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SUMMARY

The present work deals with the numerical calculation of the incompressible turbulent flow around aerofoils.
An orthogonal curvilinear grid of ‘C’ type is used for the solution of the time averaged equations and Reynolds
stresses are modelled according to the k—¢ turbulence model. PISO and SIMPLE algorithms are used to
solve the strongly coupled system of the derived finite volume equations and convergence is improved by
applying the method of variable local underrelaxation factors. Comparisons between the calculated and
measured pressure distributions are presented for NACA 0012 and NACA 4412 wing sections. The formation
of separation bubbles according to calculations is also shown.
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INTRODUCTION

The calculation of steady, separated flows around aerofoils is always important for many
applications in fluid mechanics such as the design of wings, propeller blades, wind generators,
cascades and other engineering configurations. In this case the presence of recirculation zones
introduces two further difficulties in the computations. First, a very fine discretization of the flow
field is necessary and, secondly, the appropriate modelling of the Reynolds stresses, which appear
in the momentum equations of the mean flow, has not yet been established.

For the computations around an aerofoil we are mainly interested in flows with restricted
recirculation areas, whereas in other cases (for example the flow over a backward-facing step) they
extend to large regions of the calculation domain. These areas may exist for angles of attack smaller
than the stall angle, which corresponds to the maximum lift. For higher angles of attack massive
separation is often related to unsteady flow phenomena characterized by vortex shedding.

So far several methods have been developed!-? and satisfactory results have been obtained for
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the solution of the Navier—Stokes equations in the case of separated laminar flows past aerofoils.
Successful attempts have also been made for tubulent attached flows,® where the Reynolds stresses
can be modelled by simple eddy viscocity models. On the contrary, these models are not valid for
turbulent separated flows where at least two-equation models are needed to overcome the closure
problem. A remarkable preliminary investigation into this problem using a two-equation
turbulence model (k—¢) has been reported by Rhie and Chow.* For the solution of the differential
equations they used a co-ordinate transformation of the initial non-orthogonal grid around the
aerofoil to a Cartesian system. Results have been presented for 0012 and 4412 NACA sections.

The purpose of this work is to present a finite volume method for the solution of the complete
Reynolds equations in a surface-orientated co-ordinate system, which can be dependent on the
angle of incidence. The Reynolds stresses are modelled by the standard k—¢ turbulence model.®
Although the introduction of an isotropic eddy viscocity is questionable, applications of this model
have shown® that satisfactory predictions for the mean flow components can be obtained. The flow
field around the aerofoil is considered as fully turbulent because the location of transition cannot
be predicted analytically. However if this location is known both laminar and turbulent regions
can be treated simultaneously.

In several previous investigations’-8 it has been shown that the errors which are introduced by
the application of a certain discretization scheme are often of the same importance as those
introduced by the turbulence model. In order to diminish the numerical diffusion in the present
method, an orthogonal curvilinear co-ordinate system is used and the governing equations are
solved in the physical plane. This co-ordinate system is also beneficial for both the application of
the boundary conditions and the convergence of the resulting algebraic equations.

CO-ORDINATE SYSTEM

In the present work a ‘C’ type orthogonal curvilinear co-ordinate system is used for the
computation of the turbulent flow field around an aerofoil. The corresponding numerical grid is
generated by a conformal mapping technique which is described in the sequel.

The selection of this co-ordinate system is suggested by the finite difference formulation of the
initial transport equations which govern the particular flow field. There are at least two regions of
the flow around an aerofoil where the co-ordinate lines have to be orientated with the mean
velocity vector in order to diminish the discretization errors due to ‘false’”-® diffusion. The first is
the region around the leading edge, where the flow is highly accelerated and large pressure gradients
occur. The second is the trailing edge region where there is a strong interaction with the near wake
and recirculation zones appear at large angles of attack. For both regions the above ‘C’ type co-
ordinate system is aligned with the flow direction near the solid boundary and allows for any
desired grid refinement, depending on the available computer.

The above considerations explain also why we have abandoned the adoption of two other
familiar orthogonal curvilinear co-ordinate systems which can be used. The one is related to a grid
generated by the intersections of stream and potential lines all around the foil. The refinement of
this grid near the leading edge stagnation point is essentially difficult. Moreover serious numerical
diffusion errors may be introduced since the accurate location of the stagnation point is not known a
priori. The other co-ordinate system corresponds to an ‘O’ type grid around the aerofoil, which
presents difficulties for the computation of the flow near the trailing edge.'®

The transformation

The orthogonal curvilinear grid around a foil is generated by a direct conformal mapping of the
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foil onto a circle. The mapping function has the general from'!
z & Rp
=C_;—+Co+ C,—, 1
(=Coip+Cot 3 o (1)
where { = x + iy is the plane of the foil (Figure 1), z = Re'? is the plane of the circle with radius R,
and C,=A,+1iB,, n= —1,0,1,2... are the coefficients of the transformation.

