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channel to study the range of flow states that are stabilised by the confinement: unidirectional flow,

oscillatory flow, the dancing state, localised active turbulence and fully-developed active turbulence.

We analyse the flows in Fourier space, and measure a range of different length scales which describe

the flows. We argue that the different states occur as a result of flow instabilities inherent to the

system. As a consequence the characteristic length scale for oscillatory flow, the dancing state and

localised active turbulence is set by the channel width. Fully-developed active turbulence occurs only
when the channel width is larger than the intrinsic, active length scale of the bulk fluid. The results
clarify why the activity number is a control parameter for the flow transitions.

1 Introduction

Active nematics are fluids that comprise anisotropic active enti-
ties that consume available energy and perform mechanical work.
This energy throughput is often reflected as self propulsion of
the active particles, they exert a stress field on the surround-
ing medium, thus maintaining the system in a non-equilibrium
state1™.  Active nematics include a variety of biological sys-
tems such as bacterial suspensions®?, collections of cells10-12,
and microtubules and motor protein mixtures 1314, and synthetic
systems such as vibrating granular rods>-1¢ and phoretic active
particles17. Collective dynamics and long-range interactions in
these materials manifest as many interesting and complex phe-
nomena, among which active turbulence, a low Reynolds num-
ber turbulent-like flow, has drawn much attention in the recent
past®18-20 Experiments and simulations reveal that the flow
structures of active turbulence exhibit a natural length scale, of-
ten referred to as the active length scale. The active length
scale arises because of the competition between the destabilis-
ing effect of the active stresses and the elastic relaxation of the
medium21-23,

Since active turbulence is produced as a result of spontaneous
flow transitions it offers possibilities for novel microfluidic appli-
cations using active systems. However, the very nature of the flow
field, namely its chaotic behaviour and the lack of control, act as
a hindrance to such applications. In this regard, confinement has
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been proposed as a way to control the turbulent flow structures
produced by active nematics. This route is still far from success,
but instead it has revealed interesting properties of active systems
in confinement and opened up new research questions. For exam-
ple, kinesin-microtubule mixtures in a two-dimensional circular
confinement produce distinct flow states, ranging from net circu-
lar flows to active turbulence, depending upon the dimensions of
the confinement 292425 Similarly, Xenopus egg extract shows cy-
toplasmic flow-like structure in droplets2°. A kinesin-microtubule
mixture on a deformable spherical lipid vesicle produces oscil-
lating defect dynamics27, on the surface of a toroidal droplet
shows curvature-induced defect unbinding?® and confined in a
three-dimensional cylindrical or annular channel shows aspect-
ratio driven flow transitions2°. Likewise, various coherent flows
are generated by bacterial suspensions in two-dimensional rect-
angular channels® and by microtubule-motor protein mixtures in
two- and three-dimensional rectangular channels 230,

Despite several investigations®-39-36 the emergence of differ-
ent flow states or their structures in confined active nematics is
not completely understood. Therefore, in this work, we anal-
yse the fluid flows generated by an active nematic in both real
and Fourier space. This allows us to demonstrate that the flow
transitions observed in a two-dimensional, channel-confined ac-
tive nematic result from instabilities intrinsic to the fluid and as
a consequence, the characteristic length scale of different flow
states is set by the channel width.

This paper is organised as follows: In section 2, we briefly dis-
cuss the governing equations that describe the dynamics of ac-
tive nematics, and details of the simulations. Our results are pre-
sented in section 3. We first review the different flow states that
an active nematic realizes in confinement, and then use several
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different approaches to analyse the characteristic lengths exhib-
ited by each of these flow states. We show that the different flow
states arise from various flow instabilities inherent in the system,
and discuss the activity number, the dimensionless variable that
controls the flow transitions. Finally we summarise our results in
section 4.

