of the force inside the plafbe diagram is
based on the nonlinear analysis of the structWih increasing initial excitationthe system
dynamic behvior and the frequency variation start to veéBy changing the iplane load from
tensile to compressiydor small excitation of the systerfirst the frequency reduction to the
buckling limit is shownthen the frequency increase in the gmstkling mange is specifiedVith a
large increase in initial excitatipdue to the increase in frequency and stiffness of the strueture
constant decrease in frequency is diveyad the frequency in the specified compressive load
range does not approach theckling conditions Therefore regarding the nonlinear analysibe
effect of excitation on the dynamic behavior of the curved plane is quite eVidemtthe diagram
for ic = 0.003 corresponds well with the analysis diagram in the frequency domain thp to
buckling boundary where the linear behavior of the structure is visibld the results in both
analyses confirm each othé&igure 8b shows the frequency changes of the first to third modes of
the curved plate for the excitation003 All three frequencies have a decreasing trend until the
buckling limit is reached at a load factor 05, after which the posbuckling behavior and
increasing frequencies are observed

The nonlinear frequency analysis of the curved plate structure tmelénitial excitation of
0.01 is performed in the time domain and the structure vibrations are investigated in this section
Figs 9(a)-9(d) show the vibrations of the plate with the curvature$, @ and 5In Fig. 9(a), for
the flat platethe symmetial vibration with respect to the equilibrium state of the plate is shown
in the range of @2 > W >10.02. Fig. 9(b) shows the dimensionless oscillation of the plgith a
curvature of 1, asymmetrically with respect to the equilibrium state, in the range 0.02 > W >
10.04. In Fig. 9(c), the plate oscillation for the curvature 3 is in the range 0.02 > O\065.

Finally, for the curvature 5 in Fi@(d), the oscillatioramplitude is in the range 0.02 >Wi®.1
and the oscillating behavior is irregular. Thus, as the plate curvature increases, the vibrations
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Fi.g41 Comparison of curved plate oscillation
and Galerkin methods

amplitude grows and becomes asymmetticalso changes from a regular to an irregular
oscillation .

Fig. 10 shows the nonlinear frequencies of the plate with the curvatures 1 and 5 for an
excitation of 001. As the curvature increasede frequencies exhibit no considerable variation
and remai comparableHowever the excitation of the frequency range for curvature 5 is greater

Figs 11(a)-(c) respectively compare the oscillating behavior of a nonlinear curved plate with
the curvatures,4 and 6 using the nonlinear finite element and Galerkin methods with a specific
excitation coefficient to determine the dynamic behawikay. 11(a) shows theegular oscillating
behavior of the plate for the curvaturgiridicating a very good agreement between the analytical
and numerical result$n Figs 11(b) and11(c), the oscillations of the plate with tleairvatures 4
and 6 are investigated, also exliiflj a very good agreement between the vibrational behavior in
both numerical and seranalytic analysis of Galerkin method. Both cases demonstrate chaotic
behaviors of the system.
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The combination of curvature with a constanplane load is influential in the regular and
irregular behaviors as well as in the amplituéiplate vibrations

Fig. 15 shows the dynamic pressure of a nonlinear curved plate flutter with the curvature 1 in
terms of increasing compressiveglane loadAs the inplane load increasgthe flutter velocity
decreases continuously and remains almoastant for the coefficienis4 to1 6. Therefore the
compressive force inside the plate brings about the aeroelastic instability of this flutter type for the
curved plate with a curvature of A comparison of the changes of flutter boundary in the
noninear analysis of time domain (Fi§5) with the linear analysis of frequency domaing(Fi
13(a)) is also carried ouDne observes that changing thepiane load coefficient from 1 to 0 and
12 in the frequency analysis decreases the flutter velocity 220rto 180 and 60n the nonlinear
analysis however the flutter velocity changes from 270 to 250 and. Z2&refore the decrease in
the flutter velocity occurs much more slowly in the nonlinear analgsis the nonlinear terms of
the structural equins increase the flutter boundary and structural stability

Figs. 16(a) and 16(b) show the oscillation amplitude and frequency of the curved plate flutter
with a curvature of 1 in terms of-plane load for dimensionless dynamic pressure 275. As the
flutter oscillation amplitude of the curved plate increases, thaef frequency decreases.

— - — — 0 0
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Fig. 16 Oscillation amplitude and frequency of the curved plate with the curvature 1 in termglarier
compressive load for the dynamic pressure 275
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Fig. 17 Stability, flutter, and divergence range of the plate based on dimensionless dynamic pres
terms of heat for a given compressive load

Therefore, with increasing compressive force for a curvature of 1, while the oscillation amplitude
grows, the fluttefrequency decreases and the structure behavior softens.