For the foil contour one can easily obtain the relations

x(@)=A_,cosp—B_,sing + Ao+ Y, [A,cosne + B,sinng],
n=1

y(@)=B_,cosp+ A_ sing+ By + Y, [B,cosnp — A,sinng]. 2)
n=1

If the co-ordinates x, y are known functions of the angle ¢ on the circle of radius Rp then the
transformation coefficients are calculated from (2) by the foliowing integrals:

1 2 1 2n
Ag==—| x(p)do, Bo=-—1 ylo)do,
27'( 0 27[ 0
1 2n ) 1 "2
A-l—A1=~J y(@)sin pdo, B, +B_,=—| y(p)cosedo, (3)
Vi 0 T Jo
1 2n 1 "2
A—1+A1=_J x(¢)cos gdo, B, —B_ == x(¢)sinpde,
TJo TJo
1 2n 1 f2n
A,= ——j y(p)sinnpdo, B,=—| y(@)cosnpdp, n=2.
T 0 ! 19 Jo

However, for an arbitrary foil the functions x(¢) and y(¢) are not specified. To overcome this
difficulty we apply an iterative procedure for the determination of coefficients A, and B,, which
follows the following steps:

1. For a given set of co-ordinates (xp, yp) on the foil contour (Figure 1) the coefficients 4,, B,,
n=—1,...,N are calculated approximately by the thin wing transformation method of
Brockett.!!

2. For the calculated values of 4,, B, the angles ¢p which correspond to the co-ordinates (xp, yp)
are estimated on the circle plane. For a point (xp, yp) the corresponding angle ¢, is estimated
by finding the minimum of the squared distance

E;=[xp— x(‘Pi)]z +[yp— J’((Pi)]z,

z plane

¢ plane

Figure 1. The conformal transformation
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N

Figure 2. The orthogonal curvilinear grid around the NACA 4412 aerofoil

where [¢,] is a specified partition on the circle and x(¢;), y(¢;) are calculated from (2). The
partition [¢,] is selected so that the error in the calculation of ¢p is always below 0-01°.

3. Given the set (xp,yp) and the corresponding angles ¢p, the coefficients A, and B, are
calculated from integrals (3) by numerical integration. For an accurate evaluation of these
integrals the functions x(¢) and y(p) are assumed to vary linearly between two adjacent

- points on the foil.

4. Steps 2 and 3 are repeated until 4, B, and ¢, are convergent within specified error bounds.
Usually 30 iterations are needed for this convergence.

5. Steps 2 to 4 are repeated by increasing the number N of coefficients A4,,, B, until the maximum
error in the calculation of xp and y, from relations (2) is below 0-1 per cent.

For the typical NACA sections which have been tested so far, it was found that a number N equal

to 18 is adequate for an accurate representation of the wing section.



INCOMPRESSIBLE, STEADY, SEPARATED FLOWS AROUND AEROFOILS 793

Grid generation

After the coefficients of the general transformation (1) have been calculated, the orthogonal
curvilinear grid around the aerofoil can be created by the mapping of a coresponding grid on the
circle plane.!2

A typical orthogonal curvilinear grid around the NACA 4412 wing section is shown in Figure 2.
For computational purposes we define four boundaries around this ‘C’ type grid, that is the
south (S) and north (N) boundaries which are separated by the common west boundary (W), and
the east(E) boundary, which is also refered as the exist boundary.

For the numerical solution of the Reynolds equations around the aerofoil we define two sets of
co-ordinate lines along the two grid dimensions. These are the constant x, lines which are parallel
to the foil contour and have their origin on the west boundary, and orthogonal to them, the
constant x, lines. The mean velocity components are defined as u, along the lines x, = constant
and u, along x, = constant (Figure 2).

THE GOVERNING EQUATIONS

In the orthogonal curvilinear system around the aerofoil the general transport equation for a scalar
variable ® can be written as

C(D) = D(®) + S, “

where ® stands for the mean velocity components (u, , u,), the turbulence kinetic energy k and its
dissipation rate &. The term C(®) describes the convection terms of the variable @, i.e.

1 0 0
C@) = hih_z[a_xl(”“‘ h,®) + 6_x2(pu2 h, (D)],

where h; and h, are the metrics along the x, = constant and x; = constant lines, respectively. The
term D(®) in equation (4) shows the diffusion terms of the variable @, i.e.

