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This study presents 2-D simulations of a flow-through a sudden expansion/con-
traction micro-channel with the existence of obstacles. The bottom wall is main-
tained at constant flux, while the other walls are adiabatic. Rectangular adiabatic 
obstacles are mounted before the expansion region on the upper and lower wall of 
the channel used. The finite element method was used to discretize the equations 
that govern the physical model. Results indicate the apparition of a separate vor-
tex, situated in the corner after the sudden expansion of the micro-channel for low 
Reynolds numbers. For higher values and expansion ratios, the vortex separation 
length increases. The obtained results show that the obstacles have a considerable 
effect on the dynamics of the flow and enhancement of heat transfer.  
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Introduction 

The flow separation and reconnection in abrupt expansions and compressions have 

various practical and engineering application applications [1-5]. The importance of these phe-

nomena becomes more important when heat transfer occurs. In fact, higher heat transfer is 

found in such configurations due to the flow separation. Several studies related to the subject 

exist in the literature. Chen et al. [6] performed a numerical investigation in a backward step 

with imposed heat flux under laminar flow regime. They found that the maximum heat trans-

fer occurs where is located the maximum velocity magnitude. In a similar configuration 

Kherbeet et al. [7], studied the effect the step height on heat transfer and fluid structure. They 

mentioned that the re-attachment length and heat transfer are directly related to the step 

length. Le et al. [8], studied numerically the turbulent convention of nanofluid through a 

backward step. They indicated that the heat transfer is improved by increasing Reynolds 
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number and nanoparticles volume fraction. Selimefendigil and Oztop [9] studied the laminar 

flow of a nanofluid in a backward step with a corrugated lower wall and equipped with differ-

ent shape obstacles. They concluded that diamond shaped obstacle allows the better heat 

transfer rate. 

Using the k-ε model, Inagaki [10] studied the turbulent convective flow in a forward 

facing step. The same model was used by Togun et al. [11] in a double forward facing step. 

They found that the heat transfer rate is more important in the second step. Oztop [12] studied 

the same configuration by adding stumbling blocks. He mentioned that the presence of obsta-

cle increases the heat transfer and decreases the pressure drop. The time depending forced 

convective flows in forward and backward steps were investigated by Xie and Xi [13]. They 

concluded that the flow fluctuation has a good effect on heat transfer enhancement. Nasab 

et al. [14] studied the effect of inclination angle on heat transfer and flow structure through 

forward steps. Reynolds number was found to be the most effecting parameters. The turbulent 

forced convection in a double forward step equipped by obstacle was investigated by Barman 

and Dash [15]. They found that the position of the obstacle can be an optimizing parameter al-

lowing to maximize the heat transfer. Other interesting papers related to the literature can be 

found in the literature [16-19].  

In the present study the effect of adding obstacles in forward and backward steps is 

investigated. Several parameters such as obstacles number and position Reynolds number on 

the flow structure, heat transfer, re-attachment point and friction coefficient were studied.  

Studied configurations and governing equations 

The considered configurations are presented in fig. 1. Figure 1(a) presents a smooth 

micro-channel with a sudden enlargement in the direction of flow is considered. At the sudden 

enlargement, the fluid enters with a uniform velocity uin, varying from 0.001-0.4 µm/s. Fig-

ure 1(b) presents a smooth micro-channel with a sudden contraction. The isolated obstacles 

were arranged symmetrically on the top and downfalls before the expansion region. The val-

ues of the parameters used for all the cases are given in tab. 1. 

 

Table 1. Dimensions of the considered geometries 
 

Parameters Units Values 

D [µm] 300 

d [µm] 100 

l [µm] 1000 

L [µm] 2500 

h [µm] 100 

Figure 1. Studied configurations  

The following assumptions are made: 
– Fluids are incompressible, homogeneous, and Newtonian. 
– Steady flow. 
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– The volume forces are negligible. 
– Stationary regime. 
– Turbulence is absent in our microfluidic system and the flows to be modeled are laminar. 

Under these assumptions the governing equations are written as follow: 
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Initial and boundary conditions: 
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 u = v = 0 at lower, upper and lateral walls 

 A constant heat flux, Qw, is imposed at the lower wall (L), while the other walls are 

considered adiabatic, ∂T/∂n = 0.  

The initial conditions are u = v = 0 and T = 0 K at t = 0. 

Numerical method, grid independency test  

and code verification 

Governing equations are solved using the FEM, consisting of discrediting the do-

main in small elements. The implicit scheme based on the damping Newton method is used to 

solve the PDE. Figure 2(a) illustrates the variation of the x-velocity component velocity vs. 

the length of the micro-channel (without obstacles) for different elements numbers: finer 

(15237), extra fine (34108), and extremely finer (79919). It is noted that the obtained curves 

are relatively similar. Thus, for time economy and stability an extra fine elements triangular 

mesh was used of all the simulations, fig. 2(b) and the convergence criterion is fixed at 10–5. 

