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This paper presents a new data processing method for calculating more reliable thermophysical properties of
liquid using Green-Kubo Method based molecular dynamics (MD) simulation. In this study, MD simulations of
water are first performed using three common water models. A new approach for analysing the simulation data
is then developed to obtain statistically meaningful thermophysical properties such as thermal conductivity and
viscosity. It is demonstrated that for a given desired standard deviation for a specific simulation, a suitable
simulation box size can be determined. The proposed approach can assure the repeatability and reliability of the

calculated thermophysical properties of liquid.

1. Introduction

During the past few decades, the transport phenomena of liquids
have been of great interest in a wide variety of applications. For ex-
ample, miniaturized systems such as nano-electromechanical systems
(NEMS) technology [1] and nanofluids [2-5] have received consider-
able attentions more recently. Transport properties, such as thermal
conductivity and viscosity, serve as the most significant characteristics
of materials in thermal studies [6-8]. Hence, accurate measurement of
thermophysical properties of liquid plays a critical role in the func-
tionality of NEMS and nanofluids.

Water is the most investigated liquid in the literature due to its
widespread use and ubiquity in our environment. Several experimental
and numerical methods have been developed to estimate its thermo-
physical properties. For example, Duangthongsuk and Wongwises ap-
plied transient hot-wire apparatus and Bohlin rotational rheometer to
measure thermal conductivity and viscosity of water-based nanofluid,
respectively [9]. In their study, before the thermophysical properties of
nanofluid were measured, the thermophysical properties of the base
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fluid (pure water) were measured to validate the experimental appa-
ratuses. However, in many cases, experimental measurement can only
provide limited insight into the mechanism of thermophysical proper-
ties change as a function of certain parameters. As a result, computer
simulations have been carried out in order to better understand the
properties of mixed molecules and the microscopic interactions be-
tween them. A variety of modelling techniques have been developed for
calculating the thermophysical properties over the years [10-12].
Among them, molecular dynamics (MD) approach can provide detailed
atomic-level information and has been widely employed in many nu-
merical simulation studies on the thermophysical properties of liquids
[13-15].

MD simulations for calculating thermophysical properties of liquids
could be categorized into two types namely non-equilibrium molecular
dynamics (NEMD) [16,17] and equilibrium molecular dynamics (EMD)
[18]. In EMD, the system is in equilibrium when the properties are
evaluated whereas an external field drives the system away from
thermodynamic equilibrium in NEMD. In order to calculate thermo-
physical properties in EMD simulation, fluctuation-dissipation and
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linear response theorem are usually applied. In contrast, In the NEMD
simulations, an external field such as shear force or heat flux needs to
be applied to create shear flow or temperature gradient, respectively.
Then, the desired properties are monitored and calculated. In a com-
parative study by Schelling et al. [19], it has been concluded that the
EMD approach has considerable advantages over the NEMD approach.
Firstly, although both EMD and NEMD approaches show finite size ef-
fects, these effects are more severe in NEMD. Secondly, EMD is more
appropriate for geometries where periodic boundary conditions are
applied in all three directions. On the contrary, NEMD could only ac-
complish the calculations in one direction. Hence, EMD simulation is
applied in this study.

In EMD simulation, Green-Kubo (GK) method, introduced by Green
[20] and Kubo [21], has been well-established and widely used for
calculating thermophysical properties of liquids. This method is based
on Green-Kubo formalism where thermal conductivity or viscosity is
calculated by integrating over time of the ensemble average of the auto-
correlation of the external field [22].

