
Molecular dynamics simulations of heat and momentum transfer at a
solid–fluid interface: Relationship between thermal and velocity slip

Rajesh Khare a,1, Pawel Keblinski b,*, Arun Yethiraj c

a Department of Chemical and Biological Engineering, University of Wisconsin – Madison, 1415 Engineering Dr., Madison, WI 53706, USA
b Materials Science and Engineering Department, Rensselaer Polytechnic Institute, 110 8th St., MRC 115, Troy, NY 12180, USA

c Department of Chemistry, University of Wisconsin – Madison, 8305b Chemistry Bldg, 1101 University Ave., Madison, WI 53706, USA

Received 6 August 2005; received in revised form 24 February 2006
Available online 11 May 2006

Abstract

The thermal resistance of a model solid–liquid interface in the presence of laminar shear flow is investigated using molecular dynamics
simulations. Two model liquids – a monoatomic liquid and a polymeric liquid composed of 20 repeat units – are confined between walls
which are modeled as idealized lattice surfaces composed of atoms identical to the monomers. We find that in the absence of a velocity
slip (discontinuity) at the solid–fluid interface, the mass flow does not affect the thermal interfacial resistance, but the presence of velocity
slip results in an increase in the interfacial thermal resistance by about a factor of two.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

A description of heat flow at the macroscopic level
involves two inputs: (i) a constitutive relation between heat
fluxes and driving forces, e.g., temperature gradients, and
(ii) boundary conditions at the system perimeter. For
example, in the absence of mass flow, one constitutive rela-
tion between the thermal energy flux, jQ and the tempera-
ture gradient is Fourier’s law:

jQ ¼ �krT ; ð1Þ

where k is the material bulk thermal conductivity. In the
absence of internal heat sources, conservation of energy en-
ables us to write a second order partial differential equation

for the diffusive heat flow, which can be solved for the tem-
perature profile as a function of spatial and temporal vari-
ables if appropriate boundary conditions are available.
Conservation of energy requires that the thermal flux be
continuous at the boundary. It is often assumed that the
temperature is also continuous at the boundary.

In this work we investigate the boundary conditions for
heat flow using molecular dynamics simulations. We are
particularly interested in the behavior of the temperature
profile at the boundary. Fluids undergoing shear flow often
display velocity slip at the surface, i.e., the velocity of the
fluid extrapolated to the surface position is different from
the surface velocity. In an analogous fashion, it is possible
for the extrapolated temperature of the fluid to be different
from the surface temperature. This is the result of an inter-
facial thermal resistance that can have a significant effect
on the thermal transport in fluids, particularly in nano-
fluidic systems. Computer simulations can provide
molecular insight into the origin and mechanism of such
interfacial thermal behavior.

Although it is often assumed that the temperature
is continuous across an interface, in reality there is no
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firm physical basis for this assumption. In fact, Kapitza
[1,2] demonstrated the possibility of a discontinuous
temperature drop at an interface. This drop is quantified
by the concept of interfacial conductance, K, which is the
ratio of the heat flux (in the direction normal to interface)
to the temperature drop. The inverse of K is the inter-
facial thermal resistance, also called the Kapitza resistance,
RK.

The Kapitza resistance is not significant for most solid–
liquid interfaces, but can be significant in nano-structured
materials. To estimate the significance of the Kapitza resis-
tance, one can express it in terms of the ‘‘thermal resistance
thickness’’, lK, also called the Kapitza length, which is
defined as the width of the bulk medium over which there
would be the same temperature drop as that at the inter-
face. The Kapitza length is therefore given by

lK ¼
k
K
¼ RKk: ð2Þ

Typically, in the case of a solid–liquid interface involving a
wetting liquid, Kapitza length is of the order of a molecular
size and thus the temperature drop at the interfaces can be
neglected. However, for non-wetting liquids [3,4], lK can be
of the order of several tens of molecular sizes. In this case,
the interfacial resistance might impact the thermal trans-
port in fluids, particularly in structures involving nanoscale
dimensions, such as nanofluids. Other systems where the
boundary resistance plays an important role are polycrys-
talline high thermal conductivity materials, such as dia-
mond [5], where grain boundaries lead to large values of
lK, despite relatively low values of RK, because the bulk
thermal conductivity is high.

The Kapitza length plays the same role in heat transfer
as the slip length in momentum transfer. When a fluid is
sheared by a confining surface the boundary conditions
can be either stick or slip. In the latter case, the slip length,
d, describes the discontinuity of the velocity field (velocity
component tangential to the solid–liquid interface) at the
surface [4]. In planar shear flow geometry d can be evalu-
ated from

d ¼ Dvxðz ¼ 0Þ dvx

dz

� �
z¼0

�
; ð3Þ

where the fluid flow direction is in the x direction, the z

direction is normal to the fluid–solid interface and
Dvx(z = 0) is the velocity discontinuity at the interface. In
the case of a stick boundary condition, the velocity field
is continuous at the interface, and therefore Dvx(z = 0) = 0
and d = 0. In the case of slip, d has a geometrical interpre-
tation of a distance to which a linear vx vs. z velocity profile
has to be extrapolated (beyond the solid–fluid interface) to
recover the same value of velocity as the solid surface
velocity. For atomistically smooth solid surfaces and espe-
cially for systems showing weak interfacial bonding charac-
teristics, both modeling and experimental studies have
demonstrated a possibility of d reaching values of several
tens of molecular sizes [6–11]. The effects of non-zero val-
ues of d become important when the characteristic fluid
channel sizes are reduced to submicron or nanoscale
dimensions.

The Kaptiza length can be defined in an analogous fash-
ion in terms of the temperature drop at the interface and
the temperature gradient in the liquid at the interface, i.e.,

lK ¼ DT ðz ¼ 0Þ dT
dz

� �
z¼0

�
; ð4Þ

which allows one to calculate lK without knowledge of the
absolute values of the thermal conductivity or the inter-
facial thermal conductance.

The primary goal of this work is to elucidate the rela-
tionship between the velocity slip and thermal slip. While
there have been many studies that have addressed the slip
length [6–11] or the Kapitza length [1–4,12] (for systems
undergoing pure thermal transport), we are not aware of
any study that focuses on the possible relationship between
the velocity slip and the thermal slip. To address this ques-
tion, we perform a series of molecular dynamics simula-
tions of thermal transport across solid–liquid interfaces
for stationary liquids and for liquids subjected to a planar
shear flow.

We report results on molecular dynamics simulations of
monatomic and polymeric fluids confined between atomis-
tically smooth surfaces, with Lennard-Jones interactions
between all sites. We compare the results for the slip length
and Kapitza length in three cases: (i) where the fluid is sub-
jected to planar shear flow with the walls held at constant

Nomenclature

jQ thermal flux
kB Boltzmann constant
lK Kapitza length
m mass of an atom (bead)
r distance between two atoms
RK interfacial thermal resistance (Kapitza resis-

tance)
vx x component of shear velocity
T temperature

Greek symbols

d slip length
e Lennard-Jones potential energy parameter
k thermal conductivity
K interfacial thermal conductance
q density
r Lennard-Jones potential length parameter
s Lennard-Jones reduced time unit, s ¼ r

ffiffiffiffiffiffiffiffi
m=e

p
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