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Ribbed elastic structures under a mean ﬂow B Y P AUL D. M ETCALFE Department of Applied Mathematics and Theoretical Physics, Centre for Mathematical Sciences, Wilberforce Road, Cambridge CB3 0WA, UK ([email protected]) The problem of a ribbed membrane or plate submerged in a ﬂuid with mean ﬂow is studied. We ﬁrst derive a method which can be used to reduce this, and similar problems to a band matrix inversion. We then ﬁnd the pass and stop band structure found in the case of static ﬂuid persists when a mean ﬂow is introduced, and we give an explanation in terms of the eigenvalues of the transfer matrix of the system. We then study disordered structures and observe the phenomenon of Anderson localization. In some parameter re´gimes the addition of disorder causes signiﬁcant delocalization. Keywords: ﬂuid-loaded structures; Anderson localization; structural acoustics



1. Introduction Consider an elastic membrane or plate supported by an array of ribs and immersed in incompressible inviscid ﬂuid with mean ﬂow speed U. When one of the ribs is excited by a time-harmonic force, we wish to ask whether this excitation spreads along the body of the array, or remains localized near the driven rib. This represents a simple model of the propagation of structural vibration on a ship hull or an aeroplane wing, and extends the large body of work on structure-borne noise in a static ﬂuid (Crighton 1984; Spivack 1991; Spivack & Barbone 1994; Cooper & Crighton 1998) to include the effects of non-zero mean ﬂow. When the rib array is equispaced, the zero mean ﬂow ribbed membrane has been shown to exhibit pass and stop band behaviour; there are bands of frequencies in which an excitation can pass along the whole system, and bands of frequencies in which an excitation is trapped near its source. This occurs in both inﬁnite (Crighton 1984) and ﬁnite (Spivack 1991; Cooper & Crighton 1998) systems. When the rib array becomes non-equispaced the pass bands are destroyed and a weak localization effect is observed (Spivack & Barbone 1994; Cooper & Crighton 1999). In all cases, the far-ﬁeld decay of the system response is algebraic if the algebraically decaying branch line component of the Green function of the system is included in the analysis, but is exponential if the branch line component is neglected. However, near-ﬁeld decay behaviour can still be exponential, and there can be signiﬁcant exponential decay before the crossover into the far ﬁeld. The extra complication in this work comes from the mean ﬂow, because the membrane (or plate) Green function with non-zero mean ﬂow—the response to point forcing of the unribbed system—is more complex. Not only does it have Received 20 April 2004 Accepted 16 August 2004
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more wave modes than the zero mean ﬂow problem, but it also exhibits some particularly unusual behaviour (Crighton & Oswell 1991; Kelbert & Sazonov 1996). For mean ﬂow speeds greater than a critical speed Uc, the Green function is exponentially growing in time, independently of the frequency of the forcing. When U!Uc, the Green function is temporally harmonic, with the nature of the Green function dependent on the frequency of the forcing, u, and three distinct types of behaviour are found: at low frequencies the system is convectively unstable; at moderate frequencies the system is neutrally stable, but with an anomalous response in which a neutral mode possesses a group velocity directed towards the driver; and at high frequencies the mean ﬂow becomes irrelevant and the system is found to be stable. Since the zero mean ﬂow ribbed membrane has been extensively studied, our primary interest is in the region of low to moderate frequencies. The instability and unusual energy ﬂux behaviour observed in the Green function are not the major difﬁculties in extending zero mean ﬂow results to the non-zero mean ﬂow problem. Analytically, the difﬁculty is that the Green function consists of more than one surface wave mode. This breaks the simple zero mean ﬂow analysis of Spivack & Barbone (1994), but with a little effort a generalization of their method can be made to work, and this extension will be described here. In §2 we start by deﬁning the problem to be solved and its mathematical formulation. In §3 we show how the problem can be simpliﬁed by a simple transformation that has the effect of localizing the surface wave coupling. In §4 we apply this simpliﬁcation to the periodically ribbed membrane, showing how the pass and stop band structures found in the zero mean ﬂow problem persist as the mean ﬂow speed is increased. In §5 we apply our simpliﬁcation to the more complex problem of the periodically ribbed plate, when both forces and torques must be solved for. In §6 we move back to the ribbed membrane, and discuss the effects of disorder on the response of the system. 2. Statement of problem We mainly consider the case of a ﬂuid-loaded membrane. The response of the ﬂuid-loaded plate will be brieﬂy discussed in §5. The parameters of the system are the ﬂuid density r, ﬂuid mean ﬂow speed U, membrane mass per unit area m and membrane tension T. We will non-dimensionalize with the ﬂuid loading length-scale m/r and ﬂuid loading time-scale (m/r)(m/T )1/2. This has the effect of setting mZrZTZ1, leaving us with the parameter U 0 ZU(m/T )1/2, which is the ratio of the mean ﬂow speed to the wavespeed on an unloaded membrane. Henceforth, we drop the primes on dimensionless quantities. We will not consider the absolutely unstable parameter re´gime, so we must pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ pﬃﬃﬃ impose the restriction U ! Uc h 6 3 K 9 z1:1800, which will be applied implicitly throughout the following. This critical ﬂow speed can be found by noting that at the onset of absolute instability, in this problem, three of the roots of its dispersion relation are coincident (Crighton & Oswell 1991; Kelbert & Sazonov 1996). For forcing at angular frequency u we are therefore able to factor out a time dependence of eKiut; this has been done in everything that follows. Proc. R. Soc. A
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(a) Governing equations Suppose that we have a membrane supported by ribs at points xZx1,x2,.,xN, where x is the coordinate along the membrane, and driven on the Dth rib by a transverse force FD. We may safely assume that x1!x2!/!xN. For simplicity, we will suppose that the non-driven ribs have inﬁnite mechanical impedance and so must remain ﬁxed, and we aim to ﬁnd the forces F1,F2,.,FN on the rib array. Note that ﬁnite mechanical impedance can be easily included, as is done by Cook (1998). Now, let G(x) be the Green function of the membrane, i.e. the response to a single line force. By linearity, the ribbed membrane displacement h is found to be N X hðxÞ Z Fk Gðx K xk Þ; (2.1) kZ1