LA hy a0\ 0 (. h o0
D@ = hzhz[axl<r°hl 6x1> +6—x2<r°h2 6x2)]’

where I'y, is given in Table I together with the expressions for Sg for each variable @ and the
constants of the k—¢ model of turbulence. The components of the stress tensor g;; which appear in
the source terms S, of Table I are expressed as follows

S T 7D WL S ) | R e DL B
Ti=He| 1 ox,\n; ) " hjox\I ) P 70T e hox, by ox, |

where, under the assumption of an isotropic eddy viscosity u,, the effective viscosity y, is given by

He=p+p=p+ Cppk?le. S

Finally, the term G contained in the k and & source terms is defined as

1
G = ﬂ[(’%l + 0%2 + 20’%2].
t
The derivation of the above set of equations may be found in several References,'3'!* and it can
be shown that it is identical with the one used by Hackman, Raithby and Strong’ for the
calculation of the flow over a backward-facing step.
The selected conformal mapping satisfies the requirement of continuity of curvatures along the
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Table I. Source terms and constants for momentum and k—¢

equations
(D rq) SO
1 0p puu;oh, pu? oh;
. He nox,  hh, ox;  hh, dx,
i=1,2 +l[a(h )+a(h )]
= ——(h.o;; —(hoy;
= oy Lax, 0 T ok, Y
o0 O %500 gy
hih;ox;  hih;ox;
j=2 if i=1
j=1 if i=2
k A G—pe
Oy
2
e € €
l C,G~—Cyp—
¢ p TP %

C, =144, C, =192, Cp =009, 6, =1, 5, = 13

co-ordinate lines, which is implied by the curvature terms (1/h;h;)0h;/0x; of the transport
equations.

THE SOLUTION METHOD

A finite volume approach® is used for the numerical solution of the set of transport equations (4).
The control volumes for each variable ® are shown in Figure 3 and they correspond to the
staggered grid of Patankar and Spalding.'® Integration of equation (4) in the corresponding
control volume of a variable @ results in an algebraic equation of the form

qu)P = AN(DN + AS(DS + AEq)E + Aw(Dw + Sw, (6)

i

Figure 3. The control volumes
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where ® =u,,u,,k,¢ and the subscripts P,N,S,E,W correspond to the grid points shown in
Figure 3.

The convection and diffusion terms of the initial equation (4) are approximated according to the
hybrid scheme of Spalding,!® that is central differencing is used when |Pe| <2 and upwind
differencing when | Pe| > 2, where Pe is the local Peclet number. The coefficients 4 in equations (6)
are generally functions of the unknown variables ® and therefore an iterative procedure has to be
applied for the solution of these equations.

Boundary conditions

Equations (6) are of elliptic type for each variable ® and boundary conditions need to be
specified all around the external boundary of the ‘C’ type grid and on the aerofoil surface.

At S and N boundaries (Figure 2) the mean velocity components u, and u, are calculated as
components of the undisturbed velocity at infinity U, and k, ¢ are taken equal to zero. This
assumption is valid only when the boundaries are located far enough from the foil surface, at a
distance which depends on both the Reynolds number and the angle of attack and can be estimated
only by numerical experiments. So far, this distance has been found to be equal to three chord
lengths for flows without separation and three to five chord lengths for flows with separation. An
alternative was used for small angles of attack where the velocity components at boundaries S and
N were calculated from the potential flow solution according to the conformal transformation.!?
This improved the numerical results since the external boundary could be placed closer to the foil
surface for a given number of grid nodes.

At the exit boundary, E, fully developed conditions are applied for all variables ®, which
corresponds to a Neumann condition with Ag = 0. In all the tested cases this boundary was located
about one chord length downstream from the trailing edge.

On the foil surface the standard wall function method? is used for the velocity component u, , the
turbulence kinetic energy k and its dissipation rate ¢. The near wall nodes are assumed to lie in the
logarithmic law region where the flow is assumed one dimensional and the velocity is given by
relation

= Lingy), ™

Uf =—
1
K

where

y+=X T 1/2
v\ p ’
-172
Ui'-=u1(5v‘) >
p

k=~ 042,
E~979,
7, is the wall shear stress, v is the fluid kinematic viscosity, p is the fluid density and y is the normal

distance from the wall.

In the same region the generation of k is almost equal to its dissipation rate!” and after some
manipulations the following expressions can be derived:
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C1/4 kl/z
T, = p_D‘KTul,
In(Ey™)
. _ C]l)/4kl/2
v
o C%/‘*ks/z.
Ky

These expressions are introduced in equations (6) as the boundary conditions on the wall. The u,
velocity component is equal to zero on the same boundary, whereas for the pressure correction
equation (which is described in the next section) the Neumann condition dp’/dy = 0 is applied.

