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SUMMARY

The disarrangement of a perturbed lattice of vortices was studied numerically. The basic state is an exponentially
decaying, exact solution of the Navier-Stokes equations. Square arrays of vortices with even numbers of vortex
cells along each side were perturbed and their evolution was investigated. Whether the energy in the perturbation
grows somewhat before it decays or decays monotonically depends on the initial strength of the vortices of the
basic state, the extent of lateral confinement and the structure of the perturbation. The critical condition for
temporally local instability, i.e. the critical amplitude of the basic state that must be exceeded to allow energy
transfer from the basic state to the perturbation, is discussed. In the strongly confined case of a square lattice of
four vortices the appearance of enchancement of global rotation is the result of energy transfer from the basic state
to a temporally local unstable mode. Energy is transferred from the basic state to larger-scaled structures (inverse
cascade) only if the scales of the larger structures are inherently contained in the initial structure of the
perturbation. The initial structure of the double array of vortices is nof maintained except for a very special form of
perturbation. The facts that large scales decay more slowly than small scales and that, when non-linearities are
sufficiently strong, energy is transferred from one scale to another explain the differences in the disarrangement
process for different initial strengths of the vortices of the basic state. The stronger vortices, i.e. the vortices
perturbed in a manner that increases their strength, tend to dominate the weaker vortices. The pairing and
subsequent merging (or capture) of vortices of like sense into larger-scale vortices are described in terms of peaks
in the evolution of the square root of the palinstrophy divided by the enstrophy.
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1. INTRODUCTION

Over the last several years there has been growing interest in vortical flows that are predominantly two-
dimensional. It is evident that they are not only of pedagogical interest but also of practical interest.
Predominantly two-dimensional motions with vortical structures occur, for example, in the
atmospheres of several of the planets in our solar system in the form of large-scale motions. Two-
dimensional vortical structures have also been observed in experiments in rotating tanks, in stratified
fluids and in electromagnetically driven flows in liquid metals. The interactions of vortical structures
play an important role in turbulent flows. Numerical simulations of ‘two-dimensional turbulence’
illustrate the dominance of two-dimensional vortex interactions and vortex captures (merging of
vortices of like sense) in sustaining and dissipating turbulent kinetic energy. Investigations of two-
dimensional, spatially periodic flows have helped in interpreting experimental observations in liquid
metal flows. The disarrangement of decaying vortex lattice flows when subject to a small perturbation
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described herein has identifiable features similar to those found in decaying two-dimensional
‘turbulence’ and in linearly perturbed driven vortex lattice flows.

A direct simulation of the decay process of two-dimensional Navier-Stokes turbulence was
investigated by McWilliams' and more recently by Matthaeus et al.2 Matthaeus et al. computed the
evolution of a decaying flow field over a much longer interval of time than originally studied by
McWilliams. Their computations showed that as time progresses, ‘all possible like-sign vortex captures
occur, leaving us with one vortex of either sign. The final-state stream function contours bear a striking
resemblance to those for a basic cell of an Ewald lattice’. Alternatively, within the context of the
figures they presented, the final state resembles the basic structure of a pair of cells of the exact
solution of the Navier—Stokes equations published by Taylor,> which represents an infinite array of
counter-rotating vortices. Motivated by interests in examining the transfer of energy between scales in
two-dimensional ‘turbulence’, the stability of two-dimensional cellular flows has been investigated by
Green,* Gotoh et al.,’> Gotoh and Yamada® and Beaumont.” The inverse cascade in two-dimensional
turbulence has also been pondered by, among others, Frish and Sulem.?

The possibility of generating predominantly two-dimensional periodic flows using an electro-
magnetic effect has been amply demonstrated in the literature. The papers by Thess,”!® Sommeria,!!
Sommeria and Verron'? and Verron and Sommeria'® are on spatially periodic driven (forced) flows.
They examined the creation and stability of Kolmogorov flows and flows of square arrays of vortices.
The chaotic behaviour of Kolmogorov flows, under appropriate conditions, has been examined by Platt
et al.'* Various flow regimes were identified depending on the Reynolds number; they observed
periodic, chaotic and relaminarization windows in each flow regime. Thess!? presented the critical
condition for linear instability that must be exceeded for the ‘first’ unstable mode to be excited in a
perturbed, forced, square lattice of vortices. Thess also examined the effects of lateral confinement on
the stability of this class of flows.

The decaying vortex lattice in an infinite domain is an exact solution of the Navier—Stokes equations
that was originally published by Taylor.? It is a double array of two-dimensional vortices in a domain of
infinite extent. The vortices decay exponentially with time. This solution is one of a class of flows that
Eringen'® has called Taylor flows. Whitham, in an article in the book edited by Rosenhead, € cited this
solution and Kovasznay’s'? solution when he discussed exact non-parallel flow solutions of the Navier—
Stokes equations. The solution originally published by Kovaznay is a model of an infinite cascade of
steady, two-dimensional wakes. Both solutions have been examined recently by Lin and Tobak!®:1?
and Chen?® from the viewpoint of stability theory. A characteristic feature of Taylor flows is that
the two non-linear terms of the Navier-Stokes equations, although individually relatively large,
cancel.

