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In this study we use the direct simulation Monte Carlo (DSMC) to elaborate on the heat transfer patterns
in the pressure-driven rarefied flow through micro/nanochannels. Finite length planar micro/nano-
channels are considered using with symmetrical wall heat flux boundary conditions, and the gas flow is
considered to be in slip and transition regimes. When considering zero-conductive or cooled walls, the
DSMC solution predicts a possibility of the anti-Fourier heat transfer, i.e., the transfer of heat from cold-
to-hot regions of the flow field. It turns out that the competition between the contributions of tem-
perature gradient and pressure gradient (shear stress) in the heat flux results in three different heat
transfer regimes. The regimes consist of complete hot-to-cold heat transfer regime, the entire anti-
Fourier regime, and localized anti-Fourier regime. While the heat flux due to the shear stress is
directed from the outlet towards the inlet, the Fourier term is strongly influenced by viscous slip heating,
which then acts as a heat source, and contributes to patterns of heat flux on the fluid layer adjacent to the
walls. Furthermore, the heat flux regimes for complete or localized cold-to-hot transfer are classified
according to the magnitude of the normalized heat flux and the Knudsen number. Additionally, effects of
heat flux condition on the mass flow rate are discussed.

© 2017 Elsevier Masson SAS. All rights reserved.
1. Introduction

Current researches involving typical micro/nano-electro-
Mechanical-systems (MEMS/NEMS) include investigations of the
use of micro/nanosystems for cooling applications. The ability to
perform a number of operations on a small unit using miniaturized
devices, also known as a Lab-on-a-Chip (LOC) or microfluidics de-
vices, has numerous benefits. However, perfect designs and
experimental analysis of such miniature-scale systems are partic-
ularly stimulating. In fact, in proportion to their size, the level of
thermal power dissipated by electronic components is almost sig-
nificant, i.e., the power density is substantial. Consequently, these
devices require a heat exchanger in micro or nanoscale which is
usually in the form of an array of micro or nano-channels.
Accordingly, accurate modeling of heat transfer behavior is crucial
for these systems. In such systems, the molecular mean free path is
not negligible compared to the representative lengths. It is well
accepted that the classical equations of hydrodynamics, the Navier-
i).

erved.
Stokes and Fourier laws, fail to adequately describe the flow and
heat transfer behaviors in micro/nano systems. Therefore, they
must be considered as rarefied gas flows, and the flow and heat
transfer behaviors shall be described based on kinetic theory. The
rarefaction of gas is quantified by the Knudsen number (Kn) as
follows.

Kn ¼ l=H (1)

where l and H are the gas mean free path and the characteristic
dimension of the geometry, respectively. The Knudsen number
expresses the ratio of intermolecular collisions to gas-solid colli-
sions. As the classical hydrodynamic equations, including the
Navier-Stokes and Fourier laws, are unable to model the rarefaction
effects at the transition regime, Kn > 0.1, the Boltzmann equation
can serve to simulate rarefied gas flows appropriately in micro-
scopic detail [1e4]. Rarefied flow behavior can be detected by
careful analysis of the Boltzmann equation, with either determin-
istic numerical treatment or statistical molecular simulations.
Among various molecular-based schemes, direct simulation Monte
Carlo (DSMC) is an efficient particle-based scheme uses the prob-
abilistic Monte Carlo technique to solve the Boltzmann equation
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Nomenclature

Ekin Kinetic energy
Fnum Real to simulated particle ratio
Kn Knudsen number
H Channel height (m)
q Conductive Heat flux (W/m2)
qvsh Viscous slip heating heat flux
Q Dimensional heat flux
k Boltzmann constant
d Molecule diameter (m)
M Molecular weight (kg/mole)
NCM Number of incident molecules
T Temperature (K)
L Channel length (m)
AR Channel aspect ratio (L/H)
u Flow velocity (m/s)
Cp Specific heat capacity (J/kg.k)
_m Mass flow rate (kg/s)
c Particle velocity (m/s)
n Number density
P gas pressure (N/m2)
Ma Mach Number
Rf Random number
Skin Molecular velocity direction ratio

Vslip Slip Velocity

Greek letters
Ds Surface Area
DTw Wall temperature correction
l Mean free path
r mass density (kg/m3)
εint Internal energy of particle
t Shear stress (N/m2)

Subscripts
x X direction along the channel
w Channel wall
Y Y direction across the channel
avg. Average
char Characteristics
des Design/specified
0 Stream mean parameter
In Inlet condition
Out Outlet condition

Superscripts
* Dimensionless parameters
‘ Peculiar velocity component
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over a broad range of the Knudsen number.
Some researchers have observed interesting phenomena in

micro-nano geometries that do not occur in the continuum regime,
i.e. Kn< 0.001 [5e26]. For example, themass flux in channel flowas
a function of the Knudsen number reveals a minimum around the
unity Knudsen number, the so-called Knudsen paradox phenome-
non [5,10,16,19,20,22,25]. A heat flux driven by the velocity gradient
is another interesting phenomenon in the rarefied flow
[6,11,12,15,17,18], while heat flux is only driven by the temperature
gradient in the continuum threshold. Inverse Magnus effect [23]
and flow induced by temperature field [21,26] are other unique
features reported at rarefied flows regimes. A comprehensive re-
view on the application of moment methods in treating rarefied
microflows is reported in Ref. [27].