Vs ®)

The solution algorithm

Since the momentum equations for components u, and u, contain unknown pressure gradients,
a simultaneous solution for the pressure field is needed. In the present work we follow the
procedures of the SIMPLE!® and the PISO!8 algorithms which are based on a pressure correction
equation derived for the satisfaction of mass conservation. According to these algorithms the
following steps are followed:
1. An initial pressure field is guessed according to the potential flow solution around the
aerofoil.
2. The systems of 4, and u, momentum equations (6) are solved (generally these systems are
solved by successive applications of the tridiagonal matrix algorithm!?).
3. The calculated velocities #, and u, are corrected in order to satisfy the continuity equation in
the control volumes of the pressure. Equations (6) can be written in the form

Uhp= ZAiu1i+Dul(Pe—Pw)+S:q,

u2P=ZA;u2i+Du2(Pn_Ps)+S;2, i=N,S,E,W (9)

Assuming that the coefficients 4; and A} and the source terms of the discretized equations (9)
are constant, the following velocity perturbation equations can be derived'® corresponding
to the points e, w, n and s of the pressure control volume (Figure 3):

6“1, = Z Aieéulie + Dule(piE - p;’)’
ouy,, = ZAiw5u1.~w+D“1w(Pi>—P,w), (10)
Ouy, = Z AinOuy, + Du, (pn— pp),

ou,, = Z A;0uy,, + Duy (pp — ps),

~ where p’ stands for the correction of the pressure field and the index i corresponds to the four
neighbouring points of e, w, n or s, as in equation (9). If the above velocity perturbations are
inserted as the velocity corrections in the integral form of the continuity equation for each
pressure control volume, a system of algebraic equations of the general form (6) is derived
with the pressure correction p’ as unknown variable. This system can be written in the form

[41[p'1=—-[D*1+[F] 1
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In equation (11) the elements of [A] are directly proportional to the coefficients of the
pressure gradient terms of equations (10), [D*] stands for the divergence of the velocity field
in the pressure control volumes and the elements of [F] are linear combinations of the
summation terms on the right hand sides of equations (10). A direct solution of (11) would be
very difficult since the elements of [ F] are functions of the unknown pressure corrections.
This is why simplified forms of equations (11) are used in order to calculate the velocity and
pressure corrections.

In the SIMPLE algorithm the elements of the matrix [ F] are assumed equal to zero, that is
all the terms under the summation sign are neglected in equations (10) and the velocity
perturbations are directly related to the pressure perturbations. Then the system (11) can be
easily solved (as for the momentum equations) to obtain an approximate pressure correction
field which is used to update the pressure field. The velocity components are corrected
correspondingly using the truncated form of equations (10).

With the PISO algorithm the pressure correction field is estimated in two steps. In the first
step the same procedure as in the SIMPLE algorithm is followed, that is [ F] is neglected and
a first approximation of p’ is calculated, which is used to obtain the velocity perturbations. In
the second step these velocity perturbations are used to evaluate the elements of [F]. Then
the system (11) is solved again and a new pressure correction field is obtained. This second
step is expected to give a better approximation for the pressure field, as it corresponds to a
more accurate formulation of the pressure correction equation.

4. The obtained velocity components u, and u, are used for the solution of k and ¢ equations.
Then the values of the effective viscosity u. are updated from (5).

5. Steps 2 to 4 are repeated until numerical convergence is achieved. For the momentum
equations numerical convergence is obtained when the following relation is satisfied:

Y |Respl <,
P

where Res, is the residual source equal to the difference between the two sides of
equation (11) for node P during the ith iteration, that is

Res;; - AP(I)p —_— (AN(DN + ASQS + AEq)E + Awq)w + S@), (12)
and c is defined as
c=QY,U2)b,

where Y, is the distance of the external node from the foil surface on the west boundary
(Figure 2) and b is a constant which is specified according to the desired convergence
accuracy. (Usually the sum of the residual sources is normalized by the term in parentheses
so that convergence is directly related to b). For all tested cases the value of b was equal to
10~4, corresponding to a maximum change in the velocity field below 0-01 per cent during the
last iterations of the numerical solution.

For the pressure field, convergence is obtained when the sum of the velocity divergence in
all control volumes of the pressure is less than a constant ¢’ which is equal to ¢/U .

Improvement Of convergence rate

Owing to the elliptic, non-linear and strongly implicit character of the system of equations (6), an
underrelaxation method has to be applied in order to obtain convergence.!® According to this
method the updated value ®@,.,, of a variable @ is estimated as a linear combination of its previous
value @, and the corresponding solution @, of system (6), that is
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(Dnew=rq)0+(1 _r)q)nlda O<r<l,

where r is the underrelaxation factor. If this factor is assumed constant for a certain transport
equation, two serious disadvantages arise. First, the value of the underrelaxation factor for which
convergence is obtained is not known a priori and numerical tests are necessary for its specification.
Secondly, the convergence rate is often very slow because it has been shown numerically that as the
solution proceeds higher underrelaxation factors can be advantageous.

