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Reexamination of string phase and shear thickening in simple fluids
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In 1984, Erpenbeck observed a shear-induced alignment of particles into strings in nonequilibrium molecular
dynamics simulations of hard spheres. Since then, it has remained unclear if this effect was genuine or if it
arose from the use of a thermostat which assumed an incorrect form for the velocity profile. All studies
performed up to now have focused on improving the accuracy with which the velocity profile is determined.
We propose here a radically different approach: we apply a recently developed configurational expression for
the temperature. This expression does not require any knowledge of the streaming velocity profile. Using a
configurational thermostat, we show that the string phase is an artifact and we observe a shear-thickening
regime, as seen in experiments on concentrated “hard-sphere”-like colloidal dispersions.
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[. INTRODUCTION experimentally observed in “hard-sphere”-like colloidal sus-
pensiong 15]. At high shear rates, recent experime[i§]

In 1984, Erpenbeckl] observed an alignment of particles on such suspensions as well as Stokesian dynamics simula-
along the direction of the flow in nonequilibrium molecular tions[17] indicate an opposite behavior, i.e., shear thicken-
dynamics(NEMD) simulations of planar Couette flow of a ing (a large increase in apparent viscosity when the applied
simple fluid. This new phase, known as “string phase” hasshear rate is larger than a critical valué¢lowever, while
drawn considerable interest and many NEMD studies havénese results are an indication of what may occur in a micro-
been carried ouf2—14] since then. However, these studies scopic sample of a simple liquid, it is not possible to make a
have led to contradictory conclusions and it is still uncleardirect connection between the NEMD results and results for
whether the string phase is just a numerical artifact orcolloidal suspensions. Colloidal particles are suspended in a
whether it really exists. liquid, omitted in NEMD simulations, and the liquid-

Areason why this controversy is still not settled lies in themediated hydrodynamic interactions affect the rheological
difficulty of making a connection between the NEMD results behavior of the system. Nevertheless, there are enough simi-
and experimental results. If the particles considered irarities between NEMD for simple liquids and nonequilib-
NEMD simulations are meant to model argon atoms, theium Brownian dynamicSNEBD) simulations to indicate
shear rates studied in those simulations are of the order dhat some aspects of NEMD results are relevant for colloidal
102 Hz, orders of magnitude beyond the shear rates accesuspensions.
sible by experiments. A simple bulk liquid under increasing The NEMD method used in all the studies of simple lig-
shear exhibits instabilities leading to turbulence in the lineauids employs homogeneous shear fidldi8] together with
response range of shear rates. The instability occurs at larggpropriate periodic boundary conditiofk9]. This method
Reynolds numbers, and in a system consisting of a largeorrectly describes an isolated bulk system under arbitrarily
number of particlegof the order of the Avogadro number strong sheaf{18]. However, adiabatic shearing causes a
this is attained for shear rates much lower than those withimonotonic increase in internal energy. The system heats up
reach of computer simulations. Systems studied by simulaand there is no well-defined final steady state from which
tion consist typically of several hundred particles in periodictransport coefficients can be calculated. In reality, viscous
boundary conditions. This imposes a lower limit on the waveheat is dissipated to the environment through container walls.
vector describing collective motion and prevents large-scal@ realistic simulation of a bulk liquid system with macro-
instabilities. The Reynolds number is low even for extremelyscopic walls is beyond the reach of computer simulation.
high shear rates, and one observes a non-Newtonian inste@he can only simulate thin films of liquid between walls,
of turbulent behavior. NEMD results have therefore been ofwhere the confinement effects are still important. If the wall
ten compared to experimental data obtained for colloidal disseparation is sufficiently large, non-negligible temperature
persions, where the reduced shear rates used in simulatiogsadients would exist only close to the walls, and the tem-
translate into the experimentally attainable values. Indeed, iperature is approximately constant in the middle region. The
the particles are meant to model a colloid such as polypurpose of the bulk NEMD simulations is to reproduce the
(methyl methacrylate(PMMA), the shear rates considered behavior in this middle region between macroscopically
in NEMD are of the order of DHz and thus of relevance separated walls, where temperature is approximately uniform
for physical applications. At lowin the molecular dynamics and the system is sheared homogeneously. The same type of
sensg shear rates, all NEMD studies show some shearfeasoning is used in all nonequilibrium simulations, includ-
induced ordering, associated with shear thinriaglecrease ing NEBD.
in apparent viscosity as the applied shear rate is incregased  Constant temperature in NEMD simulations is achieved
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by adding a “thermostat term” to the equations of motion, in ber, the amplitude of the mean part would decrease and the
order to account for the averaged effects of the natural heamplitude of the fluctuating part would increase, leading to
dissipation processes in a homogeneous way. The results obemplete instability of the linear flow profile. With the ap-
tained by Liemet al. [20] showed the validity of this ap- pearance of the fluctuating secondary flow, the space and
proach to model a fluid undergoing shear flow. They studiedime dependences of streaming velocity are not known and
an atomic fluid sheared by two thermostatted walls and comtherefore it needs to be calculated after each simulation step.
pared the results so obtained to those obtained using a thdn a simulation, there is no unique way to decide which part
mostatted shear flow algorithm. They found that both methof particle velocity corresponds to locéh time and spade
ods generate indistinguishable results up to the maximurflow, and which to thermal motion. This again applies both to
flow rates that are possible in a wall thermostatted systenlNEMD and NEBD simulations. The thermostatting mecha-
and concluded that thermostatted NEMD was a satisfactorgism (either the thermostat term or the combination of drag
description of atomic fluids undergoing shear flow for low and random forcgswill interpret any deviations from the
and moderate flow rates. In order to reproduce the desiredssumed flow velocity profile as excess heat and remove it,
temperature in Brownian dynamics of colloid dispersions,thus constraining the flow velocity profile to the assumed
thermostat is replaced by drag and random forces, connectdédrm. Therefore, thermostatting the local kinetic temperature
through the fluctuation-dissipation theorem. In this case, thean lead to artificial flow profiles and hence to incorrect
heat transfer is assumed to be first between the solvent amdsults.
the dispersed particles, and then implicitly through the con- An example of a huge qualitative thermostat-dependent
tainer walls. difference in the behavior of a system under a strong pertur-
In all the previous NEMD studies mentioned abovebation is the emergence of a “string phase” in some simula-
[2—14], as well as in NEBD simulations, the temperatliis  tions of strongly sheared simple liquids. Erpenbétk as-