The anti-Fourier heat transfer is already reported in rarefied
flows in the cavity and channel geometries [11,12,14,15,17,18], i.e.,
the existence of cold-to-hot heat transfer process is demonstrated
in the cooling wall cases in the channel flow [15]. However, our
literature survey indicates that the details of various patterns of
heat transfer of the rarefied flow through micro/nano-geometries
were not considered in previous studies. In particular, the counter
gradient, anti-Fourier heat transfer in pressure-driven micro/
nanoscales channels through a wide range of Knudsen number, the
underlying causes behind this behavior, and regulation of different
heat transfer regimes were not reported in the literature. Therefore,
in this work, a description of simulated flow fields follows for a
broad range of test conditions to describe the non-intuitive
behavior of heat flow patterns observed in the slip and transition
regimes in micro and nanoscale channels. The zero-conductive and
the cooling wall boundary conditions are considered in this study,
where there is a possibility of anti-Fourier heat transfer. A
distinction is made between the contribution of the boundary
terms such as viscous slip heating, which exists even in zero-
conductive wall conditions and contribute in heat flux bifurca-
tion, and bulk terms such as pressure gradient, which contribute in
the constitutive law of the heat flux. Moreover, the present study
reflects in detail the effects of varying non-dimensional parameters
such as Knudsen number and normalized wall heat flux on the
thermal behavior of flows through micro/nanochannels. Wall
boundary effect on the channel mass flux is also reported.
2. Motivation for numerical investigation

The contribution of viscous slip heating on non-equilibrium
heat transfer in pressure-driven micro/nanochannels has been
evaluated under the constant wall heat flux boundary condition
[17]. The reported numerical results showed that the viscous slip
heating due to wall shear stress and velocity slip significantly af-
fects the heat transfer process in the rarefied flow. For example, in
the case of argon flow in a microchannel with Tin ¼ 400 K, channel
pressure ratio (Pin/Pout) of 3, Knin ¼ 0.05, qw ¼ �25 W/cm2, the
DSMC solution predicted a singularity in the Nusselt number (Nu),
while the analytical solutions failed to capture this behavior. Based
on heat lines shown in Fig. 1, an unusual heat flow pattern is
observed in the transverse direction (y); i.e., while cooling
boundary condition was applied to the walls, walls heated the flow
near the outlet, see Fig. 1. In this occasion, viscous slip heating is of
considerable order near the wall, especially as the flow moves to-
wards the channel exit. In this occasion, the net heat flow direction
at the centerline was mainly from cold to hot. The Navier-Stokes-
Fourier (NSF) equations can not capture this anti-Fourier behavior.

These observations motivated us to investigate the causes
influencing the patterns of heat flux lines from the perspective of a
particle method. The DSMC method can predict such non-intuitive
phenomena over a broad spectrum of Knudsen numbers. However,
it cannot provide any further information on the contributing
macroscopic terms for this unconventional behavior. Therefore, we
employ the constitutive laws of the weakly non-linear form of the
Boltzmann equation [3] to find the corresponding macroscopic
terms and their contributions to the reported heat flux behavior at
low rarefaction conditions.



Fig. 1. Heat flux lines overlaid on the temperature contours for the argon gas flows in the pressure-driven microchannel, qw ¼ �25 W/cm2, wall cooling, Kn ¼ 0.05, Pin/Pout ¼ 3,
Tin ¼ 400 K (half of the channel is shown) [17].
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3. Numerical statement

3.1. DSMC scheme

In this study, we use the DSMC scheme proposed by G. Bird [28].
DSMC is a numerical tool to solve the Boltzmann equation based on
the direct statistical treatment of the molecular processes charac-
terized by the kinetic theory. The simplicity and strong physical
logic of the DSMC processes are the advantages of the DSMC
method advocating its usage for studying rarefied gas flows. In the
DSMC algorithm, a finite set of simulator particles is utilized to
present a substantial number of real gas molecules. To improve
numerical efficiency, DSMC splits the ballistic movement and
collision of simulated particles in each time step into two contin-
uous processes. To satisfy this condition, simulation time step must
be considered as a fraction of the mean collision time. In the free
molecular movement, there is no interaction between the simu-
lator particles. For more details on the DSMC method, see
Refs. [28,29].

We use the DSMC code developed by Balaj et al. [30] to model
pressure-driven micro/nanochannel flows. This code uses the no
time counter (NTC) scheme and the generalized hard sphere (GHS)
collision model [31]. The GHS collision model is utilized because it
accurately considers the variation of the viscosity with the tem-
perature over a broad range of temperature variations. The GHS
model is a modified version of the variable hard sphere (VHS)
model [28] to include terms that allow modeling of particles with
both of repulsive and attractive potentials.
3.2. Wall heat flux imposing technique

For gas-surface interactions, full thermal and momentum ac-
commodation coefficients are considered. To simplify the com-
parison, we define the non-dimensional reduced wall heat flux (q*)
[32], that is obtained by normalizing the heat flux by the channel
aspect ratio (AR ¼ L/H) and Stanton number as

q* ¼ qw
ruCp � Tavg:

� L
H

¼ qwL
ruH|ffl{zffl} _m

� Cp � Tavg:
¼ qwL

_mCpTavg:
(2)

here, _m is the channel mass flow rate. When the cooling boundary
condition is considered q* varies between 0 and -1. In our DSMC
solver, the cooling wall heat flux is imposed by using the ‘‘Modified
Iterative Technique (MIT)’’ recently proposed by Akhlaghi and
Roohi [32]. The technique is an improved variant of the original
Iterative Technique developed by Akhlaghi et al. [33]. The details of
the MIT is as follows:

In the DSMC simulation of monoatomic gases, the wall heat flux
is defined as the change of translational energy (εtr) of incident/
reflected particles to a surface cell as follows:
qwðxÞ ¼

 PNCM
i¼1 εtr

!
inc

�
 PNCM

i¼1 εtr

!
ref

DtDs
Fnum (3)

where NCM and Fnum are the number of incident/reflected particles
interacting with the wall surface and the number of real molecules
represented by one simulated particle, respectively.

