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This notebook gives the Orszag-tau spectral linear stability calculation for
channel flow.

Reference: S. A. Orszag (1971) "Accurate solution of the Orr-Sommerfeld stability equation”, Journal of Fluid Mechanics, 50 pp 689-703.

The coefficients of the algebraic equations are computed directly from the
orthogonality property of the Chebyshev polynomials using integration.

Reference: R. Miesen and B. J. Boersma (1995) "Hydrodynamic stability of a sheared liquid film", Journal of Fluid Mechanics, 301 pp
175-202.

In the tau method, the solution is approximated with Orthogonal polynomials that are valid over the entire domain,
as in the Galerkin methods. However, in many problems because of the complexity of the boundary conditions, it
is not possible to make a convenient set of functions exactly fit the boundary conditions. To solve this problem,
the tau method enforces the boundary conditions as additional algebraic equations along with those that originate
with the differential equation. To obtain the extra degrees of freedom that this requires, a requsite number of the
highest "frequency" (i.e. highest n) modes generated from the differential equations are not enforced. As long as
the number of modes can be made large (>10-20) this method will probably work fine. For the long wave region,
numerical resolution limits the number of modes that can be used in this formulation ans so there could be some

problem getting the tau method to give reliable results.
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m This section expands the terms of the Orr-Sommerfeld equation in terms of the
Chebyshev polynomials and gets the coefficients using the orthogonality.

We need use only even modes because the boundary conditions are symmetric. There are then two boundary
conditions, no slip and no flow through the wall, thus we will drop off the two highest equations produced from
substitution of the ChebyshevV's in the ODE.

To do some of the integrals, we need to extend the limit of internal recursion. | don't know why!!

$RecursionLimit = Infinity ;

Here is the start of the calculations.
In this example we use nn/2 +1 modes.

nn = 8;

nn
nx = — +1;

m Here is the the second derivative term of the Orr-Sommerfeld equation

TD=-2a®DIW [y, i 1, {y,2 }]
—2a?w®@9%y, i)
tdl =TD /. {w [y,i ] - a[i] ChebyshevT T[i,y 1,

Ory2 3 WY, i 1092, (ali] ChebyshevT [i,y 1),
Orya W IY, i 104, (ali] Chebyshevl [i,y 1)}

_2id?ai (Tiy) -y Uiu(y)
y2-1

temp2 = Sum([tdl, (i, O, nn, 2 }1]

422y -1 -2y)a@R)a® 848y -8y +1)-y(@By -4y)a4)a’
y2 -1 y2 -1
12(6(32y° — 48y* + 18y — 1) — y(32y° — 32y® + 6y)) a(6) a?
y> -1
16(8(128y® — 2568 + 160y* — 32y? + 1) — y(128y’ — 192y° + 80y® — 8Y)) a(8) a?
y> -1
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temp2a = Simplify  [temp2 ]

—8a?(1792a(8) y® + 240a(6) y* — 1920a(8) y* — 144 a(6) y* + 480a(8) y* + a(2) +
4(6y> —1)a(4) + 9a(6) — 16a(8))

m Here is where we use orthogonality

z2d =

1
2 [ temp2a ChebyshevT [i L
J_,temp2a Chebyshev [|,y]wdy

Table [a2d [i] = = . {0, 0,nn, 2 3]
mt C[I

1602 (a(2) + 8a(4) + 27a(6) + 64a(8)) 9602 (a(4) + 4a(6) + 10a(8))
- c(0) . c(2) '
480% (5a(6) + 16a(8))  448a? a(®)
- c(4) G }

m Here is the the fourth derivative term of the Orr-Sommerfeld equation

FD=D[w [y,i 1, {y,4 }]
w0y, i)
fdl =FD /. {w [y,i ] ->af[i] Chebyshevl T[i,y 1,

Ogy2 3y W Y, i 1092, (a[i] ChebyshevT [i,y 1),
Ogya W LY, i 1> 94, (a[i] ChebyshevT [i,y 1)}

nn
temp4 = Z fd1;
i =0
AQ=2
tempda = Simplify [temp4 ]

192(a(4) + (60y? — 6) a(6) + 20(56 y* — 24y? + 1) a(8))

z4d =
1
2 f_ltemp4a ChebyshevT T[i,y ] — — dy
Table [add [i] = - =  {.0,n, 2y
stC[l]
{ 384 (a(4) + 24a(6) + 200a(8)) 1920(3a(6) + 32a(8)) 26880a(8) 0 0
c(0) ’ c(2) ) 9
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m Here is the the zero derivative term of the Orr-Sommerfeld equation