The present investigation is a numerical study of the effect of perturbing the two-dimensional array
of counter-rotating vortices reported by Taylor.> Numerical computations were made to investigate the
disarrangement caused by perturbations of confined lattices of vortices that are decaying with time
from an initial state corresponding to a perturbed Taylor array. The numerical solutions were obtained
by solving the Navier—Stokes and continuity equations in terms of vorticity and streamfunction
variables. The system of non-linear equations was solved by applying two methods. The first method is
a fourth-order implicit method developed by Mohamed et al.,?! the computer code that implements this
method is still under development. The second method is a two-step, explicit-in-time, upwind finite
difference method,; it is the first-order-in-time, second-order-in-space ETUDE scheme developed by
Valentine.?>?3 The latter method is relatively efficient and requires less computer time to execute.
Hence most of the results presented were computed by the second method. The results of the numerical
simulations are compared with the theoretical results of stability of the Taylor array reported by Lin
and Tobak'®!® and Chen.?® The discussion also takes advantage of the results reported by Thess'” for
the driven lattice.
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The present results demonstrate a fortiori the fact that large-scale eddies decay significantly more
slowly than small-scale eddies. In addition, the predictions show the influence of the size of the domain
(or the lateral confinement of the vortex lattice), the modal structure of the initial condition and the
strength of the vortices at the start of the motion on the ensuing flow patterns. It was found that the
long-time structure of the decaying flow field depends on the modal structure, i.e. the spatial scales, of
the perturbation as well as of the basic state. For a sufficiently strong initial condition of the basic flow
field, if it is perturbed, the pairing and merging of vortices of like sign occur. Vortex mergings and
captures occur until the largest scales inherently present in the initial condition finally decay. Also,
since the largest scales decay much more slowly than the smaller scales, they tend to dominate the
long-time solution. The evolution of this non-linear process is discussed in terms of the interaction of
Fourier modes as determined by applying a two-dimensional FFT at each time step in the computation.
Merging involves the transfer of energy from the basic state to the perturbation, which is easily
visualized by an examination of the Fourier modes of the system and the evolution of the square root of
the palinstrophy divided by the enstrophy. In addition, the structure of the ‘most unstable mode’ is
identified and found to compare favourably with the same predicted by linear stability theory. The most
unstable mode is defined here as the primary mode that draws energy from the basic state, thus
accelerating the decay of the basic state. This is a good example of subharmonic interaction.

An outline of this paper is as follows. In the next section the methodology applied to obtain and
evaluate the computational results is outlined. The outline includes a description of the model
equations, stability considerations, integral quantities that are useful in describing the merging of
vortices and the computational methods applied to solve the model equations. The subsequent section
presents the results and provides a discussion. The results and discussion are subdivided into low-
Reynolds-number cases that may be described as a superposition of Taylor (or Stokes) modes and
moderate-Reynolds-number cases that illustrate both linear and non-linear modal interactions. The last
section is a summary of conclusions.

2. METHODOLOGY
2.1. Model equations

The model equations for the two-dimensional flow of an incompressible Newtonian fluid are the
Navier—Stokes (NS) and continuity equations. In terms of the vorticity @ and streamfunction s the
model equations are

do O do Y dow o  Fo

oo o ox o o2 o M
Py Py
(O—W-‘l——a—z-z—. (2)

Equations (1) and (2) are in the non-dimensional form. The characteristic velocity was taken to be
U = v/d, where d is the characteristic dimension or size of one of the vortex cells of the Taylor double
array (which will be described next). The Reynolds number Re = Ud/v = 1; therefore it does not
appear in the above equations.

The flow field examined in this investigation is an exact solution of equations (1) and (2). It was
published by Taylor.> He recognized that if = f (), the non-linear terms in equation (1) cancel (this
is the peculiar characteristic of all Taylor flows). The special case considered by Taylor is w = —ky,
where k is an arbitrary constant. The solution he published may be written as

¥ = R sin(nx)sin(mz)e~ "+ (3)
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where # is an arbitrary constant. The velocity field u = (4, w) is given in terms of the stream-
function y by the relationships
o A
u= 'a—z, w=— -5; .
Thus the corresponding velocity field for this flow is
u = Re~ "+ Mm sin(nx)cos(mz)i — n cos(nx)sin(mz)K].
2 is a measure of the highest velocity in the flow field at ¢ = 0. It is scaled by U. Thus 4 is a Reynolds
number that describes the strength of the initial condition, ie. the Reynolds number
R=(RU)d/v = A. This flow field is a double array of vortices that decay exponentially in time.
This solution is for the infinite domain —oo < x < 00, —00 < z < 0. Also, the time varies in the
range 0 < ¢ < oo. Figure 1 illustrates 16 cells of the infinity of cells in Taylor’s n = m periodic array.
The computational problem examined in the present investigation is an extension of the Taylor
problem for which the solution is computed in a square subdomain along the boundaries of which the
exact solution is specified, i.e. it is a square lattice in the confined domain 0 < x < n, 0 < z < n. The
boundary value problem for a 4 x 4 or 16-cell vortex array satisfies equations (1) and (2) in the domain
0 <x <m0 <z <z forn=m =4 this case is illustrated in Figure 1. The boundary conditions for
this problem are

Z =

S
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Figure 1. Illustration of Taylor’s double array of vortices; —1 <y < 1, Ay =0-2
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@y=0,0=0for0<x<mz=0
B yYy=0,wv=0forx=0,0<z<nx
CyYy=0,w=0for0<x<mz=mn
dy=0,0w=0forx=n,0<z<m

Note that = —(n? + m?)y for the basic state. This flow field was perturbed and its evolution was
studied in regions that were laterally confined, i.e. in square regions where 0 < x <7, 0 < z< =« for
basic states such thatn = mand n = 2, 4, 6, ... (square lattices with even numbers of cells along each
side). The initial condition for w that was imposed at the onset of the computations was found by
substituting equation (3) into the expression for w and adding the perturbation to w. The perturbation
is zero at the boundaries for all times ¢#; hence the domain is confined laterally. The initial condition for
¥ is subsequently determined by solving equation (2). The transient solution for ¢ > 0 is sought.
# =1, 100 and —50 were among the initial strengths of the basic state considered in this study. A
precise description of the initial conditions imposed will be presented with the results, because it is the
different types of perturbations that distinguish the different cases.

2.2. ‘Stability’ considerations

In this subsection the linear stability theory that may be applied to help describe the persistence of
the flow pattern of the basic state of a confined, decaying lattice of vortices subject to an infinitesimal
perturbation at time ¢ = 0 is described. The assumptions required to simplify the theory to take
advantage of the results presented by Thess!? for the driven vortex lattice are outlined. The reason for
presenting the following analysis of the stability of the decaying array is because the most persistent
mode that characterizes the perturbation in the present study has the same modal structure as the most
(or ‘first’) unstable (linear) mode that Thess found for the driven lattice.

