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ABSTRACT

The flow around a circular leading edge airfoil is investigated in
an incompressible, low turbulence freesiream. Hot-wire
measurements are performed through the separation bubble, the
reattachment and the recovery region till development of the fully
turbulent boundary layer. The results of the experiments in the range
of Reynolds numbers 1.7x103 (o 11.8x103 are analysed and
presented in this paper. A separation bubble is present near the
leading edge at nll Reynolds numbers. At the lowest Reynolds
number investigated, the transition is preceded by strong low
frequency oscillations. The correlation given by Mayle for
prediction of transition of short separation bubbles is successful at
the lower Reynolds number cases. The length of the separation
bubble reduces considerably with increasing Reynolds number in
the range investigated. The turbulence in the reattached flow persists
even when the Reynolds number based on momentum thickness of
the reattached boundary layer is small. The recovery length of the
reattached layer is relatively short and the mean velocity profile
follows logarithmic Jaw within a short distance downstream of the
reattachment point and the friction coefficient conforms to Prandtl-
Schlichting skin-friction formula for a smooth flat plate at zero
incidence.

NOMENCLATURE

Cp  Pressure coefficient

cf Friction coefficient

H Shape factor; [6°/8]

l Length of the mean reverse flow region
Re;  Reynolds number based on r and V
Rey,  Reynolds number based on x and V
Reyer Critical Reynolds number

Reg Reynolds number based on @ and U,

r Leading edge radius

5 Distance measured along the surface from the leading edge
t Maximum mean thickness of the reverse flow region

U Mean velocity

Ue  Velocity at the edge of the boundary layer

u R. M. S. value of velocity fluctuations / Turbulence intensity

u*  Velocity in wall units

Ug Friction velocity

A Freestream velocity

X Distance measured from the leading edge atong the camber
line

y Distance from the surface

)
i

y*  Distance in wall units

5 Boundary layer thickness

5*  Displacement thickness

Ag  Pressure gradient parameter; [(82v)(dU/dx))
v Kinematic viscosity

8 Momentum thickness

INTRODUCTION

Accurate prediction of flow field is the most important factor
during the design of high performance gas turbine engines. To
achieve this objective, one of the important phenomenen in need of
more thorough study is the mechanism of boundary layer transition
from laminar to turbulent flow and the reverse transition. Mayle
(1991) identified three modes of transition; natural transition,
bypass transition and separated-flow transition. The least
understood of the three modes is the separated-flow transition.
Hourmouziadis {1989), Mayle (1991), Walker (1992) and
Walraevens and Cumpsty (1993) extensively discussed the role of
separated-flow transition in turbomachines. The importance of the
study of flow around a circular leading edge, to understand
transition in turbomachines, is discussed by Walracvens and
Cumpsty (1993).

The separation bubbles, normally occurring in gas turbines, are
classified into two categories: (i) the short bubbles and (ii) the long
bubbles {Mayle (1991)]. The effects of short bubbles on the flow
field are mostly local. The long bubbles, on the other hand, have
strong influence on the flow outside the separated region. The
separation bubbles are in general unstable, small changes in the flow
parameters may cause large changes in the bubbles. After re-
examination of the limited amount of available data on separation
bubbles, Mayle tentatively arrived at the conclusion that the shear
layers above the long bubbles need a relatively large distance from
the line of separation to the onset of transition. Once transition
begins, the distance for completion of transition depends only on
Rey at the point of separation. For low freestream turbulence (0.2%
- 0.5%) Mayle gave correlations for onset and completion of
transition of the shear layers. However, Mayle pointed out that these
cormrelations are based on a smatl number of data available and are
not sufficient to derive accurate correlations, Further experimental
investigations are required for better understanding of the flow in
the separation bubble formed over a continuous surface. Walker
{1992) pointed out that the onset of transition does take place in the

‘Constant pressure region but does not have to complete before

pressure recovery, the completion may occur even downstream of
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Rear surface

Front surface

All dimensions are in mum.

nre ta ition on the feading edge (o)
Front surface: 0°, 15°, 30°, 45°, 60°, 75°, 90° (x = 5 mm).

