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Chapter 4

Shear Rate Dependence of Pressure, Energy and Viscosity in

Planar Couette Flow

In this chapter, NEMD smuldions of the shear viscodty of argon and xenon are

presented. In the smulations with argon, the atoms interact via the Barker-Fsher-Watts
(BFW) [Ba7la) and Axilrod-Teler (AT) [Axi43] intermolecular potentids (see
Chapter 2). In the amulaions with xenon, the atoms interact via the potentid devised
by Baker e d. [Ba74] and AxilrodTeler (AT) [Axi43] potentids (see Chapter 2). An
adequate system sSze of 500 atoms was used, resulting in grester Satisticad accuracy
than reported elsewhere [Lee93, Leed4]. We show that the pressure is clearly not a
liner function of g2, but can be described by an andytic g2 dependence. This
rlaionship is independent of the three-body potentid interaction and is only a
consequence of twobody interactions. Our results dso demondrate that the shear
viscosty is not necessxily a linear function of g¥2. The dtatistical accuracy of the
viscosty data is however not sufficient to unambiguoudy determine an  accurae
dependence on the drain rate. In section 4.1 we give the deals of the smulaions
performed and report the results in section 4.2. In section 4.3 we andyze for the non-

equilibrium case the ratio between the threebody energy and twebody energy as done

in section 3.2.
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4.1 Simulation details

NEMD Algorithm
The NEMD smulations were performed by applying the standard SLLOD equations
of motion for planar Couette flow (see Chapter 2). The SLLOD equations for a one-

component  aomic fluid flowing with sreaming vedocity vx in the x-direction and

congtant dtrain rate ¢ = %—\;‘ were gpplied (see Eq. 2.72 and Eq. 2.77). The equations of

motion were integrated by a 4" order Gear predictor-corrector scheme (see Chapter 2),

with a reduced integration time step (t =tve/ms 2) of 000L A non-ecuilibrium
gmulaion trgectory is typicdly run for 250000 time Steps. To egulibrate the system,
each trgectory is firsg run without a shearing fiedd. After the shearing fidd is switched
on, the firg 50000 time geps of each trgectory are ignored, and the fluid is dlowed to
rdax to a non-equilibrium gdeedy-dtate. In the smulations with argon aoms averages
were taken over 5 independent trgectories, each darting a a new configuration. Thus,
evay pressure, energy and viscodty data point represents a totd run length  of
5x200000=1C° time seps. In the smulaions with xeron, averages are taken over 2

independent trgectories, resulting in the same Satigticd accuracy.

Intermolecular potentials

The totd intermolecular potentid adopted condsts in contributions from two-body
interactions (uxp) and three-body dispersion interactions (Usp). As previoudy mentioned,
for argon we used BFW + AT potentiads and for xenon Barker et d. [Ba74] + AT
potentids. The twobody potentids were truncated a hdf the box length and

aopropriate long-range correction terms were evaduaed to recover the contribution to
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the pressure and energy for the full intermolecular potentiad (see Appendix 1). The
three-body potentias were truncated a a quarter of the box length (see Appendix 2) and
the long-range correction terms for energy and pressure were evauated as.
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where g© (1), 113, I3 isthe 3¢ order redid distribution function written as

9(3) (f2iN3,T23) =9 @ (r2)g @ (rl3)g(2) () 4.2)
using the superposition gpproximation [Bar71a] and setting g ‘@ (r,3) to unity.

Thelong-range correction for the three-body pressure was caculated as.

Long- range
3E;,
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(4.3)

where we used the fact that the AxilordTeler potentid is a homogeneous function
[Bar7la, see dso Appendix 2].

