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Abstract

A class of exact steady and unsteady solutions of the Navier Stokes equations in cylindri-
cal pclar coordinates is given. The flows correspond to the motion induced by an infinite disc
rotating with constant angular velocity about the z-axis in a fluid occupying a semi-infinite
region which, at large distances from the disc, has velocity field proportional to (z,-y,0)
with respect to a Cartesian coordinate system. It is shown that when the rate of rotation
is large Karman'’s exact solution for a disc rotating in an otherwise motionless fluid is re-
covered. In the limit of zero rotation rate a particular form of Howarth’s exact solution
for three-dimensional stagnation point flow is obtained. The unsteady form of the partial
differential system describing this class of flow may be generalized to time-periodic equilib-
rium flows. In addition the unsteady equations are shown to describe a strongly nonlinear
instability of Karman’s rotating disc flow. It is shown that sufficiently large perturbations
lead to a finite time breakdown of that flow whilst smaller disturbances decay to zero. If the
stagnation point flow at infinity is sufficiently strong the steady basic states become linearly
unstable. In fact there is then a continuous spectrum of unstable eigenvalues of the stability
equations but, if the initial value problem is considered, it is found that, at large values of
time, the continuous spectrum leads to a velocity field growing exponentially in time with

an amplitude decaying algebraically in time.
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in Science and Engineering (ICASE), NASA Langley Research Center, Hampton, VA 23665. Additional
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1. Introduction.

Our concern is with the strongly nonlinear instability of the boundary layer on a rotating disc, the
important feature of our investigation is that the stability problem which we discuss corresponds to an exact
solution of the Navier Stokes equations. In addition our investigation uncovers a class of exact steady and
unsteady Navier Stokes solutions relevant to the flow over a rotating disc immersed in a three-dimensional
stagnation point flowfield.

The importance of the stability problem for the boundary layer on a rotating disc is due to the fact that
the flow can be thought of as a prototype stability problem for boundary layer flows over swept wings. Some
years ago Gregory, Stuart and Waiker (1955) showed that the flow over a rotating disc is highly unstable
to an inviscid ’crossflow’ instability associated with the highly inflectional velocity profiles which occur in
certain directions. Their calculations pointed to the particular importance of a stationary mode of instability
associated with an effective velocity profile having an inflection point at a position of zero flow velocity. The
structure of the Gregory, Stuart and Walker mode in the nonlinear regime was later discussed by Bassom
and Gajjar (1988), the latter authors show that in that regime a nonlinear critical layer structure develops.
This mode is apparently the one most preferred in an experimental situation if the background disturbance
level is sufficiently small. However, though most experimental investigations of the rotating disc problem
have clearly identified the stationary crossflow structure described by Gregory, Stuart and Walker (1955),
some experiments have pointed to the existence of a second type of vortex structure associated with some
type of subcritical response caused by another type of instability, see for example Federov et al (1976).

A possible cause for this second type of stationary vortex structure is the viscous stationary crossflow
vortex identified numerically by Malik (1986) and described using essentially triple-deck theory by Hall
(1986). Later MacKerrell (1987) was able to show that this mode is destabilized by nonlinear effects and
therefore might cause the subcritical instability observed experimentally. However a key feature of the
mechanism described by Hall (1986) is that the crucial balance of forces leading to instability is one between
Coriolis and viscous forces, thus in swept wing flows this mechanism is possibly not operational. An alter-
native source of finite amplitude instability in more general three-dimensional boundary layers is the one

discussed iz this parer. Though we shall formulate and solve the resulting nonlinear interaction equations




in cylindrical polar coordinates it is easy to see the relevance of the structure we find to flows more naturally
described in Cartesian coordinates.

In Section 2 we shall formulate the nonlinear interaction equations describing the flow over a rotating
disc immersed in a three-dimensional stagnation point flow. In Section 3 we shall discuss some steady
equilibrium states of these equations, in particular we describe the nonunique nature of the solutions of
these equations. In Section 4 we concentrate on the unsteady forms of the interaction equations and discuss
the linear and nonlinear instability of the flow over a rotating disc in an otherwise still fluid. Our calculations
in that Section point clearly to a threshold amplitude response of the flow; thus a sufficiently large initial
disturbance causes an unbounded velocity field to develop after a finite iiine. The singularity structure
associated with this *blow-up’ is discussed in Section 5. Since the interaction equations which we derive in
Section 3 are obtained without neglecting any terms in the Navier Stokes equations the singularity discussed
in Section 5 is a singularity of the full Navier Stokes equations in three dimensions. Finally in Section 6 we
draw some conclusions.

