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ARTICLE INFO ABSTRACT

In this paper heat transfer in a channel with parallel plates has been studied using Dissipative Particle Dynamics
with energy conservation (eDPD). To simulate and present different thermal flows in finite geometries, a
computer program was developed. The thermal boundary condition of the wall is assumed to be a constant
temperature. Each particle in contact with the wall achieves the wall temperature. Also periodic boundary
condition in the direction of the flow of the solution domain and no-slip boundary condition on the walls have
been considered. The no-slip boundary condition is possible by freezing the layers of particles on the walls and
applying bounce-back reflection. The results show dimensionless temperature and velocity profiles perpendi-
cular to the direction of the flow along the channel. Finally, in this research it is tried to endeavored the fluc-
tuations near the wall and promote the method by proposing different weight functions. Four different weight
functions were used and the results on the velocity and temperature profiles were investigated. All of the results
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in the present work were compared and verified with the previous results.

1. Introduction

The combination of numerical methods, consist of repetitive cal-
culations in various applications of physics and ever increasing com-
putation power, play an important role to solve problems in fluid me-
chanics and heat transfer especially in micro and nano sizes.

For instance, Molecular dynamics (MD) and Lattice Boltzmann
Method) LBM) have been used to simulate nanofluids [1,2], slip flow
[2,3], nanochannels [4-6] and porous media [7].

In the past decads, DPD method has been used in various applica-
tions such as hydrodynamic simulations of suspended particles in a li-
quid [8-10], complex multi-phase fluids [11-13], polymers [14-17],
droplets [18-20] and biology [21,22].

Dissipative Particle Dynamics (DPD) is a particle-based, mesh free
simulation method introduced by Hoogerbrugge and Koelman in 1992
to solve hydrodynamic phenomena [23].

This method has been developed by many researchers [24-26]. For
instance, Yaghoubi et al. [26] studied improvement of DPD method by
considering the particle size. Results demonstrated that using particles
with intrinsic size led to the reduction in the required number of par-
ticles for simulations. This reduction in the number of particles would
result in more economical simulations. According to Abu-Nada's

research [27-29] DPD method has been developed to simulate nano-
fluids heat transfer in a convective system. Majority of the numerical
studies reported a significant heat transfer enhancement using nano-
fluids in convective system. For instance, Abu-Nada et al. [28] pre-
sented a novel two-component DPD model to investigate heat transfer
enhancement in buoyancy driven flow in a differentially heated cavity
using an Al1203-water nanofluid. Also, Abu-Nada [29] investigated the
heat transfer enhancement in a differential heated enclosure filled with
a CuO-water nanofluid. The DPD simulations were benchmarked
against finite volume method (FVM). The results illustrated that ex-
cessive presence of nanoparticles can have a negative effect on heat
transfer. Kara et al. [30] reported the effect of A1203 nanoparticles on
mixed convection heat transfer mechanisms in a vertical lid-driven
cavity using DPD method. The results were verified via comparing the
temperatures and the streamlines contours with the ones obtained using
finite-volume method over the same range of nanoparticles con-
centration.

The expansion of the isothermal DPD model coupled with its in-
clusion of the energy equation, has made DPD suitable for simulating
different thermal transfer backgrounds. This extended model of eDPD
was conducted independently by Avalos & Mackie [31] and Espaiiol
[32]. Whereas real world engineering and industrial applications, heat
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transfer phenomena often occur in complex geometries, eDPD methods
adapt themselves better to simple geometries such as channels, single or
two-dimensional containers. This brings the utility of this method to
others in simulating complex geometries.

For example, Cao et al. [33] studied numerically the mixed con-
vection flow and heat transfer in eccentric annulus by the eDPD
method. The eDPD results for convective heat transfer were compared
with the finite volume solutions, lattice Boltzmann method (LBM) and
the experimental data. Their results showed a good agreement between
them. Zhang et al. [34] developed the eDPD method to simulate fluid-
solid conjugate heat transfer in a microchannel. The results by eDPD
were mainly benchmarked against those by the FVM for the predictions
of heat transfer in a thick-wall microchannel and the eDPD results had
good agreement with the predictions of FVM. Results approved that the
eDPD method is suitable for conjugating heat transfer in complex
geometry. In another work, Yamada et al. [35] studied the forced
convection heat transfer in parallel-plate channels using eDPD method.
The Simulation was performed for a two-dimensional channel with
periodic and no-slip boundary conditions. The eDPD method was
benchmarked by comparing the Nusselt number of the numerical re-
sults. The Nusselt numbers for two thermal boundary conditions, con-
stant wall temperature (CWT), and constant wall heat flux (CHF) were
calculated. The results were verified via comparing the exact solution
within 2.3%.

