DOI: 10.13009/EUCASS2017-65

7™ EUROPEAN CONFERENCE FOR AERONAUTICS AND AEROSPACE SCIENCES (EUCASS)

DOI: ADD DOINUMBER HERE

Numerical Simulation of Shock Wave/Laminar Boundary
Layer Interaction Over a Blunt Geometry

Mahsa Mortazavi* and Doyle Knight*"
*Rutgers - The State University of New Jersey
New Brunswick, New Jersey 08903, USA
mahsa.mortazavi89 @gmail.com - doyleknight@gmx.com
fCorresponding author

Abstract

Shock wave/boundary layer interaction is an influential phenomenon in all hypersonic aircraft. It creates
complex flow structure with extreme localized pressure and heat transfer, which can impose design lim-
itations. Understanding this phenomenon and gaining the ability to predict the flow parameters in such
interactions is very crucial. In this study, three dimensional shock wave boundary layer interaction in a
laminar hypersonic flow past a cylindrical fin, mounted on a flat plate is numerically investigated and the
effect of the sweep angle fin is analyzed. Numerical simulation is conducted using a viscous perfect gas
model with an MPI code written in the C++ language by the authors. The results are compared with the
experiment for validation. Good agreement of the numerical results with the experimental data validates
our calculations.

Introduction

There is a renewed interest in aircraft with speeds ranging from supersonic to hypersonic with increasing funding
provided from organizations such as NASA to advance technologies in high speed flights. One of the most dominant
phenomenon in hypersonic flights is shock wave boundary layer interaction, due to its extreme effects on the flow
structure in addition to pressure and heat transfer on the vehicle. As a result, it is very important to fully understand the
physics of this influential occurrence and be able to predict the flow with such interactions using numerical simulations.

The adverse pressure gradient imposed from the shock wave to the boundary layer can separate the boundary
layer and create a complex flow structure. A separation shock wave forms over the separated region which interacts
with the original shock wave and creates a shock/shock interaction. The effect of the shock wave boundary layer inter-
action is evident by an increase in the aerothermodynamic loads on the surface of the aircraft. There have been many
analytical, experimental and numerical investigation on this interaction. Some examples of these attempts are research
conducted by Chantez*’> , Bur® , Boldyrev' , John'! and Swantek!® . In their works experimental and numerical sim-
ulations have been performed to study the fundamentals of laminar/turbulent transition, real gas effects, heat transfer
distributions, the effect of ramped leading edge and many other topics related to shock wave boundary layer interaction.

The effect of the geometric bluntness of the model on the shock wave boundary layer interaction has been
studied in many research studies, such as Coet ef al.%’” . They showed that the bluntness of the plate reduces the
aerothermodynamic loads due to the reduction of the speed of the flow from hypersonic to supersonic regime at the
shock wave boundary layer interaction region. Borovoy et al.> obtained the same result with the effect of the plate’s
bluntness on the heat transfer rate at the interaction region due to increase in the separation bubble size and decrease in
the gas density in the high-entropy layer. Moreover, they showed that as the radius of the plate’s bluntness increases,
the heat transfer rate decreases to a certain threshold value for the bluntness radius. They further observed that by
increase in freestream Mach number, the threshold value decays and the effect of the bluntness of the plate on the heat
transfer rate enhances.

In this study, shock wave laminar boundary layer interaction in a hypersonic flow past a cylindrically blunt fin
mounted on a flat plate is studied using a viscous perfect gas model. The freestream Mach number and Reynolds
number -based on the diameter of the cylindrical fin- is 14 and 8,000, respectively. Navier-Stokes and ideal gas
equations are solved using an MPI code written in the C++ language by the authors. The code has been validated
in previous studies'> . Two separate sweep angles of the fin relative to the flat plate (A = 0° and 22.5°) have been
investigated to study the effect of the sweep angle on the shock wave boundary layer interaction. The heat transfer
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on the blunt fin is compared with the experimental data for validation. Some results of these calculations have been
presented before! .

