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Fig. 2 Time-dependent variation of vortex breakdown location for
a) low-amplitude suction coefficient C/* = 0.09, suction probe at
JCp/C=1.06; and b) large-amplitude suction coefficient C/i = 0.76,
suction probe located at jtp/C = 1.0, /te = 3.1xl04.
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Fig. 3 Response time tp* for stabilization of vortex after onset of
suction as a function of momentum coefficient Qi at various chord-
wise locations xp/C of the suction probe.

point sink, since the probe tends to draw fluid from essentially
all directions when located within the low-velocity recircula-
tion zone of the vortex breakdown region. When the probe is
located upstream of the trailing end of the wing (xp/C< 1), the
impermeable surface of the wing causes a different sink flow
pattern than that resulting from the probe located downstream
(Xp > 1) of the wing. The former pattern is apparently more ef-
ficient than the latter in removing the low-velocity fluid in the
breakdown region, associated with movement of the vortex
breakdown in the downstream direction.

Regarding the minimum value of suction coefficient C/i that
produces stabilization of the core, it is obviously a strong
function of the probe location relative to the position of
vortex breakdown in the absence of suction. For breakdown at
xp/C=QA5 in the absence of suction and a probe location at
xp/C= 1.0, values of suction coefficient as low as Qt = 0.035

allowed restabilization of the flow. Considerably lower values
of C/x are expected to be effective when the tip of the probe is
located further upstream, closer to the onset of vortex break-
down.
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Effect of Surface Grooves
on Base Pressure for a Blunt

Trailing-Edge Airfoil

Gregory V. Selby* and Farid H. Miandoabt
Old Dominion University, Norfolk, Virginia

Nomenclature
model base area
local base pressure coefficient, (p—

= average base pressure coefficient
groove depth
diameter
freestream dynamic pressure, 0.5 p^V2^
Reynolds number based on chord length
model span

= freestream flow speed
= spanwise coordinate measured from the left end

of model as viewed from downstream
groove half angle _
\Ppb ~ (Ppb ) baseline!/(Ppb ) baseline
boundary-layer thickness (based on ratio of local
velocity to freestream velocity equal to 0.99)
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FLOW

PRESSURE ORIFICES (29 LOCATIONS, 1.25 cm APART) '

NOTE: All dimensions are in cm.

Fig. 1 Schematic of model.

Introduction

FLOW in the base region of a blunt trailing-edge airfoil at
low speeds is dominated by a Karman vortex street. This

region of low pressure contributes significantly to the total
drag of the blunt body. Various techniques for increasing the
base pressure of a blunt body by affecting the formation and
strength of the periodically shed vortices have been investi-
gated by aerodynamicists.1 Some of these techniques include
the addition of a splitter plate,2 base geometry changes,3'4 and
base bleed.5

Previous research with F-shaped grooves has shown that
they generate vortices parallel to the groove axis.6 Minimally,
attached flow has been shown to be present in the grooves.7
Such an effect could be utilized to energize the flow in the base
region of a blunt body by directing fluid of higher momentum
into the weak base flow. This could also interfere with the for-
mation of the Karman vortex street. The present study was
conducted to examine the effect of longitudinal grooves on the
base pressure of a flat-plate airfoil with a thick trailing edge.

Experimental Setup and Measurements
Tests were conducted in the 0.91 mx 1.22 m test section of

the Old Dominion University closed-loop, low-speed wind
tunnel. An aluminum flat-plate airfoil with an elliptical lead-
ing edge, maximum thickness of 2.5 cm, span of 0.38 m, and