FollowingMIT, the desired wall heat flux is attained by adjusting
the local wall temperature iteratively. Here, wall temperature
correction (DTw) is computed considering the difference between
the normalized desired q*des and current q*w wall heat flux
magnitudes:

DTw ¼ a
�
q*w � q*des

�
Tw (4)

where a is a numerical factor to control the convergence. The
normalized local wall heat flux parameter (q*w) is defined as the
ratio of gas-surface energy transfer rate to the flow energy rate
[32]:

q*w ¼ Qwall

Qflow
(5)

The numerator is the product of the wall heat flux rate in the
wall element surface area (Ds):

Qwall ¼ qwDs (6)

The denominator is a characteristic energy rate of the flow
computed using the macroscopic flow properties:

Qflow ¼ _mcharCp Tchar (7)

where Cp is the specific heat of the gas. Tchar and _mchar are the
characteristic temperature and mass flow rate passing through a
surface area equal to Ds:

_mchar ¼ rcharUcharDs (8)

For the channel flow, the characteristic properties are set as inlet
values. At every time step, the wall temperature is updated using
the correction computed at the end of the previous time as follows:

TwðxÞnew ¼ TwðxÞold þ DTw (9)

Consequently, the wall temperature is adjusted iteratively to
apply the desired wall heat flux. The correction vanishes as soon as
q*w ¼ q*des. More details and validation of the MIT is provided in
Ref. [32].

On the meanwhile, there is another non-conductive term
contributing in the wall heat flux of the rarefied flow, called viscous
slip heating (qvsh) and given by [4,24,34,35]:
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qvsh ¼ tijVslip;j (10)

where Vslip,j is the fluid velocity slip over thewall and tij is the stress
tensor computed on the rest frame of the fluid. This term is of
second order regarding the Knudsen number, and it does not
appear in the NSF equations. As the suggested modified iterative
scheme deals only with Eq. (3), which is wall heat conduction, it
does not affect the magnitude of wall slip heating, which occurs
due to intermolecular collisions in the adjacent fluid to the surface
in rarefied flows; therefore, setting wall heat flux given by Eq. (3)
equal to zero does not necessarily result in an adiabatic condition
but zero-conductive condition in the rarefied flow because the
viscous slip heating on the cells adjacent to thewall does not vanish
[24]. Therefore, a fully adiabatic wall is attained in the slip regime
and beyond if one sets:

qwðxÞ ¼ �qvshðxÞ ¼ �tijðxÞVslip;jðxÞ (11)

In addition to using the above-mentioned iterative algorithm to
impose the wall heat flux, it is possible to conserve the kinetic
energy of every incident particle to enforce zero-conductive wall
boundary conditions in DSMC. Therefore, the absolute velocity of
the reflected particles is determined deterministically while the
scattering direction of them is chosen randomly. Consequently,
monatomic gas molecules colliding the surface are reflected in
random directions while carrying the same translational energy as
before their wall impact. The procedure of the algorithm is as
follows:

1. The specific translational energy of each particle is computed,
i.e.,

Ekin1 ¼ u02 þ v02 þw02 (12)
2. The new directions of the reflected particle, assuming wall
normal direction is the y-axis, is calculated as:

v02dir ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�log

�
1� Rf ;1

�r
u02dir ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�log

�
1� Rf ;1

�r
sin

�
2p
�
1� Rf ;2

��
w0

2dir ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�log

�
1� Rf ;1

�r
cos

�
2p
�
1� Rf ;2

�� (13)

Ekin dir new ¼ u02dir
2 þ v02dir

2 þw0
2dir

2 (14)

where Rf is a random number.

3. The contribution of direction is removed from the pre-impact
kinetic energy as follows:

Skin ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ekin1

�
Ekin dir new

q
(15)
4. Then, reflected particle's velocity components are computed:

v02 ¼ v02dirSkin
u02 ¼ u02dirSkin
w0

2 ¼ w0
2dirSkin

(16)

However, as we will be shown later in the paper, the described
molecular-based algorithm could not make viscous slip heating
vanished but just the wall heat conduction.

