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ABSTRACT Sés
2

Recent developments and appiications of an interactive boundary-layer procedure ®

for unsteady flows are reviewed. The emphasis is on a model problem corres- E
ponding to an oscillating thin airfoil in laminar flows and results are %E;
reported for differernt amplitudes and frequencies of oscillation. The use of :::
the characteristic box scheme, with its stability criterion, are shown to &

allow the accurate calculation of reverse flows and the interaction procedure

removes the singularity to allow calculation through regions of separated flow. 2:£
Although the current focus of the interactive boundary-layer procedure has been ‘i ;
on the leading-edge region, it has general applicability and, together with :”'
models for transition and turbulent flows, it can provide the basis for a f‘.
method to deal with oscillating airfoils and wings and the rapid movement of ﬁﬁ;
fixed-wing arrangements at angles of attack up to and beyond those of dynamic ; »
stall. +h
Calculations at high angles of attack indicate that the oehavior of the ESE
unsteady separated leading-edge flow has similarities to steady flows down- E?
stream of surface corrugations. The use of linear stability theory in the N
latter case shows that the location of the onset of transition moves upstream ?_,
5
practice this means that the bubbles wil) be shortened and analogy with ;;i
unsteady flows suggests that transition may piay an important role and pre- ge_
clude the existence of the long separation bubbles determined by the laminar- ﬁi.
flow calculations. iﬁ;
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1.0 INTROOUCTION

The experimental investigations of McCroskey, McAlister and Carr [1], Carr,
McAlister and McCroskey [2]), Dadone [3], Francis, Keese and Retille [4], Daley
and Jumper [5], fFrancis and Keese [6], Lorber and Covert (7] and Lorber and
Carta [8] were prompted by the need to provide better understanding of the
flow characteristics of oscillating airfolls. It is important, for example,
that the rotor blades of helicopters do not experience dynamic stall and the
experiments have demonstrated that stall 1s preceded by a near-surface vortex
assoclated with separation of the unsteady boundary layer. It is likely that
the vortex stems from a laminar separation bubble which, with increasing angle
of attack, grows until 1t becomes unstable and bursts to form a vortex which
rolls and grows. These experiments have been complemented by a number of
computational investigations which involve the solution of the Navier-Stokes
equations [9], and of the boundary-layer equations sometimes coupled to invis-
cid flow equations as, for example, by Cebeci and Carr [10-12]. As yet, the
calculation methods have not been successful in representing the measurements
and a procedure to provide accurate representation of oscillating airfoil
flows for a wide range of flow conditions including dynamic stall remains to
be developed. A useful review covering all aspects of the subject has been
provided by Lang [13] and important applications considered by Herbst [14].

The calculation of flow over an oscillating airfoil by an interactive
boundary-layer scheme makes use of inviscid and viscous flow methods and
couples them by a special procedure. The success and accuracy of this method
depends on the accuracy of each component including the procedure used to link
the Inviscid and viscous flow methods. In general the inviscid flow methods
are based on panel methods, such as those of Geissler [15], Maskew and Dvorak
[16] and Tenqg [17], and their arcuracy and ability to solve flow problems of
great complexity are well known. The viscous-flow methods, on the other hand,
are not so well developed and their application to time-dependent flows has not
received the same interest as to steady flows. The calculation of unsteady
flows with large regions of flow reversal has been confined mostly to model
problems involving flows such as the laminar flow over a circular cylinder
impuisively started from rest. The emphasis has been on the solution of the
boundary-layer equations for a prescribed pressure distribution and explora-

tion of the relationship between flow singularity and separation. In spite of
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4 .
f the apparent simplicity of this model problem, many difficulties were encount- ::
g ered and some remain to be solved. ;
“ X
'f The calculation of boundary layers on an oscillating airfoil poses some prob- "
j lems that are different than those considered in other unsteady boundary-layer E:
\; flows. Perhaps the most important of these is the calculation of the upstream ;
Y boundary conditions in the (t,y) plane at some x = x0 which are needed in .
Y the solution procedure. Contrary to steady flows where the streamwise veloc- :.
¢ 1ty u 1s identically zero across the shear layer at the stagnation point, this j'
* 1s not the case in time-dependent flows; flow reversals occur due to the move- f;
¢ ment of the stagnation point and cause the locus of zero u-velocity to vary :
N with space requiring the use of a special numerical method. 1t should be "
‘E emphasized that the problem of the upstream boundary conditions has a physical ?
N counterpart and is not solely numerical. The evolution of an unsteady flow at o
high angles of attack can involve the formation of a vortex in the region §,

