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σ = − p𝖨 + 2η𝖣

ρ [ ∂u
∂t

+ (u ⋅ ∇)u] = ∇ ⋅ σ with ∇ ⋅ u = 0

𝖣 ≡
1
2 (∇v + ∇v𝖳)

Newtonian fluids…



Newtonian liquid

Newtonian liquid 
+ elastic chains

σxy = η ·γ

σxy = η ·γ + τxy



viscous
viscoelastic

σxy(t) = η ·γ(t)
σxy(t) = η ·γ(t) + τxy(t)

shear rate  ·γ(t) = cos ωt

shear strain γ(t) = sin ωt

delay

Oscillatory rheology

t

t



Can we distinguish them by steady shear rheology?

�xy = ⌘ €� + ⌧xy
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= + 

σ = − p𝖨 + 2η𝖣 + τelastic
σxx > σyy

i.e. N1 ≡ σxx − σyy > 0

Stress “tensor” (not only     )σxy

σxx > 0, σyy > 0note: Contributions from stretched chains are positive: 



Viscometric functions

simple shear flow

viscometric functions8>>><
>>>:
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stress tensor
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N1 > 0 N1 < 0

∇u =
0 ·γ 0
0 0 0
0 0 0

= 𝖣 + 𝖶

𝖣 =
0 ·γ/2 0

·γ/2 0 0
0 0 0

𝖶 =
0 ·γ/2 0

− ·γ/2 0 0
0 0 0 η ≡ σxy / ·γ

N1 ≡ σxx − σyy

N2 ≡ σyy − σzz

p ≡ −
1
3

Tr σ



planar extensional flow

∇u = (
·ε 0 0
0 − ·ε 0
0 0 0) = 𝖣 σ =

−p + A 0 0
0 −p + B 0
0 0 −p − (A + B)

2 components: 
viscosity  

+ anisotropy due to  
the planarity of the flow

uniaxial extensional flow

∇u = (
− ·ε/2 0 0

0 − ·ε/2 0
0 0 ·ε) = 𝖣

stress tensor

σ =
−p − A 0 0

0 −p − A 0
0 0 −p + 2A

1 component: 
only viscosity 

stress tensor

Giusteri and Seto (2018) J. Rheol.

Characterization with different flows
(Fluids may behave differently in different flows)



Weissenberg effect

wikipedia



Newtonian liquid 

Newtonian liquid 
+ elastic chains

σxy = η ·γ

σxy = η ·γ + τxy

Newtonian liquid 
+ rigid balls

σxy = η ·γ + τxy



Microstructure determines the rheology!

Negligible inertia…
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Non-Newtonian behavior in steady-shear rheology
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our F* = 0 simulation. This can be understood as our simulation
missing a repulsive force that arises from the suspension “sta-
bilization” in the experiments.
We first look at the effect of the repulsive force on the

thickening of the colloidal suspension. The relative viscosity
curves for different values of F* are shown in Fig. 4 (Left) for
ϕ= 0.5. The main effect of the repulsion is, as expected, to push
the onset of thickening to higher stresses. The relative viscosity in
the thickened state is unaffected by the value of F*, as in this
regime the repulsive force can be neglected relative to the hy-
drodynamic and contact forces. Note that the slope of the shear
thinning is also the same for all of the simulated F*. In Fig. 4
(Right), we show that the onset stress is approximately
σon ≈ 5kBT=a3 + 0.01F*=a2. Thus, to a good approximation the
effects of Brownian and repulsive forces on shear thickening can

be combined in a simple additive manner. In this regard, the
Brownian forces have an effect that is virtually identical to that
of a potential repulsive force.
Besides F*, our repulsive force contains another free param-

eter, the force decay length λ. As we show in Fig. 5, λ essentially
controls (in conjunction with the Brownian motion) the strength
of the shear thinning at low Pe. Increasing λ, i.e., increasing the
distance over which the repulsive force decays, makes the shear
thinning more pronounced. This can be qualitatively understood:
When λ→ 0, the repulsive force disappears, and only the shear
thinning due to the Brownian motion remains.
We use simulations to assess the appropriate repulsive force to

