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a b s t r a c t

We investigate the efficiency of a parallel direct simulation Monte Carlo (PDSMC) algo-
rithm in solving the rarefied subsonic flow through a nanochannel. We use MPI library
to transfer data between the processors. It is observed that PDSMC solver shows ideal
speed up if sufficient workload is provided for each of processors. Additionally, this study
shows that the computational time and speed up of the extended PDSMC solver do not
depend (or slightly depend) on the number of cells. In contrary, increasing the total num-
ber of particles would result in a better efficiency of the PDSMC.

� 2011 Elsevier Inc. All rights reserved.

1. Introduction

Fast progress in nanoscale devices has drawn the attention of many workers to extend suitable numerical tools to analyze
nanoflows more accurately. Knudsen number is a parameter to measure the gas rarefaction in nano systems. It is defined as
the ratio of the mean free path of gas molecules, k, to one characteristic dimension of flow, L, i.e., Kn = k/L. Using this number,
different rarefaction regimes have been categorized as slip (0.001 < Kn < 0.1), transition (0.1 < Kn < 10), and free molecular
(Kn > 10) ones. The Navier–Stokes (NS) equations, subject to the velocity slip and temperature jump boundary conditions,
may be used to simulate rarefied flows [1,2]. However, the achieved inaccuracies are high enough to promote the researchers
to approach the kinetic-based approaches, e.g., the direct simulation Monte Carlo (DSMC) method [3]. Indeed, DSMC is capa-
ble of solving flow for a wide range of rarefaction regimes with sufficient accuracies. A major drawback for DSMC is its
expensive computational costs which increase as the flow Kn number decreases. Consequently, many practical flow prob-
lems need heavy DSMC computations and these cannot be readily afforded using the computational capacity of the current
personal computers. Since DSMC is a particle-based method, the movement of particles is independent from each other.
Therefore, DSMC can perform high efficiency in parallel processing computations.

There are some references which address parallel implementation of DSMC in simulating rarefied gas flows. Dietrich and
Boyd [4] simulated supersonic flows using parallel DSMC code and showed that parallel processors would not significantly
accelerate small scale DSMC simulations. It is because the parallelization overhead is larger than the computation time on
each individual node. Robinson and Harvey [5] developed a parallel DSMC algorithm using the adaptive domain decompo-
sition (ADD) strategy on unstructured grids. Once the flow density changed and particles performed non-uniform distribu-
tion in the domain, the ADD algorithm allowed the cell migrations between the running processors. They reported that the
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use of ADD would improve the performance of a parallel DSMC code. For example, there was about 25% gain in parallel effi-
ciency of cavity flow simulation using the ADD algorithm. Wu et al. [6–8] implemented parallel DSMC algorithm on memory
distributed machines considering unstructured mesh applications. They used different static partitioning techniques such as
the two-steps multilevel graph partitioning technique to perform the required domain decomposition. They solved internal
and external rarefied flows with suitable accuracy. Lian et al. [9] developed a parallel adaptive mesh refinement (PAMR)
scheme applying improved simple cell-quality control for a large scale unstructured tetrahedral mesh. They proposed a
cell-based data structure such that the resulting refined mesh information can be readily utilized in both node-based and
cell-based numerical methods. They extended a DSMC code based on the PAMR. The resulting parallel performance of PAMR
found to be scaled approximately as N1.5 for Nprocessors < 32 if the number of cells is in the order of millions. This super-linear
speed up was attributed to the highly localized algorithm used in the adaptive mesh refinement process. This localized algo-
rithm resulted in dramatic decrease of the time spent in renumbering the added nodes, which is the most time-consuming
part of the mesh-refining algorithm in PAMR [9]. John and Damodaran [10] suggested a parallel DSMC algorithm and used a
hybrid NS-DSMC scheme to simulate rarefied flow field in the head–disk interface micro-gap. In another attempt, John et al.
[11] studied the impact of incomplete surface accommodation on non-equilibrium heat transfer in a lid-driven cavity using a
parallel DSMC method. They reported high parallel performance on a HP cluster. This indicated that a high super-linear
speed up can be achieved in cache-based platforms. Recently, Gao and Schwartzentruber [12–14] carried out more advanced
parallel DSMC studies using modern shared memory multi-core systems and GPU systems. They performed parallel imple-
mentation of their three-dimensional DSMC code employing complex data structures and dynamic memory allocation for
shared memory systems using Open Multi-Processing (OpenMP). For dual-core and quad-core systems, the speed ups were
1.99 and 3.74, respectively considering a free-stream flow test simulation [14].