which gives us the set of NK1 linear equations N X 0Z Fk Gðxj K xk Þ for j sD



(2.2)



kZ1



when we observe that the non-driven ribs do not move. We can view either the force applied to the Dth rib, or the displacement of the Dth rib, as an unknown. If we set the displacement of the Dth rib to be 1, we get the additional equation N X 1Z Fk GðxD K xk Þ; (2.3) kZ1



which just sets the scale of the forces in our linear system. Equations (2.2) and (2.3) give us the matrix equation G$FZh, where GijZG(xiKxj), which is a set of N linear equations in N unknowns to be solved for the forces Fi. It is in theory possible to numerically invert the matrix G by methods such as LU or QR factorization, but unfortunately the matrix G is ill-conditioned—the neutral surface waves which propagate on the membrane maintain a constant amplitude. Thus, the matrix G is far from diagonally dominant, and one cannot make N particularly large before catastrophic loss of precision occurs in standard factorization routines. The problem is even worse in the convectively unstable re´gime. We will see that it is possible to recombine these equations to give a numerically well-conditioned matrix. This rearrangement of the equations will also give us a means of understanding the qualitative form of the response of the system. (b) The Green function Since we are not in the absolutely unstable re´gime the Green function for a ﬂuid-loaded membrane is 8 2 ð X eikjCx > 1 eikx > > i K dk; x O 0; > > Dðu; kÞ < jZ1 Dk ðu; kjCÞ 2p ubc GðxÞ Z (2.4) ð 2 ikjKx ikx X > e 1 e > > Ki K dk; x ! 0; > > : jZ1 Dk ðu; kiKÞ 2p Dðu; kÞ lbc
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where (2.5) Dðu; kÞ hk 2 K u2 K ðu K UkÞ2 =ðk 2 Þ1=2 is the dispersion relation for free waves on the ﬂuid-loaded membrane with mean C ﬂow (Kelbert & Sazonov 1996), kC 1 and k2 are the wavenumbers of the two K surface waves found in xO0, and k1 and kK 2 are the wavenumbers of the two surface waves found in x!0. The branch cut for the square root always has a positive real part; this corresponds to a cut along the imaginary axis in the k-plane. The branch line integrals Eubc and Elbc thus correspond to integrals around the positive and negative imaginary axes, respectively. We see that we can write the Green function matrix G as (2.6)



G Z Gsw C Gbc ;



where Gsw contains the surface wave parts of G, and Gbc almost all of the branch line contributions. As is usual (Crighton 1984), we include the line admittances G(0) in Gsw, so that the diagonal elements of Gbc are zero. We also observe that it is trivial to evaluate the Green function numerically. Previous studies of this problem have tended to use asymptotic results, in order to produce equations that can be manipulated analytically. In this problem there is little hope of doing any analytical manipulation and we will use numerically computed values for the Green function in all of the calculations in this paper.



3. Reduction of Green function matrix The only true long range coupling in the Green function is that provided by the branch line component. This component of the Green function is weak, and is sufﬁciently strongly decaying to be trivially invertible. The surface wave components, although apparently a long range coupling, can be recast as a purely local term. ^ sw hS$Gsw , where S is a pentadiagonal matrix with We consider the matrix G Si(iK2)Zai, Si(iK1)Zbi, SiiZ1, Si(iC1)Zci and Si(iC2)Zdi, and observe that we can ^ sw pentadiagonal if ai, bi, ci and di satisfy the equations make the bulk of G 0 1 0 1 K1 ai B C B C B bi C B K1 C B C B C (3.1) Mi $B C Z B C c K1 @ iA @ A di K1 for iZ3.NK2, where 0 C eik1 ðxiK2Kxi Þ B B ik2CðxiK2Kxi Þ Be Mi h B B ikKðxiK2Kxi Þ Be 1 @ eik2 ðxiK2Kxi Þ K
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ik2CðxiC2Kxi Þ



ik1KðxiK1Kxi Þ



eik1 ðxiC1Kxi Þ



eik2 ðxiK1Kxi Þ



eik2 ðxiC1Kxi Þ
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K
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C
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The left end of the array gives the equations c1 eik1 ðx2Kx1 Þ C d1 eik1 ðx3Kx1 Þ Z K1; K



K



c1 eik2 ðx2Kx1 Þ C d1 eik2 ðx3Kx1 Þ Z K1; K



K



b2 eik1 ðx1Kx2 Þ C c2 eik1 ðx3Kx2 Þ C d2 eik1 ðx4Kx2 Þ Z K1; K



K



K



(3.3)



b2 eik2 ðx1Kx2 Þ C c2 eik2 ðx3Kx2 Þ C d2 eik2 ðx4Kx2 Þ Z K1; K



K



K



and the right end of the array gives aNK1 eik1 ðxNK3KxNK1 Þ C bNK1 eik1 ðxNK2KxNK1 Þ C cNK1 eik1 ðxN KxNK1 Þ Z K1; C



