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Abstract

An immersed interface method (IIM) is presented, for the analysis of complex geometries within a two dimen-
sional domain inside a compressible flow. The analysis is based on the assumption of inviscid flow. However
characteristics present in viscous flows are add with a viscous correction method. For the time and space
integration the methods of Runge Kutta and compact finite difference are used, respectively. Also a filter was
applied to stabilize the solution process.
A rapid viscous correction method will be applied to the interaction between the boundary layer and the shock
wave on airfoils. The boundary layer thickness ahead the shock modifies the position and magnitude of the
shock.
The correction method uses the boundary layer sudden increase in equations in two dimensions using the
inviscid flow solution and uses iterative process to converge to a viscous correction solution. The aim of this
work is to implement the method and compare the numerical results that are similar to the experimental data
available in literature .A comparison with Transonic Small Disturbance results is also carried a out.
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1. INTRODUCTION
The present work describes the viscous correction method for the interaction between the shock wave
and the boundary layer. The correction is applied to the solution of an Immersed Interface Method
(IIM) code, in an iterative process. A fourth order of accuracy approximation is used, in both time
and space using the Runge Kutta method and the compact finite difference method, respectively. An
implicit like scheme filter was applied to stabilize and smooth the solution while maintaining the order
of precision of the compact scheme. The methodology section of this work summarizes the principle
of operation that the IIM uses to get the numerical result that solves the system of Euler equations.

1.1 Relevance
The computational fluid dynamics (CFD) is an important tool for the research development in differ-
ent areas such as Automotive Engineering, Aeronautical Engineering, Industrial Manufacturing, Civil
Engineering, Environmental Engineering, Naval Engineer- ing, etc CHUNG, 2010. It works as a
complement to the analytical and the experiments approaches. Computational methods has been
used in recent decades with relatively good results. In aerodynamics, the CFD analysis is fundamen-
tal for investigations, where it is not feasible to create a physical models or the access to wind tunnel
is restricted. The CFD is divided into five subprocesses which are: Geometry Definition, meshing,
physics definition, solver and post-processing. In this paper we studied the processes of physics
definition and post processing, since in the work that was taken as a basis for the correction of vis-
cosity, creation of geometry and meshing for using two meshes had already been made. Because in
a complex geometry it is difficult to adjust a regular mesh to the shape of the geometry, and because
there is an interest in applying the method to moving geometries, a Eulerian mesh is used for the
fluid along with a Lagrangian mesh for the object immersed in the fluid. This method has the potential
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to drastically reduce the computational cost because only one of the meshes moves in each step of
time and because the lagrangian and the Euilerian mesh has less quantity. The Lagrangian mesh
has fewer nodes than the Eulerian mesh. In the solver step the limit layer equations were solved by
calculating partial differential equations with the Runge Kutta method.

1.2 METHODOLOGY
The shock / boundary layer interaction is analyzed with the results obtained from the Euler method,
the resulting distribution of lift speeds is obtained on the bearing surface that is necessary to calculate
the interaction between the shock wave and the boundary layer with the boundary layer equations.
Two-dimensional inviscid flow, in this calculation the displacement thickness of the limit layer is found
and that thickness generates an effect equivalent to the limit layer to make a modification to the
geometry of the lifting surface to obtain a new inviscid solution.
With the created geometry, a new solution is calculated by Euler’s method, obtaining a new velocity
distribution for a new geometry. The process is repeated until the solution converges and stops
varying until a significant variation in speeds is not seen.
In transonic flows, the laminar region near the leading edge and the transition region are not taken into
account because it is very small and there are no significant effects on aerodynamic performance, so
all the studies are carried out in the turbulent region, which is where it is greater. separation of the
flow of the boundary layer of the profile, as one of the aerodynamic problems is knowing the exact
point where the turbulent region begins, this process is assumed from the first mesh point of the
profile close to the leading edge.
To carry out the viscous correction procedure, the equations are solved in the boundary layer using a
two-dimensional numerical integration method developed by SASMAN AND CRESCI (1966) to analyze
the compressible boundary layer.
In a turbulent, stable and two-dimensional compressible boundary layer, the continuity and moment
equations are

∂ρv
∂ s

+
∂ρw
∂n

= 0 (1)

ρu
∂v
∂ s

+ρw
∂v
∂n

=
∂ p
∂ s

+
∂τ

∂n
(2)