2 Computer simulations of active nematohy-
drodynamics

The dynamics of dense suspensions of active nematic constituents
can be modelled in the framework of the hydrodynamic theory of
liquid crystals37-3% with additional physics incorporated to ac-
count for the activity of the system #0-42
theory which describes the mass and momentum conservation
equations of an incompressible suspension as

. We use the continuum

V- u=0, (€8]

p(0+u-Viu=v. g 2

where p is the density of the active fluid, u is the fluid velocity
10t is the total stress, the sum of three contributions*2, the
viscous, elastic and active stresses. The microstructural evolution
in the fluid is described by 3743

and 7

(d+u-V)Q-S=TH 3)

where Q is a tensor order parameter which describes the orienta-
tional order of the active constituents, S is a generalised advection
term, I is the orientational diffusivity and H is the molecular po-
tential field associated with an elastic free energy. The passive
system is in the isotropic phase, and any nematic ordering is due
to the activity**. The active stress, the hyrodynamic stress field
generated by the active constituents is taken to be proportional
to Q. Thus, 74" = —{Q where { is the activity coefficient, and
¢ < 0 for contractile systems and ¢ > 0 for extensile systems“°.
Full details of the continuum description can be found in several
papers 33424546 and are reproduced in section S1 in the SI for
convenience.

The governing equations are solved in a rectangular domain
using a hybrid lattice Boltzmann algorithm“%4>, This method
involves sequential temporal updates using a lattice Boltzmann
method for the Navier-Stokes equations (1) and (2) and a method
of lines for the Q evolution equation (3). The grid and time res-
olutions are chosen as unity following the usual framework of
lattice Boltzmann approaches#7. Thus, all the parameters are re-
ported in lattice units which can be re-scaled to match the exper-
imental results 46:48:49

The simulations are performed in a channel of length / = 200
in the x-direction, unless otherwise stated. (See Fig. S1 for a
schematic of the two dimensional channel in SI.) No-slip bound-
ary conditions for the velocity field and a strong homogeneous an-
choring condition for the director field are applied on the channel
walls. Though the mathematical framework described above is in
three dimensions, we have imposed periodic boundary conditions
in the direction perpendicular to the plane of the channel in order
to carry out the study in a two dimensions. The open sides of the

2| Journal Name, [year], [vol.], 1-9

Oscillatory Unidirectional
flow flow

Dancing
flow

Localised active
turbulence

[0}
o
c
g
3
Qo
8
=]
- 2
2 2
o8 3
t o
3
T a
>3
23
w

Fig. 1 Steady state flow of the five distinct flow states observed in
channel-confined active nematics: (a) unidirectional (§ = 0.0024), (b)
oscillatory (£ = 0.0029), (c) dancing ({ =0.01), (d) localised active tur-
bulence (£ =0.0245) and (e) fully-developed active turbulence (§ = 0.08).
In the plots the continuous lines are streamlines and the colour map shows
the vorticity field (dark magenta for clockwise to golden yellow for anti-
clockwise). In all cases, simulations are performed in a channel of size
100 x 20.

channel are also assumed to be periodic. Other parameters used
are, ' =0.34, p = 1.0, alignment parameter A = 0.4 and viscosity
n = 0.667, and the active system is taken to be extensile ({ > 0).
The activity parameter §, elastic constant K and channel width w
are varied in the simulations. For all simulations, we have chosen
the initial fluid velocity as zero and initial Q tensor to correspond
to a randomly oriented director field with a magnitude of the or-
der parameter, g ~ 10710,

3 Results

3.1 Flow states of an active nematic in a 2D channel

We summarise the sequence of flow states reported in 2D channel-
confined extensile active nematics as the activity is increased,
namely unidirectional, oscillatory, dancing and active turbulent
flows. The steady state flow fields corresponding to these states
are shown in Fig. 1.

Unidirectional flow: In the absence of activity ({ = 0) the direc-
tor field remains isotropic, and no flows develop. But if the activ-



ity is increased, then at a critical activity > spontaneous symmetry
breaking occurs and the active nematic flows. The corresponding
flow state is unidirectional since u, # 0 but u, = 0 everywhere.
As shown in Fig. 1(a) the velocity is symmetric with respect to
the channel centre line and the vorticity field has opposite signs
(sense of rotation) in the upper and lower half of the channel.
Oscillatory flow: With further increase in activity, different flow
states ensue. The first among these is oscillatory flow, shown in
Fig. 1(b). In this state, streamlines resemble travelling waves.
Further, small circulations develop near the walls at the crest and
trough of the waves. These are a consequence of accommodating
the sinusoidal structure of the waves between planar walls. The
corresponding vorticity field also has a wavy pattern, but of oppo-
site signs in the upper and lower halves of the channel. Moreover
the vorticity field exhibits local regions of stronger vorticity at the
positions of the crests and troughs of the waves, staggered across
the channel center line.