¢ close to the leading edge and is associated with the onset of dynamic staltl. »
: Thus it 1s imperative that calculations of the flow in the upstream region be i
5 accurate. g
« o,
b The difficulties in the solution of the time-dependent boundary-layer equa- Y
:f tions depend on whether or not there is flow reversal across the boundary ﬁ
i layer. In its absence, there are several numerical methods that can be used :f
- to solve the equations including those of Crank-Nicholson [18] and Keller [19]. 3
. In the presence of flow reversal, however, it i1s necessary to use a scheme v
Ei 11ke the characteristic box method which is based on the solution of time- N
:: dependent boundary-layer equations along the local streamlines as described by N
b Keller [20] and Cebect [21]. g
: ~
This scheme allows the step sizes in the time and streamwise directions to be ~

. automatically adjusted to ensure that the region of backflow, as determined by 5
i the local streamlines, does not vinlate a stability condition like that of f
Courant, Friedrichs and Lewy (CFL). Although the zig-zag scheme of Krause et -

:i al. [22] can also be used for this purpuse, i1t can be inaccurate in regions of :;
'E large flow reversal since the orientation of numerical mesh is chosen a priort, E‘
j as discussed by Cebect [21] and Cebeci, Khattab and Schimke [23]. :‘
- s
v -
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The coupling between inviscid and viscous flow methods has attracted even less
attention than the above and most work has again been directed to the develop-
ment of methods for steady flows. Two coupling procedures have been proposed
and that suggested by Veldman [24] offers greater flexibility than that of
LeBalleur [25] and Carter [26] and has been developed for two-dimensicnal air-
foils by Cebeci and his associates [27]. It has also been extended to three-
dimensional flows, albeit with strip theory and quasi-three-dimensional
approximations, including flow over swept wings [28], and leading-edge separa-
tion bubbles on thin wings [29].

The flow singularity in steady flows corresponds to the vanishing of the wall
shear and the boundary-layer equations can be solved routinely with a pre-
scribed pressure distribution up to this point; there are no questions regard-
ing the accuracy of the solutions. The u-velocity does not exhibit flow
reversals across the layer and the inaccuracies resulting from the rapid vari-
ation of flow conditions near the separation location can be accounted for by
taking small steps in the streamwise direction. It is also known that with
interaction, that is computing the external velocity as part of the solution,
this singularity can be removed and separated flows can be calculated for both
laminar and turbulent flows. Time-dependent flows follow a similar pattern
and concentration on the “proper* definition of flow singularity or separa-
tion, ensures that any singularity can be removed by interaction. This
requires that the singularity is identified and that the region of reverse
flow, which usually precedes the singularity at separation of an unsteady
flow, be calculated accurately. 1Inaccuracy in the calculation of the reverse
flows can lead to breakdown of the solution procedure and the erroneous
assumption that it is caused by a singularity. An interactive boundary-layer
method may not remedy this situation since i1ts success depends on the accuracy
of the solutions of the boundary-layer equations. We shall discuss this point
further in this report.
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2.0 MOOEL PROBLEM

ooy

4

This report reviews some of the results which have been obtained with a numer.
1cal procedure designed to overcome the problems outlined above. Thus, with
support from the Air Force Office of Sclentific Research, AFOSR, we have
addressed fundamental aspects of the problem including the determination of
upstream boundary conditions, the relationship between singularity and sepa-
ration, and the development of an interactive procedure. To overcome the
corresponding difficulties, we have developed a novel method to deal with the
leading-edge region (Section 3.1), an accurate numerical method for the region
of reverse flow (Section 3.2) and an interactive procedure which, together
with a numerical stability requirement, have allowed us to study the nature of

the singularity and to provide fundamental understanding of the mechanisms of -

the region of recirculating flow near to the leading edge of an oscillating -~

airfoll (Section 3.3). We have also made use of the linear stability theory &

and analogy between unsteady flow at high angle of attack and steady flow over ;

a surface with corrugation to conjecture that long separation bubbles obtained y

for laminar flows may not exist in practice. It appears likely that transi- :j

tion will occur within these bubbles with consequent reducttion in their length. E;

This is discussed in Section 4. .

