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Abstract 

The flow separation occurred in the wide variety of flow field in engineering, agriculture and 
medical sciences etc. is one of fundamental research subjects of fluid mechanics. The separated 
flow has significant influence on physical properties such as velocity, pressure, shear stress and 
energy dissipation, consequently, enhances ability of mixing and diffusion. For engineering 
application, control of the flow separation would be occasionally required for higher efficiency and 
lower energy loss. The great many of numerical and experimental studies have been made of the 
backward facing step flow. The quite complex behaviors subjected by the strong averse pressure 
gradient have been preventing our consensus on the effect of each properties and boundary 
conditions. Recently, it is recognized as the pitch fork bifurcation that asymmetric flow emerges in 
symmetric two-dimensional sudden expansion channel at the higher Reynolds numbers. Control or 
management of the flow definitely needs well-defined knowledge how to determine critical 
Reynolds number as a function of the pressure gradient that we easily modify with geometrical 
shape of the wall. In practical flow in a duct, most of the flow is substantially of three-dimensional. 
Behaviors of the three-dimensional flow are unable to be predicted with any knowledge obtained 
from observations in two-dimensional flows. Some Lagrangian observations on the backward 
facing step flow in three-dimensional duct report that small displacement of the released position of 
a particle yields crucial difference of the following trajectory and the particles entrained in the 
recirculation zone are moved along helical shape path then discharged. The helical shape path in 
three-dimensional expansion is recognized as an essential motion that never takes place in 
two-dimensional and axisymmetric expansion flows. It suggests that the velocity gradients such as
dw/dy and dv/dz have large influence on the production and the non-linear evolution of the 
streamwise vorticity.  

The present work is designed to clarify the flow structure and the bifurcation problem of 
asymmetric and unsteady flow, and to control the flow in the expansion channel. Firstly, the 
laminar separated flows in a two-dimensional sudden-expansion channel were calculated using the 
finite difference method for the range of channel expansion ratio =1.4-4.0 and Reynolds number 
Re =20-1600 in steady flow regime. The effect of expansion ratio and Reynolds number on the 
behavior of the flow pattern was investigated in detail. The critical Reynolds number for the 



asymmetric flow, similarity of reattachment length and relation between pressure gradient and 
reattachment length will be summarized with relevant parameters. Secondly, three-dimensional 
numerical approach were applied to a laminar flow through a square channel with a sudden 
expansion of area ratio 4 1 in the range of Reynolds numbers Re = 20 to 1900 in steady and 
unsteady regime by using Open Source CFD Toolbox (OpenFOAM). The flow structure produced 
behind the sudden expansion was investigated in streamline, velocity profiles, pressure distribution 
and vorticity distribution, and the three-dimensional vortex shape and structure will be described 
quantitatively with the aid of Lagrangian observation method. The transient critical Reynolds 
numbers to the unsteady flow can be defined and typical flow patterns are illustrated from mean 
and fluctuation velocity distributions. Introducing infinitesimal artificial disturbance was examined 
to describe non-linear phenomenon how the disturbance evolves in downstream and interacts with 
streamwise vorticity. 

Concluding remarks will be summarized as follows for two-dimensional and three- 
dimensional channels. 
Results of two-dimensional flow
(1) On the shorter reattachment length side, there is a similarity for the recirculation vortex shape 

to be normalized by the step height and reattachment length. 
(2) The critical Reynolds number Rec for asymmetric flow decreases rapidly from expansion ratio 

=1.4 to =3,and Rec decreases gradually form =3 to =4. 
(3) Variation of reattachment length XR depends on channel expansion ratio  Variation of 

normalized recirculation length XR/XRc with increasing the normalized Reynolds number
Re/Rec is independent of  There is a similarity for distribution of recirculation length 
independent of channel expansion . 

Results of three-dimensional flow
(1) The fluid particles entered into the recirculation zone behind the sudden expansion from 

upstream diagonal corner, and moves toward span-wise direction with helical motions. There 
is a helical type vortex in the recirculation zone and a ring type vortex is formed in the helical 
type vortex.

