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1 I n t r o d u c t i o n  

In the ISNaS project, an information system for flow simulation based on the Navier- 
Stokes equations is being developed. As part of this project the National Aerospace 
Laboratory and the University of Twente cooperate on the development of a flow solver 
for three-dimensional, compressible flow based on the Navier-Stokes equations. The first 
application will be multi-element airfoils with extended flaps and slats for take-off and 
landing conditions, taking into account infinite-sheared wing effects. Because of the com- 
plex geometrical shape of this application, it has been decided to develop a multi-block 
solver. The computational domain is divided into blocks, where in each block a boundary- 
conforming, structured grid is used. This choice facilitates the easy use of the Euler equa- 
tions in the outer regions of the flow, where viscous effects are negligible, whereas the 
more expensive evaluation of the Navier-Stokes equations can be restricted to the vis- 
cous, inner regions of the flow (boundary layers and wakes). The flow solver will be based 
on the Reynolds-averaged Navier-Stokes equations, where initially the Baldwin-Lomax 
turbulence model will be used [1]. 

A stepwise development of the flow solver has been planned, starting from inviscid 
flow, via viscous, laminar flow to viscous, turbulent flow, each around a single airfoil. 
Subsequently, the integration scheme will be implemented in a multi-block solver. After 
each development step the flow solver will be validated in view of requirements with 
respect to numerics, performance and flow physics. In this paper results of the mono- 
block solver for viscous, laminar flow over a flat plate, and viscous, turbulent flow around 
a single airfoil will be presented. Implementation of the multi-block solver is in progress. 

The ISNaS project is partly subsidized by the Dutch Ministries of Education and Sciences, 
and of Transport and Public Works. Part of the necessary supercomputer time is subsidized 
by 'Stichting SURF' from the 'Nationaal Fonds gebruik Supercomputers (NFS)' 
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The unsteady, three-dimensional, Reynolds-averaged Navier-Stokes equations for com- 
pressible flow are integrated in time towards a steady state solution. The equations are 
written in integral form, where density, total energy density and the three Cartesian 
components of the momentum density are used as dependent variables. 

Since the ISNaS project aims at applications on the industrial level, the numerical 
method must be robust and has therefore been selected from the group of well-proven 
integration schemes. This has led to a time-explicit scheme, using a finite-volume dis- 
cretization in physical space. In order to cope with the highly non-uniform grids which 
are typical for the applications of interest, the present solver employs a cell-vertex tech- 
nique instead of the commonly used cell-centred approach. For each vertex the control 
volume is the union of the eight grid cells meeting at that  vertex. 

For the spatial discretization central differences are used combined with second- and 
fourth order artificial dissipation. The fourth order dissipation is necessary to prevent 
odd-even decoupling, whereas the second order dissipation makes it possible to capture 
shocks. This formulation is based on the work of Jameson [2] for simulation of invis- 
cid flow. For viscous flow several modifications are necessary in order to minimize the 
numerical dissipation in boundary layers and wakes [3]. As boundary conditions at the 
solid surface the velocity components are set equal to zero, while the density and energy 
density at the surface are found by solving the continuity and energy equations, assuming 
an adiabatic wall. The treatment of the far-field boundaries is based on approximate Rie- 
mann invariants, where in case of two-dimensional applications a circulation correction 
(bound vortex formulation) is added to the free stream quantities [4]. 

Integration in time is performed using a multistage Runge-Kutta scheme. Since the 
objective is the calculation of the steady state solution (no time accuracy is pursued), the 
coefficients in the Runge-Kutta scheme are chosen in such a way that  the stability region 
is as large as possible. For the same reason local timestepping is applied to accelerate 
the convergence. For the time being no other convergence acceleration techniques, like 
residual averaging and multigrid, are considered, in order to avoid difficulties at block 
interfaces. At present, both a three-stage and a five-stage scheme are used. In the three- 
stage scheme the dissipative terms are evaluated only at the first stage, while in the 
five-stage scheme they are recalculated at the third and at the fifth stage. 