In order to overcome the above disadvantages Neuberger et al.2® have developed a method for
an analytical determination of the local underrelaxation factors. This method is based on the
analogy between the solution of the unsteady-state equations and the iterative solution of the
steady-state equations. It has been shown?? that a time-dependent method with an allowable time
step At’ corresponds to an iterative steady-state method with local underrelaxation factors

i i i
TR L T 3 13

1+ QpAr Ve
where rb is the local underrelaxation factor for grid point P during the ith iteration,

Lis the coefficient of ®p in equation (6) and V; is the control volume of the corresponding variable.
The allowable time step At' can be estimated by the conditions to be fulfilled, so that the
time-dependent solution is stable and convergent. The general unsteady transport equation can be
written as

1]

p= = D(®— C(®)+ S, (14)
where the diffusion, convection and source terms have the same expressions as in equation (4).
Convergence of the discretized equation (14) for grid point P at the ith time step is obtained when
the following condition is fulfilled:

‘M At <k, (15)

oD,

where k depends on the special problem under consideration and

oD,
1609 = E. (16)

Experience has shown that x is in the range 0-1 <« < 1. In the present work the lower value of «,
equal to 0-1, has been used in all tested cases.

Comparison of (14) with the discretized steady-state equation (6) and the residual source
expression (12) results in relation

oD .
—pra—tP=Res;,. (17)

Using this relation, condition (15) can be transformed to the following inequality:
: |Resh|
Atl s - neaa———
“TVV-Resi|
where V is the velocity vector at grid point P. The above relation determines the allowable time step

as a function of the residual sources of the steady-state solution and therefore an optimum
underrelaxation factor rh through (13).

(18)



INCOMPRESSIBLE, STEADY, SEPARATED FLOWS AROUND AEROFOILS 799

Table I1. The convergence behaviour of the numerical solution

Normalized residual source sums with Normalized residual source sums with
constant underrelaxation factors equal to 0-5 optimum local underrelaxation factors

u, u, velocity u, U, velocity
Iteration momentum  momentum divergence momentum  momentum divergence
1 1-31 2:05 2:66 1-31 2-16 437
20 309x107!  192x107! 846x1072 291 x10"! 2:55x107! 414x107!
40 269x 107! 154x107'  257x1072 291 x 107! 2:80x 107! 466 x 107!
60 242x 107! 170x 107!  286x1072 331x107! 301x10"! 693x107!
80 284 x 107! 176 x107! 345x1072 948 x 1072 521 x107% 797 x 1072
100 288 x107! 250x107! 655x1072 1-80x10°! 1-17x10°' 179 x 107!
120 250x 107! 149x 107! 252x1072 829x10"2 810x107%2 972x 1072
140 109 x 107! 517x1072  911x1073 257x1072 246x 1072 284 x 1072
160 655x 1072 730x1072 476x 1073 733x1073 557x107® 714x 1073
180 360x 1072  393x1072 263 x107% 250x107® 212x107% 249x1073
200 174 x 1072 1776 x 1072  130x 1073 950x10"* 719x10™*% 998 x10~*
220 838x107% 880x1073 648 x107¢
240 445x 1073  456x 1073 346 x107*
260 262x1073 249 x1073% 2:09x107*
280 149 x 1073 146 x107% 133x 1074
300 975x 10"  973x107* 911x107°

NACA 0012: Re =3 x 105; angle of attack 14°, grid nodes 40 x 20

By applying the above procedure for the determination of the local underrelaxation factors in
each transport equation, a serious improvement in the convergence rate was achieved. A typical
example of the solution behaviour with the number of iterations is given in Table II where the two
methods of constant and variable local underrelaxation factors are compared. The corresponding
computations have been carried out for the NACA 0012 wing section at an angle of attack equal to
14°. The numerical grid had 40 x 20 nodes and the Reynolds number was equal to 3 x 10%. With
constant underrelaxation factors equal to 0-5 for all variables, convergence was obtained in 300
iterations, as the values of the normalized residual sums in Table II show. When the method of the
variable underrelaxation factors was used, convergence was achieved in 200 iterations. It is also
remarkable that with this method the normalized residual sums have higher values during the first
iterations, whereas they are reduced drastically as the solution proceeds.

Numerical experiments have shown that increasing the number of grid nodes in order to obtain
grid-independent solutions, the method of the variable underrelaxation factors required less than
half the iterations which were necessary for convergence when constant underrelaxation factors
were used. It should be noted here that the application of relation (13) has given convergent
solutions only with the PISO algorithm. On the other hand, it has been found that when the
constant underrelaxation factor method is applied both the SIMPLE and PISO algorithms
require almost the same number of iterations to obtain convergence.

RESULTS

In order to test the accuracy and the behaviour of the present numerical method, computations
have been carried out for NACA 0012 and NACA 4412 wing sections. In this section the results of
the calculated surface pressure coefficients and corresponding lift coefficients are compared to
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-1 Re=76-10°
CP a=0°
x/c "‘1
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——: present calculations
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21° Re=76-10°

+1 A%

Figure 4. Comparison of pressure distributions around the NACA 0012 aerofoil

experiments. Also, the prediction of separation bubbles for high angles of attack is shown.

