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Abstract: This work deals with a numerical study on forward-facing steps situated 
in a supersonic flow. The primary aim of this paper is to examine the sensitivity of 
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such forward-facing steps. Effects on the flowfield structure due to variations on 
the step height have been investigated by employing the Direct Simulation Monte 
Carlo (DSMC) method. The studied parameter contours for various values of step 
heights and profiles in three different sections of the channel are obtained. The 
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depend on the step heights. The results were also compared with the previously 
published works which approved outstanding validation. 
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1 INTRODUCTION 

Experimental and numerical investigations of micro 

and nano scale flows have drawn much attention over 

the last few years. Most of the areas of interest are 

related to microchannels, micropumps, and 

micronozzles, with their subsequent applications to 

propulsion devices, chemical and pressure sensors [1]. 

A channel with forward-facing step is an important 

geometry that is a common integral part of many 

micromechanical devices. The goal of this work is the 

numerical modeling of flows in microchannels aimed at 

studying the fluid flow and heat transfer in supersonic 

flows. The study of flows through microchannels with 

forward and backward-facing step has been discussed 

by a number of researchers.  

The flow over backward-facing steps, through a 

grooved channel and into a cavity has been studied 

before [2]. Pressure and mass flow rates have been 

measured through microchannel devices with 

contraction and expansion sections, as in ref. [3]. The 

rarefaction and compressibility effects in microflows 

emphasizing that both need to be considered if one is to 

correctly model the physics of micro flows has been 

discussed [4]. Although the specific configurations of 

the microchannel devices differ among these 

researchers, the flows share common features in that 

they are subsonic, of relatively low Reynolds number, 

and have a Knudsen number in the slip-flow regime 

(typically between 0.01 and 0.05).  

It was recognized that due to the finite Knudsen 

number, the flow field macroparameters, such as, 

pressure, temperature, and mass flow rate, could not be 

calculated with the standard continuum, Navier-Stokes 

equations. In terms of kinetic approaches, analytic 

formulas for the free molecular regime are not 

generally applicable either. However, the Navier-

Stokes equations may be used with reasonable accuracy 

if the surface velocity-slip condition are appropriately 

modified [3-5]. Direct Simulation Monte Carlo 

(DSMC) method is rigorous because the gas-surface 

interaction is modeled without approximation. For this 

reason, DSMC calculations were performed, for 

selected microchannel configurations, but the primary 

emphasis of these calculations was to validate slip-flow 

correction models rather than to use DSMC as a 

simulation tool to study physics of the flow.  

The analytic expressions for mass flow rate and 

pressure that include rarefaction effects such as 

velocity and temperature jump conditions at the gas-

wall boundary and compressibility effects have been 

used to interpret full numerical simulation as well as 

experimental data, as in ref. [3-6]. Laminar hypersonic 

flow over forward and backward-facing steps by 

employing Navier-Stokes equations has been 

investigated in ref. [7]. The hypersonic flows over the 

steps were simulated by considering freestream Mach 

Number of 8, and Reynolds number of 108. A 

numerical study on backward-facing steps, situated in a 

rarefied hypersonic flow, has been examined by using 

the DSMC method, as in ref. [8]. The work was 

motivated by the interest in investigating the step 

height effects on the flow field structure. The primary 

emphasis was to examine the sensitivity of velocity, 

density, pressure and temperature fields with respect to 

step height variations of such backward-facing steps. In 

doing so, the Direct Simulation Monte Carlo (DSMC) 

method has been employed to calculate the supersonic 

two-dimensional flow over the steps. 

2 GEOMETRY DEFINITION 

Fig. 1 illustrates a schematic view of the studied model. 

According to that figure, the Mach number at infinite 

(M∞) represents the upper wall velocity Mach number, 

and u(w ), h , H, L are upper wall velocity, step height 

and channel height and total length of the channel, 

respectively. D stands for the location of the step. It is 

assumed that the channel is infinitely long thus only 

length L is considered. In this study the values of 

h=2×10-7, 3×10-7, 4×10-7m, H=6×10-7m, 

D=2.03×106m and L=6××10-6m are assumed for the 

investigation. 

