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Résumé : NSC2KE est un solveur Volumes-Finis-Galerkin pour le calcul d’écoulements
2D et axisymetriques utilisant des maillages non-structurés. Pour résoudre la partie Euler
des equations, le flux de Roe, de Osher et un flux cinetique sont disponibles. Pour le calcul
d’écoulements turbulents un modéle k£ — ¢ est disponible. La modélisation & bas nombre
de Reynolds s’effectue soit par une technique bi-couche, soit & travers des lois de paroi.
L’utilisation d’un shéma Runge-Kutta & 4 pas permet aussi la résolution de problémes ins-
tationnaires.
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1 Introduction

Major advances in computer technologies and numerical techniques have made possible to
propose an alternative or at least a complementary approach to the classical technique of
laboratory experiments. More and more, Computational Fluid Dynamics becomes part of
the design process. In fact, even if it does not remove the necessity of doing experiments by
realizing prototypes, the CFD would help to reduce the number of cases to test.

Unstructured Finite Volume Galerkin

The NSC2KE fluid dynamics software uses a combinasion of the finite-volume and finite-
element methods to simulate a wide range of flow fields going from subsonic to hypersonic
regime for two-dimensional and axisymmetric configurations. As real configurations often
involve complex geometries, unstructured meshes seem to be the best tool to correctly ap-
proach the reality.

Pre and Post-Processing

The only pre-processing task is to define a mesh. The natural pre-processing tool for
NSC2KE is the automatical mesher EMC2 of F.Hecht and E.Saltel [HS]. The version 2.0 of
NSC2KE will allow the user to define meshes using a language interpretor and an automatic
mesh generator. NSC2KE generates one and two dimensional graphics which can directly
be visualize using the well-known GNUPLQO'T graphic tool.

Class of Problems
NSC2KE simulates a wide range of 2D and axisymmetric flow fields including

e External and Internal Flows.

e Subsonic to Hypersonic Inviscide Flows: At the time of writing, the code have been
tested for Mach number between 0.1 and 10.

Low-Reynolds Subsonic to Hypersonic Viscous Flows.

e Subsonic to Hypersonic fully separated Turbulent Flows.

Steady and Unsteady Flows.

INRIA
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2 The Governing Equations

Let p be the density, u = (uy, us2) the velocity, T" the temperature, ' = T + “%”i the total
energy, p = (y — 1)pT" the pressure, Vu = u;; the gradient of u, D = u;; its divergence,
S =(Vu+ Vu') - %DI the deformation tensor.

2.1 The Navier-Stokes Equations

The Navier-Stokes equations in the nondimensional form are:

Jp B
E+V~(pu)—0

a 2
TE+V - (pu@u)+Vp =V (1 +m)S) (2.1)
Opk
o TV (PB4 p)u) =V ((p 4 p1)Su) + V(5 + £)VT)
with
_ K _ THe
= - Kt= 5,
Pr Pr;

vy=14, Pr=072 and Pr;=0.9.

K

Where p = 1/ Rejam is the inverse of the laminar Reynolds number given by Sutherland law

B T s, T +110.
H = oo (=) (S )

where oo denotes reference quantities.

For turbulent application, u; = 1/Re; is the inverse of the turbulent Reynolds number.
In what follows, we will call g and g; the laminar and turbulent viscosity.

2.2 The High-Reynolds £ — ¢ Model

The high-Reynolds k& — ¢ equations are
dpk

5 + V.(puk) = V({1 + pe)Vk) = S, (2.2)
aaif + V.(pue) = V((p + ccpy)Ve) = Se. (2.3)

The right hand sides of (2.2)-(2.3) contain the production and the destruction terms for
pk and pe:

2
Sk = P — gpk‘D — pe, (2.4)

RT n° RT-0164
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261 62
S. =c1phP — 2L peD — eyp— 2.5
c1p 3, peD —cap o (2.5)

where ¢, c1, ¢2, c. are respectively 0.09,0.129,1.83,0.07.
The eddy viscosity is given by:

](72
He = Cup=— (2.6)
By definition, P = R : Vu which leads to the following expression for P in 2D.
2 4 2
P = (urz +upa)” + gupy +upp —uruzp). (2.7)

In [MO3], we have shown that this choice leads to an overprediction of the eddy viscosity
by the model and that a better choice is to drope terms in D in (2.2)-(2.3) and to only keep
the shear-based components in (2.7). More precisely, we take for P

P = (U172—|—U271)2. (28)

2.3 The Low-Reynolds Model

The classical £ — ¢ model is valid under the hypothesis that the local Reynolds number is
high. Therefore, it is not adequate to describe regions close to a solid wall. NSC2KE proposes
two alternative to deal with this problem. A two-layer approach [PA1] [MO1] [MO2] and a
classical wall-laws technique. We recommand to use as often as possible the first approach
because it enables the user to compute the flow up to the wall with almost no empirism. Of
course, this requires more computational ressources as a finer mesh should be used.

2.3.1 The Two-Layer Approach

The idea is to couple the & — ¢ model to a one-equation model in an automatical way. This
is done by introducing a local Reynolds number y* and to compute for yt < 200, k using
the following transport equation:

Opk
L=+ V.(puk) = V.((n+ 1) VE) = peP = Dics, (2.9)
where .
k2
Dj,s = Pl_; (210)
and
p = cup\/zlu. (2.11)

l, and [; are two length scales containing the damping effects in the near wall regions.