In this paper, a PDSMC algorithm is developed to solve subsonic flow through nanochannels. Our literature review [4–
9,11–14] shows that the previous studies were mostly focused on parallel DSMC algorithm for rarefied high speed flows.
However, the main objective of this study is to investigate the effects of number of cells and simulator particles on the speed
up and computational efficiency of a typical parallel DSMC algorithm in solving low speed flows through nanochannels.

2. DSMC algorithm

In this section, we describe both of serial and parallel DSMC algorithms. Subsequently, subsonic boundary condition
implementations in DSMC approach is described.

2.1. Classical (serial) DSMC algorithm

DSMC is a numerical approach to solve the Boltzmann equation based on direct statistical simulation of the molecular
processes described by the kinetic theory [3]. It is categorized as a particle method in which each particle represents a large
bulk of real gas molecules. The physics of gas is modeled through uncoupling the particles motions and their collisions. The
implementation of DSMC needs breaking down the computational domain into a collection of grid cells. After fulfilling all the
required molecular movements, the collisions between particles are simulated in each cell independently. In the current
study, variable hard sphere (VHS) and Larsen–Borgnakke (LB) collision models are used and the collision pair is chosen based
on the no-time counter method [3]. The flowchart of a typical (serial) DSMC algorithm is shown in Fig. 1 (left). As is shown,
the classical DSMC algorithm consists of the following main steps:

1. Reading the data set of a specific problem and setting the required constants.
2. Setting up the initial conditions.
3. Moving the particles in the domain and simulating their interaction with the domain boundaries.
4. Re-indexing the particles in the new cells.
5. Colliding the particles.
6. Sampling the particles within cells to determine the thermodynamic properties such as temperature, density, and

pressure.

It should be noted that steps 3–6 are repeated long after reaching the steady state conditions. It is because the statistical
scatters in the DSMC solution need to be reduced.

In the DSMC method, each particle must reside in one individual cell for a sufficient long period to ensure binary collisions
and to obtain the correct local molecular velocity distribution. Consequently, the DSMC time step should be smaller than the
mean collision time, defined as k/Vmp, where Vmp is the most probable speed. As a result of this restriction, the particles do
not cross more than one cell during one time step and this provides suitable communication between cells. The current
authors have already developed different DSMC solvers and reported their accuracy and performance in solving different mi-
cro/nano scale geometries and hypersonic flows, see Refs. [15–18].

2.2. Parallel DSMC implementation

The Message Passing Interface (MPI) library is used to extend our basic DSMC solver [15] to a parallel DSMC code, PDSMC.
Fig. 1 (right) shows the additional steps required to develop PDSMC solver. The parallelization is performed according to the
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Single Program-Multiple Data scheme (SPMD). The parallel implementation of a DSMC algorithm consists of a number of
steps, which are briefly described here.

1. Using SPMD, the computational domain is broken into several partitions. Each partition, including its cells and parti-
cles, is attributed to a single processor. Evidently, the DSMC computation should be performed on each partition
separately.

2. The global information of the flow field, e.g., pressure, number of cells, and number of particles in each partition, are
determined. Each processor calculates the primitive required information for the cells and particles located in that
partition. Using the ‘‘class’’ feature of the C language, we define three main classes in PDSMC code to collect the rel-
evant data into three packages. These classes are particle properties, cell properties and partition properties.

3. Each processor performs particle movement in the partition.
4. The new cell of each particle is indexed.
5. If any particle crosses the partition boundary, all the related information of that particle such as position, internal

energy, rotational energy, and species type are transferred to the buffer memory (sending buffer). They are deleted
from the original processor and added into the new processor. The data transfer is performed one-by-one for each
of the properties rather than transferring via the packet of arrays.

6. Before starting the communication process, MPI_Barrier function is used to make sure that all the involved processors
are ready to exchange data packages. MPI_Send and MPI_Recv commands are used for exchanging the particles
information.

Read Data, Set 
Constants

Move Particles, Compute 
interaction with boundaries

Reset Molecule 
Indexing 

Compute Collision

Sample Flow 
Properties

Start

Initialize Molecules and 
Boundaries

Decompose Geometry, map 
sub-domains to nodes

Move outgoing molecules 
to sending Data Buffer

Data Communication

Apply Implicit B.C’s

N > N iteration?

