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Abstract 
 
In this study, we use a hybrid direct simulation Monte Carlo (DSMC) and Navier-Stokes 
(NS) algorithm to solve rarefied flow over micro/nano scale flat plate and cylinder. DSMC 
and NS solvers operate in non-equilibrium and near-equilibrium regions independently and a 
state-based coupling (Dirichlet–Dirichlet boundary-condition coupling) is used to transfer 
information between the solvers. Hybrid DSMC-NS solution is compared with the full 
DSMC solution and it is shown that it accurately predicts heat transfer and velocity and 
temperature distributions in the flow field. We observed that the DSMC simulation of shock 
wave around the cylinder is not necessary for accurate prediction of surface properties. 
Simulation time of the hybrid solution shows 65% reduction for the cylinder flow. 
 
1   Introduction 

Demands in design and fabrication of micro and nano electromechanical systems 
(MEMS/NEMS) have increased the need for better understanding of fluid flow and heat 
transfer behaviours at the micro and nano scales. MEMS/NEMS may work in a variety of 
flow regimes. Knudsen number is the key parameter to measure the gas rarefaction in 
micro/nano systems. It is defined as the ratio of the mean free path of gas molecules, λ, to 
one characteristic dimension of flow, L, i.e., Kn=λ/L. Using Knudsen number, different 
rarefaction regimes are categorized as slip (0.001<Kn<0.1), transition (0.1<Kn<10), and free 
molecular (Kn>10). There are different techniques for simulating rarefied hypersonic flows. 
The Navier-Stokes (NS) equations with the velocity slip and temperature jump boundary 
conditions are valid in the slip regime. Alternatively, the direct simulation Monte Carlo 
(DSMC) method (Bird 1994) is the dominant numerical technique for solving engineering 
problems in the entire rarefaction regime. However, the computational cost of DSMC 
increases as the flow approaches the continuum limit. Under continuum conditions, the NS 
equations can be solved efficiently. Therefore, simulation of gas flows with large variation in 
length scales can be efficiently performed with a hybrid DSMC-NS solver. Such a hybrid 
code applies molecular solver in rarefied regions and continuum solver in near-equilibrium 
regions. During the last decade, different hybrid algorithms have been proposed to couple 
continuum and molecular solvers efficiently. The most common coupling technique is flux-
based coupling. In flux-based coupling algorithm, the flux of mass, momentum, and energy 
carried by DSMC particles at the continuum-molecular interface is determined and imposed 
as the macroscopic flux into the adjacent continuum cells. Similarly, the flux from the NS 
equations is calculated using gradients of macroscopic variables and is used to create 



 
 

distribution of DSMC particles on the interface. Wadsworth and Erwin (1990) developed a 
flux-based hybrid DSMC-NS scheme and applied it to 1-D shocks. Hash and Hassan (1996a, 
1996b, 1997) used flux-based coupling to simulate rarefied hypersonic flow. The difficulty 
with the flux-based coupling is that the statistical scatter from the DSMC solution usually 
appears in interfacial fluxes and corrupts the NS solution. Consequently, flux-based coupling 
techniques require a high number of DSMC samples to reduce the statistical scatter. 
Alternatively, state-based coupling which uses Dirichlet–Dirichlet boundary-condition 
coupling at the interface has been suggested (Roveda et al. 1998). State-based coupling 
averages particles inside a DSMC cell adjacent to the interface to obtain macroscopic states 
such as velocity, temperature, and density. These averaged data provide Dirichlet boundary-
conditions for the NS solver at the interface. Similarly, the solutions of the NS equations for 
state variables at the continuum side of the interface are used to generate particles at DSMC 
boundary cells. Aktas and Aluru (2002) studied the flow field in micro-filters using a hybrid 
DSMC/Stokes solver with state-based coupling algorithm. Wang and Boyd (2003) and Sun et 
al. (2004) used a hybrid information preservation (IP) scheme and NS solver to study rarefied 
hypersonic flows and low speed micro-flows. Schwartzentruber et al. (2006, 2007) used an 
explicit state-based DSMC/NS coupling scheme to study 1-D shock waves and 2-D 
hypersonic flows over different blunt bodies.  

In the current work, we use a hybrid DSMC-NS algorithm with state-based coupling to 
efficiently simulate rarefied flows over the micro/nano scale flat plate and 2-D cylinder. 
Although the current authors had already developed different DSMC (Roohi and Darbandi 
2009a, Roohi et al. 2009b) and continuum (Darbandi et al. 2008) solvers, this research uses 
general DSMC (Scanlon et al. 2009) and NS solvers developed under the framework of 
OpenFOAM (2009).  