C



C



aNK1 eik2 ðxNK3KxNK1 Þ C bNK1 eik2 ðxNK2KxNK1 Þ C cNK1 eik2 ðxN KxNK1 Þ Z K1; C



C



C



aN eik1 ðxNK2KxN Þ C bN eik1 ðxNK1KxN Þ Z K1; C



(3.4)



C



aN eik2 ðxNK2KxN Þ C bN eik2 ðxNK1KxN Þ Z K1: C



C



Note that b2, c2 and d2, and aNK1, bNK1 and dNK1 are indeterminate. Although it might be useful to set d2ZaNK1Z0, we observe that when the ribs are periodically spaced this choice will set c1Zb2, d1Zc2, bNK1ZaN and cNK1ZbN. Therefore, the matrix S has zero determinant and we are not able to invert the ^ It proves convenient instead to set d2ZaNK1Z1. matrix G. ^ bc , we see that this transformation produces the If we temporarily ignore G ^ sw $FZ S$h, which is pentadiagonal system of equations G ai;K2 FiK2 C ai;K1 FiK1 C ai;0 Fi C ai;1 FiC1 C ai;2 FiC2 Z ai hiK2 C bi hiK1 C hi C ci hiC1 C di hiC2



(3.5)



for iZ3.NK2, for some values ai,j which it is not useful to write explicitly. There are also four other equations from the endpoints of the rib array. It is clear that obvious variants of this reduction scheme are applicable to other similar wavebearing systems and will allow the reduction of a general wave-like ^ sw is pentadiagonal (or exponential) coupling to a purely local effect. The matrix G because the Green function has four wave modes, which should be contrasted with the corresponding result for a static ﬂuid, when the Green function has two wave modes ^ sw is tridiagonal (Spivack & Barbone 1994). and the equivalent of G (a) Transfer matrix form Note that away from the driven rib the recurrence (3.5) can be cast in a transfer matrix form by writing 0 0 1 1 FiC1 Fi B C B C B Fi C B FiK1 C B C B C (3.6) B F C Z Ti $B F C; @ iK1 A @ iK2 A FiK2 Proc. R. Soc. A
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where the ith transfer matrix Ti governs the propagation from the ith rib to the (iC1)st rib and is simply given as 0 a aiK1;0 aiK1;K1 aiK1;K2 1 iK1;1 K K K K B aiK1;2 aiK1;2 aiK1;2 aiK1;2 C C B 1 0 0 0 C B (3.7) Ti Z B C: B 0 1 0 0 C A @ 0



0



1



0



This formulation will prove to be useful later. (b) Reconstruction of solution, energy ﬂux and other useful tools In this section we brieﬂy derive some useful results that will be helpful later. Spivack & Barbone (1994) were able to produce some strong results for a ﬂuidloaded membrane in zero mean ﬂow, and some of these will be seen to carry over to this problem. However, their direct methods are much less useful here, and we must proceed from more general principles. Firstly, we note that we can reconstruct the displacement of the membrane between two ribs, given the forces on the ribs and neglecting the branch line component of the Green function. Suppose that xiK1!x!xi, and that neither the (iK2)th, (iK1)th, ith or (iC1)th ribs are driven. Then, by applying the ideas that led to equations (3.1) and (3.2), we ﬁnd that h(x) can be written in the form hðxÞ Z BðxÞ$ðFiC1 Fi FiK1 FiK2 ÞT ;



(3.8)



for some vector B(x) for which an expression can be found. Next we observe that, between two ribs, the pressure on the membrane is a linear functional of h(x), pðy Z 0Þ Z ðu2 C v2x Þh;



(3.9)



and similarly we note that we can ﬁnd the ﬂuid velocity, fy ðy Z 0Þ Z ðKiu C U vx Þh:



(3.10)



Lastly, under the assumption that the branch line component of the solution is not present, we observe that we can write f as a linear functional of h, hx, hxx and hxxx, and we see that h, fy, f and p are all linear in the state vector (FiC1 Fi FiK1 FiK2)T. To use all of these observations, we next note that the system allows us to deﬁne an energy ﬂux (Crighton & Oswell 1991), ðN J ðx; tÞ Z Khx ht C ft fx dy C U hft ; (3.11) 0
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and since we work with time-harmonic solutions, we deﬁne an average energy ﬂux,   ðN    J ðxÞ Z Im Kh hx C U f h C f fx dy ; (3.12) 0



*



in which ($) denotes the complex conjugate. At the midpoint of a bay we can evaluate all of the functions in the mean energy ﬂux (3.12) as linear functionals of (FiC1 Fi FiK1 FiK2)T, and so we observe that conservation of energy implies the existence of a set of unitary matrices S(i), such that 0 1 0 1 FiC1 FiC1 † B B C C B Fi C B F C B C $SðiÞ $B i C (3.13) BF C BF C @ iK1 A @ iK1 A FiK2



FiK2



is independent of i away from the driven rib, which is equivalent to the statement T†i $SðiÞ $Ti Z SðiK1Þ :



(3.14)