ZD=oa* Wiy, i ]

a® wiy, i)

z00d = Table [a00d [i ] =a* a[i], {i,0,nn, 2 }]

{@* a(0), o* a(2), o* a(4), a* a(6), o* a(8)}

m Here is the the rest of the Orr-Sommerfeld equation

XD =
-l arr ((U[y]—)t) (Bgy2 3 W Ly, i 1-a?wly,i ])—a{y,z)ﬁ[y]vv [y, i ])

itta ((U[y] D) W29y, iy — a? wiy, i) - w(y, HU” (v))
We can substitute the average profile andii(g)

xdl = XD /. {Uly]»1-y2, U" [y]-08y2; (1-y))}

—irra 2wy, i)+ (=y? = 1+ 1) (wW2y, i) - a? v(y, )

xd2 =xd1 /. {w [y,i ] - afli] ChebyshevT [i,y 1,
Ogy2 3y W Y, i 1092, (a[i] ChebyshevT [i,y 1),
Ogya W LY, i 1> 94, (a[i] ChebyshevT [i,y 1)}

la (Tiy) —yUiay)
y?-1

—n’rroz(Za(i)Ti(y)+(—y2—/l+l)( o? a(i)Ti(y)))

nn
tempxd = Z xd2;
i=0
Al =2
tempxda = Simplify  [tempxd ]

—irra((y’>+2-1)a0)a?+2a0)+
22y? -Da@+ (Y -Da? -4 (Y +A1-Da+2@By* -8y + 1) a@) +
B2y -8(@?+12)y? +a? +16) (Y2 + A — 1) a(4) + 2(32y°® — 48y* + 18y* — 1) a(6) +
(32a%y® —48(a® +20)y* + 18(a? +32) y* —a® - 36) (y* + A — 1) a(6) +
2(128y? — 256y° + 160y* —32y? + 1) a(8) +
(12802 y® — 256 (% + 28) y® + 160 (a? + 48) y* — 32(a? + 60) Y + a? + 64)
(Y’ +1-1)a®))
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z0d =
1
2 [ tempxda ChebyshevT [i,y ] — — dy
Table [aOd [i ] = : 1y , {i,0,nn, 2 }]
tC[l]
1 . 2 2
{—T(O)(urra(Z((Z/l—l)oz +4)a(0) + (@® — 161 + 8)a(2) -
8161 a(4) —2a(4) +541a(6) — 3a(6) + 1281 a(8) — 4 a(8)))),
_ . 2 _ —
1002 (@rra(@®a0)+4Ara2) - 2a(2) + ad))
16(2(6A—1)a(4) + 481 a(6) — 3a(6) + 1201 a(8) — 4 a(8)))),
1 )
- 2o (irra(a(@?2)+41ad4)—-2a4) + a6)) —

8(5a(4) + 601 a(6) — 6a(6) + 1921 a(8) — 8a(8)))),
irra(a? (@) +421a6) - 2a(6) + a®B)) — 16 (7a(6) + 4 (141 — 1) a(8)))
- 4¢(6) ’
irma(a? @)+ 2221 -1)a®) - 216a(8))
- 4c(8) }

Here are the boundary conditions.
nn
vexpand = Z af[i ] ChebyshevT [i,y 1
i =0
Al =2
a0)+ 2y’ —Da@) + (8y* —8y? + 1)a(4) + (32y° — 48y* + 18y — 1) a(6) +
(128y8 — 256y° + 160y* — 32y? + 1) a(8)
bcl = vexpand /. {y -» -1}

a(0) + a(2) + a(4) + a(6) + a(8)

bc2 = oy vexpand /. {y -» -1}

—-4a(2) - 16a(4) — 36a(6) — 64 a(8)
We solve for the two highest coefficients because the two highest modes are dropped from the matrix of the
differential equation mode coefficients (the Tau method). The boundary conditions replace these modes assure

that the BC's are satisfied. However, the BC equations do not contain the eigen value and thus must be eliminated
algebraically before solving the eigenvalue problem.

bcsolve = Solve [{bcl == 0, bc2 ==0}, {a[nn], a [nn -2]}]