 

 

 

 

Fig. 1   Schematic diagram of the forward-facing step 

 

An understanding of the step height effect on the 

aerodynamic surface properties can be obtained by 

comparing the flowfield behaviour of micro Couette 

flow with and without a step. Therefore in this study, a 

micro Couette flow without step is considered as a 

benchmark. 

3 COMPUTATIONAL METHOD AND PROCEDURE 

The degree of departure of a flow from continuum is 

indicated by the flow Knudsen number, = 𝜆 /l ; where 𝜆 

and l are molecular mean free path and characteristic 

length of the flow, respectively. Traditionally, flows are 

divided into four regimes Kn<0.01, continuum flow 

regime, 0.01<Kn<0.1, slip flow regime, 0.1<Kn<10, 

transition flow regime, and Kn>10, free molecular flow 

regime or collisionless flow regime [9]. Based on these 



Int  J   Advanced Design and Manufacturing Technology, Vol. 8/ No. 3/ September - 2015  51 
  

© 2015 IAU, Majlesi Branch 

 

flow regimes, the choice of the numerical approach to 

be used to model the rarefied flows, greatly relies on 

the extent of flow rarefaction. For near continuum 

flows, it is usually sufficient to take into account the 

effects of rarefaction through the boundary condition of 

slip velocity and temperature jump on the surface.  

The Navier-Stokes equations, commonly used with 

these boundary conditions, can be delivered from the 

Boltzmann equation under the assumption of small 

deviation of the distribution function from equilibrium. 

Nevertheless, the Navier-Stokes equations became 

unsuitable for studying rarefied flows where the 

distribution function becomes considerable in non-

equilibrium. 

In order to study the flow, DSMC method is usually 

employed [10]. This method has become the most 

computational technique for modeling complex flows 

of engineering interest. The DSMC method simulates 

real gas flows with various physical processes by using 

a computer to track the trajectory of simulated 

particles, where each simulated particles represents a 

fixed number of real gas particles. The simulated 

particles are allowed to move and collide, while the 

computer stores their position coordinates, velocities 

and other physical properties such as internal energy. 

The particle evolution is divided into two independent 

phases and the collision phases. In the movement 

phase, all particles are moved over distances 

appropriate to a short time interval. The particles that 

strike the solid wall would reflect according to the 

appropriate gas-surface interaction models. These 

models include specular, diffuse or a combination of 

these. In the collision phase, intermolecular collisions 

are performed according to the theory of probability 

without time being consumed. In this way, the 

intermolecular collisions are uncoupled to the 

translational molecular motion over the time step used 

to advance the simulation. The simulation is always 

calculated as unsteady flow; however, a steady flow 

solution is obtained as the large time state of the 

simulation. 

The numerical accuracy in DSMC method depends on 

the cell size chosen, the time step and the number of 

particles per computational cell. In the DSMC code, the 

linear dimensions of the cells should be small in 

comparison with the scale length of the macroscopic 

flow gradients normal to the streamwise directions, 

which means that the cell dimensions should be in the 

order of or smaller than the local mean free path [11]. 

The time step should be chosen to be sufficiently small 

in comparison to the local mean collision time 

[12],[13]. In general, the total simulation time, 

discretized into time step, is based on the physical time 

of the real flow.  