Before agpplying the SLLOD dgorithm using these intermolecular potentids, we
repested gmulations on a LewmadJones (LJ) flud a the LJ triple point

(T" =0.722,r * =0.8442, where the superscript * stands for reduced units), reported by

Evans et d. [Evad9]. Our smulations were in excelent agreement with these results,

and are displayed in Figures 4.1, 4.2 and 4.3. The pressures and energies were found to

2, wheress the viscosity varied as g2, as previoudy observed.

vay linearly with g*
We further note that al subsequent smulations performed on the BFW + AT and
BWLSL + AT fluids are made with exactly the same computer program. The only
difference is the form of the intermolecular potentids, and hence forces, used in the
cdculaion of fluid propeties This limits any possble errors that could be introduced

by comparing results generated from different code.
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Figure 4.1 Comparison of Evans et d. [Eva89] pressure (O) with our own (X) for a
system of 2048 Lennard Jones atoms and a cut-off =3.5 (reduced units).
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Figure 4.2 Comparison of Evans e d. [Eva89] configurationd energy ©) with our own
(X) for asystem of 2048 Lennard-Jones atoms and a cut-off =3.5 (reduced units).
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Figure 4.3 Comparison of Evans et d. [Eva39] viscosty (O) with our own (X) for a
system of 2048 Lennard-Jones atoms and a cut-off =3.5 (reduced units).

4.2 Results

The results of the NEMD smulations for the pressure, energy and shear viscosity of

argon a different gtrain rates are reported in Table 4.1. Results for xenon are reported in

Teble 4.2. The norma convention was adopted for the reduced density (r " =rs?),
temperature(T” =kT/e), energy (E =E/e), pressure (P =Ps 3/e), visosty
(h" =hs ?(me) '?) and srain rae (§° =g[s (m/e)"?]). All smulaions for argon
were performed a the state point (r ,T") = (0592 [L034 gecm®], 095 [135 K]); for

xenon at the state point ¢, T") = (0.6 [2222 gem™], 09 [2529 K]). These points were
chosen because they ae representative of the liquid phase being approximatdy mid-

way between the triple point and the criticd point (for both argon and xenon). The
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number of aoms in our systems was N = 500, and the Sze of our Smulaion cdl, L, was
9453 (reduced units) for argon and 9410 (reduced units) for xenon. The three-body
terms were truncated at 0.25L, whereas the twobody terms were truncated at 0.9..
These cut-off digances further ensured that the tota non-eguilibium par digribution
function was congant (i.e, equa to unity) over the range of r where long-range

corrections are gpplied.

Table 4.1 Pressure, energy and shear viscosity at different strain rates for argon.

2-body potential without 3-body potentiad  2-body potential with 3-body potential

* * * * * * *

g P Econf . h P Econf . h

0.0 -0.103(2) -3.682(2) 0.017(2) -3557(1)

0.078 0.105(1) -3.683(1) 0.72(2) 0.019(2) -3555(1) 0.72(3)
0.1755 -0.108(1) -3679(2) 0.754(5) 0.020(2) -3554(1) 0.742(6)
024 0.102(2) -3.683(2) 0.747(6) 0.022(1) -3552(1) 0.732(6)
0.312 -0.103(2) -3677(2) 0.753(2) 0.024(2) -3.551(2) 0.733(5)
04 -0.099(1) -3.673(2) 0.747(1) 0.031(2) -3.550(2) 0.725(1)
0.5 -0.092(4) -3.667(3) 0.746(6) 0.034(3) -3541(1) 0.725(6)
0.702 0.079(2) -3.656(1) 0.727(2) 0.054(1) -3529(1) 0.719(2)
0.9555 -0.050(1) -3631(2) 0.715(2) 0.084(2) -3511(1) 0.703(2)
1.248 0.002(1) -3595(2) 0.699(2) 0.135(1) -3.480(1) 0.689(1)
1.57% 0.076(1) -3558(1) 0.677(2) 0.214(1) -3.443(1) 0.668(1)
195 0.179(2) -3.506(1) 0.653(2) 0.312(2) -3.396(1) 0.644(1)

Table 4.2 Pressure, energy and shear viscosity at different strain rates for xenon.