Yes

No

Print Results

Derive Data Type for 
Communication

Crossing Move

STOP

Fig. 1. Flowchart of DSMC (left) and PDSMC (right) algorithms.
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7. As soon as the communication is complete, the sending buffer is reset to be used in the next time step.
8. The communication is followed by an additional ‘‘cross-move’’ procedure, where the new particles stored in receiving

buffers are directed to their new special locations.
9. Newly moved particles are indexed into their new cells. Moreover, the molecular collision and the flow sampling pro-

cedure are fulfilled in the same manner as in a serial DSMC algorithm.
10. Implicit boundary conditions are implemented for inlet/outlet partitions.

2.3. Subsonic boundary conditions

Following Wang and Li [19], we use the 1-D characteristic theory to apply inlet/outlet pressure boundary conditions. For a
backward-running wave, we consider du/a = �dq/q, where a ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dp=dq

p
is the speed of sound and p and q are pressure and

density, respectively. Applying the differential definition of a to a boundary cell, it yields

ðqoÞj ¼ qj þ
po � pj

a2
j

: ð1Þ

Using the ideal gas rule, the temperature at outlet can be found from

ðToÞj ¼
po

ðqoÞjR
; ð2Þ

where the subscripts o and j represents the quantities at the outlet and cell j adjacent to the outlet boundary, respectively.
Using the characteristic wave equation, the velocity is also computed from

ðuoÞj ¼ uj þ
pj � po

qjaj
: ð3Þ

For a subsonic pressure driven flow, the inlet velocity is also unknown and must be extrapolated from the interior domain.
Therefore, the inlet velocity is calculated from

ðuinÞj ¼ uj þ
pin � pj

qjaj
: ð4Þ

The density at the inlet is calculated from the equation of state,

ðqinÞj ¼
pin

RTin
: ð5Þ

3. Results and discussion

In this section, first we validate our PDSMC solver. Subsequently, the efficiency and speed up of PDSMC code in solving
short and medium length nanochannels are reported and discussed. We also consider the effects of number of particles and
cells on the efficiency of PDSMC solver.

Fig. 2. The current PDSMC pressure (left) and velocity (right) distributions at the nanochannel centreline and comparison with that of DSMC [16] and
analytical [20] solutions.
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3.1. Case 1: Short-length nanochannel

We simulate nitrogen flow through a nanochannel having an aspect ratio of 20 and an imposed inlet/outlet pressure ratio
of 2. The channel height and length are 9 and 180 nm, respectively. The inlet and wall temperatures are 300 K. The inlet
Knudsen number is 0.02 while the outlet Knudsen number reaches to 0.04. The inlet Mach number is 0.09. We use a rect-
angular grid with 150 � 30 cells and about 8 million simulator particles. The time step is set as 4 � 10�12. First, it is required
to validate the accuracy of our PDSMC code. Fig. 2 (top) compares the current PDSMC pressure distribution at the nanochan-
nel centreline with that of our DSMC solution [16] and the second-order analytical solutions of Karniadakis et al. [20]. The
latter is given using an implicit relation as follows:

~P2 � 1þ 2ð6þ �aÞKn0ð~P � 1Þ þ 2ð6bþ �aÞKn2
0Ln

~P � bKn0

1� bKn0

 !
¼ B 1� x

L

� �
; ð6Þ

Where ~P is the ratio of local pressure to outlet pressure, Kno is the outlet Knudsen number, B is a constant such that
~Pð0Þ ¼ PðxÞ=Po, �a is a parameter which depends on Kn, and b is a constant, which depends on the derivatives of velocity pro-
file [20]. The values of constant parameters in Eq. (6) are taken from Ref. [20]. It is observed that the PDSMC solution is in
good agreement with both of analytical and DSMC solutions. Fig. 2 (bottom) compares the current PDSMC velocity distribu-
tion at the nanochannel centreline with that of our DSMC solver [16]. Similarly, good agreement is observed between both
solutions.

Second, we investigate the efficiency of the developed PDSMC solver. The Performance of parallel algorithms can be eval-
uated using the definition of speed up, i.e., S = Ts/Tp, where Ts and Tp are the serial and parallel simulation times, respectively.
Fig. 3 (top) shows the speed up of PDSMC using up to 16 processors. It is observed that the real speedup deviates from the
ideal one. It is because as the number of processors increases, the required communication time between processors in-
creases. The parallel computation efficiency is defined as the ratio of speed up to the number of processors, E = S/n. Fig. 3
(bottom) shows the efficiency of PDSMC. As is seen, it is 94% for computation on 2 processors, 75% on 8 processors, and
66% on 16 processors.