1t is known that the basic state with or without perturbation is globally stable. This is not surprising,
because for ¢ > 0 no additional energy is added to the system. However, the question of stability raised
here is whether or not the structure of the perturbation imposed can drain energy from the basic state
with concomitant (temporary) growth of its scale (albeit the total energy of the system unquestionably
decays as time progresses). To address this question, an approximate equation governing the initial
stages of growth of infinitesimal perturbations, i.e. the linearized equation that governs the dynamics
of the perturbation assuming the basic state is known and persists, is derived next.

If we substitute equation (2) into equation (1) and let X = 2Nx and Z = 2Nz (to aid in the
comparison with the work of Thess!?), we get the following equation for y:

O(Viy) 0% O(Vi) v 8(VY) 2UVY) O (V)

or 0Z o0X X o0z ax? 0z’ @

where

Vi = v + &y .
0x? 922
From this equation we can derive an equation that models the evolution of an infinitesimal
perturbation. This is done next. Let
Y =v¥o+¥,, (5)
where
Yo = Re ¥ sin(X)sin(Z).

Substituting this decomposition of the streamfunction into equation (4) and dropping the non-linear
terms in ; (assuming y, is infinitesimally small), we obtain

2
‘—9—% = VA(V,) + Re cos(X)sin(Z)(V? + 2) % — Re Tsin(X)cos(Z)(V? + 2)%. (6)
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The next step is to expand ¥, in a Fourier sine series. Let

‘//1 = Z ¢nm sin (%) sin (%)a (7)

nm=1

0 < X <2nN, 0 < Z < 2zN.

Substituting this expansion into equation (6), projecting the solution by multiplying each term by
sin(pX /2N )sin(¢X /2N) and applying the orthogonality conditions of the eigenfunctions to extract the
(nm)th term, and truncating the re-expanded terms at M, we get the following system of ordinary
differential equations for the unknown Fourier coefficients:

d 2 2 1 & 2 — (p2/4N? + ¢ /AN?
Pom n_2+rn_ bt o 3 e (P*/AN* + ¢°/AN?)
dt 4N? ' 4N? 8N e n2 JAN? + m? /AN?

X [P(6p,n—28 — Op,nt2n + Op,—n+28)(Ogm—2N + O, m+ 28 — Og, —m+28)
- q(ap,n~2N +4 n+2N — 5p,—n+2N)(5q,m—2N - 6q,m+2N + 5q,—m+2N)]- (8)

This equation can only be true near t = 0™, This is because if the basic state is unstable, its energy will
be transferred to the perturbation, with the consequence that its rate of decay will be accelerated. Let us
assume that #e > =~ & near 7 = 0" (this assumes that the magnitude of the growth rate is
significantly larger than the magnitude of the decay rate of the basic state). Let us next assume that we
may write ¢, (t) = Cpme*. With these assumptions we oversimplify equation (8) to get the algebraic
eigenvalue problem

o m N 1 RR 2 (/AN + /AN
4N2 " 4N2) "

— Y ¢
"TEN 2o, M RR AN mR AN

MG ==

X [p(‘sp,n*ZN - 6p,n+2N + d ,—n+2N)(5q,m—2N +6q,m+2N - 5q,—m+2N)

- q(ép,n~2N + 6 \n+2N — 5p,—n+2N)(5q,m—2N - 5q,m+2N + 5q,—m+2N)]a (9)

where T = 1/# and A = A/%&. The parameter A is a set of complex eigenvalues A; = Ay + iAy,
I=1,2 .... This equation is identical with equation (10) in Thesss'® paper; of course, the
interpretation of A and T are different.

Equation (9) was nof solved in this investigation; it was solved by Thess.!? The solutions he reported
are instead reinterpreted and utilized to help examine the numerical results reported in this paper. He
reported solutions for driven square lattices corresponding to N =1 (2 x 2 cells), N = 2 (4 x 4 cells)
and N = oo (infinity of cells). His work included linear Hartmen friction as well as viscous friction in
the equations of motion. The zero-Hartmen-friction solutions are the only ones of interest in the
present study. The critical values for N=1(orn=m=2), N=2 (orn =m=4)and N = o0 are
T, =02371 (or #.=4-22), T.=0-3198 (or #.=3-13) and Y, = 0-3536 (or R, =2-83)
respectively. The first two cases are vortex lattices that are confined laterally by pure slip rigid walls.
The third case is an infinite lattice of vortices. The effect of restricting the motion of the walls of the
system is to make it more stable, i.e. the critical Reynolds number is higher for the laterally confined
cases. The temporary growth or alteration of the decay rate of an ‘unstable’ mode occurs when
R > R.. This growth at some instant of time may be called a temporally local instability. In addition,
the structure of the ‘first unstable mode’ reported by Thess for the 2 x 2 forced square lattice is
identical with the most persistent (‘unstable’) mode predicted in the present study for the decaying
2 x 2 square lattice.
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2.3. Integrals of vortex merging

At each time step in the numerical simulation a double Fourier sine series decomposition was
performed to determine the modal composition of the vortical flow field as it evolved. The Fourier
decomposition not only provided information about the temporal variation in the structure of the
perturbation as well as the basic state, but also provided a convenient method for computing the total
kinetic energy, enstrophy and palinstrophy at each time step. These parameters are defined next. The
Fourier decomposition of the vorticity is

W= Z a(k, t)sin(nnx)sin(mnz),
k

where k2 = n? + m?. The total kinetic energy per unit mass may be written in terms of the vorticity as
1
- PTRYY) NN
E=D Bl =D sl =) plo®r
k k
The enstrophy is the mean squared vorticity, i.e.
PN
Q= (o?) =LY lok)
k

The angle brackets in this equation imply the mean spatial average. The palinstrophy is a parameter
that governs the enstrophy dissipation rate and is defined as

P= %;kzlé;(k)iz.

According to Matthaeus et al.,> the computed square root of the ratio of enstrophy to energy, i.e.
V(Q/E), decays monotonically with time for the types of decaying flow fields studied in their and in
the present study. Matthaeus et al. reported that this fact is supported on theoretical grounds. The
computational experiments they reported as well as the numerical simulations reported herein support
this fact. This fact illustrates that enstrophy decays faster than energy.

