


	
		×
		

	






    
        
            
                
                    
                        
                    
                

                
                    
                        
                            
                            
                        

                    

                

                
                    
                                                    Log in
                            Upload File
                                            

                

            


            	Most Popular
	Study
	Business
	Design
	Technology
	Travel
	Explore all categories


        

    





    
        
            
                
                    
                

                

                    
                        vlbro-acousticbehaviors offlat …tcsme.org/papers/vol30/vol30no4paper2.pdfvlbro-acousticbehaviors...

                    


                    
                        
                            	Home
	Documents
	VlBRO-ACOUSTICBEHAVIORS OFFLAT …tcsme.org/Papers/Vol30/Vol30No4Paper2.pdfVlBRO-ACOUSTICBEHAVIORS OFFLAT SANDWICH COMPOSITE PANELS SebastianGhinetand NoureddineAtalla DepartmentofMechanicalEngineering,


                        

                    


                    




    
        
            
                
                    
                        

                        
                        
                    

                    
                        
						1

21
                        
                    

                    
                        
                        100%
Actual Size
Fit Width
Fit Height
Fit Page
Automatic


                        
                    

					
                

            


            
                
                    
                    
                    
                

                
                    

                    

                    
                        
                         Match case
                         Limit results 1 per page
                        

                        
                        

                    

                

            

            
									
    
        
        

        

        

        
        
            VlBRO-ACOUSTIC BEHAVIORS OF FLAT SANDWICH COMPOSITE PANELS Sebastian Ghinet and Noureddine Atalla DepartmentofMechanical Engineering, Universite de Sherbrooke, 2500 Boulevard Universite, Sherbrooke, QC, JIK 2Rl, Canada Contact: [email protected] Received November 2005, Accepted November 2006 No; 05-CSME·62, E.le. Accession 2914 ABSTRACT The main objective of this paper is to present a theoretical approach to model the vibro-acoustic behavior of flat sandwich composite panels. Two models are studied: symmetrical laminate composite and sandwich composite panel. The theories are developed in a wave approach context. It is shown that a discrete layers sandwich composite panel modeling type leads toa 12 th order relation of dispersion while a laminate composite panel modeling leads to a 6 th order relation of dispersion. The two models give similar results at low frequencies but the modeling of a sandwich panel using the laminate panel theory leads to inaccuracies at high frequencies. The dispersion relations are fIrst solved in the context of ' generalized polynomial complex eigenvalues problems. Next, the dispersion relations are used to derive the analytical expression of the critical frequencies and to calculate the natural frequencies of the panel. Using the dispersion relation's solutions, the study is then focused on the numerical computation otthe group velocity, the modal density and the total transmission loss. .ANALYSE DU COMPORTEMENT VIBRO-ACOUSTIQUE DES PANNEAUX PLANS COMPOSITES SANDWICH RESUME L'objectif principal de ce travail est Ie d6veloppement approche theorique pour la mod6lisation du comportement vjbro-acoustique des panneaux plans, sandwich composites. Deux modeles sont 6tudi6s: panneau stratifIe symetrique composite et sandwich composite. Les theories sont developpees dans un contexte d'approche d'onde. II est montre dans cet article qu'un panneau sandwich composite mod6lis6 par une approche de couches discretes a une relation de dispersion d'ordre 12 tandis que la mod6lisation de type panneau composite stratifIe syrnetrique mene a une relation de dispersion d'ordre 6. Les deux modeles donnent des resultats semblables en basses frequences mais il est montre que la mod61isation d'un panneau sandwich en utilisant une approche de panneau stratifIe est erronee en hautes fr6quences. Dans ce papier, les relations de dispersion sont resolues dans un contexte de probleme aux valeurs propres polynomial complexe. Les relations de dispersion sont ensuite utilisees pour developper des expressions analytiques des frequences critiques et pour calculer les frequences naturelles du panneau. En utilisant les solutions de la relation de dispersion, Ie papier presente des exemples de calculs de la vitesse de groupe, de la densite modale et du coefficient d'affaiblissement. Transactions ofthe CSME/de la SCGM Vol. 30, No.4, 2006 473 
        

        
    






				            

        

    









                    
                        
							Upload: lemien
                            Post on 16-Apr-2018

                            223 views

                        

                        
                            Category:
 Documents


                            2 download

                        

                    


                    
                        
                            Report
                        

                                                
                            	
                                    Download
                                


                        

                                            


                    
                        
                        
                            
                                    
Facebook

                        

                        
                        
                            
                                    
Twitter

                        

                        
                        
                            
                                    
E-Mail

                        

                        
                        
                            
                                    
LinkedIn

                        

                        
                        
                            
                                    
Pinterest

                        
                    


                    
                

                

                    
                    
                        Embed Size (px):
                            344 x 292
429 x 357
514 x 422
599 x 487


                        

                    

                    

                    

                    
                                        
                        TRANSCRIPT

                        Page 1
                        
                        