+

_ Y
l, = ﬁcu3/4y(1 — emp(T)),

INRIA
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+
— =)

l. = E6;3/4y(1 —exp(—
2Kcy

where ¢ = 70 and x = 0.41 and y* is defined by
= Vkppuwy

P

where w subscript means computed at the closest point of the wall and y is the distance of
the current point to this point. In (2.9), P is given by (2.8).

2.3.2 Wall-Laws Technique

The most widely used approach when dealing with the near-wall regions difficulties is to
avoid solving the Navier-Stokes equations (including the turbulence model) up to the wall.
Instead, the edge of the computational domain is placed a small distance é away from the
wall in the high Reynolds number region (fully developed turbulent region). Empirical laws
are then used to define boundary conditions at the edge of the domain (the subscript w and
§ would mean at the wall and at the artificial wall boundary). If we denote 7 a unit vector
tangential to the boundary I' and 7 the unit outward normal to I, the boundary conditions
for the mean velocity are:

i-1n=0, (2.12)
(n+ pe)S -l = —pul? (2.13)

These conditions are taken into account in the weak formulation of the problem.
The friction velocity u, is evaluated using u, = y%, if yt < 10 and from u, =

u/(Llog(y*) + B) if y* > 10 (with k = 0.41,3 = 5.5). Once u, is computed, the boun-
dary conditions for £ and ¢ are :

(2.14)

3|s:‘
h|aw

2.4  The global Formulation

We consider the following form of the conservation Navier-Stokes equations (2.1) and k — ¢
equations without source terms

O v (FW) = NW) =0 (215)

where W is the vector of the conservation variables (i.e. W = (p, puy, pus, pE, pk, pe)t), F
and N represent respectively the advective and viscous operators.

RT n°RT-0164
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2.5 Boundary Conditions

The boundary conditions available in NSC2KE are rather simple. As we have tried not to
make a too complicate code, a complete but not exhaustive set of boundary conditions is
available which let the user to compute a wide range of flow fields including internal and
external flows.

Solid Bodies

For laminar computations, the classical boundary condition for the velocity is namely the
no-slip boundary condition i = 0 while for the temperature either a Newmann or Dirichlet
b.c. can be used dependind on the physic of the problem.

For turbulent computations, the user can use either wall laws or a two-layer approach.
In the first case a weak boundary condition is used for the velocity and Newmann condition
for the temperature and non-homogenous Dirichlet b.c. for £ and €. In the second case, the
same conditions as before are applied for u and 7" while homogenous Dirichlet condition is
used for k and Neumann for ¢.

Inflow and Outflow Weak Boundaries

NSC2KE treats infinite boundaries by a characteristic technique. This means that along
these boundaries the fluxes are splitted in positive and negative parts following the sign of
the eigenvalues of the jacobian A of the convective operator F.

/ F.nda:/ (AT Win + A~ Wy, ).ndo,
r r

oo oo

where W, is the computed (internal) value at the previous iteration and W, the external
value, given by the flow configuration through file DATA. More details can be found in
[SW1].

Inlet Profiles

In internal flow computations, we often have to give an inlet profile coming either from
experiences or from another computation. NSC2KE enables the user to give such a profiles.

Symmetry or Slip Boundaries

Non penetration (@.77 = 0) boundary condition is necessary for Euler computations or
sometimes in viscous cases. This condition is applied on solid boundaries for Euler compu-
tations and on symmetry lines depending on the physic of the problem.

2.6 External Forces
At this time, NSC2KE only takes into account of gravitational forces. This is done by adding

_r
Fr

to the right hand side of the third equation (i.e. pus). Here F'r is the Froude number.

INRIA
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3 Numerical Techniques

Our algorithm is explicit in time. To reach the steady solution an iterative scheme is used.
The Navier-Stokes and k — ¢ equations are solved by a Finite Volume-Galerkin upwind tech-
nique using an Osher [OS1], Roe [RO1] or Kinetic [PE1] Riemann solver for the convective
part of the equations. The viscous terms are treated using a standard Galerkin technique.

3.1 The Navier-Stokes Solver

Let Qp = U;T; be a discretization by triangles of the computational domain © and let
Qp = U; C; be its partition in cells.

N~/

[N

Thus, we can associate to each wj, € Vj, where Vj is the set of the continuous P!
functions on our triangulation, a wj, piecewise constant function on cells by

1
'w§L|C’Z' = mL Wp .

Conversely, knowing wj}, piecewise constant, wp, is obtained as wp(S;) = w},|C;.
If we suppose that F' varies linearly on each triangle, the weak formulation of (2.15)
involving Vj:

Find Wy, € (V3,)° such that, V¢, € Vj

oWy
0 ot

@ — /Q(Fh = Na)(Wa)V(én) + /m(Fh — Ni) -ngp =0 (3.16)

is equivalent to the following weak formulation obtained by taking in the convective part of
(3.16) for ¢p, the characteristic function of C; and by using an explicit time integration:

Wn+1 —Wwn

|Cil At

+/ Fy(W") -n=R.H.S. (3.17)
oC,;

RT n°RT-0164
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We use a centered scheme to compute the right hand side:
RHS =— N(W™)V(¢n) + N(W™) - ng,.
Qn a0

Moreover, Fg(W;) = F(Waq) on 0C; N 0 and elsewhere Fy is a piecewise constant ap-
proximation of F(W) verifying

Fd~n: q)W/
o o= R

j#i

Cis W’ch)/ n. (3.18)
ac;nC;

We compute ¢ using the following formula
1
@(u,v) = L(F(w) + F(v) — d(u,v)

where d is the numerical diffusion. In NSC2KE, the user can choose between the Roe [RO1],
Osher [OS1] and Kinetic [PE1] propositions for d.

