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ABSTRACT

A numerical method is developed which can simulate the interaction between a finite compliant panel and
an unsteady potential flow. A boundary-element technique yields the flow solution whilst finite-differences
are used to solve the wall dynamics; these are then coupled to generate a fully interactive wall/flow system.
Thus, the evolution of any wall disturbance can be followed. Parallel computing is appropriately employed
and a stability investigation of a realistic compliant panel is carried out. Three-dimensional flexural waves
are found below a critical flow speed whilst beyond this threshold, essentially two-dimensional unstable
divergence waves are found. The form of divergence shows good agreement with that seen in experimental
studies. The versatility of this new method will permit the investigation of a wide variety of single- and
multi-panel configurations subject to different forms of excitation.

KEY WOrRDS Compliant wall Hydroelastic stability Boundary-clement method CFD  Parallel computing

INTRODUCTION

The interaction between a boundary-layer flow and a passive compliant wall can produce a
delay in laminar-to-turbulent transition. This has been shown theoretically by Carpenter and
Garrad!, Yeo?? and Carpenter and Morris*. The successful experimental work of Daniel
et al.’, Gaster® and Willis” demonstrated that wall compliance reduced the growth rates of the
Tollmien—Schlichting (T—S) waves thereby extending the linear part of the transition length.
This effect can be exploited to yield valuable reductions to the skin-friction drag of marine
vehicles. Recent work on compliant walls optimised for transition delay®?® suggest that a 60%
reduction to the skin-friction drag of a small submersible is achievable. The key to designing
useful compliant walls lies in giving proper consideration to all of the instabilities which might
exist within the wall/flow system. The introduction of compliance serves to attenuate the T-S
waves but renders the system susceptible to hydroelastic instabilities. Lucey et al.® have shown
one of these wall-based instabilities could have accounted for the dramatic breakdown of the
flow over the softer compliant walls recorded in the aforementioned experimental work.

The two most important hydroelastic instabilities, which can be considered to be wall-based,
are travelling-wave flutter (TWF) and divergence. The mechanisms underlying these instabilities
(and that of the T—S waves) are discussed in Carpenter!!. For convenience a brief description
is included here. TWF is a conventional wall wave which may grow as it travels downstream
due to an irreversible energy transfer from the fluid flow into the wall. It is the presence of a
boundary layer which introduces this type of energy transfer by effectively applying a phase shift
to the pressure forces as they are transmitted to the wall from the outer potential flow. Like the
T-S waves, this is a convective instability—it grows as it travels downstream from some initial
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538 A.D. LUCEY AND P. W. CARPENTER

disturbance. Divergence instability is essentially a result of the interaction between conservative
wall and fluid forces, the latter obtaining from disturbances to the flow outside of the boundary
layer. In simple terms, then, when the hydrodynamic stiffness due to a wall disturbance exceeds
the structural restorative forces in the wall, divergence ensues. Experimental evidence of
divergence'2~14 shows it to be a slow downstream-travelling wave. However, a two-dimensional
analysis of Carpenter and Garrad!® has shown that this wave has zero group velocity. This
implies that it is an absolute instability which would evidence growth at all locations of the
compliant wall. Confirmation of this character, for the two-dimensional study, has been provided
by the numerical simulations of Lucey and Carpenter'® which show the spread of the instability
in both upstream and downstream directions from a location of initial excitation. Given this
absolute character, it is essential that compliant walls are designed to be divergence free. The
present paper sets out to further our understanding of divergence instability. In particular, we
use suitable numerical methods to study the divergence of a finite compliant panel for which
the three-dimensionality of disturbances and panel-edge effects are expected to be important.

A method is therefore developed which can simulate the response of a finite compliant panel
to an unsteady incompressible potential flow. A boundary-element method provides the flow
solution which is then coupled to a finite-difference representation of wall mechanics. The
wall/flow system is solved globally; this approach is essential given the absolute nature of
divergence instability. A semi-implicit numerical scheme is employed for the time-stepping so
that numerical phase shifts are minimized—the presence of this type of phase shift could be
manifest as an artificial transfer of energy between the wall and flow. In effect, the philosophy
follows that employed in the two-dimensional simulations of Lucey and Carpenter'S. However,
the three-dimensional work presented here is computationally far more demanding. To meet
these needs, parallel computing is used with the solution algorithms tailored to exploit the
architecture of the distributed-array processor. The resulting computer code offers a versatile
means to follow the development of the wall/flow system and to determine the onset flow speeds
of divergence instability for a variety of compliant-panel configurations. In contrast to a classical
approach to the hydroelastic analysis of flexible panels!”~29, the disturbance form is completely
arbitrary. Moreover, the present method allows different means of initial excitation of the wall
to be investigated.

