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Interaction Concept

A modification of the viscous-inviscid interaction concept with the employment of coupled
vortices around the airfoil wake is introduced for analyzing the airfoil stall. The analyzed

Sflow includes the laminar boundary layers, laminar separation bubble, laminar-turbulent
transition zone, turbulent boundary layers, turbulent separation zone, wake, and outer
inviscid flow. Integral methods are employed for the boundary layers. The boundaries of
separation zones are analyzed as free surfaces, however, their lengths and shapes depend
on the Reynolds number. The described modification is validated by a comparison of the
numerical results with the previously published experimental data for various airfoils
and Reynolds numbers at low Mach numbers. This modification achieves a reasonably
good agreement of the computed lift and moment coefficients with their measured values.
[DOI: 10.1115/1.4023784]

1 Introduction

With all of the recent successes of computational fluid dynam-
ics (CFD), the analysis of the airfoil stall remains a challenge.
Reynolds-averaged Navier—Stokes (RANS) codes and other com-
putational tools considering “fully turbulent” flows represent the
contemporary CFD mainstream. However, it is a challenge for
these tools to correctly predict the maximum airfoil lift and its
decrease caused by a further increase of the angle of attack, as
shown in Fig. 1, with typical examples of the computations car-
ried out by Maughmer and Coder [1] with various codes of vari-
ous developers for a set of airfoils.

One can see that the RANS code ovERFLOW overestimates the
maximum lift value, the RANS code FLUENT gets this maximum
(at Re=3 x 10’ that should not correspond to a fully turbulent
flow) but cannot run for higher angles of attack, and the viscous-
inviscid interaction concept (VIIC) code proriLO7 with integral
methods for boundary layers without an analysis of their separa-
tion zones also cannot. (Let us recall that in VIIC, the flow is di-
vided into viscous and inviscid parts with the interaction based on
two effects: the pressure gradient influences the thicknesses of the
boundary layers and wakes, but these thicknesses influence the
pressure itself.) As shown in Fig. 2 with data from Martin et al.
[2], there is also a substantial difference between the pressure pre-
dicted by the RANS code and the measured pressure distributions.
The biggest difference takes place near the foil leading edge,
where laminar separation occurs in the real flow. Such a situation
with models of fully turbulent flows is explicable because, as
emphasized in the recent review by Raiesi et al. [3], all contempo-
rary turbulence models were tuned to specific data sets for
attached turbulent flows at high-Reynolds numbers. These models
should not run well for complex separated flows with a laminar
boundary layer and laminar separation at the leading edge and
with large turbulent separation at the trailing edge.

Alternatively, the VIIC methods allow for the analysis of multi-
zone flows with laminar boundary layers and the transition of sep-
arated, reattached, and boundary layers (as computed by Kwon
and Pletcher [4,5]). The VIIC also allows for the analysis of
boundary layer separation behind bodies (as computed by Arndt
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et al. [6]). Nevertheless, a successful example of the use of the
VIIC for airfoil stall has not yet been presented.

The first stall peculiarity is in the existence of a separation zone
covering the foil trailing edge. This zone is approximately a con-
stant pressure zone. Second, the pressure on the upper and lower
sides of the wake downstream of this zone must be equal. These
two peculiarities complicate the pressure computation (that must
be found by solving an ideal fluid theory problem in the VIIC).
Thus, it is useful to look for a similar purely ideal fluid theory
problem. The problem of foil supercavitation is such a problem
because it also includes a constant pressure zone behind a foil and
the unloaded wake downstream of this zone. Recently, Fridman
and Achkinadze [7] described the solution of this ideal fluid
theory problem with the use of the half-century old scheme
invented by Tulin [8] (shown in the upper part of Fig. 3). The
combination of the two aforementioned conditions was satisfied in
Refs. [7,8] with the employment of two spiral vortices of an oppo-
site intensity located at different sides of the constant pressure
zone. As is also shown in Ref. [7], solutions for the ideal fluid
flow with constant pressure zones behind the foil at some angle of
attack can be obtained without these vortices, but it is impossible
to obtain the unloaded wake without them.