{{a® - ; (9a(0) + 8a(2) + 5a(4)), a(6) - ; (-16a(0) - 15a(2) - 12a(4))}}

Here is the table of coefficient equations from the O-S equation
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dcoefs = z4d +z2d + z00d + zOd

(0 o 16 (a(2) + 8a(4) + 27 a(6) + 64a(8)) a?
a@a® - c(0) }

Grr2(2A-1)a?+4)a0)+ (@ -161+8)al2) -
2¢(0)

8(161 a(4) —2a(4) + 541 a(6) — 3a(6) + 1281 a8 — 4a(8)) a) +
384(a(4) + 24 a(6) + 200a(8))
c(0) '
96 (a(4) + 4 a(6) + 10a(8)) a?
c(2)  4c(2)
16 (2(61 — 1) a(4) + 481 a(6) — 3a(6) + 1201 a8) — 4a(8))) a) +
1920(3 a(6) + 32 a(8))

aR)a* - Grr@®a)+421a2) -2a2) + a@)) -

c(2)
ad o’ 1852(6) + 1628) o i1 (@ (a(2) + 41 a(4) — 2 a4) + a6
()a/ B C(4) _4C(4)(l (Q’(()+ ()— ()+ ())_
8(5a(4)+ 601 a(6) - 6a(6) + 1921 a(8) — 8a(8))) a) +
26880a(8) .
B a6) a” -
448a8)a®  irr(a? (a(4) +41a6)-2a(6)+a8) - 16(7a6) + 4(141 - 1 a@®)) @
c(®) ) 4 c(6) ,
ot ag - (@ (a6) +2(21 - 1) a(8)) - 216a(8))

4¢(8) }
Here is where we use the boundary conditions to replace the two highest coefficients.

dcoefsub = dcoefs /. bcsolve [1]

Here we pick out the number of valid equations

coefs = Table [dcoefsub [iJ, {i, 1, nx -2}]
templ = Expand [Simplify [
ExpandAll [coefs /. {c[0] »2,c [2] »1,c [4]»1,¢c [6]>1,C [8] »1,
c[10] » 1,¢c [12] »1,c [14]»1,Cc [16] »1,C [18] » 1}]1]
Here we construct the matix that comprises the generalized eigenvalue problem
AB = (AA - B lamb)
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AB = Table [Table [Coefficient [templ [jT1.a [i]1], {i,O,nn -4,21}],
{, L, nx  -2}]
ot + irmad +M+@irrla—& irrde® + 282 —Zimra®+ 2 4 20 g -
——irroz + 48:’7rrw + 12748 iMrAa— 24976LY + 4607800 o+ —i/rroz + 52:7rrw + ﬂ“rla_ 19270
—eroz +M+1536er/1 3072“ + 34560 —er(x +M+1272er/1 :
The left side matrix will be AA
AA=AB/. A 0;
Now we get BB
AB - AA
B =
A
2 irar-irma®2 456irmra 208irra
A 7 7
960
1248irr o irmad-imae® ) 432irra
7 A 7
480
1536 It « 1272irr « ——imai- —irra® A
7 7 A

At this point we start doing things numerically.

First choose alfa and Reynolds number

alfx = 1.02056;
rrx =5772.22;

Here is the calcuation of Binverse to solve the GEP.

Binv = Inverse [-B];

Here is the matrix of the now regular eigenvalue problem

Binv.AA = AZ

AZ = Binv . AA;
Now make it numerical for sure

N[AZ /. {a - alfx, rr

—0.254177- 0.264263:

0.250351+ 0.939226:

Get the eigenvalues.

—0.553443- 0.226941i
0.172883+ 0.00192624i 0.440543- 0.000685176i
0.498477+ 0.815527i

> Irx }]

0.0864925- 0.123387i
—-0.648105- 0.0016785i
1.16513+ 0.453352i
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Eigenvalues [N[AZ /. {a - alfx, Ir >rrx }11

{0.677682+ 0.318252i, 0.685829— 0.202753i, —0.0120163+ 0.0729056:}

These are not very accurate!! (See below for the good ones)

Try a different Reynolds number and wavenumber.

alfx =1;
rrx = 10000;

Here is the calcuation of Binverse to solve the GEP.