2-body potential without 3-body potential 2-body potential with 3-body potential

* * * * * * *

g P Econf . h P Econf . h

00 -0161(1)  -3.696(1) 0.012(4) -3512(2)

02 -0156(6) -3672(4)  0.77(1) 00150(1)  -3509(1)  0.76(1)
04 -0152(5) -3688(2  0772(3 00243(9)  -35022(4)  0.765(2)
06 -01382)  -3683(5)  0.758(4) 00387(2)  -34933(1)  0.749(1)
08 -01187(8) -3660(1)  0.753(4) 0.065(1) -34795(6)  0.739(1)
1 -0088(6) -36354(7) 0.7438(7) 0.092(2) -34628(8)  0.7263(8)
12 -00527(1) -3611(2) 07332 0.132(3) 34433  0.716(2)
14 -000739) -35875(5) 0.717(1) 0.184(4) -34211(1)  0.706(1)
16 0046(3)  -35577(4)  0.7021(3) 0.237(1) -33%5(1)  0.6892(7)

18  01073(6) -35304(6) 0.6882(9) 0298(1)  -336893) 0.6789(8)
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The uncertainties in the time averages for the energy, pressure and viscosty, reported
in Tables 4.1 and 4.2, represent the standard errors of the averages over 5 independent
non-equilibrium  trgectories for agon axd over 2 indegpendent  non-equilibrium
trgectories for xenon. The data include cdculaions with the two-body potentid done
and a combined twobody + AT potentiad. We confirmed that the two ad three-body
energies and pressures a equilibrium were correct by comparing them with independent
caculations of these quantities obtained by Monte Carlo smulations [All87].

These reallts, and vaious atempts to fit the smulation data, are illudrated in
Fgures 4.4 - 4.10. In Tables 4.3 and 4.4 the coefficients of the fits are presented, as well
as their respective erors. Additiondly, the coefficients of both fitted equations and the
absolute average deviations (AAD) [Sad95] are given. The AAD is a measure of the
overdl accurecy of the agreement between the fits and the dmulaion data and is

defined as

6 simul. _ it
AAD(%)=100" a }|f I (sngnZI f f (gi)| (4.4
As| o MG) |

where s is the number of data points, f ™' (g;) is the Smulation vaue of the quantity

considered (pressure, energy or viscosity) as a fundtion of g; and f (g ) is the vaue

teken from thefitting curve.
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Table 4.3 Coefficients of the fits and relative errors for argon.

*

*

a b AAD %
P=a+ bg*  00032(6) 0.1039(5) 26.72
P=a+ bg? 0.0164(6) 0.0781(4) 3.97
E=a+bg ¥ -35607(4) 0.0592(3) 0.08
E=a+bg?  -35554(4) 0.0430(2) 0.09
h=a+bg? 08002 -0.105(2) 1.60
h =a+ bg 0.752(2) -0.0535(8) 0.74
h=a+bg¥ 07360(8)  -0.0339(5) 0.45
h=a+tbg?  07279(7)  -00229(3) 0.69

Table 4.4 Coefficients of the fits and relative errors for xenon.

*

a b’ AAD %
P= a+bg¥®  00027(2) 01054(3) 1604
P= a+ bg? 0.0108(2) 0.0868(3) 349
E= a+bg*?  -35224(1) 0.0616(1) 008
E= a+ bg? -3.5004(1) 0.0447(1) 004
h=a+bg" 084902 -0.125(2) 086
h=a+bg 078632  -0.0598(8) 0.33
h=a+bg¥ 076548  -0.0367(5 031
h=a+ bg? 0.7549(7)  -0.0247(3) 057

Mode-coupling theory [Kaw73] predicts that the pressure of a fluid under shear hes a

linear dependence with g'2. To test this prediction, we plot the totad pressure of the

fluid agang ¢*? in Figure 44(a) for argon and in Figure 45(@) for xenon. If the

pressure were a linear function of g2 one would expect random datistica fluctuations

in the data points about the linear fit. However, a careful andyss of the data suggedts a

systematic deviation from the expected g*/? linear behaviour.