The verification tests were performed by comparing with results of Tsai et al. [17] results, fig. 

3, who considered a 2-D simulation in a micro-channel characterized by an enlargement ratio 

ER = (d/D = 3).The comparison presented in fig. 3 indicates that the results are in good con-

formity. 

Results and discussion 

In this part the results of the numerical simulations are presented in term of flow 

structure, velocity profile, attachment length, friction factor and Nusselt number. Different 

configurations were considered and are related to the flow direction (backward or forward-

facing step) and number of obstacles. 
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Figure 2. Grid independency test;  
(a) velocity field at x = 2 µm for different grids and 

(b) illustrative used meshing (without obstacles) 

Figure 3. Streamlines in an enlarged  
micro-channel abrupt; comparison with  

results of [17]; (a) Re = 0.1 and (b) Re = 30  

Figure 4 presents the numerical results of the steady-state flow field in a sudden ex-

pansion micro-channel having one obstacle and for ER = 3. As Reynolds number increases, 

the re-circulation zone size increases progressively. In fact, at low Reynolds numbers (Re = 

0.2 and 0.4), fluid elements downstream of the expansion plan are reattached to the channel 

wall as soon as they exit the contraction channel. For higher Reynolds number values (Re = 

0.6 and 0.8), the inertial effects result in the development of a separation vortex. For all 

Reynolds number values two vortices are induced in the corner and behind the obstacle struc-

ture, these vortices are more developed for high Reynolds number values. 

 

Figure 4. Streamlines in a sudden expansion micro-channel for various Reynolds number values 



Hajji, H
 

The re-circulation zone is characterized by 

the attachment length, counting from the en-

larged section at the point of stitching. This at-

tachment point corresponds to the abscissa Xr 

where the axial speed, u, changes sign. Figure 5 

shows the effect of adding obstacles on the re-

attachment length. It can be seen that the re-

attachment length is a linear function of the 

Reynolds number. It also found that if the 

straight-line representing re-attachment Length-

Reynolds number relationship for non-obstacle 

channel extends, it would pass through the 

origin point. Adding obstacles will remain the 

linear function of re-attachment length-

Reynolds number relationship but if it extends, 

it will not pass through the origin. The influ-

ence of the expansion rate on the size of the re-

circulation zone is presented in fig. 6, it is noted 

that the length of connection increases with the 

increase in expansion rate due to the increase in 

the pressure drop. These findings coincide with 

the results obtained by Khudheyeret al. [20]. 

The variation of the velocity field vs. X-co-

ordinate is presented in fig. 7. These simulations 

are performed for different Reynolds numbers 

from 0.1 to 1. A closer look to these results for 

ER = 3, indicates the development of the re-

circulation zone proved by the apparition of an 

inversion point on the velocity vector field. Far 

from the sudden expansion (especially at the ex-

it), the regime becomes established [20]. 

The variation of the component of the ver-

tical speed along the co-ordinate X is presented 

in fig. 8. It is important to conclude that the 

asymmetry, v ≠ 0, exists only for x <≈ 400 µm 

and begins upstream of the entry plane, x = 0, 

of the expansion. Regardless of the Reynolds number values, the first extreme of the Y veloci-

ty, V, appears almost at x = 25 µm. These results have shown the profile of the Y velocity all 

along the selected geometry. The minimum value of V increases (in absolute value) with the 

increase of the size of the step in the vicinity of the step [21]. 

Streamlines for different Reynolds number values are presented in fig. 9. For the 

case of a sudden expansion micro-channel, the size of the primary re-circulation zone increas-

es with Reynolds number. It is also to be mentioned that a secondary re-circulation appears 

for Re = 30. For the cases of a sudden contraction, a small size re-circulation zone appears 

downstream of the forward-facing step and the fluctuation of the main flow increases due to 

the effect of the vortices along the channel walls.  