VlBRO-ACOUSTIC BEHAVIORS OF FLAT SANDWICH COMPOSITE PANELS
 Sebastian Ghinet and Noureddine AtallaDepartmentofMechanical Engineering, Universite de Sherbrooke, 2500 Boulevard Universite,
 Sherbrooke, QC, JIK 2Rl, CanadaContact: [email protected]
 Received November 2005, Accepted November 2006No; 05-CSME·62, E.le. Accession 2914
 ABSTRACTThe main objective of this paper is to present a theoretical approach to model the vibro-acoustic
 behavior of flat sandwich composite panels. Two models are studied: symmetrical laminate compositeand sandwich composite panel. The theories are developed in a wave approach context. It is shown that adiscrete layers sandwich composite panel modeling type leads toa 12th order relation of dispersion whilea laminate composite panel modeling leads to a 6th order relation of dispersion. The two models givesimilar results at low frequencies but the modeling of a sandwich panel using the laminate panel theoryleads to inaccuracies at high frequencies. The dispersion relations are fIrst solved in the context of 'generalized polynomial complex eigenvalues problems. Next, the dispersion relations are used to derivethe analytical expression of the critical frequencies and to calculate the natural frequencies of the panel.Using the dispersion relation's solutions, the study is then focused on the numerical computation otthegroup velocity, the modal density and the total transmission loss.
 .ANALYSE DU COMPORTEMENT VIBRO-ACOUSTIQUE DES PANNEAUX PLANSCOMPOSITES SANDWICH
 RESUMEL'objectif principal de ce travail est Ie d6veloppement d~une approche theorique pour la mod6lisation
 du comportement vjbro-acoustique des panneaux plans, sandwich composites. Deux modeles sont6tudi6s: panneau stratifIe symetrique composite et sandwich composite. Les theories sont developpeesdans un contexte d'approche d'onde. II est montre dans cet article qu'un panneau sandwich compositemod6lis6 par une approche de couches discretes a une relation de dispersion d'ordre 12 tandis que lamod6lisation de type panneau composite stratifIe syrnetrique mene aune relation de dispersion d'ordre 6.Les deux modeles donnent des resultats semblables en basses frequences mais il est montre que lamod61isation d'un panneau sandwich en utilisant une approche de panneau stratifIe est erronee en hautesfr6quences. Dans ce papier, les relations de dispersion sont resolues dans un contexte de probleme auxvaleurs propres polynomial complexe. Les relations de dispersion sont ensuite utilisees pour developperdes expressions analytiques des frequences critiques et pour calculer les frequences naturelles du panneau.En utilisant les solutions de la relation de dispersion, Ie papier presente des exemples de calculs de lavitesse de groupe, de la densite modale et du coefficient d'affaiblissement.
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1. INTRODUCTION
 Sandwich composite panels are widely used in aerospace, aeronautical and automotive industries.Such panels are made up ofthin compositeface sheets and a shearing core. The core is generally made upof a softer material than the skins but the whole panel is characterized by an important strength and lowtotal weight. The vibro-acoustic modeling of sandwich panels is investigated in a large number ofpapers.The first expression of the modal density for isotropic sandwich panels is proposed by Wilkinson [1]. Oneyear later, Erickson [2] studied the effect of the anisotropy of the core on the modal density. His approachaccounts forthe skin's bending and the panel's rotational inertia while the core is described by anequivalent shear modulus, computed as the geometric average of the shear modulus along x and ydirections. The bending stiffness of the core is neglected. The theories suggested by these two authors([1], [2]) are compared to experiments by Clarkson [3]. As a logical continuity, Renji et al. [4] propose amodel for the modal density of orthotropic sandwich panels. The core is characterized by an equivalenttransverse shearing (geometric average) and the rotational inertia terms are neglected. In a more recentstudy, Nilsson et al. [5] consider the problem of sandwich orthotropic structures. A sixth order relation ofdispersion is proposed for sandwich beams. The beam's rotational inertia and bending as well as thecore's transversal shearing are considered. The principle of Hamilton is used to model the beam. Thestrain energy of the beam is defined as the sum of potential energies due to the pure bending of the panel,the pure bending of the skins and the transversal shearing of the core. The theories referred to abovepropose analytical solutions for the relation of dispersion. Authors [1-5] show that various simplifyingassumptions are necessary to solve analytically the dispersion problem. It is concluded in a recent paper[6] that the general dispersion problem of flat laminated composite panels does not have an analyticalsolution. A wave approach numericalmethod is proposed by Ghinet and Atalla [6] to solve the relation ofdispersion of flat laminated composite panels. The relation of dispersion is written in the form of apolynomial generalized complex eigenvalues problem. The Mindlin type displacements field is used foreach layer which allow for bending and transversal shearing. The layers' physical properties are smearedthrough the thickness of the panel according to Berthelot's [7] description of laminate compositestructures. Moreover, the rotational inertia is accounted for and shear correction factors are calculatedexplicitly following the approach described by Batoz and Dhatt [16]. The governing system of dynamicequilibrium equations is written according to a hybrid vector composed by the displacements-rotationsfield and the resulting forces and moments of the panel. The solutions are used [6] to calculate the groupvelocity, the modal density and the radiation efficiency. The non-resonant transmission