The assumption of purely potential flow is suitable for the prediction of divergence instability
but precludes the existence of TWF. Nevertheless, the numerical simulations are able to model
the flexural waves that support TWF and which are modified both by the hydrodynamic forces
that originate beyond the boundary layer, and by the presence of panel edges. The present model
captures the primary response of the compliant wall; future work can build on this model most
particularly through the incorporation of a boundary layer. In all of the following a plate-spring
model of a single compliant panel is used. It should be remarked that the methodology is
applicable to other types of compliant wall provided that a suitable wall solution is available.
Additionally the present work may easily be extended to model the arrays of compliant panels
that will undoubtedly be used in practical applications.

MATHEMATICAL MODEL

The type of wall used in the present model was developed in Reference 1 to model the coatings
used in Kramer’s?! pioneering experimental work. It consists of an isotropic flexible plate
supported by a uniformly-distributed spring foundation and may include conventional damping,
In-plane forces are neglected. This type of compliant-wall structure is illustrated in Figure 1
along with the co-ordinate system used in the following work and the direction of flow. The
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Figure | Schematic of the compliant panel showing the discretization into panel-elements

equation of motion, for vertical deflections of the wall, w(x, y, t), is:
P + do + [BV2V2 + Kg]w = —dp(W, W, w) (1)

where p,, and h are the density and thickness of the flexible plate, d is a damping coefficient and
K is an equivalent spring stiffness which combines the effects of the foundation springs and
body forces. The hydrodynamic pressure due to the wall disturbance is given by dp. Dot notation
indicates differentiation with respect to time. The plate flexural rigidity, B, and the biharmonic
operator are, respectively, defined by:

o4 o4 ot ]

B=—ih3— [V2V2]E[—+2—+—
12(1 —v?y ox*  Toxtoy? oyt
where E and v are the elastic modulus and Poisson ratio of the plate. Other types of compliant
wall can be modelled by choosing an appropriate differential operator (in (1)) for the wall
restorative stiffness; these forms are discussed in Dowell?2,

To evaluate the driving hydrodynamic pressure perturbations seen on the right-hand side of
(1), it is necessary to solve the Laplace equation subject to the no-flux condition at the wall/fluid
interface. Previous methods of solution!®-2° have represented the surface deformation as a
collection of orthogonal modes in order to render the problem tractable. For a finite panel with
hinged edges, Lucey and Carpenter? used the simple form:

w(x, y,t) =exp(iot) ¥ Y. Aysin(knx/a)sin(iry/b) 2)
k=11=1

where a and b are the panel dimensions, w is the complex angular frequency and 4, is the
(complex) intensity of the mode with numbers {k, 1}. The flow solution can be found, for example,
using thin-aerofoil theory and the system problem, represented by (1), solved using a Galerkin
method to yield global predictions of the wall behaviour. It should be noted that in the practical
implementation of this type of approach, the Fourier expansion of the wall disturbance is severely
truncated or restricted to a, usually small, finite number of selected modes.

NUMERICAL MODEL

To proceed with the numerical modelling of the system, the flexible surface is discretized into
an array of panel-elements as shown in Figure I; the mesh-line numbering and panel notation
used below are included in this Figure. Mass-points are located at the intersection of mesh lines
for the finite-difference scheme representation of the wall mechanics.
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Wall mechanics

A pair of suitable basis equations, together with the finite-difference form of (1), for an implicit
solution are written as:

wif ¥ = wi; + (8t/2)(W; + Wi (3a)
Wi = o, + (St/2)(W, + Wi (3b)
1
Wi = — _h{dw:.;"‘ + [BV2V2 + K Jwij % + Spy(w' oo witén} (3c)

m

Structural coupling of mass points occurs through the biharmonic operator which, using centred
differences, is given by:

