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ABSTRACT 
This numerical study examines the supersonic rectangular-nozzle flow by focusing attention on the 
development of secondary flow and corner-flow and their effects on the boundary layer instability 
and transition.  The results show that secondary flows appear in the side wall boundary layers and 
form into streamwise vortices in the corner region immediately behind the throat station where the 
boundary layer momentum thickness Reynolds number is 400.  The streamwise vortex increases in 
number downstream and induces a local normal-to-wall flow as large as 4% of the local mainstream.  
The present simulation is in good agreement with the corresponding experiment, in particular, on the 
appearance of cross-flow instability on the side wall boundary layer and the streamwise location 
where the streamwise vortex first appears.  The corner-flow is found to be of extremely unstable 
nature suggesting that the turbulent transition observed is directly caused by the corner-flow 
disturbances. 
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Fig.1 Instantaneous schlieren photograph: knife edge; .
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Fig.2 Nozzle wall configuration of supersonic wind tunnel. 
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Fig.3 Streamwise variations of the momentum thickness 
Reynolds number Re  for (a) the upper wall and (b) 
the lower wall boundary layers: solid lines indicate 
the present simulation at z = 0, dashed lines are the 
2D simulation using fine grid (1/2 x, 1/2 y).

Fig.4 Pressure distributions on (a) the upper wall, (b) the 
side wall and (c) the lower wall visualized by 
contour maps. 

Re
θ

x (mm)

Re
θ

x (mm)

0

200

400

600

800

-20 0 20 40 60 80 100

0

200

400

600

800

-20 0 20 40 60 80 100

2D simulation
3D simulation

(a)

(b)

-20 -10 0 10 20 30 40

-20 -10 0 10 20 30 40

-20 -10 0 10 20 30 40

0

-15

0

15

0

-15

(a)

(b)

(c)

x (mm)

z (m
m

)
y (m

m
)

z (m
m

)

x = -20mm x = -10mm x = 0mm x = 10mm

0 1 2 0 1 2 0 1 2 0 1 2
0

-1

-2

0

-1

-2

Z (mm) Z (mm) Z (mm) Z (mm)

Y 
(m

m
)

Y 
(m

m
)

(a)

(b)

Fig.5 Development of streamwise vortices in the upper wall corner region visualized by contour maps of (a) streamwise 
velocity U and (b) vorticity x with (V, W) velocity vector field. 
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Fig.5 (continued). 

	 24 	 25

This document is provided by JAXA.



y (V, W)
Y, Z

5 (a) 
(b) 

x = 20mm  = 
0.4mm Re  = 400
Re  = / = 900

4%

~
x = 90mm

1.5mm

7)

x  20mm

x = 70mm

Lin 4)

6 x

Re x

Re  = 200

1

 1) E. Rechotko, Boundary layer instability, transition 
and control, AIAA paper 94-0001 (1994). 

 2) 

23 , (2004) 146-147. 
 3) 

24 , (2005) AM05-04-008. 
 4) R.-S. Lin, J. R. Edwards, W. -P. Wang, M. R. Malik, 

Instabilities of a Mach 2.4 Slow-Expansion Square 
Nozzle Flow, AIAA Paper 96-0784 (1996). 

 5) S. R. Chakravarthy, S. Osher, A New Class of High 
Accuracy TVD Schemes for Hyperbolic 
Conservation Laws, AIAA Paper 85-0363 (1985). 

 6) S. R. Chakravarthy, Euler Equations – Implicit 
Schemes and Boundary Conditions, AIAA J., 21,
(1983), 699-706. 

 7) 
22, (1974) 312-323. 

Re
Γ

x (mm)

1

4

5
2

3

0
200
400
600
800

1000
1200
1400

0 20 40 60 80 100

Fig.6 Streamwise variations of the vortex Reynolds 
numbers Re  = /  for the streamwise vortices 
developed in the corner region. 
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