This study simulates forced convective heat transfer in the flow in a
channel with parallel plate, using eDPD and modeling different streams.
The governing equations for the conservation of momentum and energy
are considered based on fully developed thermal and hydrodynamic
conditions. Constant temperature is considered for the walls as thermal
boundary condition. To study the heat transfer behavior of the channel,
two wall conditions were considered, i.e. the same and different wall
temperatures.

As DPD method roughly is a new numerical method, there are some
deficiencies with this method. To promote that, different researchers
have tried to solve them some deal. In this paper, we also endeavored in
this field and compared different weight functions in DPD to obviate
some depletions in this method.

The paper is organized as follows. In Section 2 we will introduce the
eDPD governing equations. In Section 3, the results of the simulation of
eDPD for the channel with parallel plates will be shown and the effect
of different weighting functions will be investigated. The conclusions
will be given in Section 4.

2. Methodology
2.1. Governing equations

In this section, the eDPD model is introduced. The forces in the DPD

c
method include three parts: conservative force F:j , dissipative force
—D —SR

Fy and random force Fy [35]:
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where ¢; = 7;/1; is a unit vector in the direction between particles i and
j. Also Tj=7% — 7 and v; = v — V;. Conservative force F¢ shows the
effect of particles on each other in real mode (non-ideal). In these
systems, each particle will react only to its neighboring particles. The
random forces within the DPD system are controlled by r;;. In the eDPD
method, conservation laws are governed on the movement of particle.
The i-th particle motion equation is defined according to the following

equations [35]:
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Fig. 1. Schematic of the problem geometry.
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where N is the total DPD particles in the domain, E; represents the
inter-particle force on particle i from all other N-1 particles, such that
F,-«) = F]: Because all the forces in this method have a dual nature like
action and reaction, the law of linear conservation of momentum will
be established. On the other hand, due to the constant number of
system particles in the simulation step, the conservation of mass is also
satisfied. In the eDPD method, due to the allocation of temperature T; to
the i-th, it is necessary to maintain the law of conservation of energy.
This equation is presented as follows [35]:

@)

where C, is the heat capacity of DPD particles at constant volume.
Generally, the heat capacity of DPD particles is presented dimension-
less. This means that C, = & /kB.Where kg is Boltzmann's constant. Also
g; is the heat flux between particles and includes three parts: viscous,
conductive and random heat fluxes. Thus, it can be written:

N N
g = ; 4= ; (@™ + g™ + ¢
j=1 j=1 (8

where the first term is related to the viscous heat flux, the second term
represents the conduction flux, and the last term is related to the
random heat flux. It should be noted that the sum runs over all other
particles within a certain cut-off radius r¢ [36,37]. Similarly, the ex-
pression g; can be written as follows:



M. Borhani and S. Yaghoubi

International Communications in Heat and Mass Transfer 115 (2020) 104606

0.003 — a1
r 405
0.002 |- [
L oy s
0.001 [ H
L 395
N [ g r
> 0 T wr
[ 5 r
-0.001 | 385
r 38
-0.002 |- L
r 315
L1 R R R L IESTRTEN EERUIN SRR EENE RN SN R
0.003 -1 -0.5 0 0.5 1 500 1000 1500 2000 2500
z time
(a) (b)
Fig. 2. a) Velocity in z direction and hydrodynamic fully developed flow, and b) total energy changes versus to time.
>
)
o)
~
-]
-1.5 -1 0.5 0.5 1 15
Z*
Fig. 3. Dimensionless Velocity profile using CFD modeling.
12 2
1
1 s S e
0.8
a 2
E 0.6 i L
0.4+
1 os—4+ e
0.2+
o
I ! 05 T : 1 05 ! T 1‘ 0 T T T T T T T T T T T T 1
= 0
Isar g 05 Ls?ar 05 1