Dancing flow: At higher activities, the streamlines close in on
themselves resulting in the appearance of a line of alternating
clockwise and anticlockwise vortices along the channel as shown
in Fig. 1(c). Hence, there is now no net flow along the channel
length. Moreover, this regular arrangement of alternating vortices
oscillates in time. This flow state acquires its name from the fact
that there are +1/2 topological defects in the director field within
the mid-region of the channel, and alternate +1/2 defects move
continuously along the channel in opposite directions resulting in
exchanges of pairs reminiscent of a Ceilidh dance33.

Active turbulence: With further increase in activity, the regu-
larity of the vortex structure disappears and the flow becomes
turbulent. We distinguish two different flow regions of active tur-
bulence, which we will term localised active turbulence and fully-
developed active turbulence. These are shown in Fig. 1(d) and
Fig. 1(e) respectively.

In the first case, i.e. in the region of localised active turbu-
lence, disordered patches, or clusters, of local active turbulence
are observed. These regions, called active puffs®!, are created
spontaneously, persist in time and then decay>!. Hence, regions
of vortex lattice and active puffs coexist. The higher the activity,
the longer the active puffs exist before they decay.

As the activity is increased further, the region occupied by ac-
tive puffs grows replacing the vortex lattices and finally occupying
the entire channel. In this state, the flow pattern appears chaotic
as shown in Fig. 1(e). Vortices of different sizes continuously form
and disappear throughout the channel. This state of turbulent-
like flow, which occurs despite being at very low Reynolds num-
ber, is known as fully-developed active turbulence®18>1, It has
been demonstrated that the corresponding director field is equally
chaotic with +1/2 and —1/2 defects continuously created and an-
nihilated 4.

3.2 Flow states interpreted as excitation of waves

Fig. 1 shows that the transition from unidirectional to oscillatory
flow occurs with the appearance of wave-like structures. To un-
derstand the formation and consequent growth of these waves,
we perform a one-dimensional discrete Fourier transform (see
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Fig. 2 Spatial variation in u, along the channel length for all the flow
states shown in Fig. 1. The three data sets in each plot are for 3 different
y locations: y/w=0.525 is close to the channel center line and y/w =0.975
is close to the wall (as depicted in Fig. S1). In the plots, only y locations
from the upper half of the channel are presented as the flow field is
symmetric about the channel centre.

section S2 in SI) of the x- and y- components of the velocity field,
u, and uy, and of the vorticity field, w,. The results are illustrated
in Fig. 2, which shows the instantaneous velocity u, along the
channel length, x, and in Fig. 3 which shows the power spectra of
Uy (x).

At low activity there is no flow, the velocity field is zero, and
correspondingly the power spectrum is empty in the k — { space,
as shown in Fig. 3. For unidirectional flows, u, is only a func-
tion of y, with the velocity being maximum at the channel centre
line and reducing to zero at the no-slip walls of the channel (see
Fig. 2(a)). Correspondingly, the amplitude of the Fourier modes
a; = 0 for all k # 0, indicating the absence of any wave-like struc-
tures in the unidirectional flow state, and the power spectrum is

empty.
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Fig. 3 Fourier amplitudes of u,(x), for k # 0 modes, in the k—{ plane.
The colour bar represents the power (¢;)? of each mode (see section $2.2
in SI), normalised by the respective maximum (9/"*)* (i.e, ¢/"* at the
same ). Due to the discrete nature of the wave number, each point on
this plot is shown as a small, rectangle of colour. Vertical dashed lines
demarcate various flow states.

