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A B S T R A C T

The suitability of industrially significant synthetic oils with dispersed polymeric chains that can be used
as dielectric coolants with enhanced heat transfer properties in single-phase immersion cooling for electric
vehicle components is evaluated via molecular dynamics simulations (MD). The fluids investigated are a
synthetic solvent poly-alpha-olefin (PAO-2) and a solution based on PAO-2 with a single olefin co-polymer
(OCP) chain dissolved. The simulation model accurately predicts the experimental thermodynamic properties
of PAO-2. The effect of the polymer chain on the structural behaviour of the solution and its relation with
the rheological properties is predicted and analysed at various temperatures in the range of 293 K–373 K.
It is found that polymer solution shows an average viscosity enhancement of 9.2% and thermal conductivity
enhancement of 2% within the temperature range. These properties eventually influence the Weissenberg and
Nusselt numbers that impact the heat transfer. Analysis of the hydrodynamic radius of PAO-2 molecules shows
that OCP chemistry acts as a thickening agent in the solution. Addition of the polymer chain is also shown to
accelerate the shear thinning process due to increase in storage and loss moduli. The terminal relaxation time
of OCP decreases with temperature and shear rate. The work conclusively establishes the impact of molecular
interactions of the weakly viscoelastic liquids on their macroscopic behaviour. The viscoelastic nature of the
examined polymer solution can lead to vortex roll-up in constricted flows inducing heat transfer enhancement.
This in turn supports its use in immersion cooling applications which is shown for the first time.
1. Introduction

Effective thermal management of several electrical and electronic
devices such as transformers, integrated circuits, electric motors and
battery packs, among others constitutes a crucial aspect designating
their performance [1,2]. Novel heat convection cooling concepts are
actively pursued employing heat transfer liquids with properties tai-
lored to the application of interest rather than relying on conven-
tional coolants such as water or air [3–6]. Specifically referring to
vehicle electrification technologies, the incorporation of suitable bat-
tery thermal management systems (BTMS) can allow faster battery
charge/discharge rates, lead to smooth performance characteristics of
the electric motor and high speed gear-box, and facilitate in increasing
the battery life-time [7,8]. The current research on BTMS is scattered
across single-phase forced convection [9] that does not provide the
cooling efficiency required for heavy-duty vehicles, convective flow-
boiling that requires large quantities of cooling liquid to be circulated,
and pool-boiling immersed cooling technique [10] that cannot sus-
tain beyond a few charge–discharge cycles. This is where single-phase

∗ Corresponding author.
E-mail address: ioannis.karathanassis@city.ac.uk (I.K. Karathanassis).

immersion cooling through dielectric liquids can be proposed as an
attractive technique to cool electric vehicle components, especially the
battery pack [11], and in addition, prevent huge pumping losses and
eliminate the requirement of huge heat exchangers.

Along the lines of developing novel dielectric coolant fluids, identi-
fication of rheological properties capable of enhancing the underlying
heat transfer processes is expected to maximise the effectiveness of fu-
ture BTMS. New-generation coolants based on oils with macromolecule
additives such as polymers and nanoparticles are investigated in recent
literature [12–14]. These liquids show enhanced thermal properties,
but at the same time have complex rheology exhibiting characteristics
of both liquids and solids as a response to forces and time, leading to
simultaneous flow, deformation and elasticity [15–17]. Dilute polymer
solutions based on mineral, synthetic or silicone oils belonging to
the category of complex-rheology fluids are seen as promising yet
unexplored candidates to serve as heat transfer liquids. Unlike nanopar-
ticles, the polymer chains at dilute concentrations do not significantly
influence the bulk thermodynamic and transport properties of the oil,
vailable online 17 March 2023
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https://doi.org/10.1016/j.ijft.2023.100333
Received 21 December 2022; Received in revised form 10 March 2023; Accepted 1
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1 March 2023

https://www.elsevier.com/locate/ijtf
http://www.elsevier.com/locate/ijtf
mailto:ioannis.karathanassis@city.ac.uk
https://doi.org/10.1016/j.ijft.2023.100333
https://doi.org/10.1016/j.ijft.2023.100333
http://creativecommons.org/licenses/by/4.0/


International Journal of Thermofluids 18 (2023) 100333B. Ravikumar et al.

l
t
a
m
e
r
u

i
c
a
i
t
3
d
e
m
n

a
s
a
s

a
i

d

nevertheless they modify its rheological behaviour in a manner that
can be controlled using the polymer chemistry. The addition of long-
chain polymers as viscosity modifiers (VM) in the base oil leads to
the onset of flexible micelles that can form complex networks under
shear [18]. This behaviour is macroscopically perceived as viscoelas-
ticity, which can be tailored at the molecular scales to manipulate
the fluid rheology in a pre-specified manner. Consequently, it helps in
controlling the magnitude of vortices generated, which in turn leads to
high heat transfer coefficients as explained recently by Wu et al. [19]
Karathanassis et al. [20] linked the effects of the different chemistries of
the polymers in dilute solutions and the vorticity-magnitudes in flows
through complex hydraulic circuits. Khan et al. [21] showed that the
dispersed polymers imparting viscoelasticity can stabilise vortices, and
reduce the thermal boundary layer to increase the heat transfer. Thus, a
viscoelastic liquid leading to increased vorticity in wall-confined flows,
while also retaining the pressure-loss penalty moderate by its shear
thinning nature, would constitute an ideal heat transfer medium for
immersion cooling applications.

Viscoelastic fluids can also exhibit a shear thinning nature caused
by stretching, alignment and decomposition of the microstructures [22,
23]. Pimenta and Campos [24] discussed how a combination of shear
thinning and viscoelasticity in case of dilute polymer solutions lead
to non-Newtonian behaviour that helps in the reduction of frictional
losses, improving pumping performance. At the same time, it is shown
that high elasticity hinders this reduction. In essence, a simultaneous
understanding of their rheological and heat transfer characteristics
is needed, since dimensionless numbers such as Weissenberg num-
ber (defined by viscosity and relaxation time) and Nusselt number
(defined by thermal conductivity) eventually designate fluid cooling
performance [25,26]. Parvar et al. [27] have recently reported how in-
creasing elasticity of polymer solutions increase their Nusselt numbers
and decrease the thermal boundary layer during laminar flow of these
solutions.

To propose a liquid for an application where rheology and transport
properties are of significance, we need to systematically characterise
the relevant properties as a function of important operational param-
eters such as temperature. There are experimental challenges when it
comes to analysing the properties related to the liquids of interest such
as polymer relaxation time, normal stress differences, mixture viscosity
as a function of shear, etc [28–31]. To give insights into the non-
Newtonian characteristics bestowed upon by the addition of polymers,
the properties of the polymer solution have to be compared to that of
the base solvent. In this study, we simulate a widely available synthetic
oil called poly-alpha-olefin (PAO-2) having a kinematic viscosity of 2
cSt or 2 mm2 s−1 at 373 K. The oil forms the base solvent of several
ubricants. The PAOs have high viscosity index, high fluidity at lower
emperatures and high oxidative/chemical stability. Such properties
re beneficial for heat transfer applications [32]. In addition, lower
olecular weight olefins such as PAO-2 exhibit biodegradable prop-

rties [33]. PAO-2 has a pour point of ∼ 200 K [34], and is liquid at
oom temperature. The flash point is ∼ 431 K [34] making it safer to
se as a coolant in various electromechanical devices.