It is difficult to use the method [7] with its conformal mapping
for stall computation. Successfully applied to plates, wedges, and
other polygonal contours, this method does not work well for foils
because of the difficulty to find the foil image in any hodograph
plane, but the analysis [7,8] was very useful because it allows for
two important conclusions:

* The combination of the two aforementioned conditions can
be satisfied only with the employment of a pair of vortices of
opposite intensity.

* Such an ideal fluid problem has multiple solutions because
two parameters (for example, the abscissas of these vortices)
are undetermined and must be either ordered or found from
some additional conditions.

The suggested separated flow scheme (shown in the lower part
of Fig. 3) does not copy the Tulin scheme, but it is rather his
scheme modification for the foil stall analysis with the use of the
VIIC. Two vortices are not placed just on the streamlines going
from the foil surface, but they are placed at both sides of the
foil wake. The vortex location quantitatively fits many stall
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Fig. 1 Comparison of the lift and drag prediction with the

RANS codes (overrLow and FLuenT) and the viscous-inviscid
interaction code (prorFiL07) with the experimental data for airfoils
S$406 and E387

visualizations (starting from that provided by Batchelor [9] in his
photo 5.11.1b).

The description of the flow scheme and the corresponding nu-
merical methods (including the effect of changes of the vortex
location) is given here in more detail. This description is supple-
mented by a comparison of computational results for two-
dimensional flows with experimental data for low M.

2  Flow Scheme and Numerical Method

The main results of the foil stall analysis are lift, moment, and
drag values. The forces on the foil are mainly predetermined by
the pressure in the surrounding inviscid flow (though the pressure
normal derivative may be not small at some foil parts). However,
the boundary between the inviscid flow and shear layers surround-
ing the foil depends on Re and initially are unknown. Because of
the existence of an unknown boundary, the problem is nonlinear.

Furthermore, because of the boundary dependency on Re, the
determination of shear layers inside this boundary must be made
with regard to the variation of the right-hand side of the momen-
tum equation with the variation of Re. For airfoils at high angles
of attack the shear layers generally include diverse zones (the lam-
inar boundary layer, separation bubble, attached turbulent bound-
ary layer, turbulent separation zone, and wake) and this right-hand
side substantially varies from one zone to another. This variety is
a big challenge because numerous empirical coefficients are nec-
essary to describe each zone. This necessity is inherent to the
large eddy simulation (LES) and RANS methods (even the sim-
plest RANS Spalart—Allmaras model for attached flows uses at
least 17 empirical and tuning coefficients) and to integral
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Fig. 2 Measured [2] and computed results with a RANS code
pressure coefficient Cp on the airfoil at « = 18° and M = 0.3
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Fig. 3 Foil separated flows. (top) Flow around the plate with a
constant pressure zone behind it, computed using the Tulin
scheme with coupled spiral vortices. (bottom) Suggested
scheme of the foil separated flow. The solid line is the foil con-
tour; the dashed line is the computed section of the displace-
ment body surface S that is the effective boundary of the outer
inviscid flow. The dotted line shows the upper section of the
turbulent separation zone.

boundary layer methods (that use less empirical coefficients, but
sacrifice a possibility to describe the flow in more detail due to the
preliminary integration of mass conservation and momentum
equations across the layers). The criteria of determination of the
boundaries between zones are usually derived from the similarity
analysis that also requires empirical inputs.

Thus, a multizone analysis is the necessity, whereas the rationale
of the use of integral methods is in the simplicity allowing for eas-
ier estimation of the most important parameters without a detriment
to the stability of the whole computational algorithm. A further
combined use of the VIIC with RANS is also possible (such exam-
ples were described, in particular, by Larsson et al. [10]).

There are several steps to solving this problem. The first step
consists of the determination of the inviscid flow around the foil.
This step provides the pressure distribution along the foil contour.
The second step consists of the determination of the foil boundary
layer characteristics. Separation bubbles are possible there.
Because the location and sizes of these bubbles are not known a
priori, iterations are required in the bubble analysis. Any iteration
is based on solving the linear equations with coefficients fitted
from iteration to iteration. Thus, quasi-linearization of the prob-
lem is used. The third step consists of the iterative determination
of the shape of the wake and turbulent separation zone covering
the foil trailing edge. Quasi-linearization is also used for this step.