Chapte 4 10

In Fgure 44(b) for argon and in Fgure 45b) for xenon the tota pressure is

presented as a function of 2. We find that the pressure is more closdy represented by

an andlytic ¢ ? dependence.
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Figue 44a Totd pressure of agon as function of ¢*?2 usng 2body + 3-body
potentias.
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Figure 4.4b Totd pressure of argon as function of ¢ using 2body + 3-body potentias
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Figure 45a Totd pressure of xenon as function of g*2 usng 2body + 3-body
potentids.
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Figure 4.5b Tota pressure of xenon as function of g # using 2body + 3-body potentias.
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For argon a equilibrium, a pressure of approximady 1 MPa is predicted compared
with an experimenta vaue of 4 MPa [Va75]. The man contribution to the overdl
pressure comes from the kinetic component and twobody interactions which are of
gmilar magnitude but of opposte sgn. This means tha smdl ddidicd fluctuations in
the two-body contribution can greetly affect both the magnitude and dgn of the totd
pressure. Unfortunately, a samilar comparison for the xenon pressure at equilibrium is
not possible because to the best of our knowledge, experimenta data for the State point

we used are not available.

To determine whether the ¢? dependence is due to the addition of three-body
interactions, we plot the twobody and full two plus three-body contributions to the
total pressure separady in Figures 4.6a and 4.6b (for argon and xenon respectively).
The results for the twobody pressures are obtained from smulaions involving only the
two-body BFW potentid interactions, without the threebody terms. It is evident that the
g2 dependence is caused by two-body interactions. The threebody contributions serve
only to shift the pressures higher by gpproximatdy 0.1 for argon and 0.18 for xenon.
Although it could be reasonably expected that the three-body contribution to the totd

pressure might depend on drain rate, our Smulation results suggest that any dependence

isvery week for the Srain rates covered.
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Figure 4.6a Totd pressure of argon usng only twobody potentid (O); tota pressure
using 2-body + 3-body potertids (@).
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Figure 4.6b Totd pressure of xenon using only twobody potentid (O); tota pressure

using 2-body + 3-body potertids (@).
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The configurational energy per patide is presented as a function of g2 and g2 in

Figures 4.7 (ab) for argon and Figures 4.8 (ab) for xenon. The E vs. g2 plot does

2

show a wesk systematic departure from linearity. For argon the fits in %2 and g2 are

smilar in accuracy, but for xenon the fit in g2 is much better. The coefficients of the

fits, dong with the absolute average devidion are presented in Table 4.3 for argon and

in Table 4.4 for xenon.
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Figure 4.7a The 2body + 3-body potentid energy of argon as function of g=/2.
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Figure 4.7b The 2body + 3-body potentid energy of argon as function of 2.
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Figure 4.8a The 2body + 3-body potential energy of xenon as function of /2.
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Figure 4.80 The 2body + 3-body potential energy of xenon as function of g 2.

The shear viscosty of the fluid, caculated as h :T’ is plotted againg ¢

in FHgure 49 for agon and in FHgure 410 for xenon. The viscodty is not a smple
function of §¥?, which is condstent with the concluson reached by Travis e d

[Tra98]. The gatigicd erors in our viscosty cdculdions are not sufficiently smdl to

unambiguoudy determine the functiond form of the viscosty profile Any fit of h vs.
g" is reasonable, where 1/2 £ n£ 2. For argon however, when the data is extrapolated
to zero dran-ae, the vaues of the eguilibrium viscosty predicted by the g, g*2 and
g2 fits [(757 £1)” 107,(741+1) 107,(733+1)" 10'Nsmi, respectivdy] are in good
agreement with the experimental vaue of 7402 ~ 10’ Nsm? [Var75]. The g¥? fit

actualy gives the worst agreement [ (805 + 3)” 107 Nsmi9] with the experiment.
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Figure 4.9 Viscosty of argon as function of the drain raie. The lines illugrate different
fits with drain rate dependence to the power of (@ 1/2, (b) 1, (¢) 32 and (d) 2. The
parameters of thesefitsarein Table 4.3.
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Figure 410 Viscodty of xenon as function of the drain rate. The lines illudrate
different fits with strain rate dependence to the power of (a) 1/2, (b) 1, (c) 3/2 and (d) 2.
The parameters o these fitsarein Table 4.4.
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Our results differ to those of Lee and Cummings [Lee93, Leed4], who observed the

standard §*? dependence of the pressure with drain rate. Lee and Cummings used a

sysdem sze of 108 agon aoms for both the BFW and BFW + AT cadculations.
Quantitative error estimates were not reported with their data Normdly, large errors in
pressure can be expected for smulaions involving such a smdl number of aoms
which can hinder the correct identification of the strain-rate dependency of pressure. We
repeated their smulations for 108 argon atoms at the same date point with only the two-
body BFW potentia, and present the results for the pressure and energy dependence on
dran rae in Fgures 411 and Figure 412, respectivdy. Our smulaions were
performed by time averaging over a tota of 2x10° time-steps, and our dtatistics are thus
more reliable. We do not indude long-range corrections to this set of data, which would
only add a congant term to shift the pressure and energy profiles. It does not change the
shape, which is what we are interesed in. Once again our results confirm the ¢?2
dependence of both pressure and energy.

