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Abstract

Low-Revnolds-number flows over airfoils are often
charactertzed by the presence of separation bubbles,
which can be unsteady with vortex shedding.  The
present study usges computational studies and linear sta-
bility theory to study the stablility characteristics of in-
compressible low-Revnolds-number separation bhubbles.
A three dimensional time accurate numerical procedure
is developed for simulations of transiional separaticn
bubbles. The numerical method is fifth order accurate
in the streamwise and wall normal direction and uses a
spectral method 1n the spanwise direction, The nnmer-
ical simulations are used to study flat plate separation
bubble test cases. The separation bubbles on the Hat
plate are mduced by speciiyving a velocity gradient in
the freestream. The stability characteristics of the sep-
arated How are studied by introducing controlled distur-
hances upstream of the separation bubble. A number of
cases with different two dimensional initial disturbance
amplitudes have been studied,

INTRODUCTION

Low-Reynolds-number acrodyvnamics. in the range of
Re=5x 10" te I x 10Y, is important for a vartety of air-
crafts, ranging from sailplanes and human-powered air-
crafts to high aluivade immanned aerial vehicles {UAVS)
(1.2 Phis research is motivated in part by its relevance
to the APEX high-altitude atreratt rescarch project at
NASA Drvden (], The APEX project at NASA Dry-
den Fheht Research Center plans to use the APEXN Ligh
altitude aircraft to collect acrodvnanue data for tran-
sonic low-Revnolds-number Hlows. with separation bub-
hles, over airfoils.

Early interest i low-Revnolds-number separaticn
hubbles was motivated by performance studies of thin
airfoil sections. The pressure distributions from the ex-
perimental studies revealed the presence of "short” and
“long” separation bubbles on the arfoll surtaces [,
Tlie separation bubble is formed because the laminar
boundary-layer over the airfoil separates due to the ad-
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verse pressure gradient. In some instances the separated
Boundary laver may reattach to form a shallow region
of reverse flgw. which 1s a [aminar separation bubble.
However, the early expernnents (*-3] sliowed that under
certain conditions the separated flow may not reattach,
and subsequently become turbulent. The turbulent flow
reattaches 1o form a "long” separation bubble. Gaster
] sxperimentally studied laminar separation bubbles
at a wide range of Reynolds numbers and angle of at-
tacks and studied the conditions under which bursting
cucurs. The mstability of the separated flow, and the
subsequent transition to turbulence. has been studied
experimentally by Blackwelder et al. 71 nd Dovgal et.
al Bl Blackwelder et al. [ showed that the dominant
frequency iu the Howfield matches with the most unsta-
bie frequency predicted by linear stability theory. Dov-
1] showed the presence of feedback effects,
and found that wtroducing disturhances of amplitudes
above a certain critical level resulted in a change in the
overall time-averaged mean flow.

aal et al.

Theoretical studies of separation bubbles are based
on the triple deck theory or cu the interactive bound-
ary laver theory. These theories are required because
thie traditional boundary laver theory fails at the sep-
aration lecation due to a singuiary in the boundary
Stewartson., Snuth and Kaups (1]
developed a theory for marginal separation problems
based on the triple deck theory te avaid this singuiar-

laver solution

iy, This approach can be used for problems with rel-
atively weak pressure gradients and is vahd for Re —
2o, This method has been applied 1o study qausi-two-
dimensional (Y and unsteady three-dimensional (2]
boundary laver flow. A quantitative study of the ac-
curacy of the triple deck solution at finite Reynolds-
numbers was done by Hsiao and Pauley (] They
showed that the Revnolds-number based on the pressure
gradient length gives an appropriate criteria to describe
the accuracy of the triple deck method. In addition,
B3) also showed that the interactive
boundary laver method is the most efficient method for
solving a Hlow with small separation bubbles. Hence,
for a sufficiently gradual adverse pressure gradient the

Hstao and Pauley

triple deck method and the interactive boundary layer
However,
when the pressure gradient is increased the marginal
separation formulation begins to fall. This led to the

method can be used to solve the problen.