Among the polymer additives mixed in PAO-2 solvent used for
ndustrial purposes, an ethylene-propylene co-polymer known as olefin
o-polymer (OCP) is an important one [35]. The straight structural
rchitecture and narrow molecular weight distribution of OCP make
t a good thickener compared to other polymer chemistries [36]. OCP
ends to behave differently based on the solvent it is dispersed in [37,
8]. Therefore, the thermophysical properties of a single OCP chain
issolved in PAO-2 solvent must be determined in order to study the
xtent of its capabilities. It eliminates any impact due to the poly-
er concentration and resulting entanglements, revealing its intrinsic
ature.

Classical molecular dynamics (MD) constitutes an ideal modelling
pproach to conduct an in-depth property analysis of molecularly-
pecific polymer solutions. There are limited number of studies avail-
ble in the open literature that focus on the computation of thermophy-
2

ical properties of the fluid of our interest using atomistic MD [39,40].
In this study, we focus on how the molecular interactions impact
the flow rheology. More specifically, we compare and contrast the
properties of bare PAO-2 solvent and a single OCP polymer dispersed
PAO-2 solution for temperatures in the range of 293 K and 373 K. The
temperature range is significant to the operating conditions of electric
vehicle components such as the Li-ion battery pack, electric motor and
high speed gear-box [41–43]. We study the impact of the polymer chain
on the molecular structural changes in the solution and see its relation-
ship with the rheological properties. In addition to this, the thermal
conductivity changes made by the polymer addition are also analysed
in this investigation. The polymer solution shows improvement in shear
thinning, and OCP shows flexible chain characteristics depicted by its
radius of gyration in the solution. This work is the first to indicate the
molecular basis for using oil-based solutions with dispersed polymeric
chains for immersion-cooling applications.

2. Simulation details

Pure PAO-2 solvent, and the polymer solution consisting of a single
OCP polymer chain in PAO-2 solvent at various temperatures and
atmospheric pressure are simulated in this work. L-OPLS-AA [44,45]
force-field of the following generic form is used in this simulation to
model the interactions:
𝑉 (𝑟) =

∑

𝑏𝑜𝑛𝑑𝑠
𝑘𝑏(𝑏 − 𝑏0)2

+
∑

𝑎𝑛𝑔𝑙𝑒𝑠
𝑘𝜃(𝜃 − 𝜃0)2

+
∑

𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠

4
∑

𝑛=1
𝑘𝜙(1 + (−1)𝑛−1 cos(𝑛𝜙))

+
∑

𝑣𝑑𝑊
4𝜖𝑖𝑗

[

(𝜎𝑖𝑗
𝑟𝑖𝑗

)12
−
(𝜎𝑖𝑗
𝑟𝑖𝑗

)6
]

+
∑

𝐶𝑜𝑢𝑙𝑜𝑚𝑏

𝑞𝑖𝑞𝑗
𝜖0𝑟𝑖𝑗

.

(1)

Here, the first three terms on the right-hand side compute the bonded
interaction energies due to bond stretching, bending and torsions. The
last two terms compute the interactions due to van der Waals and
electrostatic forces. The force-field parameters such as the bonding
energies, Lennard-Jones (LJ) interaction parameters to model van der
Waals energies, and partial charges to model the electrostatics are tab-
ulated in Table S1 to Table S4 in the Supporting Information [44–48].
The LJ parameters (𝜖𝑖𝑗 and 𝜎𝑖𝑗) for the interactions between dissimilar
toms are computed as the geometric mean of the LJ parameters of the
ndividual atom types (𝜖𝑖𝑖 and 𝜎𝑖𝑖).

In this study, 9,10-dimethyloctadecane (C20H42) is used to represent
PAO-2 solvent, as the compound has been predominantly found in the
PAO-2 oil [49]. The pure solvent simulation box is created using 170
molecules of 9,10-dimethyloctadecane [50]. The OCP polymer chain
studied here is made up of 50 mole percent of ethylene (C2) monomers
and 50 mole percent propylene (C3) monomers with a molecular mass
of 3016 g mol−1. The polymer of this particular weight and chain size
is chosen as it provides low relaxation times representative of weakly
viscoelastic liquids. The chain consists of 43 molecules each of C2 and
C3 monomers with the two ends of the chain terminated using hydro-
gen atoms. Fig. 1 shows the schematic of the solvent and polymer chain
molecular structure studied in this work. The polymer chain is added to
the solvent simulation box to create a polymer solution of concentration
≈ 5.9 percent by weight. The individual molecules and the simulation
box have been generated using Moltemplate software [51]. Hereafter,
the pure PAO-2 solvent simulation system is termed as ‘pure solvent’
and the polymer solution system is termed as ‘polymer solution’, unless
specified otherwise. The initial three-dimensional simulation box size
of pure solvent is 100 × 100 × 100 Å3. The corresponding box size of
polymer solution is 250 × 100 × 100 Å3. We apply periodicity in all 3
irections of the boxes to simulate bulk liquids.
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Fig. 1. Schematics of the solvent - PAO-2 molecule and polymer chain - OCP molecule
used in this simulation study.

Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) [52] is used for the MD simulation of pure solvent and
polymer solution. The study here is carried out to compute properties
between a temperature range of 293 K and 373 K. The properties of
the systems are computed at five different temperatures at intervals
of 20 K for this purpose. We use Nosé–Hoover thermostat to main-
tain the temperatures at various stages of the equilibrium MD. The
corresponding barostat as implemented by LAMMPS is used to set the
pressures. The distance cut-off for van der Waals interactions is set to
13 Å. A faster Ewald summation methodology called particle–particle–
particle-mesh (PPPM) is used to compute the long-range electrostatic
interactions [53]. Velocity-verlet algorithm [54] is used to integrate the
equations of motion with a time-step of 1 fs.

In order to model the alkanes having more than 16 carbon molecules
by OPLS-AA force field, it is recommended to switch-off the 1–4
intra-molecular non-bonded pairwise interactions [39,55]. That is, the
weighting coefficients of the computed pairwise forces and energies
between the first and fourth atom connected covalently in a molecule
is 0.0. However, in our case (while using L-OPLS-AA parameters)
such a modification overestimates density values of pure solvent for
temperatures between 313 K and 373 K by 0.01 g cm−3. To rectify it, we
increase the weighting contribution of 1–4 intra-molecular non-bonded
pairwise interactions for pure solvent systems to 0.5 for simulations
between 313 K to 373 K. On the other hand, it is set to 0.0 at all tem-
peratures for polymer solution to obtain appropriate thermodynamic
properties.