We make the observetion that a sysem size of 108 particles is actudly too smdl to
account fully for dl the possble three-body interactions, and for this reason we
performed the 108 aom smulations only with the twebody BFW potentid. The cut-off
vaue for the threebody potentid should not exceed one quater of the length of the
smulation cdl, for geometricd condraints imposed by the three-body interactions (see
Appendix 2). In thar system, Lee and Cummings used a cdl length, L, of 5.67 (reduced
units). Their cut off radius was 0.5L = 2.835 (reduced unitg, which is too large for their
gndl system sze It is primaily for such reasons tha we choose to study a larger

systemn size of 500 atoms.
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Figure4.11a Total pressure of argon asfunction of g*/? for 108-atom system.

0.25

0.20 —

0.15 —

P*

0.10 —

0.05 —

0.0 | | | |
0.0 05 10 15 20 25

@)
Figure4.11b Totdl pressure of argon asfunction of g2 for 108-atom system.
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Figure 4.12a Potentia energy of argon as function of g/ for 108-atom system.
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Figure 4.12b Potentia energy of argon as function of g 2 for 108-atom system.
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The pressure tensor of the fluid was cdculaed by the standard Irving-Kirkwood

expression [Irv0], modified to indude 3body contributions (see Appendix 2):

P p %‘18".':%

8‘ _
<P>=\% a #+a a N +a a a [rIJF(”)k +r|k|:(|1f(k)3J +r, F(J3|3| (45)

i=1 i=1 > i=L  j> k>j
where p; is the peculiar momentum of atom . Fifbis the two-body force between aom |

3b
and j, and tems involving F(ab K -1;;';“‘ ae the corresponding three-body

ab

contributions to the total force. The definition of the pressure we used is one third of the

of the trace of the pressure tensor (see also Chapter 2):
1 1
P= §Tr<P) =§<PXX +B, +P,) (4.6)

To check that there was no error in the evduatiion of Eqg. (4.5), we cdculaed the
configurationd pat of the pressure by another independent method, namey by
integrating over the total nonequilibrium par didribution function. This method will

dlow us to caculate the twoebody potentid contribution to the pressure. The three-body

potential  contribution to the pressure was checked by the rdationship P =3E/V
([Bar7la], see dso Appendix 2). Since we keep the temperature and density condant,
the kinetic contribution to the pressure is congtant and given smply by PK™ =r T (see
Eq. (2.65)).

During the smulation we cdculaed the par radid didribution function, g(r), via Eq.
(293). Therefore, we were able to cdculate the twobody potentid pressure in two
ways directly usng Egs (4.5) and (4.6) (2body potentiad part) and indirectly using g(r)
with Eq. (2.101).

Following the same procedure, we caculated the twobody potentid energy directly

using the expression:
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1/6" o
Eenlaayr @
=1 j>i

and indirectly usng Eg. (2102. Furthermore, we cdculated the quantity n(r) usng Eq.
(296) during the same smulation to caculae the shear viscosty indirectly via Eq.
(2.103).

In Table 4.5 we show the two-body components of the pressure, energy and viscosity
(for argon) cdculated by Egs (2.101), (2.102) and (2.103) dongsde of the direct vaues
for different strain rates ¢. For every vdue of ¢, the quantities were calculated over a
sngle trgectory of 50000 time-steps. Very good agreement (up to the fourth decimd
place) is found between the direct caculations and those involving g(r,g) axd n(r,g).
This agreement suggests that the observed dependencies of the pressure, energy and
viscodty with drain rate are not a result of an error in the direct calculdions of these

properties.

