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ABSTRACT

Nanofluids are suspensions of nanoparticles and fibers which have recently attracted much attention because of their superior

thermal properties. Nevertheless, it was proven that, due to modest dispersion of nanoparticles, such high expectations often

remain unmet. Introducing the notion of nanofin, a possible advancement was envisioned, where nanostructures with high aspect-

ratio are sparsely attached to a solid surface and act as thermal bridges within the boundary layer (E. Chiavazzo, P. Asinari,

Nanoscale Research Letters, 2011). In this context, we focus on single carbon nanotubes to enhance heat transfer between a

surface and a fluid in contact with it. Thermal conductance at the interface between a single wall carbon nanotube (nanofin) and

water molecules is assessed by means of both steady-state and transient numerical experiments. Numerical evidences suggest a

pretty favorable thermal boundary conductance (order of 107 [Wm_zK_l}) which makes carbon nanotubes potential candidates

for constructing nanofinned surfaces.

BACKGROUND AND MOTIVATIONS

Nanofluids are suspensions of solid particles and/or fibers,
which have recently become a subject of growing scientific in-
terest because of reports of greatly enhanced thermal properties
[1; 2]. Filler dispersed in a nanofluid is typically of nanometer
size, and it has been shown that such nanoparticles are able to
endow a base fluid with a much higher effective thermal con-
ductivity than fluid alone [3].

In particular, carbon nanotubes (CNTs) have attracted great
interest for nanofluid applications, because of the claims about
their exceptionally high thermal conductivity [4]. However,
recent experimental findings on CNTs report an anomalously
wide range of enhancement values that continue to perplex the
research community and remain unexplained [5].

Clearly, there are difficulties in the experimental measure-
ments [6], but published results also reveal some underlaying
technological problems. First of all, the CNTs show some
bundling or the formation of aggregates originating from the
fabrication step. Moreover, it seems reasonable that CNTs en-
counter poor dispersibility and suspension durability because
of the aggregation and surface hydrophobicity of CNTs as a
nanofluid filler. Therefore, the surface modification of CNTs
or additional chemicals (surfactants) have been required for sta-
ble suspensions of CNTs, because of the polar characteristics of
base fluid. In the case of surface modification of CNTSs, water-
dispersible CNTs have been extensively investigated for poten-
tial applications, such as biological uses, nanodevices, novel
precursors for chemical reagents, and nanofluids [2].

It is reasonable to claim that, despite the great interest and
intense research in this field, the results achieved so far can-
not be considered really encouraging. Hence, toward the end
of overcoming these problems, the notion of thermal nanofins
was introduced [7], with an entirely different meaning with re-
spect to standard terminology. By nanofins, we mean slender
nano-structures, sparse enough not to interfere with the thermal

boundary layer, but sufficiently rigid and conductive to allow
for direct energy transfer between the wall and the bulk fluid,
thus acting as thermal bridges. In this way, nanoparticles are
used only where they are needed, namely, in the thermal bound-
ary layer (or in the thermal laminar sub-layer, in case of turbu-
lent flows, not discussed here), and this might finally unlock the
enormous potential of the basic idea behind nanofluids.

This article investigates, by molecular mechanics based on
force fields (MMFF), the thermal performance of nanofins made
of single wall CNTs (SW-CNTs). The SW-CNTs were selected
mainly because of time constraints of our parallel computational
facilities. The following analysis can be split into two parts.
First of all, the heat conductivity of SW-CNTs is estimated
numerically (section “Heat conductivity of single-wall carbon
nanotubes: detailed three dimensional models”). This first step
is used for validation purposes in a vacuum and for compar-
ison with results from literature. Next, the thermal boundary
conductance between SW-CNT and water (for the sake of sim-
plicity) is computed by two methods: the steady-state method
(section “Steady-state simulations”), mimicking ideal cooling
by a strong forced convection (thermostatted surrounding fluid),
and the transient method (section “Transient simulations™), tak-
ing into account only atomistic interactions with the local fluid
(defined by the simulation box). This strategy allows one to esti-
mate a reasonable range for the thermal boundary conductance.