2. The equations for combined disc-stagnation point flows.

With respect to cylindrical polar coordinates (r,8, z) the Navier Stokes equations may be written

oy v 1 —;"5- - ;,3,'03
r —_
-5t—+(goV)g+ W)= —Vpt+rvAu+rv| -5+ |,
0 P 0 (2.1)
divy =0,

where (u, v, w) is the velocity field corresponding to (r,6, z) and p, p and v are the fluid pressure, density and
kinematic viscosity respectively. The operators V and A appearing in (2.1) are the gradient and Laplacian

operators in cylindrical polar coordinates. We define dimensionless time and axial variables T and { by
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where K is a constant. We seek a solution of (2.1) in the form

u=Kra((,T)+ %{K'yU(C, T)e*? + c.c.},

v=0r9(¢,T) + %{iK'yU(C, T)e** + c.c},
(2.3a,b,¢c,d)

w= (Kv) a((,T),

P=

S = MO VKR T) + %v’x’r°{J<T)e"’ +ec}

N -

Here v, A are constants whilst c.c. denotes ‘complex conjugate’. We note that (2.3) reduces to Karman’s
solution for the flow over a rotating disc if we choose 2 = K and set ¥ = 0. If we substitute (2.3) into
(2.1) we find the crucial result that the nonlinear terms in the radial and azimuthal momentum equations
generate no terms proportional to e¥#?, This means that (2.3) is an exact Navier Stokes solution and we

find that the equations to determine the functions appearing in (2.3) are

Y

2
or + @ + U - (%) 74 o = ~ A+ B,

by + 249 + OO = ¥¢¢,
? (2.4)

Wr + D¢ = ~P¢ + D¢

26+ =0,
and

Ur + 24U + @U, = -J + Ug. (2.5)

From now on we shall restrict our attention to the situation when @ = K; note that Karman'’s solution
is retrieved by letting v — 0. Before writing down boundary conditions appropriate to (2.4), (2.5) it is
perbaps worthwhile commenting on the motivation for the choice of the special form (2.1). In a recent
paper, Balakumar, Hall and Malik (1990), investigated the instability of Karman’s solution to nonparallel
Rayleigh modes of wavenumber n in the azimuthal direction. These high Reynolds number modes can be

made nonlinear in the manner suggested by the vortex-wave interaction structure of Hall and Smith (1990).




In that structure the amplitude of the nonparallel mode with azimuthal wavenumber n is adjusted until it
drives a mean flow correction comparable with the unperturbed state. For 0(1) values of n it turns out that,
because of the comparable size of the three disturbance velocity components in the analysis of Balakumar,
Hall and Malik (1990) , only the n = +2 modes can be made strongly nonlinear in the manner described by
Hall and Smith {1990) and then the appropriate form of the disturbed flow is (2.1) . However the structure
(2.1), suggested by the interaction described by Hall and Smith, is applicable at all Reynolds numbers rather
than just at high Reynolds numbers where the work of Balakumar, Hall and Malik (1990) applies. Thus we
can interpret (2.1) as a ‘mean field’ type of disturbed flow with the #-dependent part representing a wave
superimposed on Karman'’s solution which now evolves in time as the disturbance develops. We note that
in this evolution procedure no terms in the Navier Stokes equations have been neglected.

We close this section with a discussion of the boundary conditions required to enable a solution of the
system (2,4), (2.5). We assume that as the flow evolves the mean (with respect to §) part of the velocity

field, i.e. (4,9, @) , satisfies

(2.8a,b)
4=0, =0, (—oo.
Next we assume that the wavelike part of the flow satisfies
U=0, (=0, U=¢eNT, (oo (2.7a,b)

where N is a constant dimensionless frequency. In order that the @, and U equations are consistent with the

above conditions )\ and J must be choosen such that
A=-9% J=—iNePNT, (2.8a,b)

Having made the above choice of boundary conditions we can seek solutions of (2.4), (2.5) which are periodic
27
N

form of the nonlinear terms in (2.4), (2.5) that periodic solutions have (&, 5, ¥) independent of time so that

in time with period —, the steady states of (2.4),(2.5) are then found by setting N = 0. It follows from the