Finally, the number of simulated particles has to be 

large enough to make statistical correlation between 

particles significant [13], [14]. These effects were 

investigated in order to determine the number of cells 

and number of particles required to achieve grid 

independent solutions. Grid dependency was tested by 

running the calculations with double the number of 

cells in the coordinated directions compared to a 

standard grid (Fig. 2 and Fig. 3). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2  Grid dependency for Couette flow at distance 

X=0.33 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3  Grid dependency for Couette flow at distance 

X=0.33 

 

In the present account, the molecular collision kinetics 

is modeled by using the Variable Hard Sphere (VHS) 

molecular model and the No Time Counter (NTC) 

collision sampling technique [16], [17]. The VHS 

model employ the simple hard sphere angular 

scattering law so that all directions are equally possible 

for post-collision velocity in the center of mass frame 

of reference. Nevertheless, the collision cross section 

depends on the relative velocity of colliding molecules. 
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The mechanics of the energy exchange processes 

between kinetic and internal modes for rotation are 

controlled by the Borgnakke-Larsen statistical model 

[18]. Simulations are performed using gas model, 

consisting of N2. 

4 BOUNDARY CONDITIONS 

In this study, T∞, P∞, ρ∞, μ∞, n∞, λ∞ and uw stand for 

temperature, pressure, density, viscosity, number 

density, molecular mean free path and upper wall 

velocity, respectively. m, d and ω are molecular mass, 

molecular diameter and viscosity index. The upper 

plate velocity uw, assumed to be constant at 1465.225 

m/s, corresponds to a Mach number. M∞ of 4.15 and 

the walls temperature Tw are assumed constant at 323K. 

It is important to mention that the surface temperature 

is low compared to the stagnation temperature of the 

N2. This assumption seems reasonable since practical 

surface materials will probably be destroyed if surface 

temperature is allowed to approach the stagnation 

temperature. Finally, the Knudsen number Kn and Re 

corresponds to channel height are 0.062 and 56.6, 

respectively. 

5 COMPUTATIONAL RESULTS AND DISCUSSION 

5.1. Velocity field 

In the DSMC method, the macroscopic properties are 

computed as averages from the microscopic properties 

of the molecules in each cell in the computational 

domain. In this way, the velocity is given as : 
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Where N, m and c represent number of molecules, 

mass and velocity vector of the molecules in each cell, 

respectively. It should be noted that the mean 

molecules velocity defines the macroscopic mean 

velocity. It is important to mention that the velocity of 

the molecules relative to the mean macroscopic 

velocity, defined as thermal or peculiar velocity, is 

denoted by c'≡c-co. The distribution of tangential 

velocity u/U∞ for three distances (X=0.16, 0.33 and 

0.56) along the surface is illustrated in Figs. 4, 5 and 6 

for different value of height h. In these figures, X 

represent the distance x normalized by the L, and Y the 

distance y normalized by H. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Distribution of tangential velocity /u U 
 profiles 

along the surface of the forward-facing as a function of the 

step height h for 0.16x   

Fig. 5 Distribution of tangential velocity /u U 
 profiles 

along the surface of the forward-facing as a function of the 

step height h  for 0.33x   

 
The distribution of tangential velocity along the 

upstream of the step is displayed in Fig. 6 for forward-

facing step at 0.35x  . It is observed that the velocity 

profiles is similar to Couette flow at the upstream of the 

micro channel while it deviates from the Couette flow 

profile at the vicinity of the step as step height h  

increases. In addition, the magnitude of velocity 

becomes negative for 73 10h    and 74 10  

indicating a recirculation region. It is clearly seen that 

/ 0u U    for / 0u U   , a characteristic of a rarefied 

flow. As a result, the condition of / 0u U    at the 

body surface no-slip velocity in the continuum flow 
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regime, is not applied in rarefied flow. In order to 

emphasize important features in the flowfield structure, 

streamlines at the vicinity of the steps are demonstrated 

in Fig. 7-Fig. 9; it is clear that the flowfield experiences 

a contraction around the corner of the step and forms a 

recirculation region at the front face of the steps. It is 

also observed that the recirculation region slightly 

increases with increase in the front face height H. 