The first non-zero Fourier mode is found in the oscillatory flow
state. As shown in Fig. 2(b), u, at each value of y/w is a function
of x as well, with the variation appearing similar to that of a sinu-
soidal wave. The mean value of u, gradually decreases from the
channel center towards the channel wall, as for the case of a uni-
directional flow. However, the amplitude of oscillations is larger
for the intermediate values of y, i.e, for (y/w = 0.725) than at the
channel center or near to the wall. Interestingly, there is no phase
lag between the waves at various y locations. The corresponding
spectrum in Fig. 3, which gives the normalised, spatio-temporal
average of the Fourier amplitudes a, shows that only a single
mode is present illustrating the truly sinusoidal nature of u,(x)
in the oscillatory flow state. The excitation of just a single mode
continues to hold for a range of {. Further increases in activity
excite multiple modes, and the spectra are dispersed in k space.
However, the flow remains oscillatory although with a velocity
field that is more irregular. These states have a net flow ({uy) # 0)
along the channel length which distinguish them from turbulent
flow.

The instantaneous velocities u,(x) at the three different y loca-
tions corresponding to the dancing state are shown in Fig. 2(c). It
can be seen that u,(x) is a sinusoidal function, similar to that for
the oscillatory flow, but with the following important distinctions:
(i) Both the mean velocity and the amplitude of oscillations are
maximum at intermediate values of y and they reduce towards the
channel centre and towards the channel walls. (ii) The instanta-
neous velocity profiles u,(x) at different y locations do not have
the same phase. In the snapshot shown in Fig. 1(c) the clockwise
vortices are weaker, and therefore u,(x) is predominantly nega-
tive. The vortices show a characteristic tilt reminiscent of the
underlying shear flow associated with the dominant, anticlock-
wise vortex in Fig. 1(c), and hence the waves representing u,(x)
at different y locations in Fig. 2(c) show a phase shift.

Similar to the findings in the oscillatory state the power spec-
trum for the dancing state in Fig. 3 shows that normally a sin-
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gle mode is excited. This single mode indicates that the flow
field associated with the dancing state has, as expected, a unique
characteristic length, the distance between two co-rotating vor-
tices. Howevey, it is interesting to note in Fig. 3 that, occasionally,
modes whose wavelength is comparable to the channel length
(k =~ 0) appear in the dancing state. This is because distorted vor-
tex lattices, which lead to an intermittent net flow, can appear
in these flow states. Barring this occasional appearance, only a
single mode describes both the oscillatory and the dancing flow.

This picture changes at higher values of activity, when the sys-
tem reaches the localised active turbulence and fully-developed
active turbulent states. For these two states Fig. 2(d) and Fig. 2(e)
show that the u,(x) at all three y locations are very irregular indi-
cating the turbulent nature of the underlying flow field. Similar to
dancing flows the magnitude of u, and the amplitude of its fluctu-
ations are largest at y/w = 0.725. More importantly, these velocity
profiles u,(x) suggest that multiple waves of different wave num-
bers are excited in the two turbulent states. This is confirmed in
the Fourier spectra shown in Fig. 3 where several modes show
nonzero amplitude. Interestingly, the spectral distribution does
not have a single peak, but rather the spectra are bimodal (see
section S3 in the SI for a detailed analysis), with the two dom-
inant wave numbers at kw =~ 0 and kw = 1.0. But these peaks
are not pronounced, instead the modes in the neighbourhood of
the peaks also carry significant power, ¢. It is also interesting to
note that one of the peaks occurs at k = 0, which suggests that
some of the dominant waves in u, have wavelengths comparable
to the channel length. A similar analysis was carried out for the
transverse component of the velocity field u,(x) and the vorticity
field w,(x). We found that the power spectra for both u,(x) and
@,(x) (shown in Fig. S3(b,c) in the SI) are also similar to Fig. 3.
The power spectra for fully developed active turbulence are also
shown in Fig. S3.

An important observation to be made from Fig. 3 is that the
wave number k at which the single peak appears in both oscil-
latory and dancing flows, and the wavelength corresponding to
the most dominant mode with larger k for localised active turbu-
lent flows remains approximately constant, independent of activ-
ity. This is perhaps surprising, considering that { changes over
a large range and it is this change that drives the transitions be-
tween flow states. To gain more insight into the flow transitions,
we next compare results for different real-space length scales.