A PRIME 450 mini-computer was used for all computations. In some cases the computer
configuration did not allow us to obtain grid-independent solutions and the finer grid used for the
computations was 70 x 60 nodes (the first number corresponds to x, = constant lines and the
second number to x, = constant lines).

NACA 0012 aerofoil

For NACA 0012 five different flow cases were tested, corresponding to angles of attack equal to
0°, 8°,12°, 14° and 20°. In all cases the Reynolds number was 7-6 x 10°, for which experimental data

have been reported by Michos et al.2?

0° angle of attack. Calculations have been performed for the zero angle of attack in order to
check the symmetry of the numerical solution. A 50 x 60 grid was used with 80 nodes on the
aerofoil surface and 150 iterations were needed for convergence, with the optimum underrelax-
ation factor method. When the underrelaxation factors were assumed constant and equal to 0-5,
convergence was achieved in 290 iterations. Comparisons of calculated pressure coefficients Cp
with experiments are shown in Figure 4 and good agreement is observed.

8° angle of attack. A 50 x 60 grid was again used and convergence was obtained in 160
iterations. The external boundaries N and S were placed at distances equal to three chord lengths
from the aerofoil surface. Comparisons of calculated Cp with experimental values show (Figure 4) a
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-4
Cp Re =76-10°
X a=12°
L ——.: pot. flow
-3 [ — present calculations

\ 0: upper surface
Vv lower »

] experiment

+1

Figure 5. Comparison of pressure distributions around the NACA 0012 aerofoil

good agreement. The calculated lift coefficient C, is 0-78, whereas the measured value was 0-82.

12° angle of attack. At this angle the flow is still attached. A 60 x 60 grid was used for the
computations with 90 points on the aerofoil surface and convergence was achieved in 330 iterations
(always with the optimum underrelaxation factor method). The N and S boundaries were located
four chord lengths away from the aerofoil surface. Comparisons of calculated C, with experiments
are presented in Figure 5 and seem satisfactory. The measured C; was 1-08 and according to
calculations a value of 1-02 was obtained. In the same Figure the dashed line shows the potential
flow calculations obtained by the conformal mapping method. In general the potential flow
solution predicts higher values of Cp towards the leading edge, whereas large discrepancies are
observed near the trailing edge between the predicted and the experimental values. As a result the
calculated lift coefficient is always higher than that predicted by the turbulent flow solution. For
this angle of attack the value of C; calculated by the potential flow solution was 1-44.

14° angle of attack. Experiments showed that maximum lift was obtained between 13° and 14°
angles of attack. At 14° unsteady flow phenomena were observed which cannot be predicted by the
present method. However an attempt was made to calculate the steady flow field around the
aerofoil by using the same grid as in the case of 12° incidence. Convergence was achieved in 450
iterations. In Figure 6 the scaled mean velocity vector field around the aerofoil is plotted and a
separation bubble is observed starting at the point S, which lies almost at the middle of the chord.
In Figure 5 comparisons of calculated to measured values of Cp, are presented and large
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discrepancies are observed on the upper surface of the aerofoil. The experimental pressure
distribution on this surface implies an extended separation region where there is no negative peak
in Cp (or at least it was too difficult to be measured). The calculated C is 1-09, whereas the
measured value was 0-83 for 14° incidence and 1-11 for 13° incidence. This implies that near the stall
angle and before unsteady separation occurs the present calculations adequately predict the lift
coefficient.

At the same angle of attack calculations were carried out for a Reynolds number Re = 6 x 108,
The corresponding stall angle in this Reynolds number is about 16°.22 Convergence was again
obtained in 430 iterations. In Figure 7 the plotting of the mean velocity vectors shows the effect of
the higher Reynolds number on the formation of the separation bubble. The separation point is
located closer to the trailing edge, whereas the reattachment point is almost the same as in the
previous case. The experimental®? value of C, is 1-40, whereas the calculated value was 1-15. When
a 70 x 60 grid with 110 nodes on the aerofoil was used the latter value was improved significantly to
1-25. Unfortunately no grid-independent solution was obtained because of the limited computer
configuration.

20° angle of attack. Calculations at this angle of attack were carried out in order to test the
convergence behaviour of the present method. A 70 x 60 grid was used with 110 points on the
aerofoil and the N and S boundaries were located at a distance of seven chord lengths from the
aerofoil surface. Convergence was obtained in 700 iterations. In Figure 8 the calculated C; is
compared with experiments. Although surprisingly good agreement is observed, future applic-
ations of the method will demonstrate if it is reliable for flows at higher than stall angles of attack.
In Figure 9 the plotting of the corresponding mean velocity vectors shows a large separation
bubble extending almost all over the upper surface of the aerofoil. As a consequence, the calculated
pressure coefficient on this area has almost a constant value except at a narrow region near the
leading edge where high negative values are observed. The potential C, values (dashed line in
Figure 8) are quite different and show a remarkable difference in the location of the stagnation
point. This is a well-known'! difficiency of the potential flow methods.