The previous formulation is only first order accurate in space. Spatial second order
accuracy is obtained by using a MUSCL like extension involving combinaisons of upwind
and centred gradients. More precisely, let VIW; be an approximation of the gradient of W
at node i. We define on the segment [i, j] the following quantities

Wi; = Wi 4+ 0.5Lim(B(YW )iij, (1 — 8)(Wi — W)
and .
Wis = Wy — 05 Lim(8(TW); 5, (1 — B)(W; — W) (3.19)
with Lim a Van Albada type limitor [VAN1]
(a? + a)b+ (b2 + a)a
a? + b2+ 2«

Lim(a,b) = 0.5(1 + sgn(ab)) with O0<a<<1

[ contains the amount of upwinding at each point. Now, the second order accuracy in space

is obtained by replacing W/ and VV]’ in (3.18) by W;; and Wj;.

K3

This approach does not guarantee the positivity of pk and pe, therefore the convective fluxes
for the turbulent equations are computed using the scheme proposed in [LA1] for positivity
preserving for chemical species.

More precisely, once the density fluxes computed, the turbulent convective fluxes are

deduced by

/ puk.n = ki(resp.kj)/ pu.n if / pu.n > 0(resp. < 0).
acnc, acnc, acnC,

The source terms of the k£ — £ model have been taken into account in an explicit way.
For low-Reynolds points £ is deduced from k using (2.10).

INRIA
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3.2 The Time Integration Procedure
Lets rewrite (3.17) as
ow

—p = RHS(W).

In (3.17) the time integration has been done by an explicit scheme. NSC2KE rather uses
the following fourth stage Runge-Kutta scheme [DE1][LALI1].

wo=w"
WF=W° + qp AtRHS(W* 1) for k=1,..,4
wnt —
where the optimum choice for «f [LALI1] is the following
a1 = 0.11, o = 0.2766, a3 = 0.5, cva = 1.0.

This scheme enables us to also compute time dependent flows.

3.3 The Local Time Stepping Procedure

NSC2KE uses the following formula to compute the local time step for a given node s;

Az pPrAz?
[l + ¢ 200 + i)

At(s;) = min( (3.20)
where Az is the minimum height of the triangles having the node s; in common. As this
result is a generalization of a 1D stability analysis, we will see that in fact it is too strong.
For instance, we will see through examples that often for a Navier-Stokes computation, the
Euler time step also works. This means we can take only the first term in (3.20). But this is
not always true, therefore the user should be carefull when choosing the time step strategy.
So, for computing steady state solution, the user should always use a local time stepping
strategy while for unsteady solution of course a global time step is necessary. In the latter
case, the time step is the minimum of the local time steps.

3.4 Axisymmetric Corrections

The differences between the axisymmetric and 2D weak form of the Navier-Stokes equations
we use come from the RHS H (W) which appear in 7.21 (see appendix 1) and from the
infinitesimal area in the integrals (rdrdz instead of dedy) [MO2]. So, to adapt the solver to
axisymmetric computations, we multiply the cell areas |C;|, the triangle areas |T;| and the
edge lengths |E;| by some radius r obtained from the radius of the nodes r;:

e |C;| becomes |C;| * r; where r; is the second coordinate of the node s;.

RT n°RT-0164
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o |T;| becomes |T;]| * % with 71, re, r3 the radius corresponding to the vertices of
the triangle 7;.

e |E;| becomes |E;| * % where r; and rs are the radius of the extremities of £;.

The other modifications come from the additional source terms occuring in the equation
7.21. More precisely, for the momentum equation in u,, we add to the right hand side:

2
— g,utoturnzrd'y.
aC;

In the same way, to the RHS of the momentum equation in u, we add:

P
/ —.rdrdz—/
c; T o4

Finally, to the RHS of the energy equation we add:

2 2
_/ §,utotuzurnzrd7—/ g,utotufnrrd'y.
aC; - aC;

2
Te—er.drdz —/ —LiotUpnpdy.
r aC; 3

i

INRIA
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4 The Code Description

This section is to give an idea of what might be a right choice of the parameters for a given
computation when using NSC2KE.

The code is on non-dimensional form. To define the computational configuration, the user
have to define two adimensional quantities, namely the Mach and the Reynolds numbers,
which will describe the flow field. To better understand the parameters required by the code,
several test cases have been reproduced at the end of this manual. We give an example of
file DATA in appendix.

4.1 The Scheme Choice

The user has the possibility of defining the kind of solver he likes to use. At the time of
writing, Roe, Osher and kinetic solvers are available for the Euler part of the equations while
for the viscous part only a centred scheme is available. There is no rule on how to choose
the convective solver. For subsonic or slightly transonic flows all three solvers can be used.
But with the Mach number growing, the Roe solver will not be robuste enough.

The user can choose the solver he wants through the parameter iflux in the file DATA.

e iflux =1 Roe solver,
e iflux = 2  Osher solver,

e iflux =3 Kinetic solver.

The version 2.0 of NSC2KE will propose a widest range of scheme including an hybrid
scheme (combination of Osher and Kinetic) [COQ1] and an SUPG scheme.

4.2 The Spatial Precision of the Scheme

NSC2KE proposes schemes with first and second order spatial precision. The user has to
choose the precision of the scheme. This is done through the parameter nordre

e nordre = 1  first order scheme,
e nordre = 2 second order scheme,

e nordre =3  second order scheme with Van Albada limitor (3.1).