On the other hand, the most critical part of a molecular dynamics
simulation is the potential models. So far, many water models have
been developed in order to study the structure and properties of water
at the atomic scale. According to a report by Guillot [23], water models
are classified into four main types, namely rigid, flexible, dissociable,
and polarizable. It has been a matter of discussion that which model
may reproduce the most accurate and reliable results in MD simulation
of thermophysical properties. However, the answer to this question is
not very clear so far as each water potential model was developed to
reproduce certain properties under given conditions. In this regard,
there are scarcely published studies that compare the performance of
different models on reproducing thermophysical properties. For ex-
ample, Gonzélez and Abascal [24] calculated the shear viscosity using
Green—-Kubo method in order to compare five rigid water models in-
cluding TIP3P [25], TIP4P [25], TIP5P [26], SPC/E[27] and TIP4P/
2005 [28]. In a broader study, thermal conductivity, viscosity and
specific heat of various rigid water models were calculated and com-
pared with each other using MD simulation [29]. The authors showed
that recent developed models, such as TIP5P, are capable of illustrating
more accurate values compared with conventional ones.

Moreover, we have noticed that the common data collection method
of predicting thermal conductivity and viscosity of liquids using MD
simulation is questionable. Take the method used in [18,30,31] for
example, when the values of thermal conductivity or viscosity somehow
converged after a certain period of production run time, the MD si-
mulation stopped. Then, the values of the thermal conductivity or
viscosity in the three directions were recorded. The average value of the
properties in the three directions was worked out and presented as the
calculated thermal conductivity or viscosity. There were some similar
studies, such as the water model comparative study carried out by Mao
and Zhang [29], in which the standard deviations of certain thermo-
physical properties were reported in Tables 3 and 4 of their paper.
However, it was not clearly explained how these statistical values were
calculated. Also, thermal conductivity of the supercooled water is es-
timated using GK equation by English and Tse [32]. They did not de-
scribe their data collection approach in detail. However, their MD si-
mulation resulted in an uncertainty. In particular, the standard
deviation of their calculated thermophysical properties was three times
greater than that from the experimental measurement. Similarly, in
many other available studies in the literature, data collection procedure
has not been clearly described, as the focus of those studies such as
[17,33,34] was more on the results reporting and discussion. In addi-
tion, Kumar et al. [34] stated that the applied data collection and
processing method in their study suffers from poor convergence even
for extremely long simulations.

It appears that the common data collection method does not con-
sider the effects of simulation box size, initial conditions, thermostat
effectiveness, data sampling frequency, etc., on the simulated
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thermophysical properties. However, it has been known that these
parameters could have significant effects on the results of MD simula-
tions. For example, the MD simulation box size affected the simulated
mechanical properties of the nano-material [35]. The simulations were
also dependent on the initial conditions that could be changed by using
different random number seed. As a result, sufficient number of in-
dependent simulations must be carried out and average values of the
simulated results should be used in order to obtain reliable results [36].
Hence, a new approach that can produce reliable and repeatable results
with controllable standard deviations should be developed.

An intrinsic problem associated with the GK calculation is the ar-
tificial correlations. The common method of mitigating the problem is
to choose a system size large enough to minimize these correlations.
Recently, Muraleedharan et al. [37] tried to mitigate the problem for
multicomponent systems (Solid particles immersed in a base fluid) by
increasing the number of particles. They observed that adding more
particles is likely to hamper the development of the artificial self-cor-
relations. In either method, researchers normally find the proper size or
number of particles by trial and error and there are no clear quantified
criteria to select an appropriate simulation domain size or particle
numbers. Thus, we believe it is important to find a quantifiable data
processing method to ensure the reliability and accuracy of the simu-
lated properties.

In the present study, a common problem of MD simulation is con-
sidered and a new reliable data-processing approach is developed. In
addition, by using the new approach, a criterion in accordance with the
standard deviation of the simulation results is introduced. This criterion
can be used to select the appropriate size of the system based on the
level of the accuracy that is desired for a given simulation. Without the
loss of generality, three common rigid water models including SPCE,
TIP3P, and TIP4P-2005 will be used at different temperatures and the
data collection procedure on the reliability of the simulated thermal
conductivity and viscosity of water will be investigated. It is shown that
the proposed data collection and processing method is able to effec-
tively control the standard deviation of the simulated values and thus
produce reliable and repeatable thermophysical properties from MD
simulations.

2. Methodology

In this section, the method of calculating thermal conductivity and
viscosity by employing Green-Kubo method based EMD simulation will
be first described. Then, a new data collection and processing method
will be introduced for calculating thermophysical properties of water
using MD simulations.