capture the behavior seen in experiment. We focus here on the
recent data by Cwalina and Wagner (26), which include mea-
surements of the shear stress and normal stress differences for a
suspension of silica beads with radius a= 260  nm in a low mo-
lecular weight PEG Newtonian suspending fluid at T = 300 K.
The particles are coated with octadecane chains to provide steric
stabilization (40). The short-range van der Waals attraction is
also reduced by index matching between particles and solvent.
We obtained the best comparison with the results of Cwalina

and Wagner (26) by setting μ= 1, F* = 5× 103kBT=a, and
λ= 0.02a, as shown in Fig. 6. The agreement with the experi-
mental data for the relative viscosity is excellent. The second
normal stress difference N2 also shows a very good agreement
with the experimental data, being negative for all volume frac-
tions; −N2=σ is in the range 0.15–0.4 for all Pe, as shown in Fig. 7,
consistent with the behavior for non-Brownian suspensions
(11). Rather surprisingly, given the agreement for both ηr and N2,
N1 disagrees substantively between our simulations and these
experiments. In the experiments, N1 < 0, as predicted based on
hydrodynamic force dominance (41). Our simulations find
weaker negative N1 for the lower volume fractions presented
(ϕ= 0.50 and 0.53), whereas for ϕ= 0.55, N1 > 0. We note that
Lootens et al. (42) observed a similar change in sign of N1 at the
shear thickening transition. The parameters used in the simula-
tions can be translated into SI units using the experimental
parameters, with an inferred repulsive force at contact of
F* ≈ 79 pN and a repulsion range of λ≈ 5.2 nm, which is to be
compared with the thickness of the stabilizing polymer comb
estimated to be 15 to 20 nm from the structure factor measured
by neutron scattering (40). The volume fractions used in the
simulations to get the best agreement with experiments are
always higher than the experimental ones. This might be

Fig. 6. Comparison with experimental data from Cwalina and Wagner (26)
(black lines) for the relative shear viscosity (Top), second (Center), and first
(Bottom) normal stress difference viscosities as functions of the Péclet
number. Simulation results (colored lines and symbols) are obtained with a
repulsive force at contact F* = 5× 103kBT=a and a repulsion range λ= 0.02a.

Fig. 7. Second normal stress difference N2 normalized by the shear stress as
a function of the shear stress for several volume fractions ϕ for the same
conditions as in Fig. 6.

4 of 5 | www.pnas.org/cgi/doi/10.1073/pnas.1515477112 Mari et al.

Mari, Seto, Morris, Denn PNAS (2015)

Experimental data 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Cwalina and Wagner, JOR (2014)
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thickening of the colloidal suspension. The relative viscosity
curves for different values of F* are shown in Fig. 4 (Left) for
ϕ= 0.5. The main effect of the repulsion is, as expected, to push
the onset of thickening to higher stresses. The relative viscosity in
the thickened state is unaffected by the value of F*, as in this
regime the repulsive force can be neglected relative to the hy-
drodynamic and contact forces. Note that the slope of the shear
thinning is also the same for all of the simulated F*. In Fig. 4
(Right), we show that the onset stress is approximately
σon ≈ 5kBT=a3 + 0.01F*=a2. Thus, to a good approximation the
effects of Brownian and repulsive forces on shear thickening can

be combined in a simple additive manner. In this regard, the
Brownian forces have an effect that is virtually identical to that
of a potential repulsive force.
Besides F*, our repulsive force contains another free param-

eter, the force decay length λ. As we show in Fig. 5, λ essentially
controls (in conjunction with the Brownian motion) the strength
of the shear thinning at low Pe. Increasing λ, i.e., increasing the
distance over which the repulsive force decays, makes the shear
thinning more pronounced. This can be qualitatively understood:
When λ→ 0, the repulsive force disappears, and only the shear
thinning due to the Brownian motion remains.
We use simulations to assess the appropriate repulsive force to