g

To accomplish these objectives, we have considered the model problem of lami- i

nar flow over a thin airfoil with a thickness ratio of vy (=b/a) at a reduced $

angle of attack Eo. The external velocity for a steady flow in this case can N
be c2duced from inviscid flcw to be

u +
U8 = T - AR ()

® v 1+ ‘;'2 -

where the parameter § 1s related to the surface distance s by .
11

s =ay’ | (552 (2)

R "

tquation (2) 1s extended to unsteady flows by introducing time dependence in ti

the form i

L su a0 My e d
SauSSN,
E-
) L) {

i @

€5 s aA
"
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where

" @ Ve

14 + A sinwt)

Ly
-

eff ~ Eo(]

AN
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~
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The resulting flow contains the essential ingredients of the leading. edge

FACA

YN ATRON

region of an oscillating airfoill including the moving stagnation point with
consequent reverse flows, the possibility of boundary- layer separation ang
reattachment and their dependence upon the amplitude of oscillation, A, the

frequency w and distance from the leading edge, s. It also permits compar)

. v o e
.'\\'u'.\\\

son with the equivalent steady flows for which calculations have been reported
by, for example Cebect, Stewartson and Willilams (30].

The coupling between the inviscid and viscous flows s accomplished by writing
the edge boundary condition in the boundary-layer equations as the sum of the

0
tnviscid velocity ue(E.t) and a perturbation velocity éue(E.t).
that 1is,

at y

0
: U(E.t) = U (E,t) + bu(E,t) (4)

and éue(E.t) 15 obtained from the Hilbert integral given by

S
b do
I ——

S -0 (3)

d
ds (Ued®)

o |-

6ue(Ect) =

with the interaction region confined between s, and Sy and with ug(i.t) given

by Eq. (3). Further details can be found in Ref. 30.

The emphasis of the present work has been on the leading-edge region and makes
use of an expression for the freestream boundary condition which has been
obtained by sclution of the inviscid-flow equations. The interactive
boundary-layer method is, however, general so that it can involve any solu

ttors to inviscid-flow equations and an entire airfoll with laminar, tranci
tional and turbulent flow.
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3.0 ACHIEVEMENTS

The following three subsections highlight results obtained, respectively, with
the special procedure to deal with the stagnation point, to show the import-
ance of numerical accurecy in regions of reverse flow and to report and dis-
cuss the effects of unsteadiness on recirculation bubbles.

3.1 Moving Stagnation-Point Problem

The numerical difficulties assoclated with the moving stagnation point exist
in a number of flows including those associated with turbomachinery, as dis-

cussed by Cebect, Simoneau and Platzer [31]. Thus the wakes generated by mov- "
)

ing rotor blades lead to movement of the stagnation points on the downstream o

ot stator blades. An accurate numerical scheme has been developed to solve if

this problem and, as described by Cebeci et al. [31], makes use of the charac-

teristic box scheme in an iterative manner to deal with the flow reversals. o

figures | and 2 show calculated results for the model problem with two circu-

F lar frequencies, w = v/30, #/3, and Eo =1, A= -0.5. They allow examination .
ot the effect of frequency on the calculated velocity profiles in the vicinity ~
of the stagnation point. Figure 1 shows that the locus of the u-velocity on L
time lines t = /2 and v is essentially the same as in the steady case and :jj
as a result there are no flow reversals in the velocity profiles. However, as ;;'
can be seen from fFigure 2, flow reversals begin to occur around the stagnation :}
point with increase in the frequency to »/3 and become more prolonged as time {a&
» e
X - n — Z n ‘.'-_
- p——q .':-.‘
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e 7 -:.."
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' Fig. 2. Vvariation of the velocity profiles for w = w/3 near the stagna- f\
- tion region for different values of wt, (a) 90, (b) 180, (c) 270,
S (d) 360. The dashed line indicates the locus of zero u-velocity.
;§ Increases to wt = 3¥/2. At wt = 2x, the region of flow reversal is reduced
% but is not zero as 1t was at wt = O.
4
" 3.2 Large Flow Reversals and the Need for Numerical Accuracy
; Our calculations for the model problem were arranged to parallel those reported
y by Cebeci [21] for the flow over a circular cylinder. Thus the zig-zag and
, the characteristic box schemes were used with time and distance steps chosen
n arbitrarily and the calculations repeated with values in agreement with a sta- ;r
N
: bi11ty criterion. The results of Fig. 3 for w = 0.10 were obtained with the
f. 21g-zag box scheme by Cebeci, Khattab and Schimke [32] for a Af-spacing
» specified such that AE1 = 0.0 up to § = 1.7, AE1 = 0.005 for 1.7 < ¢ < 4 and
: A§1 = 0.01 for 4 < § < 8; the time steps Atn were 10 degrees for 0 < wt < 260°,
*E 5 degrees for 260° < wt < 295°, and 1.25 degrees for 295° < wt < 360°. The
, calculations broke down at wt = 310°, suggesting flow separation at this
location. -
'd
N 7
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F1g. 3 shows that the variation of the dimensionless displacement thickness
E' 1s generally smooth except in the neighborhood of § = 2.12 and for wt