[V2V2]w;; = (6/6x* + 8/(6xdy)* + 6/y*)w;; +
4(1/6x* + 1/(6x0y)*)(Wiey,j + Wis 1)) +
4(1/6y* + 1/(6x6y)*)(Wij—1 + Wije1) —
(1/0x*) (Wi 3,5+ Wiv2,5) — (1/0y*) (Wi oz + Wija2) +
(2/(6x3yY)(Wi-1,5-1 + Wirr,j-1 + Wimr i1 + Wis1j+1)

where dx and Jy are the mesh-line spacings. Here, for convenience, we have assumed a uniform
mesh. The hinged-edges of the compliant panel are modelled by enforcing the conditions of zero
deflection and zero turning moment along the edges. In discretized form, then:

Wo = Wio=Wy;=wy=0

and
woy;=2(1+ v/k®)wo; — (v/k2)(Wo -1 + Wo j+1) = Wy forj=—1,0,1,....N,N + 1
Wi o1 =2(1 4+ vkH)w; o — (VKB (Wim 1.0 + Wi 1.0) — Wi fori=—1,0,1,...,.M,M + 1

Wara1,5 = 2(1 + v/K2) Wy j — (v/K2)Wpp joq + Wagje1) — Way—1; fOrj=—1,0,1,...,N,N + 1
Wine1 =2(1 + ve2)wy — (WD) (Wim g x + Wig1n) — Win—1 fori= —1,0,1,....,.M,M + 1

where k = dx2/5y*. The above forms of the biharmonic operator and the edge conditions
necessitate the introduction of a set of ‘dummy’ points located around the compliant panel and
defined by the mesh lines, i= —1,j= -1, i=M+landj=N + 1.

For the compliant-panel motion in the absence of a fluid, then 6p;; = 0 and (3) can be solved
using Gauss—Seidel sweeps to track the free-wave behaviour of the panel after an initial
perturbation from its equilibrium position in the plane z = 0. The iteration procedure for each
time step is complete when convergence has been reached for all of w;;, ¥;; and W;;.

Fluid mechanics

To model the interactive wall/flow system, a suitable form for the perturbation pressure, ép;j,
needs to be found. The M x N array of panel-elements, seen in Figure 1, is used to construct a
boundary-element solution. Following the methods of Hess and Smith?4, each panel-element is
assigned a source strength, gy;, the value of which is determined by applying the condition of
zero flux at the surface. This boundary condition can be written as:

M N
27[0';] + Z z amnIijmn + Uoo'nij = llf,- (4)
oty
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where the source-strength influence coefficients are given by the surface integral:

1
| jmn = — ]dS
’ p:':"r'x[el anu(lru mnl)

In the above equations, r;; is the vector descrlbmg the control point (in this application, the
centre) of panel-element ij, n;; is the unit vector normal to panel-element ij and u}; is its velocity
in this direction. The vector r,,,,, varies through all surface locations of the panel-element mn for
the integration. For a given surface deformation and surface-velocity distribution, the linear
system of equations (defined by (4)) can be solved to yield the source-sink strengths. Thereafter,
the values of perturbation-velocity potential at each panel-element control point can be evaluated.

The above method is able to cope with non-linear wall disturbances; but, the full non-linear
version has only been computer coded for the case of static deflections. In fact, we are interested
in the dynamic behaviour of the wall/flow system; the changing geometry of the wall with time
means that at each iteration of each time-step, the influence coefficients might need to be
re-calculated. This computationally expensive procedure has led us to develop a faster method
of flow solution but which is restricted to small (i.e. linear) disturbances of the compliant wall.
This approximate method stipulates that the infiuence coefficients remain in the undisturbed
plane, z = 0, and that the source-sink strengths of a particular panel-element are solely dependent
upon its deflection. The second condition decouples (4), leading to the simple determination of
source strengths:

oi(w, W) = —;;(Ucoa,-j(w) + ug(W)) (5)

where a;; is the panel-element angle of slope relative to the x-axis and u}; is the vertical velocity
of the panel control point. The accuracy of this approximate method has been improved by
incorporating a linear variation to the steady part of the source strength seen in (5). Thus,
solutions for the velocity-perturbation potential and the x-direction tangential velocity at the
control points take the forms:

M N
Z Z amn umn uii= Z Z {Gmnlngm + )'mnIiJmn} (6aab)
m=1n=1 m=1n=1
where 2., 1s the coefficient of the linear-variation of source strength on panel-element mn and
1§ 150, and If,, are sets of geometry-dependent influence coefficients. It is emphasized that
all of these influence coefficients are evaluated for the compliant panel in the undisturbed position
and remain unchanged throughout the motion of the wall/flow interface. Thus, they need only
be calculated once—before the finite-difference solution for the system is initiated. This linear
variant of the boundary-element method has been tested against the non-linear method described
above for a static deflection and been shown to give acceptable agreement provided that
disturbance amplitudes remain within 1% of the wavelength of a sinusoidal-type disturbance.
The pressure perturbations at the panel-element control points can now be found using a
discretized form of the linearized unsteady Bernoulli equation:

00;;
opij= —pUuy;— p_ﬁt—J (7)

where p is the fluid density. It can be seen that upon substituting for u;; and @;; using (6) (and
noting the functional dependence of o;; in (5)), the pressure perturbation takes the form:

0pi;(W, o, w) = 8py, (W) + Opyy, (W) + dps: (W) + dps;, (W) (8)
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This decomposition of the unsteady pressure illustrates the presence of hydrodynamic inertia
(w-dependent terms), damping (w-dependent terms) and stiffness (w-dependent terms) in the
fluid forcing. The absence of suffices in the arguments above indicates that the variable value
at every mass-point is required for the function evaluation.

Solution of the coupled wall/flow system

The wall and flow solutions are coupled by introducing the pressure perturbations, (8), into
the finite-difference equations which describe the wall motion. The above perturbation pressures
have been evaluated at the panel-element control points; simple averaging of the values at the
four panel-elements surrounding a mass-point yields the appropriate value at the mass point.
Having carried out this averaging and written the form of dpy, (W) explicitly (using (5) and (6a)),
the acceleration equation, (3c), becomes:

-t 43t + P Mil Nt {(I?;mn + I?-fl,jmn + Ilg?j+l.mn + I:'D+l.j+l.mn) x

Wij
27'Epmh m=1n=1 4

=t +35t w43t ot + 4t wt+ 5t
(wm—l.n—l + wm,n—l + Wm-l,n + Wm,n

4

} — F'_j(wﬁét, W:+ax) (9)

where:

1
Fy(wto ity = — —l—{dw:.;"")[szvz + Kglwi® +
1

m

Opy, (W) + Opsz, (W) + ps1, (W)}
wt+ 38t

This represents a linear system of equations, order (M — 1) x (N — 1), for the unknowns, W};
which can be written in the form:

Gijmnw:ntual = FU(W|+61, wl+61) (10)

where the matrix G, (i,m: 1 > (M — 1) and j,n: 1 - (N — 1)) has elements comprising the
influence coefficients I}, which are solely geometry dependent and, in the linear boundary-
element method, remain unchanged throughout the evolution of wall disturbances. The matrix
can thus be assembled, inverted and stored before the solution procedure is initiated. Once the
wall/system solution is underway the inverted matrix can be invoked to solve (10) at the
appropriate point of the iteration cycle which continues to be represented by (3). In the present
method, it has been found sufficient to use the mass-point deflections and velocities at the start
of the time-step when evaluating the pressure terms in the column vector, F;;, of (10). This yields
substantial savings in computational time without noticeably compromising the accuracy of the
solution; for this reason, we describe the solution procedure as semi-implicit.

APPLICATION OF PARALLEL COMPUTING

The methods described above are ideally suited to parallel processing. The array of panel elements
seen in Figure 1 is mapped onto the basic array of a distributed-array processor (DAP). The
parallel computations were carried out on a SUN4/AMT DAP510. This is a SIMD
mini-supercomputer system. Thus, a set of influence coefficients associated with a particular
panel-element, ij, due to the influence of all the remaining panel-elements can be calculated in
a single operation. Of greater importance is the repeated calculation, as the wall deflection
evolves, of all of the source strengths, (5), and the evaluation of velocity-perturbation potential,
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(6a), and tangential perturbation velocity, (6b), at a particular panel; these, too, reduce to single
operations. In addition, the execution of the finite-difference solution for the wall/flow system,
can be substantially expedited. In each of (3a) and (3b), concurrent calculation at every
mass-point is carried out rather than sweeping through the array of panel-elements. These
equations are naturally two-dimensional whereas (9) and (10) are essentially four-dimensional
owing to the presence of expressions such as If,,,. For large mesh sizes this leads to enormous
storage requirements both for all three sets of influence coefficients and the inverted matrix,
G i Tequired to solve (10). We have therefore sought to couch these parts of the procedure in
a two-dimensional form appropriate to the DAP and reduce memory requirements.

