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Abstract: A vertex-based, finite-volume algorithm has been developed to solve the
Reynolds-averaged Navier-Stokes equations without thin-layer approximation. An ex-
plicit, five-stage Runge-Kutta, time-stepping scheme has been used for time integration
along with different acceleration techniques to reach the steady state. A code employ-
ing multi-block grid structure has been developed. This code can accept any type
of grid topology. As test cases, the turbulent flow past RAE-2822 and NACA-0012
airfoils, and the laminar flow past a cropped delta wing at ten degrees angle of attack
have been computed and the results compared with available numerical and experi-
mental results. The Baldwin-Lomax turbulence model has been used in the case of
turbulent flows.

1. Introduction

The unsteady, three-dimensional Navier-Stokes equations, describing the conservation of
mass, momentum, and energy, form a generally accepted set of governing equations to
model a continuum flowfield. For laminar flows, this system is closed once the constitutive
laws and shear stress tensor relations are defined. The hybrid character of the equations
and their non-linearity make it impossible to solve them analytically except for a few
simple cases. With modern high speed computers and robust numerical algorithms, it is
now possible to get a numerical solution of a problem of aerodynamic interest within a
reasonable time and with a high degree of accuracy.

For the spatial discretization of the flow variables, finite-difference, finite-element, and
finite-volume methods have contributed a lot to the improvement of the accuracy and
convergence of numerical schemes and have been extensively and successfully tested for
the Euler and Navier-Stokes equations for complex geometries. Of these three methods,
the finite-volume method has the advantage of simulating the derivatives more accurately
in physical space using Green's theorem over a control volume in highly stretched and
skewed grids. Finite-volume methods are of two basic types depending on whether the
flow variables are defined at the centres of the cells (cell centred) or at the vertices of the
cell (cell vertex/vertex based). Vertex-based finite-volume schemes are more accurate than
the cell-centred schemes in approximating the derivatives in a 1 :^hly stretched and skewed
grids. This has been shown analytically by Chakrabartty (199Ua) for the two-dimensional
case and the analysis holds true for the three-dimensional case also. Another advantage
of using vertex-based schemes is that, since the vertices of the cells lie on the solid surface
for the boundary-fitted grid, the pressure can be calculated directly on the surface. On
the other hand, for cell-centred schemes, the surface pressure is obtained using either an
extrapolation or a normal momentum relation with the boundary-layer type of approxi-
mation, i.e., the normal derivative of pressure is zero inside the boundary layer. In order
to reduce computer memory and CPU time requirements, some researchers use thin-layer
approximations for both two- and three-dimensional flow computations (Chakrabartty
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1989, 1990b, 1991, Radespiel 1989, Swanson and Turkel 1985, Kumar 1989) . A novel sll-
vertex finite-volume method for two-dimensional flow has been presented by Chakraba tty
(1990a). This method has the property that whether or not one uses the thin-layer ap-
proximation, it needs almost same CPU time and memory.

In this report, the method described by Chakrabartty (1990a) for solution of vo-
dimensional Navier-Stokes equations with a modified calculation of the time-step 1 nit
has been applied to cases with shocks and also extended to three-dimensional flows.

2. Methodology

The Reynolds-averaged Navier-Stokes equations have been considered here in inte ;ral
form along with the constitutive relations and the equation of state. ^ The details oi the
equations, finite-volume formulation, boundary conditions, time stepping scheme and the
stability conditions have been discussed by Chakrabartty and Dhanalakshmi (1993).

An artificial dissipation term has been added to damp the high frequency oscillat 3ns
in the major portion of the flowfield where the viscous effects are small.

Local time stepping, enthalpy damping and residual smoothing have been use to
accelerate the rate of convergence to steady state.

The algebraic turbulence model of Baldwin and Lomax (Baldwin and Lomax 1 78,
Chakrabartty 1990b) has been used here for the turbulent flow cases.

A C-type grid based on the direct algebraic method of Jain (1983) has been gener ted
for the airfoils and for the three-dimensional case an 0-0 grid is generated using transf lite
interpolation method (Kumar 1987).