The inviscid flow around the foil can be determined by solving
a boundary value problem for the Laplace equation for the veloc-
ity potential ®(x,y,Q,T)

AD =0 (1

In addition to Eq. (1) there is the boundary condition on the nor-
mal velocity, written as

OD/ON|g = 0 )

and the incoming flow definition grad ®| _. = {cosa,sina}.
Equations (1) and (2) can be solved using an integral equation of
potential theory when an additional condition for the lift/velocity
circulation is defined. Traditionally, it has been the
Kutta—Joukowski condition, however, this condition does not
work for foils with separated zones behind trailing edges. On the
contrary, this zone can be considered as a constant pressure zone.
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As explained in Ref. [6], the consequence of this constancy for a
time-independent flow is the condition
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Behind this zone (at xz < x < Xy) a medium part of the wake is
located. This part must be unloaded, at least integrally

Xw
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For x > Xy, a far wake parallel to the incoming flow is located.
Here, |UI= 1.0 at this part of the wake, thus, its contribution to the
derivatives of @ can be calculated with simple formulas. Solving
Eqgs. (1)-(4) makes it possible to determine the lift coefficient (or
I') together with the intensity I of the coupled vortices.

For the boundary layer analysis, the integral methods are
employed. As recommended by Cebici and Bradshaw [11], the
Falkner—Scan profile is used in the laminar boundary layer and the
laminar-turbulent transition is predicted with the semiempirical
Michel criterion (as was noted by W. Rodi, this criterion is the
most accurate for flows with adverse pressure gradients). Laminar
separation can occur when H* > 4.0 and then the boundary layer
becomes turbulent in the bubble itself.

The turbulent boundary layer analysis is based on solving the in-
tegral momentum equation and the mass conservation equation for
this layer. Let us consider the simplest case of a shear layer in a
two-dimensional incompressible flow along a surface of a small
curvature. The momentum differential equation for a turbulent layer
can be then rewritten in Cartesian variables, from Townsend [12]

%Jr% (u2 + <u’2> - <v’2> +§) +8% (uv+ (uv') - ug—z)

=0

Here, P relates to the layer boundary. The general technique used
to derive integral equations can be applied to this layer. Let us
consider only steady flows. Integration across the layer transforms
the preceding differential equation into a modified two-
dimensional Karman equation

00" 8 (& W
ox U 5 — 5P ) ox
Cr 5 d (&
=5 — 7 a5l == 5
5 +(1,5P/5**)ax(a**) (%)
The integral mass conservation law is used as the second equation
d(Us")/dx = d(U9)/dx — V* (6)

In the attached turbulent boundary layer the approximation
Vi =0.0306[(d — 6%)/5** — 3] %'7of the normal velocity com-
ponent (recommended by Cebici and Bradshaw [11]) is used.

It is necessary to select the velocity profiles u(y/6)/U and
approximations of the right-hand sides of Eqs. (5) and (6) for their
integration. Diverse selections were made for the attached and
separated boundary layers. The traditional velocity profile
u()=f 6) U~ (O)F(3.0.0.8) with £=3, £(y)=v" [In(y" /v)
+B*] and C;= 2v*2 is used for the attached turbulent boundary
layer, whereas o is neglected there. Thus, two parameters {v*, 3}
in this velocity profile are used in Egs. (5) and (6) for such a layer.

The momentum equation for the separation bubble has the same
form (the separation zone sketch is shown in Fig. 4 for the flow
behind a backward step as the simplest typical example of separa-
tion with the boundary layer reattachment). However, there is no
logarithmic sub-layer in separated flows, as proven by Agarwal and
Simpson [13]. In accordance with their data, the velocity profile is
selected as u(y) = [U — u,JF(y,Y,0,6) +u, at c=y/¥Y>1 and
u=(1.3-0.3(+03In[{]) at ¢<1; Y =0.3upC/U. Thus, two
parameters of the velocity profile in the separated bubble are {9,
uy, }. The second term in the right-hand side of Eq. (5) plays the sig-
nificant role in separated layers and here 6 = fd with § found
from an approximation of the Eaton and Johnston [14] data. The
direct consequence of the Prandtl formula for the turbulent stress
Cy = yx*up|up| with y = const is employed in Eq. (5).