(8,9, W) and U satisfy
iNU + 28U + @U; = U +iN )

u2+72 |U|3—02+1Dﬁ(=72+ﬁ“
211‘D+1IJ‘DC=D“

264+ 9, =0

6=9=0, (—oo, U=1] (=00 )

where we have replaced U({, T) by *¥TU({). The nonperiodic solutions satisfy

Ur + 26U + wU; = Uy +iNe'NT 1
or + 8 + YU — 0% + o =% + 8y,
B + 240 4 DU = V¢,

2ﬁ+‘u’)c =0

s=a(), 0=9(¢), U=D(), T=0

(2.9)

(2.10)

Thus the periodic solutions can be found by integrating an ordinary differential system, (2.9), wheras the

unsteady modes satisfy a parabolic partial differential system. For that reason we have been required in

(2.10) to give initial conditions to completely specify the problem for #,9,w and U. Furthermore we note

that (2.10) can be regarded as the appropriate nonlinear initial value instability problem for the periodic

problem (2.8). In the next section we shall discuss the solutions of (2.9), the solution of (2.10) will be

discussed in §4.




3 Equilibrium solutions of the interaction equations.

In order to begin the solution of (2.9) by some appropriate numerical method it is convenient to discuss
a limiting form of that system which can then be used to begin the calculation. The first limit we consider
is 4 — 0 in which case the problem for %, 7 and % becomes uncoupled from that for U and is in fact simply
Karman’s solution. Thus we know that in the limit ¥ — 0, %/(0) ~ .50, '(0) ~ —.61. Another known flow is

found in the limit v — oo. In that limit we write

8=l +-,
T=To+-,
, (3.1a,b, ¢, d)
1
®=yido+--,
U=U0+...

where the functions appearing in the above expansions are functions of the stretched variable £ = ¢ In

this limit the problem for 1y, Uy, Wo decouples from #p and we obtain the system

iNUo + 2uUo + @Uj = U§ +iN, }
%+ |Uol” + oty = 1+ 1,
240 + Wy = 0, ( (3.2)

U =0, W=0, Ug=0, £{=0,

=0 Us=1 &— o0,

s

In the special case N = 0 we can relate (3.2) to a special case of the three-dimensional stagnation point flows
considered by Howarth (1951), Davey (1961), Banks and Zaturska (1988). We recall that, with respect to

Cartesian coordinates z,y, 2 Howarth identified the class of exact Navier-Stokes solutions given by

s\ ?
w=Z2rmn v=2m w=-(g) W+ Ve, (33)

where £ is a length and
U\?}
1= (32) = (34

fIZ__ (f+ag)f"= 1+flll

Here f', ¢’ satisfy

13 1 " 1 m (3.5)
- -— = 1 _—
q (9+ af)g + ag
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with a = V/U and subject to
f=g=f=¢g'=0, n=0
(3.6)
fl=g¢g'=1, n— oo

These solutions correspond to a three-dimensional stagnation point flow above the plane z = 0. In the special

case o = —1 we can relate f’ and g’ to the functions %y, Up with N = 0 by writing
2g=f-g¢, -Wwo=f-9 2Wo=f+g"

Davey (1961) gives f” = 1.2729,¢” = —.8112 which suggests that for large 7 the solutions of (2.9) with
N = 0 are such that
@/(0) = 1.04293 + -,
(3.7a,b)
U'(0) = .2319% +---.

However we shall see below that the solution of (2.9) is not unique so Davey’s solution correspond to only
one of our solutions at large values of 7. For nonzero values of N a similar asymptotic structure can be
obtained but the coefficients in the expansions (3.7a,b) will, of course, be functions of the frequency. Before
giving the results of our numerical investigation of (2.9) we note that, for v >> 1, the dominant terms in

the steady state solution of (2.3a,b,c) are such that

3
(v,v,w) ~ rKvy(io + Ugcos 28, ~-Upsin26, (KL'Y) wo) (3.8)

where without any loss of generality we have taken U to be real. If we transform (3.8) to Cartesian

coordinates we obtain a velocity field

H
U~ K'y[zﬁo +zUo, yio — yUo, ('15_7') o), (3-9)

and comparison of (3.3), (3.9) then confirms our previous result (3.6).