On the other hand, the manifestation of peaks (or ‘sharp spikes’) in the variation of the square root of
the ratio of palinstrophy to enstrophy, i.e. \/(P/Q), with time identifies the merger (or capture) events
of vortices. The mergers of vortices in the present study are of the type characterized by peaks in the
V/(P/Q) curve in the same way the capture events were characterized by Matthaeus ef al.? in their
numerical simulation of decaying two-dimensional ‘turbulence’. The long-time behaviour of their
solution is manifested in a lattice of vortices of a single size (the “Ewald’ lattice). These vortices are
most likely the largest scales of the motion imposed at the initial state of the problem. This conclusion
is based on the results of the present numerical simulations and the long-time streamline pattern of the
flow field reported by Matthaeus et al.

2.4. Computational methods

Equations (1) and (2) were solved numerically by applying two computational methods. The first
method was developed by Mohamed et al.?! and is summarized next.

The system of coupled, time-dependent, non-linear partial differential equations was solved by
applying a variable time step Crank—Nicolson scheme with Richardson extrapolation to approximate
the timewise integration. The elliptic problems at the core of the method were solved by a fourth-order
collocation method. The non-linearities were solved by an iteration procedure from one time step to the
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next. This iteration procedure is repeated until the computed values of @ and ¥ converge to within the
prescribed error tolerance. This iterative procedure is similar to Gauss—Siedel iteration for a set of
linear algebraic equations. As in the linear algebra analogue, the iteration may or may not converge and
the convergence is directly affected by how the equations and unknowns are ordered. Since the time
steps Jt are selected by an algorithm that controls the error of the transient solution and since the error
bound selected is relatively small, convergence problems have not been experienced. This procedure
was set up so that a single linear elliptic problem is solved at each step; hence we could apply one of
the subprogrammes in ELLPACK to solve the linear elliptic problems. The software tools available in
ELLPACK are fully described by Rice and Boisvert.2* The elliptic equations are solved by applying
the fourth-order collocation method in ELLPACK. The method is a finite element method that uses
Hermite bicubic piecewise polynomial approximations. The coefficients of the approximations are
determined to satisfy the elliptic problem exactly at a set of collocation points. Similarly, the boundary
conditions are satisfied exactly at a set of collocation points on the boundary. The resulting banded
matrices are solved by applying the LINPACK band solver described by Dongarra et al.25 The scheme
is fourth-order in time and fourth-order in space. The desired accuracy, as required by the user, is
specified by appropriate selections of the grid size, the time step and the error bounds imposed on the
iteration procedures.

To verify the fourth-order code, a numerical simulation of four cells of the unperturbed non-parallel
flow solution of Taylor® with # = 1 was computed. The non-linear terms in equation (1) for Taylor’s
solution are individually about the same size as the other terms in this equation. The computer code
computes these terms; the sum of these terms is supposed to be equal to zero. The computational
method being tested must verify this fact. The results of this simulation with the fourth-order code were
reported by Valentine and Mohamed.?¢?” The grid size selected by Valentine and Mohamed for the
simulation led to the computation of 2500 grid points in the subdomain of four vortices of Taylor’s
vortex array. The numbers of grid points used in the x- and z-directions are 50 x 50 respectively. This
mesh size, the automatically determined time step (which was always less than 0-05) and the error
tolerance selected (which was ¢ = 10~*) produced required errors of less than 10~5%. Hence for all
practical purposes the method was expected to produce the exact solution. This was found to be the
case.

The second method applied is the two-step ETUDE method developed by Valentine.22?* The
ETUDE method is an explicit-in-time, upwind differencing estimate. The finite difference grid for this
scheme is illustrated in Figure 2. The application of it to equation (1) is illustrated as part of the
algorithm described next.

At time ¢ = 0 the vorticity field is specified and the corresponding streamfunction is computed by
solving equation (2) by successive overrelaxation. Knowing  at ¢t =0, the velocity field is
computed by second-order central differences. Once the initial condition is fully defined, the
following steps are executed at each interval of time until the desired duration of time has been
reached.

Step 1
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Figure 2. ETUDE scheme finite difference grid
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The asterisks imply values at the intermediate time step f,Afs. The velocities at each face are
assumed known and constant over the time step; hence suitable averages of g, @1, @1 and @y are
required over the time interval ff; As for Step 1 and At for Step 4. The method applied to determine
these averages is illustrated in Figure 2 for the left face L of the finite difference cell. The point
identified as Py in the figure is the geometric location at which the value of @& is estimated by bilinear
interpolation using the known values of @ at the surrounding four grid points. It is assumed that the
interpolated value of w is the average value for all the fluid particles flowing through face L over the
time interval §; At in Step 1 and Az in Step 4. The parameter |u| is the magnitude of the velocity vector
in the direction of the arrow in the figure. The length of the arrow for Step 1 is BB, |ujAz. For Step 4 it
is ff|u|At. The velocity vector for Step 1 is u = uli+ ka in which »; and wy are evaluated at time ¢
(or at the nth time step). For Step 4 it is u = u}i+ w}k, in which 4 and w; are evaluated at time
t + B, At. The (n + 1)th time step corresponds to the time ¢ + At. In the present study f; = f = 1 was
used. With these values of f§; and f the scheme is formally first-order in time and second-order in
space. This scheme is a transportive upwind control volume method that was designed to have zero
second-derivative truncation error in equally spaced grids.

The equations in Steps 2 and 5 are solved by successive overrelaxation (SOR). The convergence
criterion specified is such that at every point in the computational domain Ay < ¢, where ¢ is a small
number and Ay is the change in ¥ as computed every 21 iterations. The selection of ¢ depends on the
range of y expected and the accuracy required.

The finite difference grid is as follows. For M grid points in the x-direction and N grid points in the
z-direction the step sizes in x and z respectively are

1 1
MEymr MTyor
where the domain is assumed to be square. The subscripts (7, /) in equations (10)<15) identify grid
points located at x = (i — 1)Ax fori=1, 2, ..., Mandz= (j— 1)Azforj=1, 2, ..., N. Hence
the computations are done at M x N grid points.