The mass conservation law in the separation bubble is written
using the exact formulation of the Prandtl’s concept of the dis-
placement body

0" (x,up(x),d(x)) =T(x,U) (7)

The initially unknown distance 7 implicitly depends on the tan-
gent velocity U along the part of S over the separation bubble and
must be tuned to U. The following form of the velocity U with
undetermined coefficients is selected for the flow over the separa-
tion bubble with regard to the experimental data:

U="U,+ UIF(X7 07[‘/27 81) + UZF(X7 L/27L + dL7 82) (8)

Here, { = (x—a)/(b — a), &1, &, and the ratio dL/L are approxima-
tion constants, however, the coefficients Uy, U;, U,, andL implic-
itly depend on Re and must be found using the conditions of
boundary layer separation and reattachment. As described by
Amromin [15] for another case of incompressible flow with
boundary layer separation and reattachment, these conditions are

0" dU dr au
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Fig. 4 Scheme of the separated flow behind a step: the dashed line is the
displacement body section. The dash-dotted line is the boundary between the

inviscid flow and the viscous flow.
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The first of these conditions is the semiempirical reattachment cri-
terion, whereas others are conditions of the flow continuity at the
boundaries between zones.

The combined determination of Uy, Uy, U,, T is performed with
the problem quasi-linearization similar to that used in Refs.
[6,16]. Small perturbations {/,q} of the functions {7,Q} are con-
sidered along the boundary of the separation zone. The perturbed
Egs. (8) and (2) can be rewritten as

OD(x,y,q,0)/0E + 0D (x,y,0,0)/0¢ = U
20(0)/9¢ = g

10)
an

and solved with the subsequent correction of 7. The integration of
Egs. (5) and (7) with the determined L, U, and T uses 5"(0) and
up(0) as the initial data.

Furthermore, according to Ref. [3], an intermediate region just
downstream of the separation bubble (L < x < L+ dL) is the most
difficult for modeling. There, the boundary layer restores the loga-
rithmic velocity profile and the second term in the right-hand side
of Eq. (5) is comparable with the first term due to unsteadiness of
the real flow. Therefore, a special approximation for either H* or
0" is used. The computed /(x) is used to correct the ‘S’ shape for
the next iteration. The final accuracy of bubble computation is
evaluated by substituting its solution in Eq. (8).

The reattached boundary layer at x > L + dL will be computed
with the same Egs. (5) and (6). These computations go up to a
point where the layer parameters yield the turbulent boundary
layer separation criterion with a y = const

d*dU JdX = yU (12)
This point is the beginning of the turbulent separation zone cover-
ing the trailing edge and evolving into the wake. As shown by
Castillo et al. [16], the beginning of the separation zone on a
smooth wall (like airfoils) in 2D time-averaged flows is indicated
by Eq. (12) with an acceptable accuracy.

Correction of the wake shape can be carried out with Egs. (10)
and (11). According to Eqgs. (3) and (4) the wake shape depends
on xg, along with I'" and C,_Thus, various solutions with various
xg are possible. To select the unique solution for the wake one can
consider Eq. (5) in the simplified form

5" (k) _ { U(1) } 2+0.5[H" (1)+H" (xx)] o)

o7 (1) [U(x)
It is easy to transform Eq. (13) into the well-known Squire—Young
formula, assuming H" (xg) = U(xg) = 1.

As an example of the coefficient tuning in the VIIC, the influ-
ence of dL/L on the computational results is shown in Fig. 5, in
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Fig. 5 Effect of dL/L on the computed pressure distribution in
comparison with the experimental data [17]

051105-4 / Vol. 135, MAY 2013

0.2

r‘-k

7
J

-0.1

o o
14 15 16 17 A7=C

Fig. 6 Effect of the second vortex location on the intensity
of the vortex pair behind the foil S805

comparison with data by Tani et al. [17]. Information on the nu-
merical accuracy (grid effect) of the used iterative algorithm was
presented in [15]. Specifically, for the turbulent layers described
by Eq. (5) the boundary layer grid effect was also analyzed. It was
found that the region most sensitive to the grid size is the region
of the boundary layer reattachment, but its breakdown into 45,000
cells allows for the less than 0.01% changes in 6.