Where u and w are the velocity components, s its the streamwise and n is the normal, p is the
pressure, τ is the shear stress. The variation of the temperature in the transonic flow of the boundary
layer is considered using the equations of the transformation described by Mager.
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Where T is the temperature, the subscripts e and o are indications for the boundary layer and the
stagnation condition, g for adiabatic growth is equal to 1.0 and Pr = 0.72, the reference temperature
is a function of the Prandtl number, Pr as follows in the equation
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Where the subscript w is the wall condition, H represents the shape factor and the momentum thick-
ness θ , the Ĥ transformed shape factor and θ̂
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Me is the Mach number which is denoted by the following expression:
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Where u and v are the velocity components.
And γ is the specific heat ratio. δ ∗ is the boundary layer displacement thickness, δ̂ ∗ is the transformed
displacement thickness and is used to thicken the geometry of the profile’s support surface
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The transformed displacement thickness and momentum thickness for an adiabatic flow are:
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Û
Ûe
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In the direction ŝ the transformed velocity is
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The transformed momentum integral and transformed moment-of-momentum equations which using
a fourth order Runge-Kutta method may then be solved simultaneously, a
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Ĥi is the adiabatic shape factor
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With the form factor hatHi and the Mager transformation, the functions of momentum θ and form
factor Hi transformed as
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τw is the shear stress at the wall, is the empirical relation by Terevin [?]
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Where v is the kinematic viscosity.
The equation is written using in the limit layer the relation of the Mach number and through the
relations
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The transformed moment thickness equations θ̂ and transformed form factor Ĥi result as follows,
where A is
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Ĥ2
i −1
θ̂

(
Ĥi +

0.022
C f
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The delta data was calculated in a separate code and then the data was incorporated into the IIM
code where they were added to the profile and with the new geometry, the new Mach data of the
profile were calculated, with these data the new data is generated of delta to generate the new
geometry until the result is iterated, thus obtaining the Cp data with viscosity in the limit layer, to bring
them closer to the experimental results.

2. Results
The code for the development of the method was written in the Fortran 90 program and executed
using the Intel Fortran compiler. Each profile takes approximately 20 hours to run the base code and
less than an hour to run the viscous fix code for each fix applied to bring the code to convergence.
A computer with an Intel(R) Core(TM) i5-8400 2.8 GHz CPU with a physical processor has used; six
cores; six threads; an ASUS TeK Computer INC motherboard. PRIME H310M-E, a GeForce GTX
1050 Ti/PCIe/SSE2 GPU running on the Linux Mint TARA operating system.
In this work, tests are carried out on two aerodynamic profiles, both with different Mach numbers and
angles of attack, as shown in the table 1.

Table 1 – Cases

Airfoil Mach Atack angle
NACA 0012 0.75 1
RAE 2822 0.729 2.31

Some cases showed better results than others.

4



INSERT RUNNING TITLE HERE

Figure 1 – Pressure coefficient for the NACA 0012 airfoil with M = 0. 750, α = 1.00o , inviscid and
without viscous correction.

3. Airfoil section NACA 0012
The viscous correction method was applied to give viscosity effect to an IIM (Immersed Interface
Method) code of fourth-order of precision for compressible subsonic flow on the aerodynamic profile
NACA 0012. Three cases are presented, which are worked with 1990 nodes in the geometry, 110,
nodes in the ns grid, 778 points in the x direction, and 285 in the y direction, 0.0018 the minimum
spacing ratio, 0.5542 the ∆xmax/c (maximum spacing in the x direction), 0.2939 the ∆ymax/c (max-
imum spacing in the x direction) concerning the profile chord. The results are compared with the
experimental data of the report AGARD138.
The figures present the pressure coefficient of the inviscid results of the IIM denoted with the dotted
line, the Cp data after viscous correction represented with the consecutive line, the experimental
data shown with the dotted line in the form of x and finally the data of Cp of the TSD method with
applied viscous correction of the work of GRECO2016 which were only incorporated in some cases
for verification of the applied viscous correction method.
The graphs of the thickness of the limit litter for each case are also presented, which is represented
by the dotted line as the intradorsum and the consecutive line for the thickness in the extradorsum,
as well as the graphs of the alteration of the geometry due to the thickness generation δ ∗ also the
pressure field and Mach number fields are presented for all the cases.