Binv = Inverse [-B];

Here is the matrix of the now regular eigenvalue problem

Binv.AA = AZ

AZ = Binv . AA;
Now make it numerical for sure

N[AZ /. {a - alfx, rr - Irx }1]

—0.264837- 0.157125; —0.556093- 0.134934i 0.0892914- 0.0733584i
0.182137+ 0.00151435; 0.442155-0.0000833123; -0.651037- 0.000830988:
0.260278+ 0.556664: 0.502616+ 0.483328: 1.16378+ 0.268669:

Get the eigenvalues.

Eigenvalues [N[AZ /. {a - alfx, Ir >rrx }11

{0.678323+ 0.285973i, 0.68273—- 0.217888i, —0.0199553+ 0.0433756i}

Here is the same calculation but made to run faster numerically by using
recursion formulas for the coefficients.

nn = 48;

nn
nx = — +1;
2

Here is the the second derivative term of the Orr-Sommerfeld equation
TDcoef =-2a® -1 arr +1 axrr
—2a®—irra+irria

The recursion formulas to construct the Matrix eigenvalue problem are available in Orszag's paper. These are
several more that are useful when solving the two-layer interfacial eigenvalue problem are given in:
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Primary and Seconday Interfacial Disturbances in Horizontal Cocurrent Flows
Ph. D. Thesis,

William C. Kuru

Department of Chemical Engineering

University of Notre Dame

1995.

Note how these match the ones obtained by integration.

nn 2 _i2
z2d = Table [TDcoef Z P (P I_ ) atpl , {i,0,nn, 2 1];
p=i +2 cli]
Ap=2

Here is the the fourth derivative term of the Orr-Sommerfeld equation
nn p(pZ(p2_4)2_3i2p4+3i4p2_i2(i2_4)2)a[p]

4d = Tabl :
g able [ ) 24 ¢ [i ]

p=i +4
Ap=2

{i,0,nn, 2 }];

Here is the the zero derivative term of the Orr-Sommerfeld equation. | now have all of the zero derivative terms
here.

z00d =
Table [a00d [i ] = (a* =21 arr +1 a®rr -1 a®xrr)ali], {i,0,nn,2 3}7J;

Here is the y*2 wv[y] term

zxt

1
Table [(c[i -2]a[i -2]+2a[i]+ali +2]) T {i,0,nn  -2,2}];

3

1
z2y = _ZI a” rr Append [zxt,a [nn -2] +a[nn] 2];

Here is the y*2 v"[y] term

z0d =

i -1)ali]l+X%.e) (2-12-2)a[j]
Aj =2 .
| arr Table [ T , {i,0,nn, 2 }];
c[i

dcoefs = z4d +z2d +z00d +z0d + z2y;
Here are the boundary conditions
nn
vexpand = Z af[i ] ChebyshevT [i,y 1;
i =0
Al =2

bcl =vexpand /. {y -» -1};

bc2 = oy vexpand /. {y - -1};
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bcsolve = Solve [{bcl ==0,bc2 ==0}, {a[nhn],a [nn -2]}];
dcoefsub = dcoefs /. bcsolve [17;

coefs = Table [dcoefsub T[iJ, {i, 1, nx -2}];

Gee, this next step could be done easier.

templ = Expand [Simplify [ExpandAll [coefs /. {c[0] »2,c [2] » 1,
c[4] »1,c [6]->1,c [8]-1,c[10]>»1,c [12] »1,c [14] -1,
C[16] »1,c [18] »1,c [20] » 1,Cc [22] »1,cCc [24] - 1,
c[26] »1,c [28] »1,c [30] »1,Cc [32]1»1,cCc [34] - 1,
c[36] -»1,c [38]»1,Cc [40]>1,Cc [42] »1,C [44] » 1,
C[46] »1,c [48] »1,c [50] »1,Cc [52] »1,Cc [54] -1}111;

Here we are back at the matrix

AB = Table [Table [Coefficient [templ [jT1.a [i]1], {i,O,nn -4,21}],
{jv 11 nx - 2}]1

Table [c[i] =0, {i, -3,nn +1,21}];

AB - AA
B = )
A
alfx =1;
rrx = 10000;

BN=B /. {a- alfx, Ir - X };

Binv = Inverse [N[-BN]];
— Inverse::luc: Result for Inverse of badly conditioned mattikk1>>) may contain significant numerical errors.

