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1. Supplementary section: General expression of the yield stress
terms my ;;
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For clarity, we have made the summations above explicit.

2. Supplementary section: Three-dimensional linear stability analysis
2.1. Normal mode approach

The linear system of perturbation equations (3.1)-(3.2) is homogeneous in the axial di-
rection z and the perturbation (u, p, h) is 27 periodic in the azimuthal direction, generic
perturbations can therefore be decomposed into Fourier modes with axial wavenumber
k and azimuthal wavenumber m:

(u, v, w, p, h) = (u(r, 1), o(r, ), w(r, ), p(r, 1), h(t)) m0HF2). (2.1)
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The linear system of perturbation equations in Fourier space reads:

D,u+ @ +ikw =0, (2.2)
0 Vi 2
8_1; = —Dp— Re; 7b (imu — 2v) + (DD* . T_Q) u+ B, (2.3)
. 2 2
dv = Rey | uDV;, + imvE + (DD, — k* - UL Py L (2.4)
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In the above equations, D(.) = d(.)/dr and D.(.) =d(.)/dr + (.)/r.
If the fluid is fully yielded in all the annular space, the boundary conditions are:

u=v=w=0 at r=2Ri, Ry. (2.9)
If the fluid is partially yielded, the boundary conditions are
u=v=w=0 at r=Ri, R, (2.10)

We have also to add the compatibility conditions at the yield surface as well as the
associated equation to its perturbation h:

Du=Dw=0 at r=R,, (2.11)
Dv = —hD?V, at r=R,. (2.12)

In the usual fashion, we consider a normal mode approach and we assume the solution
of the form

(u, v,w,p, h) = (Ull(’l“), Vll(’l“), WH(’I‘), PH(’I“), Hll) eSt . (2.13)

The initial value problem (2.3)-(2.5) is transformed into a generalized eigenvalue problem,
where the complex frequency s is the eigenvalue. Its real part s, is the growth rate of the
perturbation and its imaginary part s; is its oscillation frequency. The eigenvalue value
problem can be re-written in terms of u and v if £ # 0 or in terms of u and w if m # 0.
The spatial discretization is achieved through a standard Chebyshev spectral collocation
method (Schmid & Henningson 2000). At a fixed Res, the critical values of the axial
wavenumber k and the azimuthal wavenumber m are associated with the minimum value
of Re; for which s, 4, = 0 with an accuracy of 10~%. The principle of exchange of
stability holds, i.e. s; = 0.

2.2. Validation of the numerical method used in the linear stability analysis

The numerical computations were validated by comparison with Agbessi et al. (2015),
Chen et al. (2015), Alibenyahia et al. (2012) and Landry et al. (2006). As an example of
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Supplementary Figure 1: Variation of Re;. as a function of B at n = 0.5 and for Res =
100, 300. Our results are in continuous line. The circles are data taken from figure 6a in
Landry et al. (2006).
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Supplementary Figure 2: Marginal stability curves at (a) n = 0.4 and (b) n = 0.883.
Effect of Bingham number: (1) B=0, (2) B=1, (3) B=5and (4) B=10

validation of the numerical procedure used, we have represented in figure 1, the variation
of the critical Reynolds number Re;. as a function of the Bingham number at n = 0.5
and for two values of Res: 100 and 300. The convergence of our results has been checked
by increasing the number of Chebychev polynoms from N = 27 to N = 41. The values
obtained by Landry et al. (2006), read from their figure 6a, are represented by circles.
There is a good agreement. The maximum difference is 1% at Res = 100 and 2% at
Rey = 300.

2.3. Results

Marginal stability curves in the plane (Res, Rep) are shown in figure 2 for a narrow
(n = 0.883) and a wide gap (n = 0.4). The minimum of the marginal stability curves
moves slightly towards counter-rotating cylinders as B increases. It can be observed
that for stationary outer cylinder as well as for counter-rotating cylinders, the critical
Reynolds number increases monotonically with B for a narrow and a wide gap (see also
figure 3(a)). However for co-rotating cylinders, a nonmonotonicity of Re. is observed
as it is illustrated for instance by figure 3(b). For n = 0.4 and Res = 300, Re;. decreases
first with increasing B, reaches a minimum at B = 1.5 and then increases with B. For
a narrow gap, the nonmonotonicity can be observed at much higher outer Reynolds
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Supplementary Figure 3: Variation of the critical Reynolds number as a function of
Bingham number for a wide and a narrow gap: (a) case of stationary outer cylinder and
(b) case of co-rotating cylinders with Res = 300.

number (Res > 2000).