The rule is to start the computation with first order scheme and to switch to second
order after a while. For low Mach number flows, the user can try the complete second order
scheme without limiting process. Unfortunately, this is not viable when the Mach number
is higher.

Remark:

The previous choices are analyzed through the shock-tube problem as tutorial example.

RT n° RT-0164
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4.3 The Turbulence Model

As we said earlier, the user can choose between a two-layer approach or a more classical wall
laws technique. The best choice is to use the two-layer approach, as it gives the flow des-
cription up to the wall with almost no empirism. This is in fact a question of computational
time as the user has to use a much finer grid in this case.

4.4 Boundary Conditions Implementation

In this section we describe how the user can apply different boundary conditions presented
in the previous section at different points of the mesh.

Each node pocesses an integer parameter, called logic, which define the kind of boundary
condition the user want to assign to this node.

These logics are available in the code

e logic = 0 denotes an internal node,

e logic = 2 denotes a symmetry or slipping boundary point,

logic = 3 denotes a solid boundary point,

logic = 4 denotes an outflow boundary point,

e logic = 5 denotes an inflow boundary point,

logic = 6 denotes an inlet forced profile point.

LOGIC = 2
If the user choose logic = 2 for a node the code will consider this node as being part
of a slipping boundary and will introduce the following boundary conditions in the weak
formulation
a.i = 0.

LOGIC = 3
If the user choose logic = 3 for a node the code will consider this node as being part
of a no-slipping boundary and will introduce the following boundary conditions in the weak
formulation
du=0 and T =71, if iecc=0,
or

u=0 and — =0 1if ilecc=1.

on
iecc is a parameter in file DATA which enables the user to ask the body to be isothermal or
adiabatic. For turbulent computations, the previous rule is true when the two-layer approach
is used. When wall-laws are used, only adiabatic boundary condition is available for the
temperature and for the velocity, conditions (2.12)-(2.13) are applied.

INRIA
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LOGIC = 4 or LOGIC =5

If the user choose logic = 5 or 4 for a node the code will consider this node as being
part of an inflow or outflow boundary. These boundaries are treated by a Stegger-Warming
[SW1] approach which consists of using information from outside following the sign of the
eigenvalues of the jacobian of the convective operator.

LOGIC =6

If the user choose logic = 6 for a node, the code will consider this node as being part
of a boundary where the user wants all the variables remaining unchanged during the com-
putation (for instance a given inlet profile). This is specially usefull when defining an initial
condition through the files INIT_NS and INIT_KE.

4.5 The Mesh :

In a computation, the first point is the definition of the computational domain. This is done
by giving a file containing the grid points and their logic. We also need a connectivity table,
describing how these points are connected between them. NSC2KE reads the mesh using
the following format from the file MESH:

open(1,file="MESH’,status=’0ld’)

read(1,*) ns,nt 'number of points, number of triangles

do i=1,ns !loop on the mesh points

read(1,*) ii,x(i),y(i),logic(i) 'ii is the number of the node
enddo

do it=1,nt !'loop on the triangles

read(1,*) ii,(conexion(i,it),i=1,3) !ii is the number of triangle
enddo

close(1)

As we have said, this can be done using EMC2 [HS1]. The version 2.0 of NSC2KE will
allow the user to define meshes without passing by an external support and this by using a
language interpretor and an automatic mesh generator.

4.6 Initial Conditions

To initialize the computation, NSC2KE proposes two strategies. The user can either start the
computation from an uniform state defined by the inflow conditions (Inflow Mach number
and temperature through file DATA) or restart from a solution obtained before or defined
by the user. In this case, NSC2KE reads the initial condition for the conservation mean flow
variables from file INIT_NS using the following format

open(1,file="INIT_NS’,status=’o0ld’)

do is=1,ns !loop on the mesh points

read(1,*) (var(i,is),i=1,4) 'read conservation variables
enddo

close(1)
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where var = (p, pu, pv, pE)* is the vector of conservation variables.
To use the k —¢ turbulence model, again the user can either start from an initial uniform
state for k and € or to use a previous solution from INIT_KE using the following format

open(1,file="INIT_KE’,status=’o0ld’)

do is=1,ns !loop on the mesh points

read(1,*) (vart(i,is),i=1,4) !read turbulent quantities
enddo

close(1)

where vart = (pk,pe,,utoml,,uw,b)t. Therefore, for particular applications, the user can
write a program defining these files and using logic = 6 for nodes where he wants to keep
a particular profile.

4.7  Visualization

NSC2KE produces 1D and 2D outputs for GNUPLOT. The choice of GNUPLOT is related
to the fact that it is one of the most accessible visualization tool in research labs. Quantities
like pressure, friction and heat flux distributions on the body or the L? norm of the residual
during the computation are 1D curves. On the other hand, the mesh, the velocity field,
the Mach number and the pressure distribution in the flow are 2D pictures. The user can
visualize these quantities by typing

gnuplot < GNU.DATA.
To give an idea, GNU.DATA might be of the following form:

#set term postscript

set term x11

set title "PRESSURE COEFFICIENT"

set xlabel "X"

plot [0.:1.][0:2.] "WALL.DATA"

pause 50

set title "FRICTION COEFFICIENT"

set xlabel "X"

plot [0.:1.1[-3.:3.] "WALL.DATA" using 1:3
pause 50

set title "MESH"

set xlabel "X"

plot [-1:3][-1.2:1.2] "GNU.MESH" w 1
pause 50

set title "P/PINF"

plot [-1:3][-1.2:1.2] "GNU.PRES" w 1
pause 50
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set title "VELOCITY FIELD"

plot [-1:3][-1.2:1.2] "GNU.VECT" w 1

pause 50

set title "MACH NUMBER"

plot [-1:3][-1.2:1.2] "GNU.MACH" w 1

pause 50

set title "NORMALIZED L2 NORM OF THE RESIDUAL"
set xlabel "ITERATION"

plot [0:3000][0.:1.0]"RESIDUAL" w 1

pause 25

The files used here by GNUPLOT are directly produced by NSC2KE. All the pictures pre-
sented at the end of this manual have been obtained by this way (after puting in postscript
format).

