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An organized nonuniform mass distribution in solids leads to a monotonically varying thermal

conductivity in a nanomaterial so that the heat flux is directionally dependent. We investigate

through molecular dynamics simulations if the influence of an organized mass distribution in a

fluid also leads to thermal rectification. Heat transfer is monitored in a water reservoir placed

between two (hot and cold) silicon walls. The distribution of the fluid in the reservoirs is organized

by applying an external force to each water molecule in a specified direction, creating a density

gradient. This external force is smaller than the intermolecular forces in water, in most cases by

much more than an order of magnitude. The simulations reveal that mass graded fluid-containing

nanosystems can be engineered to possess an asymmetric axial thermal conductance that leads to

greater heat flow in the direction of decreasing mass density. The rectification improves as the

thermal conductivity is enhanced by increasing the fluid density adjacent to a hot wall, since doing

so decreases the interfacial resistance and increases the heat flux. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.3696022]

Since mass disorder alters the thermal conductivity of a

nanomaterial,1 an organized nonuniform mass distribution

leads to a monotonically varying thermal conductivity k. In a

nanoscale solid state device, this leads to greater heat flow in

the direction of decreasing mass density, resulting in thermal

rectification.2 Topological asymmetry in a quasi one-

dimensional structure can also produce such a rectification.3

In all these cases, the conductivity k and thus the heat flux q00

are directionally dependent. By switching the direction of

the temperature gradient ðDTÞ=ðDxÞ but keeping its overall

magnitude constant will change q00, e.g., if done from left (L)

to right (R) then q00L!R 6¼ q00R!L.

We hypothesize that a similarly structured nonuniform

mass distribution in a fluid also leads to thermal rectification.

We investigate the role of the solid-fluid interfacial (Kaptiza)

resistance in facilitating rectification. In many cases, it is

simpler to introduce surface modifications that exploit the

interfacial hydrophobic—or hydrophilic—properties to engi-

neer the interfacial heat transfer across solid-fluid

interfaces.4–6 While there is an extensive literature on rectifi-

cation in solid state systems, only a single entry discusses

this phenomena across a solid-liquid (silica-water) inter-

face.7 In the case of a silica-water interface, rectification

occurs through the decrease in the hydrogen bonding in

water at warmer temperatures that degrades the local bond

network and the vibrational properties of water.

Our molecular dynamics simulations are designed to

understand rectification when heat is transferred across a

solid-fluid interface through a bulk fluid placed in a reser-

voir. The simulated system, shown in Fig. 1, consists of

1024 molecules each of water and silicon in a basic cycli-

cally replicated parallelepiped. Two walls consisting of 512

Si atoms each (or 4� 4� 4 unit cells) are placed at their nor-

mal equilibrium sites in a silicon crystal. These wall mole-

cules are tethered to their equilibrium sites and allowed to

vibrate using a simple harmonic potential. Initially, water

molecules are uniformly distributed in the two reservoirs

placed on either side of these walls. The axial (x-wise)

dimension of the system is much larger than the transverse

y- and z-directions to facilitate the simultaneous simulation

of both bulk and molecular-scale characteristics. Thus, while

the walls influence small portions of the fluid adjacent to

them,4,5,8 the remaining fluid in the reservoirs exhibits bulk

properties. The volumes of the reservoirs between the walls

are equal.

All solid and fluid molecules are provided with initial

Gaussian velocity distributions. We impart different average

hot and cold temperatures Th and Tc to the silicon walls using

a Gaussian thermostat, which results in an average fluid tem-

perature Tav, f¼ (ThþTc)/2 that is relatively invariant to the

consequent heat flux. The (N,V,T) simulations proceed with

uniform step sizes of 1 fs and are allowed to equilibrate to an

energy minimum state. To maintain the desired tempera-

tures, a Gaussian thermostat is applied separately on the

entire hot and cold walls and on the fluid sections between

them. Hence, the temperatures in these regions vary although

the average temperature is constant. We report results for

simulations that have progressed by 2� 106 time steps to

FIG. 1. (Color online) Schematic of the simulation domain, where

Lx¼ 20.2, and Ly¼Lz¼ 2.04 nm. The system is divided into 138 slabs along

Lx, each with a volume of 6.09� 10�28 m3. The Si walls include slabs

30–43 and 99–113.a)Electronic mail: ikpuri@vt.edu.
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2 ns at which time the systems have reached their steady

states. Longer simulations with 4� 106 steps confirm that no

further changes occur in the temperature or density profiles.