In practice the numerical solution of (2.9) and indeed the reduced large v problem, (3.2), is not straight-
forward. The reason why there is a difficulty with the numerical solution of (3.2) was first discussed by
Davey (1961) and later in more detail by Schofield and Davey (1967). In order to see what this difficulty is
we consider the large ¢ limit of the equations to determine (%,%,@,U) in (2.9) with N = 0. Suppose that
for ( >> 1 we write

(8,9,9,U) = (ut, v, ut + weo, 1+U7F)

7




where u*,vt, w* and U* are small and for simplicity we assume that U* is real. It is an easy matter to

show that the linearized equations for (u*,v*,w*,U*) can be reduced to

83 a\?
(g —wmg) o = ot

(3.10a,b)
& AV
(75 - o) =0
and U*t, wt can be found in terms of u*,v*. Thus for large { we can write
ut = Aje™¢ + 4™ +A3em’(,
vt = Ble‘”“‘.

Here m,, m3, m3 are given by the values of m which satisfy

2m = we £+ Wi 8y, m <0, (3.11)

2
and we note that two of the required values will be complex when v > Eéﬂ Thus we have five independent

constants wy,, Ay, Az, A3 and By which can be iterated upon in order to satisfy the conditions at { = 0.
It follows that there will be a continuum of solutions of (2.9) since there is no reason to ignore any of the
decaying exponential solutions. Clearly it is to be expected that w., will vary in this continuum so the
solutions can be labeled by the size of the inflow towards the disc at infinity. This situation persists in the
large  limit where w3, ~ v; Schofield and Davey (197" argued that the solutions should in this case be fixed
by discarding the slowest decaying exponential. Whilst it is certainly true that this fixes the solution, there
is no basis for making such an assumption. Having made that assumption Schofield and Davey concluded
that, in our notation, wgo = 8v. Interestingly enough we shall see later that this choice of wy, fixes the
boundary between linearly stable and unstable solutions of (2.9). We now present results obtained for the
system (2.9) in the steady case N = 0.

As mentioned above, at large values of { we have five constants, 4,, By, A3, 43, we at our disposal
once the constant v has been fixed. In our calculations we fixed 7,wo, and iterated on the remaining four
constants until the required boundary conditions at { = 0 were satisfied after integrating the differential

equations in (2.9) from a suitably large value of ¢ to the origin. This integration was carried out using a




fourth order Runge-Kutta scheme or a compact finite difference scheme We restricted our attention to the
cases v = .02,.1,.5 and in Table I we show the values of @'(0), #'(0), yU'(0) obtained for the different values
of v, weo shown. We see that for each of the values of v there are values of w3, greater and less than 8y. For
each of the values of v used we were able to find solutions of (2.9) only for wy, less than some critical value.
Thus for example when v = .02 we were unable to find solutions of (2.9) for we greater than—.355. Our
calculations suggested that this minimum value decreases when v increases. In Figures (3.1-3.4) we show the
functions 8,9, @, U for different values of v, w Further solutions of (2.9) were obtained by fixing ws and
varying 7. In particular we obtained solutions for the case w3, = 84 and our results are shown in Figures
(3.5-3.6). We recall that Davey obtained solutions of the large v problem in a different cuntext and that his
results were obtained by neglecting the slowest decaying exponential solution at large . Having made that
approximation Davey found numerically that w?, = 8v to the numerical accuracy of his calculations. Thus
we expect that our results in Figures (3.5-3.6) should reduce to those of Davey at sufficiently large values
of (. In fact we have in these figures shown Davey’s results expressed in our notation and we see that our
results approach (3.7) for large v. However we stress at this point that there is no reason why the solutions
of (2.9) obtained by rejecting a particular decaying exponential solution of that system at large ¢ should
be preferred, we hope to shed some light on the selection mechanism for the different solutions later in this
paper.
4 Time-dependent solutions of the interaction equations

We shall now discuss the solutions we have obtained for the unsteady form of the interaction equations.
We restrict our attention to the case when the stagnation point flow vanishes at infinity. This means that
we are in effect discussing the finite amplitude instability of Karman'’s solution. In the Appendix we shall
give a limited discussion of the more general problem with v # 0. The appropriate simplified form of (2.10)

is found by setting ¥ = 1 and applying the conditions U = 0,{ = 0, 0co; we obtain




Uee — Ur = 24U + aU¢, )
g ~ Op = % + [U[* - 9° + wyy,
¢ — Uy = 240 + D,

(4.1)