The curvature effect exhibits special and distinct changes in the analysis of flutter phenomenon
In fact, the effects of plate curvature and aerodynamic loading creates a complex comfamakion
the results include certain subtleti€fgs. 17 and 18 show the range of plate stahifitytter, and
divergence The dimensionless dynamic pressure diagram mgesf temperature is also plotted
for different curvatures and -plane loadsSeveral general results can be ob#din(A) For a
certain amount of iplane load, by increasing the curvature of the plate from 1 to 4, an increase in
the stability range cabe observed. (B) At the curvature ratio of 1 for the compressive force
coefficient ofT 2.43, the divergence region of the small plate resides in the temperature range of 16
to 20 and the dynamic pressure is 0 to 60. By increasing the plate curvatiig tehRe the
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Fig. 18 Stability, flutter, and divergence range of the curved plate based on the dimensionless d
pressure in terms of heat for a given compressive load
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Fig. 19 Frequency and damping diagrams of the plate with the curvature 5 and the condit

combination of higher modes

compressive force coefficientis.64, the divergence region is quite large and almost sin{i&r

For the curvatures 2 to, dvith increasing plate curvaturthe flutter boundary shifts to a higher
dynamic pressure and the stability zone expai@swith increasing curved plate temperatuhe
stability zone shrinks (One should note that for the curvatu@Bpressive force coefficient
14.86, and growing temperature to more than #fe divergence zone decreases unlike higher
curvatures and the stability zone becomes larger)

Figs. 19(a) and 19(b) show the frequency and damping diagram of the system in terms of
dimensionless dynamic pressure, in the eigenvalue analysis, for thatunenb and force
coefficients of 0 and 2.43. For a force coefficient of O, the flutter occurs at the dynamic pressure
of 470. For a compressive load factori @43, the third and fourth modes at a dynamic pressure
of 300 are combined to show the plaigtér. Therefore, increasing the plate curvature results
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Fig. 21 LCO and turbulent behavior of flat and curved plates with the effectméire load factor 2.43

an earlier occurrence of stimulation and combination of higher modes than those observed at lower
modes while reducing the flutter boundary

The analysis of the aeroelastic behavior of the curved plate is investigated by changing the
curvature and the effect of-plane and thermal load on the plafegs 20(a) and20(b) show the
LCO behavior of the flat and curved plat#/lf = 1) using the firstand thirdorder piston theory
respectively For both platesthe flutter behavior is LCQalthough the finite cycle shape has
changed according to the plate curvature and gagesdic theory The range of fluctuations for
both theories is almost in the same rarfgar the curvature ,two-period behavior is observed
using the firstorder piston theory and ofperiod behavior is observed using the thorder piston
theory

Figs 20(c) and 20(d) show the chaotic behavior of the plate with the curvatures 2 and 3
respectivelyAs the plate curvature growthe oscillation amplitude increaséarthermoreas the
plate curvature increases to 4 andh& oscillation amplitude growswvhile the structural behavior
finds the form of a fixed finite cycle oscillation band

Figs 21(a) and21(b) show the LCO of flat plate and the chaotic behavior of curved plate for a
curvature 1 considering the effect af compressive load factdr2.43. For a curved plate of
curvature 1with increasing irplane load from O t©2.43, the system behavior changes from LCO
to chaotic The fluctuation range also increases

Fig. 22(a) shows the panel flutter dynamic pressumesws panel camber ratio obtained using
the firstorder piston theory (PTAL) and thiadder piston theory (PTA3With increasing panel
curvature & is reducedWith the use of PTAla decreases from 350 (flat panel) to 80 (curved
panel with the camber ratio of .5Jhis clearly emphasizes that PTA3 reduces the fldigaamic
pressureThis reduction is more significant for the flat panel at higher dynamic pres¥itbs
increasing pael camber ratipar decreases and the dynamic pressure difference beRigehand
PTAS3 decreases and vanishes.

Fig. 22(b) shows the panel flutter dynamic pressure versus panel camber ratio found using
PTA1l and PTA3.Simulations are conducted fdd= 5, Ue= 1 and Uy = 1 in this case With
increasing panel camber ratio to 1 for PTAljs reduced from 300 (flat panel) to 180, then
increase to 230 for a camber ratio of 1.5. As the camber ratio increases from labdeckgases
to 70. This clearly showthat PTA3 reduces the flutter dynamic pressure althouglrene of
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flutter dynamic pressure variation is simil@ne concludes that the thermal load decreaseih
respect to the camber ratio

Fig. 22(c) shows the panel flutter dynamic pressure versus panel camber ratio found using
PTA1 and PTA3Simulations for this case are conducted for thplame load effec{C; =12.43.
With increasing panel camber ratio up telincreases from 160 to 23sed on PTAland with
increasing panel camber ratio from 1 tosbdecreases to 70t is evident that with the use of
PTA3 instead of PTAlthe flutter dynamic pressure decreas@s the contrarywith increasing
panel camber ratio from 0 to, Bhe difference between PTAl and PTA3 diminishBy
considering the effect of mechanicalplane loagthe variation of flutter dynamic pressure with
respect to panel camber ratio changes alongside ZE2p) and 2Zb) with and without thermal
effects

Fig. 22(d) highlights the impact of temperature in conjunction with the thermal degradation of
the thermemechanical properties of panel material on fhéter dynamic pressureWith
increasing panel curvatyréhe temperature dependency of structural properties leads to a
reduction in thedynamic pressur@stability. For a camber ratio of,2Zhe maximum difference
betweere:of thermaldependent and thermaddependent materigis shown
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Nomencl atur e

panel thickness h

curvature height HE

curvature changes H/h

out-of-plane displacement Wo

plate width a

tension or compression force coefficient h

plate stiffness D
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elastic modulus E
Poissos ratio \Y
radii of curvature R«
aerodynamic pressure DP,
dynamic flow pressure above the plate pe
Low static pressure pe
speed of sound C,
Freestream steady velocity U,
virtual strain energy 17
virtual work 1 @
virtual kinetic energy 10
stress tensor s
strain tensor -
external distributed force vector

displacement vector

velocity vector

in-plane axial force resultant Nx
in-plane thermal force resultant

bending moments resultant My

thermal moments resultant
modulus of elasticity and thermal expansion :
rise in plate temperature

free stream temperature T