We place the water between a 403 K cold wall and a

1209 K hot wall so that the globally averaged system temper-

ature is 806 K and an average water density q¼ 487.5 kg/m3.

The bulk fluid is on average supercritical under these condi-

tions. The relatively high wall temperatures facilitate larger

heat transfer rates that minimize data scatter but do not oth-

erwise alter the fundamental aspects of rectification. Indeed,

we repeated most of the simulated cases with the wall and

system temperatures significantly reduced. These led to bulk

liquid water in the reservoirs and provided similar results to

those reported but required much longer simulations involv-

ing 8� 106 time steps or longer and produced greater scatter

in the resulting data.

The molecular dynamics algorithm uses the quaternion

method with a fifth-order Gear predictor–corrector algorithm

for translational motion and a fourth-order predictor–

corrector algorithm for rotational motion.9,10 Intermolecular

interactions are described by the potential model uij ¼
4eijððrij=rijÞ12 � ðrij=rijÞ6Þ þ ðqiqjÞ=rij, where rij and eij

denote the L-J interaction parameters, rij is the scalar dis-

tance between sites i and j, and qi and qj are the charges on

these sites (since water contains a partial þve charge for H

and �ve for O). For water, we use the simple point charge

(SPC) potential which is known to represent water properties

realistically.9 While we do not use the more accurate

Stillinger-Weber potential model for Si that employs three-

body interactions to enforce the correct coordinated tetrahe-

dral bonded structure of Si,11 we are able to nevertheless

enforce this arrangement by tethering the Si atoms to their

equilibrium sites. Hence, the simpler L-J model is an accept-

able alternative here. Lorentz-Berthelot mixing rules are

used to model cross interactions and the reaction field

method for long-range interactions12,13 with parameters cor-

responding to the average state conditions of the systems and

a potential cutoff of 9.5 Å. Although the reaction field

method is intended for homogeneous systems, it also works

well for nonhomogeneous systems, e.g., the more accurate

particle-particle mesh method provides results comparable

with the reaction field method.14 Use of the larger cutoff dis-

tance further justifies our methodology. Our previous studies,

which also involved nonhomogeneous systems, showed that

long range interactions do not seem to significantly contrib-

ute to transport processes in the type of system investigated

here.15,16

Since our hypothesis requires the organization of a fluid

mass distribution in the reservoirs, an external force F is

added to each water molecule in the x-direction, thus creat-

ing a density gradient in the system. For consistency and to

maintain the symmetry of our periodic simulation systems,

the forces in the central section between the two Si walls,

and those imposed on either sides of these two walls are

applied in opposite directions. These external forces are var-

ied between 0 and 3 pN. In comparison, the intermolecular

forces in water are larger than these forces by more than an

order of magnitude. While the imposed force is simply added

to the intermolecular force experienced by each water mole-

cule in the simulations, it should be possible to include such

directional forces in fluid systems by employing electric and

magnetic fields.

In addition to Case I that pertains to an otherwise undis-

turbed system that has no imposed force on its fluid mole-

cules, we consider six pairs of other cases, each denoted as

(a) and (b), as reported in Table I. The system is divided in

the x-direction into 138 slabs, each of 6.09� 10�28 m3 vol-

ume, in which the local properties are averaged. Figures 2(a)

and 2(b) present the system response for Case I and Cases

II(a) and II(b). The centers of the walls contain a larger num-

ber of atoms due to the atomic arrangements of their constit-

uent Si crystals, as shown in Fig. 2(a). The observed peaks in

the silicon density profiles result from the temperature varia-

tions within the silicon wall and the resulting thermal fluctu-

ations. These peaks will not be observed in constant

temperature systems. The water density for Case I in the vi-

cinity of the cold wall is slightly higher than the correspond-

ing value adjacent to the warmer wall due to a local

temperature effect. The temperature profile across the solid–

fluid interfaces reveals a characteristic temperature disconti-

nuity17 DT due to phonon scattering18–20 that impedes pho-

non transport through the thermal (or Kapitza) resistance21

R¼DT/q00 (m2 K/W).4,5,8 This resistance is modeled classi-

cally in our studies by considering the thermal vibrations of

the Si atoms in the silicon crystals.