AAN = N[AA /. {a - alfx, rr - Imx }1;

AZ = Binv . AAN;

We are exceedingly happy thdathematicafinds these all and sorts them. The last one is the one that we want.

eigs = Eigenvalues [N[AZ /. {a - alfx, rr -1mx }]1]

{0.0426766+ 475.255i, 0.0470383- 19.81814, 0.0682662- 3.73254i, 0.10508- 1.5249i,
0.96464- 0.03519044, 0.945253- 0.1324i, 0.936884— 0.0636707i, 0.913636— 0.0810209i,
0.871514- 0.0832453i, 0.153863- 0.822532:, 0.82035- 0.08787871i,

0.763602- 0.0935483i, 0.701874— 0.100369:, 0.63588—- 0.108489;,
0.566383- 0.118015:, 0.208399—- 0.498853i, 0.494464—- 0.128945i,
0.418929- 0.145117:, 0.261547- 0.307589i, 0.324367- 0.194115;,
0.348658- 0.122409:, 0.190046- 0.182536i, 0.237527+ 0.00373968i}

alfx = 1.02056 ;
rrx = 5772.22;

BN=B /. {a- alfx, - Irx };
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Binv = Inverse [N[-BN]];
— Inverse::luc: Result for Inverse of badly conditioned mattikk1>>) may contain significant numerical errors.

AAN = N[AA /. {a - alfx, rr - Imx }1;
AZ = Binv . AAN;
Eigenvalues [N[AZ /. {a - alfx, Ir >rx }11

{0.0427157+ 806.723i, 0.047085— 33.641:, 0.0685327— 6.33894i, 0.106536—- 2.597341,
0.158723- 1.41633i, 0.953931- 0.0457646i, 0.914046—- 0.246311i, 0.917058- 0.0822119;,
0.220769- 0.88673i, 0.879089- 0.118763i, 0.867629— 0.157449i, 0.819677- 0.143739i,
0.759031- 0.152462i, 0.693845- 0.162327i, 0.285645- 0.590416i, 0.62407- 0.1737034,
0.552058- 0.18628i, 0.347237- 0.394441i, 0.475213- 0.211523i, 0.399973- 0.263993i,
0.403344- 0.152218i, 0.227709- 0.208278i, 0.264002— 3.1691x 10™° i}

Here is the growth curve in Im[lamb] vs. alf space

Initialize functions to use in the calculations. If this is done, all that is needed is that alfx and rrx be assigned
values, and then "lambda" gives the eigenvalues

Clear [BN, Binv, AAN, AZ, zeigs, Neig, lambda, rr, rrx ]

BN := N[B /. {a - alfx, rr ->Irx }1;

Binv : = Inverse [N[-BN]];

AAN = N[AA /. {a - alfx, rr ->Ix }1;

AZ : = Binv . AAN;

zeigs : = Eigenvalues [N[AZ /. {a - alfx, Ir >rx }11;
Neig : = Length [zeigs 1;

lambda : = zeigs [Neig 1;

rrx = 10000;

Do[{alfx =0.5 +1i.05; alfz [i ] = alfx;
imlamb [i ] = Im [lambda ]; relamb [i ] = Re[lambda 7]; },
{i, 0,25 1}1]

imtt = Table [{alfz [i],imlamb [i]}, {i, 0,25 }]
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0.5 -0.0348508
0.55 -0.0277441
0.6 -0.0205291
0.65 -0.0138481
0.7 -0.00808494
0.75  —-0.0033994
0.8 0.000168391
0.85 0.00263049
0.9 0.00401933
0.95 0.00437467,
1. 0.00373968
1.05 0.00216214
1.1 -0.000299949
1.15 -0.00356764
1.2 -0.00752387
125 -0.0119919
1.3 -0.0167212

1.35 -0.179137
14 -0.177648
1.45 -0.175861
15 -0.173882
1.55 -0.171812
1.6 -0.169726
1.65 -0.167683
17 -0.165726
1.75 -0.163889
ListPlot [imtt, PlotJoined - True ]
L ;/— L L L
0.6 0.8 ; 1.4 1.6

-0.025¢

-0.05¢

-0.075¢

-0.1¢

-0.125¢

-0.15¢

-0.175¢

- Graphics-
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The break occurs when a different mode becomes the last eigenvalue. (Thus we should be more careful about the
sorting of eigenvalues thiMathematicais doing).

rett =Table [{alfz [i],relamb [i ]}, {i, 0,25 }]