Reduced memory requirements for influence coefficients

In our applications we choose to use uniform discretizations of the compliant panel that give
arrays of identical panel elements. This approach is adopted because the wall motion is allowed
to evolve freely; to use mesh-refinement techniques in particular regions would require knowledge
of the wall behaviour in advance. The use of a single size of panel-element allows symmetries of
the influence-coefficient matrices to be exploited.

The array of panel-elements, size M x N, is mapped onto the basic array of the DAP, and
taken to be located in A(,, 1, 1) as shown in the schematic (Figure 2). A discretization comprising
identically-sized panel elements but having an array of dimensions (2M — 1) x (2N — 1) is then
set up. This occupies four basic arrays of the DAP, again as shown in Figure 2. A key panel-element,
located at A(M, N, 1, 1) is chosen and the coefficients for this one panel-element obtaining from
the influence of all of the (2M — 1) x (2N — 1) panel-elements evaluated and stored. This larger
single, two-dimensional, array of influence coefficients then includes sets of influence coefficients
appropriate to every panel-element existing on the actual compliant panel. The set of influence
coefficients relevant to a particular panel-element, ij, can be obtained by shifting the larger array
so that the key panel-element is coincident with the particular panel-element and selecting the
array elements that now fall within the boundaries of the array of actual panel-elements; this
process is illustrated in Figure 2b. Using this technique, each four-dimensional array of size
M x N x M x N is reduced to a two-dimensional array of size (2M — 1) x (2N — 1). The
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Figure2 Schematic of the DAP processor arrays used in the calculation of influence coefficients. (a) Set-up for calculation

of all influence coefficients and selection of influence coefficients for the particular panel-element, MN. (b) Shifted large

array for the selection of influence coefficients for panel-element, ij. @, Key panel-clement; ——, array containing actual
panel elements; —-—, large array containing all influence coefficients
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availability on the DAP of implicit functions such as array-shift and ‘equivalence’ (identifying
the four basic arrays with the larger array seen in Figure 2a) makes the implementation of this
technique on the DAP relatively simple.

Alternative solution of the acceleration equation

For large mesh sizes, it is desirable to avoid the storage (or repeated reading-in) of the matrix
G,-},,},, required to solve (10) at every iteration of each time-step. What follows is an alternative
method to cope with this stage of the iteration cycle. The inertial side of the system of equations,
(9), is first simplified by partial decoupling. An ‘internal’ mesh is used to generate the
hydrodynamic inertia term, dpy, (W), in (8). Relative to the mesh seen in Figure 1, this new mesh
is defined by the lines: i = 1/2,3/2,...,(M — 1/2) with j =1/2,3/2,...,(N ~ 1/2). Evidently,
the ensuing panel-elements are of identical size and relative position to the original set. There
is, therefore, no need to calculate a new set of the appropriate influence coefficients, If},,,. This
internal set of panel elements has its control points coincident with the mass points and thus

(9) takes the simpler form:
M—-1N-1
I, o, -t+6x — F, wt+6x, wr-h!t) (11)
21rp hm=1n=1 J g

pitoe 4

From a physical consideration of the hydrodynamic inertia, it is known that the dominant
coefficients of the left-hand side, when written in matrix form, lie in the leading diagonal.
Equation(s) (11) are then solved through re-writing:

Gt = — (P/27ph) YN i i Donm ity L Eimn Wi (12)
ij 1+ (p/2ﬂpmh)1uu

where (n) is the iteration number for this procedure. At each iteration (12) is used for a sweep
through the panel-elements. As they become available in the course of this sweep, updated values
of W%, (i.e. with (n + 1) replacing (n) on the right-hand side) are used in the summation seen
above. The above procedure may be recognized as a Gauss—Seidel method with pivoting. It is
noted that, for each value of ij, the right-hand side of (12) can be calculated in a single parallel
operation. Used in tandem with the memory-saving technique described above, the procedure
only utilises arrays that match the basic array size of the DAP. Of course, the savings in storage
that this method achieves are bought by increased computational time when compared to the
direct method of solving (10) using matrix inversion. However, for large mesh sizes the use of
the direct method would require external storage of the inverted matrix and the repeated
conversion of data type between host and DAP entry program would result in massive increases
to the program run time. Lastly, it is noted that the use of an internal mesh does not fully
capture the hydrodynamic inertia of the dynamic system since the contribution of the set of “half
panel-elements’ adjacent to the compliant-panel edges has been neglected. When this alternative
method is appropriately used (for the larger mesh sizes), this error becomes negligible.

RESULTS

In order to investigate the behaviour of the interactive wall/flow model, an initial perturbation
from the equilibrium position is required. This might take the form of a localised disturbance
of the wall position, an isolated pressure pulse or a pressure pulse travelling in the flow. For
the purposes of testing the model, we will initiate the wall motion by imposing a deflection and
releasing the wall at time ¢t = 0. A pressure-pulse excitation is included in the further results
which follow the testing.
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Model testing

Before undertaking any ‘numerical experiments’, it is necessary to validate the response
predictions of the present model. Comparison is made with the semi-analytical modal study of
Lucey and Carpenter?® which was, in part, summarized above under the heading Mathematical
Model. Thus, we have used the spatially dependent part of (2) to define an initial displacement.
Through-out this sub-section the data used has that: h =001m, B = 4904 Nm, K =0,
P = 2600kg/m3 and p = 1000 kg/m?3. Furthermore, wall damping is absent.

Figure 3 shows the response of a panel with dimensions, a = b = 1.0 m, at different flow speeds
after an initial deflection given by (2) using only the fundamental mode (k =1 = 1) and with
A, = 0.002 m. The time-steps are of size 10~* sec and approximately six iterations are required
before convergence is achieved at each time-step. Figures 3a, 3b and 3¢ respectively show the
deflection of the panel mid-point, wss, with the passage of time for the flow speeds U, = 10,
40 and 50m/sec. Figures 3d (U, = 10m/sec), 3¢ (U, =40m/sec) and 3f with 3g
(U, = 50 m/sec) are “snapshots’ of the complete compliant panel at the indicated times, ¢, after
the initial perturbation. At 10 m/sec sub-critical oscillatory behaviour is seen whilst at the higher,
post-critical flow speeds, divergence instability is manifest. It is noted that divergence takes the
form of a downstream-travelling wave rather than the truly static instability predicted by
standing-wave methods!®-2%23 In Figure 4 the sub-critical angular frequencies of oscillation
(w,) and post-critical growth rates (—w;) obtained using the present model are compared with
those found using a single (fundamental) mode analysis. This Figure also gives an indication of
the necessary resolution of wall disturbances in the numerical model in order to determine the
divergence-onset flow speed accurately. It must be remarked that this comparison of methods
is not entirely appropriate since the standing-wave model has been constrained to a single mode.
Whilst the present method reproduces essentially single-mode behaviour at relatively low flow
speeds (Figures 3a and 3d) and exactly at divergence onset, it can be seen from Figures 3e, 3f
and 3g that other modes have entered the solution in a natural manner. It is thus immediately
obvious that the present method provides a substantial improvement upon the standing-wave
methods for which the modes present must be prescribed in advance.

The behaviour of a panel with dimensions, a = 1.0m and b = 0.5 m, close to the critical flow
speed is seen in Figure 5. In these cases, an appropriate time-step has size 1077 sec. For this
aspect ratio, a modal analysis predicts that the most dangerous mode (that which has the lowest
divergence-onset flow speed) has k = 2 and [ = 1. This has been verified by the present method.
Figures 5a, 5b and 5¢, all at 90m/sec show sub-critical behaviour with upstream wave travel
whilst Figures 5d, 5e and 5f, all at 100m/sec illustrate divergence instability as a
downstream-travelling wave. In reality, damping would quickly attenuate the sub-critical
upstream waves and slightly reduce the growth rate of the divergence waves.