coefficient iscalculated according to Lesueur [8] classical approach and is corrected by a spatial windowing of theradiating field method described in reference [9]. The modal density, the radiation efficiency and the nonresonant· and resonant transmission coefficients are used in a SEA framework to estimate the totaltransmission loss of the laminate composite structures. This approach was successfully employed for theacoustic design of curved sandwich composite panels with noise controi treatments [10, 11]. In thecontext of predictive SEA, a wave approach for curved sandwich panels was proposed by K. Heron [12].The dispersion relation of such panels is shown to have two propagating solutions at low frequencies andfive propagating wave solutions at high frequencies. The problem's dimension is 47 by 47 and is writtenaccording to a hybrid vector composed by the panel's displacements field, the resultant forces andmoments as well as the interlayer forces. In the context of the laminate composite cylinders modeling,two models were presented and compared in reference [13]: symmetrical laminate composite and discretethick laminate·composite. The latter was shown to handle accurately, as a particular case, sandwichcomposite shells [13, 14]. In the two presented models, membrane, bending, transversal shearing as wellas rotational inertia effects and orthotropic angle-ply of the layers were considered. As an example [14], acurved sandwich composite panel has 21 equations and 21 unknown variables but the polynomialcomplex eigenvalues problem representing the dispersion relation is of the 42nd order. The symmetricallaminate composite and discrete thick laminate composite curved panel models could be used for flatpanels modeling by setting a large curvature radius.
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This paper describes the vibro-acoustic modeling of finite sandwich composite panels. The proposedmodel account for orthotropy and has a 12th order relation of dispersion. It is designed for complex fastnumerical applications such as: acoustic design and optimization as well as inverse characterizationmethods to evaluate the panel's physical properties. The present model uses a discrete displacement fieldfor each layer and allows for out of plane displacements and shearing rotations. This displacement fieldand the discrete layer nature of the theory are adapted to finely model the physical phenomena appearingat high frequencies where the difference of stiffuess'between the skins and the core allows for the separatebending motion of the skins. Each discrete layer is considered laminate ( composite) but the physicalproperties are smeared through the thickness of each layer so that the problem's dimension remainsunchanged. The-soluttons-of the dispersion -relation are used here to compute the group velocity, themodal density and the total transmission loss. Additionally, a symmetrical laminate composite modelingtype is presented and used here to validate and demonstrate the accuracy of the sandwich type modeling.Moreover, isotropic laminate panel solutions are symbolically developed and used to analyze the vibroacoustic asymptotic behaviors. The sandwich composite panel modeling is finally compared to existing_models in the literature, fmite elements results and experimental data to demonstrate its accuracy.
 2. SYMMETRICAL LAMINATE COMPOSITE PANEL2.1. GEOMETRY
 The present study is dedicated to laminated composite flat panels modeling. In Figure I is representedthe geometrical configuration of the composite panel, of side sizes Lx and Ly and total thickness h. Thelayered constitution is considered symmetrical. The origin of the z axis is defmed on a reference surfacepassing through the middle thickness ofthe panel. .
 y
 z
 Figure 1. Dimensions of the panel.
 r---~,'--------,-------,. hI,/ h2,,,,,,
 2.2. DISPLACEMENT FIELD AND GOVERNING EQUATIONS
 For any point belonging to the symmetrically laminated composite panel, the displacement field isdefmed by the Mindlin model:
 U(X,y,z) = uo(x,y) + zj x (x,y)
 v(x,y,z) = vo(x,y) + zj y(x,y)
 w(x,y,z) = Wo(x,y)
 (1)
 Laminas' properties are smeared through the panel's thickness. The bending moments (Mx, My, Mxy)and the transversal shear forces (Qx, Qy) are defined in the appendix. The governing differential equations
 Transactions ofthe CSMElde la SCGM Vol. 30, No.4, 2006 475
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of the symmetrical laminate composite panel are written using the usual notations [7]:
 Qx,x + Qy,y = ms w,1t
 Mx,x + Mxy,y - Qx = Ij X,1t
 MXY,x + My,y - Qy = Ij y,tl
 M-D' +D' +D(j +"). x - IJ x,x I'll y,y 16 x,y } y,x
 M -D ' . +D' +D (j +" )y - I'll x,x 2'll y,y 26 x,y } y,x
 with M - D' + D' + D (j +. ). xy - III x,x 2J y,y 66 x,y } y,x
 Qx = F4S (W,y + j y)+ Fss(w,x + j x)
 Qy = F44(w,y + jy)+ F4S(w,x + j x)
 (2)
 with ms the mass per unit area, Izthe rotational inertia computed using relation (A3) in the appendix, andwhere the bending stiffness Dij and shear stiffness Fij are defmed as: .
 N h 3 h 3
 D = 0 Qk uk - Ik.ij a ij 3 '
 k=1
 N
 Fij = kij a C~(hUk - h1k );
 k=1
 (3)
 with Kij the shear correcting factors and Q~, C~ the general elastic constants of the symmetrical laminate
 composite panel defined by the relations (A4) and (AS) of the appendix. The elastic constants of eachlamina are represented according to the orthotropic angle Jk (k=1,2,3) shown in Figure 2 mid defined as
 the angle between the reference co-ordinate system of each latnina k (L-O-T) and the global co-ordinatesystem of the panel (x-O-y).
 Figure 2. Orthotropic direction of a lamina.
 2.3. DISPERSION RELATIONS
 This section is dedicated to the theoretical study of the dispersion solutions and their asymptoticalbehaviors. The first part of the study is concerned with the laminated isotropic panels' theoreticaldevelopment which is a simplification of the main theory. It allows the symbolical analysis of thedispersion relations and a fast development of the asymptotical tendencies. The second part of this sectionis concerned with the development of the general relation of dispersion for laminated composite panels,