Macroscopic properties of the flow are obtained by sampling the
appropriate moments of thermal velocities of particles. Heat lines
are the curves that are instantaneously tangent to the heat flux
vector; in kinetic theory, conductive heat flux of a monoatomic gas
is computed by Ref. [28].

qx ¼ 1
2
rc02u0 (17)

qy ¼ 1
2
rc02v0 (18)

where n, r, u0; v0;w0 are the number density, mass density and
components of c0, respectively. This equation represents the rela-
tion between the conduction heat transfer and molecular energy,
but it could not provide a detailed physical interpretation. Thermal
velocity components can be replaced in (17) and (18) to obtain a
relation with a better physical interoperation.

qx ¼ 1
2
r

	
c2u� 2txxu0 � 2txyv0 � c2u0 � P



(19)

qy ¼ 1
2
r

	
c2v � 2txyu0 � 2tyyv0 � c2v0 � P



(20)

The first terms (12 rc
2u, 12 rc

2v) in the above equation represents
the total energy transmitted by particles. To observe the conduction
heat transfer contribution, the components of heat convection

(12 rc
2u0, 12 rc

2v0), as well as viscous dissipation terms, (ftijui) must
be subtracted from the total energy transferred. When deviation
from the equilibrium state is small, using the Chapman-Enskog
expansion in this subtraction gives the Fourier's law for the cor-
responding relation to the conductive heat transfer [28].
3.3. INLET/OUTLET boundary conditions

For a subsonic pressure-driven channel flow, at the inlet, two
macroscopic flow properties, i.e., pressure and temperature (or
density) and at the outlet, only one of the macroscopic flow prop-
erties, i.e., pressure, must be specified. At the inlet, one piece of
information about the macroscopic state of the gas must be inter-
polated from the interior of the flow domain. At the outflow
boundary, two other properties must be obtained from the inside of
the computational area. These requirements are a consequence of
the direction of information propagation inside the compressible
subsonic flow. However, DSMC calculation does need velocity. For
example, inlet and outlet velocity are required to calculate the
number of particles injected into the flow field. Outlet temperature
and density are required to calculate the most probable speed of
particles and incoming particle flux at the outlet [28]. In this
regards, use of the continuum characteristic wave method to
compute the streamwise velocity at the inlet and outlet boundaries
were recommended using local one-dimensional inviscid Euler
equations [36e39]. These kinds of boundary treatments implicitly
adopt an equilibrium flow, i.e., Maxwellian velocity distribution
function, up to the channel inlet and outlet boundaries. Actually,
DSMC algorithm assumes an equilibrium Maxwellian distribution
for the incoming particles to the simulation domain from inlet/
outlet boundaries, as they come from the surrounding ambient
[28,36]. Therefore, application of the continuum characteristic line
method is widely accepted in the DSMC community, and suitable
accuracy was reported [36e40].

Specified outlet pressure is transferred implicitly into the flow
field by modifying velocity and density [36,37]. For a backward-
running characteristics wave, we consider
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dU=a ¼ �dr=r (21)

a2 ¼ dp=dr (22)

Applying the definition of the speed of sound to a boundary cell,
a relation between the density and pressure at the outlet is derived:

rj;out
new ¼ rj;out

old þ
�
pout � pj;out

�.
a2j;out (23)

where pout is the specified outlet pressure and pj,out is the pressure
at the outlet boundary cell. The superscript old means values at the
previous time step. Following [39], the outlet temperature is
extrapolated considering temperature gradient at the adjacent cell.

Tj;out ¼ Tj�1 þ
�
dT
dx

�
j�1

(24)

Downstream velocity is determined using Eqs. (21) and (22). It
yields:

Uj;out
new ¼ Uj;out

old þ
�
pj;out � pout

�.�
rj;outaj;out

�
(25)

The inlet velocity is obtained similarly:

Uj;in
new ¼ Uj;in

old þ
�
pin � pj;in

�.�
rj;inaj;in

�
(26)

In addition, the density at the inlet is calculated from the
equation of state:

rj;in ¼ Pin
��

Tj;inR
�

(27)

In this work, we adopted boundary conditions devised from
continuum characteristic line method described by Eqs. (23)e(27).
An alternative approach to implementing inlet/outlet boundary
conditions is to use large reservoirs with specified pressure and
temperature on both sides of the channel. This technique is recently
applied in the DS2V solver of Bird [41] and in the solution of the
one-dimensional kinetic model [42].
4. Problem statement

We consider a pressure-driven gas flow under zero-conductive,
adiabatic and non-zero constant wall heat flux conditions through
micro and nano channels with finite length. Fig. 2 portrays the
geometry of the 2D plane channel and the imposed boundary
conditions at the inlet, outlet, and walls. The channel length and
height are denoted by L and H, respectively. The Knudsen number is
defined using the channel height, and the heat flux is symmetri-
cally applied to both walls. A channel with an inflow temperature
(Tin) of 500 K and the aspect ratio L/H ¼ 6 is considered. Results of
higher Knudsen number cases reported here belongs to channels
with a height of 75 nm. Monatomic argon gas, m ¼ 6.63 � 10�26 kg
Fig. 2. 2D plane micro/nanochannel geometr
and d¼ 4.17� 10�10 m, is considered as the working fluid. The flow
experiences different regimes of rarefaction by adjusting the values
of the inlet/outlet pressure, while the ratio of inlet to outlet pres-
sure is always kept constant at 3.