= 308.75°. Here R 1s Reynolds number based on nose radius and is defined by
(2aue/v). The first sign of irregularity is the steepening of the slope of

of &* when wt = 300° and a local maximum of &* occurs at £ = 2.12 when wt =
308.75°. when the same results were plotted for a displacement velocity, (d/dg)

(ueZ'). we observed steepening of the displacement velocity as the peak
move from § = 2.125 to 2.08 with wt changing from 300 to 308.75 degrees.

The calculations which led to Fig. 3 were repeated with the characteristic box

scheme using the same coarse varlations of Atn and A21 and the results
were identical to those obtained with the zig-zag scheme up to wt = 280°. At

wt = 282.5°, the solutions of the z219-zag scheme were smooth and free of
wiggles but those of the characteristic box scheme exhibited oscillations in

fw which led to their breakdown. The solutions with the zig-zag scheme,
however, continued without numerical difficulties until wt = 310°, where

oscillations appeared and led to the breakdown of the solutions at the next
time step.

The characteristic box was used subsequently with values of AE1 fixed as
before and with values of Atn determined in accord with the stability
requirement as discussed by Cebecl et al. [23]. This procedure avoided the

Fig. 3. variation of: displacement thickness, §* with £ for the oscillat-
ing airfoil, A =1, w = 0.1, obtained with the z19-zaq scheme.
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breakdown of the solutions and, as can be seen from Fig. 4, the maximum value
of the stability parameter B increases considerably with wt so that the e
solutions required correspondingly smaller values of the time step. It is ®
Interesting to note that the wall-shear distributions of Fig. S5 are uninflu- :,u
enced by the mesh at wt = 280° and 310° but, for wt > 310°, the coarse DN
mesh leads to large values of B and breakdown of the solutions. 3;

Figure 6a shows the distributions of displacement thickness for values of wt e

2
o

from 260° up to 360° and completes the cycle. The results up to 300° were DN
identical with those of Fig. 3 with rapid increase of the displacement thick-

N TARR

ness corresponding to the increasing extent of flow reversal, as shown by the
wall-shear distributions of Fig. 6b.
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It can also be seen from this figure that the maximum displacement thickness

and minimum wall shear move upstream with increasing wt for values of wt
up to 324.5°; this feature was also observed in the calculations performed for
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the circular cylinder [21]. The results obtained with the zig-zag scheme and
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values of Atn determined by the characteristic scheme for the oscillating
airfoll were identical to those discussed above, and similar correspondence

was obtained with the calculations performed for the circular cylinder.
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3.3 Effects of Unsteadiness and Interaction on Separated Flows Y
Y
Figure 7 shows distributions of wall shear for frequencies w = 0.01 and ;&

0.001. As expected, the critical value of the reduced angle which corresponds
to separation, is smaller than that for the higher frequency of Section 3.2

A S Tt o &
]

and closer to that of the steady state, £ = 1.16. For w = 0.01, the ‘E
breakdown of the solutions occurs at wt = 226°, which corresponds to an aE_
effective reduced angle of Eeff = 1.360; for w = 0.001, the correspond- -
ing values are wt = 204° and 1.203. We also note from Figs. 7a and 7b that J
the flow is a 11ttle unsteady even at these frequencies, and the solutions do !
)

-,

not break down with the appearance of flow reversal, which increases in extent
as w changes from 0.001 and 0.01.