Pure solvent and polymer solution systems remain liquids in the
temperature range simulated. The equilibrium MD simulation protocol
for a run at temperature,𝑇 = 293 K and pressure, p = 1 atm is as follows:
The systems are initially energy-minimised using conjugate-gradient
algorithm with tolerance values of 10−4 and 10−6 for energy and force
calculations, respectively. Here, a larger neighbour-list skin cut-off of
6 Å is used to prevent the system from destabilisation. The energy-
minimised systems further undergo a constant enthalpy (NPH) simula-
tion for 2000 fs using a Langevin thermostat at the desired temperature.
This step is used to expedite the process of equilibration [50,56].
Following that, the system is further equilibrated under NPT conditions
where Nosé–Hoover thermostat and corresponding barostat are applied
to maintain temperature and pressure, respectively. The changes in
stress occur isotropically. At this stage, the neighbour-list cut-off is
reduced to 2 Å to speed-up computations. Once the system is equi-
librated for 20 ns under NPT, the resulting configuration undergoes
an annealing process where, the simulation system is gradually run
at higher temperatures of 298 K, 303 K, 308 K, 313 K and 318 K for
3

Table 1
Comparison of density (𝜌0) of pure solvent systems with experimental values (see
Supporting Information for further details), and simulated values [50] from literature.

Temperature (K) Present simulation (g cm−3) Experimental/Literature
(g cm−3)

293 0.800 ± 0.005 0.793 (Table S5)
313 0.780 ± 0.005 0.780 ± 0.005 [50]
333 0.764 ± 0.005 0.766 (Table S5)
353 0.748 ± 0.005 0.752 (Table S5)
373 0.732 ± 0.006 0.733 ± 0.005 [50]

1 ns each under constant NVT conditions. The system is rapidly brought
back to 293 K following that under NVT and run for 1 ns to complete
the process of annealing. The time invariance of the radial distribution
functions of atoms as shown in Figure S1 in the Supporting Information
establishes that the system is well equilibrated after these steps. The
equilibrated and annealed system is used for a production run of 40 ns
under NVT. The trajectories of the atoms are stored at regular intervals
to compute the properties. The reported values of properties at a typical
temperature are obtained from three independent runs. The protocol
followed to compute properties using non-equilibrium MD methods is
discussed in the relevant sections below.

3. Results and discussion

The following section discusses the different computational ap-
proaches used to determine the various properties, and assesses the
results. The force-field is validated initially for the pure solvent system
comparing the density (𝜌) values against data available in the liter-
ature. The simulated isothermal compressibility (𝜅T) of pure solvent
is also compared against experimental measurements to validate the
thermodynamics of the system. The transport properties such as self-
diffusion coefficient, zero-shear viscosity, and thermal conductivity are
computed and compared in case of pure solvent and polymer solution
systems. Furthermore, the shear thinning behaviour of the liquids
and the underlying reasons owing to their molecular interactions are
analysed. Subsequently, the relaxation times of the polymer as a func-
tion of temperature and shear rate are estimated to characterise the
viscoelastic nature of the polymer solution.

3.1. Thermodynamic properties of pure solvent

The validation of the force-field is done by computing certain impor-
tant properties and verifying its agreement with data in the available
literature. In this work, PAO-2 is treated as a homogeneous compound
of 9,10-dimethyloctadecane. Therefore, it is important to see how well
the thermodynamic properties represent the actual PAO-2 oil.

The first property analysed is the pure solvent density (𝜌0). The den-
sities are computed from the NPT equilibration runs for pure solvent.
The average values are reported in Table 1 along with their standard
deviations. As expected, 𝜌0 of pure solvent decreases with temperature.
Comparison of the values with the data in the available literature shows
a good agreement.

In addition to density, isothermal compressibility (𝜅T) is an impor-
tant feature that needs to be computed as compressibility of liquids
is related to rheology in certain extreme conditions [57]. Isothermal
compressibility of pure solvent in our case is found using the following
simulation protocol: The atomic configurations after NPT simulation at
p = 1 atm are subjected to a set of simulations with p varied from 10
to 1000 atm at a given temperature. The NPT simulation at every p
lasts for 10 ns. Density is computed from the average of the final 5 ns
run at all conditions of pressure. The data thus obtained is fitted to the
modified form of Tait equation [58],

𝜌 =
𝜌0

1 − 𝐶 log ( p+𝐵 )
. (2)
10 p0+𝐵
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Table 2
Tait Equation parameters (𝐵 and 𝐶) and Isothermal compressibility (𝜅T) of pure
solvent systems at various temperatures, and comparison with experimental values.
The experimental methodology is described in the Supporting Information.

Temperature (K) 𝐵 (MPa) 𝐶 Simulated Experimental
𝜅T×1011 (Pa−1) 𝜅T×1011 (Pa−1)

293 83.58 0.1538 79.42 79.55
313 114.01 0.2168 82.53 89.98
333 101.74 0.213 90.85 101.7
353 74.55 0.191 111.1 115.22
373 43.81 0.149 147.4 –

Here, 𝜌0 is the density of pure solvent at p0 = 1 atm (101325 Pa). The
fitting constants 𝐶 and 𝐵 are related to 𝜅T as

𝜅T = 𝐶
2.302(p0 + 𝐵)

. (3)

𝐵 and 𝐶 values, and comparison of 𝜅T with the experimental data
are shown in Table 2. The 𝜌 data as a function of pressure and the
modified Tait equation fits are present in the Supporting Information
(see Figure S2). Simulated 𝜅T values show a good match with the
xperimental data. The deviations observed can be attributed to the
ifference in the empirical model used for the computation of 𝜅T
xperimentally (see Equation S4 in the Supporting Information).

The computed thermodynamic properties show that use of L-OPLS-
A force-field and 9,10-dimethyloctadecane as a surrogate for PAO-
oil are suitable to represent the systems of our interest in MD

imulations. Therefore, we model polymer solution using the same
orce-field. Please see Table S6 in the Supporting Information for the
hermodynamic properties of the simulated polymer solution. The other
omputed properties and their physical significance are described in the
ollowing sections.