Table 4.5 Two-body contributions of the pressure, energy and viscosity of argon.

g P2b0dy P2body EZbody EZbody h 2body h 2body
(dmulation) (g(r.,g)) (smulation) (g(r,g)) (smulation) (n(r,g))

0.0 -0.7136 0.7136 -3.6384 -36332 - -

0.702 -0.6720 0.6720 -3.6118 -36118 0.6017 0.6016
0.9555 -0.6382 -0.6383 -3.5941 -35%41 0.58%9 0.58%9
1.248 -0.5869 0.5870 -3.5547 -3.5547 05837 0.5837
1549 -0.5018 0.5019 -3.5165 -35165 05671 05671
1.95 -0.4045 -0.4046 -3.4738 -34738 0.5436 0.5436

In Figure 4.13 we display g(r,g) and n(r,g) for the fluid $earing with a drain rate
of g° = 19. Additiondly, we indude g(r,g) & equilibium (§" =0) for comparison

purposes. The difference between g(r,g) for g° =0and g = 1.95 reflects the change
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in the fluid dructure with imposed drain rate, which is to be expected. It is wel known
that g(r,g) (Eq. (294)) is no longer spherically symmetric a large values of g [Evad(],

but becomes distorted a an angle of 45 degrees to the fluid velocity streamlines.
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Figure 413 g(r,g) ad n(r,g) for the argon fluid shearing a the highest strain rate
used (g =1.95). g(r,g) a equilibrium (g~ =0) is aso reported.

There is an additiond check we can peform to ensure that the SLLOD agorithm
was correctly implemented, and that the pressure tensor was correctly cdculated. For

thermodtatted planar Couette flow, the rate of energy disspation may be expressed as
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. 9 p.p
H(t =-VP,g-aQ] —p'mp' (48)

where H(t) is the time derivative of the total internal energy. For the agorithm to be

working correctly, and for the shear stress to be correctly cdculated, the right-hand-side
(RHS) of Eq. (4.8) must equd the left-hand-side (LHS) for al t This was indeed found

to bethe casein dl our smuldions, as seen in Figure 4.14.

8000
&
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o +
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rate

-4000 | | | |
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time*

Figure 4.14 Comparison of RHS of Eq. (4.8) (+), and LHS (0). Note that a t'=0 the
drain rate isimposed, and the fluid takes time to relax to a non-equilibrium Steady Sete.
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Figure 4.14 digplays the results for a Smulation where the shear dress is applied at
=0, from an equilibium state The high pesk close to t'=0 reveds tha an initid
amount of energy, provided by the shearing, goes to change the internd Sructure of the
fluid, from an equilibrium date to a norrequilibrium one. Referring to Fgure 4.13, this
amount of energy is utilized to digort the equilibrium g(r). After this initid trangtion,
the system reaches a steady State.

Additiondly, we checked that the hydrodtatic pressure caculation was correct by
cdculating the disspation for a fluid undergoing planar dongation. The disspation is
rdaed to differences in the diagond dements of the pressure tensor, and the disspation
rateisgivenas

H(t) =-Ve[p, - P, |- ag b 4.9)
7 m
Here e is the dongation dran rate, and the fluid expands in the x-direction, whilst
gmultaneoudy contracting in the y-direction. Deals of the dmulation dgorithm for
planar eongation can be found dsewhere [Tod97, Tod99]. Our smulations confirmed
the equivaence of the RHS and LHS of Eq. (4.9).

Previous work [Ryc88] that had attempted to show the andytic dependence of the
viscosty on g was criticized for the relatively high rates of srain used [Tra98]. Large
dran raes can induce unwanted dring phases, i.e, highly ordered <olid-like
configurations. These dring phases aise for high Reynolds number flows [Erp84],
where the assumption of a linear streaming vedocity profile is questiondble. The linear
profile is imposed upon the flow via the SLLOD equations of motion. For a fredy
shearing system with Lees-Edwards periodic boundary conditions, high Reynolds
number flows should exhibit an S-shgped kink in the streaming veocity profile If the

assumed (linear) and actud dreaming veocities ae not the same, the thermodat
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interprets this deviation as heet, and applies an additiond force to the equations of
motion for the momenta (see Eqg. (2.79)). It is this additiond force appearing in the term
involving a tha sarves to dabilize the linear velocity profile and enhance the ordering
of the fluid by reducing the rate of entropy production. Once the fluid's ordering is
enhanced, its viscodty and pressure are reduced dramaticdly from ther true vaues,
which can lead to incorrect dependenciesong .