NACA 4412 aerofoil

For the NACA 4412 aerofoil, calculations were carried out for two angles of attack, that is for
6-4° incidence at a Reynolds number Re = 3 x 10 and for 13-87° incidence at Re = 1-5 x 109, for
which experimental data exist.

6-4° angle of attack. A 50 x 60 grid was used in this case with 80 points on the aerofoil surface.
Convergence was achieved in 170 iterations (with constant underrelaxation factors equal to 0-5,
380 iterations were needed for convergence). The external boundaries were placed at a distance of
three chord lengths from the profile surface. In Figure 10 the calculated Cp is compared to
experiments?? and very good agreement is observed. The predicted C, is 1-07, whereas its
experimental value was 1-025.

13-87° angle of attack. Thisis the stall angle for a Reynolds number equal to 1-5 x 10° according
to experiments of Coles and Wadcock.2* A 70 x 60 grid was used with 110 points on the aerofoil
and the external boundaries were located at four chord lengths away from the foil surface.
Convergence was achieved in 300 iterations. In Figure 10 comparisons are presented between the
calculated and experimental C,. Some discrepancies are observed on the upper surface of the
profile where lower negative values of Cp are predicted, corresponding to a calculated lift coefficient
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Figure 6. Mean velocity vector plot around the NACA 0012 aerofoil
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Figure 7. Mean velocity vector plot around the NACA 0012 aerofoil
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Figure 8. Comparison of pressure distributions around the NACA 0012 aerofoil

somewhat lower than the experimental. However, according to recent calculations by Williams??
the reference velocity of the experiments was about 8 per cent lower than the free-stream velocity. If
this difference is taken into account the calculated values for both the pressures and the lift
coefficient are in excellent agreement with the measurements. For the same angle of attack
calculations were carried out at a higher Reynolds number Re=3 x 10° for which the
experimental?? value of C; is 1-50. In this case the predicted C; was found to be 1-52. In Figure 11
the mean velocity vectors are plotted for Re = 1-5 x 10° (there are only slight differences for the
higher Re =3 x 10°). A separation bubble is observed near the trailing edge region starting at
80 per cent of the chord length, whereas according to the measurements?* it was located at a
distance of 87 per cent of the chord length from the leading edge. Numerical experiments have
shown that when the number of grid nodes was increased from 50 x 40 to 70 x 60 the separation
point moved towards the trailing edge from 60 to 80 per cent of the chord, whereas the change in
the calculated Cp was not significant. A grid-independent solution could not be obtained because a
very fine grid resolution is needed at the region of the bubble, which was beyond the capability of
the available computer.

The obtained results seem to agree better with the experiments than those by Rhie and Chow*
and, besides, the convergence rate has been improved drastically. However, although promising,
the predictions for the pressure coefficient on the foil surface are not the main objective of the
present method, as by a modern viscous—inviscid interaction method?® the same accuracy (for
angles of incidence up to stall) can be obtained at a fraction of the cost. These predictions are only
indicative that the selected finite volume scheme and the associated co-ordinate system can be used
to solve numerically the complete Reynolds equations, in order to investigate if it is possible to
calculate in detail complex turbulent flow fields with existing turbulence models. In this respect, a
thorough investigation is still necessary in order to evaluate both the numerical scheme and the
turbulence model. First, it is necessary to obtain grid-independent solutions, because applications
indicate that computations improve significantly as finer grids are used. The calculated mean
velocity profiles and Reynolds stresses will also have to be compared with experiments in order to
assess the applicability of the k—¢ turbulence model and the associated wall functions (the standard
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Figure 9. Mean velocity vector plot around the NACA 0012 aerofoil
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Figure 10. Comparison of pressure distributions around the NACA 4412 aerofoil

wall function method which is based on the logarithmic law (7) neglects the pressure gradient and
the curvature terms which are very important around the leading edge). Another problem which
has not yet been investigated is the effect of the laminar flow region on the numerical solution. If a
laminar separation bubble occurs it will affect the numerical results at least near the leading edge.
The determination of the transition point cannot be predicted analytically, but its location may be
specified from existing experimental data. It should be noted here that experiments for separated
flows are very difficult and measurements always have uncertainties which must kept in mind when
comparisons with calculations are made.