The effect of the vortex pair location on the vortex pair
intensity I'" is illustrated in Fig. 6 for the airfoil S805. In two
compared variants, the first vortex was located just over the trail-
ing edge. The abscissa of the second vortex was varied from
0.6(xg — 1)C +C (the corresponding I’ “ is shown by the solid
line) to 0.75(xg — 1)C + C (the corresponding I is shown by the
dashed line). For the same accuracy in yielding Egs. (3) and (4),
the values of xz and C, are slightly different for these variants
(the difference in C, is less than 0.01). It is interesting that I
goes through zero approximately at the angle of attack of the max-
imum lift.

It is possible such “moderate nonuniqueness” of the problem
solution reflects some instability of this separated flow. Possibly,
the dependency of I on the vortex location reflects evolutions of
the real vortices. However, such instability and evolutions cannot
be analyzed in the framework of this time-independent problem.

3 Intermediate Examples as the Method Verification

While developing a numerical method for a complex airfoil
flow, one must first look for the intermediate validation related to
simpler flows. The separation bubble near the leading edge signifi-
cantly influences the pressure on the airfoil suction side and the
extension of the separation zone upstream of the trailing edge.
However, as follows from a typical velocity distribution shown in
Fig. 7, the separation bubble on a foil at Re >3 x 10° is quite
short and the detailed measurements are very difficult. Neverthe-
less, a comparison of the numerical and experimental results for
the separation zones with boundary layer reattachment behind

25
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Fig. 7 Computed velocity along S for a NACA foil with the trail-
ing edge separation at Re = 3 x 10°
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Fig. 9 Normalized pressure distribution: comparison between
the presented computations and the experimental data [18] for
separation zones behind the backward steps in channels. The
numbers in the legend show the ratio of H to the channel width.

such zones is the most important intermediate validation. Fortu-
nately, there is a rich data set for separation behind backward
steps. The experimental data of Eaton and Johnston [14] and
Ramamurthy et al. [18] for steps are used in the comparisons pre-
sented in Figs. 8 and 9. These data were employed in tuning the
aforementioned coefficients and finally f =0.017, ¢, =1.2, 6, =2,
g =—0.015, and y = 1.25 were selected. In the velocity profile for
separation zones ¢ = 1.25.

Thus, one can see from the relatively simple flow examples in
Figs. 8 and 9 that the selected velocity approximation along the
separation bubble, the velocity profile within it, and the reattach-

O ‘ &- o
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Fig. 10 Effects of the Reynolds number and angle of attack on
the computed thickness displacement on NACA0021
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Fig. 11 Comparison of the computed and measured [19]
points of the boundary layer reattachment behind a laminar
bubble over the NACA0021

ment criteria (Eq. (9)) allows for a good computation of the
separation bubble lengths and the pressure along them.

As is clear from Eq. (12), 6* predetermines the location of the
trailing edge separation considered as the wake beginning. One
can see examples of the displacement thickness computed along
the foil suction side with separation bubbles in Fig. 10. These
results for low Re are more visible because of the larger bubble
lengths.

Furthermore, reconstruction of the zone size by the measured
pressure distribution is also a good implicit method, although it
may be confident only for quite large L at quite small Re. Such
reconstructions with the experimental data by Mabe et al. [19]
with the NACA0021 airfoil at Re = 10° are used in the compari-
sons of Fig. 11. Such indirect comparisons make it possible to
evaluate the achieved agreement of the computations with the ex-
perimental data. As shown, this agreement is already satisfactory.

Nevertheless, let us point out that the goal of this work is to
show the possibility of stall computation with the VIIC rather than
to define the optimum sets of coefficients for such computations.

4 Analysis of Airfoil Stall

The computed foil lift and moment coefficients are compared
here with the experimental data. The computed lift coefficients for
various NACA airfoils tested by Mabe et al. [19] at very small M,
by Beasley and McGhee [20] at M ~ 0.2, and by McAlister et al.
[21] at M =0.3 are compared with measurements in Figs. 12-14.

