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ABSTRACT

HYPERSONIC BOUNDARY-LAYER STABILITY
ACROSS A COMPRESSION CORNER

Hongwu Zhao
Old Dominion University, 2003
Director: Dr. Osama A, Kandil
Co-Director: Dr. Ponnampalam Balakumar

Stability of a hypersonic boundary-layer over a compression corner was investigated
numerically. The three-dimensional compressible Navier-Stokes equations were solved
using a fifth-order weighted essentially non-oscillating (WENO) shock capturing scheme
to study the shock wave and boundary-layer interactions. The boundary-layer stability
was studied in three distinct regions: upstream of the separation region, inside the
separation region and downstream of the separation region. After the mean flow field was
computed, linear stability theory was employed to predict the unstable disturbance modes
in different flow regions and also to find the most amplified disturbance frequency across
the compression corner. Gortler instability computations were performed to study the
influence of the streamline curvatures on boundary-layer stability, and PSE(parabolized
stability equation) method was employed to obtain the initial disturbances for direct
numerical simulation.

To study the boundary-layer stability by direct numerical simulation, two- or three-
dimensional initial disturbances were introduced at the initial streamwise location of the
computational domain. Two-dimensional disturbance evolution simulation shows that
two-dimensional high frequency linear disturbances grow exponentially upstream and
downstream of the separation region and remain neutral in the separation region, but
two-dimensional low frequency linear disturbances only grow in a narrow area inside the

separation region and remain neutral upstream and downstrearmn of the separation region.
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Two-dimensional nonlinear disturbances will saturate downstream of the separation
region when their amplitudes reach quit large amplitude.

The three-dimensional disturbance evolution simulations show that three-
dimensional linear mono-frequency disturbances are less amplified than its
two-dimensional counterpart across the compression corner. The three-dimensional
nonlinear mono-frequency disturbance evolution indicates that mode (0,2) is responsible
for the oblique breakdown. Three-dimensional disturbances are much more amplified
with the presence of two-dimensional primary disturbance due to the secondary instability.
Finally, the simulations of three-dimensional random frequency disturbance evolution
with the presence of a two-dimensional primary disturbance show that the secondary
instability first occurs downstream of the separation region and a fundamental or K-type

breakdown will be triggered by this secondary instability.
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NOMENCLATURE

Coefficient matrix of linear stability theory
Coefficient matrices of PSE

Coefficient matrices of Gortler instability
Phase velocity

Specific heat at constant volume
Inviscid fluxes

Viscous fluxes

Total energy

Disturbance frequency
Non-dimensional disturbance frequency
Gortler number

Jacobian matrix

Heat conductivity coefficient

Reference length

Mach number

N factor

Pressure

Prandtl number

Conservative variable vector

Gas constant

Reynolds number

Cylindrical coordinates

Temperature

Time
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U, U, U3 Velocity in streamwise, wall normal, and spanwise directions

Wv,w Velocity in streamwise, wall normal, and spanwise directions
W Complex potential

XYz Cartesian coordinates

X1, X2, X3 Cartesian coordinates

Z Complex variable

Greek Symbols

o Streamwise wave number

B Spanwise wave number

€ Initial disturbance amplitude

p Density

11 Stress tensor

18 Viscosity coefficient

\Y Kinematic viscosity

Y Specific heat constant

) Boundary-layer thickness

dd Displacement thickness

So Boundary-layer thickness at the initial streamwise location
En.G Curvilinear coordinates

® Disturbance frequency

03 Disturbance velocity potential

A Second viscosity coefficient

Ax Wave length in streamwise direction
Az Wave length in spanwise direction
K Curvature radius

8o The corner angle

Ow The oblique shock deflection angle
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Subscripts

oo Upstream infinity flow variables
inf Upstream infinity flow variables
ref Reference variables

dis Disturbance quantities

max Maximal value

Superscripts

* Dimensional variables

- Mean flow variables
Disturbance variables
A Normal mode variables

~ The variables in curvilinear coordinate system
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