 
2 Numerical Schemes 
2.1 DSMC Solver 

DSMC is a numerical tool to solve the Boltzmann equation based on the direct statistical 
simulation of the molecular processes described by the kinetic theory (Bird 1994). It is 
considered as a particle method in which each particle represents a large bulk of real gas 
molecules. The primary principle of DSMC is to decouple the motion and collision of 
particles during each time step. The implementation of DSMC needs breaking down the 
computational domain into a collection of grid cells. After fulfilling all molecular 
movements, the collisions between particles are simulated in each cell. In this research, we 
use a general DSMC solver named dsmcFoam (Scanlon et al. 2009). This code has been 
developed in a joint work between Sharif University of Technology (Iran) and University of 
Strathclyde (UK) under the framework of OpenFOAM. In developing dsmcFoam, we 
benefited from existing features of OpenFOAM such as particle tracking in unstructured, 
arbitrary, and polyhedral meshes. DsmcFoam can model arbitrary 2D/3D geometries and 
models arbitrary number of gas species. It also benefits from unlimited parallel processing 
feature. In dsmcFoam, Variable Hard Sphere (VHS) collision model and Larsen-Borgnakke 
internal energy redistribution model (Bird 2004) are used.  

 

 



 
 

2.2 NS Solver 

In this work, we use “rhoCenteralFoam” module of OpenFOAM as a NS solver. 
RhoCenteralFoam is an explicit density-based solver for simulating the viscous compressible 
flow. It benefits from a Godunov-like central-upwind scheme. The space discretisation has a 
second-order accuracy based on the reconstruction of the primitive variables of pressure, 
velocity, and temperature. Time integration employs the first-order forward scheme. The NS 
equations are typically valid in the slip regime if we suitably apply the velocity slip and 
temperature jump boundary conditions. To increase the extent of applicability of the NS 
solver in the hybrid algorithm, we use the first-order velocity slip and temperature jump 
boundary conditions on the walls.  

2.3 Hybrid Strategy  

The main issues that should be addressed by any hybrid algorithm are the location of 
continuum-molecular interface and equilibrium breakdown parameter. Any hybrid solver 
gains computational efficiency by restricting DSMC solutions only to non-equilibrium 
regions. Usually, a continuum breakdown parameter is applied to locate the interface. 
Different breakdown parameters have been suggested. The most important is the local 
Knudsen number based on the gradients local length (GLL) of properties, and is defined as 
KnGLL,φ  =(λ/φ) |dφ/dl|, where φ is an arbitrary flow parameter and KnGLL= 
max(KnGLL,ρ, KnGLL,V, KnGLL,T) (Boyd et al. 1995). The equilibrium breakdown occurs 
whenever KnGLL>0.05. In this paper, we use KnGLL as the breakdown parameter to determine 
the continuum-molecular interface. A small overlap region is considered at the interface 
between two solvers. This region is solved with both solvers. The benefit of overlap region is 
that the hybrid solution is not influenced by the exact position of interface.  

The hybrid cycle consists of following steps: 

1- Obtain a NS solution of the whole domain, this solution is inaccurate in non-
equilibrium regions but is acceptable in near-equilibrium regions, 
2- Apply the breakdown parameter to the above solution and specify DSMC and NS 
regions, 
3- Use the DSMC solver to obtain solution in rarefied and overlap regions using the 
boundary conditions from the NS solution, similarly, solve the NS solver in the near-
equilibrium region with the boundary conditions provided by the DSMC solution,   
4- Reapply the breakdown parameter to both regions and probably change the extent of 
these regions; 
5- Repeat steps 3 and 4 unless breakdown parameter shows that interface location does 
not change. 

Our simulation showed that if we slightly over-predict the size of interface region between 
both solvers, computational expanses for repeating steps 3-5 will decrease considerably.   

3 Results and Discussion 
3.1 Flat Plate Test Case 

The first test case for evaluating our hybrid algorithm is the flat plate test case. The working 
gas is nitrogen and plate dimension is 1×0.6 µm. The inlet Mach number is 4, the Knudsen 
number 0.0143, freestream gas is at a temperature of 273 K, number density of 1×1026 
molecules/m3, and pressure of 376.74 kPa. The plate surface temperature is 500 K. As shown 
in figure 1, for the DSMC solver, freestream conditions are applied at the inlet, outlet and 



 
 

upper boundaries. For the NS solver, velocity, temperature, and pressure should be applied at 
the inlet and upper boundaries, but it is not necessary to specify supersonic outlet boundary 
conditions. A short length upstream of the leading edge of the plate was considered as 
symmetric (specular reflector for DSMC solver) in order to correctly reproduce the inlet 
velocity profile. The plate itself was considered to be a diffusive surface. A structured mesh 
with 270×90 cells was used for both solvers and the time-step chosen was 4×10-6 s for them. 
The total number of DSMC particles at steady-state was 327,000. 