The proportionality of dCp/do to 1/v1 — M?was taken into
account in these computed dependencies (one may read, for exam-
ple, Shapiro [22], for more detail). All referenced experiments
have been carried out in restricted flows of wind tunnels. Though
the tunnel walls increase C at fixed angles of attack, for the sim-
plicity of the computations the unbounded flows were analyzed in
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¢ Re=100000, exp m Re=200000, exp
Re=100000, comp = == Re=200000, comp
= = wmideal fluid

Fig. 12 Lift coefficient of the NACA 0021 airfoil; the curves
show our computations and the symbols show the experimen-
tal data [19]
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Fig. 14 Lift coefficient of the NACA0012 airfoil at

Re = 3.9 x 10°%; the curve shows the numerical results and the
symbols show the experimental data [21]

this paper. Nevertheless, the lift maxima themselves are well pre-
dicted for all considered airfoils and the decreases of C;(a) after
these maxima are satisfactorily predicted. Furthermore, the meas-
ured trends of the Re influence on C, are correctly predicted (in
Figs. 12 and 13): for a smaller Re, 6* is greater and, in accordance
with Eq. (12), the trailing edge separation occurs closer to the
leading edge. This leads to a larger lift decrease (in comparison
with the ideal fluid).

Although the computation [1] of the moment with ovERFLOW for
stall conditions is even less accurate than the computation of the
lift, the agreement of our computed moment coefficients with the
experimental data in Fig. 15 is also satisfactory.

Application of the suggested method to non-NACA foils is
illustrated in Fig. 16 with the experimental data by Silberstein
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Fig. 15 Comparison between the computed and the experi-

mental [21] moment coefficient of the airfoil NACA0012 at
Re =3.9 x 10°
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Fig. 16 Comparison between the computed (solid line) and
measured [23] (rhombs) lift coefficient of the Clark-Y airfoil. At
the highest lift Re = 4.2 x 10°%; Re rises to 4.8 x 10° at low lift.
The dashed line shows the ideal fluid asymptote.
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Fig. 177 Computed (solid line) and measured [1] (rhombs) lift
coefficient of the S805 airfoil at Re = 10°

[23] for the Clark airfoil and in Fig. 17 with data [1] for the S805
airfoil. For a more accurate comparison with the experimental
data, the lift coefficients are compared at the same values of
o°® — ao°. Although the computed lift decrease for the Clark airfoil
does not start from a sharp drop, its difference with the measured
lift is not large.

The goal of this paper is to manifest the possibilities offered by
the described multizone concept, rather than to suggest its best
implementation. Possibly, in the future it would be more accurate
to use some differential methods for the determination of the vis-
cous layers (as was already done in Ref. [4,5] for backward step
flows) instead of the integral methods used here. In addition,
extensions of the described analysis to a two-dimensional
dynamic stall or a three-dimensional stall appear to be possible.
Nevertheless, such extensions would require additional empirics
for additional equations and more detailed descriptions of vortices
(of tip vortices in three-dimensional flows and of drifting vortices
in unsteady flows).

5 Conclusions

The numerical analysis of the stall remains to be an issue even
for airfoils moving at a constant speed. The models of “fully
turbulent” flows (now broadly employed in engineering) unsatisfac-
torily describe the airfoil stall. The suggested modification of the
viscous-inviscid interaction concept employs a multizone model.
This modification satisfactorily predicts the two-dimensional airfoil
lift and moment at stall conditions, even with a very simplified
modeling of the boundary layers (with the use of integral methods).
Two main points of the stall analysis are emphasized:

1. A multi-zone analysis with taking into account the foil lami-
nar boundary layer and its separation is necessary. It allows
for a substantially better flow computation at stall
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conditions. The advantage of the multizone approach for = boundary layer thickness 6" :U*ZIS((uﬂ)

such complex flow overcomes the disadvantages of primi- —(v'))dy
tive integral methods used for shear flows here. Eventu- 0% = displacement thickness
ally, this approach could be enhanced by the use of the 0** = momentum thickness
RANS or LES codes, at least in some zones & = coefficient in the velocity profile for separation
2. An account of the influence of large vortices located in the bubble
separation zone behind the trailing edge on the entire flow is &1,&; = coefficients in U approximation along bubble
necessary for a stall quantitative analysis. In the suggested K =~ 0.4 = von Karman constant
VIIC method, this account is carried out in the framework of v = kinematical viscosity
inviscid flow computation with a modification of the Tulin p = fluid density
scheme with coupled vortices. o = coefficient in boundary layer reattachment criterion
® = velocity potential
y = coefficient in turbulent boundary layer separation
Nomenclature criterion
B* = parameter of logarithmic velocity profile
C = airfoil chord
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