capture the behavior seen in experiment. We focus here on the
recent data by Cwalina and Wagner (26), which include mea-
surements of the shear stress and normal stress differences for a
suspension of silica beads with radius a= 260  nm in a low mo-
lecular weight PEG Newtonian suspending fluid at T = 300 K.
The particles are coated with octadecane chains to provide steric
stabilization (40). The short-range van der Waals attraction is
also reduced by index matching between particles and solvent.
We obtained the best comparison with the results of Cwalina

and Wagner (26) by setting μ= 1, F* = 5× 103kBT=a, and
λ= 0.02a, as shown in Fig. 6. The agreement with the experi-
mental data for the relative viscosity is excellent. The second
normal stress difference N2 also shows a very good agreement
with the experimental data, being negative for all volume frac-
tions; −N2=σ is in the range 0.15–0.4 for all Pe, as shown in Fig. 7,
consistent with the behavior for non-Brownian suspensions
(11). Rather surprisingly, given the agreement for both ηr and N2,
N1 disagrees substantively between our simulations and these
experiments. In the experiments, N1 < 0, as predicted based on
hydrodynamic force dominance (41). Our simulations find
weaker negative N1 for the lower volume fractions presented
(ϕ= 0.50 and 0.53), whereas for ϕ= 0.55, N1 > 0. We note that
Lootens et al. (42) observed a similar change in sign of N1 at the
shear thickening transition. The parameters used in the simula-
tions can be translated into SI units using the experimental
parameters, with an inferred repulsive force at contact of
F* ≈ 79 pN and a repulsion range of λ≈ 5.2 nm, which is to be
compared with the thickness of the stabilizing polymer comb
estimated to be 15 to 20 nm from the structure factor measured
by neutron scattering (40). The volume fractions used in the
simulations to get the best agreement with experiments are
always higher than the experimental ones. This might be

Fig. 6. Comparison with experimental data from Cwalina and Wagner (26)
(black lines) for the relative shear viscosity (Top), second (Center), and first
(Bottom) normal stress difference viscosities as functions of the Péclet
number. Simulation results (colored lines and symbols) are obtained with a
repulsive force at contact F* = 5× 103kBT=a and a repulsion range λ= 0.02a.

Fig. 7. Second normal stress difference N2 normalized by the shear stress as
a function of the shear stress for several volume fractions ϕ for the same
conditions as in Fig. 6.

4 of 5 | www.pnas.org/cgi/doi/10.1073/pnas.1515477112 Mari et al.

We could reproduce two of the three.



Newtonian fluid

liquid

Molecular dynamics 

mean free path

velocity
⇠ 10�11s
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macro

micro
Colloidal dynamics

Colloidal suspension
Non-Newtonian fluid

？
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macro
micro

σ = − p𝖨 + 2η𝖣
time scale 1/ ·γ time scale 1/ ·γ



Stokesian Dynamics

6N-dimensional overdamped Langevin eq. with hydrodynamic interaction

Brady & Bossis 1985

Brownian force ⟨FB⟩ = 0, ⟨FB(t1)FB(t2)⟩ = 2kBT𝖱δ(t1 − t2)
Hydrodynamic force FH = − 𝖱 ⋅ (U − u) + 𝖱′� : 𝖣

FB + FH = 0

u(r) = ∇u ⋅ r = 𝖣 ⋅ r + (ω/2) × r

Brownian >> Flow  → equilibrium 
Brownian << Flow  → non-equilibrium 



“Divergence-free” Stokesian Dynamics

One important consequence 
→ Particle contacts are no longer forbidden…
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lubrication force