†



(Note that ($) denotes the conjugate transpose.) When the ribs are equispaced, the matrices S(i) are constant and so the transfer matrix T preserves the Hermitian form (x,S$y). It is useful to investigate this special case. The main point to note is that if e is an eigenvector of T with eigenvalue l, then S$e is an eigenvector of T* with eigenvalue 1/l. Thus, if l is an eigenvalue of T, so is 1/l*, and if jljs1, this construction provides a pair of eigenvalues of T. This unitary structure will be exploited later. (c) Branch line contribution Observing that left multiplication by S just consists of row operations, we see ^ bc hS$Gbc has the same decay rate away from the central diagonal as Gbc. that G ^ bc is accurate, if not cheap. Thus numerical inversion of G We now have two choices. If the number of ribs is not too large we can directly ^ using LU factorization. This direct inversion is wellinvert the matrix G conditioned because we have localized the surface wave component; the surface wave inversion acts as a preconditioner for the whole system. For arrays of up to a few hundred ribs there is no need to resort to iterative methods, and so direct ^ is the best way to proceed. For longer arrays an LU factorization of the matrix G iterative scheme may be necessary, but an excessively complicated scheme should not be needed and the iteration ^ sw $FðnC1Þ Z S$h K G ^ bc $FðnÞ ; G



with Fð0Þ Z 0;



(3.15)



^ bc $FðnÞ to be a small correction. should be sufﬁcient, since we expect G This iteration also allows us to interpret results found by LU factorization; ^ sw ; the we will see later that the dominant coupling is actually contained in G most important part of the branch line contribution is contained in the line admittance G(0). Proc. R. Soc. A
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Figure 1. Plot of jFnj(u)/kFkN(u) with UZ1.1 and hZ10 for a system of 101 ribs, driven at the 51st. The horizontal axis is frequency, with a range 10K3 to 1, and the vertical axis is rib number. The mean ﬂow is from top to bottom and the branch line is included.



This idea is equivalent to the manipulation of Cooper & Crighton (1998), who took the iteration (3.15) as far as F(2). Numerically, of course, there is no reason to do this and we might as well iterate (3.15) to convergence. This iterative scheme was found to be unnecessary for the sizes of problems studied here.



4. Periodically ribbed membranes As derived above, our simplifying transformation is applicable to both periodic and aperiodic rib arrays, but for the next few sections we only consider periodic rib arrays. Suppose that the inter-rib spacing xiC1Kxi is a constant, say h. In this case the coefﬁcients ai,j in equation (3.5) and the transfer matrices Ti are found to be independent of i (and the i sufﬁxes on both these quantities will be omitted throughout the rest of §4). Similarly, the coefﬁcients ai, bi, ci and di are constant for iZ3.NK2 and will be written a, b, c and d. ^ using standard routines and the results are shown We can invert the matrix G in ﬁgure 1. We observe a very distinctive pass and stop band structure. In the pass bands the response of the system is of the same order on the whole array. In the stop bands we observe exponential decay of the response away from the driven rib. Near the ends of the array the decay does reduce to algebraic decay, Proc. R. Soc. A
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Figure 2. Plot of moduli of eigenvalues of transfer matrix of periodic system, with UZ1.1 and hZ10.



but by the ends of the array the response has decayed so much that this crossover is somewhat irrelevant (Flach 1998). We note that in the stop bands the rate of doing work at the driven rib (Im FD hD modulo constants) is zero to numerical precision. Note also the signiﬁcant upstream–downstream asymmetry. This asymmetry, although due to the mean ﬂow, is not simply controlled by the mean ﬂow. It is easy to ﬁnd parameter values at which the array response upstream of the driver is large and the array response downstream of the driver is small. This pass–stop structure can be explained by the system of equations ^ Gsw $FZ h; the branch line parts of the Green function matrix just produce a change in the quantitative response; the form of the response is controlled by the recurrence (3.5) and the endpoints of the rib array. This can be seen clearly in ﬁgure 6. We ﬁnd that of the four eigenvalues l1.4 of the transfer matrix T, jl3j[1 and jl1jz1, with jl3l4jZjl1l2jZ1. (Note that in §3b we predicted that eigenvalues off the unit circle come in pairs (l,m) such that lm*Z1; this relation was satisﬁed with an error of 10K10 at most.) In a pass band the eigenvalues l1 and l2 lie on the unit circle and move around it as the frequency is varied. When the system leaves a pass band, the two eigenvalues collide and move off the unit circle. When the system re-enters a pass band, they collide again, attach themselves to the unit circle and begin to move around it. This collision of eigenvalues on the unit circle is just a Krein crunch (Lalonde & McDuff 1997), but in the unitary group rather than the symplectic group. The eigenvalue collision can be observed in ﬁgure 2, which is a plot of jl1j and jl2j as functions of frequency. Note how closely ﬁgures 1 and 2 coincide; almost everywhere we see a localized response where the eigenvalues are off the unit circle and a delocalized response when they are on the unit circle. Proc. R. Soc. A
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It is not difﬁcult to produce an argument (Borland 1963) which suggests that eigenmodes whose eigenvalues are not on the unit circle are localized near the driven rib and endpoints of the array. Thus, only eigenmodes whose eigenvalues lie on the unit circle can pass along the whole of the array. This does not necessarily mean that they will do so with a large amplitude— we observe ‘pass bands’ in which the amplitude in the bulk of the array is less than 1% of the maximum amplitude on the array. Compare, for instance, the low-frequency regions of ﬁgures 1 and 2, where ﬁgure 2 shows that there are two eigenvalues on the unit circle, but ﬁgure 1 shows a localized response. This low-amplitude response is simply because the boundary conditions and driver conditions can be satisﬁed by the localized modes without resort to the extended modes. One other point to note is that the low-frequency re´gime of convective instability can lie within a stop band, so we get little response in the bulk of the system even though the Green function has exponential growth in space.