Of course, the user can (should) adapt the output to his more specific post-processing
tool (if any).

GNUPLOT is a graphic tool developped by Thomas Williams and Colin Kelley.

For more informations write to info-gnuplot@dartmouth.edu.
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5 Tutorial Examples

In this section, we will present some configurations of external and internal flows computed
with NSC2KE. The range of the Mach number goes through examples from subsonic to
hypersoinc. The aim of this chapter is that the user, by trying these examples, becomes
familiar with NSC2KE.

All the meshes used for these computations have been obtained using EMC2, the auto-
matic mesher of F. Hecht and E. Saltel [HS] developped at INRIA.

All the pictures presented here have been obtained using GNUPLOT from the standard
output of NSC2KE.

The following configurations will be presented:

e The Sod Shock-Tube : a Comparison Between the Schemes,
e Flat Plate Turbulent Boundary Layer,

e Natural Convection in a Square Cavity,

e Inviscide Transonic Flow over a NACA 0012 : The Fish Tail,
e Subsonic Unsteady Turbulent Flow over a NACA 0012,

e Transonic Turbulent Flow over a 2D Bump: The A-Shock,

e Axisymmetric Transonic Turbulent SOC Projectile,

e Axisymmetric Supersonic Turbulent Air Intake,

e Hypersonic Turbulent Compression Corner.

All these computations except the second one have been done without the influence of the
gravity.
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5.1 The Sod Shock-Tube

This test problem is due to Sod [SO1]. We compute the solution at time 7" = 0.25 starting
from the following initial condition

p=1 u=0, p=1 if 0<2<0.5

p=0.125, u=0, p=0.1 if 0b<ae<l.

The computational domain is a tube of length 1 and of height 0.1. These computations have
been done with 100 points in the x and 5 points in the y direction. Symmetry condition is
assumed for the top and bottom boundaries (logic = 2). At the left boundary the data have
been frozen (logic = 6) while free boundary condition is imposed at the right boundary
(logic= 4).

Through this example, we will compare the Euler solvers (Roe, Osher and Kinetic)
available in NSC2KE. Solutions obtained with different level of precision are presented.
This case also shows the ability of NSC2KE to compute time dependant solutions.

Pictures 1, 2 and 3 show the distribution of the density, pressure and the velocity in the
x direction using first-order schemes. As expected, the solutions are too smooth.

Pictures 4, 5 and 6 show the distribution of the density, pressure and the velocity in the
x direction using the full second-order schemes. The fitting between the computed and the
exact solution is quite satisfactory, but under and overshoots appear.

Pictures 7, 8 and 9 show the distribution of the density, pressure and the velocity in
the x direction using the limited second-order schemes. As expected, the schemes are more
diffusive when using limiters, but under and overshoots have disappeared.

5.2 Turbulent Flat Plate Boundary Layer

Through this test case, we will compare the two-layer and wall-laws techniques available in
NSC2KE. The mesh used for this case has 1196 nodes and 2250 triangles. The first point is
at 5.107° meter from the plate. This is too fine for the wall-laws computation but necessary
for the two-layer technique. The plate has a length of one meter. The Reynolds number
is 10° and the inflow Mach number is 0.1. We have compared in Fig. 10, the computed
friction coefficients to the theoretical curv of 0.0375Re;1/6. The velocity profiles through
the boudary layer have been compared in Fig. 11.

5.3 Natural Convection in a Square Cavity

The geometry is a square cavity of side one meter. The left and right sides are isothermal
and the bottom and top are adiabatic walls. The starting point is a given difference of
temperature between isothermal walls and zero velocity is assumed in all the domain. In
our case, the cold (left) wall is at a temperature of 300 Kelvin and the right wall is at 360
Kelvin. The Reynolds number is Re = 10* and the Froude number is one. This makes a

Rayleigh number of order Ra = Re(Ty — T1) = 6.105.
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The mesh has 1681 nodes and 3200 triangles. The results presented here are after 50000
iterations. The CFL number is 1.5, local Euler time stepping and the Roe solver have been
used. Fig. 12, 13, 14 and 15 show the mesh, the velocity field, the normalized iso-temperature
and the iso-Mach number contours. One of the difficulty of this case is the long time necessary
for the solution to be established as the velocity is small and the flow is only driven by the
temperature and gravity.

5.4 Inviscide Transonic Flow over a NACA 0012: The Fish Tail

This is a transonic inviscide case. A complexe shock structure, formed by two oblic shocks
and another straight making a fish tail form, is present in the tail region. The computational
configuration is as follow (defined through the file DATA):

e 2D Euler Computation,

e Inflow Mach number = 0.95,
o Angle of Attack = 0,

e Roe Euler Solver,

e Local Euler Time Stepping,
o C.F.L. = 1.5,

e Number of Time Step = 500.

There are other parameters in the file DATA but they do not influence this case. The mesh
presented here have been obtaind after three local refinements. It has 2122 nodes and 4136
triangles. The mesh is shown in Fig. 16, the iso-pressure in Fig. 17 and the iso-Mach number
lines in Fig. 18.