evaluated according to sumed that even for high shear rates planar Couette flow
N characterized by a linear flow profile would be stable. How-
2 5 ever, at sufficiently high shear rates this assumption must
“ mLvi—u(r;,t)] break down. Evans and Morri4] showed that a thermostat

T:

Nk , (1) relying on this assumption—a profile-biased thermostat
(PBT)—led to the formation of string phase. They also
showed that using a profile-unbiased thermo$dT), in
which the streaming velocity is evaluated locally and at each
time step, destroyed the string phase. On the other hand, as
¢ Pointed out by Bagchet al.[13], a PUT might also interpret
the generation of heat as “instantaneous” secondary flows.
Several mechanisms of PUT have been proposed over the
mpast 15 years for atomic fluids and molecular fluids com-
posed of short chains. Contradictory conclusions have been
drawn: while some studies support the existence of a string
phas€[5,9,13, others show that using PUT destabilized the

whereN is the number of particles of the systerhjs the
number of Cartesian dimensiors; is the Boltzmann con-
stant,m is the mass of a particle; andv; its position and
velocity, andu(r,t) is the local flow or streaming velocity a
positionr at timet. At high Reynolds numbers, this stream-
ing velocity is not generally known.

The random force in NEBD is only a zero mean rando
variable when the velocity of the Brownian particle is mea-
sured with respect to the local streaming velocity of the

solvent, string phas¢4,10,13. Even more puzzling, Gragt al. [14]
divi—u(r;,t)] recently showed that constraining the velocity profile to a
m dt =—={[vi—u(r,t) ]+ Fg, (2 linear form was neither necessary nor sufficient for the string

phase to occur: “a necessary condition for positional order-
ing to occur is that the motion in the velocity gradient direc-

whereFy is the random force{ is the friction coefficient,
tion must be thermostatted.”

and u(r,t) is the local solvent velocity. At high flow rates . X _ . .
Brownian dynamic$BD) offers no way to calculate the sol- We reexamine this problem using a radically different ap-

vent flow velocity, because explicit reference to the solvenProach. Instead of trying to devise a better PUT, we control

has been removed in order to efficiently calculate the motioiN€ recently developed configurational expression for the
of the Brownian particle. temperaturd22,23. This expression allows the calculation