An applied force increases the relative numbers of fluid

molecules Nh that lie adjacent to the hot wall, thus producing

a higher mass gradient dN/dx against the direction of heat

transfer. As shown in Fig. 2(b), when there is a nonuniform

water mass distribution, the thermal behavior is quite differ-

ent from the results of Fig. 2(a). The heat flux is enhanced

for larger Nh near the hot wall both because of the variations

in the water thermal conductivity between the two walls, and

the decrease in the interfacial, or Kapitza resistance. For

�ve F, dN/dx assumes a þve value along the direction of

heat transfer since the fluid mass is now graded from the

cold to the hot wall, i.e., there are more cold fluid molecules

than there are warmer ones. In this case, q00 is diminished.

Thus our simulations clearly demonstrate that, in accord

with previous results for a solid state device, mass graded

fluid-containing systems can also be engineered to possess

an asymmetric axial thermal conductance that leads to

TABLE I. Dimensionless force F¼ (r/e) applied to each water molecule for the 13 simulated cases, where e/kB¼ 806 K and r¼ 0.19 nm in our simulations.

With these reducing factors a unit of force equals 58.57 pN, i.e., F¼ 0.05 is equivalent to 2.93 pN. Case I represents the base simulation with F¼ 0. For the

other six case pairs, the forces are applied either (a) towards (þve F), or (b) away from (�ve F) the hot Si wall.

Cases I II (a), (b) III (a), (b) IV (a), (b) V (a), (b) VI (a), (b) VII (a),(b)

F (a), (b) N/A 60.05 60.0375 60.025 60.0125 60.005 60.0025
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greater heat flow in the direction of decreasing mass

density.2

As noted, increasing values of F (and thus Nh) lead to a

decrease in the interfacial resistance R, which lowers the

interfacial solid-fluid temperature difference DT. Hence,

Figure 2(b) also shows that DT decreases at the hot interface

when Nh increases. The imposition of F¼ 0.05, which signif-

icantly increases the fluid density adjacent to the hot wall but

decreases it near the cold wall, decreases DT across both the

hot and cold solid-fluid interfaces as compared to Case I

shown in Fig. 2(a) for F¼ 0. The decrease in DT near the

cold surface is counterintuitive. Since the fluid temperature

and density near the cold surface are both now lower, the

interfacial resistance should be larger4,5,8 as should DT.
We attribute the lower interfacial across the cold wall to

water condensation, which increases the fluid density adja-

cent to the solid wall just as a hydrophilic surface does.8 The

structural ordering of a fluid at a solid-fluid interface enhan-

ces the local conductivity, reducing the interfacial resistance,

which in turn decreases DT.4,22 The critical temperature of

water is 647 K. For F¼ 0.05, the fluid temperature near the

wall is �645 K, whereas the wall surface temperature is

�410 K. When F¼ 0, the fluid temperature is �725 K and

the wall surface temperature is �435 K. Since the system

pressure is above the critical pressure, we note that when

F¼ 0, the fluid adjacent to the wall is supercritical. For

F¼ 0.05, the fluid exists as liquid there, which leads to the

lower value of R observed due to water condensation.

When F¼�0.05, the external force increases the den-

sity near cold wall but decreases Nh adjacent to the hot wall.

In this case, the dimensionless bulk fluid temperature simply

oscillates around its average value of unity, i.e., there is neg-

ligible heat transfer through the fluid reservoir despite the

significant temperature difference between its two enclosing

walls. This unusual situation is the result of the very signifi-

cant Kapitza resistances across both hot and cold interfaces

that prevent heat transfer. Figure 2(b) shows that, unlike

when F¼ 0 and 0.05, almost all of the temperature decrease

FIG. 2. The behavior of the (a) base

undisturbed system of Case I (with sym-

bols ^: number of Si atoms, ~: number

of H2O molecules, and *: temperature),

and (b) Cases II (a) and (b) with

F¼60.05 (where for þve F, n: number

of H2O molecules and h: temperature,

and for �ve F, ~: number of H2O mole-

cules and D: temperature). The dimen-

sionless temperatures should be

multiplied by 806 K to recover the units

of K. The system dimension in the

x-direction is 20.2 nm, which is divided

into 138 slabs in each of which the local

properties are averaged. The position

numbers of these slabs are shown, where

each position number corresponds to an

increment of 1.464 Å. Recall that a unit

of force equals 58.57 pN so that

F¼60.05 is equivalent to 62.93 pN.
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across the fluid occurs in its interfacial layers when