F ∼ −
1
h

(Ui − Uj) ⋅ nn

1
h

→
1

h+δ



We must include a contact force model

(Fij
C)nor = kn(rij − 2a)nij

(Fij
C)tan = − ktξij

FH + FB + FC = 0

FH = − 𝖱 ⋅ (U − u) + 𝖱′� : 𝖣

|Ftan
C | < μ |Fnor

C |



We can simulate the non-equlibiwrum limit 
(thanks to these two modifications)

cf. Brady 1995: Perturbation theory for the small Pe regime
(Shear distorts isotropic microstructures)

(2D demo)

FH + FC = 0

FH = − 𝖱 ⋅ (U − u) + 𝖱′� : 𝖣

Pe → ∞ FH + FB + FC = 0
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Monotonic increase of viscosity
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monotonic dependence abrupt change…

Non-monotonic φ dependence of N1
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P1 = p (1 +
N0

3p ) +
σxy

2
4 + (N1/σxy)2

P2 = p (1 +
N0

3p ) −
σxy

2
4 + (N1/σxy)2

P3 = p (1 − 2
N0

3p )
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Steady shear rheology
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Eigenvalues

Eigenvectors
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N0 ≡ σzz −
σxx + σyy

2
= − N2 − 0.5N1

n̂1 =
cos(θs + 3π/4)
sin(θs + 3π/4)

0
, n̂2 =

cos(θs + π/4)
sin(θs + π/4)

0
, n̂3 = (

0
0
1)

θs ≡ tan−1( −N1/σxy

2 + 4 + (N1/σxy)2 ) ≈ −
N1

4σxy
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abrupt change rather smooth sign change
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N0 ≡ − (N2 + 0.5N1)

P1 = p (1 +
N0

3p ) +
σxy

2
4 + (N1/σxy)2

P2 = p (1 +
N0

3p ) −
σxy

2
4 + (N1/σxy)2

P3 = p (1 − 2
N0

3p )
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Eigenvalues

N0 ≡ σzz −
σxx + σyy

2
= − N2 − 0.5N1

θs ≡ tan−1( −N1/σxy

2 + 4 + (N1/σxy)2 ) ≈ −
N1

4σxy
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Negative N2 is predicted by theory and computation
[28,37,38] and is observed experimentally [19– 21,25].
There is no general agreement about the algebraic sign or
magnitude of N1. Calculations using accelerated Stokesian
dynamics predict negative N1 with a magnitude compara-
ble to N2 [38]. Particle-level simulations incorporating
particle-particle friction [27,28] generally show a small N1,
with a possible transition from negative to positive at the
shear thickening transition. Many experiments report nega-
tive N1 [8,19,21], but Dbouk and co-workers [20] found
small positive N1, which is in agreement with the present
study.

Figure 8 shows the normal stress differences N1 and N2 of
the two bidisperse systems (volume ratios /l : /s of 60:40
and 80:20), together with those for the monodisperse system
with 52.6 lm particles. N2 is negative and larger in magni-
tude than N1, as with the monodisperse system, and the sign
of N1 is not clear. The normal stresses as functions of shear
stress are insensitive to bidispersity.

The ratio !N2/s for the mono- and bidisperse suspensions
is plotted versus volume fraction in Fig. 9, where the shear
stresses used are greater than 100 Pa, together with results of
other studies [8,19,21,39]. The scaling N2/s¼!4.4/3 sug-
gested by Dai et al. [21] is also shown. There is a reasonable
agreement with the result of Zarraga et al. [8] for the mono-
disperse system of 10 lm particles, but the 52.6 lm monodis-
perse suspensions and both bidisperse suspensions lie well
below the other data. Values of N2/s for both bidisperse sys-
tems were comparable; for the /¼ 0.4 suspension the values
were close to those for the 52.6 lm monodisperse system.

N1/s is shown as a function of volume fraction in Fig. 10.
There is a large amount of scatter, and it is not possible to
draw any concrete conclusions, other than that the magnitude
is small and close to zero. The bidisperse systems at /¼ 0.5
appear to have a sign opposite that of the monodisperse sys-
tems, but the uncertainty in both sets of calculations is too
large to have any confidence in this result.