 a. Dispersion relation of thick laminated isotropic panels
 The case of thick laminate isotropic flat panels is studied in this section. The system of governingdifferential equations (2) is recast using the following simplifications: Du=Dzz=D; D12=vD;D66=Y2(I-v)D; F44=Fss=Gh and the problem is solved analytically. It leads to the following dispersionrelation:
 Transactions ofthe CSME/de la SCGM Vol, 30, No.4, 2006 476
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i[k2D(v -1) +2(I,w2- Gh)] x
 x [I,msw4
 - Ghmsw2 - k2(Gh1, +msD) w2+ k4GhD] = 0
 In the above equation, the following notations are used:
 (4)
 N
 and Gh = L Gk (huk - hu,)k=l
 where hUk and h/k are defined by relations (A2). The mass per unit area ms and the rotational inertia 1z arecomputed using relations (A3), Ek and Gk are the Young modulus and respectively the shear modulus ofany lamina k, while N is the total number of lamina comp()sing the panel.
 Because of the layers' isotropy, it is observed that relation (4) does not depend on the headingdirection. This 6th order dispersion relation has three conjugate solutions. The first term in relation (4)leads to an evanescent wave-solution expressed as follows:
 k=± _2 1,w2-Gk
 D(v -1)
 while the second term leads to a group of four solutions:
 1 W[W(Gh1, + m.D) ±Jw2(GhI, -m.D)2+ 4(Gh)2 Dm.)
 k=± 2" GhD ;
 where the propagating wave solutions are given by the following expression:
 _1 W[W(Gh1z + m.D) + Jw2(GhI, _m.D)2 +4(Gh)2Dm.)k=±
 2 GhD
 The second term ofrelation (4) is rewritten as:
 (5)
 (6)
 (7)
 (8)
 In relation (8), it is now easy to observe three tendencies:
 a first term: k4D - msw2 corresponding to bending behaviors (thin panel);
 (Im ? 2 m D) 2 •a second term: -'-'W- - k -'- W correspondmg to shear effect;Gh Gk
 a third term: -k21,w2 corresponding to rotational inertia behavior.
 The·asymptotical development of relation (8) for W ~ 0 and W ~ 00 leads to the dispersion relations
 associated to bending and shear, respectively:
 Transactions ofthe CSMElde la SCGM Vol. 30, No.4, 2006 477
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kbending =m for w --+ 0
 4Imkshear = W Z s for w --+ 00
 I.Gh + msD
 (9)
 (10)
 The dispersion curve (propagating wave solution) for the thick isotropic panel defined in Table 1 isrepresented in Figure 3. Also, the asymptotes for bending (9) and shear (10) behaviors are plotted. It isobserved in Figure 3 that the panel has pure bending behaviors at low frequencies and pure shearingbehaviors at high frequencies. This remark stresses the fact that the laminate approach will fail forsandwich panels since at high frequencies the system's dynamics is instead controlled by bending effectsin the skins.
 Figure 3. Dispersion curves for a thick aluminium plate.
 Aluminium pauel: Lx=2.45m; Ly=1.22m; h=10cmYoung modulus E (Fa)
 Mass density p (kg/m3)
 Poisson's ratio vDamping 1]
 Table 1. The physical properties ofthe aluminium panel.
 7.2x 1010
 27800.33
 0.007
 b. Dispersion relation for symmetrically laminated composite panels
 To account for orthotropy, the governing differential equations of the composite (2) are rewritten asdescribed in Ref. [17] (Chapter 2) and expressed in terms of a displacement - rotation vector
 (e)t = (w, ep"" epy); here index t refers to the transpose operator. Assuming the problem's solution in the
 Transactions ofthe CSME/de la SCGM Vol. 30, No.4, 2006 478
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form (e) = {e}exp(jk",x + jkyY -jwt), the system is expressed as a generalized polynomial complex
 eigenvalue problem:(11)
 where i = Rand [Ao], [AI]' [A2] are matrices of dimension -3 x3 defmed as:
 mw2 0 0 0 -au -a13 /311 0 0a
 [Ao] = 0 -Fri5 + w21z -F-!fJ ; [AI] = a l2 0 0 ; [A2 ] = 0 /322 /323
 0 -~5 -F44 + w21za l3 0 0 0 /323 /333
 (12)with a 12 , a 13 , /311 , /322' /323 , /333 given in Ref. [17] (Chapter 2).
 Assuming A = i· kp in (11); the system has 6 complex conjugate eigenvalues propagating or
 evanescent in two opposite directions. Relation (11) represents the 6th order dispersion relation of thelaminate composite panels.
 2.4. MODAL DENSITY
 The modal density is defined as the number of resonant structural modes within a studied frequencyband divided by the frequency bandwidth. The angular distribution of the modal density is classicallyexpressed in terms ofthe ratio ofthe structural wave-number to the group velocity [8]:
 A k(cp,w)n(cp,w) = -22/ ( ·)1
 . 7f cg Cp,W
 The modal density is obtained numerically by integrating relation (13) over
 angles n (W) = fo" n (cp, w) dcp, while the structural wave number k (cp, w) and the group
 cg (w, cp) = dw / dk are computed numerically from the solution ofthe dispersion relation (11).
 Case of thick laminated isotropic panels
 (13)
 heading
 velocity
 Using the dispersion relation (8) for thickisotropic panels and the defmition of the group velocity, thefollowing relation is obtained:
 2k2D_w2 (1 + maD)·k z Gh
 C =- .
 9 W m (1-2~W2)+k2 (1 + maD)'a Gh Z Gh
 (14)
 (15)
 The group velocity's bending and shear tendencies are expressed using the asymptotical relations (9) .and (10) as follows:
 Cg-bending = 2k~ D for w --t 0; Cg-ahear =ma
 Transactions ofthe CSMElde la SCGM Vol. 30, No.4, 2006 479
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The group velocity curves (Eq. (14» of the thick isotropic panel described in Table 1 as well as theasymptotical tendencies for bending and shear behaviors (15) are represented in Figure 4. Its modaldensity and the as m totical tendencies for bendin and shear behaviors are re resented in Fi ure 5.
 Figure 5. The modal density of a thick aluminum plate.
 Transactions ofthe CSME/de la SCGM
 --------- - --
 Vol. 30, No.4, 2006 480