The co-rotating cylinders is the only one situation where the yield stress has a
destabilizing effect for a small-moderate range of B. This result was first observed by
Landry (2003) and Peng & Zhu (2004). An explanation based on the energy equation
was proposed by Landry et al. (2006). Globally, the destabilizing effect corresponds to
the situation where the production term in the energy equation is amplified via the
increase in the strain-rate at the inner wall and dominates the increase of the viscous
dissipation.

Concerning the critical azimuthal and axial wavenumbers (figure 4), for a narrow
gap, in the co-rotating regime, the critical mode remains axisymmetric at least up
to Res = 2000, i.e. the primary bifurcation leads to stationary TVF. In the case of
counter-rotating regime, the critical azimuthal wavenumber increases with |Res|. There
is a limit Regy below which the primary bifurcation leads to spiral vortices (m. > 1).
Spiral vortices are traveling waves in axial and azimuthal directions. It is worth noting
that when the yield stress is increased, the primary bifurcation remains axisymmetric
for a wide range of negative Res. The axial wavelength, A\, = 2w /k., decreases with
increasingly negative Res. This may be attributed to the decrease of the “effective gap”
where the Rayleigh instability criterion holds, i.e. the gap between the inner cylinder
and the “nodal surface” where V}, = 0. Similar trends are observed for a wide gap, except
that the axial wavelength is shorter and decreases significantly with increasing Bingham
number. This is due to the appearance of a plug zone attached to the outer wall.

Note that for a Newtonian fluid, the linear theory of spiral vortices has been well studied
(Krueger et al. 1966; Langford et al. 1988; Tagg et al. 1990; Tagg 1994) and the results
are in good agreement with experiments (Snyder 1968; Langford et al. 1988). The
nonlinear behavior of such vortices has also been investigated by several authors, we cite
for instance Demay & Iooss (1984) and Edwards et al. (1991).

Some features of the critical mode are shown in figure 5 for Newtonian and Bingham
fluids. We have represented contours of the stream function on one wavelength. It can be
noted that the isolines are more concentrated near the inner wall with increasing Bingham
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Supplementary Figure 4: Critical azimuthal and axial wave numbers for a Bingham fluid
with two radius ratios n = 0.883 (figures on the left (a) and (c¢)) and n = 0.4 (figures on
the right (b) and (d)). Effect of Bingham number: (1) B=0, (2) B=1, (3) B =5 and
(4) B = 10.

number, indicating the presence of steep velocity gradient as well as an unaffected plug
zone attached to the outer wall.

3. Supplementary section: Operators and matrix coefficients
3.1. The operator C
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Supplementary Figure 5: Contours of the stream function associated with the critical
mode at Rey = 0, = 0.4 for three values of Bingham numbers (a) B =0, (b) B =1,
(¢) B = 5. The arrows indicate the rotation direction of the rolls. (+) clockwise rotation
and (-) anti-clockwise rotation

3.1.1. The sub-scales Cy and C4

82
Co=C , ¢ =(2%30z7 © (3.2)
0 0
3.2. The operator LI
o ol
LI = 5 r 0z (3.3)
D.Vy— 0
e
3.2.1. The sub-scales LIy, LI, and LI,
0 a9
LIy=LI , LI, = P rdz | | LI,=o. (3.4)
D.Vy— 0
"9z

3.3. The operator LV
The coefficients of the 2 x 2 matrix LV are:

(LVi; 0
LV< 0 LV22> (3.5)
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with
0? 0o
LVi1(¢) = (DD.)" ¢ + 252DDsb+ 57,
10 7, v 9%
LVi (v) = g [ (Do =7 )| + 52
3.3.1. The sub-scales LVy, LVy and LV; are:
LV, =LV
%9 *¢
LV,\"(¢) = 4DD, 4
Vi (9) 002 " “0-%02
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3.4. The operator LY

(LY, 0
LY< r LEJ

with
2 10

0 0
LYy, = (DD* - E) mir. + & (Dml,zz D+m1 7“7) + _&ml 00

0
LY = ERUGIEE

3.4.1. The sub-scales LYy, LY; and LY> are:

LY, =LY

(1) 1 0% ) 2 0% 4
LY, = -2DD, | - — = DD, + -
i) (wmnmw oy 0202 T W)
1 0% 1 0% 0%
4D DD, 4D, | - D
* (f’y(Ub) azaz) + (’y(Ub)) 0207 9:07
4
25 (Uy)”
2 0%
( b) 0207 ’