 

 

 

 

 

 

Figure 1: Flat plate geometry, boundary conditions for the DSMC solver, and domain 
splitting for the DSMC and NS solvers. 

 

  

Figure 2: Comparison of velocity contours over the flat plate from the NS (left) and DSMC 
(right) solutions, units: µm. 

  

Figure 3: Comparison of KnGLL,ρ from the NS (left) and DSMC (right) solutions, units: µm. 
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Our simulation shows that the thickness of shock wave and boundary layer predicted by the 
NS equations is much thicker than what is obtained from the DSMC solver, see figure 2. 
Meanwhile, as shown in figure 3, DSMC simulation shows that KnGLL is well below the 
threshold value of 0.05 everywhere inside the domain. But due to the NS over-prediction in 
the estimation of thickness of the shock wave and boundary layer, the continuum solution is 
not accurate over the plate. In fact, the NS equations are valid in the region before the shock 
wave, i.e., specular reflector region before the plate. Therefore, we restrict our NS solver to 
this region and use DSMC solver for the flat plate. Figure 1 also depicts this splitting. At the 
interface, we provide the required boundary conditions (U, P, T) for each solver from the 
other’s solution, as described in step 3 of the hybrid algorithm. The final solution from the 
hybrid algorithm for the velocity and temperature distribution over the flat plate and at y=0.4 
are shown in Figures 4 and 5, respectively. These figures show that the hybrid solutions for 
temperature and velocity are quite close to the full DSMC solution.  

  

Figure 4: Comparison of velocity and temperature distribution over flat plate from the 
DSMC, NS, and hybrid solvers. 

 

Figure 5: Comparison of velocity distribution at Y=0.4 from the DSMC, NS, and hybrid 
solvers.   

 



 
 

3.2 Cylinder Test Case 

Flow around a cylinder is a suitable test case for any hybrid algorithm since the length scales 
of the flow change considerably. Here, we consider Mach 10 flow of argon over a cylinder 
with a 0.3024 µm diameter. The global Knudsen number, based on the freestream mean free 
path and cylinder diameter, is 0.01. The inlet flow stream temperature is 200 K while the 
surface temperature of the cylinder is 500 K. The freestream number density is 4.247×1026 
molecules/m3. For DSMC solver, a time step of 2.0×10-8 s is employed and 1.0 million 
particles were used for the full DSMC simulation. The time step for the NS solver is 6.0×10-8 
s. The DSMC and NS meshes are unstructured with total of 30000 and 44000 triangular cells, 
respectively. Freestream boundaries exist at the inlet and outlet of the domain and symmetry 
conditions are employed at the centre-line.   

  

Figure 6: Detailed comparison of temperature (left) and velocity (right) contours from the NS 
and DSMC solutions over the cylinder. 

Figure 6 compares velocity and temperature, contours from the NS and DSMC solutions. The 
continuum and DSMC solutions differ in the shock wave, boundary layer over the cylinder, 
and the wake region behind the cylinder. The DSMC solution gives a much thicker shock 
wave and locates it further upstream from the cylinder in comparison with the NS solution. 
But the solutions are similar in other locations of the computational field. Since the NS 
equations are inaccurate in rarefied flow simulations, we conclude that the NS solutions are 
not valid in the shock wave, boundary layer, and wake. To determine the exact position of the 
DSMC-NS interface, we calculate breakdown parameter on the flow field for both molecular-
continuum solutions.  