IV. CONCLUSION

This work reaffirms that N2 is negative for non-Brownian
suspensions of spheres and larger in magnitude than N1, and,
in qualitative agreement with Dbouk et al. [20], we find that
N1 is small but positive for our monodisperse suspensions.
The effect of bidispersity is to shift the predicted jamming
transition to higher volume fractions and hence reduce the
magnitude of the viscosity at a given volume fraction. The
normal stresses are insensitive to bidispersity when plotted
versus the shear stress. The method of Marsh and Pearson
appears to be an effective means of using total force meas-
urements to determine N1 and N2 in suspensions for which
the particles are too large for conventional cone-and-plate
rheometry. The strong particle size dependence for the
PMMA spheres in the aqueous Newtonian surfactant sus-
pending fluid is unexpected in light of prior studies and
points to an effect of fluid-particle surface chemistry that has
previously been neglected.
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APPENDIX: GLASS SUSPENSIONS

We have performed additional viscosity measurements on
glass suspensions using two particle sizes: 41.5 6 3.6 lm and
122.6 6 8.7 lm at concentrations from /¼ 0.2 to 0.5. The
Newtonian suspending fluid was a mixture of 70 wt. % corn
syrup and 30 wt. % glycerine, similarly to that used in the
work of Zarraga et al. [8], with a viscosity of 2.62 6 0.16 Pa
s between shear rates of 0.5 and 500 s!1. The relative viscos-
ities of the glass suspensions are shown in Fig. 11 for
/¼ 0.2, 0.4, and 0.46. As with the PMMA suspension,
Newtonian behavior was observed at low solid fraction,

FIG. 9. Comparison of present results for !N2/s with experimental results
from other studies.

FIG. 10. Comparison of present results for N1/s with experimental results
from other studies.
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Phys. Rev. Lett., 116:188301, 2016.


Experimental data
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Alam and Luding (2005)

Ñ2 ≡ (Pyy − Pzz)/p

550 S. Saha and M. Alam
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FIGURE 1. (Colour online) Variations of the first (N1) and second (N2) normal stress
differences with particle volume fraction (⌫) in the uniform shear flow of smooth inelastic
spheres; the symbols represent the particle dynamics simulation data of Alam & Luding
(2005) for a restitution coefficient of e = 0.9. The solid lines denote the present anisotropic
moment theory as discussed in §§ 5.3 and 5.5.

like a gas under strong shaking (Forterre & Pouliquen 2008; Rao & Nott 2008).
In the case of a granular gas (Goldhirsch 2003; Brilliantov & Pöschel 2004), the
particle collisions are inelastic, leading to the dissipation of the kinetic energy
of colliding particles. The inelastic dissipation is known to be the progenitors of
many interesting properties of a granular fluid, and is also responsible for the loss
of ‘microscopic’ reversibility at the level of Liouville and Boltzmann equations
that calls for non-standard statistical mechanics (Jenkins & Richman 1985; Sela &
Goldhirsch 1998; Garzo & Dufty 1999; Lutsko 2005; Rongali & Alam 2014) to
develop coarse-grained theories for flowing granular matter.