 

Figure 5. Representation of the evolution of the 

attachment length as a function of the Reynolds 
number for (ER = 3) 

 

Figure 6. Representation of the evolution of the 
attachment length as a function of Reynolds 

number for various expansion ratios;  
1 – obstacled micro-channel: ER = 5,  
2 – obstacled micro-channel: ER = 4, 3 – non-
obstacled micro-channel: ER = 3, 4 – obstacled 
micro-channel: ER = 3, and 5 – obstacled micro-
channel: ER = 2 
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Figure 7. Comparison of the velocity profiles  
for ER = 3; (a) y = 80, (b) y = 40, (c) y = 4, and  

(d) y = 0.4  

Figure 8. Stream-wise variation of  
the center-line vertical velocity component 

 

Figure 9. Streamlines in a widening a sudden expansion micro-channel and a sudden narrowing 
various Reynolds numbers

Three different positions of the obstacle in the entrance zone are studied for Re = 1 

and ER = 3. Positions are respectively 50, 100, and 150 μm. The streamlines are presented in 

fig. 10. The presence of the obstacles generates a small vortex situated respectively at the top 

and bottom corner after the obstacles. Furthermore, when the obstacle is closely near the ex-

pansion, the boundary-layer of the main vortex is slightly modified. These conclusions are 
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justified by the representation of the variation of the attachment length as a function of Reyn-

olds number for the various obstacle positions and ER = 3, fig. 11. 

  

Figure 10. The Streamlines for various obstacle 

positions for Re = 1 and ER = 3; (a) 50 μm,  
(b) 100 μm, (c) 150 μm

Figure 11. Evolution of the attachment length as 

a function of the Reynolds number for different 
positions of the obstacles with ER = 3 

The effect of the number of obstacles on the flow structure at a specified Reynolds 

number is shown in fig. 12. The streamlines for the cases: no obstacles, one obstacle, and 

three obstacles are represented in figs. 12(a)-

12(c), respectively. Therefore, increasing num-

ber of obstacles increases number of re-

circulation vortices. The figure shows that the 

re-circulation zone develops to a long distance 

by adding one obstacle and it extends longer 

with four re-circulation zones when adding 

three obstacles.  

Figure 13 shows the re-attachment length 

of obstacle channel for different number of ob-

stacles. The re-attachment length has a linear 

variation vs. Reynolds number. In addition, the 

re-attachment length increases as the number of 

obstacles increases because of the increasing in 

the pressure drop. 

Nusselt number is determined using the 

expression [22]: 

 
w 0

Nu
( )

hqw

T T



 

Figure 14 shows the variation of the average Nusselt number vs. Reynolds number. 

It is noticed that the presence of obstacle enhances the heat transfer due to the intense mixing 

by the induced vortices. 

Figure 15 shows the shear stress in the mean flow direction for different Reynolds 

numbers. Higher values of Reynolds numbers are associated to higher shear stresses. It is ob-

 

Figure 12. Streamlines for Re = 1 and ER = 3; 
(a) without obstacle, (b) one obstacle,  

and (c) three obstacles  



Hajji, H
 

served that the region with high negative values of shear stress is located just downstream the 

step (x = 200 µm) as presented in fig. 15. This zone is close to the primary re-circulation zone. 

The zero point is known as the average re-attachment point. It is noticed that when Reynolds 

number increases, this point is shifted further downstream. 

  

Figure 13. Attachment length as a function of the 
Reynolds number Re = 1, ER = 3, L0 = 0.2d 

Figure 14. Nusselt number at lower wall of 
expansion region for ER = 3 

Figure 16 shows the distribution of the friction coefficient at the lower plate of the 

channel for different Reynolds numbers. It is noticed that the re-circulation zone (correspond-

ing to the minimum value of the coefficient of friction) decreases with the increase of the 

Reynolds number with a shift of its position to the downside. Out of this area and for higher 

Reynolds number values, the friction coefficient becomes smaller. 

  

Figure 15. Friction coefficient at lower wall of the 

expansion region at different Reynolds number 
values 

Figure 16. Spanwise friction coefficient 

distributions at different inlet velocities 

Conclusion 

This study analyzed a 2-D numerical simulation of a flow along a sudden expansion 

and contraction micro-channels equipped with obstacles. The results gathered in this simula-

tion showed the creation of a re-circulation zone in the coarser part of micro-channel just after 

the enlargement. The addition of obstacles generates additional re-circulation vortices causing 

the enhancement of heat transfer. By increase of the Reynolds number, the vortex becomes 

more developed and Nusselt number also increases. 
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Nomenclature 

Cp – heat capacity [JK–1] 
Dh – hydraulic diameter, [µm] 
d – upstream height 
F – body force, [N] 
L – total channel length, [µm] 
Lo – obstacle length 
Nu – Nusselt number, [–] 
P – pressure 
Re – Reynolds number (= ρLU/µ) 
T – temperature 

T0 – inlet temperature, [K] 
Tw – temperature of the button wall, [K] 
t – time, [s] 
U – velocity, x-component, [μms–1] 
uin – inlet velocity, [cms–1] 

Greek symbols 

Λ – thermal conductivity 
µ – dynamic viscosity, [Pa·s] 
ρ – density, [kgm–3]
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