(2) The overall regular flow structure is in octagonal consisting of the eight regions that is 1/8 part 
of the flow field surrounded by two diagonal plane, vertical plane, horizontal plane and 
peripheral wall. The whole flow field behind the sudden expansion can be classified into three 
different regions for Reynolds number variation.

(3) The steady flow region is in the range of Re
disordered motion flow appear in the range of 900 < Re
motion flow is stable in the range of 1,300 < Re
As the Reynolds number is increased, disordered motion area moves toward upstream 
direction and the maximum RMS value increases. So that, the vortex structure in the 
recirculation zone is disturbed by the high speed flow and the reattachment points are moved 
toward upstream direction.
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Fig.1-1 Symmetric and asymmetric flow 
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(a) Coordinates system and geometry for symmetric expansion channel 

(b) Coordinates system and geometry for asymmetric expansion channel 

(c) Detail of mesh close to lower step ( =3) 

Fig.2-1 Calculation model for two-dimensional expansion channel 



Fig. 2-2 Comparison of u-velocity profiles with results of other workers 

Fig. 2-3 Instantaneous streamlines and equi-pressure distributions with passage of time for calculation 
procedure (at t=25, 94 and 144, Re



(b) Reattachment length XRV, XRD and reattachment line 

Fig.2-4 Calculation model for square expansion channel 

(a) Coordinates system and geometry 



Fig.2-5 Detail of mesh close to expansion (Model 1) 

Fig.2-6 Full computational domain for square expansion channel (Model 2) 

Table 2-1 Specification of models 

Lout /H1 cells H2 /H1 cells W2 /H1 cells min i+1 i

Model 1 100 200 2 40 2 40 0.148281 1.010504 0.05 0.05 

Model 2 150 400 2 40 2 40 0.150807 1.004042 0.05 0.05 

Model 3 100 200 2 60 2 60 0.148281 1.010504 0.033 0.033 
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Fig. 3-1 Stream lines for cases of expansion ratio =2, 3, 3.5 and 4 (Re=100) 

Fig. 3-2 Streamwise velocity profiles for cases of expansion ratio =2, 3, 3.5 and 4 (Re=100) 



Fig. 3-3 Equi-vorticity distributions for cases of expansion ratio =2, 3, 3.5 and 4 (Re=100) 

Fig. 3-4 Variation of detachment and reattachment points on both upper and lower wall  
as Reynolds number varies 



Fig. 3-5 Variation of location of vortex center as Reynolds number varies 

Fig. 3-6 Relation between critical Reynolds number Rec (symmetry-breaking bifurcation)  
and expansion ratio 



Fig. 3-7 Distributions of pressure gradient on center line of channel, Re as a parameter ( =3) 

Fig. 3-8 Distributions of pressure gradient  on center line of channel, Re as a parameter ( =3)  



Fig. 3-9 Distributions of equi-pressure and streamlines (Re=160, =3) 

Fig. 3-10 Distributions of equi-pressure gradient and streamlines (Re=160, =3) 

Fig. 3-11 Distributions of equi-pressure gradient  and streamlines (Re=160, =3) 

Fig. 3-12 Relation between curvature 1/R of streamline and pressure gradient 
on streamline of =0.5 (Re=160)   



Fig.3-13 Variation of length ratio XR/XP as Reynolds number varies, (XR: reattachment length measured 
from step, XP: distance measured from step to point of maximum pressure gradient [ )]max at wall) 

Fig. 3-14 Relation between reattachment length XR and maximum value of pressure gradient 
[ ]max on centerline of channel 
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Table 4-1 Parameter of calculations 

Fig. 4-1 Stream lines (Re=80, 160, LD=0, 1.0) 



Fig. 4-2 Velocity profiles  on upstream of the step 

Fig. 4-3 Similarity of separated streamlines  



Fig. 4-4 Distribution of vorticity on upper and lower wall (Re=80, 160, LD=1.0) 

Fig. 4-5 Distribution of vorticity on upper and lower wall (Re=80, LD=0.05, 0.5, 1.0) 



Fig. 4-6 Distribution of vorticity  on uppr and lower wall, upstream 
of the step ( =( - P)at wall ,Re=80, LD=0.5, 1.0) 



Fig. 4-7 Distribution of pressure gradient on upper and lower wall (Re=80, 160, LD=1.0) 