HEAT CONDUCTIVITY OF SW-CNTs:
THREE-DIMENSIONAL MODELS

DETAILED

In all simulations below, we have adopted the open-
source molecular dynamics (MD) simulation package GROnin-
gen MAchine for Chemical Simulations (GROMACS) [8; 9;
10] to investigate the energy transport phenomena in three-
dimensional SWNT obtained by a freely available structure
generator (Tubegen) [11]. Three harmonic terms are used
to describe the carbon—carbon-bonded interactions within the



Table 1. Parameters for carbon—carbon, carbon—water, and water—
water interactions are chosen according to Guo et al. [12] and Walther
etal. [13]

K [kimol'nm=2] &%, [kimol™']  kf,; [kimol™']

47890 562.2 25.12

ecc [kJ-mol '] occ [A] -
0.4396 3.851 -

gco [kJ-mol '] oco [A] -
0.3126 3.19 -

€00 [kJ-mol '] 600 [A] -
0.6502 3.166 -
qo [e] qu [e] -
—0.82 0.41 -

SWNT. That is, a bond stretching potential (between two cova-
lently bonded carbon atoms i and ; at a distance r;;):

1 2
Vo (rij) = 5k (rij =), (1)

a bending angle potential (between the two pairs of covalently
bonded carbon atoms (i, j) and (j,k))

1o 0 \?
Va (0ijx) = Ekiik (cos 0; jx — cos e,.jk) , (2)

and the Ryckaert-Bellemans potential for proper dihedral angles
(for carbon atoms i, j, k and [)

1
Vio (0ijut) = Ek?jkl (1 —cos2¢;ju) 3)

are considered in the following MD simulations. In this case,
0;x and ¢, jx; represent all the possible bending and torsion an-
gles, respectively, while r?j =0.142nm and G?J.k = 120° are the
reference geometry parameters for graphene. Non-bonded van
der Waals interaction between two individual atoms i and j at
a distance r;; can be also included in the model by a Lennard-
Jones (LJ) potential:

12 6
O O
Vib = 4€cc l( CC) —( CC) ], 4)
}’,'j rij

where the force constants k}’j, k?jk and k?jkl in (1), (2), and (3)
and the parameters (Gcc, €cc) in (4) are chosen according to the
Table 1 (see also [12; 13]). In reversible processes, differen-
tials of heat dQy.y are linked to differentials of a state function,
entropy, ds through temperature: dQr.y = T'ds. Moreover, fol-
lowing Hoover [14; 15], entropy production of a Nosé-Hoover
thermostat is proportional to the time average of the friction
coefficient () through the Boltzmann constant &, and hence,

once a steady-state temperature profile is established along the

nanotube, the heat flux per unit area within the SWNT can be
computed as

Neko T
Sa

g=—(8&) 5

where the cross section S is defined as Sp = 2nrb, with b =
0.34nm denoting the van der Waals thickness (see also [16]). In
this case, the use of formula (5) is particularly convenient since
the quantity (€) can be readily extracted from the output files in
GROMACS.

The measure of both the slopes of temperature profiles along
the inner rings of SWNT in Figure 1 and the heat flux by (5) en-
ables us to evaluate heat conductivity A according to Fourier’s
law. Interestingly, in our simulations we can omit at will some
of the interaction terms V4, V,, Vip, and Vyp,, and investigate how
temperature profile and thermal conductivity A are affected. It
was found that potentials V;, and V, are strictly needed to avoid
a collapse of the nanotube. Results corresponding to several se-
tups are reported in Figure 1. It is worth stressing that, for all
simulations in a vacuum, non-bonded interactions Vy, proven to
have a negligible effect on both the slope of temperature profile
and heat flux at steady state. On the contrary, the torsion po-
tential Vi, does have impact on the temperature profile while no
significant effect on the heat flux was noticed: as a consequence,
in the latter case, thermal conductivity shows a significant de-
pendence on Vy,. More specifically, the higher the torsion rigid-
ity the flatter the temperature profile. Depending on the CNT
length (and total number of atoms), computations were carried
out for 4ns up to 6ns to reach a steady state of the above non-
equilibrium molecular dynamics (NEMD) simulations. Finally,
temperature values of the end-points of CNTs (see Figures 1)
were chosen following others [16; 17].