To evaluate the code that implemented the ETUDE computational method, one of the ‘standard’
driven cavity test problems, namely a square cavity with Re = 1000, was computed. Figure 3 illustrates
the computed streamline pattern for the driven cavity problem with M x N = 81 x 81. This pattern is
equivalent to the streamline pattern reported by Sivaloganathan and Shaw.?® The vertical height of the
lower right recirculation region is approximately 0-35; this is consistent with the range of values
summarized for this test problem by Guj and Stella.? Finally, the extremum of the streamfunction of
the primary vortex is —0-114, that of the bottom right vortex is 2-0 x 10~* and that of the bottom left
vortex is 1-7 x 1073; these results are the same as the extrema reported by Gresho et al>® The
minimum value of ¥ is located at (x, z) = (0-53, 0-56). A 161 x 161 grid case was also run; the
streamlines and contours of vorticity were equivalent to those for the 81 x 81 case; the dividing
streamlines that separate the core flow from the corner vortices and the contours of zero vorticity were
identical for the two cases. The extrema of the streamfunction for the primary, bottom right and bottom
left vortices for the 161 x 161 case are —0-117,2-0 x 10™* and 1.7 x 1073 respectively, which is in
reasonable agreement with the 81 x 81 case. Also, the location of the minimum value of ¥ was the
same for the two cases. These results compare favourably with the predictions reported by others on
this test problem.

Cases 1 and 2 described in the next section were recomputed with the ETUDE scheme to check the
computation of temporal evolution. The results from the ETUDE code were found to be in reasonable
agreement with the results compared with the fourth-order code. Because the fourth-order code is still
under development and the ETUDE scheme code is relatively efficient and uses less computer time,
the latter was then used to compute the moderate-# cases. More specifically, for the 4 x 4, # = 100
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Figure 3. Streamline pattern for driven cavity test problem; Re = 1000, 81 x 81 grid, —0-12 <) < 0 and = —0- 0001,
—0-00005, —0-00001, 0-0001, 0-0005, 0-001, and 0-005. These are the same streamlines as plotted by Sivaloganathan and
Shaw;2® the comparison is favourable

initial condition case (case 4 in the next section) a 101 x 101 grid was used. The magnitude of the
2 x 2 array perturbation was # = 1. The convergence criterion for the maximum difference in the
streamfunction in the SOR routine used to solve equation (2) was ¢ = 0-0001. The non-dimensional
time step selected was 107°. The time interval computed was 0 < ¢ < 0-006. The computations were
redone for an 81 x 81 grid. The resuits for the two sets of computations were essentially the same.

ETUDE was also used successfully in the two-dimensional study of reservoir charging by Valentine
and Yang.>!. It has more recently been applied successfully to solve the problem of internal solutions
approaching a change in bottom topography by Saffarinia.>? He compared predictions based on
ETUDE with experimental data with great success for flows characterized by Reynolds numbers of
1000 and 10,000 based on characteristic wave speed and tank depth. Finally, these examples and the
fact that the computation of the square root of the ratio of enstrophy to energy decays monotonically
with time for the decaying flow fields reported herein provide evidence that ETUDE is a valid
computational method.

3. RESULTS AND DISCUSSION

The global stability theory for Taylor’s array was published by Lin and Tobak.!%!° They showed from
energy considerations that this flow field is monotonically and asymptotically stable. They also
presented a sufficient condition for energy stability. Chen?? investigated the linear and non-linear
stability of perturbations of the infinite Taylor array of counter-rotating vortices. Even though the flow
field decays with time, if it is perturbed, the basic structure of the flow field breaks up or is
disarranged. The break-up or disarrangement process depends on the structure or pattern of the
disturbances imposed (i.e. the scales inherent in the perturbation). In the present study it is also
demonstrated that the disarrangement process depends on the size of the domain (i.e. the lateral
confinement) and on the strength of the vortices of the basic state at time ¢ = 0.
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3.1. Low-& cases: linear superposition of modes

The numerical predictions for three simulations for which # = 1 are described next. These cases are
examples of unconditionally stable cases. The effects of the coupling of modes—both the interaction
of the mode of the basic state with the modes making up the perturbation and the non-linear
interactions between modes—are negligible. However, because large scales decay significantly more
slowly than smaller scales, the flow pattern still disarranges. The three cases presented next illustrate
this fact.

The initial condition for Case 1 is Taylor’s array, namely

o = =27%(n* + m*)R sin(nx)sin(mz), (16)

where 0 < x < 7,0 <z < 7, n = m = 2, plus an approximately 1% increase in the magnitude of w at
the centre of each positive cell and an approximately 1% decrease in the magnitude of w at the centre
of each negative cell (these are added to the functional representation of the vorticity at the cell centre
in the ELLPACK finite element method). This perturbation is like the ‘even—even’ mode perturbation
examined by Chen,?® which is called the ‘odd—odd’ mode by Thess.!® The predicted streamline
patterns for ¢t = 0-25, 0-32, 0-48 and 0-89 are shown in Figures 4-7 respectively. The pairing (or
attraction) of vortices of the same sense is observed in Figures 4 and 5. The subsequent merging into a
single large-scale structure is observed in Figures 6 and 7. For this case the paired vortices remain
stationary along the diagonal of the square domain. This indicates that there are no energy transfers
and no linear or non-linear interactions between the basic state and the perturbation. The critical
condition for a decaying flow field is the condition such that for a flow that is below critical, energy is
not transferred from the basic state to the perturbation. Since this is true for Case 1, the solution is
dominated by the decay of superimposed Stokes modes (or a linear superposition of Taylor arrays of
different sizes). Because this is a linear superposition of two Stokes modes, the non-linear terms
computed in the simulation of the solution of equation (1) must cancel. The value of # = 1 is less than
the critical value of 3-13; hence Case 1 is expected to be stable.