Unlike normal fluids, however, the granular fluids possess prominent non-Newtonian
properties, like the normal stress differences which can be of the order of its isotropic
pressure in a dilute granular gas (Walton & Braun 1986; Campbell 1989; Sela &
Goldhirsch 1998; Alam & Luding 2003a,b, 2005; Santos, Garzo & Dufty 2004;
Montanero et al. 2006; Saha & Alam 2014) in contrast to its infinitesimal magnitude
in a molecular gas. Figure 1, taken from Alam & Luding (2005), displays the
variations of two normal stress differences (N1 and N2) with the volume fraction of
particles; the restitution coefficient is e = 0.9. The scaled first normal stress difference
(N1 = (Pxx � Pyy)/p, where P↵↵ is the diagonal component of the stress tensor along
the ↵-direction, and p is the mean pressure) is positive and maximal in the dilute
limit (⌫ ! 0) and decreases in magnitude with increasing density. On the other hand,
the second normal stress difference (N2 = (Pyy � Pzz)/p) is negative in the dilute limit,
increases with increasing density, becomes positive at a critical density ⌫cr ⇡ 0.13
and increases monotonically thereafter. Alam & Luding (2005) also postulated a
frame-indifferent phenomenological constitutive model for granular fluids to predict
the sign reversals of both first and second normal stress differences. Returning to
figure 1, we can conclude that the normal stress differences must be incorporated in
the theoretical modelling of a granular fluid so that the theory remains valid from
the dilute to the dense limit.

The studies on normal stresses have a long and rich history in the area of particulate
suspensions (Bagnold 1954; Brady & Morris 1997; Singh & Nott 2003; Guazzelli
& Morris 2011), with the early works being carried out in the dense regime

Ñ1 ≡ (Pxx − Pyy)/p

note: opposite signs 
in the definitions of NSD.

N1 ≡ σxx − σyy

N2 ≡ σyy − σzz

Simulation of collisional granular systems

N0 ≡ − (N2 + 0.5N1)
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Hydrodynamic interaction vs. Contact force
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Without  
hydrodynamics interaction

With  
hydrodynamics interaction

→ Hydrodynamic interaction may be essential 
for the microstructure giving the negative N1.

(frictionless) (frictionless)
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3D simulation 2D (monolayer) simulation

Monolayer simulation gives similar results

2D (monolayer) simulations  
are easier for visualization and data analysis.
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σ̃ ≡ − p𝖨 + 2η0𝖣 + V−1 ∑
i>j

(r j − ri)F̄(ij)

Ñ1 ≡ σ̃xx − σ̃yy

= V−1 ∑
i>j

rijF̄ij[(n(ij)
x )2 − (n(ij)

y )2]
= V−1 ∑

i>j
(−rijF̄ij sin 2θij)

= ∑
i>j

Ñij
1

Stress tensor using only normal forces

First normal stress difference using only normal forces

F̄(ij) = F̄ijn(ij)
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The approximated N1 works
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<latexit sha1_base64="yTOJ6OBt8WrnFt0EJg19kSQSpno="></latexit>

<latexit sha1_base64="Jmp98QJzbs+51PhYQeds8x4v4qk="></latexit>

<latexit sha1_base64="URmCcXeLTEPX+5XW4TxYrxyWv+c="></latexit>

✓
<latexit sha1_base64="qJAW4pCcnImWU18/geGmaj+Wbe4="></latexit><latexit sha1_base64="qJAW4pCcnImWU18/geGmaj+Wbe4="></latexit><latexit sha1_base64="qJAW4pCcnImWU18/geGmaj+Wbe4="></latexit><latexit sha1_base64="qJAW4pCcnImWU18/geGmaj+Wbe4="></latexit><latexit sha1_base64="H2tB1rHZHlx4dhymwwuwNslw3/E="></latexit><latexit sha1_base64="qUd4RlsWU2y2Fcv7bu9pMUv6jY4="></latexit>

<latexit sha1_base64="cnOgPvPTVjHSi9POj7ncIPGVP+E="></latexit>

<latexit sha1_base64="92P3GL4LWmIJ476X26T1w2p8dRI="></latexit><latexit sha1_base64="/9l83AD1E+78+73gCE8WEDISRC0="></latexit>

<latexit sha1_base64="Dio4T0jaT4ntnQlFn991v81OmB0="></latexit>

<latexit sha1_base64="r5AYo8ZZhOrVSVttaN/1oyh2olE="></latexit><latexit sha1_base64="7epANwhoViyGM9SPv+8N+yx8k88="></latexit>