developiment of an uusteady nonlinear triple-deck svs-
rem by Vickers and Smith 1 In cheir formulation ad-
ditional equations are developed to resolve the detached
sheay Javer far beyond the separation point. When com-
bined with the triple deck formulation for the breakaway
separation it enables a theoretical study of the unsteacy
separation and the inflexional modes associated with
the detached shear layer. This formulation is a good
tool to analyze the transitional separation bubbles.
Larly numerical studies sf separation bubbles relied
on 2-D steady Navier-Stokes or boundary layer calcu-
lations coupled with transition models "7'3) These
studies were an efficient tool for predicting asradynarnic
perfonnance of airfoils in the low-Revnolds-number

regime. However. the 2-13 incompressible simulations

ol Lin and Pauley U] showed the unsteady nature of
the separation bubbles, and the vortex shedding associ-
ated with the instability of the separated flows. Their
results showed that it was important to capture the un-
steady nature of the flowficld. Our previous incompress-
ible and compressible 2-D simulations P2 of flow over
the APEXN airfoil showed the same vortex shedding pro-
cess. An analysis of the numerical results showed that
the growth of disturbance waves in the separated re-
gion leads to the vortex shedding. The dominant fre-
quency from the numerical simulations is found 1o agree
with the most unstable frequency from a linear stabil-
ity analysis.  Three dimensional effects in separation
bubbles for flows over a Hat plate have been studied
by Hildings =4 and Rist and Maucher P Rist and
Maucher introduced various two-dimensional and three-
dimensional disturbances into the flowheld to study the
nonlinear disturbance development in the separation
bubble. Thebr simulations were able to obtain o tur-
bulent flowficld and predicted longiiudinal vortices in
the reattachment region. Alam and Sandham 1 sed
cdirect numerical simulations of “short” lumtinar sepa-
ration bubbles to show that the separated shear laver
nndergoes transition via oblique modes and vortex in-
duced breakdown. Spalart and Strelets 2] numerically
studied the transiion process to show that the mecha-
nsm nvolves the instability of the shear layer producing
Kehan-tlelmbioltz vortices which breakdown. Recently,
there has been some research on the conural of two-
dimensional unsteady separated flows. Zhang and Fasel
evaluated the feasibility of flow contrel, by blowing and
suction ahiead of the separation bubble 1),

The extensive studies detailed above have shown
the complex nature of the transitional separation bub-
bles.  The numerical and experimental results Lave
shown that the separation bubbles are verv sensitive
to freestream disturbances. Hence, there 15 a need to
study the receptivity process in the separation bubhles.
The stabilivy analysis of inflexional velocity profiles has
shown that the flow can be absolutely wnstable uneler

certain conditions. A detailed numerical study, sup-
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ported by theoretical analysis, will be uselul in this

area.  Experimental evidence has shown the presence

of feedback cffects. Numerical sinulations can provide
a controlled environment to study such effects. The ob-
tective of this paper is to analyze the stability of the
separation buhbles using @ {1) numerical sirnulations of
separation bubbles, and (2) linear stability analysis of

the separation bubbles. The numerical method is fifth
order accurate in the streamwise and wall normal di-
rection and uses a spectral method in the spanwise di-
rection. The stability of the separated boundary layer
15 analyzed using a linear stability theory analysis as-
suming local parallel flow. The growth of disturbances
1 the separation hubbles is studied in greater detait by
considering a Hat plate separation test case. A separa-
tion bubble is formed by specifving a velocity gradient
in the freestream. The growth of disturbances in the
separation bubble is studied numerically.

NUMERICAL METHODS

3-D Incompressible Navier-Stokes Solver

The mumerical simulations are carried out using a

fifth order 3-13 incompressible solver. The formulationis
i - htd

based on the approach of Zhang and Fasel. (%) The gov-

erning equations for this test case are the incompressible

Navier-Stokes cquations in the vorticity transport form:

flw ¢ 4]
(_); + a(nwr - H"jdy) E(uw: —wwr) = Awg |
i, i} (
T{J r‘71—:(:«"...),1, ~ itwy) + 0—3(11:&;_,, —vw,) = Awy
. d d
TR %(uw: — tw,) — ;r:{wuy — ) = Aw, |
where
o o+ | (4)
 Reda? Ay fte 9z¢

and the nondimensionalization is as follows:
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= (6)
where the ='s represent the dimensional variables and
Re = oL/, The velocity components can be calcu-
lated from the following equations:
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- v = - - = T i
i izt dx drdy
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The Blasius boundary laver solution is prescribed at the
mlet. No shp conditions are used on the wall, except in
the disturbance strip region where the normal velocity
5 specified. At the freestream. the streamwise velociny
is specified and the vorticity s set to zero. The egua-
tions arc solved using an explicit fourth order Runge-
IKutta scheme in time coupled with fifth order upwind
linite differencing in the streamwise and wall-normatl di-
rections, and a psceudospectral fourier method in the
spanwise direction. The separation bubble is gencrated
Ly prescribing a deceleration in the freestream velocity.
Controlled disturbances can be introduced in the flow-
licld by blowing and suction at the wall upstream of the
separation bubble as illustrated in the schematic in Fig.
I (). The dsturbance form is as follows:

AV e, (w)sin{38)

Vil 0,0) = ) {(10)

where vy, () 15 the wall-forcing function, & is the fourier
inode mimber (in the z direction) and # is the nondi-
mensicnai frequency. vy (z) is zero everywhere except
within the disturbance strip, where a point-syimmetric
amplitnde distribution with respect to the center of the
Upstreamn of the outilow houndary, the
cdisturbances are forced to decay using a Iringe region.
The fringe operates by gradually suppressing the dis-
turbance vorticity 31 Tle separatien and transition
processes will be studied by considering a nuinber of 2-
D and 3-D <isturbances. The disturbances amphuudes
and frequencies will be changed to obtain linear and
nonlimear effects.

strip s used.

Lincar Stability Analysis

The stability characteristics of the separated How are
analyzed using linear stability theory. The governing
Navier-Stokes equations are linearized and the following
disturbance form s assumed:

(er+pgs~iwe)

(11}

where ¢ = (w0, p"). and § are the correspouding cigen-

q(y) = qlyle

functions obtained from a lincar stability analvsis. The
locally parallel flow assumption is made in the analvsis.
The equations are discretized using a fourth order finite
hifference method, and the resulting cigenvalue problem
is solved. In this paper a spatial analysis is performed,
e, w and 3 are specified and a is caleulated as the
cigenvalue.

RESULTS

The imcompressible code was validated using a llat
plate boundary faver test case. The validated solver was
then used to compute a flat plate separation bubhle 1est
case. The separation bubble iy induced by speaifving a
veloaity gradient in the freestream. A steady separa-
tion bubble 15 obtained. The uusteady characteristics

.y

Bl
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are studied by introducing disturbances upstream of the
suparation bubble. The details of the numerical results
are presented below.,

Flat Plate Boundary Layer Validation Case

The fifth order mmcompressible exphceit Navier-Stokes
code was used to compute a fiat plate boundary layer

test case. The flow variables are nondimensionalized as

follows:
r = — = — I = —
Y I [
u = !.' , U= ffeL. wo= i (12}
(s o Ues

In this test case the Revnolds number Re=10% and
the characteristic length L=0.05m. The domain ranges
s, = (8T(Hey=331) tc rxy = 2.06{Res=781) in the
s-direction and the maximum in the wall normal direc-
ton 15 yy = 1884{= 184,). The disturbance test case
chosen was a 2-D disturbance induced by blowing and
The disturbance is in-
duced al a bloewing and suction strip from 2 = 0.55 10
&= 0.70. The disturbance form is as follows:

suction upstrcam of the flow.

Ve, 0,f) = :1\/@1:,,,(;}:]31'1?(.5.‘.)

where u, (2) 15 the wall-forcing function, and 3 is the
nondimensional frequency. v, (2} is zero everywhere
except within the disturbance strip, where a point-
symmetric {ifth order polynomial amplitude distribu-
tion with respect to the center of the strip is used. The
ehisturbance 15 purely 2-dimensional. the amplitude A
5 107° and 4 = 108(F = £2010" = 1.08). The
disturbance is allowed to grow spatially through the
domain and the results compared with linear stability
theory. Iigure 2 shows the instantancous disturbance
vorticity contours, Near the end of the domain the con-
tours disappear sinee the fringe damps the disturbances
out. Figure 3 shows the comparison of the disturbance
streamwise velocity eigenfunction witle the linear sta-
bility results at x = 1.05. Both tlie real and imaginary
parts arce found to agree reasonably well with the lin-
ear stability results. There 1s a slight discrepancy near
the freestream region because the boundary conditions
in the simulations are different from the linear stability
homndary conditions.