Pressure tap position on the flat surface (x mm). ’
Front surface : 5,7, 9, 17, 33, 65, 129, 257, 513, 1025. '

Rear surface : 7,9, 17, 33, 65, 129, 257, 513, 1025.

Figure 1. Schematic diagram of the plate leading edge.

the reattachment point. It is also pointed out that, in low freesiream
turbulence cases, the influence of upstream flow on the transition of
separation bubble can not be ignored. Therefore, the characteristics
of separation bubbles formed n the leading edge will be different
from that in the mid-chord position.

Downstream of the reattachment region, rapid change in the flow:

field is expected due to the presence of the solid surface.
Chandrsuda and Bradshaw (1981) investigated the flow behind a
backward-facing step The investigations reveal that rapid decrease

in the Reynolds stresses and the triple products take place because

of the confinement of the large eddies by the solid surface. As a
result, standard togarithmic law applies in the region close 10 the
surface immediately downstream of the reattachment line. However,
away from the wall the length scale of the free shear layer dominates
the flow even far downstream of the reattachment. Therefore, in the
recovery region the mean velocity profiles close to the surface
follow the law of the wall but away from it the mean velocity
profiles dip below the law of the wall curve because the length scale
of the shear layer is comparatively large.

Walracvens and Cumpsty (1993) investigated flow separation in
circular nose airfoils at various incidence, turbulence length scale
and turbulence intensity. The lowest value of freestream turbulence
intensity used in the measurements was about 0.5%. It is found that
the effect of the turbulence intensity is significantly larger than the
effect of Reynolds number on the separation bubble. The reatiached

boundary layer thickness is also found to decrease when the

turbulence intensity is increased. _ o
The need for more experimental investigations of flow in the

separation bubbles is pointed out by various investigators. To .

develop correlations for use in turbomachines the experiments at
high turbulence intensities are required. However, Walker (1992)
has stated the need for experiments at low turbulence levels as, “The
authors and co-workers have found observations at low turbulence
to provide useful physical insights, which have been beneficial in

developing a more general understanding of transition phenomena”, |

The present work is carried out as a part of 4 large project in which
the effects of leading edge shape, turbulence, shear, large eddy etc.
on transition of the boundary layers in turbomachines are

investigated. The investigation reported here is the first stage of this .

project in which the circular leading edge 1s investigated in a low
turbulence freestream.

EXPERIMENTAL ARRANGEMENT, METHOD OF
MEASUREMENT AND ANALYSIS, ESTIMATED
ERROR

Experimental Arrangement _ .
The experimental investigation is carried out jn the VUB
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Figure 2. Schematic diagram of the piate set-up in the test
.section.

boundary layer tunnel, which is an open return tunnel driven by a
centrifugal blower. The tunnel has a contraction ratio of 9.2; at the
end of which, the cross section is 1350 mm wide and 450 mm high.
The test section is 8 m long and has a flexible roof. The non-
uniformity of the freestream in the test section is less than 0.5% and
the turbulence level is less than 0.1%. A detailed investigation of the
flow in the test section was reported by Hazarika and Hirsch
(1991).

The flat-plate used for the experiment has 435 mun span, 1245
mun chord and is 10 mm thick. A schematic view of the leading edge
of the flat plate is shown in Figure 1. The flat plate has a
semicircular leading edge, which blends tangentially with the fiat
surfaces. There are 9 orifices of 0.5 mm diameter for static pressure
measurement, on either side of the airfoil near mid-span. Most of
these holes are clustered near the leading edge. In addition, the
curved portion of the leading edge has 7 equispaced (15°) holes on
the side where the measurements are taken. The roof of the test
section is adjusted to give zero pressure gradient (sufficiently
downstream of the reattachment point) on this flat-plate at the
nominal velocity of 30 m/s. A schematic view of the arrangement is
shown in Figure 2. Care is also taken 1o set the flat-plate in such a
way that at this velocity, near the leading edge, there is practically
no difference in the static pressure on either side of the flat-plate.