3.2. Case 2: Medium-length nanochannel

Our second test case is the nitrogen flow in a nanochannel having an aspect ratio of 100. The grid consists of 240 � 30
rectangular cells. Around 25 million particles are filled in the domain. All other properties and flow conditions are the same
as Case 1. Fig. 4 shows the speed up and efficiency of PDSMC solver using up to 80 processors. According to Fig. 4 (top), speed
up is almost linear up to 24 processors. However, speed up decreases to 32 for 40 processors and 44 for 80 processors,
respectively. Similarly, Fig. 4 (bottom) shows that the achieved efficiency is 91% for 32 processors and 66% for 44 processors.
Comparing Case 2 with Case 1, it shows that high speed up could be achieved if the number of particles, i.e., workloads, is
sufficiently large for each processor. However, the speed up and efficiency decrease as soon as the communication overload
increases compared with the processors computational workload. It means that PDSMC solver could be used in large scale
problems more efficiently.

Fig. 3. Achieved speed up (left) and efficiency (right) versus the number of processors, Case 1.
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3.3. Effects of particle number and cell dimension on PDSMC performance

At this stage, we would like to evaluate the PDSMC computational time at two different simulation conditions. First, we
fix the number of particles in each cell. Second, we fix the total number of cells. We use rectangular grid with different cell
numbers such as 200 � 30, 100 � 30, 100 � 15, and 50 � 15 to fulfil our study. We fix 20 particles in each cell; therefore, we
have totals of 123,319, 61,659, 30,831, and 15,414 particles for the aforementioned grids in the flow field, respectively. Fig. 5
shows the speed ups and the computation times achieved after 400 time steps during the simulation. It is observed that the
computational time increases as the total number of particles increases. As is seen, the best parallel efficiency is obtained for
the finest grid. It is because the total number of particle is maximal for this grid. Therefore, we conclude that the computa-
tional time of DSMC method is directly related to the number of particles. In other word, increasing the total number of par-
ticles would result in a better parallel efficiency.

Next, we fix the total number of simulator particles at 123,319. At this condition, the number of particles in each cell in-
creases as the number of cells decreases. Fig. 6 (top) shows the resulting speed up and Fig. 6 (bottom) shows the CPU times. It
is observed that the computational time is nearly independent from the number of cells, and the speed up changes quite
slightly. In the DSMC method, cells are usually used for selection of collision partner and sampling of the macroscopic prop-
erties. At medium and high Kn number flows, the most time-consuming parts in DSMC codes are the particle movements and

Fig. 4. Achieved speed up (left) and efficiency (right) versus the number of processors, Case 2.

Fig. 5. Speed up (left) and CPU time (right) considering different grids and particle numbers (average particle number in each cell is fixed), Case 1.
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their interactions with the domain boundaries. They mainly depend on the number of particles rather than the number of
cells. Therefore, this can justify that the parallel efficiency is independent from (or slightly depend on) the number of cells.

4. Conclusion

We developed a parallel DSMC code (PDSMC) and simulated the flow field through short and medium length nanochan-
nels. The parallel code works under the Single Program-Multiple Data (SPMD) and benefits from the MPI library to perform
the data transformation. It is observed that our PDSMC solver shows good speed up if sufficient workload is provided for each
processor. Additionally, we observed that the computational time and parallel speed up of PDSMC algorithm do not depend
(or slightly depend) on the number of cells. Meanwhile, the computational time of PDSMC is affected by the number of par-
ticles. Generally, increasing the total number of particles would result in a better parallel efficiency in DSMC calculations.

Acknowledgments

The authors would like to sincerely thank Prof. Stefan Stefanov and Dr. Kiril Sheterv (from the Institute of Mechanics,
Bulgarian Academy of Science), who provided access to their HPC lab system.

References

[1] M. Darbandi, S. Vakilipour, Developing consistent inlet boundary conditions to study the entrance zone in microchannels, J. Thermophys. Heat Transfer
21 (3) (2007) 596–607.