Assumptions made concerning the form of the streamin f temperature solely from configurational quantities, such as

velocity profile account for differences between all these pre_irst and second spatial derivatives of the interaction energy.

vious studies. At low Reynolds number, the streaming velocNO knowledge of streaming velocity profile is required, and

ity profile of planar Couette flow is linear. For sufficiently therefore there is no need to distinguish between the stream-

high Reynolds numbers, hydrodynamic stability theory ap_ing and_ thermal motion of particles. Temperature is evaluated
plied to the momentum balance equation predicts that thi&ccording to

profile will become unstablg21]. First, there will be a “sec-

ondary” profile superimposed on the initial linear profile,

consisting of a mean pafbf sinusoidal form in a NEMD 1

/\
M =
o R
_Je
o
e

i=1 or
simulation and a fluctuating part. The secondary flow is ﬁ=—|2, (©)
present both in the flow direction and in the directions per- B ﬁ
pendicular to it. With further increase in the Reynolds num- =1\ dr;
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whered is the potential energy of the system. This expres- P
sion can be used to devise a purely configurational thermo- ri:E_F YYi€
stat for atomic or molecular fluids, possibly undergoing ar-
bitrary flow [24,25.
In equilibrium, the kinetic and configurational expressions pi=F— YPy, &~ &Pi (4
for the temperature are equivalent and can be derived from
the thermodynamic temperature definition as the inverse rate i i o )
of change of entropy with internal energy at constant vol-\WNere ¢ is the thermostatting multiplier given by Gauss
ume, using Gibbs microscopic expression for entropy. ExPrinciple of least constraint,
tending both kinetic and configurational definitions to sys-
tems out of equilibrium implies the approximation that the

phase space probability distribution stays equal to the equi- 2, (Fi-Pi— yPxPy,)
librium probability distribution in a reference frame comov- &= . (5)
ing with the flow, i.e., the assumption of local equilibrium is > piep;

i

valid. This is assumed in both types of temperature defini-

tions when used out of equilibrium, otherwise temperature

would not be a well-defined quantity. However, the configu-  The configurationally thermostatted equations of motions
rational expression is free from errors associated with apre[24,25

incorrect estimate of flow velocity, and therefore can be con-

sidered as “more correct.”
S 07Tconf

- P
Fi m VY& T o '’
Il. SIMULATION METHOD

We studied three different systems, referred toAas, pi=Fi— 7P, 6)
and C in the text. In all simulations, we used a reduced b i
system of units, where the unit of mass is the mass of the
particlem, unit of energy is the characteristic energyf the : (Teons—T)
pair potential, and the unit of length is the particle exclusion S=- Qf-

diametero. SystemA is a two-dimensiona{2D) system of
896 soft disks as in Ref4] with the pair interaction poten-
tial @(r)=4s(o/r)'? at the reduced temperaturg* o ) . i )
—kgT/e=1 and at the reduced number density=po> !lar mo_mentum(l.e., Wlth_ respect fco linear streammg veloc-
=0.9238. SystenB is a three-dimensional system of 1000 ity profile yyiex) Of. particle i, Fi Is the Newtonian force
Lennard-Jones particles; interaction potentiad(r) exe_rted on, andm its ma'_ss.T is the |mpose_d tempergture
=4¢[(o/r)2— (o/r)®] near the triple pointT* =0.722 and while T.ons is the vazllue given by Eq2) [Q. is a Qamplng
p* =0.844. The particles of systef interact through the constant set to 1@to"/e)]. y=[du,(y)/dy] is the imposed
combination of soft sphere and screened Coulomb interacN€ar raté an is an unit vector along the axis. For
tion of Ref.[5], ¢(r)=e(a/r) 2+ {[1—(r/roy)]?/r} at T thermostatted flows, the momenpa are peculiar with re-
—025 andp* _084 (=250 is the cutoff radius We  SPect to the actual velocity profile only for low Reynolds
. . c . ) L
studied two system sizes. In the syst@t the number of number flows where the streaming velocity/g e, [see Egs.