3.1 Mach=0.750, α = 1.00o

In this case, it can be seen that the shock wave generated by the profile is highly defined and sep-
arates from the chord distance of the experimental results because the Mach number is high. This
is caused by the effects of physical phenomena, and the lack of viscosity in the limit layer because
Euler’s equations do not present viscous terms; Then, when applying the viscosity correction with
the limit layer equations, it is observed that the shock wave has an approach to the shock wave in
the experimental case, although it continues to show the shock wave defined in the upper surface,
although in the lower surface it is smoothed out the wave and approached the experimental pressure
coefficient data.
The displacement thickness of the boundary layer 3 increases notably when there is separation of the
shock wave, approximately at 45% of the aerodynamic chord of the airfoil in this case; and although
it is small compared to the thickness of the original aerodynamic profile, it is not evident how much
the thickening of δ ∗ is even in figure 2. Likewise, viscous effects cause the geometry of the profile
to change. The displacement thickness of the boundary layer 3 increases notably when there is
separation of the shock wave, approximately at 45% of the aerodynamic chord of the airfoil in this

5
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Figure 2 – Thickness of displacement for the NACA 0012 M = 0.750, α = 1.00o

Figure 3 – Alteration in the shape of the airfoil NACA 0012 M = 0. 750, α = 1.00o for the viscous
correction

6
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Figure 4 – Pressure coefficient for the RAE 2822 airfoil with Mach=0.729, α = 2.31o , with and
without viscous correction.

case; and although it is small compared to the thickness of the original aerodynamic profile, it is
not evident how much the thickening of δ ∗ is even in figure 2. Likewise, viscous effects cause the
geometry of the profile to change.

4. RAE 2822
The viscous correction method was applied to the aerodynamic profile RAE 2822, this profile is de-
signed for drag reduction. Two cases of close Machbut with different angles of attack are presented,
the mesh was worked with 1380 nodes in the geometry, 1100, nodes in the ns grid, 917 points in the
x direction, and 310 in the y direction. , 0.0015 the minimum spacing ratio, 0.5533 the ∆xmax/c (maxi-
mum spacing in the x direction), 0.2881 the ∆ymax/c (maximum spacing in the x direction) with respect
to profile chord. The results are compared with the experimental data of the report AGARD138 and
also verified with the results of viscous correction applied to a TSD method.
As in the case of NACA 0012, the graphs are represented as follows: the figures present the pressure
coefficient of the undefined results of the IIM denoted with the dotted line, Cp data after viscous
correction shown with the consecutive line, experimental data shown with the x-shaped dotted line
and finally Cp data from TSD method with ∗ dotted line viscose correction. Limit litter δ ∗ graphs with a
dotted line as lower surface and consecutive line thickness in upper surface and geometry alteration
graphs due to thickness generation δ ∗ also the pressure field and Mach number fields are presented
for all the cases comparing shock waves with and without viscous correction.

4.1 Mach=0.729, α = 2.31o

In all the cases that were analyzed, a positive response was observed towards the implementation
of the viscous co-direction code in the IIM embedded interface method code developed in the thesis
SOLARTE and compared, the cases from two to five with the data of the work of citeGreco2016 which
were developed with the method of UsTSD. Where it was observed that even though the shock
wave is marked and strong in the cases made with the IIM method, In doing the correction, they
are remarkably close to the experimental data made in the wind tunnel and soften more in the lower
surface as the experimental data appear in most cases.
The thickness of the litter limit that is observed in the figures of δ ∗ is due to the separation of flow in
the profile, it is also observed that where there is a pressure drop near the upper surface increases

7
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Figure 5 – Thickness of displacement for the RAE 2822 Mach=0.729, α = 2.31o

Figure 6 – Alteration in the shape of the aerofoil RAE 2822 Mach=0.729, α = 2.31o for the viscous
correction

8
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the thickness of offshoring. In the graphs of pressure and speed in the inviscid and viscous cases as
in the case of the profile NACA 0012 with Mach=0.750, α = 1.00o is seen the approach of the shock
wave in the upper surface towards the leading edge and the lower surface of shock is softened, as
in the case of the NACA 0012 profile with Mach=0.750, α = 3.00o, with the difference that the shock
wave in the lower surface continues to appear strong. In the profile NACA 0012 with Mach=0.800,
α = 1.25o the shock waves on the two surfaces approach with the correction to the leading edge and
have a reduction in their strength in the lower surfaceas in experimental cases.
For the profile of RAE 2822 with Mach=0.729, α = 2.31o and Mach = 0.730, α = 3.19o the shock wave
also moves towards the vanishing edge although without as much intensity as in the profile NACA
0012, and in the lower surface no sudden shock wave was generated in the undetected case.

5. Conclusions
The developed code corrects the viscosity in a compressible flow analysis work with the method of
Immersed Interface between a solid surface and a fluid with the method of compact finite differences
of the high order of precision in the special integration and Runge method High-order precision Kutta
for the temporary integration of the aerodynamic profile NACA 0012 and RAE 2822, these results
improved the deficiencies they had by not having a limit layer due to lack of viscosity.
The position of the shock wave was slightly different from the experimental results, although the
softness of the shock wave was not improved on the upper surface, only on the lower in the cases
presented. The convergence of the viscose correction calculations occurred in approximately five
iterations. The results meet the objectives of this work.
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