LY}y (v) = -

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)
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3.5. The vector NIy

NI, = <z§z;) (3.21)
where,
NI, = % {%DD@ — (DD, ¢) (DD*%)]
NI, = %% + %% - D*qb% . (3.23)

4. Supplementary section: Boundary conditions
4.1. Case (III) of base solutions

In the case where the fluid is fully yielded in the annular space (case III of the base
solution), appropriate boundary conditions come from the no-slip conditions at the wall:

u=0 at r=Ri,Ry. (4.1)

4.2. Case (II) of base solutions

In the case where we have a partially yielded fluid, i.e. a case (II) of base solution,
the condition (4.1) is satisfied at the inner wall. However, the outer wall is no longer the
boundary of the computational domain for the stability problem: it is the yield surface.
The yield surface position has been perturbed from R, to

7= Ry + dhy + 8%ha + 63hs + O(6%) . (4.2)

Both continuity and yield conditions need to be evaluated at the perturbed yield surface,
then linearized onto r = R,,.
The continuity of the velocity through the yield surface reads

Uy + u] ([Ry +0hM + 6203 4 530 4 } 2 t> = Uy + u] <[Ry +0hM + 6203 4 530 4

Here the superscripts & indicate that the limit is taken from each side of the yield surface.
The condition of the velocity continuity has to be linearized onto r = R,. Note that we
retain the base flow in these expressions, since the base flow is discontinuous in its second
derivative at the yield surface. By continuity from the outer wall, v = 0 uniformly within
the plug. On writing

u = duq + 62us + 8us + ... (4.4)

the following conditions on the primitive variables are derived at r = R,
u; — 0, (45)

ouy  h3d*V,

=—h—— — 4.6
" Yor 2 drz "’ (4.6)

Ouy - Ouy  h?0%u — d*V, h$ d*V;,
ug = —h;—— — - - hlhgﬁee ~ % s (4.7)

or or 2 or2
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Additional compatibility conditions are also imposed at the yield surface. Indeed, due to
the yield criterion, each component of the strain rate tensor of the perturbed flow vanishes
at the yield surface. Expanding both about the base solution and about the base flow
yield surface, we obtain the following hierarchical system of compatibility conditions:

Yij(u1) =0

) a .

Yij(w1) + ha E%‘j(Ub) =0,

X a .

Yij(u2) + ha E%‘j(ul) =0,

. o . 0 . 20% .

Yij(u2) + hy E’Yij(ul) + h2E'Yij(Ub) + ?ﬁ%j(Ub) =

B2 o2

. o . 0 . .
Yij (w3) + h1 =5 (w2) + ho =i (u1) + 7@%;’(“1) =

or or

h? 9%

. 0 . 0 .
Yig(ws) + h1o=ij(w2) + ha—%ij(u1) + > 72 Vi

or or
2 3 93

. 0° . hy 0° .
hs¥i; (Us) + h1h2w')’ij(Ub) + é%'}’ij(Ub) =0

(u1) +

ij #r6,0r (4.8)
ij=r0,0r, (4.9)
ij #r6,0r, (4.10)

0 ij=r0,60r (4.11)

ij £7r0,0r (4.12)

ij =10, 0r.(4.13)

Combining the velocity continuity conditions (4.5-4.7) and yield conditions (4.8-4.13)

leads to the following set of conditions at r = R,:
At order §

8U1_8’LU1_
or  or
8’1)1_ d2%
o= e
At order 62
u2:07
oo
2T g2
U}QZO,
31@7 82u1
o lorz
8w27 82?1)1
or — lor2
D, P PV
or Vo2 2 dr2 2 dr3

(4.14)
(4.15)

(4.16)
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At order §°
h% 82u1
B2 oPw WAV, - d?V
. — —L et § - 4.24
BT g2 3 dr3 + e dr2 ”’ (4.24)
h% 821111
wy = L5 (4.25)
Ous Puy - 0%u;  h? 0wy
0 _ -1 4.26
or Vor2 2 o2 2 Or3’ ) (4.26)
% - 82’()2 B }_L 82114 _ h_%@g’ul B h1h2 d2% B - d3% B h_zfd3‘/(, (4 27)
or Yorz 2 or2 2 Or3 Ry dr? Y20k 6Ry drd N
8?1)3 - 82?1)2 - 82101 h% 83?1)1
or —h orz hz or2 2 o (4.28)