5. Constitutive law of the asymptotic theory

Since the Fourier's law fails to accurately predict the heat
transfer when deviation from equilibrium is relatively large, we use
alternative continuum-based constitutive laws to predict heat
transfer in the rarefaction regime. For this purpose, the asymptotic
theory of the Boltzmann equation for weakly non-linear flow
(Sone's equation) [3] is considered to estimate the heat flux pattern
in the flow field. In this formulation, the momentum-type equation
and the heat flux constitutive law are found from the following
relations:

vp*

vxi
zC0

v2ui*

vxj2
(28)

qi ¼ Kn*2qi1 þ Kn*3qi2 þ :::

qi1 ¼ C1
vT*
vxi

; qi2zC2
v2ui*

vx2j

(29)

In the above set of equations Kn*, T*, P* and u* are modified
Knudsen number and dimensionless temperature, pressure, and
velocity as follows:

Kn* ¼ ffiffiffi
p

p �
2Kn; T* ¼ ðT � TinÞ=Tin; p* ¼ p=pin; u*

¼ uffiffiffiffiffiffiffiffiffi
2RT

p ; (30)

and C0 to C2 are constant coefficients depending on the gas mo-
lecular model. These constants are of the order of unity, e.g., ac-
cording to [3], these constant are set as C0 ¼ 1.27, C1 ¼ 1.92,
C2 ¼ 1.94. The left-hand side of Eq. (28) contained nonlinear
convective terms, which are of negligible order in our investigated
cases due to the small Mach number. Considering Eq. (10), the
linearized constitutive equation for the heat flux consists of Fou-
rier's term and the second order gradient of the velocity, which is
related to the pressure gradient from the momentum equation.
Note that the contribution of the velocity gradient to the heat flux is
on one order higher in the Knudsen number than the conventional
temperature gradient. Therefore, this termwill contribute at higher
Knudsen condition provided that flow experiences large variations
of the velocity gradients.

6. Results and discussion

Fig. 3 shows the heat flux lines (Eqs. (19) and (20)) overlaid on
temperature contour in slip and transition regimes for different
y and the applied boundary conditions.



Fig. 3. A comparison of heat flux lines obtained using the DSMC simulation and Sone's asymptotic theory.
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heat fluxmagnitudes applied to thewall. In each case, the heat lines
from the DSMC solution in the upper half of the channel is
compared with the predicted heat lines from the Sone's asymptotic
theory in the lower half of the channel. For this means, we used Eq.
(29) to find the contributing macroscopic terms to the heat flux.
Interestingly, heat lines at the three considered Knudsen number
exhibit completely different patterns in Fig. 3. In cases (a) and (c),
there is a drop in the temperature near the outlet, which is due to
the expansion cooling corresponding to the low back pressure
applied at the outlet of the channel. Fig. 3 shows that the consti-
tutive law in the asymptotic theory for heat flux gives a good
agreement with the DSMC's solution in the slip regime. However, in
the early transition regime, the deviation from the DSMC's solution
becomes larger. Keep in mind that the constitutive relation from
the asymptotic theory is for the bulk of the flow and is not expected
to predict the flow behavior in the Knudsen layer. Considering that
the contribution of the variation of the velocity gradient to the heat
flux is one order higher in terms of Knudsen number than the
temperature gradient, at the lowest Knudsen number (Fig. 3-a) one
can observe that the velocity gradient term is almost negligible. In
this case, heat flux lines are perpendicular to the temperature
isotherms in bulk of the flow, which implies that Fourier's law
governs the heat transfer mechanism. The interesting effect that is
observed at this Knudsen number is a bifurcation in heat flux lines
in the transverse (y-) direction. Considering that this behavior is
also observed in the Fourier's heat lines from the asymptotic theory,
one can conclude that the area in the vicinity of the walls is colder
than the bulk of the flow. This means that only the region below the
bifurcation line is influenced by the wall cooling. This behavior can
be attributed first to the lower magnitude of the wall cooling
compared to the inflow energy, i.e., small q*, and second to the heat
generated by viscous dissipation (viscous heating), i.e., (uslip� twall)
component heats the fluid near the wall. Heat lines are directed
from thewall toward the interior field at the terminal section of the
channel, where the slip velocity is at its maximum, even though a
cooling boundary condition is applied over walls. This means that
strong expansion at the channel outlet creates a temperature field
which is lower than the fluid temperature adjacent to the wall
Table 1
The numerical parameters of test cases (qw ¼ Conductive wall heat flux).

No. Mach No. Knavg Mass flow rate

1 Main ¼ 0.15
Maout ¼ 0.35

0.1 56.70
2 57.70
3 59.20
4 61.10
5 65.30
6 67.60
7 69.60
8 74.80

9 Main ¼ 0.1
Maout ¼ 0.25

1.2 4.25
10 1.1 4.27
11 4.32
12 1.0 4.28
13 4.27
14 0.9 4.31

15 Main ¼ 0.1
Maout ¼ 0.25

2.3 2.17
16 2.14
17 2.2 2.14
18 2.1 2.14
19 2.15
20 2.15
21 2.14
there, the latter is affected by contradicting heating effects of the
viscous dissipation and cooling contribution of the imposed wall
boundary condition. However, it should be reminded that for the
investigated case the ratio of viscous heating magnitude to wall
heat flux magnitude is at most 10% and its maximum occurs where
the heat line becomes an asymptote to the wall before the outlet.
The role of viscous heating or sliding friction is recently reformu-
lated and implemented in the temperature jump boundary condi-
tion of the NS equations in the early slip regime to match the NS
wall heat flux with the DSMC solutions [34,35].