8=w=U=0,0=1(=0,

4=9=U=0,(= o0,

a=4(),v=9(),U=0(¢),T=0.)
The above system is parabolic in T and can be solved by marching forward in time from T = 0; we
note here in passing that w cannot be specified arbitrarily at 7 = 0 and must be deduced from % via the
equation of continuity. For large values of T the solution of (4.1) will approach Karman’s solution if that
flow is stable. We can therefore regard (4.1) as the nonlinear initial value instability problem for Karman’s
rotating disc flow. However, we should bear in mind that (4.1) describes only finite amplitude disturbances
with azimuthal wavenumbers +2.
In the first instance we restrict our attention to small initial perturbations from Karman’s solution, we
therefore write
(8,9,0) = (%,5,0) + (v, v, U")

where (&, 7) is Karman’s solution and u’ etc are small. We now substitute

+ @, 0)

e

(8,9,9,U)=(%+ 4,5+ 9,

in (4.1) and linearize to obtain the following decoupled problems:
ﬁ“ - ﬁT =240 + foJ"(,

U=0,¢=0,o00, (4.2)
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and

> (4.3)

(%,%) = (u',v*), T=0. )

It should be pointed out that in the above equations we have in effect assumed that O(U*) ~ O(u*) ~
O(v*); a modified form of the equations can be derived when O(U*) ~ O(u*)}. In that case a nonlinear term
{7 must be inserted into the right hand side of the @ equation. This particular case would be important
only if the U problem were unstable. We can integrate (4.2),(4.3) formally by taking a Laplace transform
in time, when the transform is inverted the nature of the solution will depend crucially on whether either of

the eigenvalue problems

Y’ — oy =20y + oy,
(4.4)
¥(0) =y(e0) = 0,
or ~ .
v/ —oy=28y- 29z 4+ iy’ + 28, )
2" — o0z = 26z + 2y% + W2’ + 2V,
(4.5)

2y+ 2 =0,

2(0) = y(0) = 2(0) = y(00) = 2(c0) =0, ,

has an eigenvalue o with positive real part. Thus we shall now discuss these eigenvalue problems.

The above eigenvalue problems were solved numerically; no unstable eigenvalues of either system were
found so we conclude that the Karman’s solution is stable to small amplitude perturbations of the type
discussed here. In fact no discrete stable eigenvalues were obtained either, this is because both eigenvalue
problems have a continuous spectrum over part of the plane g, < 0. The origin of this continuous spectrum
can be seen from (4.4) by taking {( >> 1. We see then that the two exponential solutions of the equation
for y both decay if o is within the parabola 0, = —0?/w? where we, = #(00). Thus in this region we

can always find a solution of (4.4) by combining the two independent solutions for y to satisfy the required

11




condition at the wall. A similar continuous spectrum can be seen to exist for the system (4.5); we expect
the continuous spectra play an important role in the initial value problems (4.2),(4.3). Indeed since there is
apparently no discrete spectrum associated with (4.4),(4.5) it is clear that the initial value problem must in
some sense be described completely by the continuous spectrum.

The initial value problem can be solved by taking Laplace transforms and inverting for particular forms
of the initial perturbation, these inversions cannot in general be carried out analytically but their large time
behaviour can be approximated asymptotically in a routine manner. Rather than use the Laplace transform
method we shall instead look directly for the large time behaviour of (4.2),(4.3). We shall in fact restrict
our attention to (4.2), but a similar approach can be used for (4.3).

Suppose then that w,, denotes the limiting value of & at large values of {, we choose to express U in
the form

0 = N(¢,T)e -7 (4.8)

where the function N then satisfies the modified equation
%)
2°N = Nr + 2&N. (4.7

At this stage we assume that all the exponential time dependence of the disturbance has been taken out
by the substitution (4.6) so that N has only an algebraic dependence on T. It is well-known for the heat
equation that the similarity variable ;‘; essentially replaces ( when the the initial value problem is solved.
Here the situation is slightly more complicated and we must seek a solution of (4.7) for { = O(1) and

¢ = O(T'#) for large values of 7. Thus for ¢ = O(1) we write
N= T:NO(C)""

where j is to be determined and N, satisfies the ordinary differential equation

(—tweo + wg,,)No

Ny + (weo — B)No + 5

= 24 Ng. (4.8)

This equation must be solved subject to Np = 0,{ = 0 and the resulting solution will then have No ~ c{

for large (, here c is an arbitrary constant which can be set equal to unity but whose actual value depends

12




on the form of the initial disturbance. Now let us find the required form for N in the upper region, before
doing sc we note that the constant j is left unknown at this stage since it plays no role in the zeroth order

solution in the lower region. In the upper layer we write
N=T"*K0)+-, (4.9)

where x is the similarity variable ;‘;— Note here that the matching condition with the lower layer now
requires that for small x, No ~ x.