 

  
Figure 7: Contours of KnGLL,ρ  from the NS (left) and DSMC (right) solutions, units: µm. 
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Contours of KnGLL,ρ are shown in figure 7 from the NS and DSMC solutions. The boundaries 
with KnGLL,ρ=0.05 are shown in this figure. Shock wave, boundary layer, and wake are the 
locations where the breakdown parameter exceeds the threshold value. These are exactly the 
same positions where the NS solutions deviate from the DSMC’s. According to our hybrid 
strategy, the use of the NS solver is permitted outside of these regions. Additionally, figure 7 
shows the changes in the continuum-molecular interface (boundaries with KnGLL,ρ=0.05) 
during a hybrid solution. Since the hybrid algorithm starts from the continuum solution and 
finally approaches to the molecular solution, we expect that interface location changes from 
the prediction of the NS solver to that of the molecular solver. Figure 8(top) shows the 
changes in interface location obtained from the NS and DSMC solutions, as described above. 
Considering this figure, we decide to give the wake region, boundary layer, and the shock 
wave (in the regions where shock wave is at the same height as the wake region) to the 
DSMC solver and the rest of the flow field to the NS solver. The extent of the DSMC region 
is from X=0-0.85 and Y=0-0.20, as shown in figure 8(bottom). This extent is fixed during the 
simulation. DSMC simulation is accurate in this region and similarly the NS solution is 
accurate outside it. Our numerical experience showed that the overhead of solving extra 
continuum regions with the DSMC solver is less than the computational time required to 
repeat step 3 in the hybrid algorithm.     

 

 

Figure 8: Initial and final locations of the interface (top) and the mesh used for the DSMC 
region of the hybrid solver (bottom). 

A key point should be explained that why some parts of the shock wave is considered outside 
of the molecular region. A previous study on the hybrid DSMC-NS simulation of cylinder 
flow demonstrated that the post-shock states for both DSMC and NS solutions are almost the 
same (Schwartzentruber et al. 2008). Based on the DSMC and NS solutions of the flow field, 
Schwartzentruber et al. (2008) concluded that modelling of the shock wave with the 
molecular solver may not be necessary, but molecular simulation of the boundary-layer and 
near-wake regions is mandatory. Figure 9 compares the DSMC and NS solutions for 
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temperature and velocity at the upper edge of the interface, Y=0.2. As observed, the post-
shock solutions are identical although the NS equations located the shock wave closer to the 
cylinder. Since only post-shock solutions affect the heat transfer, temperature jump, and 
velocity slip at the cylinder surface, solution of the shock wave with the DSMC solver is not 
obligatory.  

  
 

Figure 9: Comparison of the DSMC and NS solutions at the interface. 
 

 
Figure 10: Comparison of heat flux over cylinder from the DSMC and hybrid solutions. 

  
The final solution for the heat flux over the cylinder from the hybrid and full DSMC solvers 
is shown in figure 10. As observed, hybrid solution agrees well with DSMC’s. Figure 11 
shows the distribution of velocity and temperature from the current DSMC, DSMC of Wu et 
al. (2010), NS, and hybrid solutions at Y=0.16. Although the upper part of the hybrid 
interface was located in the shock wave region where boundary conditions are supplied from 
the continuum solver, hybrid solutions are much closer to the DSMC solutions. This point 
justifies selection of the interface location. It should be reminded that reduction in the size of 
the molecular region increases the computational efficiency of our hybrid algorithm. We 
observed that computational time of hybrid algorithm 65% decreased in comparison with the 
full DSMC simulations. 
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Figure 11: Comparison of temperature (left) and velocity (right) distribution at Y=0.16 from 
the NS, DSMC, and hybrid solutions. 

 
 

4 Conclusion 
In this study, we used a state-based hybrid DSMC-NS algorithm to solve rarefied flows over 
flat plate and 2-D cylinder. We used continuum and molecular solvers of OpenFOAM, 
namely rhoCenteralFoam and dsmcFoam. The NS equations are solved in near-equilibrium 
regions while rarefied regions of the flow field are solved with DSMC. We use a Dirichlet-
Dirichlet boundary condition coupling for transfer of information at the interface. Our results 
show that the high speed flow over flat plate is dominated with the shock-wave/boundary 
layer interaction while the NS equations over-predict shock wave thickness. Therefore, we 
can only solve the region before the shock wave with the NS equations even though the 
breakdown parameter is below the threshold value in the entire domain. For flow around the 
cylinder, we observed that the NS equations are inaccurate in the shock wave, boundary 
layer, and the wake region. Although these regions should be solved with a molecular 
algorithm, we observed that the post-shock properties including surface properties are not 
influenced by the exact solution of the shock wave. Consequently, we decreased the size of 
the molecular region by solving only the close-to-cylinder portion of the shock wave with the 
DSMC solver. We compared the hybrid solution with full DSMC simulations and suitable 
accuracy is observed. Additionally, the computational cost of the hybrid algorithm 65% 
decreased in comparison with the full DSMC simulation.   
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