By increasing the Knudsen number as well as the cooling effect
on the surface, this bifurcation cannot be observed anymore. The
heat lines are still following the Fourier's pattern in bulk, which
implies the rather negligible contribution of the velocity gradient
on the heat flux. Fig. 3-b also shows that at this cooling rate not only
the adjacent area to the walls are cooled down, but the entire flow
field is rejecting heat to the surface that leads to a uniform bulk to
wall heat lines in the entire flow. One point should be reminded
that there is a heat line from the outlet towards the inlet in the
pressure-driven channels due to higher order effects given by qi2.

As we consider fluid at the early transition regime, the second
gradient of the velocity becomes large enough to contribute to the
heat lines pattern. Fig. 3-c shows that the predicted heat lines from
the DSMS's solution are contradicting the heat lines predicted by
the Fourier's law. In this case, the Knudsen layer is extended to
almost half of the flow field, and rarefaction effects become
noticeable. The second gradient of the velocity directs the heat lines
from the channel outlet toward the inlet and almost takes over the
hot-to-cold heat lines predicted by the Fourier's law. In fact,
reduction of pressure along the length of the channel gives rise to
the gradient of shear stress and result in heat lines returning to-
wards the channel inlet. In this case, we set the walls to be zero-
conductive such that no heat leaves the channel surface. Howev-
er, one can observe a normal component of the heat flux vector to
the surface. This is due to the viscous slip heating, which is the
generation of the heat in the Knudsen layer. Since this heat cannot
escape through the surface, it is directed towards the bulk of the
flow.
(mg/s) Tavg (K) qw (W/m2) q*

498.51 0.00Eþ00 0.00
490.36 �1.00Eþ04 �0.01
476.72 �5.00Eþ04 �0.04
459.66 �1.00Eþ05 �0.08
427.00 �2.00Eþ05 �0.17
413.20 �2.50Eþ05 �0.21
399.75 �3.00Eþ05 �0.25
375.00 �4.00Eþ05 �0.33

490.22 0.00Eþ00 0.00
470.43 �5.00Eþ03 �0.06
454.38 �1.00Eþ04 �0.12
430.17 �1.60Eþ04 �0.20
410.26 �2.00Eþ04 �0.26
390.00 �2.50Eþ04 �0.34

487.60 0.00Eþ00 0.00
471.74 �1.00Eþ03 �0.02
459.55 �3.00Eþ03 �0.07
445.27 �5.00Eþ03 �0.12
438.27 �6.00Eþ03 �0.15
438.27 �7.00Eþ03 �0.17
423.89 �8.00Eþ03 �0.20



Fig. 4. Heat lines patterns in zero-conductive and adiabatic wall conditions at different Knudsen numbers.
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In this following, a total of 21 cases ranging from slip to tran-
sition regimes under zero-conductive (q* ¼ 0) and cooling condi-
tion (q*<0) are investigated. Additionally, three cases with adiabatic
wall conditions (q* ¼ - q*vhs) are also considered. Details of these
cases are provided in Table 1. It should be reminded that the
microchannel term corresponds to cases with an average Knudsen
number of 0.1, while the nanochannel term corresponds to cases
with Knavg > 0.9 with a characteristic height smaller than 100 nm at
the standard ambient condition.

6.1. Zero-conductive and adiabatic wall conditions

As explained previously, the anti-Fourier heat transfer is due to
the competition between the temperature gradient and pressure
gradient effects. Strictly speaking, it could be more prominent
where the temperature gradient is weak compared to the applied
pressure gradient along the channel. If one turns off the specified
heat flux at the boundary, i.e., zero-conductive case (q* ¼ 0), the
effects of pressure gradient almost become prominent. Here, we
discuss the heat flow pattern of the channel flows under zero-
conductive and complete adiabatic conditions (q* ¼ - q*vhs).
Argon gas at a temperature of 500� K enters into the channel.
Because of the applied pressure gradient, the flow density gradually
decreases as pressure decreases along the channel. As a result, the
flow rarefaction increases from inlet to outlet. Since the wall heat
flux is considered to be zero, the temperature variations are
negligible except a slight temperature gradient along the channel
due to the viscous dissipation. Besides this qualitative explanation
of the flow properties, it will be instructive to study the tempera-
ture field and heat flow patterns.

Fig. 4 shows the results of the DSMC heat lines plotted over
temperature contours for various Knudsen numbers. The first two
frames in Fig. 4-a show the heat lines and temperature contours
from the MIT with q* ¼ 0 and molecular-based formula (Eqs.
(12)e(16)) at Knave ¼ 0.1, respectively. Heat lines of both solutions
are similar together, but temperature field slightly differs near the
channel outlet. Although the conductive wall heat flux is zero, it is
observed that there is a heat flux coming out of the wall due to a
higher temperature at there caused by viscous dissipations. The
third frame in this figure shows a solution for q*¼ - q*vhs. Heat lines
Fig. 5. The dimensionless temperature (T/Tin) and axial velocity (U/Uin) along the
channel (X/L) for zero-conductive wall boundary conditions at different Knudsen
numbers.
are tangent to the wall and directed towards the inlet while flow
experiences cooling as it moves along the channel. This is similar to
zero-conductive cases, but temperature decreases faster on this
occasion, as the pressure decreases and the gas flow is not warmed
by the viscous slip heating.