2.1. Thermal conductivity

When a liquid system is in equilibrium, it has a constant average
temperature and an average heat flux of zero over a finite time period.
However, the temperature fluctuates instantaneously, and as a result, a
finite heat flux exists at each instant of time [38]. This phenomenon is
the base of the Green-Kubo method to calculate thermal conductivity
and viscosity in EMD simulation.

In macroscopic scale study, thermal conductivity k is a coefficient
that relates the macroscopic heat current vector (J) to the temperature
(T) gradient in the form of Fourier's law [39]:

— —
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However, in microscopic scale study, in order to calculate the
thermal conductivity k using EMD simulation, Green-Kubo (GK)
method relates the lattice thermal conductivity of the system to the
integral of the average of the time correlation function of the heat
current through the following relation [21,40]:
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where j (¢) and)j (0)are the instantaneous microscopic heat current
vectors at time t and time zero, respectively. Heat flux is calculated
using three different fluctuation modes carried by kinematic energy,
potential energy, and energy from the collision of atoms. The angular
bracket denotes autocorrelation function, V is the volume, and Ky is
Boltzman’s constant. The integral calculates the heat autocorrelation
function (HACF) using the time needed for the HACF to decay to zero.
More details about Green-Kubo method can be found in [19].

2.2. Viscosity

To calculate the viscosity, the same methodology is used as the
previous section. However, the heat autocorrelation is replaced by the
stress (pressure) autocorrelation function (SACF) in Green-Kubo equa-
tion. The time needed for SACF to decay to zero is then used through
the Green—Kubo relation to predict the viscosity [41] as given below:

1= g Ji P @) .
where ) is the shear viscosity, V and T are the volume and temperature
of the system, respectively, and Pxy refers to an independent component
of the shear stress in the XY direction. However, for an isotropic,
homogeneous fluid in the absence of external fields, the symmetry of
the cubic simulation box implies that the three directions X, Y and Z are
equivalent in this equation. As a result, all three independent off-di-
agonal elements of the stress tensor are used in the calculation [42].

2.3. Simulation procedures and post-processing of data

Fig. 1(a) shows the cubic simulation box with periodic boundary
condition in all three directions, where L represents the box size. Three
common water models including SPCE, TIP3P, and TIP4P/2005 were
used to study the effect of potential models on the calculated thermo-
physical properties of water. For each water model, four different si-
mulation box sizes, L = 2nm, 5nm, 10 nm or 15 nm, were considered.

Among these three models, SPCE and TIP3P are 3-site model, while
TIP4P/2005 is a 4-site model. As can be seen from Fig. 1(b), the 3-site
model only consists of two hydrogen (H) atoms and 1 oxygen (O) atom
(the upper configuration), while the 4-site model has an extra dummy
atom (M) shown as a 1yellow sphere (the lower configuration), which
has charge of —1.1128e. Table 1 reports the charge of H, O and M
atoms, the O—H (r (OH)) and O—M (r (OM)) bond lengths, and the H-
O—H angle of each water model. In all the MD simulations, angles and
bond lengths are kept rigid. Two other parameters o and ¢ are referred
to the Lennard-Jones potential that describes the O—O interaction be-
tween two different water molecules. All potential functions of rigid
water molecules consist of the contributions from electrostatic, dis-
persion and repulsive forces as demonstrated in the equation below:
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where subscript i and j denote atoms i and j in one individual molecule
for SPCE and TIP3P water molecules in both terms of equation (4). For
TIP4P/2005 water models, they represent massless but charged site in
the first summation and atoms in the second summation of the above
equation. Kc, a and b denote electrostatic constant, and two different
molecules, respectively. The H—H and H—O interactions between two
different water molecules are ignored [43].