(a)

(b)

Fig. 4. Dimensionless temperature difference profile using CFD modeling a) Two walls at the same constant temperature, and b) Top and bottom walls at different

constant temperature.
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Fig. 6. The dimensionless temperature difference profile across the channel in
some cross- Sections (x = —%, 0, %) with the same wall temperature.
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where &;° is a random number with unit variance and a zero mean. Each
pair of DPD particles in the equilibrium obtains a value of &;° such that
&° = — & It can be seen that velocity is also involved in the viscous
heat flux and cannot be obtained directly from one another. On the
other hand, conduction flux depends on temperature and will not be
obtained independently.The modified velocity Verlet algorithm predict
and correct the solution is used to solve the conservative equations, find
the location, velocity, temperature and also heat flux transmitted and
force applied to each particle.

All of the weight functions decrease monotonically with the increase
of the particle-particle separation distance. In this study, several weight
functions are adopted and compared, which are given as:

The classic weight function [33]:
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Fig. 7. The dimensionless temperature difference across the channel in some

cross- Sections (x = —%, 0, %) with different wall temperatures.
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The Fan et al. weighing function [38]:
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Here, s is the exponent of the weight functions. As described in Ref.
[34] the standard value, s = 0.25, is used.
Yaghoubi et al. weight function [39]:
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According to their results, for more accurate modeling of the
Schmidt number (Sc), it is necessary to use large quantities for k as the
exponent of the weight functions. In this study k is chosen to be 60.

Lucy's weight function [35]:

The Lucy's weight function is widely used in heat transfer simula-
tions, which can be written as: [35,40]:

3
5 ] Tij
—|1+3—=||1—-——| B <r
wR(r) = ﬂ( rc)( rc) y=re
0n >re 13)
The parameters y; and oy is presented by the Fluctuation Dissipation
theorem [37,41-43].
(G + 1)
4kpT; T a4
k; and a; are conductive heat flux and coefficient of random forces,
respectively. These coefficients are obtained by the following correla-
tions [35]:
Clko(T + T))?
x = 0T
v 4k (15)

aij =, ZkBKij (]6)

where kp is the Boltzmann's constant and kq is interpreted as heat
friction that controls thermal conductivity [36]. ko is constant value;
indeed, it is regulated by comparing the results of this method with



M. Borhani and S. Yaghoubi

International Communications in Heat and Mass Transfer 115 (2020) 104606

Yaghoubi(k=60) ====Fan(s=0.25) === lucy

== classic
3
2.5
=
O 2
=
o
=
o 15
= .
T
&
e
= 1 v
0.5
0
0 0.1 0.2 0.3 0.4

R/R¢

Fig. 8. Comparison of different weight functions in DPD as a function of r/r..

—®—— CFD
—&—— (lassic
——— Fan

15f — e Do
- ———— Yaghubi
12 -
| o
09 \
= fF
» -
0.6 4
03 &

-0.9 -0.6 -0.3 0 0.3 0.6 0.9
Z

Fig. 9. Comparison of the velocity profile with the different weight function.

finite volume methods for the desired geometry.

Since the DPD method has short-range forces and heat fluxes, it is
sufficient to calculate the force and heat flux on a particle to examine
the particles in the neighborhood of that particle at each time step.
Neighboring particles mean the particles located within the radius r. of
the goal particle. For this purpose, the search algorithms have been
used to find particles located in the neighborhood. In this paper, the cell
list algorithm is used. In this algorithm, it is only necessary to calculate
the interactions of the right and top cells of the target particle and
compute the values obtained from the interactions of the left and
bottom directions previously calculated in the other cells.