The measurements reported here are taken using a single sensor
hot-wire probe connected to a constant temnperature anemoineter
{CTA). The probe has 3 mm prong separation. The sensor length is
1.25 mm and diameter 5 um and the rest of the wire along with the
prongs are gold plated. Large scatter in the velocity and turbulence
intensity in the separation bubble was observed in the measurements
taken with a boundary layer probe. Therefore, 2 normal probe
instead of a boundary layer probe is chosen so that the prongs are
normal to the surface and create minimum disturbance i the shear
layer. The total pressure measurements at the same stations are also
conducted with a pneumatic boundary layer probe with wall
thickness of 0.08 mm and the outside dimension of 0.24 mm x 0.78
mm. All the pressures are measured with a single transducer,
connected to the holes through a Scanivalve driven by a step motor,

The two channel data acquisition system (DAS), used for these
measurements, has a 16-bit processor and is set a1 24 volts span.
The DAS is capable of finding average, R. M. §., correlation and
power spectra of the input signals. On-line monitoring of the signals
are also carried out with the help of an oscilloscope and a spectrum
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Figure 4. Comperison of velocity profilas massured In tha separated and the reattached regions for Re, = 5030.

analyser. A personal computer co-ordinates the actions of all the
step motor drives (Scannivalve and probe traverse), digital
multimeter and the DAS. The personsl computer is also used to
convert some of the data before it stores them in a hard disc.

Method of Measurement and Anatysis

The measured pressures are always expressed in terms of
pressure coefficient before they are stored in raw data files. Far
downstream of the leading edge (x/r > 50) the static pressure on the
flat-plate remains constant. This constant value is taken as the
reference static pressure. The freestream total pressure is the
pressure measured by the orifice at the nose and the freestream
velocity V is calculated from these values. All the velocity and
turbulence intensity values are normalised with this value of
{reestrenm velocity. The static pressure variation over the flat-plate
surface is measurcd before cach iraverse te confirm that the
experimentsl arrangement did not change over time. It is found that
1% wvariation in freestream velocity did not bring about any
detectable change in the variation of pressure coeffictent over the
flat-plate.

Hot-wire survey of the flow field is carried out at four nominal
Re, 1.7x103, 5x103, 9.6x10° and 11.8x10%. At each Re, the
measurcments arc repeated several times for reliability. In addition,
the compensation for fouling and temperature variation (not
necessanly linear) is incorporated with the help of reference
readings taken every 20 minutes. The hot-wire probe is calibrated in
situ before and nfter each experiment. King's law is used for
celibration. The towest uniform velocity achieved in this test section
is around 1.2 mv/s. The turbulence correction of the hot-wire data are

performed by employing the method given by DeRuyck and Hirsch
(1983).

When the hot-wire probe is traversed normal to the surface,
across the separation bubble, kinks or discontinuities appear both on
the mean velocity as well as on the turbulence intensity profiles as
shown in Figure 3 (a) and (b). If the velocitics measured below this
point of discontinuity is assumed to be in the reverse flow cegion, a
smooth velocity profile is obtained as shown in Figure 3 (c). The
error in the velocity measured in the reverse flow region is
comparatively targe. The measurements are taken from about y =
0.2 mm and in most of the cases (outside the reverse flow region) it
gives a value y* > 5, therefore, no atempt is made to correct the
values for wall proximity effect.

At three Re,, 1.7x10%, 5x10% and 11.8x103, the flow field is
surveyed with the pneumatic boundary layer probe. To calculate the
velocities the surface static pressure is assumed to be the stream
pressure. A comparison of the profiles measured by the hot-wire
and the preumatic probe (pitot) across the separation bubble is
shown in Figure 4 (a). The results from the pitot tube are not
reliable in the separation bubble because of the large diswrbances
the probe creates in the bubble, the direction of flow and the large
pressure gradien: in the region. However, in the downstream of the
reattachment point the results are quite close as seen in Figure 4 (b).
Figure 4 (c) shows the velocity profiles through the separation
bubble, measured by the hot-wire on two differeat days at the same
nominal velociry, as a companison for Figure 4 (a).