To illustrate that this solution (which is a direct simulation of the full NS equations) is indeed the
linear superposition of Stokes modes, let

v=y"+y,

where /7 is the basic state as calculated from equation (3) and l//’ is what we shall call the perturbation
field. Thus

Y o=y - sin(x)sin(z)e %,

where Y is the full non-linear solution that was computed numerically.

The perturbation streamfunction 1//' for Case 1 at time ¢ = 0-32 is illustrated in Figure 8. The
perturbation at t = 0 for this case is like an array of point vortices of the same strength and sign. This
array of vortices merges very rapidly into a single large vortex as illustrated in Figure 8. Hence the flow
field in Figure 5 at # = 0-32 is a linear combination of the basic state and a Taylor array with a cell the
same size as the computational subdomain.

To complete our scrutiny of Case 1, let us compare the energy per cell in the 16-cell array having
& =1 at t = 0 with the energy per cell of an array with eddies four times larger in spatial dimension
but with an amplitude % =0-1 at t=0. It can be shown that the maximum values of the
streamfunction for the two flows are approximately equal at ¢ = 0-3. At ¢t = 0-32 the numerically
simulated flow field is decomposable into the two arrays just described. Thus for ¢ > 0.3 the larger
eddy is expected to dominate the streamline pattern. Since the long-time solution is a single eddy that
started with a magnitude approximately equal to 1% of the magnitude of the smaller eddies, the
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Figure 4. Streamline pattern for Case 1 at ¢ = 0-25; —0-005 <y < 0-013, A 0001
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Figure 6. Streamline pattern for Case 1 at ¢ = 0-48; 0 < y < 0-0055, Ay = 0-0005

observed results of the simulation demonstrate that the subcritical disarrangement process for & = 1 is
a consequence of the fact that the large-scale structure (or the perturbation) decays significantly more
slowly than the smaller-scale structure. Also, since they each decay at a rate independent of each other,
there cannot be transfers of energy between the two modes.

The next case considered, Case 2 for £ = 1, is the introduction of a perturbation at ¢t = 0 that
increases the magnitude of o at the centres of the cells in every other column. It is like the ‘odd— even’

Figure 7. Streamline pattern for Case 1 at = 0-89, 0 < ¢ < 0-0035, Ay == 0-0005
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Figure 8. Perturbation streamlines for Case 1 at 1 = 0-32; 0 < rﬁ, < 0-007, Al,b' = 0-0005

mode perturbation examined by Chen.?’ The perturbed columns grow in width while the adjacent
columns are compressed. This is illustrated by the predicted evolution of the streamline pattern shown
in Figures 9 and 10 for times ¢ = 0-461 and 0-769 respectively. The perturbed columns grow because
the magnitude of the vorticity at their centres was increased by approximately 1%. This perturbation is
similar to the ‘odd—even’ mode perturbation examined by Chen for the infinite domain case. The
prediction that the stronger vortices grow in spatial extent while the weaker vortices diminish in size is
consistent with the predictions of Chen. The main difference between the present computations and the
predictions of Chen is that the symmetry of the flow field is destroyed in the confined domain case.
The ultimate structure of the flow field is also different because of the pure slip rigid walls; this is
discussed next.

Let us decompose the flow field as we did in the previous case. The structure of the disturbance at
t = 0 is like two lines of vortex pairs of equal strength a cell width apart. The basic state was subtracted
from the solution to extract the disturbance (or perturbation) streamfunction |//’ for the initial condition
of Case 2. Contour maps of the perturbation streamfunction l//' for times # = 0-461 and 0-769 are
shown in Figures 11 and 12 respectively. The like-sign vortices of the disturbance at ¢t = 0 merge
quickly, forming a double array of elongated vortices. The length scale for the elongated vortices is
smaller than the length scale for the largest vortex of Case 1. Hence is it not unexpected that the basic
structure of the 4 x 4 vortex array persists at time r = 0-461 for Case 2 as compared with the fact that
at time ¢ = 0-32 the array is nearly completely disarranged in Case 1. At ¢ = 0-769 the lateral growth
of the initially stronger vortices is significant. The stronger vortices of like sign would pair and
evenmally form an elongated set of vortices with a similar structure to the initial disturbance
streamfunction at earlier time steps, e.g. at ¢ = 0-461. This conjecture was verified by computations
performed with the ETUDE computational scheme for this case up to # = 1-0. At t = 1-0 elongated
vortices like the exact solution shown in Figure 13 were predicted. In this figure # = 1, n = 47 and
m = m at T = 0. The elongated vortices are Taylor modes as well; recall equation (3). Thus in this case,
as in Case 1, the disarrangement is due to a superposition of Taylor modes with negligible transfer of
energy between modes.
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Figure 9. Streamline pattern for Case 2 at f = 0-461; —0-1 x 10~ < < 0-1 x 1073, Ay = 0-2 x 10~*

Now let us consider the last £ = 1 case, Case 3, in which the magnitude of the vorticity  at the
centres of all 16 vortices is increased. This is like the ‘odd—odd’ mode perturbation investigated by
Chen.? In this situation the vortices do not merge. They decay in exactly the same fashion as the
original basic state, i.e. the modal structure of the flow field does not break up for this special
perturbation. This is because both the perturbation and the basic state have the same modal structure.

