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Relative Effects of Reynolds Number
and Freestream Turbulence in Transonic Flow
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Present herein are the experimental results on the effect of freestream turbulence in the range
0.34% < Tu,, <3.6% on the pressure distribution over an 18%-thick biconvex airfoil with and without leading-
edge trips for a condition corresponding to a significant shock-induced separation. The results are compared
with similar measurements on a wall-mounted bump model with a thicker boundary layer at the foot of the
shock. The results showed that at low Reynolds numbers the effect of freestream turbulence is primarily through
the change in the boundary-layer transition. However, the freestream turbulence had a strong effect on the
pressure distribution downstream of the shock interaction at a higher Reynolds number.

Nomenclature

C =chord

C, =nondimensional pressure coefficient

Corg =nondimensional pressure coefficient at airfoil
trailing edge

CPTEO =nondimensional pressure coefficient at zero tur-
bulence (extrapolated)

ACpy =Corg PTEp

ér =rms voltage at frequency f

f =frequency

h =height of test section

L, =longitudinal integral length scale (Ref. 8)

M, =freestream Mach number measured 2 chords
upstream of airfoil leading edge

Mpg =peak Mach number on the airfoil

Dy = static pressure at point of separation

) = static pressure immediately upstream of shock
wave

Do =stagnation pressure upstream of shock wave

Ry = Reynolds number based on boundary-layer
momentum thickness

Tu,, = freestream turbulence intensity /U,

TE =trailing edge of airfoil

U =velocity

] =rms velocity fluctuation

U, = freestream velocity 6 mm upstream of the shock
location

X =distance measured from leading edge of the
model

X, =shock position measured from the leading edge of
the model

X 0 =shock position measured from the leading edge at
zero turbulence (extrapolated)

AX =X, —X,,
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y =vertical ordinate

A@ = 0 - 00

o =boundary-layer thickness at u/U_ =0.995

0 =boundary-layer momentum thickness

8, =boundary-layer momentum thickness at zero tur-

bulence (extrapolated)

Introduction

T is well known that model testing in transonic wind tun-

nels is subjected to Reynolds number and tunnel en-
vironmental effects. The Reynolds number effect is discussed
in detail by Green,! Evans and Taylor,? and Pearcey et al.3
One of the primary variables which  describes the tunnel
environment is the flow unsteadiness in the tunnel. The flow
unsteadiness in transonic tunnels can consist of acoustic
pressure fluctuations, turbulence (vorticity), and entropy fluc-
tuations; with the existing experimental techniques it is dif-
ficult to separate them. The flow unsteadiness in transonic
tunnels can affect boundary-layer transition, the development
of turbulent boundary layers, separations, and shock interac-
tions.* Although there are several research reports on the ef-
fect of flow unsteadiness on boundary-layer transition* and
attached turbulent boundary layers,’ there is scant informa-
tion available as to the effect of flow unsteadiness in general
and turbulence in particular on shock interactions.

This paper presents pressure measurements on a 18%-thick
biconvex airfoil, with and without transition trips, in tran-
sonic flow with significant shock-induced separation at
various levels of freestream turbulence. The results are com-
pared with similar experiments on a wall-mounted bump
model.

Experiments

The experimental investigations were performend in a
101.6-mm square transonic suckdown intermittent tunnel
which had a running time of 15 s. The test section was top and
bottom slotted (Fig. 1). The slots were covered with screens to
give a porosity of 9.6% based on top and bottom walls. The
Mach number in the wind tunnel was measured with a sidewall
pressure orifice 2 chords upstream of the model leading edge
and was controlled by a downstream choke.

The model was a biconvex airfoil 101.6-mm chord and 18%
thick with surface orifices located at 5-mm intervals up to the
midchord position and at 2.5-mm intervals between the mid-
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chord and trailing edge. The model was located at the tunnel
centerline and 622-mm downstream of the turbulence pro-
moting rods. Earlier experiments® have shown that the tur-
bulence at this position is free from vortex shedding.