5. Periodically ribbed plates Since the Green function of the elastic plate under mean ﬂow is qualitatively similar to that of the elastic membrane, and the plate problem is more physically plausible, we would also like to apply these ideas to the problem of a ribbed ﬂuidloaded plate. The only complication is that we must solve for both a force and a torque on each rib, but the same ideas carry through to this more complicated problem. Assuming that the plate is clamped at each rib (Guo 1993), so that h and hx are both zero on each non-driven rib, we ﬁnd that X X hðxÞ Z Fj Gp ðx K xj Þ C Tj Gp0 ðx K xj Þ; (5.1) j



j



where Gp is the plate Green function, a prime denotes v/vx, Fj is the force on the j th rib and Tj is the torque on the j th rib. This gives us the set of equations: X X 0Z Fj Gp ðxi K xj Þ C Tj Gp0 ðxi K xj Þ; i sD; (5.2) j



1Z



X



j



Fj Gp ðxD K xj Þ C



X



j



0Z



X j



Tj Gp0 ðxD K xj Þ;



i Z D;



(5.3)



j



Fj Gp0 ðxi K xj Þ C



X



Tj Gp00 ðxi K xj Þ;



(5.4)



j



where equations (5.2) and (5.3) come from the plate displacement on the rib array and equation (5.4) comes from the clamped rib condition hx(xZxi)Z0. Proc. R. Soc. A
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We can rewrite equations (5.2)–(5.4) as a set of linear equations of the form: ! !   0 0 Gsw C Gbc Gsw C Gbc F h $ Z : (5.5) 0 0 00 00 hx T Gsw C Gbc Gsw C Gbc Next, we observe that the surface wave part of the plate Green function Gp(x) is qualitatively similar to the membrane Green function, that all the derivatives of the plate Green function have waves of the same wavelength and that the matrix S is only a function of wavelength and rib position. This means that we can apply the simplifying transformation to the plate equations by leftmultiplying equation (5.5) by ! S 0 Sp h ; (5.6) 0 S to obtain 0 @



^ bc ^ sw C G G



0 0 ^ bc ^ sw CG G



0 0 ^ bc ^ sw CG G



00 00 ^ bc ^ sw CG G



1 A$



F T



!



S$h Z



S$hx



! ;



(5.7)



0 00 ^ sw , G ^ sw ^ sw where G and G are all pentadiagonal. Neglecting the branch line contributions, we can rewrite the simpliﬁed plate equation (5.7) as a matrix of bandwidth 11, which can be cheaply and accurately solved using standard library routines. Results for the force and the torque on a ribbed plate, neglecting the branch line component of the Green function, are shown in ﬁgures 3 and 4, respectively. The frequency range shown covers the entire range of convective instability and anomalous propagation of the forced plate. We observe pass and stop band behaviour, as for the ribbed membrane, although the distinction is now much less sharp.



6. Aperiodicity on the ﬂuid-loaded membrane Most structures, of course, are not exactly periodic and have some degree of disorder. When a periodic wavebearing system becomes disordered, we expect to observe the phenomenon of Anderson localization (Anderson 1958). Generally, one expects the effect of localization to conﬁne any response of the system to the region near the driver, and in our case we expect the response of the system to be localized near the driver. ^ sw is not Hermitian. Typical Anderson models arising Note that the matrix G from quantum mechanics use Hermitian matrices. The idea that non-Hermitian Anderson models are relevant is more recent; such models appear in population biology (Nelson & Shnerb 1998) and the study of superconductors (Hatano & Nelson 1997). We note that the model of Spivack & Barbone (1994) is another non-Hermitian Anderson model. Proc. R. Soc. A
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Figure 3. Plot of jFnj(u)/kFkN(u) for a system of 101 ribs, with UZ0.05 and hZ10, driven at the 51st. The horizontal axis is frequency, with a range 10K3 to 8!10K3, and the vertical axis is rib number. The mean ﬂow is from top to bottom.



For deﬁniteness, we introduce disorder by displacing each rib from its mean position by a random amount, xi Z hði C sRi Þ;



(6.1)



where the random variables Ri are independent, each with uniform distribution on [K1,1], and s is a disorder parameter. (a) Omitting the branch line In this subsection we will neglect the branch line part of the Green function. This is not strictly necessary, and we will consider the effect of the branch line part of the Green function later. ^ sw $FZ S$h, and some It is trivial to numerically solve the linear equations G results are shown in ﬁgure 5. Figure 6 compares the response of ordered and disordered arrays, at a frequency which is in a pass band of the ordered system. Interestingly, we observe a very signiﬁcant delocalization at low frequency in ﬁgure 5; although the recurrence (3.5) allows a pass band response in the periodic system, the boundary conditions at the ends of the rib array and the driver conditions prevent any extended modes from appearing. This can be seen clearly in ﬁgure 7. A physical explanation is simple: when the system becomes aperiodic the centre of the array cannot feel these end effects, wants to propagate and can Proc. R. Soc. A
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Figure 4. Plot of jTnj(u)/kTkN(u) for a system of 101 ribs, with UZ0.05 and hZ10, driven at the 51st. The horizontal axis is frequency, with a range 10K3 to 8!10K3, and the vertical axis is rib number. The mean ﬂow is from top to bottom.