.2. Zero-shear viscosity

The Newtonian dynamic viscosity (𝜂0) is the most fundamental
ransport property measured to analyse the flow behaviour of the com-
lex heat transfer liquids [59,60]. The variation in 𝜂0 is an indication of
he translational resistance to flow [61]. It is computed in MD using the
reen–Kubo method based on the fluctuation–dissipation theorem of

ystems in equilibrium. 𝜂0 is computed by the integration of a decaying
tress auto-correlation function [62], such that

0 =
V
kB𝑇 ∫

∞

0

⟨

𝜎𝑥𝑦(𝑡)𝜎𝑥𝑦(0)
⟩

𝑑𝑡. (4)

ere, V is the volume of the simulation box, kB is the Boltzmann
onstant and 𝜎𝑥𝑦(𝑡) is one of the off-diagonal component of the stress
ensor at time 𝑡. The statistics of 𝜂0 computation is improved by taking
n average of the auto-correlation function of the three off-diagonal
omponents of the stress-tensor. In case of oils, the values of viscosity
re reported in terms of kinematic viscosity (𝜈0) given as

0 =
𝜂0
𝜌
. (5)

Fig. 2 shows 𝜈0 at various temperatures for pure solvent. Our
imulated values are close to the reported experimental and simulation
esults of PAO-2 in literature [50,63]. The viscosity values decrease
ith temperature, which is expected in case liquids of this nature [64,
5]. As also shown in Fig. 2, the simulated values of polymer solution
re higher than those of pure solvent at all temperatures. This implies
hat OCP polymer leads to viscosity enhancement when added to the
AO-2 solvent.

The relationship of viscosity of polymer solutions with temperature
an be modelled using an Arrhenius-like equation

𝑛(𝜈 ) = 𝑙𝑛(𝜈 ) −
Ea (6)
4

0 0𝑐 𝑅𝑇 c
Fig. 2. The kinematic viscosity (𝜈0) of the pure solvent system and polymer solution
as a function of temperature. The closed symbols represent the average of simulated
values—red (Pure solvent) and blue (Polymer solution) with their standard deviations
from the three independent runs. The open symbols represent the experimental [63]
(green) and simulated [50] (black) data available in the literature for pure solvent
system.

fitted to the data of 𝜈0 vs. 1/T. Here, 𝜈0𝑐 and Ea are the fit constants.
he Ea values are dependent on the nature of polymer and solvent, and
olymer concentration [66,67]. Figure S3 in the Supporting Informa-
ion shows the Arrhenius fits to the data for pure solvent and polymer
olution systems. The Ea values of the former is 21.0 ± 1.6 kJ mol−1

nd of the latter is 20.3 ± 1.7 kJ mol−1. The values show that at this
oncentration of OCP, the polymer does not cause a significant impact
n the temperature dependence of the viscosity of the solution.

Given that the viscosity rise with addition of OCP polymer chain,
e can look if the molecular transport of the different components due

o thermal motion supports the observation. We compute self-diffusion
oefficient in this regard.

.3. Self-diffusion coefficient

The self-diffusion coefficient (D) is a measure of the translational
ovement of atoms and molecules due to the thermal energy of the

ystem. In case of long-chain hydrocarbon systems, D can be computed
or the constituent atoms, monomers (in case of polymers) or the centre
f mass (COM) of the molecules. In our case we compute D of COM
DCOM). Usually, DCOM of a homogeneous system is inversely related
o 𝜂0. MD uses Einstein’s relation [68,69] to compute DCOM such that

COM = 1
6
lim
𝑡→∞

𝑑
𝑑𝑡

⟨

[𝐫COM(𝑡) − 𝐫COM(0)]2
⟩

(7)

here [𝐫COM(𝑡) − 𝐫COM(0)]2 is the mean squared displacement (MSD) of
he centre of mass of a molecule. The symbol ⟨⟩ is the ensemble average
ymbol. The relationship is applicable at long-time limits, where the
SD enters the linear regime. Here, the slope of MSD (computed via
ultiple time origins) beyond 105 fs from a linear function fit is used to

ompute DCOM (see Figure S4 in the Supporting Information). Fig. 3(a)
hows the variation of DCOM with temperature of molecules in case of
ure solvent and polymer solution.
DCOM,PAO is system-size independent as shown by the comparison

f the MSD values of a larger pure solvent system consisting of 340
olecules with the one studied here (see Figure S5 in the Supporting

nformation). With increase in temperature, pure solvent shows an in-

rease in DCOM,PAO. This behaviour is opposite to that of the Newtonian
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Fig. 3. The centre of mass self diffusion coefficient of (a) PAO-2 molecules (DCOM,PAO) in the pure solvent and polymer solution systems, and (b) OCP molecule (DCOM,OCP) in the
polymer solution system as a function of temperature.
I
n
M
b

𝜂

𝑄
≫

a
h

viscosity as a function of temperature. The implication is that kinetic
energy gained by the molecules with increase in temperature assists in
overcoming intermolecular forces of attraction (that causes resistance
to motion). Coming to the polymer solution, we compute the diffusivity
of PAO-2 solvent molecules and diffusivity of OCP polymer chain. The
DCOM,OCP of the polymer is considerably lower (by an order of mag-
nitude) compared to that of the solvent molecules at all temperatures
(see Fig. 3(b)). This is expected in case of a large molecule such as OCP.
The addition of OCP decreases the DCOM of PAO-2 molecules as seen
in Fig. 3(a) indicating that the polymer chain restricts the free motion
of PAO-2 molecules. This relates to the enhancement in viscosity of the
polymer solution system compared to that of the pure solvent system.

A direct impact of the polymer additive as a VM in polymer solution
is observed from the analysis of the transport properties. Therefore, it
is imperative to further look into the mechanism of viscosity enhance-
ment in case of polymer solution. Fo that purpose, we have to probe
the structural characteristics of the pure solvent and polymer solution
systems as shown later in the article.

3.4. Couette flow

The primary objective of the rheological characterisation is to elu-
cidate the non-Newtonian behaviour of the polymer solution. In order
to do so, we first analyse the shear response of the pure solvent and
polymer solution systems by simulating a Couette flow of the bulk
liquids. We use a non-equilibrium MD (NEMD) simulation methodology
to carry out the simulations, which enables the characterisation of shear
thinning onset in the examined fluids.

The Couette flow of an MD simulation box with periodic condi-
tions is implemented here by deforming the box in 𝑦-direction. A
Lee-Edwards boundary condition is applied to ensure stability of the
system [70,71]. We use SLLOD equations of motion to solve for the
trajectories of the atoms as derived by Hoover and Ladd, and Evans
and Morris [72,73]. They ensure the conservation of momentum, and
account for the accurate values for dissipated energy. The extent of
deformation can be defined in LAMMPS by a constant engineering shear
strain rate (𝛾̇). The resulting flux of stress (𝜎𝑦𝑧) is used to compute the
viscosity (𝜂(𝛾̇)) as a function of the 𝛾̇ such that

𝜂(𝛾̇) =
𝜎𝑦𝑧 . (8)
5

𝛾̇ t
n atomistic MD, the flow is established only at very high 𝛾̇, which is
ot experimentally achievable, and this constitutes as a shortcoming of
D [74]. However, we can still characterise the rheological behaviour

y fitting the following Carreau-model to the data of 𝜂(𝛾̇) vs 𝛾̇:

(𝛾̇) =
𝜂0

(1 + (𝜏𝑠𝛾̇)2)𝑚
. (9)

Here, 𝜂0 is the Newtonian viscosity that is obtained from the extrapola-
tion of the data to 𝛾̇ = 0. 𝑚 is the strain-rate sensitivity coefficient. 𝜏𝑠 is
the time constant referring to the shear rate where the shear thinning
begins. 𝛾̇ values between the range of 108 s−1 and 1011 s−1 are applied
to the simulation box. The model has been shown to fit the response
of viscosity as a function of shear rate quite well in case of long chain
hydrocarbons in the MD literature [40,55].