2.2. Boundary conditions

The bounce back reflection is used to apply the no-slip boundary
condition; in which it is assumed that the particle returns to the fluid
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Fig. 10. Comparison of the dimensionless temperature difference with different
weight functions, (channel with different wall temperatures).

domain again in the opposite direction of the inlet path. In other words,
both the tangential component and the vertical component of velocity
are reversed:

4 )After coltision = —Va 17)

W )After collision = —V;

The dimensionless temperature for the case of constant wall tem-
perature boundary condition is expressed as [36]:
T-T,
Tm - Tw (1 8)

where T, is the wall temperature, T is the localized fluid temperature
and T,, is the average fluid temperature at the cross section. The
average temperature can also be calculated by the following correlation
[44]:
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Fig. 11. Comparison of the dimensionless temperature difference with different
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To apply the fully developed hydrodynamic condition, it is suffi-
cient to use the periodic boundary condition at the input and output of
the channel. In this case, periodic flow boundary conditions are applied
on the fluid boundary of the computational domain in the x and y di-
rections. With that interpretation, the particles move out of the solution
domain re-enter the domain with the same position and velocity. For
the same wall temperature boundary condition, the dimensionless
temperature satisfies the following correlation [35].

O(xz) =0(x + Iig) = 6(x + 2lz) = ... (20)

Therefore, the temperature field in the fully developed region re-
peats itself in the intervals I. The derivative of the dimensionless tem-
perature difference relative to time, leads to the following equation:

o _ 1 dr, T-T, dT,
d T,-T,dt (T,,—T,)?* dt 21)
In the fully developed temperature regime, d% =0, as a result %

can be achieved by rewriting the Eq. (20):

dT dé
= = (T, — T.)=—=
dt (T = T) dt (22)

By integrating Eq. (22) into Eq. (7), the modified equation for the
state of the same wall temperature is expressed as [35]:

s 1

et visc cond R
i G Ty T T )

(23)

2.3. Forced convection heat transfer problems

A schematic of the problem geometry is shown in Fig. 1, which
consists of flow and temperature boundary conditions. As shown in the
Fig. 1, the flow with applied force F,,, = 0.01 enters in the channel by
using periodic boundary. The channel dimensions along x and z are
L = 5 and a = 40, respectively. The no-slip boundary condition is
possible by freezing the layers of particles on the walls and applying
bounce-back reflection. The number of particles needed for wall and
fluid domain modeling is 800 and 4000 DPD particles, respectively. The
no-slip boundary condition for the velocity is imposed on the surfaces
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and the fully developed conditions are widely adopted. The tempera-
ture condition on the walls is constant temperature, and three different
modes have been investigated:

1- The upper and lower wall temperatures are considered to be 1.2 and
0.8, respectively, in DPD units.

2- The upper and lower wall temperatures are equal and considered
1.2 DPD units.

3- Both of the wall temperatures are equal 0.8 DPD units.

The DPD parameters used are given in Table 1 [35].
3. Results and discussion
3.1. Validation of the methodology

In Fig. 2(a), the velocity component has been shown in the z-di-
rection. As it is obvious in the figure, some minor fluctuations can be
seen around the value O that could be ignored because a statistical
method is being used. The energy parameters have been controlled to
achieve stability. The stability condition for the system is that the level
of the energy remains unchanged during the time. As it can be seen in
Fig. 2(b), the changes in the total energy is negligible. It has become
almost a constant linear since the time t = 1000 s which indicates the
stability of the problem. It is important to say that the eDPD results
presented in this section are obtained using the classic weight function.

Figs. 3 and 4 show the dimensionless velocity and temperature
difference profile using CFD modeling as a reference for comparing
eDPD results.

Fig. 5 shows the dimensionless velocity profile across the channel in
several cross-sections (x = —%, 0, %) that has acceptable conformity
with each other.

In Fig. 6, the profile of the dimensionless temperature difference has
been drawn for a state where the temperature of the top and bottom
walls of the channel are equal. The temperature has been determined as
1.2 in DPD unit.

In Fig. 7, the profile has been drawn for the state where the tem-
perature of the bottom wall of the channel has been selected 0.8 and
that the top wall of the channel has been determined 1.2. As it can be
seen, if the temperature of the walls is not equal, the conduction heat
transfer term will be very powerful and it will dominate the forced
convection heat transfer.

As shown in the results of the eDPD and CFD method, the CFD so-
lution presents from —1 to +1, while in eDPD solutions, more thick-
ness is considered at the beginning and the end of the vertical cross-
section of the channel. This difference is due to the modification of the
walls by freezing the particles in the eDPD method. In fact, + 0.2 re-
presents the thickness of the walls.