In this study, LAMMPS software [44] was used to execute the

! For interpretation of color in Fig. 1, the reader is referred to the web version
of this article.
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proposed EMD simulations. Particle-particle particle-mesh (PPPM)
solver has been used for the long-range Coulombic interactions between
charges [45]. The time step size was 0.001 ps. In our EMD simulation,
the system was first relaxed under NVT (canonical) ensemble where the
volume is fixed to ensure a given density at a certain temperature by
using Nose-Hoover thermostat [46] for 20 ps. The system was then
switched to NPT (constant pressure and temperature) ensemble using a
Nose-Hoover barostat for 25 ps. Finally, NVE ensemble was used to
maintain the constant energy and volume of the system for 60 ps before
data collection starts. Fig. 1(c) shows the histories of the temperature
and total energy of a 5nm X 5nm X 5nm water cube simulated using
the SPCE model. As can be seen from this figure, although the in-
stantaneous temperature fluctuates around the targeted value of 300 k,
the average temperature (dashed line) is maintained at 300 K. The total
energy fluctuates before switching to NVE ensemble. However, it be-
comes constant when the system is under NVE ensemble. It should be
noted that cases with longer running time for each stage were also
tested and no noticeable changes in results were observed.

Fig. 2(a) shows a typical thermal conductivity and viscosity versus
time curves in all three directions obtained wusing a
5nm X 5nm X 5nm water cube with the SPCE model at T = 300 K. In
this figure, K11, K22, and K33 represent the thermal conductivity in
three directions while V11, V22, and V33 represent the viscosity in
three directions. It can be seen that after a certain amount of time, both
thermal conductivity and viscosity in each direction converge to a
slightly different value. In terms of anisotropy, although the values are
quite different in the beginning, they converge and become close to
each other after a certain simulation time.

As already mentioned, in the conventional method of calculating
thermal conductivity and viscosity, the property is determined by
taking the average of a certain number of values from data points at
different times after the autocorrelation function has converged to zero
[47]. The major disadvantage of this method is that although the cal-
culated properties converge in each simulation, the converged values
are actually different in different simulations. In some studies, calcu-
lations of the properties are based on taking the average during the
entire simulation time [30,48]. Overall, the conventional method of
calculating the thermal conductivity and viscosity seems to have defi-
ciency in the data sampling procedure.

This above issue can be clearly identified with a deeper look at the
results of the following simulation case. Fig. 2(b) shows the data of the
simulated thermal conductivity and viscosity collected between simu-
lation time of 1000 ps and 2000 ps. Every single point in this graph is
representing the average values of thermal conductivity or viscosity in
three directions at the corresponding temperature over 2000 time steps
(i.e. 2ps). As can be seen from Fig. 2(b), although the target tempera-
ture is set to 300K, it generally fluctuates from 295 to 305 during the
simulation when the thermal conductivity and viscosity are being cal-
culated. In addition, the instantaneous values of the simulated thermal
conductivity and viscosity fluctuate.

Moreover, there is a deficiency in Fig. 2(b) as it is not able to clearly
show the density of the dots because some dots might have overlapped
each other if their values are very similar. As a result, contour plots are
used to demonstrate the frequency of the data points as a function of the
instantaneous temperature and thermophysical property value.
Fig. 2(c) and (d) show the density plots of thermal conductivity and
viscosity, respectively, of water simulated with SPCE water model at
temperature T = 300K for domain size of 5nm. As can be seen from
Fig. 2(c and d), the highest data density for both thermal conductivity
and viscosity occurs at the temperature ranging from 298K to 302 K.

Hence, it is not accurate to randomly pick one or a series of points
from Fig. 2(b) and consider them as the thermal conductivity or visc-
osity of water at 300 K. It is thus proposed that the following key steps
should be performed in order to obtain more reliable calculations of
thermophysical properties of liquid using EMD simulations.
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Fig. 1. (a) Schematic of the simulation domain with dimensions. (b) Configuration of the 3-site (SPC/E and TIP3P) and 4-site (TIP4P/2005) water models. (c)
Fluctuations of temperature and total energy during the relaxation period obtained the SPC/E model.