3. Results and discussion

3.1. Two-dimensional flows

Two test cases have been considered in the present study - (a) the turbulent trans mic
flow past the NACA-0012 airfoil at a freestream Mach number M^ = 0.799, an ang ; of
attack a = 2.26° and a freestream Reynolds number Re = 9 x 106, and (b) the turbi ent
transonic flow past the RAE-2822 airfoil at M^ = 0.73, a = 2.79° and Re = 6 5 x
106. The computed surface pressure distributions for these cases are compared witl the
corresponding experimental results (Cook et al 1979, Harris 1981) in Figures 1 ai 1 2.
The comparison is extremely good in the case of RAE-2822 airfoil. For the NACA- 012
airfoil, due to the existence of a strong shock and shock induced separation, the algel raic
turbulence model does not give a satisfactory comparison. Better turbulence model are
under study to handle such cases.

3.2. Three-dimensional flows

For this case, the flow past a 65° swept cropped delta wing with rounded leading ed 2 at
Moo = 0.85, a = 10° and Re = 2.38 x 106 has been considered. This configuration has also
been considered by Rizzi and Miiller (1989). In their computations a fine grid has een
used and the computed results have been compared with experimental results. They ave
found that ^their results compare well with experiment for both turbulent and Ian nar
flow conditions. So this is a good test case to validate a laminar flow computat wial
code. In the present case, computations have been performed on two grids - one ol size
65 X 25 x 33 and another of size 129 x 49 x 65. The two grids have been consic ;red
to study the dependence of the computed solution on the grid. Lines of constar Cp
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on the lower and upper surface of the wing have been shown in Fig. 3 and the skin-
friction lines on the upper surface are shown in Fig. 4 along with the same obtained by
experiment (Bannick and Houtman 1986). Looking along the flow direction, a diverging
pattern indicates reattachment and converging pattern shows separation. The primary and
secondary separation and the reattachment lines show good qualitative agreement with
experiments. Streamlines emanating from the leading edge and extending upto the wake
region have been shown in Fig. 5. For a quantitative comparison with experiments, the
spanwise pressure distributions obtained from both crude and fine grid computations at
three chordwise locations, x = 0.30, 0.60 and 0.80, have been shown in Fig. 6 along with the
same obtained by Euler calculations. The improvement of the Navier-Stokes calculations
over the Euler calculations is apparent from the figures. The fine grid results show a
marked improvement over the crude grid solution. Although the fine grid computation is
expensive in our present computing facility, the improvement" shown in the results due to
grid refinement is encouraging. The comparison of the total force coefficients also shows
good overall agreement with the experiment.

4. Conclusions .,.,

?The results obtained for two-dimensional flows are quite good. The turbulence model needs
to be improved to handle difficult problems such as transonic flows with strong shocks and
turbulent snook-induced separation. A more accurate model may give a better comparison
with experiment in the case of the NACA-0012 airfoil. Regarding three-dimensional flows,
for better accuracy of the results, two issues need to be addressed - (a) grid fineness and
(b) turbulence modelling. With the available computing facilities at NAL, it is difficult
to perform computations on very fine grids. The 65 x 25 x 33-grid computation required
about 2 min. of CPU time/iteration while, the 129 x 49 x 65-grid computation required
20 MB of memory and about 18 min. of CPU time/iteration on a Magnum Multi-RISC
computer. In order to obtain a converged solution, the code needed about a thousand
iterations. The number of iterations depends on the complexity of the flow and the desired
accuracy. Our attention is more towards a better grid quality in terms of the topology and
orient ationrj such that, with not-so-fine a grid, better solution can be achieved using the
limited competing resources. The extension of this turbulence model to three dimensions
is in progress and at the same time we are looking for other more accurate models in the
literature.
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Figure 1. Surface pressure distribution for a NACA-0012 airfoil.

(MM = 0.799, a = 2.26°, Re = 9 x 106, Grid = 257 x 62)
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Figure 2. Surface pressure distribution for an RAE-2822 airfoil.

(Mra = 0.73, a = 2.79°, Re = 6.5 x 106, Grid = 257 x 62)
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Figure 3. Lines of constant Cp on the wing surface.

(Mm = 0.85, a = 10°, Rem = 2.38 x 1Q6)
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Figure 4. Comparison of skin-friction line with
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Figure 5. Spiralling streamlines from the leading edge
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Figure 6. Spanwise surface pressure distributions, at three streamwise locations, for a 65° cropped delta wing
with rounded leading edge. (Mw = 0.85, a = 10°, Re = 2.38 x 106)