: : (4) and (6)]. Thus Eq.(4) is only correct for sufficiently
ggg:g:gz was 512, and in syste@2 there were 4096 small Reynolds numbers. Equati@f), on the other hand,

The NEMD method used in this work is the homogeneou akes no assumptio_n about f[he streaming velocity profile.
Sllod algorithm(so named because of its close relationship' '€ €duations of motion were integrated using a fourth-order

to the Dolls tensor algorithp{18], in which the shear rate is C€ar Predictor-corrector algorithm with a time stef;

introduced in the equations of motion as a mechanical per= 7(1/0) ye/m=0.001, except for the highest shear rates

turbation. For adiabatic Couette flows, the Sliod equationdvhere a smaller time step had to be used. The shgar viscosity
are exact regardless of Reynolds number. This is becaud® evaluated as the ratio P,/ y*, whereP} =P, o“/¢ for
adiabatic Sllod is equivalent to Newton's equations for the 2D system an@}, =P, o/« for the 3D systems, which
>0 applied to an initial distribution of states which is in denotes the corresponding element of the pressure tensor and
local thermodynamic equilibrium for planar Couette flow, ¥* = yoym/e is the reduced shear rate. The kinetic part of
regardless of any instabilities in the linear velocity profile. P;‘y is evaluated by subtracting the linear streaming velocity
NEMD simulations were run with two types of thermostats: profile for a planar Couette flow. When the actual profile was
(1) a PBT thermostat based on the expression given by Edound to differ from the linear form, we found that subtract-
(1) for the temperature an@®) a configurational thermostat ing the assumed linear profile or the actual profile yielded the
based on the expression given by E2). When the imposed same numerical value for the shear viscosity. The reason for
streaming velocity is parallel to theaxis, with the imposed this is that the kinetic part of all the elements of the pressure
velocity gradient along theg axis, the PBT thermostatted tensor is much smaller than the potential part at the densities
equations of motions reduce 8] investigated in this work.

In these equations; andp; are the position and “pecu-
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FIG. 1. Shear viscosity as a function of shear rate for the 2D soft
disks systenicircles and the 3D Lennard Jones systésgquares
Results obtained using a PBT thermostat are plotted as open sym-
bols while results obtained with a configurational thermostat are
plotted as filled symbols.

IIl. RESULTS AND DISCUSSION

Shear viscosity is plotted against shear rate for systems
and B in Fig. 1. Both thermostats result in similar shear
viscosities under low to moderate shear for both fluids: we

observe a decrease in shear viscosity, i.e., shear thinning as- o
sociated with shear-induced ordering in the fluid. This effect FG. 2. Snapshots for the 3D Lennard Jones fluid aifa PBT

is observed in all simulations and with all types of thermo-thermostaty* =4 and (b) a configurational thermostat af' =7.
stats, profile biased or not. Shear thinning is an effect experil "€S€ figures show the view from the flow direction.

mentally observed in many more complex systémg., col- , . ) :
loidal suspensions where particles are of larger size and ra‘uon_al _thermostat_ is used: pressure and mte_r nal energy
eadily increase with shear rate. In the shear-thickening re-

. . .. st
Reynolds number is low even for high shear rates. Desp|t§_ . i .

the difference between the interactions in these systems alme [F'g.' Z(hb)], rt]he ﬂl;]'.d h_as the_same disordered appear-
simple liquids, it is accepted that simple liquids would in- anceh as In the sde.ar—:].mnlngkr.eg;)r.ne. di

deed be shear thinning if it were possible to perform experi- The PBT used in this work is biased in two ways. It not

ments on sufficiently small-sized samples and at sufficienth?"lY IMPoses a linear-velocity profile in the direction of the
flow, but it also prevents any deviation from a zero-velocity

high shear rates. ! S e . ;
Dramatic differences appear at high shear rates for thQrOf.'Ie to appear in directions pgrpend_lcular o the flow di-
two systems. When a PBT is used, shear viscosity exhibits ction. Unlike this PBT, the configurational thermostat does
sharp drop éssociated with the oﬁé&t approximatelyy* not interpret deviations from laminar flow as heat and thus
=2.5) of positional ordering within the fluidthe “string does nqt SUppress t'he' development' of secondary flqws. We
phase’ as plotted in Fig. @). We point out that thermody- plot in Fig. 3 the deviations from the linear flow profile in the
f@w direction when a configurational thermostat is used for

namic quantities such as pressure and energy also exhibit . :
sharp drop at this value of the shear rate. For higher shegyStemB (note that with a PBT we observe that the strings

rates, shear viscosity remains very low, even for very highare moving at the velocity of the imposed profil&igure 3
shear rateg* >10. Note that shear viscosity is not a mono-

i X : . 4.0
tonic function of shear rate after the drop: an inspection of
the configurations obtained for those shear rates indicates
coexisting liquid and string phasgs]. In all cases where the
simulations show the development of a string phase, they
were done with a thermostat that is in some way profile E
biased, i.e., constrains at least some components of stream-
ing velocity to an assumed linear form. This is true both for -2.0
NEMD [5,9,13 and NEBD result$7].