THERMAL BOUNDARY CONDUCTANCE OF A CAR-
BON NANOFIN IN WATER

Steady-state simulations

In this section, we investigate on the heat transfer between
a carbon nanotube and a surrounding fluid (water). The lat-
ter represents a first step toward a detailed study of a batch of
single CNTs (or small bundles) utilized as carbon nanofins to
enhance the heat transfer of a surface when transversally at-
tached to it. To this end, and limited by the power of our cur-
rent computational facilities, we consider a (5,5) SWNT (with
a length L < 14nm) placed in a box filled with water (typical
setup is shown in Figure2). SWNT end temperatures are set
at a fixed temperature T = 360K, while the solvent is kept at
Tw = 300K. The carbon—water interaction is taken into account
by means of a Lennard-Jones potential between the carbon and
oxygen atoms with a parameterization (€co, Gco) reported in
Table 1. Moreover, non-bonded interactions between the water
molecules consist of both a Lennard-Jones term between oxy-
gen atoms (with €pp, Goo from Table 1) and a Coulomb poten-
tial:

1 qq;
47E80 Tij ’

Ve (rij) = (6)

where € is the permittivity in a vacuum, while g; and ¢g; are
the partial charges with go = —0.82e and gg = 0.41 e (see also

[13D).



We notice that, the latter is a classical problem of heat trans-
fer, where a single fin (heated at the ends) is immersed in a fluid
maintained at a fixed temperature. This system can be conve-
niently treated using a continuous approach under the assump-
tions of homogeneous material, constant cross section S, and
one-dimensionality (no temperature gradients within a given
cross section) [18]. In this case, both temperature field and heat
flux only depend on the spatial coordinate x (varying along the
axial direction), and the analytic solution of the energy conser-
vation equation yields, at the steady state, the following rela-
tionship:

T(x) = Me ™ + Ne™, (7)

where T (x) = T (x) — T denotes the difference between the lo-
cal temperature at an arbitrary position x and the fixed temper-
ature Ty, of a surrounding fluid. Let o and C be the thermal
boundary conductance and the perimeter of the fin cross sec-
tions, respectively, m be linked to geometry, and material prop-
erties as follows:

OLStC
AS

m =

®)

whereas the two parameters M and N are dictated by the bound-
ary conditions, 7'(0) = T'(L) = Tpe (or equivalently, due to sym-
metry, zero flux condition: d7'/dx(L/2) = 0), namely:

~ oML/2 ~ o—mL/2
M= T(O)m, N= T(O)m. 9
Thus, the analytic solution (7) takes a more explicit form:
T(x):T(O)W, (10)
whereas the heat flux at one end of the fin reads:
go = mAST (0) tanh (mL/2). (11)

In the setup illustrated in Figure 2, periodic boundary condi-
tions are applied in all directions, and simulations are carried
out with a fixed time step df = 1fs upon energy minimization.
First of all, the whole system is led to thermal equilibrium at
T =300 by Nosé-Hoover thermostatting implemented for 0.8 ns
with a relaxation time Tt = 0.1ns. Next, the simulation is con-
tinued for 15ns where Nosé-Hoover temperature coupling is
applied only at the tips of the nanofin (here, the outermost 16
carbon atom rings at each end) with 7o = 360K, and in wa-
ter with T, = 300K until, at the steady state, the temperature
profile in Figure 3 is developed. Moreover, pressure is set to
1 bar by Parrinello-Rahman barostat during both thermal equi-
libration and subsequent non-equilibrium computation. We no-
tice that the above MD results are in a good agreement with the
continuous model for single fins if mL/2 = 0.28 (see also Fig-
ure 3). Hence, this enables us to estimate the thermal bound-
ary conductance O between SWNT and water with the help of
Equation (8):

m*\S
Otst - T . (12)
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Figure 1. Temperature profiles along a SWCNT at steady state. Sev-
eral setups have been tested where some of the interaction potentials
(1), (2), (3), and (4) are omitted. BADLJ: V4, Van, Vib, and Vi are
considered. BAD: V4, Van, Vip are considered. BA: V4, and V,, are con-
sidered. Bw denotes that V4, is computed with a smaller force constant
k}’j = 42000kJ - mol~! - nm—2 according to [23].