3.2. Moderate-# cases: non-linear modal interactions

The next case we shall examine is Case 4, which demonstrates the non-linear break-up of the 4 x 4
Taylor array with % = 100 when it is perturbed by a 2 x 2 array with amplitude # = 1. Note that

©

0 @h©
0©)0
O1@) 0@

0@

Figure 10. Streamline pattern for Case 2 at £ = 0-769; —0-7 x 1075 < ¢ < 0-7 x 1076, Ay = 0-1 x 1076
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Figure 11. Perturbation streamlines for Case 2 at 1 = 0-461; —0-7 x 1075 < wl <0-7x 1073, Al//’ =0-1x10"°
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# = 100 is significantly greater than the critical value of %, = 3-13; hence energy is expected to
cascade from the small scale (or basic state) to the large scale (or perturbation field). If we identify
each Fourier mode by the number of vortical cell sides in each direction, then from the NS equations
the sum of an (n, m)=(4, 4) mode (the basic state) and a (2, 2) mode (the perturbation) interacts to first
order through the (6, 2) and (2, 6) modes. Although these modes appear because of the non-linear
terms in the NS equations, they are linear interactions in terms of an equation for the perturbation field.
The primary non-linear modes that appear in the merging process of like-sign vortices for this case are
the (8, 4), (10, 2), (4, 8) and (2, 10) modes. All other modes are negligible or identically zero. (Not all
modes are excitable; the only modes that are potentially excitable are the modes that are coupled with

9999

Figure 12. Perturbation streamlines for Case 2 at t = 0-76%; —0-5 x 1075 < ¢/ < 0-5x 1075, Ay’ =0-1 x 1075
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Figure 13. Elongated vortices—another non-parallel flow exact solution

the basic state through the non-linear terms of the NS equations.) The time evolution of the streamline
pattern is illustrated in Figures 14(a)-14(c) for ¢ = 0-0002, 0-0015 and 0-006 respectively. Note that
the strong vortices that pair and eventually merge revolve in the direction of the energized 2 x 2 array.
Figure 15 presents the results of the Fourier decomposition for this flow field. The energy in this case is
indeed transferred from the basic state to the perturbation. From 0 < ¢ < 0-001, where t = m 2t and m
is the mode number or number of vortex cells in each direction of the basic state, the flow field decays
at the exponential decay rate associated with the 4 x 4 Taylor array. Over the range 0-001 < ¢ < 0-006
a transition occurs during which like-sign vortices merge. The merging process involves a rapid
increase in the energy of the perturbation at the expense of a rapid decrease in energy from the basic
state at the onset of transition (or merging). Then there is an oscillatory adjustment in energy between
the modes until the flow field settles down at £ = 0-006, at which time the flow field has the structure
of the 2 x 2 array. The decay rate for # > 0-006 is essentially the same as the decay rate fora 2 x 2
Taylor array.

The largest scale of motion that was imposed on the system at ¢ = Q was the 2 x 2 array. It is this
scale that dominates the final decay process of the perturbed Taylor flow. Hence the final structure of
the flow field that persists at a long time from the initial condition is the largest scale imposed initially
on the system. This is also true because the perturbation imposed is an even—even mode. The modal
interaction between the 4 X 4 basic state and the 2 x 2 perturbation has no link to scales larger than
2 x 2. The sums and differences of the mode numbers are the only modes energized by the non-
linearities in the NS equation; thus only modes related to even integers of mode number are energized
in this case. Hence no global rotation arises and no structures larger than 2 x 2 arise in the ultimate
state of this case. The size of the subdomain is important only to the extent that it represents the largest
possible scale that may be imposed in a particular numerical simulation. Since the largest scale
contained in the perturbation of this example is less than the largest scale of the domain (i.e. the
distance between the walls of the domain), the largest scale in the perturbation dominates the long-time
decay process. Hence the flow remembers its initial condition.

The next case, Case 5, is the disarrangement of a 2 x 2 Taylor array with an initial amplitude of
R = —50 caused by a perturbation with an initial structure of a 3 x 3 array with an amplitude of
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Figure 14. Case 4: non-linear break-up of 4 x 4 array with & = 100 perturbed at ¢ = 0 by 2 x 2 array with # = 1. Streamline
patterns: (a) t = 0-0002, —100 < ¢y < 100, Ay = 10; (b) t = 0-0015, —80 < ¥ < 80, Ay = 10; (¢) ¢ = 0-006, —60 < ¥ < 60,
Ay =5

& = 1-0. The streamline pattern at ¢ = 0-010 is shown in Figure 16. If the mode corresponding to the
basic state, i.e. the (2, 2) mode, is subtracted from the flow field, the perturbation that is left at
t = 0-010 is as illustrated in Figure 17(a). The corresponding perturbation vorticity is shown in Figure
17(b). Figures 17(a) and 17(b) look exactly like the ‘first unstable mode’ for the driven lattice; compare
with Figures 4(b) and 4(a) respectively in Reference 10. (Note that the plots in Figure 4 of Thess’s
paper must be relabelled to be correct, i.e. 4(a) is actually 4(b) and vice versa. A preprint had it
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Figure 15. Evolution of Fourier modes that illustrate break-up of Case 4 vortical array: (a) (4, 4) basic state, (2, 2) perturbation
and linearly excited Fourier modes; (b) principal non-linearly excited modes

correct.) The onset of merging of the two dominant vortices may be observed in Figure 16. Subsequent
to the merging (or capture) event the flow field approaches a flow pattern with a single-cell structure.
The streamlines and vorticity contours for = 0-045 are presented in Figure 18. This is an instant of
time at the end of the merging event. The principal Fourier modes for this case are presented in Figure
19. The square roots of the ratios of palinstrophy to enstrophy and enstrophy to energy are plotted as



DECAY OF SPATIALLY PERIODIC ARRAYS OF VORTICES 175

T T T T T 1 T

Figure 16. Case 5: streamline pattern at ¢ = 0-010, —22 < ¥ < 24, Ay = 2 illustrating initiatjon of non-linear break-up of 2 x 2
array with % = —50 perturbed at = 0 by 3 x 3 array with # =1
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functions of time in Figures 20 and 21 respectively. The merging event is characterized by a peak in the
V/(P/Q) curve. The /(Q/E) curve decays monotonically with time as it should.