Page 9
                        
                        

sandwich composite panel
 This section considers the special case ofsandwich composite panels. The theory described herein hasthe overall dimension of 12 by 12 and is based on a discrete displacement field approach. It allows for a
 .correct description ofthe vibro-acoustic behaviors over the whole frequency range.
 2.5. ASSUMPTIONS AND GEOMETRY
 x~~
 W(j
 .. CD
 ZhIh2
 h3
 hx G
 • ~
 z~'1 Mx
 -~0
 Un
 The present model is based on the following assumptions:• the thickness ofthe core is higher than that of the skins;• the core contributes only by transversal shear stresses;• transversal shear stresses are neglected in the skins;• the core and the skins are assumed incompressible through the thickness;
 In Figure 6a are represented the geometrical characteristics of a sandwich composite panel of sidesizes Lx and Ly and thickness h. For any point M belonging to the core, the Mindlin-type displacementfield is defmed as represented in Figure 6b.
 y
 Figure 6. Dimensions ofthe panel and the Mindlin-type displacements field ofthe core.
 2.6. DISPLACEMENTS FIELDS
 The displacements fields ofthe skins are defined so as to obey the sandwich panels' assumptions. Theskins are thinner than the core and act by bending behaviors. Their displacement field is built using theLove-Kirchhoff's assumptions but is corrected to account for the rotational influence of the transversalshearing in the core. This correction appears in the form of the constants Clx, C3x, imd Cly, C3y as stated inthe following relations:
 owu, =uOl - z ox + Sx
 oWVI = VOl - Z - + SyoyWI =W
 OWUa = Uoa - z- + C:3xox
 OWVa = Voa - Z - + CayoyWa =W
 (16)
 Transactions ofthe CSME/de la SCGM Vol. 30, No.4, 2006 481
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The Mindlin model is used to describe the displacement field of the core. The rotation effects of thetransversal shearing in the core as well as the bending of the panel are described by the rotations angles'Px' 'Py and the transversal displacement was:
 u2(x, y, z) = U 02 (x, y) + z'Px(x, y)
 v2(x, y, z) = V02 (x, y) + z'Py(x, y)
 w2(x,y,z) = w(x,y)
 (17)
 Because of the assumed perfect bounding of the layers, the displacement field remains continuousthroughout the interface between two consecutive layers. To enforce this continuity the followingconditions are written:
 Iv,.. (x, y, h, /2) : u, (x, y, h, /2); U, (x, y,~h, /2): u, (x, y,-h, /2) (18)
 VI (x, y, hz /2) - v2 (x,y,hz /2), v2 (x,y, hz /2) - va (x,Y,-hz /2)In the case of flat panel dynamics, the bending and transversal shearing are decoupled from the
 membrane behaviors. Consequently, the membrane-type displacements of the layers' neutral plan are notconsidered. Moreover, the out-of-plane compression stresses through the panel's thickness are consideredconstant. Using these assumptions, the system of continuity equations (18) has the solutions Clx, C3x, andCly, C3y:
 (19)
 Using relations (16), (17) and (19), the displacements fields of each of the three layers are written asfollows:
 8w h,v,. = -z 8x +2:'l/Jx
 ·8w h2
 VI = -z 8y +2'I/Jy
 WI =W
 where the following notations are used:
 8wu, = ~z- + zn'.. 8x Yx
 8wv2 = -z-+z'I/Jy
 8yw2 =w
 (20)
 2.7. INTERLAYER STRESSES CONTINUITY RELATIONS
 (21)
 Relations of stresses' dynamic equilibrium are written for each layer separately in order to developthe continuity of stresses relations at the interface between the layers. These relations are next integratedthrough the layer's thickness and the dynamic equilibrium relations along x and y directions are obtained.For the top skin - core interface, the relations ofcontinuity are written as follows:
 Transactions ofthe CSMElde fa SCGM Vol. 30, No.4, 2006 482
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with:
 Using the notations:
 8N~1) + 8N<;J _ T(l) _ P W2 [~ (~ + hJ ) 8w - ~~ nl.] = 08x 8y ZZ 1 2 8x 2'Pz
 8N<;J + 8N<;J _ T(l) _ P w2 [~ (~ + h2 )8w - ~~ 'IjJ, ] = 08x 8y yz 1 2 8y 2 y
 Lt .. = ~h2 Q(ll. B.. = ~ (~ +hz) Ql11.....J 2 'J' 'J 2 'J'
 (22)
 (23)
 (24)
 with the elastic constants of the skins Qg) = Q&a) , defined by the relations (A4) and the elastic
 constants of transversal shearing ofthe core G~) defmed by the relations (AS).
 The development ofthe stresses' continuity relations between the core and the bottom skin is identicalto (22) and identical relations of continuity are obtained (see Ref. [17]).
 2.8. DYNAMIC EQUILIBRIUM RELAl'IONS
 The panel's dynamic behaviors are governed by the dynamic equilibrium relations of the forces andmoments along x, y and z directions. The sandwich-type panel assumptions are considered; the membraneforcesNx, Ny and Nxy and the bending moments Mx, My and Mxy are computed through the thickness oftheskins while the transversal shearing forces Qx and Qy are expressed through the core's thickness.Considering the stresses' continuity relations along x, y, and z directions as well as the panel'sincompressibility along the z direction and integrating through the panel thickness, the followingequilibrium relations are written:
 Qz,,,, + Qy,y = rnaW,tt
 Mz,,,, + Mzy,y - Q", = I",U,tt
 My,y + Mzy,y - Qy = I yV,tt
 (25)
 The transversal shearing forces Ox and Qy are expressed from the last two relations of system (25).These forces are replaced in the first fundamental equation to expres$ the following relation ofmotion:
 (26)
 with the rotational inertia terms computed as follows:
 IzU,tt = W2
 [(P1H} + P2Ha)W.z - (P1 H2 + P2Ha)'l/Jz]
 IyV,tt = w2
 [(P1H1+ P2Ha)W,y -(P1H2+ P2Ha)'l/Jy]
 and where the following notations are used:
 Transactions ofthe CSME/de la SCGM Vol. 30, No.4, 2006 483
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H = 3~h~ + 611{~ +4~. H = ~h2 (~ +~L if = h;1 6 ' . 2 2 '3 12 .
 The relation (26) and the stresses' continuity relations given in Ref. [17] compose the system ofdynamic equilibrium equations of sandwich composite panels. This system is expressed in a matrix form