π/�π/�-π/� -π/� �
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���

���

���

���
<latexit sha1_base64="+FwoUQX1z2ICUY4VDL3bDG7qUMQ="></latexit>

<latexit sha1_base64="Or3wzCTbwvXvhQek5oDHtW5/bAQ="></latexit>

<latexit sha1_base64="61BPFaAFKq4e3tG6F6+cQYlJfb4="></latexit>

<latexit sha1_base64="qUd4RlsWU2y2Fcv7bu9pMUv6jY4="></latexit>

π/�π/�-π/� -π/� �
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-�

-�

-�

�

�

�

�
<latexit sha1_base64="+FwoUQX1z2ICUY4VDL3bDG7qUMQ="></latexit>

<latexit sha1_base64="Or3wzCTbwvXvhQek5oDHtW5/bAQ="></latexit>

<latexit sha1_base64="3noHTVk6cuvMmJaKS5s9fWM9oqc="></latexit>

<latexit sha1_base64="qUd4RlsWU2y2Fcv7bu9pMUv6jY4="></latexit>

<latexit sha1_base64="pTWni4tpo2NITVIuSeT5YZy8MP8="></latexit>

Angular distribution

normal force
<latexit sha1_base64="yTOJ6OBt8WrnFt0EJg19kSQSpno="></latexit>

<latexit sha1_base64="92Vlib+KB3HNzz8Z+7CIeODWy2o="></latexit>



Anisotropies exist at jamming points of hard spheres?

<latexit sha1_base64="Z5W52/wNtiktBdONeYTIYYb3FSM="></latexit>

<latexit sha1_base64="UjU/feXm8EXHkTpNChA+Ns/dHnU="></latexit>

�×��� �×��� �×��� �×��� �×���

����

����

����

<latexit sha1_base64="6M/l3W6MpeW2J1mzMNk+us4bRqA="></latexit>

<latexit sha1_base64="m38rXlEmj3bbm5pDlJCmRKKbOYE="></latexit>

�·��� �·��� ��� �·��� �·���
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����

<latexit sha1_base64="wjeGS4yhwXQ12ircXBwQF9e/bPQ="></latexit>

<latexit sha1_base64="MWx2J1uGz2I26ahccu/Tnt5LDvc="></latexit>

���� ���� ���� ���� ���� ����
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���

���

���

���

<latexit sha1_base64="HZpBGMwwLm40J0PxILAuhd7WiQc="></latexit>

<latexit sha1_base64="MWx2J1uGz2I26ahccu/Tnt5LDvc="></latexit>

<latexit sha1_base64="kvcwxREzZBdDDXSai71da6NMjyM="></latexit>
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<latexit sha1_base64="HZpBGMwwLm40J0PxILAuhd7WiQc="></latexit>

<latexit sha1_base64="6M/l3W6MpeW2J1mzMNk+us4bRqA="></latexit>

<latexit sha1_base64="NHLcH0LJ9S5PK+794J50MfF8ktg="></latexit>

<latexit sha1_base64="kvcwxREzZBdDDXSai71da6NMjyM="></latexit>

N0 ≡ − (N2 + 0.5N1)
<latexit sha1_base64="Z5W52/wNtiktBdONeYTIYYb3FSM="></latexit>

hardersofter



Summary

Smallness of the reorientation angle. 
(Observed finite N1 due to high shear stress)
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<latexit sha1_base64="HZpBGMwwLm40J0PxILAuhd7WiQc="></latexit>

<latexit sha1_base64="6M/l3W6MpeW2J1mzMNk+us4bRqA="></latexit>

<latexit sha1_base64="aBQfPzpGZ3xm/bp3xnuzD6qpYDg="></latexit>

<latexit sha1_base64="NHLcH0LJ9S5PK+794J50MfF8ktg="></latexit>

Large N1 fluctuation around zero 
due to competition between positive and negative contributions

Seto and Giusteri, arXiv:1806.09423

Positive N1 in simulation is due to softness of particles.

https://arxiv.org/abs/1806.09423