Fig. 4(a) shows the viscosity vs shear rate data and the correspond-
ing Carreau-model fits at 313 K and 373 K. As seen, the simulated data
has large error bars at lower shear rates and their magnitudes decrease
at higher shear rates. It can be clearly discerned that 𝜂0 of polymer
solution is greater than that of pure solvent at both the temperatures.
The comparison of 𝜂0 computed by equilibrium MD from Eq. (4) and
by NEMD from Eq. (9) in Table S7 in the Supporting Information shows
fairly good agreement at all temperatures.

A polymer additive that increases the viscosity of a solvent can
either be a thickening agent or a viscosity index improver (VII). OCP
can be classified as the former if the increase in viscosity is independent
of temperature, whereas it is classified as the latter if it increases
viscosity only at higher temperatures. A method to identify if a polymer
really acts as a VII or simply as a thickening agent is to compute the Q
factor [55]. It is computed as

𝑄VI =
𝜂𝑠𝑝,373𝐾
𝜂𝑠𝑝,313𝐾

, (10)

where 𝜂𝑠𝑝,373𝐾 and 𝜂𝑠𝑝,313𝐾 are the specific viscosities at 373 K and 313
K, respectively, calculated as

𝜂𝑠𝑝 =
𝜂𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 − 𝜂𝑠𝑜𝑙𝑣𝑒𝑛𝑡

𝜂𝑠𝑜𝑙𝑣𝑒𝑛𝑡
. (11)

VI ≤ 1 for a substance that acts more as a thickening agent and 𝑄VI
1 for an additive that acts more as a VII.
Table 3 shows the parameters of the Carreau-model for pure solvent

nd polymer solution systems. The fitted curves (as shown in Fig. 4(a))
ave R-squared values greater than 0.95. The Q factor computed from
he 𝜂 values is 0.86. This is indicative of the uniform thickening nature
0
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Fig. 4. (a) Viscosity (𝜂(𝛾̇)) as a function of shear rate (𝛾̇) at two different temperatures (313 K and 373 K) in pure solvent and polymer solution systems. The symbols with the
error bars show the simulated dynamic viscosity values, 𝜂(𝛾̇) at different shear rates, 𝛾̇. The lines depict the Carreau-model fittings. (b) The storage modulus, 𝐺′ (solid) and the
loss modulus, 𝐺′′ (dashed) as functions of 𝜔 at a temperature of 313 K with the arrows indicating the cross-over 𝜔 values for pure solvent (𝜔𝑠) and polymer solution (𝜔𝑝).
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Table 3
Parameters of Carreau-model (𝜂0, 𝜏𝑠, 𝑝)at various temperatures.

Pure solvent

Temperature (K) 𝜂0 (Pa s) 𝜏𝑠 (ns) m

293 0.009 0.62 0.30
313 0.0048 0.31 0.28
333 0.0033 0.22 0.31
353 0.0021 0.20 0.24
373 0.0013 0.10 1.32

Polymer solution

Temperature (K) 𝜂0 (Pa s) 𝜏𝑠 (ns) m

293 0.0130 0.95 0.26
313 0.0065 0.73 0.22
333 0.0039 0.34 0.23
353 0.0025 0.21 0.22
373 0.0017 0.14 0.22

of the OCP polymer chain when added to PAO-2 solvent. It confirms
the observations derived from experimental investigation of OCP of
higher molecular weights and different compositions [37]. The study
here substantiates that it is the intrinsic nature of OCP chain to act as a
thickening agent in an olefin-based oil, independent of the composition
or dispersity of the polymer.

While comparing the 𝜏𝑠 values in Table 3 for pure solvent as a
function of temperature, we see that they decrease with temperature.
In case of polymer solution, 𝜏𝑠 decreases with temperature as well.

owever, the 𝜏𝑠 values are higher in case of the polymer solution
ompared to that of pure solvent. This indicates that addition of OCP
nhances the shear thinning behaviour of the simulated polymer solu-
ion. The viscoelastic nature of the polymer chain contributing to this
henomenon can be verified by comparing the storage (𝐺′) and loss

moduli (𝐺′′) of the two different liquids. In order to compute the two
moduli, the integrand function in Eq. (4)

𝐺(𝑡) = V
kB𝑇

⟨

𝜎𝑥𝑦(𝑡)𝜎𝑥𝑦(0)
⟩

(12)

s fit with an exponential function

−
(

𝑡
𝜏𝑓

)

(13)
6

(𝑡) = 𝐺0𝑒 v
with a single Maxwell mode, as implemented generally in case of
macroscopic models of polymer chains such as finite extensible non-
linear elastic polymer (FENE-P) model [75]. The 𝜏𝑓 value represents
relaxation time of the fluid, and 𝐺0 represents the ordinary elastic shear
modulus. From the Fourier transformation of the above equation, the
storage and loss moduli can be further obtained from the following
relationships:

𝐺′(𝜔) = 𝐺0

𝜔2𝜏2𝑓
1 + 𝜔2𝜏2𝑓

and𝐺′′(𝜔) = 𝐺0
𝜔𝜏𝑓

1 + 𝜔2𝜏2𝑓
. (14)

The correlation data in Eq. (12) is smoothened by following the process
recommended in literature before applying Eq. (13) to the data [76]
(see Figure S6 in the Supporting Information). Fig. 4(b) shows 𝐺′ and
𝐺′′ as functions of 𝜔 at 313 K. As observed, the addition of polymer
leads to an increase in the values of 𝐺′(𝜔) and 𝐺′′(𝜔). This indicates
that polymer solution has higher elasticity and viscosity, respectively
than the pure solvent. The inverse of the 𝜔 where the crossing of 𝐺′(𝜔)
nd 𝐺′′(𝜔) happens, provides the fluid relaxation time. As expected,
of the polymer solution (𝜔𝑝) is lower than that of the pure solvent

𝜔𝑠). In other words, the relaxation time increases with the addition
f the polymer chain in the solvent. This enhances the vortex roll-up
nd subsequent thermal behaviour of the polymer solution compared
o that of the solvent.

It is natural for long-chain hydrocarbon solvents to showcase shear
hinning at very high shear rates simulated in MD even though the
hear rates at which macroscopic flow is observed, i.e., between the
ange of 101–106 s−1, portray them as Newtonian. The reasons for the
hear thinning nature of oil and long-chain hydrocarbons are described
n the literature [77–79]. Given this scenario, the shear thinning of
olymer solution triggered at lower shear rates than that for solvent
merges from the impact of polymer on the molecular interactions [80].
herefore, the consistent enhancement of viscosity and the shear thin-
ing behaviour at all temperatures observed with the addition of OCP
equires further understanding in terms of the structural changes at the
olecular level.