Experiment

The experiment was conducted by Hiers et al.'® where the shock wave laminar boundary layer interaction was studied
in a hypersonic flow over a blunt fin. The model in this study consists of a flat plate with a rotatable cylindrical blunt
fin (Figure 1). The blunt fin can rotate to form variety of sweep angles, including A = 0° and 22.5°. The centerline
heat transfer on the blunt fin has been measured to study the shock wave laminar boundary layer interaction in a
hypersonic flow with freestream Mach number and Reynolds number -based on the diameter of the fin- at 14 and
8,000, respectively. The schematics of the model is presented in Figure 2, where all the lengths have been normalized
by the diameter of the fin (D = 2.54 cm (1 in)).

The experiment was conducted in the NASA Ames 1-foot shock tunnel with its stagnation enthalpy and pressure
at 10.5 MJ/kg and 290 atm, respectively. The non-equilibrium effects are reported to be negligible, as well as the
enthalpy of the frozen degrees of freedom at the test section, which is less than 10% of the total enthalpy. The model is
instantly exposed to the flow from the isothermal condition of the room temperature. The time-averaged heat transfer on
the centerline of the fin is measured and normalized with the stagnation point heat transfer by Fay and Riddle’s method®
. The total uncertainty of the heat transfer measurements was reported to be less than +20%. More information on the
average flow parameters at the test section is presented in Table 1.

Leading edge

Shock-wave generator

Figure 1: Experiment Figure 2: Schematics of the Model

Table 1: Experimental Condition'”

Parameter Value
Mach number 14
Reynolds number, Re; = poo U D/ oo 8,000
Stagnation pressure p,, (MPa) 29.38
Stagnation enthalpy &y (MJ/kg) 10.5
Velocity Us (m/s) 4,270
Static temperature T, (°K) 195
Wall temperature 7, (°K) 293
Diameter of the fin D (cm) 2.54
Sweep angle of the fin (A) 0%, 22.5°




DOI: 10.13009/EUCASS2017-65

NUMERICAL SIMULATION OF SWBLI OVER A BLUNT GEOMETRY

Methodology

In this study, the experiment conducted by Hiers et al.'” for two separate sweep angles of A = 0° and 22.5° is
numerically simulated using a viscous perfect gas model. The Navier-Stokes equations coupled by the Ideal Gas
Equation have been solved using an MPI code written in the C++ language by the authors. The code has been validated
before using the analytical solution of the compressible Blasius problem and a two-dimensional shock wave boundary
layer interaction'? . The finite volume method is used to solve the unsteady equations, with the time integrated explicitly
using the second order Runge-Kutta’s method® . The inviscid flux algorithm of Roe’s scheme!>’!6 is used with second
order primitive MUSCL algorithm'# to reconstruct for pressure, temperature and the velocities. The molecular viscosity
is calculated by the Sutherland’s law scheme!” and laminar Prandtl number is fixed at 0.72. All the flow parameters are
normalized by the freestream values and the non-dimensional parameters are set at the experimental condition (Table
D).

The computational domain is decomposed to numerous zones to assign to different cores for calculation using
the MPI code. The grid is structured and it has been created with a C++ code by the first author. Each boundary of each
zone is labeled by an identification number to be recognized in the solver code. Both external and internal boundary
conditions are implemented using some ghost cells at each boundary of each zone. The neighboring zones are recog-
nized by matching identification numbers assigned in the grid and recognized in the solver code. The communication
between each zone is conducted by the ghost cells at the internal boundaries with the recognized neighboring zones.