F¼�0.05. When F is nonnegative, the temperature gra-

dients are distributed between the interfacial layers and the

bulk fluid, illustrating the smaller relative resistance to heat

transfer in these regions. Another consequence of higher q00

is a larger effective thermal conductance across the solid-

fluid interface. This conductance increase leads to a relative

smoothening of temperature gradients within the cold wall.

Figure 3 shows the variation in the heat flux with respect

to F. The flux q (¼q00A, with A denoting the cross sectional

area) follows the linear relation q� (43.9 Fþ 2.1)� 10�8 W.

If dN/dx assumes a large enough value against the direction

of heat transfer, q can become negligible. One strategy to

impose thermal rectification would be to make the hot wall

hydrophilic and the cold wall hydrophobic. This corresponds

to the case of þve F in Figs. 2(b) and 3, where Nh and there-

fore q are enhanced. Switching the surface properties of the

hot and cold walls would be analogous to applying –ve F
and decreasing q. To determine the influence that switching

the direction of F has on q, we define thermal rectification

for any pair of the six cases listed in Table I as

r ¼ ðqþF � q�FÞ=qþF. Figure 3 reveals the relationship

r� 3.9 Fa, where a� 0.5. This shows that small initial appli-

cations of F are very effective in increasing r.

Increasing F also increases Nh and thus the density q ad-

jacent to the hot wall. The conductivity of a fluid increases

with density.23,24 Hence, the thermal rectification results

from the thermal conductivity enhancement due to increas-

ing Nh that decreases the interfacial resistance R, increasing

q. This is corroborated by Fig. 4 that shows that

r� 0.15 Nh� 1 (where Nh is taken for þve F values). The

decrease in R as Nh increases is shown in Fig. 4, which is

FIG. 3. The variation in the heat flux

(*, in units of W) and the thermal recti-

fication (n) with respect to the applied

force F that creates a mass gradient in

the fluid reservoir. A unit of force equals

58.57 pN so that, for instance, F¼ 0.05

is equivalent to 2.93 pN. Larger F values

increase the numbers of fluid molecules

Nh that lie adjacent to the hot wall and

thus produce a higher mass gradient

dN/dx along the direction of heat trans-

fer. Smaller values diminish Nh and

hence the magnitude of dN/dx. For

�ve F, dN/dx is positive against the

direction of heat transfer since the fluid

mass is now graded from the cold to the

hot wall, i.e., there are more cold fluid

molecules than warmer ones. The heat

flux q� (43.9 Fþ 2.1)� 10�8 W, and

the rectification r� 3.9 F0.5.

FIG. 4. The variation in the rectification

r with the number of water molecules Nh

adjacent to the hot wall (corresponding

to the values for þve F) for the six pairs

of cases when F is nonzero. On the sec-

ondary axis, the variation of the interfa-

cial thermal resistance R (in units of

m2 K W�1) with Nh is presented for all

the cases listed in Table I. Multiplying

Nh (which changes as the applied force

F is varied) by 49.1 kg m�3 molecule�1

returns the fluid density in the slab adja-

cent to the hot wall. The figure reveals

the relations r� 0.15 Nh � 1 (where Nh

is taken for þve F values), and

R / q�2.8.
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expected from both the acoustic and diffuse mismatch mod-

els of phonon transport.21 The results presented in Fig. 4 for

these particular simulations show that R / q�2.8.

In summary, we show that thermal rectification is possi-

ble in mass graded liquid systems to produce a greater heat

flux in the direction of decreasing mass density but a lower

flux in the direction of increasing density. As for a solid ma-

terial, this effect in a fluid is also based on thermal conduc-

tivity modifications due to changes in the mass density. This

density difference has a significant influence on the solid-

fluid interfacial resistance. The density variations that we

have imposed can be accomplished in practice by employing

electric and magnetic fields. Another strategy would be to

make the hot surface hydrophilic and the other cold surface

hydrophobic, which is similar to imposing þve F.
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