now, to some extent, do so. Although we expect the system response to become localized when the disorder is sufﬁciently large, it appears that there is a window in which disorder obscures the end effects, but is not strong enough to kill off propagation altogether. We also note that this delocalized response vanishes when we average over realizations (ﬁgure 8). This, then, is the ‘sensitivity to boundary conditions’ used by Thouless (1974) as the characteristic of extended modes. This particularly dramatic manifestation of this sensitivity does not seem to have been previously observed in studies of similar systems (Anderson 1958; Thouless 1978; Flach & Willis 1998). It is useful to introduce the Lyapunov exponents of the system (Kottos et al. 1999), which give a measure of its localization behaviour. Also, the inverse of the smallest Lyapunov exponent (in absolute value) gives a kind of localization length of the system. If we introduce an ‘end-to-end’ transfer matrix



Ttot Z



NK1 Y



Ti ;



(6.2)



iZ4



the product of the transfer matrices (3.7) of the whole system, with singular values s1,.,s4, we can deﬁne the Lyapunov exponents as Proc. R. Soc. A
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Figure 5. Plot of jFnj(u)/kFkN(u) with UZ1.1, hZ10 and sZ5%, for a system of 101 ribs, driven at the 51st. The horizontal axis is frequency, with a range 10K3 to 1, and the vertical axis is rib number. The mean ﬂow is from top to bottom and the branch line is omitted.
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Figure 6. Comparison of forces along a rib array for ordered and disordered systems, in a pass band of an ordered system (uZ0.264), all parameters as in ﬁgure 5. Proc. R. Soc. A
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Figure 7. Delocalization caused by disorder at uZ0.021, all parameters as in ﬁgure 5.



Figure 8. As ﬁgure 5, but averaged over 500 realizations.



li Z hN K1 log si i;



(6.3)



where hf i denotes an average over realizations. It is generally found that the addition of some kind of disorder to such a system causes the Lyapunov exponents to repel each other. This can be clearly Proc. R. Soc. A
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Figure 9. Plot of Lyapunov exponents for a system with UZ1.1, hZ10 and sZ0.
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Figure 10. Plot of Lyapunov exponents for a system with UZ1.1, hZ10 and sZ5%.



seen by comparing ﬁgures 9 and 10, which show the Lyapunov exponents as functions of frequency for the same parameter values as ﬁgures 1 and 5, respectively. Nevertheless, even with this repulsive effect, we see that as the disorder is introduced, there are frequency intervals in which the smallest Lyapunov exponents remain very small. This means that the system is still able Proc. R. Soc. A
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Figure 11. Comparison of localization with branch line part included and omitted, in the pass band of an ordered system (uZ0.78), with UZ1.1, hZ10, sZ5%. Average over 500 realizations.



to propagate signals even when disordered. In these re´gimes the effect of disorder is simply to obscure the end effects, which, in this system, can allow a signal to propagate, as seen in ﬁgure 7. (b) Branch line contribution Numerically, it is simple to include the branch line part of the Green function when solving the disordered system. Averaging over realizations, we obtain a result much the same as ﬁgure 8. The effect of the branch line part tends to decrease the amount of localization attained, sometimes quite drastically, but to understand the qualitative response of the system it sufﬁces to consider the Green function with the branch line omitted. We see the effect of the branch line component on localization in ﬁgure 11. While we obtain true exponential localization in the far ﬁeld without the branch line component, when we include the branch line component, the far-ﬁeld behaviour becomes algebraic. This behaviour is also found in the zero mean ﬂow problem (Cooper & Crighton 1999). 7. Discussion The pass and stop band structures found when the ﬂuid is taken to be static are shown to persist as the mean ﬂow speed is increased from zero. We see strong asymmetries at low frequency, when the effect of the ﬂuid loading is important. An interesting result is that the branch line part of the membrane Green function has little qualitative effect on the response of the system at the ﬂow speeds in which we are interested. It becomes more signiﬁcant when the system is Proc. R. Soc. A
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disordered, although to obtain a qualitative understanding it sufﬁces to restrict attention to the surface wave parts of the Green function. One other point to note is that the Green function grows exponentially downstream at sufﬁciently low frequencies when UO1. Thus, it is not immediately obvious that the inﬁnite rib array problem of Crighton (1984) is well deﬁned, and we must consider the ﬁnite array problem. Another point to note is that the inﬁnite array problem can only be thought of as a model of the start-up of forcing, when reﬂections from the ends of the array have not yet returned to the driver. We only have the Green function in the long-time limit, so we can only consider a fully developed solution and thus, necessarily, a ﬁnite array. Finally, we observe that we have a complete description of the response of a ribbed ﬂuid-loaded elastic plate or membrane in the time-harmonic steady state. In passing, we have derived a means to produce similar results in any one-dimensional wavebearing system, and we see that this work could be trivially extended to consider, say, a ribbed elastic cylinder (Peake 1997; Photiadis & Houston 1999). The next major part of this problem is to study the transient response to the switch-on of forcing, which would allow us to investigate the absolutely unstable parameter re´gime. The author gratefully acknowledges the ﬁnancial support of the Engineering and Physical Sciences Research Council, BAE Systems, the ONR and the Isaac Newton Trust.