Separation Bubble Case : Mean Flow

The validated fifth-order explicit Navier-Stokes code
was used 1o compute a flat plate separation bubble test
case similar 1o the case of Rist and Maucher ¥ The
scparation bubble is created by specifving a jump in the
streamwise freestream velocity. Tle flow variables are
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noncimensionahized as follows:

€ yo
r o= T,y: \/HEL.::

L L

u o= L LU= \/ﬁc-; w o= ~“— (13)
Veo liee Uas
In this test case the Reynolds number Ke = 10° aud

the characteristic fength L.=0.05m. The domain ranges
wy = 037 Reg=331) to o = 5.06{Res=1224)  the x-
direction and the miaximum in the wall nerinal direction
i3 yn = 18.84{= 184,). The freestream velocily jump is
prescribed using a fifth order polynomial from a = 0.71
1o & = 2.43.
as follows:

£ 0Tl

The equation for the freestream velocity 1s

071 < <243

w= (1= (14w 15/8)  Aux0.5), (1h)
pr= (150wl = 2/3 % w4 1), (16)
L= (242 - 3.14)/1.72 (7)
ooz 243
u=1-2Au {(13)

The 301 % 101 grid used in the simulations s shown
in Fig. Two iest cases with velocity jumps of 8.8%
and 9% are considered 1o study the sensitivily of the
size of the separation bubble to the freestream pressure
gradient. I"igure 5 shows the separation streamline for
hoth the cases, and the figure shows that the size of
the bubble in the 9% velocity drop case is almost twiees
that in the 8.8% case. lence. the size of the hubble
is highly sensitive to the freestream pressure gradient,.
Figure 6 shows the streamwise velocity conteurs of the
comverged sohntion {or both the cases. The correspond-
ing vorticity distributions on the wall are shown in Fig.

The separation and reattachment points correspond
to the zero vorticity locations. In beth the cases the
separation 1s steacdy, and can be classified as marginal
The velocity profiles arve tullexional wsicle
the bubble, and hence can be expected to be unstable.
T'his is verified through a linear stability analysis below.

separation.

Linear Stability Theory Results

The stahility of the mean flow obtained from the nu-
merical simulations is analyzed using a linear stability
analysis, 'The disturbance form 1s as follows:

gy} = glyjetrFoimien (18)
where ¢ = (u', &', p'), and ¢ are the corresponding eigen-

functions abtained from a linear stability analysis, The
locally paralie] flow assumpution is made m the analysis,
The linear stability analysis 1s carried out for & = 0.

] ump case 15 considered for 1wo cases :
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ha 181 = “” v210% = 0.54.1.8) cases. Upstream
ol |1<J separilion bul)bk the domizmnt inodes are the T-
S waves. In the current cases the boundary layer is sta-
ble in the upstream region. However, n the separated
region the How is highly unstable since the velocity pro-
files are inflexional. Figure 8 shows the vanation of the
disturbance wavelengths 1n the separated region for the
0% velocity jump case. Figure 9 shows the growth rates
in the separation region for the 9% velocity jump case.
The results show a jump in the growth rates in the sep-
aration reglon, with the w = 18 case having the greater
growth rates. i should be noted that the boundary
laver without separation is stable in this region. Hence,
the separation bubble is the cause of the highly unstable
nature of the flowfield. Figure [0 compares the growth
rates for the twe velocity jump cases. The results clearly
show that the 9% jump case s more unstable, Hence,
the linear stability results predice instabilities in the
separated region. These instabilities are also studied
using numerical simulations as described below.

Separation Bubble Case: Unsteady Rosults

The effect of disturbances on the separation bubble 1s
evaluated by preseribing a wall normal velocity within
a disturbance strip upstream of the separation bubble.
The disturbance form is as fellows:

Ve, 0,4) = AV Rev,(

where 2, (&) is the wall-forcing funcuion, and £ is the
nondimensional frequency. Fig. |l shows the shape
of the blowing and suction profile. The 9% velocity
() f = 18(F =
J Y0t = 18) A = i x 107 and (2) 8 =5 4(F =