[2] S. Vakilipour, M. Darbandi, Advancement in numerical study of gas flow and heat transfer in microchannels, J. Thermophys. Heat Transfer 23 (1) (2009)
205–208.

[3] G.A. Bird, Molecular Gas Dynamics and the Direct Simulation of Gas Flows, Clarendon, Oxford, 1994.
[4] S. Dietrich, I.D. Boyd, Scalar and parallel optimized implementation of the direct simulation Monte Carlo method, J. Comput. Phys. (126) (1996) 328–

342.
[5] C.D. Robinson, J.K. Harvey, Adaptive domain decomposition for unstructured meshes applied to the direct simulation Monte Carlo method, in: Parallel

Computational Fluid Dynamics: Algorithms and Results using Advanced Computers, 1997, pp. 469–476.
[6] J.S. Wu, Y.Y. Lian, Parallel three-dimensional direct simulation Monte Carlo method and its applications, Comput. Fluids 32 (8) (2003) 1133–1160.
[7] J.S. Wu, K.C. Tseng, T.J. Yang, Parallel implementation of DSMC using unstructured mesh, Int. J. Comput. Fluid Dyn. 17 (5) (2003) 405–422.
[8] J.S. Wu, K.C. Tseng, Parallel DSMC method using dynamic domain decomposition, Int. J. Numer. Methods Eng. 63 (2005) 37–76.
[9] Y.Y. Lian, K.H. Hsu, Y.L. Shao, Y.M. Lee, Y.W. Jeng, J.S. Wu, Parallel adaptive mesh-refining scheme on a three-dimensional unstructured tetrahedral

mesh and its applications, Comput. Phys. Commun. 175 (2006) 721–737.
[10] B. John, M. Damodaran, Computation of head-disk interface gap micro flow-fields using DSMC and continuum-atomistic hybrid methods, Int. J. Numer.

Methods Fluids 61 (11) (2009) 1273–1298.
[11] B. John, X. Gu, D. Emerson, Effects of incomplete surface accommodation on non-equilibrium heat transfer in cavity flow: a parallel DSMC study,

Comput. Fluids 45 (1) (2011) 197–201.
[12] D. Gao, T.E. Schwartzentruber, Parallel Implementation of the Direct Simulation Monte Carlo Method for Shared Memory Architectures, AIAA Paper

2010-0451, 2010.
[13] D. Gao, T.E. Schwartzentruber, A parallel DSMC implementation including adaptive mesh refinement and cut-cell algorithms, in: 49th AIAA Aerospace

Sciences Meeting including the New Horizons Forum and Aerospace Exposition, AIAA-2011-633, 2011.
[14] D. Gao, T.E. Schwartzentruber, Optimizations and OpenMP implementation for the direct simulation Monte Carlo method, Comput. Fluids 42 (1)

(2011) 73–81.

Fig. 6. Speed up (left) and CPU time (right) considering different grids and particle numbers (total number of particles is fixed at 123,319 in all cases), Case 1.

2320 E. Roohi, M. Darbandi / Applied Mathematical Modelling 36 (2012) 2314–2321



Author's personal copy

[15] E. Roohi, M. Darbandi, Extending the Navier–Stokes solutions to transition regime in two-dimensional micro-/nanochannel flows using information
preservation scheme, Phys. Fluids 21 (2009) 082001.

[16] E. Roohi, M. Darbandi, V. Mirjalili, DSMC Solution of Subsonic Flow through Micro-Nano Scale Channels, J. Heat Transfer 131 (9) (2009) 092402.
[17] M. Darbandi, E. Roohi, Study of supersonic–subsonic gas flows through micro–nano scale nozzles using unstructured DSMC solver, Microfluid.

Nanofluid. 10 (2) (2011) 321–335.
[18] T. Scanlon, E. Roohi, C. White, M. Darbandi, J. Reese, An open source, parallel DSMC code for rarefied gas flows in arbitrary geometries, Comput. Fluids

(39) (2010) 2078–2089.
[19] M. Wang, Z. Li, Simulations for gas flows in Microgeometries using the direct simulation Monte Carlo method, Int. J. Heat Fluid Flow 25 (2004) 975–

985.
[20] G.E. Karniadakis, A. Beskok, N. Aluru, Micro Flows and Nano Flows: Fundamentals and Simulation, Springer-Verlag, New York, 2005.

E. Roohi, M. Darbandi / Applied Mathematical Modelling 36 (2012) 2314–2321 2321