In Figure 4.15 we project a 3-dimensond snapshat of the argon fluid onto a 2-

dimensond surface in the x-y plane. The fluid was sheared a the highest vaue of ¢

which we smulated, g~ = 1.95.
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Figure 415 Twodimensond projection onto the xy plane of a threedimensond
snapshot of the argon fluid, shearing at the highest strainrate used (g~ = 1.95).
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There is no obvious enhancement in the gructure of the fluid. For our sysem, srings

were only noticesble a very high vaues of ¢, typicdly g° > 5. This is in contragt to

work by Evans e d. [Eva92], who found evidence of drings for vaues of ¢~ aslow as

~ 2. However, ther dmulaiions were peformed on a Weeks-Chandler-Anderson
(WCA) fluid [Weerl]. Our smulaions have been performed on BFW fluids, both with
and without the additiond three-body term, where the range over which fluid atoms

interact is dgnificantly greater than for WCA fluids. In Figure 4.16 we show a full 3-
dimensond sngpshot of the fluid sheared & ¢~ = 11, where now the appearance of

grings is very pronounced. If strings were formed in our Smulaions the anticipated
dde-effect should be to dramaticdly reduce the vaues of the viscosty and hydrodatic

pressure a higher strain rates. Our data clearly does not support this.

Figure 4.16 Full three-dimendonal sngpshot of the argon fluid, shearing a high vaue of
g =11.
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Findly, we checked the dependence of the pressure, energy and viscosty profiles on

the sze of the cut-off potentid radius used. While the results presented here for argon

were performed with a twobody cut-off radius of r2 . =0.5L=4.726 (reduced

units), we aso performed smulations & a smaller cutoff of r2 =228 (reduced

units) for an argon sysem of 500 aoms. The shapes of these profiles remaned

unchanged.

4.3 Relationship between two-body and three-body potentialsfrom NEMD

simulation

It is of interest to determine the effect of different rain rates on the vdidity of the
relaionship (Eq. (3.3)). The vdidity of such a smple rdationship foo NEMD was
uncertain because of the added influence of factors such as vaiation in the drain rate.

Consequently, we andyzed the raio between the two (E,) and the three (E;) body

potentid energies obtained with planar Couette flow smulations for different Sate
points and drain rates.

The ratio of threebody to twobody energies for argon a different dendgties and
temperatures is shown in Figure 4.17 as a function of drain rate. The temperatures and
densties represent different Sate points on the liquid-phase branch of the vapour-liquid
coexisence curve of pure argon. Irrespective of the date point, it is gpparent that the
ratio of the energies is lagdy independent of the drain rae. The dependence of the
energy raio on dengty is illudraied in Figure 4.18. The vdues predicted by Eq. (3.3)
ae dso illugrated for comparison. This smple reaionship fits the NEMD smulation

data with an average absolute deviation of 2.3%. This is dose to the same qudity of
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agreement (2%) that was obtained for the Monte Carlo study of equilibrium properties
reported in section 3.2,

As sen in the previous sections, the trangport properties of fluids, such as shear
viscodty, are an aspect of fluid behaviour that could potentidly benefit from the use of
accurate pair-potentids and three-body interactions.  In common with other gpplications
of molecular smulation, the transport properties of fluids have largdy been investigated
usng effective potentids Therefore, other investigations are necessary to determine if
Eq. (33) may be used in NEMD smulations to incorporae the effect of three-body

interactions without the computationa cost of afull three-body cdculaion.
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Figure 417 The ratio of three-body and twobody energies of argon obtained from
NEMD at different State points and different strain retes.
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Figure 4.18. The ratio of three-body and two body energies for argon obtained from
NEMD a different strain rates (g° = 0 (0), 0.702 (D), 1428 (1)) as a function of
dengty. The line through the points was obtained from Eq. (3.3).