0.5 0.162399)
0.55 0.172635
0.6 0.182125
0.65 0.190767
0.7 0.198712
0.75 0.206131
0.8 0.213138
0.85 0.219788
0.9 0.226089
0.95 0.232019
1. 0.237527
1.05 0.24254
1.1 0.246962
1.15 0.250677
1.2 0.253547
1.25 0.255439
1.3 0.256258
1.35 0.182705
1.4 0.181115
1.45 0.179653
1.5 0.178388
155 0.177341
1.6 0.176512
1.65 0.175885
1.7 0.175447
1.75 0.175184
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ListPlot [rett, PlotJoined - True ]
0.24;
0.22¢

0.6 / 0.8 1.2 (1.4 1.6

0.18+

- Graphics-

rrx=5772.22
rrx =5772.22;

Do[{alfx =0.5 +1i.05; alfz [i ] = alfx;
imlamb [i ] = Im [lambda ]; relamb [i ] = Re[lambda 7]; },
{i, 0,25 1}1]

imtt = Table [{alfz [i ], imlamb T[i ]}, {i, 0,25 }]
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15

0.5 —-0.047449
0.55 —-0.0409892
0.6 —0.0339958
0.65 —-0.0269201
0.7 —0.020268
0.75 —-0.0143957

0.8  -0.00948586
0.85  -0.00560607
0.9 -0.00276248
0.95 -0.000931909
1. -0.0000777864
1.05 -0.000157079
11  -0.00112206
115 -0.00291871
1.2 -0.00548215
1.25 -0.00872906

1.3 -0.0125475
1.35 -0.0167865
1.4 -0.0212531
1.45 -0.0257259
1.5 —0.0299905
1.55 -0.0338826
1.6 -0.0373142
1.65 -0.040268
1.7 -0.0427748
1.75 -0.0448873
ListPlot [imtt, PlotJoined - True ]
0.6 0.8 1.2 1. 1.

- Graphics-
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rett

0.5
0.55
0.6
0.65
0.7
0.75
0.8
0.85
0.9
0.95
1.
1.05
11
1.15
1.2
1.25
1.3
1.35
14
1.45
15
155
1.6
1.65
1.7

1.75

= Table [{alfz

0.17761
0.188234
0.198778
0.208728
0.217917
0.226402
0.234307
0.241731
0.248737
0.255349
0.261566

0.26736
0.272687
0.277487
0.281684

0.28519
0.287911
0.289762
0.290688
0.290698
0.289877
0.288378
0.286385

0.28407
0.281573
0.278991

[i ], relamb

(i1},

{i, 0, 25

}
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ListPlot [rett, PlotJoined - True ]

/o./e 0.8 1.2 1.4 1.6
0.18!

- Graphics-

Here is the stability boundary in alf-Re space

This module employs the secant method (adapted from Press, Teukolsky, Vetterling and Flsonezyical
Recipes in Fortran2nd Ed. Cambridge Press, 1992, p 351.) (Since thereNsimzrical Recipes iMathematica

Do[{alfx =09 +1i.01;dx = 10; xacc = .1;rrx = 6800;

x1 = rrx; fl = Im[lambda ];rmx =6500;f =Im[lambda ];x2 = rrx;
If [Abs[fl ] < Abs[f], {rtsec =x1;x1 =x2;swap =fl;fl =f,f =swap},
{xI = x1; rtsec = X2 }]; While [Abs [dx ] > xacc,
(XxI -rtsec ) f
{dx = P Xl =rtsec; fl = f; rtsec = rtsec + dx;
mx = rtsec; f = Im [lambda ]; Print  ["rrx = ", mrx, " f =" f ]}];

o]
{i,0,19 1}]

rrx; alfz [i ] = alfx; }
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ans = Table [{rr [i],alfz T[i]}, {i,0,19 }]

6965.26 0.9
6783.35 0.91
6617.14 0.92
6466.05 0.93
6329.61 0.94
6207.54 0.95
6099.68 0.96
6006.08 0.97
5926.99 0.98
5862.96 0.99
5814.83 1.
5783.94 1.01
5772.26 1.02
5782.69 1.03
5819.64 1.04
5889.98 1.05
6005.11 1.06
6185.97 1.07
6477.98 1.08
7021.93 1.09

ListPlot [ans, PlotJoined - True, AxesLabel
PlotLabel -> "Stability boundary " 1

-> {"Re", " a"},

o Stability boundary

1.075¢
1.05¢

1.02{—

0. 975}
0. 95}
0. 925¢

6000 6200 6400 6600 6800 7000 R€

0.9t

- Graphics-