The turbulence-promoting rods were of the vertical
monoplane type. The turbulence in the tunnel was varied by
varying the diameter and the number of rods, with the
blockage at this section being constant for all turbulence
levels. A DISA constant-temperature anemometer with a
DISA 55P14 hot-wire probe was used for the turbulence
measurements. The measurement station for the hot wire was
the position corresponding to model location in an empty tun-
nel. The use of hot wires in transonic flow has been described
in Ref. 6.

A pitot probe was used to perform boundary-layer traverses
on the model, 6-mm upstream of the shock position, for some
of the test cases. Flow separation over the model was detected
by the china-clay technique. The flow visualization method of
Ref. 7 was used to locate the boundary-layer transition on the
model. The boundary-layer trips were made of carborundum
grains mixed with adhesive, 4-mm wide and located 3 mm
from the leading edge on both sides of the model.

Results and Discussion

The hot-wire spectra of freestream turbulence at the model
location for three turbulence levels shown in Fig. 2 show good
correlations with the Strouhal number based on the test sec-
tion height 4. A correlation with the Strouhal number based
on the diameter of the turbulence promoting rods was found
to be poor although such a correlation was very good well
upstream of the mode! location. This indicated that the tur-
bulence measurements at the model location were free from
vortex shedding. Experiments with an inclined hot-wire probe
revealed that the turbulence was also isotropic.

Approximate estimation of the longitudinal integral scale
L, following Bradshaw® based on the boundary-layer
thickness & measured 6-mm upsiream of the shock position
were within the range 4<I,/56<40 for the centerline (CL)
model. The corresponding range for the wall-mounted (WM)
model tests® was 1 <L, 6<6.

The influence of freestream Mach number on the shock
position for the airfoil without the leading-edge trips is shown
in Fig. 3. The data shown here are for the freestream tur-
bulence levels Tu, =0.34, 2.18, 3.14, and 3.68%. The
plateaus in these curves represent the regions where the rear-
ward movement of the shock is slowed by the onset of shock-
induced separation. Onset of separation reduces the shock
strength and, therefore, the rearward movement of the shock.
This typical behavior is in agreement with that obtained by
Pearcey. !0

For a constant-peak Mach number of 1.44, flow visualiza-
tion tests showed that, for Tu, =0.34%, transition occurred
at the shock position. The transition moved upstream with the
increase in Tu., . For values of Tu,, >3.14% transition occur-
red near the leading edge of the model. This effect of Tu,, on
the transition point was also found by Kestin.!!. This is the
reason for the forward movement of the shock when Tu,, is
increased from 0.34 to 2.18%. For the cases where the bound-
ary layer is fully turbulent from the leading edge
(Tu,, >3.14%) an increase in Tu,, results in a rearward move-
ment of the shock. It is interesting to note that the shock posi-
tion is virtually the same for Tu, =0.34 and 3.14% but, as
will be seen later, the trailing-edge conditions are different.

The effect of M, on shock position for the case of the air-
foil with leading-edge trips is shown in Fig. 4 for various Tu,,
levels. The boundary layer ahead of the shock was fully tur-
bulent for all of the Tu,, results in a rearward movement of
the shock. This effect is similar to that observed by the in-
troduction of vortex generators'? and by moving the transition
trip rearward!® from the leading edge.