References Anderson, P. W. 1958 Absence of diffusion in certain random lattices. Phys. Rev. 109, 1492–1505. Borland, R. E. 1963 The nature of the electronic states in disordered one-dimensional systems. Proc. R. Soc. A 274, 529–545. Cook, P. D. 1998 Wave transmission along a ribbed ﬂuid-loaded membrane. Ph.D. thesis, University of Cambridge. Cooper, A. J. & Crighton, D. G. 1998 Transmission of energy down periodically ribbed elastic structures under ﬂuid loading: algebraic decay in the stop bands. Proc. R. Soc. A 454, 1337–1355. Cooper, A. J. & Crighton, D. G. 1999 Response of irregularly ribbed elastic structures, under ﬂuid loading, to localized excitation. Proc. R. Soc. A 455, 1083–1105. Crighton, D. G. 1984 Transmission of energy down periodically ribbed structures under ﬂuid loading. Proc. R. Soc. A 394, 405–436. Crighton, D. G. & Oswell, J. E. 1991 Fluid loading with mean ﬂow. I. Response of an elastic plate to localized excitation. Phil. Trans. R. Soc. A 335, 557–592. Flach, S. 1998 Breathers on lattices with long range coupling. Phys. Rev. E 58(4), R4116–R4119. Flach, S. & Willis, C. R. 1998 Discrete breathers. Phys. Rep. 295(5), 182–264. Guo, Y. P. 1993 Effects of structural joints on sound scattering. J. Acoust. Soc. Am. 93(2), 857–863. Hatano, N. & Nelson, D. R. 1997 Vortex pinning and non-Hermitian quantum mechanics. Phys. Rev. B 56(14), 8651–8673. Kelbert, M. & Sazonov, I. 1996 Pulses and other wave processes in ﬂuids. Modern approaches in geophysics. Dordrecht: Kluwer Academic Publishers. Kottos, T., Izrailev, F. M. & Politi, A. 1999 Finite-length Lyapunov exponents and conductance for quasi-1D disordered solids. Physica 131D, 155–169. Lalonde, F. & McDuff, D. 1997 Positive paths in the linear symplectic group. Geometry and singularity theory, Arnold–Gelfand mathematical seminars (ed. V. I. Arnold, I. M. Gelfand & V. S. Retakh). Basel: Birkha¨user. Proc. R. Soc. A



Ribbed elastic structures



19



Nelson, D. R. & Shnerb, N. M. 1998 Non-Hermitian localization and population biology. Phys. Rev. E 58, 1383–1403. Peake, N. 1997 On the behaviour of a ﬂuid loaded cylindrical shell with mean ﬂow. J. Fluid Mech. 338, 387–410. Photiadis, D. M. & Houston, B. H. 1999 Anderson localization of vibration on a framed cylindrical shell. J. Acoust. Soc. Am. 106(3), 1377–1391. Spivack, M. 1991 Wave propagation in ﬁnite periodically ribbed structures. Proc. R. Soc. A 435, 615–634. Spivack, M. & Barbone, P. E. 1994 Disorder and localisation in ribbed structures with ﬂuid loading. Proc. R. Soc. A 444, 73–89. Thouless, D. J. 1974 Electrons in disordered systems and the theory of localization. Phys. Rep. 13(3), 93–142. Thouless, D. J. 1978 Percolation and localization. In Ill-condensed matter (ed. R. Balian, R. Maynard & G. Toulouse), p.25. Amsterdam: North-Holland.



Proc. R. Soc. A



























[image: Hierarchical structures in a turbulent free shear flow]
Hierarchical structures in a turbulent free shear flow












[image: pdf-1295\regularity-theory-for-mean-curvature-flow-by ...]
pdf-1295\regularity-theory-for-mean-curvature-flow-by ...












[image: On the horizontal mean curvature flow for axisymmetric ...]
On the horizontal mean curvature flow for axisymmetric ...












[image: pdf-1294\regularity-theory-for-mean-curvature-flow ...]
pdf-1294\regularity-theory-for-mean-curvature-flow ...












[image: The mean curvature integral is invariant under bending ...]
The mean curvature integral is invariant under bending ...












[image: Yield of tomato grown under continuous-flow drip ...]
Yield of tomato grown under continuous-flow drip ...












[image: Queueing behavior under flow control at the subscriber ...]
Queueing behavior under flow control at the subscriber ...












[image: Yield of tomato grown under continuous-flow drip ...]
Yield of tomato grown under continuous-flow drip ...












[image: Probabilistic LMP Forecasting under AC Optimal Power Flow Framework]
Probabilistic LMP Forecasting under AC Optimal Power Flow Framework












[image: Queueing behavior under flow control at the subscriber-to-network ...]
Queueing behavior under flow control at the subscriber-to-network ...












[image: Elastic Remote Methods - KR Jayaram]
Elastic Remote Methods - KR Jayaram












[image: Elastic Remote Methods]
Elastic Remote Methods












[image: Elastic Remote Methods]
Elastic Remote Methods












[image: A Linear 3D Elastic Segmentation Model for Vector ...]
A Linear 3D Elastic Segmentation Model for Vector ...












[image: Existence of phase-locking in the Kuramoto system under mean-field ...]
Existence of phase-locking in the Kuramoto system under mean-field ...












[image: A Night under the Stars]
A Night under the Stars












[image: A Night under the Stars]
A Night under the Stars












[image: AGILE: elastic distributed resource scaling for Infrastructure-as-a-Service]
AGILE: elastic distributed resource scaling for Infrastructure-as-a-Service












[image: A Discontinuous Galerkin Scheme for Elastic Waves ...]
A Discontinuous Galerkin Scheme for Elastic Waves ...












[image: A comprehensive method for the elastic calculation of ...]
A comprehensive method for the elastic calculation of ...















Ribbed elastic structures under a mean flow






systems. When the rib array becomes non-equispaced the pass bands are destroyed ...... Research Council, BAE Systems, the ONR and the Isaac Newton Trust. 