 using a displacements vector {e} = {w W", Wyr and an assumed solution of the form
 (e) = {e} exp (ik",x + jkyY - jwt) , where kx and ky are the components of the structural wave number k
 defined as:k", = kcos<p
 ky = ksin<p(27)
 and IjJ is the heading direction.The system of dynamic equilibrium equations of the panel is expressed in the following matrix form:
 (k4 [A] + je [B] + k2 [0] + jk[D] + [EJ){e} = [O]{e}
 where [.4], [B], [C], [D] and [E] are 3x3 real matrices defined as follows:
 ~1 0 0 0 b12 b13 <1.1 0 0
 [A] = 0 0 O' [B]= b21 0 0 [0]= 0 C22 Cn,0 0 0 lIs1 0 0 0 C23 Cs3
 0 ~2 ~3 ~1 0 0
 [D]= d21 0 0 [E]= 0 e22 e23 j
 d31 0 0 0 ~3 e33
 (28)
 where the matrices' elements, a",(J' ba(J' CaP' d",(J' ea(J' (a, f3 = 1,2,3) can be easily determined as detailed in
 Ref. 17.Considering). = ±jk, relation (28) can be expressed in the form:
 ().4 [A] _).3 [B] _).2 [0] + )'[D] + [EJ){e} = [O]{e}. (29)
 System (29) is a complex polynomial eigenvalues problem of fourth order and can be transformed asfollows:
 [D] [-0] [-B] [A] e [-E] [OJ [OJ [OJ e
 [I] [OJ [0] [OJ ).e [0] [I] [OJ [OJ ).e). ).2e = ).2e (30)
 [OJ [I] [0] [0] [OJ [OJ [I] [0]
 [0] [0] [I] [OJ ).3e [OJ [OJ [0] [I] ).3e
 to obtain a generalized complex eigenvalues problem. In relation (30), [1] is the identity matrix and [0] isthe zero matrix. This problem has 12 conjugated complex eigenvalues corresponding to propagative and
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evanescent waves in two opposite directions. Equation (30) represents the dispersion relation of thesandwich composite panels.
 2.9. CRITICAL FREQUENCIES
 For a given heading cp, the critical frequency is computed numerically from system (31). The
 following expansions: [OJ = w2 [01] + [02 ] and [EJ = w2 [El ] + [E2 ] are used to explicitly depict the
 frequency dependency and write the problem in the following form:
 which is a fourth order polynomial eigenvalues problem. Assuming 'xc = iwc ' Eq. (32) can be expressed
 in the form:
 [0] _1[0:] + [El
 ]] _I[~J + [DJ) [[~l + [0;]) e [-E2 ] [0] [0] [0] eCo Co Co Co Co
 'xe [0] [lJ [0] [0] 'xe,x [lJ [0] [0] [0]
 ,X2e - [lJ ,X2e; (33)
 [0] [lJ [0] [0][0] [0] [0]
 ,X3e [0] [0] [0] [lJ ,X3e[0] [0] [lJ [0]
 to obtain a generalized eigenvalue problem. This problem has 12 complex conjugate eigenvalues. Thecritical frequency corresponds to a solution which satisfies the condition \ (cp) = ±iwc' purely
 imaginary. The critical frequency ofthe sandwich composite panel is written as:
 [(')_ i\(<p)c <p -=f--.
 21f(34)
 and the limits ofthe critical frequency region are defined by lei = fc{<p = 0) and lei = fc{<p = 1f / 2) . Foran isotropic panel, the dependency on heading disappears and the critical frequency region reduces to asingle critical frequency.
 2.10. NATURAL FREQUENCIES
 The presented dispersion system can also be used to compute the natural frequencies of the panelusingthe proper selection of the wavenumber components. For instance, for a simply supported panel ofside dimensions Lx and Ly, the wavenumber components are defmed as kx=m7T:ILx, krn7T:ILy. The natural
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frequencies associated to each mode (m, n) are obtained by solving the dispersion relation (28), recast inthe following form:
 where, kmn=(k/+ k/i12, and the matrices [CI ], [CzI, [Ed, [Ez] are defmed by the relations:
 3. NUMERICAL RESULTS
 In this section, dispersion curves and results of the group velocity, modal density and transmissionloss applied to flat composite laminate and sandwich panels are presented. The two presented modelingapproaches are compared: symmetrical laminate composite and sandwich composite panels. Theproperties of the materials used in this study are presented in Table 2. The panel's side dimensions are1.370L65mz. The core's thickness is 0.0127m while the skins' thicknesses are 0.0012m.
 EL(pa)ET(pa)GLT(pa)GLZ(pa)GTZ(pa)VLTp (kg/m3
 )
 GraphitelEpoxy Skins0.480 iOll0.480 iOll0.1810 iOll
 0.27570 tO lO
 0.27570iOlO
 0.31550
 Rigid foam Core0.14480 i09
 0.14480 i09
 0.50 iOs
 0.50 iOs
 0.50 tOS
 0.45110.44
 Table 2. The physical properties ofthe materials used in the sandwich composite panel.
 3.1. Dispersion curves
 The dispersion solutions of a typical flat sandwich composite panel are studied here. The propagativeand evanescent solutions of the theory (30) presented in the third section are analyzed. Its 12 complexconjugated solutions correspond to propagative and evanescent waves in two opposite directions. Amongthese solutions, only eight are physically meaningful. The four absolute values of these solutions arerepresented in Figure 7. Additionally, three propagating waves asymptotes (computed using Eqs. (9) and(10)) are represented. It is observed that the main dispersion solution (-*-) has three asymptoticalbehaviors corresponding to panel's bending, core's shearing and the separate bending of skins. A secondsolution (-e-), always evanescent, has constant values at low and middle frequencies; its imaginarypart tends asymptotically to the real part of the main solution at very high frequencies. At low and middlefrequencies the third solution (-.-) is evanescent and its imaginary part is asymptotically equal to thereal part of the main solution. At very high frequencies, a transition frequency in the dispersion solut.ionsset can be observed; at this frequency the fourth (-+-) and the third solutions became propagative.
 The solutions represented in Figure 7 are reported in Figure 8 and compared to the dispersionrelation's solutions ofa symmetrical laminate panel modeling type (-e-) developed in the section 2. Itis observed in Figure 8 that symmetrical laminate theory has just six true solutions (compared to eight forsandwich type (-.-) modeling). The main solution has just two asymptotical behaviors: pure bendingof the panel at low frequencies and core's shearing at middle and high frequencies. This modeling type isnot able to capture the separate pure bending of the skins at very high frequencies. The second dispersion