The initial computational domain is presented in Figure 3 with the no-slip isothermal boundary condition on the
solid walls, which consist of the cylindrical blunt fin and the flat plate. Symmetry boundary condition is used for the
vertical center-plane, top and rear boundaries, and zero-gradient boundary condition is implemented at the outflow,
which is the right boundary. The left boundary, which represents the inflow, is fixed at the freestream condition. Due
to high temperature gradient in hypersonic speeds for isothermal boundary condition, it is more numerically feasible to
use the no-slip adiabatic boundary condition for the solid boundaries and use that solution as the new initial condition
to solve with the no-slip isothermal boundary condition.
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Figure 5: Computational Domain (0° Sweep Angle) Figure 6: Computational Domain (22.5° Sweep Angle)
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The calculations in the initial computational domain with a coarser grid gives us an approximation of the length
of the separation region, boundary layer thickness and the location of the shock waves. This information helps us
recognize unimportant zones with flow parameters fixed at the freestream condition. For later calculations those unim-
portant zones are omitted, leading to a finer grid with the same computational resources. Figures 5 and 6 present the
schematics of the final computational domain for zero and 22.5° sweep angles, respectively. These grids consist of 127
zones, which are built layer by layer. Figure 4 presents the base of the first layer of the grid, with lengths normalized
by the diameter of the cylindrical fin. The first layer of the mesh has the maximum number of the zones, with 15 zones.

The boundary layer at the outflow should be well-developed for the zero-gradient boundary condition to be
accurate at that location. The reason for adding the zones 9 to 14 is that the boundary layer was not well-developed
at the outflow boundary for the initial computational domain and it needed to be expanded further in the downstream
direction. Moreover, the boundary layer cannot start at the beginning of the computational domain, since it would
contradict the fixed boundary condition at that edge. Therefore, the zone number 15 was added with the symmetry
boundary condition at the bottom. The boundary condition for the bottom boundaries of the zones 9 and 14 are
symmetry, as well. No-slip isothermal boundary condition is applied on all the boundaries representing the solid walls
of the cylindrical fin and the flat plate.

The information of the final mesh of the both sweep angles of 0% and 22.5° is presented in Table 2, with A, ,/D,
A,..s/D and A, ,/D representing the dimensionless minimum spacing in the radial, tangent in 8 direction, and tangent
along the centerline of the cylindrical fin, respectively.

Table 2: Details of the Grids (Q = 0° and 22.5%)

NO- Of real Cells Amin,l’l/D Amin,s /D Amin,l/D
17,462,500 0.0014  0.0056  0.0108

Results

A blunt shock wave forms upstream of the cylindrical blunt fin, which interacts with the boundary layer over the flat
plate. The intense adverse pressure gradient from the blunt fin shock wave separates the boundary layer, creating a
separated region with horseshoe vortices. The information of the adverse pressure gradient travels inside the subsonic
region, moving the separation point to the upstream. The interaction of the shock wave with the boundary layer creates
a complex flow structure. Figures 7 and 8 present the logo(p/p«) contours for the zero and 22.5 degree sweep angle
cases, respectively. The separation point and the blunt fin shock wave are evident in the figures. The adverse pressure
gradient imposed from the zero degree sweep angle fin is larger than that of the 22.5° case, leading to larger separation
region for the zero degree sweep angle case. From the figures it is evident that the separation point for the zero degree
sweep angle case is further upstream compared to the 22.5 degree case. The separated boundary layer reattaches to
the fin and creates a localized high pressure at the reattachment point. It is evident from the figures that the maximum
pressure created by the zero degree sweep angle interaction is higher than that of the 22.5° case.
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Figure 7: logo(p/pe), 0° Sweep Angle Figure 8: 10g10(p/peo), 22.5° Sweep Angle

Figures 9 and 10 present the Mach number contours and the sonic lines at the center-plane for the zero and 22.5
degree sweep angles, respectively. A boundary layer displacement shock wave forms over the boundary layer on the
flat plate, with its angle only dependent on the freestream condition. A separation shock wave forms over the separated
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region, which later interacts with the blunt fin shock wave. The separation region formed in the zero degree case is
double the size of the separation region in the 22.5 degree case, due to higher adverse pressure gradient imposed from
the fin in this case. As a result, the separation shock wave created in the zero degree case is formed further upstream
and away from the plate compared to the 22.5° case. The separation shock wave in the 22.5° case is formed below the
boundary layer displacement shock wave, leading to two separate shock/shock interactions; one of them is the weak
interaction of the boundary layer displacement shock wave and the blunt fin shock wave, and the other is the stronger
interaction of the separation and the resultant transmitted shock waves. However, in the zero degree case, the separation
shock wave interacts the displacement thickness shock wave prior to intersecting the blunt shock wave.