3 R e s u l t s  

3.1 L a m i n a r  F low over  a F la t  P l a t e  

The flow solver has been validated for laminar flow by comparing the results for flow over 
a flat plate with analytical solutions. To this end the two-dimensional subsonic laminar 
non-lifting flow over a finite flat plate at free-stream Mach number Mc~ --- 0.3, and 
Reynolds number Reoo = 104 (based on the platelength), is considered. A rectangular 
grid with 312 cells in streamwise direction (256 on the plate) and 128 in normal direction 
is used. The grid points in streamwise direction are clustered around the leading and 
trailing edge with the smallest distance 5 x 10 -4, in order to resolve the local small 
scale phenomena. The grid spacing in normal direction is stretched, with the first grid 
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line at a distance of 1.8 x 10 -4 platelengths from the wall. The computational domain 
extends from 0.5 platelengths upstream till 25 platelengths downstream of the plate, 
and 1 platelength above the plate. For the low Mach number used here, the numerical 
solution should compare well with the analytical solutions for incompressible flow. Above 
the plate, away from the leading and trailing edge, the analytical solution is determined 
by the classical Blasius theory. Figure 1 shows that the agreement between the calculated 
velocity profiles and the Blasius solution is good. 
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Fig. 1. Comparison of the calculated velocity profiles (nondimensional velocity u against scaled 
normal distance ETA= z ~ )  between 0.4 and 0.6 platelengths with the Blasius solution 
(solid line) 

In figure 2 the calculated velocity at the wake centre-line is compared with the an- 
alytical solution, deduced from asymptotic theory in several flow regimes. Theoretically 
three regions can be distinguished here: immediately behind the trailing edge there is 
a small region of O(Re~o 3/4) platelengths where the full Navier-Stokes equations should 
be considered [5]; at larger distances from the trailing edge the flow is well described 
by the triple-deck approximation [6]; this triple-deck merges with the classical Gold- 
stein solution, which is valid up to downstream infinity. As can be seen, in all three 
regimes the comparison between calculation and theory is good. This is clearly demon- 
strated by the asymptotic behaviour for vanishing distance x from the trailing edge. 
Theoretically, for Reoo = 104 the wake centre-line velocity behaves as 1.39~/x near the 
trailing edge, whereas the calculation yields u -,, 1.37x/x. The calculated drag coefficient 
(Co = 0.02822) compares excellently with the analytical triple-deck value (0.02823) [6]. 

3.2 T u r b u l e n t  F low a r o u n d  a n  Airfoi l  

A good testcase for turbulent flow over a lifting airfoil is RAE2822 case 6: Mo~ = 
0.725, Reoo = 6.5 x 106, c~ = 2.92°(uncorr.). For this testcase well-documented exper- 
imental results are available [7], and this case was also included in the 'Holst workshop' 
[8]. The calculations have been performed on a C-type grid with 352 cells in streamwise 
direction (256 cells around the airfoil) and 64 cells in normal direction. The first grid line 
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Fig. 2. Comparison of the velocity at the wake centre line (nondimensional velocity u against 
nondimensional distance from the trailing edge x) between calculations with the ISNaS solver 
(solid line) and asymptotic theory (o: Navier-Stokes; A: triple-deck; +: Goldstein) 

above the airfoil is chosen in such a way that the law-of-the-wall coordinate y+ is close 
to 1 along this line. The far-field boundary is located at a distance of approximately 10 
chordlenghts away from the airfoil. For the calculations the angle of incidence was chosen 
to be c~ = 2.44 ° according to the windtunnel corrections indicated in [7]. A total number 
of 12,000 iterations has been performed, resulting in a reduction of more than four orders 
of magnitude of the density residuals. 

In figure 3 the results of the ISNaS flow solver for this case are compared with ex- 
perimental data. For the pressure distribution the overall agreement is good. The small 
discrepancies on the lower surface, and on the upper surface just behind the suction peak 
and near the shock, are comparable with most of the other numerical results for this 
case presented in the Holst workshop [8]. The calculated lift coefficient (CL = 0.772) is 
larger than the experimental value (0.743). The boundary layer on the upper surface is 
well resolved, as may be concluded from the agreement between the experimental and 
calculated displacement thickness. The calculated drag coefficient (Co = 0.0125) is close 
to the experimental value (0.0127). 

4 Conclus ions  

This paper describes the cell-vertex scheme for the compressible Navier-Stokes equations, 
to be part  of the ISNaS flow simulation system. A comparison between numerical and 
analytical results for viscous, laminar flow shows that  boundary layers and wakes are 
correctly resolved. Also for transonic turbulent flow accurate results have been obtained, 
as can be seen from a comparison with experimental results and other numerical solutions 
for the RAE2822 testcase. 
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Fig. 3. RAE2822 case 6 (Moo = 0.725, Reoo = 6.5 x 106, a = 2.92°): comparison of the ISNaS 
results with experimental data. left: pressure distribution; right: displacement thickness on the 
upper surface; o: experiment; solid line: calculation 
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