Figure 2. A (5,5) SWNT (green) is surrounded by water molecules
(blue, red). Nosé-Hoover thermostats with temperature Thor = 360K
are coupled to the nanotube tips, while water is kept at a fixed tem-
perature Ty, = 300K. After a sufficiently long time (here 15ns), a
steady-state condition is reached. MD simulation results (in terms of
both temperature profile and heat flux) are consistent with a continuous
one-dimensional model as described by Equations (10) and (11). Image
obtained using VEGA ZZ [24].

The thermal conductivity A has been independently computed
by means of the technique illustrated in the sections above for
the SWNT alone in a vacuum. Results for a nanofin whose
length is 14nm are reported in Table 2. We stress that heat flux
computed by time averaging of the Nosé-Hoover parameter &
(see Equation (5)) is also in excellent agreement with the value
predicted by the continuous model through Equation (11). For
instance, with the above choice mL/2 = 0.28, for (5,5) SWNT
with L = 10nm, Lyg = 2nm in a box 5 x 5 x 14nm? we have:
— (&) Nk T = 3.11 x 1078 W while

go = mAST (0)tanh (mL/2) =3.14 x 107 8W.  (13)

We stress that Lyy is the axial length of the outermost carbon
atom rings coupled to a thermostat at each end of a nanotube.

Transient simulations

The value of thermal boundary conductance between water
and a SW-CNT has been assessed by transient simulations as
well. Results by the latter methodology are denoted as oy to
distinguish them from the same quantities (Q) in the above sec-
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Figure 3. Steady state molecular dynamics (MD) simulations. Dimen-
sionless temperature computed by MD (symbols) versus temperature
profile predicted by continuous model (line), Eq. (10). Best fitting is
achieved by choosing mL/2 = 0.28. Case with computational box
2.5x 2.5 x 14[nm?].

tion. In this study, the nanotube was initially heated to a prede-
termined temperature Tj,o While water was kept at Ty, < Thoy (us-
ing in both cases Nosé-Hoover thermostatting for 0.6 ns). Next,
an NVE MD (ensemble where number of particle N, system vol-
ume V and energy E are conserved) were performed, where the
entire system (SWNT plus water) was allowed to relax without
any temperature and pressure coupling. Under the assumption
of a uniform temperature field Tent () within the nanotube at
any time instant ¢ (i.e., Biot number Bi < 0.1), the above phe-
nomenon can be modeled by an exponential decay of the tem-
perature difference (Tent — Ty ) in time, where the time constant
T4 depends on the nanotube heat capacity ¢t and the thermal
heat conductance oy, at the nanotube—water interface as follows
(see Figure 4):

CT
T4 o (14)
In our computations, based on [19], we considered the heat
capacity per unit area of an atomic layer of graphite ct =
56x1074(J-m2. K.

The values of T4 and 0 have been evaluated in different se-
tups, and results are reported in the Table 2. Numerical compu-
tations do predict pretty high thermal conductance at the inter-
face (order of 10’ W-m~2-K~!) with a slight tendency to in-
crease with both the tube length and diameter. It is worth stress-
ing that values for thermal boundary conductance obtained in
this study are consistent with both experimental and numerical
results found by others for SW-CNTs within liquids [19; 21].
However, since the order of magnitude of these results is ex-
tremely higher than that involved in macroscopic applications,
it may appear as an artifact. Actually, it is quite simple to re-
alize that continuum-based models diverge in case of nanome-
ter dimensions, because of the effects of singularity. Hence,
continuum-based predictions may lead to even higher thermal
conductances, and they are not even upper bounded, which is
clearly unphysical. For example, let us consider the ideal case
of a circular cylinder (with diameter D and length L) centered
in a square solid of equal length, as reported in Table3.12 of
[20]. The value of thermal boundary conductance can be put
into relation with the heat conduction shape factor (CSF) S as
follows:

Sthw

e (1)

Aest =

Table 2.  Summary of the results of the presented study. SW-CNTs with
chirality (3, 3), (5,5), and (15, 0) are considered.