 Download PDF 



















 1MB Sizes
 4 Downloads
 189 Views








 Report























Recommend Documents







[image: alt]





Hierarchical structures in a turbulent free shear flow 

(m s. â€“1. ) U (x = 300 mm). U (x = 400 mm). U (x = 500 mm) y (mm). Figure 2. ..... Shen & Warhaft (2002), a cylinder wake flow result by Bi & Wei (2003), and a.














[image: alt]





pdf-1295\regularity-theory-for-mean-curvature-flow-by ... 

pdf-1295\regularity-theory-for-mean-curvature-flow-by-klaus-ecker.pdf. pdf-1295\regularity-theory-for-mean-curvature-flow-by-klaus-ecker.pdf. Open. Extract.














[image: alt]





On the horizontal mean curvature flow for axisymmetric ... 

Aug 7, 2013 - We study the horizontal mean curvature flow in the Heisenberg group by using the level- set method. We prove the uniqueness, existence and stability of axisymmetric viscosity solutions of the level-set equation. An explicit solution is 














[image: alt]





pdf-1294\regularity-theory-for-mean-curvature-flow ... 

Connect more apps... Try one of the apps below to open or edit this item. pdf-1294\regularity-theory-for-mean-curvature-flow-by-klaus-ecker-birkhauser.pdf.














[image: alt]





The mean curvature integral is invariant under bending ... 

The author would like to thank Dick Canary, Ed Taylor, and Brian Bowditch for ...... Rob Kirby, Frances Kirwan, Dieter Kotschick, Peter Kronheimer, Ib Madsen,.














[image: alt]





Yield of tomato grown under continuous-flow drip ... 

flow rate was nine drops of water per minute (0.03 l/h) for tomato used as test crop. The ... The continuous-flow drip schedule offered water savings of about 42.3 ... continuous-flow drip irrigation system in delivering high crop yields especially i














[image: alt]





Queueing behavior under flow control at the subscriber ... 

University of Califomia, Los Angeles, Los Angeles, CA 90024. Abstract. A Credit Manager .... analyze the stochastic behavior of the system under the flow control ...














[image: alt]





Yield of tomato grown under continuous-flow drip ... 

affordable micro irrigation technology (AMIT) currently being promoted by ... the crop root zone near field capacity all through the growth season. The design .... filter adapted from automobile fuel filter inserted along ..... indicate the degree of














[image: alt]





Probabilistic LMP Forecasting under AC Optimal Power Flow Framework 

segment i is considered to be a straight (linear) line, with slope ai and intercept bi. The LMPâ€“load curve is extended to include two extra segments in Fig. 2.














[image: alt]





Queueing behavior under flow control at the subscriber-to-network ... 

1. Introduction. For many communication networks, conventional end-to-end window flow control schemes ... and the statistical variations of the mixed-services.














[image: alt]





Elastic Remote Methods - KR Jayaram 

optimize the performance of new or existing distributed applications while de- ploying or moving them to the cloud, engineering robust elasticity management components is essential. This is especially vital for applications that do not fit the progra














[image: alt]





Elastic Remote Methods 

Elasticity, the key driver of cloud computing, is the ability of a distributed ... virtualized storage (e.g., Amazon Elastic Block Store (EBS)) in a way that is ag- ...... oracle; and the number of nodes required to meet a desired QoS (throughput,.














[image: alt]





Elastic Remote Methods 

Explicit Elasticity, on the other hand, is typically associated with Infrastructure- ..... greedy bin-packing approximation algorithm (See http://en.wikipedia.org/wiki/.














[image: alt]





A Linear 3D Elastic Segmentation Model for Vector ... 

Mar 7, 2007 - from a databank. .... We assume that a bounded lipschitzian open domain. O of IR3 ... MR volume data set according to the Gradient Vector.














[image: alt]





Existence of phase-locking in the Kuramoto system under mean-field ... 

under mean-field feedback and we show how, generically, the â€œstandardâ€� (with zero feedback gain) Kuramoto fixed point equation is locally invertible in terms of ...














[image: alt]





A Night under the Stars 

May 29, 2015 - Guest pass procedures will be available at the time of ticket sales. Please remember tickets are not refundable and are nontransferable.














[image: alt]





A Night under the Stars 

May 29, 2015 - 7:00pm-Midnight. River Stone Manor, Glenville, New York. Attendance Policy. We realize that school is in session on May 29 and, therefore, want to stress the importance of attending school for the duration of the day. There is a possib














[image: alt]





AGILE: elastic distributed resource scaling for Infrastructure-as-a-Service 

Elastic resource provisioning is one of the most attractive ... provide the same replicated service. ..... VM, causing duplicate network packets and application.














[image: alt]





A Discontinuous Galerkin Scheme for Elastic Waves ... 

Two discontinuous Galerkin schemes for linear elastic waves in two and three dimen- sions with ...... The third file contains a list of boundary edges, defined by.














[image: alt]





A comprehensive method for the elastic calculation of ... 

The elastic-contact hypothesis takes into account the existence of contact .... in the most unfavourable cases, checking an area D/8 wide (where D is the diameter of the wheel) on each ..... the 8th international wheelset congress 1 II.4 1-15.


























×
Report Ribbed elastic structures under a mean flow





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Sign In






Email




Password







 Remember Password 
Forgot Password?




Sign In



















Information

	About Us
	Privacy Policy
	Terms and Service
	Copyright
	Contact Us





Follow us

	

 Facebook


	

 Twitter


	

 Google Plus







Newsletter























Copyright © 2024 P.PDFKUL.COM. All rights reserved.
