Table 1

Parameters of water rigid models.
Model Type oA ¢, kJ/mol r(OH), A r(oM), A qH (e) qO0 () qM (e) HOH, deg
SPCE [27] 3-site 3.166 0.65 1 N/A 0.4238 -0.8476 - 109.47
TIP3P [26] 3-site 3.15061 0.6364 0.9572 N/A 0.417 —-0.834 - 104.52
TIP4P/2005 [28] 4-site 3.1589 0.7749 0.9572 0.1546 0.5564 - -1.1128 104.52
e Step 1: In the EMD simulation of liquid, the system should be re- and d).

laxed under NVT, NPT, and NVE ensembles for sufficiently long time
(here, durations of 20 ps, 25 ps and 60 ps, respectively) so that no
noticeable changes in results can be observed. The data collection
process can then be started. During the production run of the EMD
simulation, the instantaneous value of the thermophysical property
in each direction will be obtained at every 2 ps using the GK for-
mula. The average of the instantaneous values in the three direc-
tions at each time interval will then be taken and total of at least
1000 data points should be collected.

Step 2: All the obtained results from Step 1 such as thermal con-
ductivity (or viscosity) are grouped into 50 equal sets of data points
with each set containing 20 data points. The standard deviations are
calculated for each set of data points. The time history of the stan-
dard deviation of the simulated thermal conductivity (or viscosity)
can then be plotted, as shown in Fig. 4(a and b).

Step 3: Since the standard deviation calculated in Step 2 generally
decreases with time, a cut-off time can be determined so that after
this particular time point the standard deviation of the data set will
be lower than a desired value. During the production run, only the
data points after this cut-off time will be kept for further processing.
For example, in this study it is observed from Fig. 4(a and b) that the
standard deviation of the data set is constantly below 1% after
1000 ps of the production run. Therefore, only the data points col-
lected after production run time of 1000 ps are used for further
analysis and the data collected before 1000 ps are discarded.

Step 4: In the vicinity of the target temperature, small-sized bins are
defined to group the data which are within the small range of the
target temperature (e.g. = 8°). The size of the bin depends on the
domain size and the range of the bins should be selected so that they
can cover the regions with high data density as shown in Fig. 2(c

47

Step 5: The average value of the collected thermophysical property
data in the bin containing the target temperature is calculated.
Step 6: Steps 1-5 should be repeated for other independent EMD
simulations with different initial particle velocity distribution gen-
erated using different random number seed. The total number of
independent runs may vary at different studies based on the domain
size, liquid properties, desired accuracy and so on. In this study,
total of six independent EMD simulations are performed.

Step 7: The average value of the thermophysical properties obtained
from all the independent simulations will be considered as the final
result of the simulated thermophysical property of the liquid.

In addition, in this study, the effect of the simulation box size and
temperature are investigated by running simulations with different in-
itial atomic velocity distribution for the three water models. Then, these
results will be used to develop a guideline for selecting the size of the
simulation box based on the desired standard deviation of the averaged
thermophysical properties.

3. Results and discussion
3.1. Autocorrelation functions

In Green-Kubo method, the accuracy of the calculated results is
dependent on the total simulation time. At equilibrium of the simula-
tion, the heat or stress current will still oscillate. As shown in Egs. (2)
and (3), Green-Kubo method strongly relies on how long it takes for the
oscillations to become uncorrelated to the property (thermal con-
ductivity or viscosity). Consequently, it is significant to find out when
HACF or SACF decays to zero. Fig. 3(a) shows that HAFC is converging
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Fig. 2. (a) Typical thermal conductivity and viscosity curves (b) Thermal conductivity and viscosity values vs. temperature (c) Density plot of thermal conductivity
and (d) density plot of viscosity values vs. temperature for an MD simulation with SPCE water model at T = 300 K.

to zero after about 40 ps from the start of calculating the thermal
conductivity for the simulation of 5nm X 5nm X 5nm water cube
using SPCE model. However, as it is depicted in Fig. 3(b), SACF con-
verges quickly to zero in less than 2 ps. It can be seen in this figure that
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autocorrelation function has a very rapid decay at the beginning fol-
lowed by a trail that fluctuates slightly around zero. Such behaviour is
the characteristic of the heat and stress autocorrelation functions while
using Green-Kubo method to calculate thermophysical properties. In
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Fig. 3. HACF and SACF convergence for a SPCE water model at T = 300 K.
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other words, not only it is a verification for EMD simulation using
Green-Kubo formula, but also it shows that the simulation time
(2000 ps) is large enough for this study as autocorrelation function
reduces rapidly.