The reatiached boundary layer profiles are compared with the
unjversal log-law profile given below.
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Figure 5. Variation of surface pressure coetficient for the range
of Reynolds numbers investigated.

1t =561logto(y') +4.9 %))
The profiles are also compared with the expression given by
Mausker (1979) for turbulent boundary layer profile:

R R 9.6
vt =5.424 (Lan'l-zy]—f#)+ 1ogm—+£y—+l°‘i—§ -352
‘ (- 8.15y" + 36
(2)

The flow fields, obtained from these measurements, are analysed
using flow visualisation software {Vucinic et al (1992)} to
observe such fearures as the reattachment point, transition region
etc. In this software the measured values of velocity and turbulence
intensity are the inputs in the Cartesian co-ordinate system. These «
discrete values are the basis for linear interpolation describing the
continuous field inside the ceils. The continuous fieid thus obtained
can be viewed in various ways like colour maps, iso-lines, cutting
planes etc.

Qutside the reverse flow region the velocity profiles measured by
the hot-wire and boundary layer probes matched within 1%, .
confirming that the method of determination of position of the hot- .
wire sensor and the data are reliable. The measurements taken in the
separation bubble with the hot-wire alone is considered reliable. !
Estimated Error

The following are the uncertainties in the results for the
confidence level of 99%.

The uncertainties in X and y positions are 0.04 mm or 0.8% of
't’ or the position whichever is larger.

The uncertainties in the velocity measured by the hot-wire are as
follows:

0.6% of VforU> 5 ms.

5% of U for U< 5 ms.

10% of U for U ~ 1 m/s.

Can be as high as 50% for U < 1 m/s.

With the above uncertainties, the errors in the displacement
thickness &* and the momentum thickness 8 calculated for the profile
shown in Figure 3 (c), can be as large as 3% and 25%,
respectively.

The uncertainty in the R. M. 8. value of the velocity fluctuations
is 0.5% of V for U > 5 m/s.

Outside the separation bubble the uncertainty in the velocity
measured by the preumatic boundary layer probe is 0.5% of U for
U > 6 m/s.

RESULTS AND DISCUSSION

The pressure coefficients around the circular leading edge and in ‘

the separation bubble are plotted for the four Reynolds numbers
based on the leading edge radius (5 mmy), namely, 1.7x10%, 5x103,
9.6x10% and 11.8x10%, are shown in Figure 5. The lines joining the
points in this figure do not have any significance other than
identifying the points for the same test conditions. The vajues are

ploded against s/r 1o clearly show the vanation along the leading
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edge. To compare these results with Walraevens and Cumpsty
(1993) {will be indicated by WC, here on}, the pressure varation
presented by them at 0° incidence (Figure 7, WC) is also plotted in
this figure. It should be noted thai the lowest turbulence level for the
WC case was approximately 0.5%.

For all the cases shown here, the separation point is very close to
the point whese the curved surface mee1s the flat portion (s/r = n/2).
Unfortunately, due to the limited number of static pressure holes in
the region 2.3 < s/r < 7, there is not enough measurements af
pressure near the reattachment points. This obliterates the
differences in the bubble length (if pressure varjation is taken as the
indicator) for the cases at the two Iower and at the two higher
Reynolds numbers. A clearer picture ¢emerges when the pressure
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Flgura 7 (n). Iso-lines of mean velocity (lower plot) and
turbuience intensity {(upper plot) near the ieading edge nt Re, =
1710. .

variation is examined in conjunction with the velocity field either
analysed by flow visualisation software or variation of shape factor
or momentum thickness of the measured boundary layer.

The increase in the magnitude of minimum pressure as well as
that of the plateau with the increasing Reynolds number is clearly
visible in the figure. As explained by Walra¢vens and Cumpsty
{1993), the increased magnitude of suction peak is the result of
thinner boundary layer that develops on the leading edge at higher
Reynolds number. The higher value of suction peak results in
steeper rise in pressure, the net result is an increase in the pressure
gradient parameter iy and the separaion point moves upstream (this
movement is very slight), this is the cause for creation of lower
pressure in the separation bubble at higher Reynolds numbers.
Walraevens and Cumpsty (1993) have also reported that the
increasing turbulence level results in higher magnitude of suction
peak and plateau and reduces the length of the separation bubble,
The effect of turbulence level is also reported to be stronger than the
Reynolds number, Therefore, it is normal that the pressure in the
separation bubble at the Re, = 1500 for WC is comparable with the
pressure at Re; = 5030 in this case.