The equation to determine Ny is found to be
S, X art . 1,5 -
Ny + ‘ENO - (J + E)No =0. (4.10)

In order that the disturbance decays to sero at large values of x we must insist that Ny behaves like the
exponentially decaying solution of the above equation; since it must also go to zero like x for small y we can

show that the required solution is

- 2§e:"‘:U(—n—%,2‘§x)
A 7 X R

(4.11)

Here n is an odd integer, U(a, z) is the parabolic cylinder function whilst the constant j has been choosen

to satisfy the matching condition at x = 0, this gives

3 5 7
L 12
i=-5-3—5+ (4.12)

It follows that the solution will be dominated by the j = —3 eigensolution for large enough values of the
time, the overall amplitude of this and the other decaying modes can only be determined by solving the
initial value problem. In order to verify the above large time behaviour of the solution of the linearized
perturbation equation for U we integrated (4.2) forward in time from T = 0 for the three cases:

CASEa U’ =(e¢,

CASE b U* = {cos(e¢,

CASEc  U* =(e--2’

We note that it is sufficient for us to consider real initial data for U if we are solving (4.2). The results
we obtained are shown in Figure (4.1); in order to pick out the dominant exponential decay factor of U

13




we have plotted (log(T$0'(0,T))r. On the basis of our discussion above we see that this quantity should
tend to —!f: ~ —.2 for large T. We see that each of the above cases leads to results consistent with our
predictions. A similar analysis to that given above for (4.2) can be given for (4.3), again the outcome is that
a two-layer structure is required to describe the large time behaviour of the disturbance, furthermore the
functions &, are found to decay exponentially for large T with the same decay rate as that found above.

We shall now report on some calculations carried out for the full nonlinear problem (4.1) with initial
conditions

a=9=0, U=6Ce(-3" (4.13)

for 6 = .35, .45, .55, .65 . The results obtained for the initial conditions given above are typical of those we

have found for a wide range of disturbances. The results we found are shown in Figure (4.2a,b,c,d,) where

we have shown the growth rates (log I u’d()r, (log U ’dC)T, (Iog I V’dC)T, (log(U¢(0,T).TH),.
. For the two smaller values of the amplitude constant § we see that the disturbance decays to zero so
that Karman'’s solution is stable, note that Figure (4.2a) for § = .35 confirms the linear decay rate, -.2,
at sufficiently large values of T when the disturbance field is now small. The calculations for the three
larger values of § demonstrate that Karman’s solution is subcritically unstable. At a finite value of T our
calculations encountered a singularity and could not be continued further. We did, of course, check that
the singularity remains when the { and T step lengths were decreased. In Figures (4.3a,b,c,d) we show the
velocity field for the case T = 3.3,6 = .55. Further calculations for other initial disturbances confirmed the
threshold type of response described above.

Thus we have found that Karman’s rotating disc solution is unstable to finite amplitude n = +2
modes wheras in the linear regime we have stability to this type of disturbance. We have made no attempt
to investigate the dependence of the required threshold amplitude of the instability for different initial
disturbance profiles. For the case discussed above instability occurs when the disturbance velocity field is of
sise comparable to the unperturbed state. Thus this particular type of disturbance is unlikely to be present in

an experimental investigation so that it is unlikely that the this disturbance would cause transition. However

it is not unreasonable to expect that a detailed investigation of & more general class of initial conditions

14




would isolate much more dangerous disturbances likely to cause instability in an experimental facility with

moderate background disturbances.

5. The structure of the Singular solutions
Suppose that the singularity encountered in the numerical calculations occurs at time T = T. For 0(1) values
of { then we expect that the inviscid terms in (2.9) will dominate the flow; thus in the neighbourhood of T

we expect that 8~ 0 ~ U ~ @ ~ 0(T — T)~1. We therefore expand the velocity components as

- “a(C)
8=t

- ”a(()

‘D—F_—T-i-..., S lobed
w.(c) (-a) s Cy )

ﬂ'y:———.+...,
T-T

_ U«(6)
U—TTT;-F..

We can then show from (2.9) that the system to determine (u,,v,,w,,U,) is

U, = u‘3 - ”aa +72U3 + WUy

vy = 2, + WV,

(5.2a,b,¢,d)
U, =2U0,u, + wlU‘( )
Wy + 2u, =0
w, =0, (=0,
(5.3a,d)

u,=v,=U,=0, { =o0.