5. Supplementary section: Validation of procedure used in the
weakly nonlinear analysis

In figure 6(a), the radial velocity profile obtained for a Newtonian fluid with n = 0.5 is
compared with that obtained by Fasel & Booz (1984) using a direct numerical simulation.
The outer cylinder is fixed and Re; = 72.5 which corresponds to a relative distance to
the onset of vortices € = 6.3%. The maximum difference is 2.5%. In figure 6(b), the radial
velocity variation along the axial line through a vortex center obtained for a Bingham
fluid with B = 0.8547 is compared with that obtained numerically by Jeng & Zhu (2010).
The radius ratio is n = 0.5 Rej. = 117.008 and € = 2.56%. The maximum difference is
5.5%. Note that for these parameters, the fluid in the annular space is fully yielded. It
is also interesting to note in figure 6(b), that the radial outflow (u > 0) is narrower and
stronger than that corresponding inflow (u < 0).

Hence, it appears that for a Newtonian and Bingham fluid, a good agreement is found
with the literature.

6. Supplementary section: Comparison between the contributions of
non-homogeneous boundary conditions and non-linear inertia
terms to the value of the Landau constant.

In figure 7, the contribution of nonhomogeneous boundary condition, giyy to the

value of the Landau constant is compared to that of nonlinear inertial terms g;;. It can
be observed that g1z is almost 10® times smaller than —g;.

7. Supplementary section: Contributions of nonlinear inertial and
nonlinear yield stress terms

According to equation (4.55), g1 and g1y can be written formally as
1,0 —1,2 1,0 —1,2 1,1,—1
g1ir =917 t 9117 g1y = 91y + 91y’ + 911 ) (7~1)

where gi}o and gig? are the feedback of the mean flow correction onto the fundamental

mode through the nonlinear inertial and nonlinear yield stress terms, respectively, g, 11’2

and gy are the feedback of the second harmonic onto the fundamental mode, etc...A
detailed study of these terms is given in table 1. The data show that the feedback of the
mean flow correction onto the fundamental mode plays an important role.
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Supplementary Figure 6: (a) Radial velocity profile in Newtonian fluid fluid with n =
0.5, Reg = 0, Rey = 72.5,¢ = 6.3% at z = 0: (continuous line) our results, (circles) Fasel
& Booz (1984) results. (b) Radial velocity along the axial line through a vortex center in
a Bingham fluid with n = 0.5, B x Rej. = 100, Re; = 120: (continuous line) our results,
(circles) Jeng & Zhu (2010) results. Here A = 27 /k..

%107

Supplementary Figure 7: The ratio ginm/(—g1r) as a function of B for different radius
ratios: (1) n =04, (2) n=0.5, (3) n = 0.6, (4) n=10.7, (5) n = 0.8, (6) n = 0.883 and
(7) n =0.9. The vertical dashed line represents the value of B from which a static layer
appears on the outer wall. Before these dashed lines gynz = 0.

8. Supplementary section: Variation of 7, as a function of Res

Variation of the radius ratio limit 7, above which the primary bifurcation remains
supercritical, as a function of Res in co- and counter-rotation of the outer cylinder.
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B ¢ 91 9 gz 9o 9o 9l 9in
0.0 -874.785 -874.785 0 -236.14 0 -637.69 0O 0

0.5 -1061.4 -1257.2 195.79 -470.14 222.41 -787.07 106.53 -133.14
1.0 -414.4 -1781.5 1367.1 -686.81 621.76 -1094.6 1136.8 -391.46
2.0 -321.2  -2837 2515.8 -944.78 1138.3 -1892.3 2133.1 -755.58
3.0 -186.9 -3865.4 3678.5 -1168.3 1669.3 -2697.1 3150.9 -1141.7
4.0 -34.2  -4893.1 4858.9 -1374 2219.4 -3519.1 4188.9 -1549.5
5.0 127.1  -5929.5 6056.6 -1568.8 2789.2 -4360.7 5244.7 -1977.3
6.0 290.9 -6979.2 7270.1 -1756 3377.7 -5223.2 6315.6 -2423.3
7.0 459.7 -8041.9 8501.6 -1938.9 3986.3 -6103 7402.1 -2886.8
8.0 623.2 -9121.9 9745.1 -2117.6 4611.7 -7004.3 8498.8 -3365.5
9.0 790 -10216 11006 -2294.2 5255.6 -7922.3 9609.4 -3859.4
10.0 952 -11327 12279 -2469 5916.6 -8857.7 10729 -4366.9

Table 1: The first Landau constant g; and the contributions of nonlinear inertial and
nonlinear viscous terms for different values of the Bingham number. The radius ratio

n =0.5.
I
09 T
0.87/
0.7 e
100 0 100200 300 400

R62

Supplementary Figure 8: Variation of the radius ratio limit 1, above which the primary
bifurcation remains supercritical, as a function of Res.