The results of the hot-wire traverse at the nominal Reynolds
number 5x10? in the region from x/r = | to x/r = 40 are shown as
carpet plots in the Figures 6 (a) and (b). In these four plots, the
scales shown in the abscissa is true for the first (from left) curve in
each plot. The distance of the traversing station from the leading
edge (x mm) for each curve is shown at the top of the curve. The
quantities (U and u) are presented as fractions of the freestream
velocity (V) and the successive profiles are shifted by 1.0 for UfV
and by 0.05 for u/V. On each curve a point is ploued at the zero
value at y = 0 mm (a valuc not measured), w indicete no slip
condition as well as the origin of the particular curve. The points at
each station are joined by a continvous curve to indicate that they are
from the same station. At this Reynolds number, the reverse flow is
first detected at the station x/r = 1.2 (6 mm) and reattachment takes
place between x/r = 3 (15 mm) and x/r = 4 (20 mm). The highest
value of turbulence intensity in the flow field appears in the
reattachment region (x/r = 4). [n general the peak in the turbulence
intensity coincides with the position of peak in the transverse
gradient of velocity; except in the reverse flow and the recovery
region. Due to the advection of highly turbulent flow from the
reattachment point, in the reverse flow region (x = 8, 11 and 15
mm) a local maximom in the wrbulence intensity appears where
transverse gradient of velocity is very small, In the recovery region
on the other hand, a plateau appears (x = 26, 33, 4] and 50 mm)
close to the surface.

The iso-lines of the velocity and the urbulence intensiy fields

Figure 7 (b). Iso-lines of mean veloclty (lower piot) and
turbulence intensity (uppar plot) near the leeding edge at Re, =
5030.

drawn using flow visualisation software at two Reynolds numbers,
namely, 1.7x10% and 5x10° in the region close to the leading edge
are shown in Figures 7 (a) and (b). In these figures the lines are
drawn for U/V at 0.2 interval starting at 0. The lines for u/V start a1
0.02 and they are drawn at 0.02 interval. The values of velocity and
turbulence imiensity a1 a few arbitranly selected lines are also shown
in these figures, The reverse flow zone stand out in the lower plot of
Figure 7 (b). The length of the reverse flow region rapidly decrease
with the increase in Reynolds number (the lower plots in the two
figures). The turbulence intensity iso-lines in the flow field at these
two Reynolds numbers show the outlines of the shear layer and the
reverse flows. The long spikes projecting upstream in these figures
show the centre of the shear layers where the peak values of the
turbulence intensity occur. In these figures, advection of turbulence
by the reverse flow is clearly visible from the smaller spikes below
the longer ones. With the onset of transition the peak value of u
rapidly increases. Due to the diffusive character of turbulent flow,
downstream of completion of transition the turbulent region spread
rapidly. This is reflecied by rapidly diverging wrbulence iso-lines
downstream of 23 mm in Figure 7 (a) and 15 mm in Figure 7 (b),
respectively. .

The length of the reverse flow region. identified by the flow
visualisation analysis, is plotted against Re, in Figure 8 (designated
HH). At lower Re, the length of the reverse flow region reduces
relatively rapidly with increasing Re;, while the rate of change of
length gradually reduces at higher values of Re,. The solid line on
this figure is drawn tentatively 10 show a probable variation of the
length of the reverse flow region with Re;. From the results
presented by Walraevens and Cumpsty (1993) at 0° incidence, it
was possible to roughly estimaie two values of U/r, 4.9 at Re, =
1350 and 4.1 at Re, = 1500, these are also shown in this figure.
Despite differences in the turbulence levels and errors iovolved in
the estimation, the results of WC compare quite well with the
present results. More experimental data are needed to examine
whether at high Reynolds number the curve approaches zero or a
non-zero constant value of Vr. Existing literature suggest that zero
length of separation bubble is strictly possible at very large
freestream turbulence case { Walker (1993)], which is not the case
in the present investigation.