2100 = 0.54), A = 1 x 107", Figure 12 (a) shows the
\-( reamwise L,lOth of disturbance wall normal velocity
at yRe"3 /L = 0.36 for case {1}. The disturbance wall
normtal velocity contours for the same ¢ase are show in
Fig. 12 {b). The growth of the disturbances in the sep-
arated region is clearly seen. AL the end of the domain
the fringe damps out the disturbances. The streamwise
velocity eigenfunctions at varicus streamwise locations
are plotted in Fig. 13, The first eigenfunction is in the
region upstream of the separation hubble. Hence, the
elgenfunction resembles eigenfunciions associated with
first mode T-5 waves. However, within the separated
region (next three eigenfunctions} the triple peak eigen-
functions are scen, The triple peak cigenfunction seen
at. & = 100 is similar to le:.ults from experimental obser-
vations of Dovgal et. al. ). Beyond the separation bub-
ble region the r::genfuncuon:: return Lo the first-mode

ajstn ()

shapes. Figure 14 shows the streamwise growth of dis-
turbance wall normal velocity at yfe®/L = 0.36 for
case (2). The disturbance wall normal velocity con-
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Iu this
case the growth continues bevond the separation regicn.

tours for the samne case are show n Fig. 15,

This is possibly due to the presence of nonlinear effects,
However, further computations are required to ascertain
nonlimear effects. and to study the transition process.

SUMMARY

A framework for studying the stability of lnmiuar sep-
aration hubbles has been developed. The size of the
steady separation bubble is found to be very sensitive
to the freestream pressure gradient imposed. The nn-
steady two-dimensional numerical results ohtained so
far have shown that the separation bubbles are highly
unstable and greatly amplify disturbances, The amphifi-
cation of the disturbances in the separated region leads
to unsteady vortex shedding. This nnstable nature of
the separated flow has been verified through a linear
stability analvsis. Future work will be focused on thiree
dimensional siimulations to study the transition process
in detail. In addition. a theoretical approach based on
triple ceck theory will alse be used to supplement the
numerical simulations.
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Figure |1 A schematic of the computational domain to be
nsed for the localized direct numerical simulations (DNS) of
the separation bubbles.

Figure 2: Instantaneous disturbance vorticity contours ob-
tained from the numerical solutions for the flat plate bound-
ary laver test case. The inlet Revnolds-tmumber based on the
distance from leading edge, (Re, = Q‘:—r) is 1% 10%,
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Figure 4:

The 301 x 101 grid used for the mean

computations of the separation bubble test case.
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wl Figure 70 'Wall vorticity variation for the Hat plate separa-
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Figure 6: Mean flow velocity contours for the flat plate s
separation bubble test cases: (a) 8.8% freestream velociuy
drop (b) 9% freestream velocity drop . o
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Figure 30 Disturbance wavelengths obtained from linear

stability analvsis and mean flow from mumerical simulations.
The separation bubble is induced by prescribing a 9% drop
in the freestream velocity.
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Figure 9 Distnrbance growth rates obtained fram linear ol

stability analysis and mean flow from numerical simnlations.
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Figure 10:  Comparisen of disturbance growth rates, ob- iy by
; . o . . - T
tained from lincar stability analysis, for the two separation ,'i'l . m
‘ '
Iibble cases. . ’
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Figure 12:  (a)The growth of disturbance wall normal
velocity at gRe®* /L = 036, (bidisturbance wall normal

velocity contours. for the flat plate separation bubble test
case. The Reynelds-number 15 16° and the reference length
L = 0.05m. The disturbances are introduced by blowing
and suction at the wall upstream of the separation bubble.
The mean flow is from the 9% velocity jump case.

Figure 11. The blowing and suction profile used to induce
disturbances for the flat plate separatien bubble test case.
The Revnelds munber is 10° and the reference length 1 =
0.05m.
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Figure id: Streamwise disturbance velocity vigenfunctien
vartations at different streamwise locations for the flat plate
separation bubble test case. The Revnolds-number is 10° T
and the reference length L = 0.05m. The disturbances are
introduced by blowing and suction at the wall upstream of o
the separation bubble. The mean flow is from the 9% veloc-
ILy JUIp case.

i
Q

Figure 15: Disturbance streamwise velocity contours for
the flat plate separation hubble test case. The Reynolds-
number is 10 and the reference length L = 0.05m. The

i disturbances are introduced by blowing and suction at the
arol I wall upstream of the separation bubble. The mean flow s
q (\ from the 9% velocity jump case.

Figure 14: The growth of disturbance streamwise velocity
at yRRe®? [ = 0.36 for the flat plate separation bubble test
case. The Reyvnolds-number is 10% and the reference lengll
L= 0050 The disturbances are introduced by blowing and
suction at the wall upstream of the separation Lubble. The
mean flow is from the 9% velocity jump case.
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