Further results

The preceding sub-section has shown that, once a certain divergence-onset flow speed is
exceeded, the instability does not occur as the simple amplification of a fixed displacement field
which has been suggested by the standing-wave methods of prediction!8-2%-23, However, these
semi-analytical methods and the present method do give the same onset flow speed. The present
numerical simulation shows the travelling-wave nature of divergence instability. A clear
demonstration of this is presented in Figures 6 and 7. The material properties of the compliant
wall used for these results are akin to those used in the original Kramer walls discussed in
Reference 1: B = 3.56 x 10™*Nm, Ky = 3.5 x 10° N/m3, p,, = 952kg/m? with dimensions
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(b) U, = 40m/sec, (c) U, = 50 m/sec. ‘Snapshots’ of the displaced wall with the vertical deflection scaled by a factor,
SF (the flow is from left to right): (d) U, = 10m/sec, SF = 1000, t = 0.1 sec, (¢) U, = 40 m/sec, SF = 100, t = 0.1 sec,
(H U, = 50m/sec, SF = 100, ¢t = 0.05sec, (g) U, = 50m/sec, SF = 100, ¢ = 0.1 sec. Data used: h = 0.01 m, B = 4094 Nm,
Ky =2600kg/m? d =0and p = 1000kg/m>. a=b=10m
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a=b=0.10m and h = 2 mm. The fluid density, p, is 1000 kg/m3. Wall damping is absent; this
point is emphasized because a travelling-wave hydroelastic analysis of an infinitely long compliant
wall suggests that wall damping is essential for the realization of divergence instability.
Shown in Figure 6a is the initial deflection (at ¢ = 0) imposed upon the compliant panel which
has been discretized using a 30 x 30 mesh. The flow speed, U, is parallel to the x-direction.
A vertical scale factor of 3000 has been applied in this and all the following ‘snapshot’ results
presented. At a sub-critical flow speed, U,, = 2m/sec, a typical evolution of the disturbance is
represented by Figures 6b and 6¢ plotted at t = 0.006 sec and t = 0.012 sec respectively. The
deformation initially remains three-dimensional with flexural waves propagating outwards from
the central disturbance. Note the distortion of these waves due to the hydrodynamic effects: the
phase speed of the downstream-travelling wavefront is greater than its upstream-travelling
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Figure 6 Response at sub-critical (left column) and post-critical (right column) for a Kramer-type wall. The flow is in

the positive x-direction. U, = 2m/sec: (a) t = Osec, (b) t = 0.006sec, (c) t = 0.012sec. U, = 3m/sec: (d) t = Osec,

(e)t = 0.006 sec, () t = 0.012 sec. Data used: h = 0.002 m, B = 3.56 x 107* Nm, K = 3.5 x 10N/m3, p,, = 952kg/m?,
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counterpart. At the later time, there is evidence of wave-reflection at the panel edges. Ultimately,
the downstream-travelling waves come to dominate the wall response.

The system behaviour at a post-critical flow speed, U » = 3m/sec after the initial deflection
(Figure 6d) is depicted in Figures Ge (t = 0.006 sec) and 6/ (t = 0.012 sec). Divergence instability
is found. In contrast to the sub-critical behaviour, the panel response is dominated by
quasi-two-dimensional effects, the instability occurring as a slow downstream-travelling wave.
It should also be noted that amplitude growth is found at locations upstream of the initial
excitation—this feature strongly suggests that divergence is an absolute instability despite the
manifest waves having a positive phase speed. The form of the divergence waves is further
illustrated in Figure 7, which employs the results at U_ = 3 m/sec and ¢ = 0.012 sec. Figure 7a
is a side view of the unstable wave whilst Figure 7b is a contour plot of the compliant-panel
topography from which the instability wavelength can readily be deduced. Other results, not
presented here, have investigated the dependence of divergence upon wall parameters. These
essentially reproduce the findings of Garrad and Carpenter?® and Lucey and Carpenter??. For
example, increasing the wall stiffness through either B or K raises the onset flow speed of the
instability and, at a given unstable flow speed, an increase to B(K ) leads to a decrease (increase)
in the wavelength of the divergence wave.