 

Fig. 6 Distribution of tangential velocity /u U 
 profiles 

along the surface of the forward-facing as a function of the 

step height h  for 0.65x   

 

 
Fig. 7   Distribution of streamline traces at the vicinity of 

the forward-facing step with step height h for 72 10h    
 

 

Fig. 8 Distribution of streamline traces at the vicinity of 

the forward-facing step with step height h for 73 10h     

 

 
Fig. 9   Distribution of streamline traces at the vicinity of the 

forward-facing step with step height h for 74 10h     

Fig. 10   Distribution of density ratio /p p
 profiles along 

the surface of the forward-facing as a function of the step 

height h  for 0.16x   

 

5.2. Density field 

The density in each cell in the computational domain is 

obtained by the following, 

1

1 N

j

jc

m
V




                                                              (2) 

Where N is the number of molecules in the cell, m is 

the mass of the molecules and Vc is the volume of the 

cell, respectively. The distribution of density profiles 

ρ/ρ∞ for three distance along the surface are displayed 

in Figs. 10, 11 and 12 for various values of h. Similar 

to the distribution of tangential velocity, the 

distribution of density profiles is shown for X=0.16, 

0.33 and 0.65. X represent the distance x normalized by 

the L and Y the distance y normalized by H; it may be 

recognized from this figure that density profiles are 

affected due to the presence of the step. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11   Distribution of density ratio /p p
 profiles along 

the surface of the forward-facing as a function of the step 

height h  for 0.33x   
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Fig. 12   Distribution of density ratio /p p
 profiles along 

the surface of the forward-facing as a function of the step 

height h  for 0.65x   

 
As expected, at the upstream density ρ dramatically 

increases as compared to the inlet density ρ∞ at the 

vicinity of the front step for X=0.65. It is also seen that, 

far from the step, the density profiles seem to approach 

the Couette flow density profile. In Fig. 13-Fig. 15 

density ratio contours at the vicinity of the steps are 

displayed. The density value increases along the 

channel before the rare face of the step. Moreover as h 

increases the maximum value of normalized density 

also increases from 1.3 to 1.5. 

 

 

 

Fig. 13   Density ratio /p p
 contours at the vicinity of the 

forward-facing step with step height h for (a) 72 10h    

 

Fig. 14   Density ratio /p p
 contours at the vicinity of the 

forward-facing step with step height h for (a) 73 10h    

 

 

Fig. 15   Density ratio /p p
 contours at the vicinity of the 

forward-facing step with step height h for (a) 74 10h    

 

5.3. Pressure field 

The pressure in each cell inside the computational 

domain is obtained by the following equation : 

 2

1

1

3

N
j

jc

mc
P

V N

                                                             (3) 

Where N is the number of molecules in the cell, m is 

the mass of molecules and Vc is the volume of the cell 

and c is the velocity of the molecules. The distribution 

of the pressure P/P∞ for X=0.16, 0.33 and 0.65 along 

the surface is illustrated in Fig. 16-Fig. 18 for various 

values of h. X represent the distance x normalized by 

the L and Y the distance y normalized by H. As shown 

the pressure profiles follow a similar behavior as those 

for density. The value of pressure increases in the 

perpendicular direction for X=0.16 as seen in Fig. 16 

and Fig. 17. For X=0.33 the pressure variation along 

the perpendicular direction is negligible while the 

figures shows it reaches its maximum value at the 

center of the channel when we approach the rate face of 

the step. The Fig. 18 indicates that for X=0.65 as h 

enhanced the peak of the pressure profiles moves 

toward the top surface of the channel.  

 

Fig. 16   Distribution Pressure ratio /p p
 profiles along 

the surface of the forward-facing as a function of the step 

height h  for 0.16x    
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Fig. 19-Fig. 21 illustrate the normalized pressure 

contour P/P∞ in the channel. The pressure value 

increases along the channel before the rare face of the 

step, then decreases gradually; afterward the pressure 

reaches to its maximum value at the end of the channel. 

The figures also show that increases of h leads the 

pressure enhances above the step. 