3.3 The characteristic length scales of channel-confined ac-
tive nematic flows

Fig. 4(a) shows the characteristic lengths Ly (black), L;" (red)
and Lf,” (yellow) corresponding to dominant Fourier mode of u,,
uy and o, respectively as a function of activity (see the SI, sec-
tion S2.2, for the exact definitions). In the oscillatory and dancing
regimes (denoted (ii) and (iii) in the Figure) these length scales
are approximately the same and close to the channel width in
agreement with the results in k-space. The few outliers for L in
region (iii) correspond to the occasional instances of net flow.

In the active turbulent flow regime (only localised active tur-
bulence is shown here, marked as (iv)), however, the character-
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Fig. 4 Characteristic length scales (a) Ly and (b) L. corresponding to variation in activity ({) for K =0.01, / =200 and w =20. In the left panel
Ly (black), L;:" (red) and Ly" (yellow) are extracted from Fourier amplitudes. On the right panel, L% (black), L& (red) and LY (yellow) are from
correlation functions. L and L. are non-dimensionalised by the channel width w. The black dashed lines demarcate different flow states, namely (ii),
(iii) and (iv) indicate oscillatory flow, dancing flow and localised active turbulence respectively.

istic length scales have different means and standard deviations.
Among the three measures, Ly is highest, and it shows large fluc-
tuations about its mean value. This reflects the Fourier transform
data which indicated a range of length scales with mild peaks at
wavelengths w and / (see also Fig. S2(a) in SI). With increase in
activity the mean value of Ly drifts towards the channel length
(LF ~ 10w in the case illustrated in Fig. 4(a)). This may be an
indication of the presence of fluid jets along the channel in the
localised active turbulent flow state. The length scale calculated
from the Fourier transform of the vorticity field, Lffz, can also at-
tain values close to channel length, but this occurs less frequently
than for Lﬁ*’. Hence its mean increases from w, but to a lesser
extent. The mean length scale calculated from the Fourier trans-
form of the transverse velocity, L;", remains close to the channel
width, as expected, but shows increased fluctuations than in the
lower activity states, representing the chaotic nature of the flows.
These results are in accordance with Fig. S3 in the SI.

Since the wavelength of the waves excited in the channel flow
varies from w to [ (Fig. 4(a)), the characteristic length scales mea-
sured from the Fourier spectrum, Ly, Lﬁ“' and Ly, depend upon
the channel length used in the simulations. Therefore it is helpful
to also measure correlation lengths. L¢* (black), LY (red) and LY
(yellow) corresponding to correlation functions of uy, u, and @,
respectively (see SI, section S2.3, for exact definitions) are shown
in Fig. 4(b).

In the oscillatory and dancing states, the correlation lengths
corresponding to both components of the velocity field and the
vorticity field remain the same, and are close to the channel
width. In the localised active turbulent flow state, L.’ and L%
are comparable to the channel width w while L¥* is slightly larger
than w. Moreover, the standard deviations for the L. are much

smaller than those of the Lg.

Data showing how the length scales vary with the elastic con-
stant K and the width of the channel w are presented in section S4
in the SI. We find that the vorticity correlation length, LY, gives

X

Fig. 5 Schematic illustrating the instability of the unidirectional flow

field U(y)X. The longitudinally (along the channel direction) perturbed
director field is shown as dashed green lines. 14 is the wavelength of the
perturbation (red curve) and V is the transverse velocity generated by
activity § that arises due to this perturbation. For small activity such
perturbations do not persist but at higher activity, they grow and the
flow turns oscillatory.

the clearest indication of the crossover from confined to bulk be-
haviour, which we discuss in more detail below.

3.4 Instabilities generate flow transitions in confined active
nematics

The existence of the multiple flow regimes discussed in the pre-
vious sections can be traced to the interplay between a cascade
of instabilities and the confinement. In an unconfined, extensile
active nematic, any long-range nematic order is unstable, and the
system undergoes a cascade of bend instabilities, with successive
instabilities having orthogonal wavevectors, which drive the flow
state turbulent®2. When the active nematic is confined, the con-
finement interrupts this natural instability mechanism leading to
the different flow regimes:

No flow to unidirectional flow: In an active nematic, the first flow
instability occurs when a bend instability forms across the chan-
nel 50,
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Fig. 6 Temporal increase of mean vortex height in a channel when the
flow transitions from oscillatory flow to dancing flow. At steady state,
in dancing flow, the vortex height saturates to w. Here the error bars
indicate the standard deviation of the heights of all vortices present in
the channel at a particular time. Four snapshots of the velocity field
(a,b,c and d), corresponding to different time instances, are shown in the
insets. The flow transition can be understood as the growth of waves in
the velocity field (indicated by streamlines) in time. Once the amplitude
of the waves becomes equal to the channel height the flow turns resulting
in the dancing state.