CONCLUSIONS

The predictions of the present method for pressure distributions around NACA 0012 and
NACA 4412 aerofoils at various angles of incidence seem to be adequate when compared to
experiments. Some discrepancies in the calculated pressure coefficients and the estimation of the
separation point were observed for angles of attack near stall. However the results improved
significantly when finer grids were used. The use of variable underrelaxation factors was found
considerably to improve the convergence rate.

Future grid-independent results and the comparisons of the corresponding velocity profiles and
Reynolds stresses with experiments are necessary to establish the adequacy of the k—¢ turbulence
model for the calculation of separated flows around aerofoils.
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—

11
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

22,

23.
24.

25.

INCOMPRESSIBLE, STEADY, SEPARATED FLOWS AROUND AEROFOILS 809

REFERENCES

D. R. Chapman, ‘Computational aerodynamics development and outlook’, AIAA Journal, 17, 1293-1313 (1979).
F. C. Thames, J. F. Thompson and C. Wayne Mastin, ‘Numerical solution of the Navier—Stokes equations for arbitrary
two dimensional airfoils’, Conference on Aerodynamic Analysis Requiring Advanced Computers, 1975.

. J. L. Steger, ‘Implicit finite difference simulation of flow about arbitrary two-dimensional geometries’, AIAA Journal,

16, 679-689 (1978).

. C. M. Rhie and W. L. Chow, ‘Numerical study of the turbulent flow past an airfoil with trailing edge separation’, AIAA

Journal, 21, 1525-1532 (1983).

. B. E. Launder and D. B. Spalding, ‘The numerical computation of turbulent flows’, Computer Methods in Applied

Mechanics and Engineering, 3, 269-289 (1974).

. W. Rodi, ‘Examples of turbulence models for incompressible flows’, AIAA Journal, 20, 872-879 (1981).
. L. P. Hackman, G. D. Raithby and A. B Strong, ‘Numerical predictions of flows over backward-facing steps’, Int. j.

numer. methods fluids, 4, 711-724 (1984).

. A. D. Gosmann and K. Y. M. Lai, ‘Finite difference and other approximations for the transport and Navier—Stokes

equations’, IAHR Symposium on Refined Modelling of Flows, 1982.

. M. K. Patel, N. C. Markatos and M. Cross, ‘A critical evaluation of seven discretization schemes for convection—

diffusion equations’, Int. j. numer. methods fluids, 5, 225-244 (1985).

. M. Rosenfeld and M. Wolfshtein, ‘Numerical calculation of a laminar two dimensional straight cascade flow’,

Computers and Fluids, 12, 293-310 (1984).

T. Brockett, ‘Steady two-dimensional pressure distributions on arbitrary profiles’, David Taylor Model Basin Report
1821, 1965.

A. Dimas, ‘Numerical study of the turbulent flow field around a hydrofoil’, Diploma Thesis, Dept. of N.AM.E.,
N.T.UA, 1985.

G. D. Tzabiras, ‘Numerical and experimental investigation of the turbulent flow field at the stern of double ship
models’, Ph.D. Thesis, Dept. of NAM.E.,, NT.U.A, 1984.

S. B. Pope, ‘The calculation of turbulent recirculating flow in general orthogonal coordinates’, J. Comp. Phys., 26, 197—
217 (1978). .

S. V. Patankar and D. B. Spalding, ‘A calculation procedure for heat, mass and momentum transfer in three
dimensional parabolic flows’, Int. j. Heat and Mass Transfer, 15, 1787-1806 (1972).

D. B. Spalding, ‘A novel finite-difference formulation for differential expressions involving both first and second
derivatives’, Int. j. numer. methods eng., 4, 551-559 (1972).

J. Hinze, Turbulence, McGraw-Hill, 1977.

R. J. Issa, ‘Numerical methods for two- and three-dimensional viscous flows’, V.K.I. Lecture Series 1981-5.

P. J. Roache, Computational Fluid Dynamics, Hermosa Publishers, 1972.

A. W. Neuberger, A. U. Chatwani, E. Eickoff and J. Koopman, ‘Selection of relaxation factors for computing steady
state turbulent flows’, Proceedings of the Third International Conference on Numerical Methods in Laminar and
Turbulent Flow, 1983.

A. Michos, G. Bergeles and N. Athanassiadis, ‘Aerodynamic characteristics of NACA 0012 airfoil in relation to wind
generators’, Wind Engineering, 7, 247-262 (1983).

F. W. Riegels, Airfoil Sections, Butterworths, London, 1961.

J. H. Abbott and A. E. von Doenhoff, Theory of Wing Sections, Dover Publications, 1959.

D. Coles and A. J. Wadcock, ‘Flying-hot-wire study of flow past an NACA 4412 airfoil at maximum lift’, 4144 J., 17,
321-329 (1979).

B. R. Williams, ‘The prediction of separated flow using a viscous-inviscid interaction method’, Aeronautical Journal, 89,
185-197 (1985).