Let us next examine the modal interactions that occur and that lead to the enhancement of global
rotation of the confined vortex lattice of Case 5. The (3, 3) perturbation interacts with the (2, 2) basic
state initially through the (5, 1) and (1, 5) modes. The structure of the most unstable mode in the
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Figure 17. Case 5—structure of perturbation at ¢ = 0-010: (a) perturbation stma;nlines, -0-6 < |/1' < 2-4, Ad/ =0-2; (b)
perturbation vorticity, —140 < ® <100, Aw =20
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Figure 18. Case 5: (a) streamline pattern at ¢ = 0-045, —0-2 < § < 5, Ay = 0-2; (b) vorticity contours, —140 < @ < 50,

Aw =10

perturbation of the 2 x 2 basic lattice is made up primarily of a linear combination of (3, 1), (1, 3) and
(1, 1). Thus, subsequently, (5, 1) and (1, 5) interact with the basic (2, 2) mode to induce growth of
(3, 1) and (1, 3). The latter two interact with (2, 2) to induce growth of the (1, 1) mode, which is the
mode that characterizes the enhancement of global rotation within the flow domain. If the perturbation
did not contain an odd-numbered mode, then the (1, 1) mode could not be excited. This fact was
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Figure 19. Evolution of principal Fourier modes of Case 5: (2, 2) basic state, (3, 3) perturbation, linearly excited modes and non-
linearly excited modes
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Figure 20. Case 5: square root of palinstrophy/enstrophy ratio versus ¢ for 2 x 2 array with # = —50 perturbed at f = O by 3 x 3
array with £ =1

demonstrated in the Case 4 simulation. Interestingly, however, the merging (or capture) event simulated
in Case 5 occurs in each quadrant of the Case 4 numerical experiment because of the ‘conservation’ of
modes discussed here. In other words, only a portion of the modes in Fourier space are excitable
through the coupling (or paths) provided by the non-linear terms in equation (1). Thus the modes
excited depend on the modes that exist in the initial condition.

The dominant modes at ¢ = 0-045 for Case 5 are illustrated in Figure 19. The basic state mode, i.e.
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Figure 21. Case 5: square root of enstrophy/energy ratio versus ¢ for 2 x 2 array with # = —50 perturbed at t = 0 by 3 x 3 with
g —
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the (2, 2) mode, is small in comparison with the ‘most unstable mode’, which is the sum of (1, 3),
(3, 1) and (1, 1). Note that (4, 2) and (2, 4) are the next largest modes, followed by (5, 1) and (1, 5).
The three dominant modes at this time step are (3, 1), (1, 3) and (1, 1). It is an interesting fact that the
most persistent mode is the combination of modes that are primary constituents of the ‘most unstable
mode’ (or ‘first unstable mode’) reported by Thess for the driven lattice case and also predicted by the
stability theory described in the previous section. The merging of the vortices of like sense is driven by
this modal combination; hence the linear theory does provide some insight to the vortex-merging
event. It shows that it is a result of the growth of a linearly unstable mode.

A series of cases were executed over a range of # to determine, at least approximately, the critical
value of this parameter for the 2 x 2 basic state. The perturbation applied was a 3 x 3 array with an
amplitude that is 1% of the value of Z for the basic state. The critical value predicted is #. =~ 3-5. This
is significantly larger than the energy stability bound derived by Lin and Tobak,'® namely
Ree = 2/m* = 0-2. It is less than the linear stability value, namely %, =~ 4-2. The fact that the actual
critical value is greater than the sufficient condition for energy stability and less than the necessary
condition for linear instability is expected.

For the infinite array of Taylor vortices, Chen?® predicted the critical condition for non-linear
stability as %, = 1-05. The energy stability criterion reported by Lin and Tobak'® gives a sufficient
condition of zero for an infinite array. The linear theory gives for this case a critical value of
A ~ 2-8. Hence, as expected, the actual critical value is between the two bounds.

4. CONCLUSIONS

The onset of the break-up or disarrangement of Taylor’s vortex array when an appropriately selected
perturbation is imposed was simulated. The pairing and subsequent merging of vortices of like sense
were predicted. These results are consistent with recent theoretical resuits that have been reported by
Lin and Tobak'® and Chen.?’ For # = 100, which is significantly larger than the critical value of %,
vortex merging in a confined region of 4 x 4 vortical cells when perturbed by a 2 x 2 mode with a unit
amplitude was predicted. The energy increases at the scale representative of the emerging vortex, i.e.
energy is transferred from mode (4, 4) to mode (2, 2) through the smaller-scale modes, primarily (6, 2)
and (2, 6) and subsequently (4, 8), (10, 2), (4, 8) and (2, 10).

The apparent break-up process for the # = 1 cases is dominated by a linear superposition of Taylor
modes that decay independently with time. This value of & is less than the critical; hence the non-
linearities are negligible and there is negligible energy transfer between all the modes in the initial
condition. This is in contrast with the # = 100 cases, for which vortex merging occurs with a dramatic
transfer of energy from the the basic state to the perturbation. The paired vortices in the latter case
rotate in the direction of the larger-scale vortices in which they merge. Thus for large £ the energy in
the perturbation increases by extracting energy from the basic state. It subsequently decays. Of course,
the total energy decays monotonically with time.

The critical value of the lattice Reynolds number % was predicted for the 2 x 2 lattice and compared
with the sufficient condition for unconditional (energy) stability and the necessary condition for
instability estimated by linear stability considerations. If & is greater than critical, energy is transferred
from the basic state to the perturbation. The lower bound for this parameter based on energy stability
arguments is 0-2. The upper bound for this parameter based on linear stability is approximately 4-2.
The numerically determined critical value is %, ~ 3-5; it is between the bounds as expected. For the
infinite lattice the upper bound is approximately 2-8. Chen?® found the actual critical value to be
& = 1-05. Thus lateral confinement enhances stability.

If a decaying vortex lattice contains more than one Taylor mode at time ¢ = 0, then the flow pattern
will always disarrange, with the largest scale dominating the long-time behaviour of the flow field. The
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pairing and merging process is sensitive to the initial conditions imposed. Part of the disarrangement
and decay process can be explained by the well-known fact that large scales decay more slowly than
smaller scales. If odd modes are present in the initial condition, global rotation of the flow in a
confined system will be enhanced if the value of # is greater than critical. If & is greater than critical,
some energy is transferred from smaller scales to larger scales (the inverse cascade). The stronger
vortices, i.e. the vortices perturbed in a manner that increases their strength, tend to dominate the
weaker vortices. The pairing and subsequent merging (or capture) of vortices of like sense into larger-
scale vortices are characterized by peaks in the evolution of the square root of the palinstrophy divided
by the enstrophy.
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