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solution corresponding to the symmetrical laminate modeling type is not represented in Figure 8; it tendsto values approaching infmity. The values of the third and fourth solutions as well as the transitionfrequencies are identical for both modeling types.
 4 Structural dispersion curves - Flat sandwich panel10 I ' , , "
 --$- Sanclw ich wavenurrber (always propagative)-@- Sandw ich 2nd wavenurrber (alw ays evanescent)--ffl-- Sandw ich 3th w avenurrber (evanescent & propagative)-_ Sandwich 4th w avenurrber (evanescent & propagative)
 103 -f- Panel pure bendingasyrrptote---><--_. Skin pure bending asyrrptote- Core shear asymptote
 +------- ---------..Evanescent Propagative
 10-1 L---'-_L.-L--'--'---L.W--'------''--.L-L--'-'---'-'-''"'--_':--.L-..J.---'-'-l....L-Ll..-_-'---'--'--'-~..J.J
 1~ 1~ 1~ 1~ 1~Frequency (Hz)
 Figure 7. Propagative and evanescent wave solutions and asymptotes of a sandwich composite panel.
 3.2. Group velocity and modal density
 The behaviors observed on the dispersion solutions are analyzed in the context of the group velocityand the modal density calculation for a sandwich composite panel. Using the main solution of thedispersion relations (30) and (11) in the expressions presented in section 2.4, the group velocity and themodal density are computed. The group velocity results for both sandwich composite and symmetricallaminate modeling types are represented in Figure 9. Additionally, the asymptotical behaviors (15) of purebending of the panel, core's shearing and pure bending of the skins are- represented. It is observed inFigure 9 that symmetrical laminate and sandwich type modeling give similar results at low and middlefrequencies; at very high frequencies the symmetrical laminate composite modeling is not able to captureseparate pure bending ofthe skins' behaviors and consequently the group velocity is underestimated.
 The modal density behaviors are represented in Figure 10. The asymptotes are computed using therelations (15) and the definitions in section 2.4. It is observed that at very high frequencies thesymmetrical laminate composite modeling overestimates -the modal density of a typical sandwichcomposite panel.
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S,ndwich dispersion curves - Laminate vs Sandwich Modeling10 r--~~~~,..,.,-~~~~-,---~~~~..,..,.,--~~~~
 103
 -.E....-..CD
 .Q10
 2E::scCD>I'll3:
 101
 103
 Frequency (Hz)
 FigureS. Sandwich panel's dispersion curves: (-e-) symmetrical laminate approach and (-.-)sandwich-type modeling.
 Groupe velocity - Sandwich composite panel10
 4r;=====::::::::::::::::::::::c==:::===::::::::::::::!:::::;---~~-'-~~~~;;"
 -l1li-- Sandwich composite model /k/'--$>-- Laminated composite model ? ...-- Panel pure bending asymptote--j- Skin pure bending asymptote---><- Shear asymptote
 101'----"----'--'-.L-L..'c..L..LJ._--'---'--'-'-'--'-'-.u..L-_-'--'--'--L...L-L..C..Ll-_-'---'--'-'-'-U-LJ
 1~ 1~ 1~ 1~ 1~
 Frequency (Hz)
 Figure 9. Group velocity and its asymptotical tendencies for a sandwich composite panel.
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Modal density - Sandwich composite panel10
 1r.=:=:::==~=::::"::::C======::::::=~::::;-~~~~"'-~~~~'""1
 -III- Sandwich composite model-+-- Laminated composite model- •..- Panel pure bending asymptote--+-- Skin pure bending asymptote--- Shear asymptote
 ~11Hi1-*'M~~::";~::::"".......-.....o-e--.-..... • ••-• '. • • •.• • • •
 10-3
 10-4 '-----'----'---'-...L...L..J....L..L.I----'---'L.-..L...LJ....1-W--'----'---'---'-...L-L.L.L.L-'----''--L-L-L..L...L.J...LJ
 1~ 1~ 1~ 1~ 1~
 Frequency (Hz)
 Figure 10. Modal density and its asymptotical tendencies for a sandwich composite panel.
 4. VALIDATION RESULTS
 Comparisons of the sandwich composite panel theory with existing models are presented in thissection. As a first example, the natural frequencies of a simply supported sandwich panel are computedwith the theory presented in the third section and compared with finite elements results. The properties ofthe materials used for this example are presented in Table 3. The panel's side dimensions are0.35- 8.22m2
 • The core's thickness is O.OOOlm while the skins' thicknesses are 0.00045m: The panel ismodeled in Nastran as an arrangement of a solid elements core bounded by shell elements for the skinswith offsets. These results are plotted in Figure 11. Excellent agreement is observed between the resultsobtained with the present sandwich theory and Nastran. Note that the use of a composite element(CQUAD4) wi11lead to results similar to the presented laminate model and thus will overestimate themodal density at high frequencies.
 Finally, the dispersion relation's main solution (30) is used within a Transfer Matrix Method (TMM)context to compute the total transmission loss of flat sandwich composite panel. A geometricalwindowing method of the radiating field is used. This correction method is detailed in reference [9] andexamples of its validation are given in references [9] and [10]. This method is compared here to the modelproposed by Leppington etal. [15]. The theory presented in reference [15] was coded and the result isplotted in Figure 12. Excellent agreement is observed over the entire frequency range. Details of theexperimental procedure and the panel properties are given in Ref. [15]. Note that the physical propertiesof the composite panel studied in Figure 12 are derived from the following parameters: D I1=21.34(Nm);D12+2D66=27.78(Nm); D22=330.84(Nm); ms=4.87(kg/m2); Lx=0.9m; Ly=1.4m; '1=0.01.
 Transactions ofthe CSME/de la SCGM Vol. 30, No.4, 2006 489