The maximum thickness of the reverse flow region is relatively
small at the lowest Re,. Initially it increases with Rey, seem to reach
a peak value, and then gradually reduces. However, when the ratio
of the maximum thickness and the length of the separation bubble is
plotted against Re, a different picture emerges (Figure 9). The
figure shows relatively rapid increase in thickness to length ratio at
lower Re; which subscquently level off at higher Re,. Therefore, a
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logical assumption is that the thickness to length ratio of the reverse
flow region asymptoticaily approaches a constant value at higher
Reynoids number as shown by the solid curve in the figure.
Experimenits at large numbers of Re; values are required to verify
these assumption. 7
The results of these experiments show that the separation point
initially moves upstream with increasing Re.. At the point of
separation a point of inflexion on the velocity profile appears aty =
0. The point of inflexion moves away from the surface downstream
of the separation point and the shear layer becomes more susceptible
to transition. Since the transition to turbulence is promoted by the
presence of point of inflexion on the velocity profile, once the
Reynolds number exceed the stability [imit, onset of transition may
coincide with the point of separation and increase the ability of the
flow to remain attached te the surface as a result the separation point
* will start to move downstream. This may be the reason why reverse
flow is detected at the station x/r =1, in case of Re; = 9.6x10° but
not at Re, = 11.8x103. The movement of the separation point can
also explain why the thickness of reverse flow region increases with
Re, at lower values but reduces at the highest Re,. From the
variation of length and thickness to length ratio (Figures 8 and 9) of
the reverse flow region with Re, the following observations could
be made. A short separation bubbie will appear near the semicircular
leading edge in a low turbulence incompressible flow at relatively
high Reynolds numbers. The reverse flow region will grow longer
and slender (111 ratio will reduce) as Re, reduces. At lower Re, the
bubble is formed by laminar separation and turbulent reattachment.
At higher Re; the transition in the shear layer may start at the point
of separation. . !
At the Jowest invesugated Re; (1.7x10%) the shear layer above the
separation bubble show strong oscillatiots in the region of onset of
transition. The results of spectrum of velocity fluctuation taken at
two heights (v = 0.2 mm and y = | mm) at 3 traversing stations are
shown 1n Figure 10. These results are presented following the, .
suggestions given in Bradshaw (1971). Figure [0 (a) shows a
spectrum taken in the reverse flow region. In this region relatively
strong peaks in the spectrum appear at |50 Hz and 300 Hz. Figure
10 (b) shows a spectrum taken close to the centre of the shear layer
at the same statiorl, Here the dominant peak appears only at 300 Hz.
Figure 10 (c) shows a spectrum taken in the reverse flow region,
‘downstream of the point of onset of transition. In this region
dominant peaks in the spectrum appear at 300, 375 and 450 Hz. The
peak at 150 Hz is present but is smaller in magnitude than the
dominant peaks. Figure 10 (d) shows a spectrum taken close to the
centre of the shear Jayer at a siation downstream of the point of
onset of transition. The four peaks are also present in this spectrum,
Closer to the surface, downstream of the reattachment point these
peaks in the spectrum disappear rapidly. Figure 10 (e) shows a
spectrum taken ciose to the surface in the reattached flow where no
prominent peaks could be seen. However, away from the surface
the peaks stil] appear in the spectrum as seen in Figure 10 (f). The
peaks at 150 Hz is the dominant peak in this plot but the peaks at
300 and 450 Hz are also visible. In the reverse flow region the
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Figure 9. Variation of the thickness to length ratio of reverse
flow regions with Reynolds number.