Figures 11 and 12 present the static temperature contours normalized by the freestream static temperature at the
center-plane for zero and 22.5 degree sweep angle cases, respectively. The increase in the temperature after the blunt
fin shock wave is evident in both cases; however, due to cold isothermal boundary condition at the walls there is a
sharp gradient of temperature close to the wall, leading to high heat transfer rate on the fin. Three and two horseshoe
vortices are detected in the zero and 22.5 degree cases, respectively. Since the separation region in the zero degree case
is double the size of the separation region in the 22.5 degree, more vortices are formed in this case. As the separated
boundary layer reattaches the solid wall on the fin, it creates a thin layer with large gradient in flow parameters such
as temperature. As a result, there is an extreme localized heat transfer rate at the reattachment point. Moreover, a
reattachment shock wave forms at the reattachment point, creating a localized peak in pressure.

Figures 13 and 14 present the shadow-graph at the center-plane for the zero and 22.5 degree sweep angle cases,
respectively. The boundary layer displacement, separation, reattachment, transmitted and blunt fin shock waves are
evident from the figures. The faded rectangles and parallelograms do not have a physical representation and are the
separate zones in the grid that the data visualization software (tecplot) could not blend well enough with the neighboring
zones. The complex shock wave structure inside the separated region -specially for the zero degree sweep angle case- is
evident from the figures. Figures 9 and 10 show distinct supersonic area inside the separated region, which are divided
from the subsonic region with shock waves and slip-lines presented in the shadow-graphs. Another supersonic region
is downstream the blunt fin, which contains compression and expansion waves. As the compression waves interact
with the sonic line, they reflect as expansion waves. These expansion waves decrease the pressure on the fin as they
interact with it. The expansion waves later reflect from the fin and interact with the sonic line and reflect from the sonic
line as compression waves. The compression waves increase the pressure on the fin. As a result, we have oscillation of
pressure on the fin as the expansion and compression waves interact with it. This phenomenon is evident from the plots
of pressure on the centerline, which are presented in Figures 15 and 16. The high peak pressure is due to the interaction
of the reattachment shock wave with the blunt fin. The strength of the reattachment shock wave and the peak pressure
dramatically decreases for the 22.5 degree, comparing to the zero degree case.

The shock wave boundary layer interaction in this study is highly three-dimensional. Figures 17 and 18 present
the shadow-graph of the three-dimensional shock wave surface in the computational domain for the zero and 22.5
degree sweep angle cases, respectively. The shock wave over the separated boundary layer and the blunt fin shock
wave are evident from the figures. At the exit of the computational domain a complex structure of shock waves and
slip-lines are captured (Figures 19 and 20). The blunt fin shock wave interacts with the boundary layer through the
whole three dimensional domain and a three dimensional transmitted shock wave forms from this interaction. The
transmitted shock wave is evident in the shadow-graphs at the end of the computational domain. Moreover, some
streamlines at the vicinity of the center-plane are presented in Figures 21 and 22 for the zero and 22.5 degree sweep
angle cases to show the structure of the streamlines inside the separated region in a three-dimensional perspective.

The surface heat transfer and skin friction lines on the solid surfaces for the zero and 22.5 degree cases are
presented in Figures 23 and 24, respectively. The separation line and the reattachment point are detectable using the
skin friction lines. The separation line is generated from a saddle point with two specific directions. The skin friction
lines point towards the saddle point through one characteristic line, and point away from it through the other one. The
separation line is evident from the characteristic line with skin friction lines pointing away from the saddle point. On
the other hand, the reattachment point is a node with all the skin friction lines pointing away from that singular point.
The maximum heat transfer is captured at the reattachment point for both of the zero and 22.5 degree cases.