Fig. 4-b and 4-c show heat lines for the zero-conductive and
adiabatic conditions at Knave ¼ 1 and 2. If compared to the same
frame in Fig. 4-a, the zero-conductive frames in both figures show a
larger temperature drop because of reduced q*vhs at higher Kn
conditions. It is because wall shear stress reduces considerably as
flow rarefies. However, the heat lines are directed towards the inlet
in all zero-conductive conditions indicating that heat flows from
cold to warm in most parts of the flow field due to weak temper-
ature gradient compared to the imposed pressure gradient. How-
ever, the adiabatic solutions in both cases show a Fourier heat
transfer pattern, i.e., hot-to-cold. It could be attributed to a reduced
velocity gradient at higher rarefaction regime accompanied with a
stronger temperature drop along the channel as the flow does not
heat up by the wall viscous heating.

Fig. 5 depicts the dimensionless temperature and axial velocity
along the channel centerline for zero-conductive cases. According
to this figure, as the flow approaches the terminal section of the
channel, the gas temperature decreases due to strong expansion
cooling. Because of this large temperature drop at the channel
outlet, the direction of heat lines changes and heat flows from the
warm to the cold environment. Fig. 5 indicates that the axial ve-
locity changes steeply along the channel. As a result, rather large
tangential shear stress can provide an opportunity for the shear
stress to overcome the temperature gradient and result in cold-to-
hot transfer.

6.2. Cooling condition

Here, the heat flux patterns in the presence of cooling wall heat
flux are investigated at various Knudsen numbers in details. Similar
to the previous section, the argon gas with an inlet temperature of
500 K is considered. Fig. 6 shows temperature contours and heat
lines at Kn ¼ 0.1 with normalized wall cooling (q*) changing
from�0.01 to�0.33 corresponding to heat fluxes equal to�1� 104

to �4 � 105 W/m2. Heat flux patterns are very similar to the zero-
conductive condition at the same Knudsen number at q* ¼ -0.01. In
this case, heat flux lines move from the cold to the warm area in
most parts of the channel except near the outlet. As the magnitude
of cooling heat flux increases, the extent of the cold to hot heat
region is reduced and the hot to cold heat transfer is observed near
the wall in the early sections of the channel, i.e., see Fig. 6-b. In fact,
as the wall temperature decreases due to the applied wall cooling
boundary condition, the temperature gradient becomes compara-
ble and even greater than the pressure gradient contribution;
consequently, Fourier heat transfer starts playing role from adja-
cent to the wall regions followed with a farther extension from the
wall as cooling magnitude increases, i.e., the bifurcation heat lines
appears and moves towards the centerline. As is observed in Fig. 6-
d, the pattern of heat flux lines is such that anti-Fourier heat
transfer occurs in almost one-third of the flow field adjacent to the
outlet while the Fourier heat transfer is established at the
remaining parts of the flow field. With a further increase of the
cooling heat flux, only small parts near the channel exit are influ-
enced by pressure gradient and cold to hot transfer effects. With
further channel cooling, i.e., Fig. 6-f, all heat lines, even those
entering from the outlet near the symmetry line are influenced by
wall cooling and the Fourier law.

For a more detailed investigation of the phenomena, the
variation of axial velocity and bulk temperature along the channel
are considered. Figs. 7e8 show temperature and velocity



Fig. 6. Different modes of heat flux lines for different reduced conductive wall heat flux (q*) at Kn ¼ 0.1.
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Fig. 7. Temperature variation along the channel for different reduced conductive wall
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Fig. 8. Bulk velocity variation along the channel for various reduced conductive wall
heat flux (q*) at Kn ¼ 0.1.
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distribution along the channel, respectively. Fig. 7 demonstrates
that as the wall heat flux increases the temperature gradient in-
creases along the channel. The temperature gradient is almost
negligible or slight in most portions of the channel at small
magnitudes of wall heat fluxes. A large temperature gradient is
observed only at the terminal section of the channel due to the
expansion cooling. The temperature gradient influences the
whole channel as the wall heat flux increases. According to Fig. 8,
there is a significant velocity gradient in line with the flow across
the channel at lower wall heat flux magnitudes. Consequently,
there is an opportunity for the shear work to influence wall heat
flux magnitude when the wall heat flux is small. However, for
small wall heat fluxes magnitudes, the heat lines move fromwarm
to cold region, i.e. the temperature gradient controls the heat flow
pattern, which is due to the large temperature drop at the end of
the channel. By increasing the wall heat flux, temperature
gradient overcomes the velocity (pressure) gradient. In this way,
the hot to cold heat transfer appears in a large portion of the
channel, except at the channel exit. As is seen from Fig. 7, the
temperature gradient is negligible at the channel exit, and again
there is an opportunity for shear work to create counter gradient
heat pattern in this region for cases of q* ¼ �0.25, �0.33.

Fig. 9 indicates different modes of heat flow pattern for mod-
erate Knudsen number in the transition regime, i.e., Kn ¼ 1. A
similar behavior of the heat flow pattern observed for Kn ¼ 0.1 is
repeated in this case, i.e., at small reduced heat flux (q* ¼ �0:06)
the heat flux lines move from the cold to the warm area in the
entire flow field. With increasing wall's cooling heat flux, both
modes of heat transfer become active in the flow field. However,
there is a difference between heat lines of Kn ¼ 0.1 with those of
Kn ¼ 1. In the latter case, heat lines are directed towards a sink
point on the symmetry line at moderate heat flux magnitudes. The
sink point, as indicated in the frames of Fig. 9, appears where
Fourier term and pressure gradient term balances each other.
Finally, a further decrease in the wall heat flux leads to Fourier heat
transfer for most parts of the channel except the channel exit.