.5. Structural characteristics

In the general polymer theory [81,82], the reason for increasing
iscosity as a function of temperature of a polymeric fluid is attributed
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Fig. 5. The radius of gyration (R𝑔) of (a) OCP molecule in the polymer solution, and (b) PAO-2 molecules in the pure solvent and polymer solution as a function of temperature.
he error bars show the standard deviation computed from the R𝑔 values obtained at every 2 ps in the three independent runs.
m
p
a
e
o
i
z
s
a
a

t
s
o
s

𝑆

to increasing hydrodynamic radius of the polymer chain. As tempera-
ture increases, the polymer chains expand which in turn improves the
viscosity of the polymer fluids. A measure of the hydrodynamic radius
is given by the radius of gyration (R𝑔) computed by the equation

R𝑔 =

√

√

√

√

1
𝑀

𝑛
∑

𝑖=1
𝑚𝑖(𝐫𝑖 − 𝐫com)2 (15)

where 𝑀 is the mass of a molecule, 𝑚𝑖 is the mass and 𝐫𝑖 is the position
vector of an atom 𝑖 of a molecule consisting of 𝑛 atoms. The computed
alues of R𝑔 of the OCP polymer are shown in Fig. 5(a). The large
rror bars at every temperature depict the relative ease with which the
hape of polymer chain changes. The mean values of R𝑔 of OCP do not
epict a significant monotonic increase as a function of temperature.
his is in line with the findings in literature that exhibit that polymer
hains composed of aliphatic monomers do not show an increase in R𝑔
ith temperature when dissolved in aliphatic solvents [37]. Therefore,
olymer coil expansion cannot be considered as the reason for viscosity
mprovement with temperatures for all the chemistries.

Another important factor that can be probed as the reason for
iscosity improvement is the impact of temperature on the solvent
olecules configuration in polymer solution. Here, we compare and

ontrast the hydrodynamic radii of PAO-2 molecules in pure sol-
ent and polymer solution systems. Fig. 5(b) shows the R𝑔 of PAO-2
olecules in the two different liquids. The data clearly presents that

here is a significant jump in the R𝑔 of PAO-2 molecules in polymer
olution from the R𝑔 of the same in pure solvent. However, the mean
alues are constant as a function of temperature. It implies that the
mpact of thickening of the solvent due to the presence of OCP polymer
s uniform throughout the temperature range. The relationship of this
ehaviour with dissolved OCP chemistry has been sparsely studied. Few
easons suggested in existing literature are lack of long side chains to
mprove the solubility in olefins at higher temperatures [83], and ab-
ence of oxygen atoms in OCP chain that can change its conformations
ignificantly at different temperatures [39,84]. Even though not dealt
n the present study, it is important to further probe on the causes for
hy OCP remains a weak VII in solvents such as PAO-2.

As discussed in the previous section, the shear thinning observed in
ase of these liquids with deformation can be attributed to their molec-
lar configurations. The configurational changes contributing to this
henomenon is an interplay of chain stretching, tumbling, and molec-
lar alignment [77,85–87]. Firstly, to analyse the impact of stretch-
7

ng, the computation of the end-to-end distances (Re) of the solvent
olecules and the polymer chain is done. In our case, we use the
osition vectors of the carbon atoms at the terminal ends of the PAO-2
nd OCP for the purpose of the computation of Re of molecules. The
nd-to-end distance as a function of shear rate shows the significance
f polymer stretching on the shear thinning behaviour (see Figure S7
n the Supporting Information). Re of OCP increases from 22 Å at
ero shear rate to 25 Å at the highest shear rate simulated, implying
tretching. At the same time, Re of PAO-2 molecules remains constant
s a function of 𝛾̇ indicating that a maximum stretch has already been
ttained by the solvent molecules at zero shear rate.

A method to assess the alignment of the molecules as a response
o the shear has been discussed by Datta et al. [88] in coarse-grained
imulations. It involves the computation of the ratio of the y-component
f squared end-to-end distance (Re𝑦) of the molecules to the total
quared end-to-end distance such that

alignment =

⟨

Re𝑦
2⟩

⟨

Re
2⟩

. (16)

This ratio provides the fraction of molecular stretching aligned in the
direction of the shear (𝑦-direction). We apply the same methodology in
this work. 𝑆alignment should be ideally 1/3 in the absence of any shear
as the alignment of PAO-2 molecules should be independent of the
direction.

Fig. 6 shows the variation of 𝑆alignment of solvent molecules as a
function of 𝛾̇ at 313 K. The value of 𝑆alignment at 𝛾̇ = 0 is shown on
the 𝑦-axis and as expected, it is ≈ 0.33. The value of 𝑆alignment increases
with increasing shear rate, indicating the alignment of the molecules in
the direction of the applied shear and reaching an upper plateau of ≈
0.79. This makes the liquids susceptible to shear thinning by lowering
the fraction of molecules stretching in non-shear directions that create
obstacles to shear flow. Consequently, they end with a lower Newtonian
viscosity at very high shear rates. While assessing the 𝑆alignment of OCP
polymer as a function of shear rate in Fig. 6, we observe a rise in the
values to 0.49 in the shear rate range where shear thinning is seen
and subsequent drop back to 0.35 once the viscosities reach lower
Newtonian plateau. This shows the additional role of alignment of
polymer chain stretching on the shear thinning of polymer solution.
It is also important to analyse the tumbling effects of OCP chain on
the shear thinning observed. However, this is out of the scope of the
current study.
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Fig. 6. (Left) The schematic of molecular alignment in the absence and presence of shear. (Right) 𝑆alignment of PAO-2 and OCP molecules in pure solvent and polymer solution as
a function of shear rate at 313 K. The data points on the 𝑦-axis show the values of 𝑆alignment at zero shear rate.
We observed here how the addition of the OCP polymer chain influ-
nces the viscosity of the resultant polymer solution, and how molecu-
ar stretching and alignment influence the shear thinning behaviour of
he liquids. We need to further characterise the viscoelastic effects of
he polymer chain in the polymer solution systems by computing the
olymer relaxation time.

.6. Terminal relaxation time

Under specific circumstances, the viscoelastic behaviour has been
inked to the vortex stabilisation and their lifetime [19,21]. The relax-
tion time provides a fundamental way to quantify the non-Newtonian
iscoelastic behaviour of the liquids. It provides a measure of the time
cale during which elastic stresses of polymer coil relax [89]. In case
f a single chain of polymer, the longest relaxation time is attributed
o the relaxation of the entire chain [90]. It is also called the terminal
elaxation time (𝜏𝑅) of the polymer chain. Here, 𝜏𝑅 is computed as a
unction of temperature (using equilibrium MD), and shear rate (using
EMD).