 

 

Fig. 17   Distribution Pressure ratio /p p
 profiles along 

the surface of the forward-facing as a function of the step 

height h  for (b) 0.33x   

 

 

Fig. 18   Distribution Pressure ratio /p p
 profiles along 

the surface of the forward-facing as a function of the step 

height h  for 0.65x   

 
Fig. 19   Pressure ratio /p p

 contours at the vicinity of the 

forward-facing step with step height h for 72 10h    

 

 

 

 

 

Fig. 20   Pressure ratio /p p
 contours at the vicinity of the 

forward-facing step with step height h for 73 10h    

 

 

 

 

 

Fig. 21   Pressure ratio /p p
 contours at the vicinity of the 

forward-facing step with step height h for 74 10h    

 

5.4. Temperature field 

The temperature in each cell inside the computational 

domain is obtained by the following equation, 

 

   3 / 3tr rotT T T                                             (4) 

 

Where T is overall temperature and Ttr and Trot are 

translational and rotational temperatures, respectively. ζ 

is the degree of freedom. Translational and rotational 

temperature are define as follow, 

 
2 2( ) / (3 / 2)

(2 / )( / )

tr o

rotrot

T mc mc K

T K  

 



                                       (5) 

 

Where K is Boltzmann constant and εrot is rotational 

energy of an individual molecule. Temperature ratio 

profiles T/T∞ along the surface for forward-facing step 

are displayed in Fig. 22-Fig. 24 for X=0.16, 0.33 and 

0.65. As shown, the temperature distribution is a 

function of the step height. Distribution of normalized 
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temperature profiles for various value of X is shown in 

Figs. 22, 23 and 24. As seen, variation of temperature 

distribution is similar to the pressure profile means; the 

temperature value increases along the channel, beside 

the profile deviates from the Couette flow with 

increases of h especially for location nearby the rare 

face of the step. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 22   Distribution Temperature ratio /T T
 profiles along 

the surface of the forward-facing as a function of the step 

height h  for 0.16x    

 

 

 

 

 

 

 

 

 

 

 

Fig. 23   Distribution Temperature ratio /T T
 profiles 

along the surface of the forward-facing as a function of the 

step height h  for 0.33x   

 

Fig. 25-Fig. 27 show the temperature contour T/T∞ of 

the channel flow for different value of step heights. As 

shown, there are two regions which the maximum 

temperature occurs; one just nearby the rare face of the 

step and the other at the downstream of the channel. It 

is worthwhile mentioning that as h increases the first 

region considerably develops while the region at the 

downstream gradually decreases. 
 

 

 

 

 

 

 

 

 

 

 

Fig. 24    Distribution Temperature ratio /T T
 profiles 

along the surface of the forward-facing as a function of the 

step height h  for 0.65x   

 

 

 

 

 

 

Fig. 25   Temperature ratio /T T
 contours at the vicinity of 

the forward-facing step with step height h for 72 10h    

 

 

 

 

 

Fig. 26 . Temperature ratio (T/T∞) contours at the vicinity of 

the forward-facing step with step height h for h=3×10-7 

 

 

 

 

 

Fig. 27 Temperature ratio (T/T∞) contours at the vicinity of 

the forward-facing step with step height h for h=3×10-7 
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6 CONCLUSION 

In this study, the computations of a rarefied supersonic 

flow on forward-facing step have been performed using 

the Direct Simulation Monte Carlo method. The 

calculation provided information concerning the nature 

of the flowfield structure about the primary flow 

properties at the vicinity of the steps. Effects of the step 

height on the velocity, density, pressure, and 

temperature for a respective range of parameters were 

investigated. The analysis showed that the velocity 

profile is similar to Couette flow at the upstream of the 

microchannel while it deviates from the Couette flow 

profile at the vicinity of the step as step height h 

increases. The flowfield experiences a contraction 

around the corner of the step and forms a recirculation 

region at the vicinity of the front face of the steps. In 

the case of temperature profiles, the maximum 

temperature occurs in two distinct region; one just 

before the rare face of the step and the other 

downstream of the channel. 
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