Results obtained using a configurational thermostat are -4.0
very different. Shear viscosity decreases steadily until a
given shear ratdapproximatelyy* =6 for systemA and
y*=17 for systemB) and then increases dramatically for  FiG. 3. Deviation of the velocity profile for the-componentx
very high shear rates, as both fluids exhibit shear thickeningseing the direction of the flowsystem along the velocity gradient
similarly to what was experimetally observed for concen-direction from the linear form when using a configurational thermo-
trated hard-sphere-like colloidal suspensi¢h§]. No drop  stat for a 3D Lennard-Jones fluid at =3 (filled circles and y*
in any thermodynamic quantity is observed when a configu=5 (open circles Lines are sinusoidal fits.
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FIG. 5. Shear viscosity as a function of shear rate for the 3D
. . . colloidal system: 512 particleqcircles and 4096 particles
(squares Results obtained using a PBT are plotted as open sym-
bols, while results obtained with a configurational thermostat are
plotted as filled symbols.

these distribution functions remain Gaussian even at high
shear rates as shown in Figh# They are also broader as a
result of the large velocity fluctuations—allowed by the use
of a configurational thermostat—observed in the velocity pro-
file in Fig. 3. The same conclusions hold for theand z
directions.
Finally, we present results obtained for a potential model
o ) ) used for colloidal suspensiofs]. The results obtained using
FIQ. 4. Dl_strlbutlon function for th& component of the pe_cullar the two types of thermostats are plotted for the two system
velocity Eroflle f(?r the 3D Lennaid-Jones flui@ when using a sizesC1 (512 particles as in Ref6]) and C2 (4096 par-
Evﬁlnajs’;n; a2 égﬁgﬁﬁi;‘r?a??hdezm:s?aggz‘g'Zfi;ncg’l‘g’saunn?ésg ticles) in Fig. 5. Results obtained using a PBT exhibit system
PR ) ; . size dependence. We observe the onset of a string phase at a
v* =5 (triangles dowi Fits to a Gaussian form are plotted as solid . :
lines and dashed lines. shear rate of 1.4 for syste@1—in good agreement with the
results of Ref[6]—and at a shear rate of 1.3 for syst€f.
On the contrary, no such dependence on the system size is

clearly shows that at high shear rates, a sinusoidal-like sec- : ! .
L . . observed when a configurational thermostat is used. Once
ondary flow profile is superimposed upon the linear flow

profile as observed in laboratory experiments and predicteagam' we do not observe any string phase but shear thicken-

; " ihg for shear rates higher than 7120t shown).
by hydrodynamics stability theoryNote that the Lees- N : :
A " An intuitively acceptable explanation of the sudden quali-
Edwards periodic boundary conditions ensure that the phase,. . "
of this sinusoid is completely arbitrajyn directions perpen- Yative change of behavior of the system at some critical shear

: L s rate in terms of heat transfer is that such a change, be it to a
dicular to the flow direction, a PBT prevents any significant__ . . . :
. K . string phase or to a shear-thickening regime, occurs when the
fluctuations from a flat profile from appearing. On the other

hand, profiles obtained with a configurational thermostat ex'_typlcal change in streaming velocity between nearest neigh-

hibit strong fluctuations in those directions at high shealbor.f’qﬁ/lu)('% ?hecomles czl)mg_arable to the Pwek—an_lfhe;mal ve
rates. This explains why no string phase appears with a coAQC' y. Mean thermal velocilies are equa B kin/M,

figurational thermostat whereT,;, is evaluated according to El). Since velocity
We have collected histograms of peculiar velocities forfluctuatlons are limited with PBT, this means that shear