oscillations from the reattachment poini is transporied by the reverse
flow, therefore they appear at upstream stations, This may have a
feed back effect on the osciilation of the shear layer. The
fiuctuations in the frequency range between 150 Hz and 500 Hz are
also observed at the freestream turbulence intensity 0.4% at a
comparable Re; by Goulas et. al. (1992). However, these
fluctuations neither appear at higher freestream turbulence(1.2%)
nor at higher Re,. The flapping of the shear layer and the presence
of large eddies are the probable cause of these peaks in the spectra.
The oscillations at 150 Hz is comparable to the characteristic
shedding frequency reported by Cherry, Hillier and Latour (1984),

Mayle's (1991) correlation is the most suitable for this series of
measurements because of the extremely low leve] of turbujence in
the freestream. The transition length of the separation bubble
calculated from Mayle’s (1991) correlation for short bubble and the
features of the separation bubble found from ihese experiments are
shown in Table 1. The predicied point of separation 15 taken from
the resuit of a Jaminar Navier - Stokes simulation which shows
separation just ahead of the biend point (88°). The separation point
Rep needed for Mayle's correlation is taken as the experimenial
value measured immediately downstream of this point (at X = 5
mm). Following the usual practice the point of onset of transition is
taken as the position where the peak value of u exceeds 25% of the
highest value of u encountered in the flow field. From the
experimental data it is found that the peak value of the turbulence
intensity rapidly increases downstream of the onset of transition.
The point of completion nf transition is 1aken as the position from
which the iso-lines of turbulence intensity rapidly diverge in the
flow visnalisation analysis (Figure 7). The superscript ‘-’ is used in
this 1able to indicate position upstream of the measurement station.
These data show thai results comparable to Mayle's correlation is
obtained only at low Reynolds numbers.

At all the four Re, there is a sharp increase in momentum
thickness 8 across the veattachment potnt (Figure 11). To maintain
clarity of the figure the variations at two Re; (1.7x10° and 9.6x10%)
are shown here. The increase in @ is fairly rapid through the
recovery region, except at the [owest Re; tested. For the flow at Re;
= 1.7x10% at the measurement station (x/r = 6.6) immediately
downstream of the reaiiachment point Reg is found to be 160. At the
last measurement station (x/r = 40), Reg becomes approximately
340 and continues to increase downstream. Murlis, Tsai and

Bradshaw (1992) quoted thai the lowest Reynolds number at which-

turbulent flow can be maintained (by a boundary layer) is given by
Preston as Reg approximately around 320. Though at reattachment
Reg is too small to sustain turbulent flow, the boundary layer
remains turbulent and becomes a fully wrbulens boundary layer
downstream of the recovery region. At higher Re,, 5x103, 9.6x103
and 11.8x103, immediately downstream of the reattachment points
the measured values of Reg are 350, 520 and 400, respectively. The
results presented by Walraevens and Cumpsty (1993) for 0°
incidence are also shown in Figure i1 (large scatter may be due to
the inaccuracy in reading the data from the graphs), the general trend
in growth of momentum thickness is in agreement with the present
experiments.
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Table 1. Features of the separation bubble.

Reg Method of Point of Point of Point of Point of

determination | separntion | onselof | completion feawachmem
transition | of transition

x {mm} x (mm) X {mm} % {mm}

1710 Experiment 6 20 W 28

Prediclion s 13 8.3 -

5030 Experiment 5 ] 15 17.5

Prediction 5 9.5 16 -

9550 Experiment 5 8" - 12.3

Fru’:'_c}ion 5‘ 8 1 |.5 -

11820 Expenment 5 6 8 9.5

Prediction 5° 7.5 10.5 -

Across the reattachment line the shape factor drastically reduces
at all Re,, to maintain clarity the variation at two Re, (1.7x10? and
9.6x103) are shown in Figure 12. Within a short distance {of the
order of the length of the separation bubble) downstream of the
reattachment point, the shape factor attains a constant value (around
1.5}. The slendemness of the reverse flow region at the lowest Re, is
also reflected in this figure by the relatively low value of the shape
factor in the separation bubble. The results presented by Walraevens
and Cumpsty {1993} for 0° incidence, shown in this figure are in
agreement with the present experiments. [n the region where sha
factor is constant, the varinlion of pressure is also negligible,
Therefore, the friction coefficient is dependent only on the growth

Hampntus tAIChrats (/1)
R
"
»
\
»
A

B.b 1.0 mna 0.8, .8
bistancy Froa leadiog edge (xsr?