The changes in shock position AX; nondimensionalized
with respect to the extrapolated value of shock position for
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Fig. 2 The spectra of turbulence in the freestream M, =0.75.
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Fig. 3 Variation of shock position with freestream Mach number,
airfoil without leading-edge trips.
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Tu, =0, plotted against Tu,,, for a fixed value of M, for the
airfoil with and without trips, are shown in Fig. 5. Also shown
here, for comparison, are results from the tests on a WM
model® where the approaching boundary layer was much
thicker. The value of Mpy for all of these cases is approx-
imately 1.44, a condition corresponding to significant shock-
induced separation. For the airfoil without the leading-edge
trips the shock position is very sensitive to Tu,. The initial
forward movement of the shock with the increase in Tu,, is
due to the changes in the boundary-layer conditions ap-
proaching the shock as mentioned previously. For Tu, >
3.14% the boundary layer on the surface of the airfoil is fully
turbulent from the leading edge and AX /X is positive. For
the airfoil with the leading-edge trips and the WM model, the
boundary layer was always turbulent resulting in the rearward
shift of the shock position with the increase in Tu,, .

It also can be observed from Fig. § that the WM model
results show a larger variation of AX,/X,, with Tu, when
compared with the airfoil with the leading-edge trips mounted
in the freestream of the tunnel. This is more noticeable of high
values of Tu,. It appears that the effect of freestream tur-
bulence is appreciable for the WM model, which has a high
Reynolds number and at high turbulence levels.

The pressure distributions over the airfoils without and with
the trips for the case of strong shock-induced separation and
for a fixed shock position are shown in Figs. 6 and 7 respec-
tively. For clarity, only the results for some values of Tu , are
shown. Referring to Fig. 6, the pressure distribution up to the
shock position is virtually independent of Tu,, or the state of
the boundary layer.

However, Tu, has a marked influence on the pressure
distribution in the separated region. The boundary layer ap-
proaching the shock is laminar for Tu,, =0.34%, resulting in a
poor pressure recovery at the trailing edge. Large im-
provements in pressure recovery occur when the boundary
layer becomes fully turbulent from the leading edge
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Fig. 5 Effect of freestream turbulence on shock position.
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Fig. 6 Pressure distribution over the airfoil for various turbulence
levels, without trips.
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(Tu,, =3.14%). The effect of Tu,, on the pressure distribution
in this region is negligible for Tu, >3.14%. In fact, Fig. 7
shows that for the case of the fully turbulent boundary layer
from the leading edge the effect of Tu, on the pressure

_distribution downstream of the shock position is very small.

Here, the differences in C,, values up to the shock position are
due to the differences in M, needed to achieve a constant
shock position on the airfoil.

The effect of Tu, on the trailing-edge values of pressure
coefficient, nondimensionalized with respect to the values at
zero turbulence levels (extrapolated) for the airfoil with and
without the leading-edge trips and the WM model can be
observed in Fig. 8. The results shown here are for a fixed
shock position of X,/c=0.8 and Mpg = 1.44. The freestream
turbulence has only a weak influence on the trailing-edge
pressure coefficient at low Reynolds numbers. Obviously Tu,
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Fig. 7 Pressure distribution over the airfoil for various turbulence
levels, with trips.
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Fig. 8 The effect of freestream turbulence on the trailing-edge
pressure coefficient.
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has a larger affect on C,; for the airfoil without the leading-
edge trips. The trailing-edge values of C, are very sensitive to
the freestream turbulence for the WM model which has a
higher Reynolds number.

The velocity profile measurements upstream of the shock
wave for the airfoil without and with the leading-edge trips are
shown in Figs. 9 and 10, respectively. The changes in the
velocity profiles with Tu, for the case of the airfoil without
the leading-edge trips is due to the changes in transition loca-
tion brought about by the turbulence level changes. For the
cases where the boundary layer is fully turbulent from the
leading edge, Tu,, > 3.14%, the velocity profile is rather insen-
sitive to Tu,,.

The relative influence of Reynolds number and freestream
turbulence on the attached boundary layer upstream of the
shock interaction can be seen in Fig. 11, where the changes in
the boundary-layer momentum thickness nondimensionalized
with respect to the corresponding zero turbulence values are
plotted against Tu,, for the airfoil without and with trips and
also for the WM model. It appears from this figure that the
boundary layer is sensitive to Tu, only at high Reynolds
numbers. .

