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Summary

In the Computational Aerodynamic Group at CERFA CS work has been going
on since 1988 on calculating the flow around high-lift two-dimensional airfoils
with the objective to be able to predict stall. The flow conditions of the case
are R, = 2.1 x 106, M = 0.15 and angles of attack from zero to 19 deg.
Work has been carried out improving the numerical scheme [9], as well as
implementing and testing different turbulence models such as the Baldwin-
Lomax model, and various k£ — ¢ models [1, 5]. The main drawback in these
efforts was that the separation zone near the trailing edge was much under-
predicted compared with experiments, and when the angle of attack was
increased the predicted lift coefficient increased even though the experiments
show that stall should occur. It was believed that this failure of predicting
stall could be due to inadequate turbulence models, and therefore a two-
layer ASM was implemented [6, 8]. With this turbulence model stall was
predicted.

In all works cited above, an explicit Runge-Kutta code was used. In the
present work an incompressible SIMPLEC code is used in order to verify that
the results obtained with the Runge-Kutta code are not code-dependent.
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1 Equations

1.1 General Transport Equation

The general transport equation in Cartesian coordinates for a variable ® is
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where S* denotes the source per unit volume for the variable ®. The flux

vector J,,, containing convection and diffusion terms are defined as follows
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Substituting Eq. (2) in Eq. (1), we get
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Or in vector notation, we have
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Integrating the above equation over a typical control volume with volume V'
and surface area A, and using the Gauss’ law we get

/AJ-dAz/VECDdV. (3)

1.2 Mean Flow Equations

We have the continuity equation
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The momentum equation is expressed as

(pUi) = 0. (4)
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1.3 Turbulence Model

The standard k£ — ¢ turbulence model is used. The transport equations for &
and € can be written in tensor notation as
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The generation term P, can be expressed in tensor notation as
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The turbulent viscosity u; is calculated as

Py =

k2
My = pc,u?-

The effective viscosity peg is obtained as

Hefr = ,U'+.u't

1.4 Near-Wall Treatment

Near the walls the one-equation model by Wolfshtein [16], modified by Chen
and Patel [4], is used. In this model the standard k equation is solved. The
turbulent length scales are prescribed as:

Eu =Cn [1 — €Ip (_Rn/Au)] , be=cn [1 — €xp (_Rn/As)]
(n is the normal distance from the wall) so that the dissipation term in the
k-equation and the turbulent viscosity are obtained as:
k3/2
E = f’

The Reynolds number R, and the constants are defined as

k
Rn — Q, Cy = 009, c = K,c;3/4’ A” = 70, AE = 20@

M = Cup\/ﬂu 9)

The one-equation model is used near the walls (for R,, < 250; the match-
ing line is chosen along a pre-selected grid line), and the standard k£ and
g-equations in the remaining part of the flow.
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Figure 1: Control volume and notation (for clarity Fig. 2 is drawn in Carte-
sian coordinate system,).

2 The Code

2.1 Basis

In this section the CALC-BFC code developed by Davidson and Farhanieh
[7], is presented. CALC-BFC (Boundary Fitted Coordinates) is a general-
purpose computer code for three-dimensional complex geometries. The pro-
gram uses Cartesian velocity components. In most finite volume programs
staggered grids for the velocities have been used [13]. In the present work
collocated variables are used, which means that velocities are stored along
with all scalar variables like p, k, ¢ at the centre of the contol volume. This
concept was suggested by Rhie and Chow [14].

Equation 3 is discretized using standard control volume formulation as
described by Patankar [13]. Integrating Eq. 3 over a control volume (See Fig
2) yields

J-A),+T-A),+T-A), +T-A),+T-A),+T-A),=5%V.

Note that the positive signs on the terms containing contributions from
west and south surfaces will be negative because the scalar products in them-
selves are negative.

The discretized equation will be of the form

ap®p = Z Anp@rp + Sg: (10)
nb

where



ap = Zanb — Sg

The coefficients a,; contain the contributions due to both convection and
diffusion. The source terms S& and S contain the remaining terms.

2.2 Convection

The convection which is the first part of the flux vector J (Eq. 2), is the
scalar product of the velocity vector and the area vector multiplied by the
density. For north face we obtain (see Fig. 3)

Since the Cartesian areas Az, Ay, A, are stored in the program, the calcu-
lation of the convective contributions to J is straight-forward. Special care
must however be taken when the velocities are interpolated from their storage
location at the cell center to the control volume faces to avoid non physical
oscillations. Rhie and Chow [14] solved this problem. Below is described how
the velocities at control volume faces are calculated. For simplicity Cartesian
coordinates are used.

When the pressure gradient is added to the momentum equation standard
linear interpolation is used, i.e.,
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where

Pn = fypN + (1 - fy)pP-

For example, when calculating the velocity at the north face the pressure
gradient is subtracted so that
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where ap is the discretized coefficient in the V-momentum equations (see Eq.
10). The V-velocity at the north face of the control volume is now calculated
as

(pN - pP) oV
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The advantage of the previous expression is obvious, i.e., the pressure
gradient is calculated using the adjacent nodes of face n. This prevents non
physical oscillations in the pressure field.

Three different differencing schemes for the convective terms in the mo-
mentum equations are tested:

e the second-order van Leer scheme [11];

e the QUICK scheme of Leonard [12], which is a third-order accurate
scheme

e the first-order hybrid central/upwind scheme [13].

For the convective terms in the k£ and e-equations, the hybrid upwind /central
differencing scheme is used.