fluids underaoina shear flow using a PBFig. 4@] or a thickening with Configurati(_)nal thermogtat will occur at
configuratior?al t%ermosta[ﬂ:ig. 4(b)g]. Fits$ tog| a4(G);ussian hlghe_r shegr rates than string phase with PBT. This is the
form are also plotted. The components of peculiar veloci- case In a||_|nvest|gated systems. s .
ties were calculated by subtracting the linear streaming ve- Let us first Iook_at the PBT results and the string transi-
locity profile (for y* =5) with a configurational thermostat, tion n mfre detail. In systemA the nea_rest nelghl:_)or dis-
subtraction of the linear profile yielded the same result as th#nce iSds =1.04 and the mean velocity fluctuations are
subtraction of the linear profile and the sinusoidal fit shownvKeTkin/m=1.0 in reduced units. The critical shear rate at
in Fig. 4b), because the amplitude of the sinusoidal part ofwhich string phase appears¥ =2.5, and the mean change
the secondary flow is small compared to the amplitude of th@f streaming velocity between nearest neighbor layers is
fluctuating part and thermal motion. The distribution func-(|Auy/)=ds y;=2.6. In systemB, the average nearest
tion obtained for the components of the peculiar velocitiesheighbor separation is 1.06, and velocity fluctuations are
using a PBT follows the Maxwell law until the onset of the kgTyi,/m=0.85. String phase develops at the reduced
string phase and then deviates from the Gaussian shape. $hear rate of about 2.5, where the change of streaming ve-
contradistinction, when a configurational thermostat is usedpcity between nearest neighbor layers {fAu,|)=2.7

031201-5



DELHOMMELLE, PETRAVIC, AND EVANS PHYSICAL REVIEW E68, 031201 (2003

:B‘IkBTkin/m' In SystemC, the average nearest neighbor fact, the so-called String phase. Our apprloach SUCCQSSfully
separation is 1.687, and velocity fluctuations are@ccounts for key features observed experimentally for high

VKeTan/Mm=0.5. String phase develops at the reduced sheaf2!ues of Reynolds number. In simulations of simple liquids
ratg (';'f” about 1.5, whger% the changg of streaming velocinVith configurational(i.e., profile unbiasedthermostat, there
between nearest neighbor layers i¢|Au,|)=2.53 Is neither a sharp drop of viscosity nor any shear-induced
~5kgTer/m X ' order. The sinusoidal kink in all components of streaming
Sh:arlflt?lickening results with configurational thermostaveIOCity profile cpnsistent with the ;tability arguments in
are also consistent with this explanation. The transition to th efs.[5] and[21] is observed, but at higher shear rates after

thickening regime in systerf takes place at the shear rate of shgar thinning, because of small sy;tem size. After some
6, where the kinetic temperature, given by EX. is equal to critical shear rate the system shear thickens. We propose that

8.91 and the average change of streaming velocity i& condition for a qualitative change of behavior with the

N N S increase of shear rate is that the typical differences in stream-
(|Auy|)=6.24=2VkgTiin/m. In systemd, the critical shear ing velocity between nearest neighbors become larger than

o o ore e mean therml velocty of the paricle, and the fow
. 9 erefore becomes athermal. This conjecture is in good

. agreement for both the string phase and shear-thickening
Kineti is 598 The diff . ; fansitions. One system where it is always satisfied is, e.g.,
inetic temperature Is 5.98. The difference In streaming Vegpqareq sand, where thermal motion is negligible compared
locities of the nearest neighbor layers (R\u,|)=12.15 40w motion because of the large mass and size of par-
25VkBTkin/_m' . ) ) _ ticles. This system is well known to be shear thickening for
Shear thickening is observed in colloids at high sheat| yajyes of shear rate. This can be regarded as an argument
rates[16]. In simulations, it is found even in the constrained supporting a hypothesis that all systems would be shear
linear profile laminar flow regime if hydrodynamic effects of hickening when our condition is satisfied, if the Reynolds
solvent are taken into accouit7]. It can be argued that if it \,mper is sufficiently low for sufficiently high shear rates. In
were possible to include the deviations from the linear ﬂOWparticuIar, simple liquids would shear thicken under strong
velocity profile in this simulation, it would further enhance gnhear in a viscometer of microscopic size. As shown in pre-
shear thickening at very high shear rates. The actual expenjjio,s work [24,25, the configurational thermostat can be
mentally observed resulL6] is probably a consequence of a reaqily used to deal with any type of fluig.g., with either
combination of both effects. rigid or nonrigid internal degrees of freedpmandergoing

any type of flow.
IV. CONCLUSION
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