L *
%)

s
The above results, and those of the previous subsection, were obtatned without :;
interaction between the solutions of inviscid-flow and boundary-layer equa- ;R

-

tions. In contrast, the results of Fig. 8 were obtained with interaction and
were performed in the fellowing way. For all values of time with wt ranging
from 0° to 360°, the standard method and the leading-edge region procedure
discussed in Section 3.1 were used to generate upstream boundary conditions at
a short distance from the leading edge, § = 0.5. With these conditions and
for each value of wt, the inverse method was used to caiculate the unsteady
flow from § = 0.5 to 10, for the specified value of Reynolds number and
thickness ratio of vy = 0.1. Since the system of equations is now elliptic,
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Fig. 7. Variation of wall shear f,, with £ for (a) w = 0.0, (b) w = 0.001.
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Fig. 8. Effect of interaction on the variation of wall shear f: with ¢
for (a) w = 00], (b) w = 0.000. R = 104.

sweeps i1n the E-direction were necessary to achieve a converged solution;
around three sweeps were required where flow reversal was encountered and a
single sweep sufficed where 1t did not. It s to be expccted that the value
of R will influence the number of sweeps and, since 1t 1s linked to physical
parameters, will affect the singularity and the size of the bubble.

Figure 8 shows the results for w = 0.01 and 0.00) with R = 104. They are
nearly the same as those obtained by the standard method as shown in Fig. ?
prior to flow reversal where the influence of the Reynolds number is small and
Increase after flow reversal. |In the case of w = 0.00), for example, the
standard method predicts flow reversal around Eeff = 1,19 (see Fig. 7) and
with interaction (fig. 8) this effective angle s between 1.219 and 1.254.

The maximum negative value of the wall-shear parameter fH obtained with the
standard method 1s around -0.03 at Eeff = 1.199 and may be compdared with the

maximum value of fH of -0.14 at Eeff = 1.286 obtained with interaction. As
expected, the interaction allows the calculations to be pertormed at higher

angles of attack than those achieved with the standard method. Ffor w - 0.001,
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the maximum PP for which calculations can be performed with the standard ‘EE
method s 1.199 with breakdown occurring at Eeff = 1.209; the corresponding &:‘
values with interaction are 1.286 and 1.287. Comparison of wall-shear results »
with both procedures and w = 0.001 indicates that the extent of the recircu- s&-
lation region AY is around 0.5 for the standard case, and around 2.5 for the :ﬁ*
interactive case. The solutions do not have a singulartity in the former case 5:~
but do contain flow reversals and this suggests that time-dependent flows can i‘
be calculated without using an inverse procedure. As the angle of attack ;ﬂ;
exceeds Eeff = 1.199 for w = 0.001, a singularity develops and requires an :S:
inverse procedure as in two-dimensional steady flows. This procedure allows ﬁh
the calculation of larger regions of reverse flow where the flow is now : '
separated. ﬁf:

' %
We see a similar picture with the greater unsteadiness corresponding to w = r:
0.01, for which the standard method ailows calculations up to an effective 2”

! angle of attack of 1.354 (Fig. 7a), a value considerably higher than 1.199 g::

{ obtained at w = 0.001. The first flow reversal occurs shortly after ,{:j
Eeff = 1.294 and breakdown occurs at Eeff = 1.360 with maximum negative wall V:w

shear values of -0.14 at ¢ = 1.354 and -0.035 at % = 1.315. The extent
eff eff

of the maximum reverse-flow region is now 1.5, considerably larger than for ?\;\

Y

w = 0.001, and indicated that the more unsteady nature of the flow produces ::ﬁ
a bigger region of reverse flow free from singularities. For this value of ;::'
i

w, the interactive scheme increases the value of Eeff for which solu- dov
tions can be obtained to 1.424 with breakdown occurring shortly after this ?.-
value at 1.428 (see Fig. 8b). The first flow reversal occurs after Eeff = :5:
N
! 1.315 with maximum negative wall shear equal to -0.19 at Eeff = 1.424, Qyi
i

and the extent of the recirculation region has now increased by about 30%. o

"

Comparison of maximum wall shear values, fw' at a similar value of Eeff indi- !..
cates that those computed with the interactive scheme are lower than those _.}
with the standard scheme so that, for example, the interactive scheme gives :i}
" AL
P = - = N

(fu)max = - 0.04 at Eeff = 1.36 compared to -0.14 at Eeff = 1.354 with the -
standard method (Fig. 7a). !;.
WY
:.:\ ,
NN

Since the calculations began at wt = 0 with solutions obtained by solving :c\
steady-state equations, it was necessary to coniirm the extent of their infly- :i )
ence. As a consequence, calculations were performed for a second cycle and !,'
u_l.\
RS
\‘_:‘.
:,:.
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gave results at wt = 720° which were identical to those at wt = 360°, con-
firming that the flow 1s cyclic. Examination of the results showed that the
Influence of the initial conditions die out rapidly and have no influence on
the solutions presented here.