Since the boundary conditions and differential equations for U, and v, are the same we can write
U, = Av,

where A is a constant. In fact the equation for v, is easily integrated to give

v, = Qu,eluiF-Tipli+is

where Q is a constant and w,, is w,(00). It is sufficient for us to choose Q = 1 and write the u, equation

in the form

u. = u.’ + 6”,2 + w.v,( (5.4)
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when § is a constant to be specified and it lies in the range (—o0, 00). The case § = 0 corresponds to U, = v,
and in that case the equations for u,, w, can be integrated directly to give

W, = Weo(u—~1)% ,
c (5,50, b)

u, -y, =1 - —=—

)
W00

It is easy to show that (5,5b) then defines a single-valued function u, = u,(({) satisfying

y,~1, (—0
(5.6a,bd)

Uy ~ e7-‘=, ¢ — 00,
For small values of { the above solution must be matched onto a wall layer solution valid for { = 0(T'~ T)"é

However we will now return to the more general case § # 0; it is easy to show that w, satisfies
w, =T—6w, fc ("- *-w)“+"-w + w,w (6.7)
and for large values of { we then find that
Wy ~ —W, o + BeFos, (5.8)

where B is an arbitrary constant which is fixed by the condition w,(0) = 0. For small values of { we can

show that w,, v, have the forms
‘v. ~ —b(* + ses
(5.9a,b)
w, ~2+a¢d +...

where a, b are constants fixed by the choice of the arbitrary constant B appearing in the large ¢ form of
w,. In Figure (5.1) we show the function w, obtained by integrating (5.7) for three values of §. In these
calculations we have fixed w,,, = —1. It remains for us to show how the inviscid forms (5.9) for { << 1

can be matched onto a wall layer solution valid for { = 0(T — T)~%. If we define the similarity variable

—¢
(r-1)}

n= then, in view of (5.9), we see that the appropriate expansions are

w’(n)
ﬁ +--y

v%(n)
@t

w’(n) +
(-1}

v= \5.10a, b, c)

w =
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The equations to determine u°, v°, w® are found to be
w4 /2 + %uo = u® 4w,
"+ r)/21:°' + 2-1)0 = w4 2u%°,
w® +2u° =0, > (5.11)

wW=v"=uw’=0, n=0

u ~1, U°~7l*, w°~"7: n — 00, J

0, at large  we find that there are three free constants

From the asymptotic forms of the equations for u°,v
which can be chosen so that the required conditions at # = 0 are satisfied. Thus we conclude that the viscous
wall layer at { = O(T — T)'i smoothes out the singular inviscid solutions so as to satisfy the boundary
conditions. We conclude then by noting that the singularity structure given above is of course a singularity
of the full Navier Stokes equations; in the physical situation we would anticipate that as the singularity

develops the flow becomes unstable to disturbances with a more general # dependence. Presumably the

growth of these other modes destroys the singularity structure and the Navier Stokes equations remain valid.

6. Conclusion

We have seen in the previous section that sufficiently large initial perturbations to Karman’s rotating
disc flow lead to the development of a singularity of the Navier Stokes equations. We note that the structure
of the singularity we have described does not depend at geroth order on the nature of the underlying basic
state. Therefore it is likely that the singularity structure we have found could be set up by sufficiently large
amplitude perturbations to other basic states.

If we assume that the structure we have found can be induced experimentally then a question of some
importance is that of how the singularity can be controlled through the Navier Stokes equations once it has
begun. Since no terms in the Navier Stokes equations have been neglected in the analysis leading to the
singularity it might appear that the singularity must be controlled by an alternative set of field equations.
However we do not believe that is the case, more precisely we believe that once the singularity has begun to
develop the velocity profiles associated with it will be massively unstable to inviscid modes with azimuthal

wavenumbers # +2; these modes will then grow and prevent the further development of the singularity.
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The latter conjecture could of course be verified by Navier Stokes simulations, we do not attempt such an
investigation here.

The typical size of initial amplitude associated with (4.13) required to cause the development of a singu-
larity was found to be comparable with a typical basic state velocity. Thus experimentally the breakdown we
have described could only be provoked by a disturbance amplitude unlikely to be present in an experimental
situation. However it would be very surprising if the initial amplitude required to induce the singularity
could not be significantly reduced by allowing a much more general initial perturbatioﬁ. A possible way of
isolating the most dangerous type of initial perturbation would be to formulate the Energy Stability problem
associated with the interaction equations.