Unidirectional flow to oscillatory flow: At higher activity, the uni-
directional flows are unstable and bend instabilities along the
channel arise in the director field. The wavelength selection
mechanism in this transition can be understood by a scaling argu-
ment. Neglecting the elastic stress, and at low Reynolds number,
eqn (2) becomes

NVu—¢v.Q=0. @

Consider a unidirectional flow, u = U(y)£, where the flow is en-
tirely along the channel length with a close to parabolic flow pro-
file as shown in Fig. 1(a). Linear stability analysis predicts that

for unidirectional flows®>°,

Lty ®)
Further consider a longitudinal fluctuation in the director field of
wavelength A that generates a transverse component of velocity,
V, as schematically illustrated in Fig. 5. The magnitude of this
velocity is dictated by the active stress according to eqn (4) such
that v
q
— ~ . 6
M3~ 8y Q)

However, the transverse velocity V is constrained by the equation
of continuity V-u = 0 and hence we have

u v

o~ = 7

P ™
where w is the channel width, the natural length scale along the
y-direction. Substituting for U from eqn (5) in eqn (7) and then
using the resulting expression to eliminate V from eqn (6) we
obtain
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Fig. 7 Variation of the characteristic length L obtained from the vortic-
ity correlation functions for unconfined (dark blue) and confined, w =20
(green) and w =40 (red), active nematics.

A~ w. (8

This argument demonstrates that the wavelength of the longitu-
dinal perturbations that yield oscillatory flow state is w, the chan-
nel width. This agrees with the length scale obtained from our
Fourier analysis, and explains results obtained in experiments and
numerical simulations3°. Note also that this secondary instability
is similar to the observations in the experiment reported by Chan-
drakar et al.3* where the instability wavelength is comparable to
the channel width, but with the difference that the perturbations
grow from a static nematic fluid in Chandrakar et al. 34, whereas
the perturbations grow from a unidirectional flow stabilized di-
rector field in the scaling analysis above.

Oscillatory flow to dancing flow: A further increase in activity al-
lows the transverse perturbation in the velocity field which gives
rise to the oscillatory flow to grow but, as indicated by the Fourier
analysis, the wavelength remains unchanged. When the ampli-
tude of the wave becomes comparable to the channel width the
flows turns back on itself to form the vortices which characterise
the dancing state. This evolution is illustrated in Fig. 6 which
plots the average vortex height in the channel as a function of
time.

Dancing flow to localised active turbulence and to fully-developed
turbulent flow: In a channel-confined active nematic the transi-
tion from the dancing state to fully-developed active turbulent
flow occurs via the formation of local turbulent patches, termed
active puffs>!, which can divide and decay in a process reminis-
cent of directed percolation in the space of channel length and
time. The number of puffs, and their persistence in time, increase
with increasing activity until they undergo a directed percolation
transition to a connected state. The localised active turbulence
state corresponds to a region where the puffs have started to form
but do not percolate, the transition to fully-developed turbulence
corresponds to the point where the puffs undergo the percolation




transition.

We showed, in sections 3.2 and 3.3 (see also section S5 in the
SI), that the characteristic lengths in the localised active turbu-
lence state are primarily determined by the channel width w.
As the activity is increased, however, there is a crossover in be-
haviour which is most clearly seen in the vorticity correlation
length, L. This transition is illustrated in Fig. 7 where we com-
pare LY in channels of widths w = 20 and w = 40, and in an un-
confined, bulk, system. The bulk correlation length decreases
monotonically as 1/,/ as expected. The vorticity correlation
length in the channel crosses over from w to the bulk value to fol-
low the L of the unconfined systems once the latter has dropped
to w. This corresponds to the transition to the fully-developed tur-
bulent state.