The results obtained with w = 0.001 can usefully be compared with the steady-
state results of Cebect et al. [30] shown in Fig. 9. We might expect that the
small unsteadiness associated with this frequency will lead to results very
similar to those of steady state. Inspection of Figs. 7b and 9 shows that
although this 1s correct in general terms, the answers are quantitatively
different. As can be seei, the maximum effective angle at which solutions can
be obtained is greater in the unsteady case by some 7%. There are differences
in the two calculation procedures but 1t is unlikely that they are responsible
for this difference. On the other hand, it is possible that the difference in
the negative wall shear values may have been influenced by the use of the FLARE
approximation in the steady-state solutions. Nevertheless, the unsteady nature
of the flow with w = 0.00) s clear, in spite of this very low reduced fre-
quency.

015}
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0.05}

e ¥ W WV ¥
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Fig. 9. ¢tffect of interaction on the vartation of wall shear parameter
fo for a steady flow at R = 104.
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4.0 CONJECTURES; SEPARATION BUBBLES AND TRANSITION

An important concluston from the results of Section 3.3 is that the problem of
the singularity, discussed in several papers including that of Cebeci et al.
[32], has been overcome by the combined use of an interactive boundary-layer
method and a novel numerical scheme with its stabiiity requirements fulfilled.
This combination had allowed calculations to be performed but there remains a
concern about the physical realism of the long regions of reverse flow pre-
dicted in some circumstances. Experiments suggest that leading-edge regions
of reverse flow tend to be small with transition to turbulent flow making dif-
ficult the existence of long bubbles. This concern is examined by Cebeci [33]
in the context of steady flows. It 1s briefly described in the following

paragraphs and the implications of the results for unsteady-flow calculations
considered.

As a steady-flow counterpart of the above flows, calculations were performed
for the thin airfoll as a function of angle of attack and for the same thick-
ness ratio vy (=0.1) and were reported by Cebect et al. [30] and Cebect [33]
for Reynolds numbers of 106 and 105, respectively. The corresponding dis-
tributions of f: are shown on Fig. 10 and have the same form as those
presented for the oscillating airfoil. At the highest angle, the separation
bubble tends to grow with the number of numerical iterations and suggests that
the bubble 1s unstable.

The large separation bubbles calculated for steady flow seem unrealistic and,
at least for the 105 Reynolds number where transition is certain to occur

downstream of the bubble, there is the possibility that the real flow cannot
remain laminar in the region of interest and that this may affect the bubble
length. There are, however, no experimental data for airfoils with which to
test the possibility and recourse has been made to a different flow for which

information of transition 1s avatilable and which has close similarities to the
leading-edge flow.

The experiments of Fage [34] were performed with a series of bumps on a plate
and provide information of the location of transition downstream of a region
of separated flow caused by the bump and the consequent adverse pressure
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Fig. 10. Separation bubbles and their breakdown - explanation from steady
flow (1.e. w = 0), R = 105,

gradient. Figure 11 shows the bump and a series of distributions of fH
calculated with the interactive procedure: more extensive results have been

"
reported by Cebec) and Egan [35]. The shapes of the fw distributions are
similar in form to those of Figs. 8 and 9, downstream from the beginning of

the favorable pressure gradient and lend support to the idea that conclusions
based on the bump flows can be extrapolated to those on steady and unsteady
thin airfoils.

The calculations which led to the results of Fig. 17 provided velocity pro-
files and those, in turn, were used in the en-method of Smith and Gamberon}
(36]) and of van Ingen {37] to calculate the location of transition shown on
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onset of transition.

of the region of separation.

1 V2 3

Accuracy of stability approach to transition. Steady flow over
bumps, data of Fage [34].

the figure. This method solves the Orr-Sommerfeld equation for given velocity
profiles and computes the amplification rates to determine the location of the
As can be seen from Fig. 11, the calculated values of
the location of transition agree well with measured values and indicate a clear
trend for transition to move upstream with increase in the height of the bump
and, therefore, with the strength of the adverse pressure gradient and length
In the case of the largest bump shown, the tran-
sition location 1s inside the bubble and, if the interactive boundary-layer
calculations were to be repeated with transition specified at this location,
the bubble would be correspondingly reduced in length.
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It can be conjectured that the separation bubble would be further shortened as
the adverse pressure gradient is increased in strength and transition moves
further upstream. This result can be extrapolated to the steady thin-airfoil
flows discussed above and their unsteady counterpart. Thus, i1t seems likely
that the long separation bubbles calculated above are unrealistic and in
practice would be shortened by transition from laminar to turbulent flow.
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5.0 CONCLUDING REMARKS