Chirality Length [nm] oy [Wm 2K~ oy [Wm 2K

(5,5) 14 5.18 x 107 -
(5,5) 14 - 1.70 x 107
(15,0) 4.7 - 1.60 x 107
(3,3) 3.7 - 8.90 x 10°
where
2nL
Sp= (16)

In(1.08w/D)’

and Ay is the thermal conductivity of the medium, while the
square box has dimensions w x w x L. Let us consider the fol-
lowing example, corresponding to the first row in Table 2. As-
suming Ay, = 0.58 (W-m~!-K~!), D =0.68nm, w = 4 nm, it
yields Ol = 9.2 x 103 Wm 2K~ !,

The analytic results are even larger than those obtained by
the steady-state simulation (usually larger than those obtained
by the transient method). Moreover, the continuum-based for-
mula prescribes that thermal conductance (weakly) diverges by
reducing the cylinder diameter. On the contrary, MD simula-
tions is in line with the expectation of a bounded thermal bound-
ary conductance. In fact, in agreement with others [21], we
even observe a slight decrease with the tube diameter. We
point out that neither the steady-state method nor the transient
method fully reproduce the setup described by the analytic for-
mula (15). In fact, in the steady-state method, the entire wa-
ter bath is thermostatted (while in the analytic formula, only
the water boundaries are thermostatted) and, in the transient
method, the water temperature changes in time (while the an-
alytic formula is derived under steady-state condition). Never-
theless, from the technological point of view, the above results
are in line with the basic idea that high aspect-ratio nanostruc-
tures (such as CNTs) are suitable candidates for implementing
the above idea of nanofin, and thus can be utilized for exploiting
advantageous heat boundary conductances.

CONCLUSIONS

In this study, we first investigated the thermal conductiv-
ity of SW-CNTs by means of classical non-equilibrium MD.
Next, based on the latter results, we have focused on the bound-
ary conductance and thermal efficiency of SW-CNTs used
as nanofins within water. More specifically, toward the end
of computing the boundary conductance o, two different ap-
proaches have been implemented. First, o0 = o5 was estimated
through a fitting procedure of results by steady-state MD sim-
ulations and a simple one-dimensional continuous model. Sec-
ond, cooling of SWNT (at Tcnt) within water (at Ty,) was ac-
complished by NVE simulations. In the latter case, the time
constant T4 of the temperature difference (Tent — Ty ) dynam-
ics enables us to compute o0 = 0. Numerical computations do
predict pretty high thermal conductance at the interface (order
of 107W-m~2.K 1), which indeed makes CNTs ideal candi-
dates for constructing nanofins. We should stress that, consis-
tently with our results o > O, it is reasonable to expect that
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Figure 4. Transient simulations: temperature evolution as predicted by
NVE molecular dynamics. Best fitting of exponential decay of the tem-
perature difference Tent — T is achieved by choosing Tq = 41 ps.

O represents the upper limit for the thermal boundary conduc-
tance, because (in steady-state simulations) water is forced by
the thermostat to the lowest temperature at any time and any
position in the computational box. Finally, it is worthwhile
stressing that, following the suggestion in [22], all the results of
this study can be generalized to different fluids using standard
non-dimensionalization techniques, upon a substitution of the
parameterization (€co, Oco) representing a different Lennard-
Jones interaction between SWNT and fluid molecules.
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NOMENCLATURE

Vi, V4, Vi Interaction potentials due to covalent bonds
V.» LI interaction potential

V. Coulomb potential

kibj Force constant

k?jk Angular force constant

k?’jkl Dihedral force constant

r; Distance between atoms i and j
cr Heat capacity

q Heat flux per unit area

Ny Number of degrees of freedom
k, Boltzmann constant

T Temperature

T Temperature difference

Sa  Cross section

Sr  Shape factor

w  Edge of the computational box

D Diameter

qo, qu Partial charges

C Perimeter of the nanofin cross section

L Length of the nanofin

0;/x Bending angle

¢;jx;  Torsion angle

€cc, 6cc LI parameterization for carbon-carbon interaction
€co, 0co LIJ parameterization for carbon-oxygen interaction
€00, 0po LIJ parameterization for oxygen-oxygen interaction
&€ Nosé-Hoover friction coefficient

€y Permittivity in a vacuum

T, Time constant

Tr Relaxation time

A Thermal conductivity

O, Oy, Otes Thermal boundary conductance
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