Another characteristics of the results in this study is its unsteady oscillations, specially at the region where the
transmitted shock wave interacts with the reattachment shock wave. A Mach reflection can form from the interaction
of two strong shock waves by formation of a normal shock between the two interacting shock waves, which is called
the Mach reflection. This phenomenon is captured at the interaction of the transmitted and the attachment shock waves.
The Mach reflection oscillates leading to change in pressure and heat transfer close to the interaction region. Moreover,
the slip-lines and the shock waves inside the separated boundary layer presented in the center-plane contours display
temporal oscillations. The unsteady behavior rapidly subsides in the 22.5 degree, compared to the zero degree sweep
angle case.
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Figure 10: Mach Number, 22.5° Sweep Angle

TT: 1 5 10 15 20 25 30 35 40

Reattachment
Point \

Horseshoe
Vortices

Separation
Point

Blunt Fin
Shock

Reattachment
Shock
Separation Transmitted
Boundary Layer Shock Shock
Displacement Shock

Figure 14: Shadow-graph, 22.5° Sweep Angle




3500 -

/P,

a8
1500 |

3000
2500

2000 |-

1000 |

500 |

DOI: 10.13009/EUCASS2017-65

NUMERICAL SIMULATION OF SWBLI OVER A BLUNT GEOMETRY

3500

2000
2000

/P,

o

1500

3000 |

2500 |

1000 |

500 |

Figure 18: Shadow-graph, 22.5° Sweep Angle

Figure 21: Streamlines, 0° Sweep Angle

Figure 22: Streamlines, 22.5° Sweep Angle
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Figure 23: Surface Heat Transfer and Figure 24: Surface Heat Transfer and
Skin Friction Lines, 0° Sweep Angle Skin Friction Lines, 22.5° Sweep Angle
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Figure 25: Schlieren Image, 0° Sweep Angle Figure 26: Schlieren Image, 22.5° Sweep Angle

Figures 27 and 28 present the pressure history normalized by the freestream pressure for the zero and 22.5 degree
cases at z/D = 0.3016 and 0.4079 on the centerline, respectively. The heat transfer history for these two cases at the
z/D = 0.3016 and 0.4079 on the centerline is presented in Figures 29 and 30, where the heat transfer is normalized by
the freestream heat transfer calculated on the centerline of the fin away from the shock wave boundary layer interaction.
The stagnation point heat transfer for the zero and 22.5 degree sweep angle cases are 3.1 and 2.8 MW/m?, respectively.
A great decay in the unsteady behavior has been captured in the 22.5 degree case, compared to the zero degree sweep
angle case for both the pressure and heat transfer calculations. Discrete Fourier Transform analysis on multiple periods
of oscillation has been used for the zero degree sweep angle case to study its unsteady behavior. The results show that
the change of the dominant frequency of oscillation and the energy corresponding to that frequency is negligible. As a
result, we can conclude that a statistically stationary solution for the zero degree sweep angle case has been reached.

Figures 31 and 32 present the experimental and numerical heat transfer on the fin for the zero and 22.5 degree
sweep angle cases. The heat transfer for the experimental measurements are normalized by the method of Fay and
Riddle® . The time-averaged heat transfer of the numerical calculations is compared with the experimental data for
validation and good agreement with the experiment has been captured. The difference in the normalized peak heat

transfer rate for the zero and 22.5 degree cases is negligible.
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Conclusion

The three dimensional shock wave boundary layer interaction in a laminar hypersonic flow is numerically investigated.
A viscous perfect gas model is used and Navier-Stokes and Ideal Gas equations are solved by an MPI code written
in the C++ language by the authors. A cylindrical blunt fin mounted on a flat plate at two separate sweep angles of
zero and 22.5 degree is numerically simulated and the effect of the sweep angle on the interaction is studied. The
blunt shock wave generated from the fin separates the boundary layer over the flat plate and creates a complex three
dimensional shock wave boundary layer interaction. As the boundary layer reattaches on the solid surface over the fin,
a reattachment shock wave forms creating a peak pressure on the solid wall. Moreover, the heat transfer rate reaches its
maximum level at the reattachment point. Oscillations in the flow parameters and shock waves and slip-lines in the zero
degree sweep angle case are captured. The Discrete Fourier Transform analysis show that the statistically stationary
solution has been reached for the zero degree case, while the 22.5 degree case is steady. The time-averaged heat
transfer is compared with the experimental data and good agreement with the experimental measurements validates
our numerical calculations.
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