3.2. Promote DPD method near the wall using different weight functions

One of the deficiencies attributed to the DPD method is about the
simulation behavior when applying boundary conditions near the wall
because of the fluctuations sometimes with high amplitude. In this
section, it is attempted to investigate the effect of different weight
functions in DPD simulations for boundary conditions near the wall.

In order to analyze them better, the behavior of the weight functions
which introduced before versus to the inter-particle distances are de-
picted in Fig. 6. In this figure, the details of the behavior of these
functions will be compared more exactly based on the inter-particle
distances.

As it can be seen in Fig. 8, Fan and specially Yaghoubi weight
functions will be able to predict the dissipative force to a great extent
for many particles with a vast expanse of inter-particle distances, while
Lucy weight function can predict the dissipative force to a great extent
only for the particles that are very close to each other. It can be
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observed that the classic weight function predicts less dissipative force
in comparison with Fan and Yaghoubi weight functions. This is the case
where this classic weight function predicts a less dissipative force than
the Lucy weight function only in the inter-particle distances of about
40% of cut-off radius, and we observe a sharp drop in Lucy weight
function even in comparison with the classic one in case of the inter-
particle distances greater than 40% of cut-off radius.

As it can be seen in Fig. 9, Lucy's weight function has obviously
caused sliding on the wall. In other words, the flow has slid near the
wall using this function because of the low viscosity. Despite the success
of this function in estimating the maximum velocity, it is not re-
commended employing this function to conduct a hydrodynamic ana-
lysis of the flow. The classic weight function is almost in good agree-
ment with the analytical solution; however, some fluctuations have
been observed near the wall. The Fan and Yaghoubi weight functions
have controlled the fluctuations near the wall largely by modifying the
viscosity.

In the following the dimensionless temperature difference profile
with the above introduced weight functions have been drawn for two
states. The first one in Fig. 10 is for the case in which the channel walls
have different temperatures. As it can be seen in this diagram, almost all
weight functions have simulated the inter-particle heat conduction
eDPD well. In this regard, Lucy's weight function performs better and its
results are in good agreement with the analytical solution. The classic
weight function near the walls has undergone some minor fluctuations.
The second state in Fig. 11 has been drawn that the walls of the channel
have equal temperatures. The temperature of the walls has been de-
termined as 0.8. Again, it can be observed in this diagram that the
conformity of the simulation with Lucy weight function is greater than
the other weight functions. Also, some minor fluctuations near the wall
were observed for the simulations which used Fan and Yaghoubi weight
functions which are negligible. More fluctuations have been observed in
the case with classic weight function.

According to Fig. 8 which illustrated a comparison between the
behaviors of different weight functions in the inter-particle distances, it
is obvious the greatest amount of viscosity and then the random fluc-
tuations is provided by Lucy's weight function in comparison with those
of other weight functions but only for limited inter particle distances. It
can be pointed out to interpret the temperature results, that is, the
random force using this weight function in these limited inter particle
distances will provide an amount more than twice one which provided
by other weight functions. As for the classic weight function in these
limited inter particle distances, this amount has decreased considerably
in relation to those of Fan and Yaghoubi weight functions.

4. Conclusion

In this research, the heat transfer in a parallel plate channel with
constant wall temperature condition was investigated by DPD method.
Assuming the temperature for each DPD particle, the heat flux term
involved in the conservation of energy equation was correctly simu-
lated. To study the heat transfer behavior of the channel, two condi-
tions were considered, different and the same wall temperature. To
apply the developed heat condition to the periodic boundaries, the law
of conservation of energy was rewritten in terms of the dimensionless
temperature difference.

At each time step, the DPD particle temperature is calculated from
this dimensionless temperature difference, and then heat flux will be
calculated.

Also, using different weight functions and comparing their behavior
in terms of inter particle distances, we have obtained very important
results regarding the fluctuations of this numerical method for the ve-
locity diagrams and the dimensionless temperature difference near the
wall. As we know, these fluctuations are considered as the major
challenges of the DPD method near the wall.

According to the investigations, it is found Yaghoubi and Fan weight
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functions can control the fluctuations near the wall in velocity and
temperature diagrams better than the classic one. Also Lucy weight
function is a very good choice for temperature simulation.
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