5.5 Subsonic Unsteady Turbulent Flow over a NACA 0012

This is an usteady subsonic case to show the ability of NSC2KE to also compute low-Mach
number flows without being too long to get the result. In fact, some compressible solvers
when used in low-speed cases take more time to converge to the steady state. In unsteady
case, the situation is even worse as the time step should be global, not local when steady
solutions are aimed. The mesh used has 2719 nodes and 5280 triangles. We present the
results for time 7' = 10 (the length of the computational domain is 4.5 meters). This means
we have done enough iterations to get there (approximately 10000 iterations). The wall-laws
technique have been used for this case. If the two-layer technique were used, the situation
would not be so simple as the global time step would be at least 10 times smaller and the
number of mesh points 10 times higher. This give an idea of the difficulties existing in the
computation of such flows.
The computational configuration is as follow (defined through the file DATA):
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e 2D Navier-Stokes Computation,

e Inflow Mach number = 0.1,

e Reynolds number by meter = 10°,

e Angle of Attack = 30,

e Roe Euler Solver,

e Global Euler Time Stepping,

e CFL. =1,

e make enough time step to reach a Total Time of 10,
e k — ¢ turbulence model,

o wall-laws technique with § = 0.05m.

The mesh is shown in Fig. 19, iso-pressure lines in Fig. 20, iso-Mach number lines in Fig.
21 and the turbulent kinetic energy contours in Fig. 22.

5.6 Transonic 2D Turbulent Bump: The A-Shock

This is a classical test case for people doing turbulence modeling. The A-shock is a charac-
teristic of the turbulent nature of the flow and it is due to the recirculation present after
the bump. This computation have been done using the £ — ¢ model with classical wall-laws
technique. The mesh used has 5661 nodes and 11000 triangles.

The computational configuration is as follow (defined through the file DATA):

e 2D Navier-Stokes Computation,

e Inflow Mach number = 0.65,

e Reynolds number by meter = 1.35107,

e POUT / PIN = 0.635 the ratio between inlet and outlet pressures,
e Osher Euler Solver,

e Local Euler Time Stepping,

e CFL. =1,

e Number of time steps = 10000,

e k — ¢ turbulence model,

o wall-laws technique with § = 7.10"°m.

The mesh is shown in Fig. 23, iso-pressure lines in Fig. 24, iso-Mach number lines in Fig.
25 and the turbulent kinetic energy contours in Fig. 26.
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5.7 Axisymmetric Transonic Turbulent SOC Projectile

The secant-ogive-cylinder (SOC) configuration is one of the classical models for artillery
projectile. The difficulty in this computation is the presence of a blunt base and a complex
shock structure on the projectile. For this case, we have used the Kinetic solver. In fact,
due to the base configuration, difficulties appear with the pressure or density becoming too
small in the base region. The Roe solver is not enough robuste. The user should try with the
Osher solver. The computation has been started with first-order accuracy in space (nordre
=1) before going to limited second-order (nordre =3) after 10000 iterations. The k — ¢
model has been used with wall-laws technique. The computational configuration is as follow

(defined through the file DATA):

e Axisymmetric Navier-Stokes Computation,

e Inflow Mach number = 0.96,

e Reynolds number by meter = 1.35107,

e Kinetic Euler Solver,

e Local Euler Time Stepping,

e CF.L.=0.1,

e Number of time steps = 20000,

e k — ¢ turbulence model,

o wall-laws technique with § = 0.05m.
The mesh is shown in Fig.27. It has 3131 nodes and 6000 triangles. Iso-Mach number and
pressure are shown in Fig. 28 and 29. Iso-k contours are given in Fig. 30.
5.8 Axisymmetric Supersonic Turbulent Air Intake

This is a fully turbulent supersonic flow. £ — £ model and wall-laws have been used. This
enables us to use quite a coarse mesh. The mesh is shown in Fig. 31. It has 3111 nodes
and 6000 triangles. The computational configuration is as follow (defined through the file
DATA).

e AXI, Navier-Stokes Computation,
e Inflow Mach number = 2.,

Reynolds number by Meter = 10°,

Osher Euler Solver,

Global Euler Time Stepping,
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e C.F.L =10,
e k — ¢ Turbulence Model,
e Wall-Law Technique with é = 0.05,
e Number of Time Step = 2000.
Iso-pressure lines are shown in Fig. 32 and iso-Mach number contours in Fig. 33. The tur-

bulent kinetic energy distribution, iso-k contours is given in Fig. 34.

5.9 Hypersonic Turbulent Compression Corner

This test case consists of a 35° hypersonic compression corner. ch number is 5 and the
Reynolds number 4.107/m. The free stream temperature is T, = 83.6K and the wall tem-
perature T,, = 288 K. The two-layer approach have been used for this case. We aim to obtain
a precise description of wall quantities (i.e. pressure, friction and heat flux coefficients) for
which experimental results are available [DC1]. Another reason for using the two-layer ap-
proach is the presence of isothermal wall for which the wall-laws are inapropriate.

e 2D Navier-Stokes Computation,

e Inflow Mach number = 5,

e Reynolds number by Meter = 4.107,
e Inflow Temperature = 83.6 K,

e Wall Temperature = 288K,

e Osher Euler Solver,

e Local Navier-Stokes Time Stepping,
e C.F.L =0.1,

e k — e Turbulence Model,

e Two-Layer technique with 6 = 0.01m,
e Number of Time Step = 20000.