The polymer chain showed that R𝑔 does not vary significantly as a
unction of temperature. Therefore, it is important to see the extent of
he polymer chain relaxation at different temperatures. For this, we use
he end-to-end vector autocorrelation given as

(𝑡) =
⟨𝐑(𝑡) ⋅ 𝐑(0)⟩
⟨𝐑(0) ⋅ 𝐑(0)⟩

(17)

where, 𝐑(𝑡) is the end-to-end vector (𝐫1 − 𝐫𝑙) of the OCP polymer chain
aving 𝑙 monomers. The position vectors of the carbon atoms at the
erminal ends of the chain are stored every 10 ps during the simulation
un for the purpose of computation. We fit the 𝐶(𝑡) using a sum of three

exponential functions as in

𝐶(𝑡) =
3
∑

𝑖=1
𝛼𝑖𝑒

− 𝑡
𝛽𝑖 (18)

such that the integration of the function gives the terminal relaxation
time

𝜏𝑅 = ∫

∞

0
𝐶(𝑡)𝑑𝑡. (19)

A sample of the 𝐶(𝑡) and the fit as described by Eq. (18) is shown in
Figure S8 in the Supporting Information.

The 𝜏𝑅 values of OCP polymer as a function of temperature is shown
in Fig. 7. The obtained values are in the order of nanoseconds. Even
though relaxation times of this order of magnitude are plausible for
such dilute polymers, it is not possible to compute them using the
existing experimental apparatuses [91,92]. The values clearly show
that the terminal relaxation time of the polymer chain decreases with
8

temperature.
Fig. 7. The terminal relaxation time (𝜏𝑅) of OCP in the polymer solution as a function
of temperature.

Understanding the response of the polymer chain relaxation as a
function of shear rate is also vital to prescribe the complex fluid. Here,
we compute 𝜏𝑅 as a function of 𝛾̇ by implementing Couette flow as
explained earlier. The 𝜏𝑅 for the same range of 𝛾̇ values (108 s−1 and
1011 s−1) are found. The position vectors of the terminal carbon atoms
are used for the computation of 𝜏𝑅 here as well.

Fig. 8 shows the values of 𝜏𝑅 as a function of 𝛾̇ at temperatures
of 313 K and 373 K for polymer solution. The data is obtained as
the average from three independent runs and the error bars show the
standard deviation of the results from the three runs. The values at
both the temperatures show huge error bars but a downward trend as
a function of 𝛾̇. This implies that, as the shear forces on the polymer
solution increase, the polymer tends to achieve an equilibrium config-
uration faster. Higher the relaxation time, stronger the elastic nature
of the polymer chain. The changes in relaxation times as a function of
both temperature and shear rate imply that the magnitude of vortices
will vary with the operating conditions of the cooling liquids. Since
the elastic instabilities facilitate the manifestation of vortical motion,
the operating temperature and shear rates must be kept lower in mag-
nitudes. Even though the relaxation time can be increased by polymer

concentration, it can negatively influence the pumping losses.
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Fig. 8. The terminal relaxation time (𝜏𝑅) of OCP in the polymer solution as a function
f shear rate at two different temperatures (313 K and 373 K).

.7. Thermal conductivity

Having understood the rheological behaviour of the pure solvent
nd polymer solution systems, it is important to further know the
hermal transfer properties. For a fluid oriented towards heat transfer
pplications, thermal conductivity (𝑘) is a vital property to be comput-
d. This metric provides a measure of the ability of a fluid to conduct
eat given a temperature gradient across it. It is also necessary for the
omputation of the Nusselt number of novel liquids characterising the
atio of heat transfer via flow convection and conduction [93]. The
onduction of heat is due to the microscopic behaviour of the material,
aking MD a useful tool to calculate it [94].

A methodology prescribed by Müller-Plathe [95] is considered as a
eliable way to compute 𝑘 in case of our systems. The formulation is
ased on the following relationship as given by Fourier’s Law:

= 𝑘𝑑T
𝑑𝑥

(20)

where, Q is the heat flux across the fluid and 𝑑T
𝑑𝑥

= ∇T is the
corresponding temperature gradient. Therefore, by implementing a
temperature gradient which is linear across the simulation box, the
consequent heat flux generated can be utilised to compute 𝑘. Müller-
Plathe [95] proposed a way to implement the ∇T by routinely exchang-
ing the translational velocities of the atoms in the simulation box. This
ensures conservation of momentum as well. Over a long time period,
the continuous exchange of the momentum leads to the development
of a ∇T across the simulation box. This computational scheme is also
referred as reverse-NEMD technique.

In our work, we consider the well-equilibrated and annealed sys-
tems from the equilibrium MD runs described in the section ‘Simulation
Details’ as the initial configuration for the computation of 𝑘 at the
five different temperatures between 293 K and 373 K. For the sake of
simplicity, we describe the procedure followed in case of the systems
of pure PAO-2 solvent. The equilibrated and annealed pure solvent
systems are further equilibrated for 1 ns under constant NVT condi-
tions. The Nosé–Hoover thermostat is removed at this stage following
which the heat flux as described by Müller-Plathe is implemented. The
system is run for 2 ns under this condition where the centre of the box
acts as the heat source and the box faces act as heat sinks. The entire
box is divided into 20 layers along the 𝑧-direction and the momentum
exchanges are applied at a frequency of every 200 time-steps across
9

s

Table 4
Mean values of 𝑘𝑝𝑜𝑙𝑦𝑚𝑒𝑟 of polymer solution at
various temperatures.
Temperature (K) 𝑘𝑝𝑜𝑙𝑦𝑚𝑒𝑟 (W m−1 K−1)

293 −0.001
313 0.003
333 0.007
353 0.005
373 0.004

these layers (see Fig. 9). The temperature gradient is monitored at
every 1000 time-steps. After 2 ns, the exchanges generate a linear ∇T,
whereafter the production run is carried out for 10 ns. The reported
values of 𝑘 for a typical run are an average of the final 5 ns of the
production run. The values converge well within an accuracy of 10−5 W

−1 K−1 after the first 2 ns of production runs. An identical procedure
s followed in case of polymer solution system as well. The computed
as a function of temperature is shown in Fig. 9 for typical production

uns for pure solvent at different temperatures.
Thermal conductivity of pure solvent decreases with temperature.

his is in line with the behaviour of long-chain hydrocarbons in these
onditions [96]. The drop in the thermal conductivity with increasing
emperature is a consequence of the enhanced thermal motion of the
toms in the system [97]. This motion expands the liquid (signified by
he decreasing density in Table 1) increasing the distance of immediate
eighbours to transfer kinetic energy. The large error bars (standard
eviation) in the computation are also observed in the experimen-
al measurements of 𝑘 of long chain hydrocarbons in liquid state as
ell [98]. The simulated data here is comparatively higher than the
xperimental data (0.137–0.132 W m−1 K−1) reported elsewhere [99].