Fig. 4-8 Distribution of pressure gradient on upper and lower wall (Re=80, LD=0.05, 0.5, 1.0) 



Fig. 4-9 Distribution of pressure gradient on upper and lower wall (Re=80, 160, LD=1.0) 

Fig. 4-10 Distribution of pressure gradient on upper and lower wall (Re=80, LD=0.05, 0.5, 1.0) 



Fig. 4-11 Contours of pressure distribution (Re=80, LD=1.0) 

Fig. 4-12(a) Variation of reattachment length on both upper and lower wall as Reynolds number varies 



Fig. 4-12(b) Variation of reattachment length on both upper and lower wall as LD varies 

Fig. 4-12(c) Variation of reattachment length with results of other workers  



Fig. 4-13 Relation between Reattachment length and pressure gradient 
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Table 5-1 Calculated range of expansion ratio , Reynolds number Re and distance between both steps LD



 Fig.5-1 Streamlines and curvature 1/R on streamlines of =0, 0.5, 1.0  

(a) Visualization result 

(b) Calculation result 

Fig.5-2 Streamlines (Re=200, =3.0, LD=1.0 )   



(a) 2.0 

(b) 2.0 

Fig. 5-3 Variation of recirculation length on both upper and lower wall as Reynolds number varies (LD=0)  



Fig. 5-4 Variation of normalized recirculation length XR/XRc on both upper and lower wall  
as normalized Reynolds number Re/Rec varies (LD=0) 

Fig.5-5 Variation of recirculation length on both upper and lower wall  
as Reynolds number varies ( =1.5, 2.0, 3.0, 3.5, LD=0 4.0)  



Fig. 5-6 Variation of normalized recirculation length XR/XRc on both upper and lower wall  
as normalized Reynolds number Re/Rec varies (LD=0 4.0) 

Fig.5-7 Variation of normalized recirculation length XR/XRc on both upper and lower wall as LD varies  



 Fig. 5-8 Variation of  and XRc /h as expansion ratio 

Fig.5-9 Relation between maximum value of normalized pressure gradient and expansion ratio 



Fig.5-10 Contours of Bernoulli function, Bernoulli function gradient and vorticity gradient 
(Re=200, =3.0, LD=1.0) 

(a) Distribution of equi-Bernoulli function B and streamlines 

(b) Distribution of equi-Bernoulli function gradient  and streamlines 

(c) Distribution of equi-vorticity gradient  and streamlines 
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(a)Vertical plane 

(b) Diagonal plane 

Fig.6-1 Streamline (Re = 100) 

Fig.6-2 Velocity profile u/UC (Re =100) 
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(a) Contours of (du/dy) / (U/H1) on the wall 

(b) Reattachment length evaluated from (du/dy) / (U/H1) 

Fig.6-3 Distribution of (du/dy) / (U/H1) on the wall (Re=100, y/H1= -1) 
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Fig.6-5 Contours of vorticity x and velocity vector v/U-w/U (Re =100) 
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Fig.6-6 Contours of velocity u/U (Re =100
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Fig.6-7 Contours of pressure p / ( 2/2) (Re =100



(a) 3-D view  
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Fig. 6-8 Behavior of fluid particles (Re=100) 

Fig.6-9 Longitudinal vortex motion (Re=100, x/H1=1.3) 
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Fig.7-2 Contours of streamwise velocity u/U on y-z plane 



Fig.7-4 Distribution of velocity u/U, <u>/U and u rms /U on centerline at Re =1300  

(a) Vertical plane (Disordered motion flow, snap shot) 

(b) Diagonal plane (Disordered motion flow, snap shot) 

(c) Vertical plane (Steady flow) 

(d) Diagonal plane (Steady flow) 
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Fig.7-5 Contours of streamwise velocity u/U on vertical and diagonal plane at Re =1800 
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Fig.7-7 Area of disordered motion 

Fig.7-8 Maximum value of fluctuations 
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Fig.7-9 Initial position of disturbance (x/H1 = -1) 

Fig.7-10 Growth of (v 2+w 2)1/2
max /U on centerline at Re =1000 
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Fig.7-11 Growth of disturbance (u - usteady) /U at Re =1000 
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