In comparing the CM model results with the WM results it
should be noted that the test conditions are not exactly alike.
The values of ¢/h for the CM and WM models are 2 and 1
respectively. The effective freestream Mach number for the
CM model is higher than that for the WM model due to
blockage effects. This could account for the absolute values
shock position for a given value of Tu,, but is not likely to af-
fect the relative changes in AX,/X,, with Tu,. The WM
model is subjected to the upstream history of the turbulent
boundary layer growing on the tunnel wall which is influenced
by the changes in 7u,,. The effect of increasing Tu,, on such a
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Fig. 10 Velocity profile upstream of the shock, airfoil with trips.
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Fig. 11 Effect of freestream turbulence on the boundary-layer
momentum thickness, upstream of the shock.
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boundary layer is to increase the boundary-layer thickness up-
stream of the shock wave. This, in turn, will have the effect of
moving the shock forward but the experiments have shown
that the effect of increasing 7u,, is to move the shock rear-
ward. The WM model has a trailing condition significantly
different from the CM model and the effect of Tu, on the
shock/boundary-layer interaction could be considerably
larger with the presence of a surface at the trailing edge. The
WM model also suffers from a large three-dimensional effect
as the boundary-layer thickness on the model is of the same
order as that on the tunnel sidewall and the effect of free-
stream turbulence on the interaction could also be modified by
the three-dimensional effects. One plausible explanation is
that, whereas the length scales of turbulence are of the same
order as the boundary-layer thickness for the WM model, they
are an order of magnitude larger for the CM model and,
therefore, should have a weaker influence on the CM model as
suggested in Fig. 11.

Studies!? on the effect of Tu., on heat transfer from circular
cylinders and flat plates have shown tht freestream turbulence
primarily affected the point of transition at low Reynolds
numbers as also observed by Consigny and Richards.!
However, McDonald and Kreskovsky!s have shown by com-
parison of theory and experimental data that Tu,, has a small
effect at low R, values and a larger effect at high R, values.
They quote a watershed value of R, ~5000. It is interesting to
note that this value lies midway between the present results
(R; ~2000) and the WM model results'® (R, ~8000). Thus, it
is believed this Reynolds number effect on Tu,, is evidenced in
Fig. 11. The Reynolds number effect is also evident in the ex-
periments of Charnay et al.,'® Kline et al.,!” and Commings
et al.'® Earlier experiments by the authors* on a flat-plate
boundary layer was at a value of R, =10,000 and showed a
strong effect of freestream turbulence. )

Figure 12 shows the pressure rise to separation in the form
of a plot of p,/p,; vs p;/py;- The experimental data shown
here are from the present tests, from the previous tests on a
WM model,’and those taken from Ref. 20.

The theoretical predictions for a normal shock-wave and
shock-induced separation from Holder and Gadd?! for a flat-
plate turbulent boundary-layer interaction are also shown for
comparison.

It is clear from the plot that the pressure rise to separation is
enhanced by Tu,, both for the thin and thick boundary layers,
but the increase in pressure rise is appreciable only for thick
boundary layers. It is also observed that for a given Tu,, the
thicker boundary-layer results in a lower pressure recovery.
This boundary-layer thickness effect was also observed by Lit-
tle.?? The discrepancy between the theory for a normal shock
and the experimental data on the airfoils is lower than that ex-

pected theoretically due to the relative differences in the
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boundary-layer condition and the relative abrupt expansion
following the shock.

Conclusions

Experimental results on the effect of freestream turbulence
in the range 0.34% < Tu,, <3.68% on the pressure distribu-
tion over an 18% thick biconvex airfoil and a wall-mounted
airfoil showed that at low Reynolds number of R, =2500 the
effect of freestream turbulence is primarily through the
change in the boundary-layer transition. The freestream tur-
bulence appears to have a strong effect on the pressure
distribution downstream of the shock interaction at a higher
Reynolds number of R,=8000 and more experiments are
needed to confirm this.
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