Figure 11. Variation at mamantum thickness along tha fiat piata
at Re; = 1710 and at Re, = 9550,

of momentum thickness.

The reattached shear layer follow the universal profile for the
inner region of turbulent boundary layer, given by equation (1),
within a short distance from the reattachment point. Four velocity
profiles downstream of the reattachment point are shown in Figure
13 along with the universal profile (dotted) and Musker's
expression (Solid). In this figure the scale on the ordinate is true for
the lowest plot, successive plots are shifted upwards from the
previous plots by 5. The reattachment point for this case is at x/r =
5.6 (x = 28 mm); within a short distance, at x/r = 8.2 (x = 41 mm),
the velocity profile is very close to the universal velocity profile
even at a value of y* as small as 10. Such a close maich is possible
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Figure 14. Variation of friction coefficient downstream of
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so close to the reattachment because the length scale of the
reattached shear layer happened to be quite close to y. [t is seen
from this figure that Clauser’s method could be used to determine
friction coefficient within a short distance downstream of
reattachment point. In the recovery region, the velocity profile in the
buffer layer is closer to the universal profile. At all Req, near the end
of the measuremenl region (x = 200 mum) the velocity profiles
follow equation (2).

Near the reattachment point, variation of 8 and H are relatively
rapid and Clauser method is inapplicable for determination of ¢t
The friction coefficient found by using momentum integral equation
in the recovery region is found to fall within 15 % of the value
given by the cotrelation ¢; = 0.0592 Re, - 2. Downstream of the
reattachment point, the variation of ¢r with Rex, for all the four Re,,
is shown in Figure 14. The continugus line shown in this figure
represent the varation of friction coefficient given by the correlation
¢ = 0.0592 Re, - 92, This correlation is known to be valid for
turbulent boundary Jayer in the domain Re,., < Re, < 5x107, and is
in agreement with Prandtl-Schilichting skin-friction formula for
smooth flat plate at zero incidence {page 641, Schlichting (1979)}.
For the reastached boundary layer it is found to be valid in the
domain 1.4x10* < Re, < 1.4x10% {Figure 12). The relationship
between Reg and cf, given by Coles profile starts at the value Reg =
1500, only one value of Reg (1590, at x/r = 40 and Re, = 11.8x10%)
is found to be suitable for comparison. At Reg = 1590 the
experimental value of cf (= 0.00425) is about 10% less than that
given by Coles profile.

CONCLUSION

1. A leading edge separation bubble is formed on an airfoil with a
semnicircular leading edge at zero incidence in the low turbulence
incompressible flow. At low Reynolds number the separation is
laminar and reattached shear layer is tusbulent. Thus, the transition

Y

35.8

"3

1 Y

Figure 13. Mean velocity profiles downstream of reattachment at
{x =) 41, 71, 110 and 200 mm for Re, = 1710.

of boundary layer over circuiar leading edge airfoil is through
separated-flow transition mode.

2. At low Reynolds number the transition of the separated shear
layer is preceded by strong velocity fluctuations at discrete
frequencies. These fluctuations are probably due to the presence of
large eddies and flapping motion of the shear layer. The vclocity
fluctuations at discrete frequencies do not appear at higher Reynelds
numbers.

3. The results of these experiments suggest that a short
separation bubble will appear near the semicircular leading edge in a
low turbulence incompressible flow even at high Reynolds
numbers. The reverse flow region will grow longer and slender as
the Reynolds number reduces. At higher Reynolds number the point
of onset of transition and point of separation may coincids.

4. The reattached shear layer follows the universal log law prnfile

within a short distance downstream of the reattachment point.

Further downstream, the velocity profile below the outer layer
closely follows Musker’s (1979) correlation.

5. The vanation of friction coefficient of the reattached boundary
layer can be given by Prandtl-Schlichting skin-friction formulz and
15 valid even in the recovery region.
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