However, DSMC results presented in Fig. 10 show that for a
higher Knudsen number in transition regime, i.e., Kn ¼ 2, the heat
transfer behavior is quite different from Kn � 1 cases. According to
this Figure, the anti-Fourier heat transfer occurs only at low cooling
cases. At q* ¼ -0.02, a dividing line appears separating heat lines
into those moving towards the inlet (contribution of the shear
stress term: cold to hot) and those moving towards the outlet
(Fourier term: hot to cold, as Toutlet region < Twall due to strong
expansion cooling and strong viscous dissipation effects on the
walls near the outlet). As q* increases to �0.07, the dividing line
moves aft, but the heat line patterns are almost similar to the
previous case. A further increase in the cooling magnitude to q* ¼ -
0.12 results in a drop in viscous stress gradients and pressure gra-
dients. It should be reminded that our previous study showed that
cooling decreases the slop of the pressure gradient even below the
linear distribution, i.e., cooling enhances the rarefaction effects
[30]. In this regards, the term contributing in the cold to hot
transfer weakens. On the other hand, the drop in the temperature
over the wall is smaller than the temperature drop in the interior of
the fluid. This is due to stronger viscous heating effects on the wall
acting as a heat source. This results in some heat lines originating
from the wall and moving towards the outlet, while some other
lines originate from the inlet but move parallel to the wall. As the
cooling magnitude increases, a dividing line separating heat lines
coming towards the wall from the inlet and right-warding lines
originating from the wall moves towards the outlet. This is due to
stronger temperature drop on the wall in these occasions.

For a closer examination of Kn ¼ 2 cases, temperature and ve-
locity variations are investigated. Figs. 11 and 12 represent the
temperature and bulk velocity variations along the channel
centerline for different wall heat flux magnitudes. By comparing
Fig. 7 with Fig. 11, it is concluded that temperature gradient is larger
in the current case for lower q* magnitudes. This justifies stronger
deflection of heat lines towards the inlet at small q* in Kn ¼ 0.1.
Comparison of Fig. 8 with Fig. 12 shows that not only the velocity is
lower in the current case, but also velocity gradient through the
channel is weaker compared to Kn ¼ 0.1 conditions. This means



Fig. 9. Different modes of heat flux lines for different reduced conductive wall heat flux (q*) at Kn ¼ 1.
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Fig. 10. Different modes of heat flux lines for different reduced conductive wall heat flux (q*) at Kn ¼ 2.
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Fig. 13. Distinction of heat flux pattern in Kn-q plane.
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that shear stress contribution decreases by increasing the flow
rarefaction. This makes the Fourier term dominant for intermediate
and strong cooling conditions in Kn ¼ 2.

7. Conclusion

Here, we provided DSMC simulation results for argon gas flow
through micro/nanochannels under adiabatic, zero-conductive and
cooling wall heat flux conditions in slip and transition regimes. The
details of the heat transfer characteristics of rarefied flow, in
particular, the counter gradient, anti-Fourier heat transfer are dis-
cussed. In the slip regime, heat generation due to the molecular
collision in the adjacent layer to the wall surface is described by the
product of the velocity slip and wall shear stress along the wall.
Therefore, a complete adiabatic wall at the slip regime was ach-
ieved by setting qwðxÞ ¼ �qvshðxÞ ¼ �tijðxÞ Vslip;jðxÞ. Our DSMC re-
sults are supported by the weakly non-linear form of the
Boltzmann equation at slip and early transition regime. The anti-
Fourier heat transfer patterns depend on the competition be-
tween contributions of the temperature gradient, viscous dissipa-
tions, and pressure gradient. For zero-conductive and small-
magnitude wall cooling heat fluxes, the pressure gradient can
overcome the weak Fourier term and direct the heat flux lines from
colder areas towarmer areas, i.e., heat linesmove in the direction of
the pressure gradient. However, the pattern rapidly changes as the
Knudsen number or the cooling wall heat flux increases. Fig. 13
shows various heat flux patterns, classified according to non-
dimensional heat flux and fluid Knudsen number. According to
this figure, three separate regions could be classified. At Knudsen
numbers smaller than unity and for slight to moderate cooling
cases, there is a zone where both cold-to-hot and hot-to-cold heat
flow patterns can be observed; this region is distinguished by cir-
cles. Complete cold-to-hot transfers in the whole channel occur
only at zero-adiabatic and very weak cooling cases in the entire
range of investigated Knudsen numbers. In cases with Kn > 1,
however; for all reduced wall heat flux (q*) greater than q* ¼ -0.07,
Fourier theory dominates.

Fig. 14 illustrates the effect of cooling wall conductive heat flux
on the channel mass flux. It is expected, at low Knudsen numbers in
the slip regime, channel mass flow rate increases with heat flux.
Because the coolant heat flux does not allow decreasing the gas
density along the channel, the channel mass flow rate increases as
the flow is being cooled. But in the case of higher rarefied gas flow
in the transition regime, the channel mass flow rate is almost
invariant with the wall heat flux, i.e., the reduced fluid velocity at
higher cooling condition (see Fig. 12) is almost compensated with
increased density at these cases.



Fig. 14. Variations of the channel mass flux with reduced conductive wall heat flux magnitude.
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