The mesh has 6630 nodes and 12898 triangles. A partial view of the mesh is given in Fig.
35. The corner is at z = 0.25m from the leading edge. The first mesh spacing from the wall
is 3.107%m. This shows that a two-layer computation requires clearly more computational
ressources.

RT n° RT-0164



26

Bijan Mohammadi

The pressure nad Heat flux coefficients (Stanton number) are compared with experimen-
tal values in Fig. 37 and 39. The friction coefficient is shown in Fig. 38. The recirculation
bubble corresponds to region of negative Cf. The wall quantities are defined by:

and

C, =28 Fe
Poole,
2T,
Cy = w2 ,
Poo U,

—2(k + £¢)VT.n
Cpoo (TO - Tw )poo Uoo

StI

where T} is the stagnation temperature and ¢, is the specific heat at constant pressure at

infinity.

In the same way, Iso-Mach contours are plotted in Fig. 36.
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7 Appendix 1: Axisymmetric Form of the Navier-Sto-
kes equations

Let p,u,,u,, E,p, T, k, e be the density, the axial and radial components of the velocity, the
total energy, the pressure, the temperature, the kinetic turbulent energy and the rate of
dissipation of k. We suppose that the fluid motion is axisymmetric. That means that all of
the f-derivatives are zero. Moreover, the swirl or #-component of the velocity is supposed
to be zero. So, W = (p, pu., pu,, pE, pk, pe) being the vector of conservation variables, in
cylindrical coordinates (z, 6, r), the Navier-Stokes equations in conservation forms are:

%(W) + V.F(W)=V.N(W)+ H(W) (7.21)

with

pU;

_ | Pur
W= oF |
pk
pE

E
pu? +p
_ puzUr
B pp s pu, |
puk
pUuE
pur
pUr U,
2
_ puy +p
FO=1 08 phu, |
purk
pure

T2z

Tzr

Nz(w)_ Htot%—f'uszz—FurTzr ’
(u+ )3t

(n+ Caﬂt)g_z
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Ny (w) =

"ftot% + Uy Tz + Up Ty
(1 + #t)%
(1 + cepr) 5

and

0

with the following expressions for the tensor components:

Oou, 2

vy = Hiot|2——— V.u)l,
Tz Heot 92 3( u)]
[8uz n 8ur]
Tzr = ot|Qm )
Hot or 0z
ou, 2
rr = Ptot|2—5— — 2 (V.u)],
e = a2 5 = 3V
[T
Tog — }Ltot[QT — g(Vu)]
where 5 L8
Vo= ous + — o (ruy),
. 3zu + r 3r(ru )
1
Y
Ktot 'uPr + ,utPrt,

Mot = M+ g,
v =14, Pr=0.72, Pr, = 0.9.

1 is the viscosity of the fluid given by the Sutherland law’s; k4, is the total thermal conduc-

tivity, P and Pr; are respectively the laminar and turbulent Prandtl numbers.
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8 Appendix 2: The file DATA

This is the file DATA used for the fish tail computation.

0 --> =0 2D, =1 AXISYMMETRIC

0 —--> =0 Euler, =1 Navier-Stokes

1.e4 --> Reynolds by meter (mesh in meter)

1. --> inverse of the Froude number (if = 0 no gravity)

0.95 —-> inflow Mach number

1 --> ratio pout/pin

1 —--> wall =1 adiabatic wall, =2 isothermal wall

300. --> inflow temp(in Kelvin) for Sutherland laws

300. --> if isothermal walls, wall temp (in Kelvin)

0.0 ——> angle of attack

1 ——> Euler fluxes =1 roe, =2 osher,=3 kinetic

2 —-> nordre = 1 first order, =2 second, =3 limited second

1 --> =0 global time (unsteady), =1 local Euler, =2 local N.S.
1.5 --> cfl

500 ——> number of time step

500 —-—> frequence for the solution to be saved

1.e10 --> maximum physical time for run (for unsteady problems)

-4. —--> order of magnitude for the residual (for steady problems)
0 —--> =0 start with uniform solution, =1 restart from INIT_NS
cccc turbulence cccccccccccccccccccccccccccccccccccccecccccccceccccceccce
0 —=> =0 no turbulence model, =1 k-epsilon model

0 —-—> =0 two-layer technique, =1 wall laws

1.e-2 --> delta in wall laws or limit of the one-eq. model. (in meter)
0 ——> =0 start from uniform solution for k-eps, =1 from INIT_KE

We can see that it could happen that some parameters do not influence a given situation.
For instance, for an inviscide computation, the Reynolds number will not be used even if it
is given.
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Figure 1: Shock Tube: Density distribution in the x direction, computed with first-order
Roe, Osher and Kinetic schemes.
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Figure 2: Shock Tube: Pressure distribution in the x direction, computed with first-order
Roe, Osher and Kinetic schemes.
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Figure 3: Shock Tube: Velocity distribution in the x direction, computed with first-order
Roe, Osher and Kinetic schemes.
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Figure 4: Shock Tube: Density distribution in the x direction, computed with full second-
order Roe, Osher and Kinetic schemes without limiting process.
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Figure 5: Shock Tube: Pressure distribution in the x direction, computed with full second-