Another open question following our discussion in Section 3 is that of which, if any, of the different
equilibrium states for non zero v are most physically relevant. Our linear instability analysis in the Appendix
strongly suggests that all those equilibrium states with w3, < 8v are not relevant physically since they are
linearly unstable. It remains an open question as to whether nonlinear effects are able to further reduce the
class of physically realizable flows.

One of the authors, PH, wishes to thank SERC and AFOSR for partial support of this work.
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Appendix. The linear instability problem for the steady states with v # 0.
Here we shall discuss the instability of the steady equilibrium solutions of (2.9) with N = 0. We denote
this steady state by (4,3, @, U) and suppose that we consider the instability of this flow to a time-dependent

small perturbation (%,#, @, U) such that
(8,9,9,0) = (v*,v*,w",U*), T=0. (A1)

From (2.10) the linearised perturbation equations for (&, %, i, U') are

Uy + 280 + 240 + a0, + o0, = Uy, )

ir + 206+ 2y 00 - 209 + ik + B¢ = e,
> (A2)

subject to
(43)
G=9=U0= , = 00.

and (Al). Again the initial value problem can be solved by a Laplace transform in T but the form of (A2)
means that the resulting ordinary differential equations in { must be solved numerically. Following our
approach in §4 we consider the eigenvalue problem o = o(v) obtained by replacing 8r by o in (A2) and
applying (A3). The structure of the disturbed flow at { = oo is then found by letting { — oo in (A2) after

replacing 8r by o and §; by m; the appropriate equations to determine m are

(m? — weom — o) = 24,
(m? — weem — o)ii = 2v7, (Ada, b, c)

(m?® — weom — 0)§ = 0.

Thus m is given by
2m = wy, + ud +40
(ASa,b)
2m = we, * VW + 4o £ 2v].
2

The first of these equations corresponds to (A4c) and leads to the continuous spectrum o, < —:—; found
[+ +]

in §4. However (A5a,b) lead to the continuous spectra,

o?
g, <27 - -wT' (ABa, b)

oo
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The positive root corresponds to the case when & = —yJ in (A4a,b) and, surprisingly, we obtain an unstable
continuous spectrum for 4 > 0. However, it remains to be seen whether this unstable continuous spectrum
can induce a physically relevant exponentially growing solution. In order to answer this question we shall
now seek a large time solution of (A2); the structure we choose is based on the assumption that at large
times the unstable spectrum (A6a) effectively dominates the flow. The first step in our solution procedure
is the substitution

]
(ﬁ,i",ﬂ),ﬁ)=(u+'v+,w+’U+)exp{Eé:(—-u-,fT+ 27T}. (A7)

The functions u*, vt etc. are then found in the regions where ¢ = 0(1),¢ = 0(T%). In the region where
¢ = 0(1) we write

(u+,v+,w+,U+) = Tj(ug'va',wg,l]g) +ee

where uf etc. depend only on . The problem for these functions is obtained from (A2) and solved subject

to

and the unknown quantities ug '(0), vy '(0), wg are chosen such that
ud ~9¢, Ug ~—(, wvo— 0 exponentially{ — oo

The constant j again remains unknown in the solution of the { = O(1) problem; however an investigation of
the problem with ¢ = O(T'%) shows that matching with the above solution can only be achieved if j is again
determined by (4.12). Thus we conclude that the steady state solutions with we, > 87 are linearly unstable

and so not likely to be observed.
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Figure (4.1) The growth rate (log T3 0'(0, T))7 for

(a) ©*=¢em¢, (b) U* =(cos (e, () U* = ¢e~(¢~"

2

The predicted growth rate at large T is — =2 ~ —.2.
(log T2U'(0,T))r
01F
0.0

(a) U* = ¢e~¢*

(b) U* =(cosCe¢
~0.1} (c) U* = ¢e~(¢=2)",
~0.2F
~0.3F

I 1 | |
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disturbances decay to zero. If the stagnation point flow at infinity is sufficiently strong the
steady basic states become linearly unstable. In fact there is then a continuous spectrum of unsta-
ble efgenvalues of the stability equations but, if the initial value problem is considered, it is
found that, at large values of time, the continuous spectrum leads to a velocity field growing ex-
ponentially in time with an amplitude decaying in time.
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