Page 18
                        
                        

Sim ply supported sandwich plate500
 I® Nastran I
 450 III Present sandwich theory ®~~
 ® III400 ® III
 11II
 350 ® f&I 11II
 ®300 11II- ®
 N 11II:x:250 ®- I I
 Ic III
 ....E200
 fI I150
 f&
 100 " tDfI
 50 f&
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 Figure 11. Natural frequencies validation for a sandwich panel.
 32Transmission Loss· Flat composite panel
 30
 28
 ig 26-I/).3 24
 c.g 22
 .~E 20I/)cI! 18I-
 ------ Experimental (Leppington et a!. 2002 model)
 - Presented Sandwich composite panel• • • •• Leppington et a!. 2002 model
 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
 Frequency (Hz)
 Figure 12. Transmission Loss validation for a sandwich composite panel.
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Skins CoreE (pa) 1.8· iOll 6.65. W5
 G (pa) 6.767· W IO 2.5. W5
 v 0.33 0.33. p (kg/m1 7720 - 2000
 Table 3. The physical properties ofthe materials used for the sandwich panel.
 5. CONCLUSIONS AND DISCUSSIONS
 A fast and accurate theory to model the vibro-acoustic behaviors of sandwich composite panels hasbeen presented. The physical behavior ofthe panel is represented using a discrete lamina description. Themodel is developed in the context of a wave approach. It is shown that the dispersion curves areaccurately estimated. Two modeling approaches were compared: symmetrical· laminate composite andsandwich composite. It was observed that symmetrical laminate theory has an incomplete set of solutions:just six true solutions compared to eight for sandwich type modeling. Moreover, the main solution ofsymmetrical laminate theory was observed to have just two asymptotical behaviors. This modeling typewas shown not to capture the separate pure bending of the skins at very high frequencies. Using thedispersion relation's solutions, the group velocity, the modal density, the natural frequencies as well as thetotal transmission loss were calculated. The acoustic transmission problem was represented within Finite .Transfer Matrix· Method (FTMM) context and successfully compared to experiments and to· anasymptotical approach applied to flat composite panels.
 Appendix: Main equations of the symmetrical laminate panel model
 The bending moments and the transversal shear forces are defined as follows:
 h/2 N ~
 M", - J a",zdz = 2:Ja:zdz-h/2 k=l I.,.
 h/2 N ~
 My = I ayzdz = 2:Ja:zdz-h/2 k=l h"
 h/2 N ~
 Mxy = J Txyzdz = 2: JT~zdz. -h/2 k=l ha,
 h/2 N ~
 Q", = J T",zdz = 2:JT:dz-h/2 k=l ha,
 h/2 N ~
 Qy = J Tyzdz =2:J T:zdz-h/2 k=l h"
 (AI)
 Using the notations represented in Figure 1, the integration limits used in the relations (AI) arecomputed as follows:
 (A2)
 where h is the total thickness ofthe panel, hj the thickness ofthe lamina) and for}=O, h;=ho=O.The mass per unit area and the rotational inertia are defined as follows:
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N
 rn. = 'Epk(h"k - hoc);k=l
 I _ ~ (h~ - h~J .z - LJPk 3 '
 k=l
 (A3)
 where, N is the total number oflaminas and Pk is the mass density of lamina k.
 The general elastic constants of the symmetrical laminate composite panel Qi~' O~ are dermed as
 follows (Berthelot [7]):
 Q~ = 0L cos4{}k + 0T sin4
 {}k + 2(OLT + 2GLT ) sin2
 {}k cos2
 {}k
 Qt2 = (OL + 0T - 4GLT )sin2{}k cos
 2{}k + 0LT(COS
 4{}k + sin
 4{}k)
 Qt6 = (OL - 0LT - 2GLT ) sin {}k cos3
 {}k +(OLT- 0T +2GLT )sin3{}k COS{}k
 Q~2 = 0L sin4{}k + 0T cos4
 {}k + 2(OLT + 2GLT ) sin2
 {}k cos2
 {}k
 Q~6 = (OL - 0LT - 2GLT ) sin3
 {}k cos {}k + (OLT - 0T + 2GLT ) sin 'i?k cos3
 {}k
 Q:6 = (OL + 0T - 2(OLT + G LT ))sin2{}k cos
 2{}k + GLT(COS
 4{}k + sin
 4{}k)
 . h Ok -[ E L ] Ok - ( E T ) Ok - [ l/LTET ].WIt, L - T - LT - ,1- l/LTl/TL 1.- l/LTl/TL 1- l/LTl/TL
 and the elastic constants oftransversal shearing ofthe core dermed as follows (Berthelot [7]):
 Ok ak 2 _0 Gk • 2_044 = TZ cos 'Vk + LZ SIn 'Vk
 015 = (G~z - G;z) sin {}k cos {}k
 O· k G k 2 _0 Gk • 2_0. 55 = LZ cos 'Vk + TZ SIn 'Vk
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