order Roe, Osher and Kinetic schemes without limiting process.
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Figure 6: Shock Tube: Velocity distribution in the x direction, computed with full second-
order Roe, Osher and Kinetic schemes without limiting process.
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Figure 7: Shock Tube: Density distribution in the x direction, computed with second-order
Roe, Osher and Kinetic schemes with Van Albada limiting process.
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Figure 8: Shock Tube: Pressure distribution in the x direction, computed with second-order
Roe, Osher and Kinetic schemes with Van Albada limiting process.
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Figure 9: Shock Tube: Velocity distribution in the x direction, computed with second-order
Roe, Osher and Kinetic schemes with Van Albada limiting process.
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Figure 10: Flat Plate Boundary Layer, Friction coefficient, computed with wall-laws and
two-layer and theoretical values.
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Figure 11: Flat Plate Boundary Layer, Velocity profile, computed with wall-laws and theo-
retical values.
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1 MESH FOR NATURAL CONVECTION IN SQUARE CAVITY
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Figure 12: Natural Convection in Square Cavity: The mesh.
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Figure 13: Natural Convection in Square Cavity: Ra = 6.10%, Velocity field.
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Figure 14: Natural Convection in Square Cavity: Ra = 6.10%, Temperature field.
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Figure 16: NACA 0012, The Fish Tail: My, = 0.95, Euler Computation, The mesh (partial
view)
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Figure 17: NACA 0012, The Fish Tail: My, = 0.95, Euler Computation, iso-pressure lines

(partial view)
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Figure 18: NACA 0012, The Fish Tail: My, = 0.95, Euler Computation, iso-Mach lines
(partial view)
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Figure 19: NACA 0012, Unsteady FLow: M., = 0.1, Res, = 108, Navier-Stokes Computa-

tion, The mesh (partial view)
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Figure 20: NACA 0012, Unsteady FLow: My, = 0.1, Reo, = 10° Navier-Stokes Computation,
iso-pressure lines (partial view)
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Figure 21: NACA 0012,Unsteady FLow: M., = 0.1, Re, = 10°% Navier-Stokes Computation,
iso-Mach lines (partial view)
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Figure 22: NACA 0012,Unsteady FLow: M., = 0.1, Re, = 10°% Navier-Stokes Computation,
iso-k lines (partial view)
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Figure 23: Transonic Bump Flow: M., = 0.635, Re,, = 1.35107, Navier-Stokes Computa-
tion, The mesh (partial view)
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Figure 24: Transonic Bump Flow: M., = 0.635, Reo, = 1.35107 Navier-Stokes Computation,
iso-pressure lines (partial view)
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Figure 25: Transonic Bump Flow: M., = 0.635, Re, = 1.35107 Navier-Stokes Computation,
iso-Mach lines (partial view)
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Figure 26: Transonic Bump Flow: M., = 0.635, Re, = 1.35107 Navier-Stokes Computation,
iso-k lines (partial view)
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Figure 27: Transonic SOC projectile: My, = 0.96, Reo, = 108, Navier-Stokes Computation,
The mesh.
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Figure 28: Transonic SOC projectile: My, = 0.96, Reo, = 108, Navier-Stokes Computation,
iso-Mach lines.
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Figure 29: Transonic SOC projectile: My, = 0.96, Reo, = 108, Navier-Stokes Computation,
iso-pressure lines.
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Figure 30: Transonic SOC projectile: My, = 0.96, Reo, = 108, Navier-Stokes Computation,
iso-k lines.
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Figure 31: Axisymmetric Supersonic Air Intake: M, = 2., Navier-Stokes Computation, The
mesh (partial view)
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Figure 32: Axisymmetric Turbulent Supersonic Air Intake: Mo, = 2., Re/m = 10°, Navier-
Stokes Computation, pressure contours.
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Figure 33: Axisymmetric Turbulent Supersonic Air Intake: M, = 2., Re/m = 10°, Navier-
Stokes Computation, Mach number contours.
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Figure 34: Axisymmetric Turbulent Supersonic Air Intake: My, = 2., Re/m = 10°, Navier-
Stokes Computation, Turbulent kinetic energy contours.
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Figure 35: Hypersonic Turbulent Ramp Flow: M., = 5., Re/m = 4.107, Navier-Stokes
Computation, partial view of the mesh.

RT n° RT-0164



66 Bijan Mohammad:

MACH NUMBER CONTOURS
0.07 T T T T T T

"GNU.MACH" —

0.06 - B

0.05 - B

0.04 - —

0.03

0.02

0.01

0.16 0.18 0.2 .22 0.26 0.28

Figure 36: Hypersonic Turbulent Ramp Flow: M., = 5., Re/m = 4.107, Navier-Stokes
Computation, Iso-Mach contours.
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Figure 37: Hypersonic Turbulent Ramp Flow: M., = 5., Re/m = 4.107, Navier-Stokes
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Figure 38: Hypersonic Turbulent Ramp Flow: M., = 5., Re/m = 4.107, Navier-Stokes

Computation, computed skin friction coefficient.
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Figure 39: Hypersonic Turbulent Ramp Flow: M., = 5., Re/m = 4.107, Navier-Stokes
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9 Future Extensions : Release 2.0

At this time the second release of NSC2KE is under preparation. Qur aim is to give the
possibility to use different numerical techniques available for Fluid Dynamics Computations.

To improve the pre-processing step, the mesh definition will be possible using a language
interpretor and an automatic mesh generator.

The release 1.0 proposes three different Finite-Volume-Galerkin schemes (Roe, Osher,
Kinetic) for computing the Euler part of the Navier-Stokes equations. In the second release
extensions to a new hybrid scheme and to SUPG techniques will be available.

Concerning turbulence modeling, the classical k£ —e model is available with wall-laws and
two-layer techniques. NSC2KE 2.0 will also propose an RNG-based k£ — ¢ model computing
the flow up to the wall.
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