The present numerical method thus evinces good qualitative agreement with the experimental
findings of Hansen and Hunsten'#!? and Gad-el-Hak, Blackwelder and Riley!4; divergence is
a slow downstream-travelling wave with a wavelength dependent upon the wall properties.
However, it has been suggested '+ that the presence of wall damping is essential for divergence
to exist. This contention finds support in travelling-wave analyses of infinitely long compliant
walls+17+26:27 However, the results discussed above show divergence in the absence of damping.
In two-dimensional simulations, Lucey and Carpenter!® have explained that, where divergence
is concerned, the leading and trailing edges generate the destabilizing effect played by damping
in travelling-wave analyses so allowing damping to revert to its more orthodox role of attenuation.
Figures 8a and 8b demonstrate that this also holds true for the present extension into
three-dimensions. These Figures show the way that the wall energy changes with time for flow
speeds beneath (Figure 8a) and above (Figure 8b) divergence-onset and pertain to the sequences
seen in Figures 6. The wall energy, Ey, comprises strain and kinetic energies and is evaluated
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Me% e am am Wm 1am W@ 8% e m
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Figure 7 Divergence waves on the compliant panel: (a) side view (SF = 3000), (b) contour plot (contour spacing is
10™* m). The flow is from left to right. Data as for Figure 6f
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(13)

At the sub-critical flow speed, the wall energy is seen first to drop before the system arrives at
a form of neutral stability. Damping dissipates the wall energy, eventually eliminating the
disturbance. At the post-critical flow speed, instability is clearly recorded by the rapid increase
in wall energy. Damping serves only marginally to counter the rate of energy transfer from the
flow into the wall. Note the initial drop in wall energy; this occurs at times during which the
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divergence wave is being formed. Damping does not alter the critical flow speed since exactly
at onset wall and fluid stiffnesses are exactly in balance resulting in no motion.

Finally, the wall response to a pressure pulse is investigated. The above form of initial
excitation—imposing a ‘bump’ on the compliant panel—is somewhat artificial. Here a point
pressure pulse is allowed to travel, at the flow speed, over the compliant panel having first
appeared at the leading edge at t = Osec. The pressure pulse is modelled as a perturbation from
the free stream flow speed at the pulse location, the boundary-element method being adjusted
to accommodate the consequent spatially-dependent applied flow. Run at a post-critical flow
speed, U, = 3m/sec, Figure 9 shows a succession of both ‘snapshots’ and contour plots of the
wall. The position of the pulse at the time of plotting is included for those cases in which the
pulse is over the compliant panel. This set of Figures illustrates the development of the
predominantly two-dimensional divergence wave from the three dimensional flexural waves
which spread out from the initiating source of energy.

CONCLUSIONS

A method has been developed to simulate numerically the three-dimensional interaction of a
finite compliant panel with an unsteady potential flow. A spring-backed flexible plate has been
used for the compliant-wall model; however, the general method—coupling a boundary-element
flow solution to a dynamic wall solution—can also be used to investigate the behaviour of other
types of compliant wall, e.g. single- or multi-layer viscoelastic continua, provided that suitable
wall solutions are available. Parallel computing has been shown to be applicable to each aspect
(fluid and solid dynamics, solution of the coupled system) of the present method having couched
the problem so as fully to exploit the architecture of the array processor.

The method has been tested against the predictions of a modal stability analysis and shown
to give corresponding instability-onset flow speeds. The numerical simulation improves on
previous standing-wave predictions; divergence instability is now seen to take the form of slow
downstream-travelling waves which are essentially two-dimensional in character. As time passes,
these waves come to occupy all regions of the compliant panel, even those locations upstream
of the point of initial excitation. This description agrees with experimental findings. At sub-critical
speeds, the response is primarily three-dimensional with flexural waves transmitting energy
outwards from the point of excitation. Wall damping has been shown to attenuate the sub-critical
response but only slightly reduce the growth rate of divergence instability. The critical flow speed
for divergence onset is indifferent to wall damping.

Although we have developed a linear wall/flow model in this paper, the general
boundary-element method, could be used to investigate divergence instability for non-linear
disturbances. This would necessitate the inclusion of non-linear terms in the wall mechanics which
principally arise from in-plane stretching of the plate. A further, and perhaps more interesting,
development would be to incorporate a boundary layer into the present simulations.
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