3.2. Error analysis of the simulation results

As it has been already shown in Fig. 2(a), the thermal conductivity
and viscosity in each of the three directions will converge to an in-
dividual constant value after a certain amount of simulation time.
However, a criterion needs to be defined to find the necessary simula-
tion time after which the average of the obtained data can be regarded
as the reliable estimation of the thermal conductivity and viscosity at
the target temperature. The property is computed directly by per-
forming a time integration of Egs. (2) or (3) discussed in the metho-
dology section. At the beginning of the simulation, there are too many
fluctuations until the values start to converge. At this stage, it is crucial
to introduce an approach of data processing in order to obtain the re-
liable results from the simulation data.

In this study, the thermophysical property values in the three di-
rections simulated over 2000 ps are averaged at every 2ps and then
these data are divided into 50 equal sets (each set contains 20 data
points). Afterward, the standard deviations are calculated for each
aforementioned set of data. Fig. 4(a and b) shows the time histories of
the standard deviation of thermal conductivity and viscosity simulated
using SPCE water model with different simulation box size under
temperature T = 300 K. A single dot in Fig. 4(a and b) represents the
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standard deviation of the thermal conductivity (Fig. 4(a)) and viscosity
(Fig. 4(b)) for one data set. These calculations were repeated for dif-
ferent simulation boxes (L = 2nm, 5nm, 10 nm and 15nm). It can be
observed that after about 1000 ps simulation time, the standard de-
viations of both thermal conductivity and viscosity are below 1% re-
gardless of the simulation box size. Hence, it is important to focus only
on data collected between simulation time of 1000 ps and 2000 ps.
Although Fig. 4(a and b) only illustrates the variation of standard de-
viation versus time for the simulated thermal conductivity and viscosity
using SPCE water model at 300K for four different simulation boxes,
the behaviour of standard deviations are similar using TIP4P-2005 and
TIP3P models.

In order to investigate the effect of the number of data points on the
results, standard error of the estimated thermal conductivity and visc-
osity is calculated. Standard error demonstrated in Fig. 4(c and d) is for
a single simulation with the box size of 10 nm and temperature of 300 K
using SPCE water model. Over the simulation period of
1000 ps—2000 ps, simulation results were dumped at the time interval
of 100 ps and 10,000 data points were obtained at each time interval.
Thus, 106 data points were available in total. 100 datasets were formed
each with randomly selected 10, 100, 1000, or the maximum 10,000
data points. Then, standard errors were calculated for each data set for
each case as shown in Fig. 4(c and d). It can be seen that as the number
of data points in a set of simulation increases, standard error decreases,
indicating the improvement of the reliability.
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3.3. Criteria for domain size selection

In this part, the effects of simulation box size, water model and
temperature on the thermal conductivity and viscosity are investigated.
It is worth noting that the method of obtaining the thermal con-
ductivity, viscosity and their standard deviations are the same as what
was described in the methodology section. For all three water models,
each simulation box was tested at four different temperatures including
290, 300, 310, and 320 K.

Fig. 5 shows the effect of the change in simulation box size on the
thermal conductivity using SPCE water model. For all of these cases, the
set temperature is 300 K. However, it can be seen that the distribution
of the values of thermal conductivity can significantly vary by changing
the size of the simulation box. These graphs also clearly show the im-
portance of selecting proper bins for each case so as to focus on the
regions with high data point density while eliminating the data that are
relatively far from the target temperature. It can be seen that by in-
creasing the size of the domain less scattered results can be obtained,
which in turn reduces the standard deviation and increases the accuracy
of the simulation.