A series of contributions have been made to the understanding of the flow
characteristics of the leading-edge region of an oscillating airfotl. They
required the development and use of a calculation method which involves the
accurate solution of time-dependent boundary-layer equations and their inter-

ulations of regions of reverse flow, including those associated with the mov-
ing stagnation point, demanded the use of the characteristic box scheme and

the fulfiliment of an associated stability requirement. Although those formu-
lated investigations have been made in relation to the model problem of laminar
flow in the leading-edge region of a thin airfoil, the calculation method is
general and can readily be extended to permit the calculation of the flow
around an oscillating airfoil.

Among the specific conclusions which can be drawn are the following:

I

:

|

action with solutions to inviscid-flow equations. The need for accurate calc-

P

E 1. The accuracy of the results obtained from the solution of the boundary-

l layer equations has been examined with emphasis on regions of flow rever-

, sal and separation where the characteristic box scheme is used. Attempts

’ to improve accuracy by ad hoc changes to the finite-difference mesh failed
and revealed the need for a procedure which would automatically gquarantee
accuracy by the selection of an appropriate mesh. This was achieved
through a stability criterion, similar to that of Courant, Friedrichs and

' Lewy [38]. The combination of this requirement and the characteristic

box scheme led to accurate solutions and showed that the mesh require-

ments were extremely severe in the region of large flow reversals.

2. Calculations performed for a range of reduced frequencies from 0 to 0.1
show that increased unsteadiness allows results to be obtained at higher
angles of attack before the solutions break down and that, in the case of
the highest frequency, there was no breakdown. The calculations with the
standard method led to regions of flow reversal whicn were limited in

: their extent by the singularity except at the highest frequency. The

Interactive procedure removed this singularity and resulted in larger

regions of flow reversal which involved separation at higher angles of
attack.
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3. The unsteady nature of the flow at the highest frequency allowed the :ﬁ

calculation of large regions of flow reversal and it is expected that yet :}

higher frequencies will lead to even larger regions of flow reversal. y

-y

. This in turn will permit calculations to be performed at larger angles of

R

attack where the occurrence of the singularity will require the use of

I’ .1' Al' -l'

, the interactive procedure. The gains in angles of attack are again likely

s to be 1imited by the ability of the laminar flow to sustain separation S:
3 bubbles and results obtained from the application of linear stability é{
. theory suggest that the location of the onset of transition moves upstream fz
. -

9 with increasing angie of attack and extent of the separation bubble so f:
L that 1t can occur within the bubble. 1In practice, this would lead to the }-

curtaliment of the region of separated flow and the development of a turb-

(SR

ulent boundary layer. Support for the accuracy of the calculations of the
onset of transition is afforded by comparison of calculated results with

(N
]

c s s a a8

e v
l.rs‘.‘.

measurements in the steady flow over bumps which give rise to distribu-

-

tions of the wall-shear parameter similar to those of airfoll flows. -

The research which led to the preceding conclusion is fundamental in nature but

has practical implications which should be emphasized. The calculation method T
3 has been applied to a model problem and shown to be able to represent unsteady 5
! laminar flows with regions of flow reversal and separation. It can equally be :&
.: appiied to calculate the flow over complete airfoils subjected to cyclic or ;:
: other time-dependent boundary conditions. The additional features to allow ~

these extensions already exist so that, for example, turbulence models have

been embodied in a steady-state version of the method and have been shown to

- <
: represent boundary-layer and wake flows with accuracy close to that of the test :;'
; measurements; steady-state calculations of transitional flows, including those ;;
with flow separation, have been examined and shown to be calculable; and a -
foundation has been laid for the calculation of flows around components of X
ailrcraft. With this catalogue of achievements, i1t is recommended that work be %,
carried out to develop the method further and to apply 1t to problems includ- ;
1 ing those associated with helicopter biades and the maneuverability of air- -
Z: craft such as the X-31 so that the merits of difierent designs can be assessed. E
E [t 1s particularly appropriate that 1t be used to study flows associated with 5:
: angles of attack close to those of static and dynamic stall. )
X 20
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