The data can be fitted using a linear function

𝑘 = 𝑘0 −
( 𝜕𝑘
𝜕T

)

p
T (21)

where, 𝑘0 is the thermal conductivity at absolute zero and
( 𝜕𝑘
𝜕T

)

p
is

he temperature coefficient at the atmospheric pressure, p = 1 atm.
he temperature coefficient for the pure solvent system from the fit

n Eq. (21) is (1.8 ± 0.03) ×10−4 W m−1 K−2.
Fig. 9 also shows the variation of thermal conductivity in polymer

olution as a function of temperature. The data shows that thermal
onductivity of the solution is greater than that of the solvent at the
arious temperatures. The larger error bar at 293 K could be attributed
o the insufficient time given for the system to evolve at very low tem-
eratures and demands more sampling. Along with the enhancement in
hermal conductivity at different temperatures compared to that of the
olvent, fitting the data using Eq. (21) also shows a lower temperature
oefficient,

( 𝜕𝑘
𝜕T

)

p
= (1.1 ± 0.01) ×10−4 W m−1 K−2 in case of the

olution. This means that the reduction in thermal conductivity of the
olution as a function of increasing temperature is slower in case of the
olymer solution compared to that of the pure solvent.

Curtiss and Byron Bird [100] proposed the theory that in case
f dilute polymer solutions, the thermal conductivity is an additive
unction. In other words,

𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = 𝑘𝑠𝑜𝑙𝑣𝑒𝑛𝑡 + 𝑘𝑝𝑜𝑙𝑦𝑚𝑒𝑟 (22)

here 𝑘𝑠𝑜𝑙𝑣𝑒𝑛𝑡 and 𝑘𝑝𝑜𝑙𝑦𝑚𝑒𝑟 are the thermal conductivities of the solvent
nd polymer, respectively. This theory is predicted for Fraenkel and
ookean dumbbell model of chain polymers. From Eq. (22), we can
btain 𝑘𝑝𝑜𝑙𝑦𝑚𝑒𝑟 at different temperatures whose values are given in
able 4. Thermal conductivity enhancement in dilute polymer solu-
ions is attributed to an increase in the contribution of the kinetic
otion of the intra-molecular energy and the work done against the

ntra-molecular forces [101]. Also, 𝑘𝑝𝑜𝑙𝑦𝑚𝑒𝑟 is proportional to the chain
tiffness. The contribution of 𝑘 Table 4 shows there are significant
𝑝𝑜𝑙𝑦𝑚𝑒𝑟
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Fig. 9. (Left) The schematic of reverse-NEMD applied in case of the present simulation study. (Right) The thermal conductivity (𝑘) of the pure solvent and polymer solution as a
function of temperature. The closed symbols show the simulated data and the lines show the linear function fits as described in Eq. (21).
factors, in addition to chain stiffness helping in the thermal conductivi-
ty enhancement at different temperatures. Recent studies show the
impact of monomer sequencing on the thermal conductivity of block
polymers [102]. However, further studies are required to understand
the effect of this in case of polymer solutions providing motivation for
future works.

3.8. Advantages and limitations

The polymer addition leading to a weak non-Newtonian behaviour
demonstrated in the past investigations of similar liquids [20] can
have a measurable influence on vortex roll-up tendency in inertial
flows. The MD study here is able to provide structural reasons for
those observations that are difficult to be determined by experimental
procedures. It establishes how the polymer addition to a synthetic oil
changes the hydrodynamic radii of the solvent molecules. The impact
of OCP as a thickening agent decreases with temperature as shown by
the computation of 𝑄𝑉 𝐼 . The shear thinning effect is enhanced by the
addition of polymer chain that is correlated to the molecular alignment
in the solution as a function of shear rates. The chain flexibility is
prominent in case of OCP as determined by its hydrodynamic radius in
the solution at all temperatures. Liquids having similar shear thinning
indices (0.4–0.7), obtained by the comparison of m from the Carreau-
model fit with Power law fit for a Herschel–Bulkley fluid, can provide
Nusselt numbers between 40–60 for Reynolds number = 100 in case of
immersion cooling which is better than what is observed for Newtonian
fluids such as water [103]. At the same time, it is a limitation of the
atomistic MD study to determine the actual composition of the polymer
chain in the solution that may have optimal heat transfer properties.
Moreover, computation of relaxation times of larger molecular weight
polymer chains is also difficult in case of atomistic MD. This is where
mesoscale modelling can help, and the models can be parametrised us-
ing the thermodynamic properties, viscosity and thermal conductivity
obtained from atomistic MD, making this work significant.

4. Conclusion

The addition of an OCP polymer chain in PAO-2 solvent enhances
the rheological properties of the resulting solution in the relevant
temperature range. It improves the viscosity of polymer solution by
increasing the hydrodynamic radii of the solvent molecules, effectively
acting as a thickener to the base oil. Subsequently, the role of molecular
stretching and alignment in the shear thinning behaviour of the liquids
has been observed. The shear responses of the solvent and the polymer
solution show that the latter starts shear thinning at a lower shear rate
than the former. The better shear thinning nature of the dilute polymer
solution emerging from their structural properties can contribute to
10
the evolution of coherent vortices, supporting their use in direct heat
transfer applications. Simultaneously, the thermal conductivity of the
solution is higher, and the decline in their values with rise in temper-
ature is slower, compared to that of the base oil. This further justifies
the use of mixtures made of OCP in PAO-2 as coolants. Even though
the work signifies a viable direction in coolant research, the factors
such as polymer composition needs to be determined based on the
competing factors of thickening effect and shear thinning abilities. Such
an analysis requires appropriate mesoscale studies that are part of our
future works.

The analysis of the viscoelasticity of the polymer solution by the
computation of the terminal relaxation time shows faster relaxation
of the OCP chain with increasing temperature and shear rates. The
storage and loss moduli of OCP polymer solution are higher than those
of the pure solvent. The elastic nature of the OCP polymer increases the
elastic instabilities of the polymer solution triggering coherent vortex
formation. This in turn enhances the heat transfer process. Molecular
dynamics guided design of dilute polymer mixtures that exhibit a clear
viscoelastic nature can help in optimising the rheological behaviour of
the liquid media suitable for effective thermal management in confined
spaces related to immersion cooling.
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Appendix A. Supplementary data

The Supporting Information document contains the L-OPLS-AA
force field parameters, and the density of pure solvent systems at dif-
ferent pressures and modified Tait equation fits. The radial distribution
functions of the carbon–carbon interactions of PAO-2 are present. The
experimental determination of density and isothermal compressibility
is also outlined. Furthermore, Arrhenius-model fits of kinematic vis-
cosity, plots related to DCOM computations and the dynamic viscosity
values obtained from different methods are presented. The end-to-end
autocorrelation function and the corresponding sum of exponential fits
of a simulation run are also plotted.

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.ijft.2023.100333.
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