2.3 Diffusion

Diffusion is the second part of the flux vector J in Eq. 2, and it has the form

D=(J-A) “TeA - V.

diff —

For example, the Cartesian coordinates (z,y,z) for the north face are
given by,
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and in curvilinear coordinates (£,7, ()
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Figure 2: The fluz through the north face of a non-orthogonal control volume.
& is along the I-grid lines, and n is along the J-grid lines.
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The covariant (tangential) base vectors g;,g> and g3 correspond to I,J
and K grid lines respectively. The metric tensor is involved because the com-
ponents of the product A - g; and the derivative 0®/0¢; are both covariant,
and the product of their (contravariant) base vectors is not equal to zero or
one (as in Cartesian coordinate systems) since they are non-orthogonal to
each other.

The diffusive terms are discretized using central differencing, which is of
second order accuracy [13].

2.4 Pressure Correction Equation

The discretized continuity equation in one dimension takes the form

Ty — 1 = 0. (11)

where 7 denotes the mass flux, which is calculated as

m = pA - u.

In SIMPLEC [13] the mass flux is divided into two parts namely (a) old value
m* and (b) correction 7' to m*, so that



m=rm*+m'.

The covariant velocity components are in SIMPLEC related to the pressure
gradient as

_9V op
ap 8:@’

Vi = (12)

where ap is obtained from the discretized Uj-equation (see Eq. 10). The
mass flux correction at the north face can now be written as

my, = pyA-u' = p(Ayu;, + Ayl + Agaw;) = (pA . gjl/;-’)n .

Using Eq. 12 we get

Tty = {pA- (—5—‘/ o gj)} = - (wA : Vp’) =0, (13)

ap 8.7)]' ap
where p' is the pressure correction. From Eqs. 11 and 13 we obtain
oV oV
(—'OA : Vp') — (—pA : Vp') +m;, —m; =0.
aP s aP n

This equation is a diffusion equation for the pressure correction p'.

3 Boundary Conditions

3.1 Far field

U and V are precribed from the Reynolds number. The speed at the far field
is set to one, and thus

U = cosa, V =sina

where « is the angle of incidence.
The turbulent quantities are set to small values (k =¢ =1 x 1072°). No
boundary condition is required for the pressure.
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Figure 3: Comparison between calculated and experimental surface pressure.
a = 13.3°. ——, predictions using van Leer scheme; — — — — —— , predic-
tions using hybrid scheme; — - — -, predictions using the QUICK scheme;
markers, experiments (o: F1 windtunnel; x: F2 windtunnel).

3.2 Walls

U,V and k are set to zero. Transition is imposed by setting £ and € close to
zero before the transition point (z; = 0.12 on the suction side, and z; = 0.3
on the pressure side).

4 Results

A C-mesh with 176 x 32, generated by Chanez and Palicot [3], has been used.
The near-wall nodes are located at y*© ~ 2, and 3 to 5 nodes — in the normal
direction — are situated in the region 0 < y* < 20.

The calculated results are compared with experimental data taken from
[2, 10]. The Reynolds number and the Mach number are 2.1 x 10°% and 0.15,
respectively. Measurements have been carried out in two windtunnels, F1
and F2. In the F1 windtunnel, global characteristics such as friction coeffi-
cients and surface pressures were measured. The flow field was studied more
in detail in the F2 windtunnel, where mean velocity profiles and Reynolds
stresses were measured using a three component LDV-system. The blockage
effect in the F2 tunnel was more important than in the F1 tunnel, leading
to three-dimensional effects for v > 13°.
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Figure 4: Comparison between calculated and experimental skin friction. o =
13.3°. ——, predictions using van Leer scheme; —————— , predictions using
hybrid scheme; — - — -, predictions using the QUICK scheme; markers,
experiments (0: F1 windtunnel; x: F2 windtunnel).

The main characteristics of the flow are presented in form of ¢, and cp-
curves in Figs. 3 and 4. Three different differencing schemes have been
used for the mean flow equations: the second-order scheme of van Leer [11],
the third-order scheme QUICK of Leonard [12], and the first-order hybrid
central/upwind scheme [13]. The difference between the first-order scheme
and the two other schemes is dramatic. This is also relected in the lift
coefficients, see Table 1.

The ¢, predicted with the QUICK scheme is slightly higher than that
using the van Leer scheme, which is reflected in the cp-curve, where the
suctions peak is slightly higher for the QUICK scheme than for the van Leer
scheme.

Cr,
Experiments in F1 | 1.55
Experiments in F2 | 1.49

predictions, van Leer | 1.59

predictions, QUICK | 1.60
predictions, hybrid | 1.28

Table 1: Comparison of calculated lift coefficients with experiments.
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The predictions results are close to those obtained with the Runge-Kutta
code [5].

5 Conclusions

The flow around the A-airfoil has been calculated using an incompressible
SIMPLEC code and a two-layer £ — ¢ turbulence model. The predicted re-
sults give too high lift coefficients due to too small a separation zone, owing
to the deficiency of the k£ — ¢ model to capture the physics of the flow. The
calculated results in the present work are very similar to those obtained with
the Runge-Kutta code [5] using the same turbulence model.

Three different difference schemes for the convective terms in the momen-
tum equations were tested: a first-order scheme (hybrid upwind/central),
a second-order scheme of van Leer, and a third-order scheme (QUICK) of
Leonard. It was found that the first-order scheme gave unrealistic results
due to excessive numerical diffusion, where the other two schemes gave very
similar results.
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