Fig. 6 presents the density plot of viscosity for different simulation
box sizes. Similar to the thermal conductivity, increase in simulation
box size results in more concentrated results at the set temperature.
Therefore, the obtained results are more reliable and accurate.

Fig. 7 is a quantitative performance evaluation of the new data
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processing method. It shows the effect of simulation box size on the
standard deviation of the thermal conductivity and viscosity simulated
at different temperatures for SPCE, TIP3P, and TIP4P-2005 models. It
can be found from the figure that when the box size increases, the
standard deviation of the simulated thermophysical properties de-
creases regardless of the simulation temperature and water model used.

It is worth noting that Fig. 7 also suggests a guideline, which could
be used to design a simulation study. It can be seen that this guideline
addresses the source of uncertainty in numerical simulations, i.e. do-
main size effect and its corresponding thermal gradient in the system.
To choose the suitable domain size for more cost-effective simulations,
the following guideline can be adopted. First, the target standard de-
viation and temperature of the system should be determined based on
the requirements of the project. Second, the domain size can be de-
termined by referring to Fig. 7 for a given water model.

In most of the cases, a relatively constant standard deviation is
achieved at a given simulation temperature. However, it could be seen
that in the viscosity simulation, the standard deviation increases by
increasing the temperature with the domain size of 2 nm for SPCE and
TIP3P models. Similar behaviour was observed in simulating thermal
conductivity of TIP4P-2005 water model with the domain size of 2 nm.
In addition, when TIP4P-2005 model is used in a 2 nm simulation box
for calculating the viscosity of water, standard deviation decreases by
increasing the temperature. All in all, it could be concluded that as has
been discussed in Fig. 5(a) and Fig. 6(a), simulation box size of 2 nm is
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not appropriate for simulating thermophysical properties of water due
to two reasons. Firstly, it results in very high standard deviations
(around 10% for thermal conductivity and around 20% for viscosity).
Secondly, standard deviation is varying substantially by changing the
temperature in most cases.

These results can be used as a quantified guideline for MD simula-
tion of the water. Indeed, the size of the simulation box could be se-
lected based on the desired standard deviation for each specific simu-
lation. For instance, for the SPCE water model, in order to have a
standard deviation below 5%, the simulation box should be at least
5nm. Whereas, if below 5% of standard deviation for viscosity calcu-
lation is expected, a box size of 10 nm or larger is required. The same
interpretation could be used for the other two water models.

For thermal conductivity simulation, selecting domain sizes of
10 nm and 15 nm lead to standard deviation of 2% and 1%, respectively
regardless of water model used. In terms of predicting viscosity, stan-
dard deviations increase to 4% and 2% with simulation box size of
10 nm and 15 nm, respectively.

4. Conclusion

In this study, a new data analysis procedure is proposed for calcu-
lating the thermal conductivity and viscosity using MD. In the proposed
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procedure, a simulation time after which the standard deviation of the
values is below a given limit should be determined. Then, the average
values of these data are calculated for 6 independent simulations with
different initial atomic velocity distribution and the average result is
reported as the property (thermal conductivity or viscosity). Based on
the new approach, more reliable simulation data with controllable
standard deviation can be obtained. It should be noted that, although
this study is based on EMD simulation, the introduced approach could
be applicable to NEMD simulations as well.

Furthermore, this study has demonstrated that the simulation box
size is an important parameter and should be carefully investigated in
the MD simulations of thermophysical properties. Moreover, due to the
nature of GK calculation, the deviation of thermophysical values caused
by the artificial self-correlations is addressed. Then, the common
method of mitigating this problem, i.e. increasing domain size, has been
systematically studied to introduce a quantified guideline, which could
be used accordingly based on the accuracy requirements of a simulation
task.

As an example of using the proposed guideline, the standard de-
viation of the thermal conductivity and viscosity simulations for three
water models is calculated using the new approach. It has been shown
that in order to obtain accurate and reliable thermophysical properties
of water with standard deviation of below 5%, the simulation box size
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should be at least 5 x 5 x 5nm® and 10 X 10 X 10nm® to simulate
thermal conductivity and viscosity of water, respectively.
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