3.5 Active length scale and activity number

Typically, in the active turbulence literature, a single length scale,
called the active length scale, is discussed 202245
length scale, which results from the competition between activ-
ity and elasticity, is taken to be \/(K/{). It is a measure of the
average size of a vortex or mean distance between defects. Our
results make it clear that this definition is valid only in the bulk:
in a channel-confined system length scales, such as the vortex
size, are broadly set by the channel width but can also depend in
detail on the way the characteristic length is defined.

The active

10 )
(i1) (iii) @v) data for T varied
! ! data for K varied
data for w varied @

)

@,
e 1w

L (bulk) < w

0.1 ‘ :
10 100
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Fig. 8 Non-dimensionalised characteristic length scale based on @, is
shown against the activity number Ac. The data is taken from Fig. 4,
Figs. 7 and Fig. S4. Different symbols are used to distinguish different
data sets: triangles are for variation in activity §, squares for variation in
elasticity K and circles for variation in channel width w.

The existence of two length scales, the bulk active length scale
and the channel width, mean that it is natural to define a non-
dimensional number, the activity number33°1,53 Ac = w\/(:/7K .
Fig. 8 collects the data in Fig. 4, 7 and S4 together in a single plot
of L against activity number, showing a good data collapse and a
clear crossover from confinement, where LY /w is independent of
Ac, to bulk behaviour, where L /W~ Ac~!. The crossover occurs
at Ac = 55.

The different flow regimes are indicated in Fig. 8. The flow
transition from the unidirectional to the oscillatory state occurs

at Ac ~ 10, the oscillatory to dancing transition occurs at Ac ~
13.5 and the dancing to localised active turbulent flow transition
occurs at Ac ~ 30. Throughout this range of activity numbers the
length scale of the flow structures is equal to the channel width
which underlines that confinement plays a decisive role in these
transitions. In particular, the vortex-generating mechanism in the
dancing flow is not the same as that of vortices occurring in the
bulk.

4 Summary

We have investigated the dependence of the characteristic
wavenumbers and lengths of channel-confined 2D extensile ac-
tive nematic fluid flow on the fluid parameters and channel width.
The characteristic lengths were derived by analyzing the field
variables u,, u, and @, (components of velocity along and nor-
mal to the channel length, and the vorticity) associated with the
flow field, using the most dominant Fourier mode from a discrete
Fourier analysis and from the spatial correlation functions. Our
analysis shows that the length scales are comparable to the chan-
nel width when the flow states are oscillatory or dancing. In the
state of localised active turbulence, the characteristic length ob-
tained from the Fourier transform ranges from the channel width
w to the channel length /, while the correlation lengths remain
comparable to the channel width w.

Our results emphasise that the active length scale is a bulk
property. The physics of the confined states, oscillatory, danc-
ing, and localised active turbulence, is set by the channel width.
The crossover to fully-developed turbulence for increasing activ-
ity (or decreasing elasticity) occurs when the bulk active length
scale decreases to the channel width.

Our findings are in accordance with previous experiments and
simulations >-39-3>, However we clarify that the flow transitions
found in 2D confinement should not be interpreted as arising
from a competition between confinement width and average vor-
tex size. Rather we have argued here that the flow transitions
result from various flow instabilities which dictate their charac-
teristic lengths. In contrast to our result that the characteristic
length associated with the confined flow states changes linearly
with w, Hardoiiin et al. 3° report a ~ /w dependence. This differ-
ence seems to arise because in the latter work the data from both
fully developed turbulence and other states were fitted to a single
curve.

To summarise the dependence of the length scales on fluid pa-
rameters activity (§), elasticity (K) and channel width (w), we
plot the non-dimensionalised vorticity correlation length LY /w
against activity number Ac = w+/¢/K in Fig. 8. All data points
collapse well to a single curve. When Ac S 55, L¢* scales with
the channel width w whereas for Ac 2 55, which correspond to
fully-developed turbulent flows, LY /w scales as Ac~! indicating a
crossover to behaviour controlled by the bulk active length scale.
Thus there is a critical activity number for channel-confined ac-
tive nematic fluids, below which the physics of the flow structures
is dictated by the confinement, and above which the flow is that
of an unconfined system.
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