9. Supplementary section: Torque

The determination of the torque T applied on the inner cylinder is of great interest.
It provides information about the energy dissipation. Dubrulle & Hersant (2002) and
Eckhardt et al. (2007) defined a dimensionless torque as the ratio of T to a nominal
torque 27rﬁf/2é, where 7 is the kinematic viscosity and 7 the height of the inner cylinder
immersed in the fluid. By analogy with the heat transfer in Rayleigh-Bénard convection,
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Supplementary Figure 9: Torque applied on the inner cylinder as a function of e at
different values of B. (a) Wide gap n = 0.4: (1) B =0, (2) B=10.5, (3) B=10.9, (4)
B =1and (5) B=2.(b) Narrow gap n = 0.883: (1) B=0, (2) B=1, (3) B=5, (4)
B="7.2.

the previous authors defined a pseudo-Nusselt number, Nu, for a Taylor Couette flow
as the ratio of G to the dimensionless torque evaluated in the laminar regime Gy:

27 ke
B g o (Trg (Ub + u))Rl dz
N = G = T R (oo W)y ©-1)

where
Tr0 (Up + u) = 7rg (Up) + Aro(u) + Bmlo(u) + Bm2,g (u, u) + O(|A|4) . (9.2)

The pseudo-Nusselt number, Nu,, represents the dimensionless angular velocity flux or
momentum flux (Eckhardt et al. 2007). Greater Nu, implies that that the torque per
unit height or the momentum flux is larger.

In the laminar regime, the radial flux of the angular momentum is diffusive and Nu, = 1.
In the TVF regime, using equations (2.28), (2.30), (2.31) and (2.33), Nu, can be written
as

DVyo
Tro (Ub)

|D?Fy, |2

70 (Uy) [ (Uy))? A7+ 0 (41

Ry

Nu, =1+ [ ]Rl |A]> = Bsgn (e (Us)) l

(9.3)

In the case where k = k., using equation (5.2), the pseudo-Nusselt number can be
written formally as:

Nu, =1+ Ke, (9.4)
where K depends on Bingham number. For a Newtonian fluid, we have
1 [ DVp ] . . 2
= | = with 0 (U =— 9.5
T0g1 |:'7r9 (Ub) . (,779 ( b))Rl 77(1 +7’) ( )

Figure 9 shows the variation of Nu, as a function of the distance to the onset of vortices
for a wide and a narrow gap at different values of B. Again we find the same trends as
in the description of the flow structure. Namely, the nonlinear inertial terms, which are
dominant for weak values of B have a stabilising effect, and as soon as the nonlinear
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yield stress terms become more important, the torque applied to the inner cylinder
increases strongly. Furthermore, the numerical results show that the increase in Nux is
due to the term DVjs, which is a correction second order correction in amplitude of the
azimuthal profile of the base state. The contribution of the third term in equation (9) is
quite weak.

Remark

The term pseudo-Nusselt number was introduced by Eckhardt, Grossmann and Lohse
(Europhys. Lett. 2007, J. Fluid Mech. 2007) to describe the analogy between the heat
transport in Rayleigh-Bnard convection and the transport of angular momentum in a
Taylor-Couette flow. Indeed, in the same way that we define a Nusselt number in a
Rayleigh-Bénard convection as the ratio between the heat flux across the fluid layer to
that obtained when the fluid is static (diffusive flux), Eckhardt, Grossmann and Lohse
(2007a, 2007b) define a pseudo-Nusselt number as the ratio of the angular momentum
flux to that obtained in a laminar regime (diffusive flux). This theory describes an angular
momentum, which is constant over all radii with

Juw =13 ((u W) as— v, <w>A7t) (9.6)

where the brackets (.), ; describe a mean over a cylindrical surface at radius r over
time. In equation (9.6), v is the kinematic viscosity and w, the angular velocity. At the
inner wall (r = Ry), the first part of this equation equals zero (v = 0). The second one
corresponds to a linear function of the torque C. The ratio of the dimensionless torque
(denoted G in the first version) to that obtained in laminar regime (denoted G} in the
first version) is the pseudo-Nusselt number.
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