chord length of 0.91 m was the test model (see Fig. 1). A total
of 73 pressure taps (tf=0.37 mm) were incorporated in the
design of the model to measure the pressure on the upper,
lower, and base surfaces of the model. The model was sup-
ported in the test section by two 0.81-m high by 0.91-m long
plexiglass end plates that were designed to isolate the test-
section sidewall boundary layers and to help provide two-di-
mensional test conditions. Flow over the model was also sepa-
rated from the test-section ceiling and floor boundary layers
by attaching two horizontal 0.38-m wide by 0.91-m long plex-
iglass plates to the model vertical end plates at a distance of
0.30 m from the model surfaces. Freestream flow speeds were
measured by two pitot-static probes mounted on the model
end plates 12.7 cm above and below the model surfaces, just
downstream of the elliptical leading edge. All base pressure
measurements were referenced to the upper surface freestream
static pressure. Provisions were made in the design of the
model to allow insertion of the grooved surface over the
downstream 25.4 cm of the model. To provide turbulent flow
over the model, flow on both the upper and lower surfaces of
the model was tripped by attaching wires (d= 1.02 mm) 5.1 cm
downstream of the leading edge.8 Tests were conducted at
zero model angle of attack and speeds of 17 and 42 m/s
(ReL = 106 and 2.5 x 106, respectively). Velocity surveys of the
boundary layers on the upper and lower surfaces of the model
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Fig. 2 Local base pressure coefficient vs nondimensional spanwise
position for various groove angles (V^ =42 m/s, Z> = 6.4 mm).

Fig. 3 Local base pressure coefficient vs nondimensional spanwise
position for various groove depths (F^ =42 m/s, a = 30 deg).
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Fig. 4 Variation in average base pressure coefficient vs groove angle
(D = 6.4 mm).

at 2.5 cm upstream of the base indicated fully developed tur-
bulent boundary layers for V00 = \l m/s (6 for upper and
lower surfaces of 1.7 and 1.8 cm, respectively). Transverse
velocity surveys at the same location indicated the presence of
two-dimensional flow over the model between z/s = Q.25 and
0.75. Variations in freestream static pressure between the up-
per and lower surfaces correspond to variations in V^ of 1.3%
at 17 m/s and 3% at 42 m/s. Model base pressure was
measured using 25 pressure taps located along the centerline of
the model base. In order to determine the effects of groove an-
gle and groove depth on base pressure, models were tested
with groove angles of 10 to 50 deg and groove depths of 3.2 to
9.5 mm (D/d of 0.2 to 0.6).

Results and Discussion
Base pressure coefficient Cpb is presented in Figs. 2 and 3

(Fa, = 42 m/s) as a function of the nondimensional distance in
the spanwise direction for variable groove angle tests and vari-
able groove depth tests, respectively. It is evident from these
figures that as groove angle or groove depth increases, the
base pressure also increases. The data exhibit three-dimen-
sional (end) effects that diminish as a (or D) increases. Asym-
metries about the model centerline (z/s = 0.5) are also noted.
Tests with extended sidewalls have shown these to be largely
due to three-dimensional end effects. Maximum increases in
base pressure (50 to 60%) were obtained with a = 50 deg
(D = 6.4 mm) and D = 9.5 mm (a = 30 deg)Jsee Figs. 2 and 3).

The average base-pressure coefficient Cpb for each geome-
try tested was calculated from the Cpb data using area weight-
ing. Percent changes in Cpb from the baseline model for the
groove angle tests are presented in Fig. 4 for freestream flow
speeds of 17_and 42 m/s. The data indicate an almost linear in-
crease in Cpb with increasing a. (A similar trend with increas-
ing D was obtained). Overlapping of data from the two dif-
ferent Reynolds number tests suggests the independence of the
base pressure increases from Re over the test range. In general,
the data presented suggest the presence of a relationship be-
tween the groove dimensions and the strength of the interac-
tion between the flow in the grooves and the wake flow.

Conclusions
The results reported herein clearly indicate that the base

pressure of a blunt trailing-edge airfoil with surface grooves
increases with increasing groove depth and angle. Minimally,
attached flow in the grooves appears to be the mechanism by
which fluid of higher momentum is redirected to the base flow
region to effect an increase in the base pressure. A study of the
effect of grooves on the lift and total drag of blunt trailing-

edge airfoils is needed to further determine their effectiveness
in this important application.
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Unsteady Transonic Cascade Flow
with In-Passage Shock Wave
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Introduction

IN Ref. 1, asymptotic solutions were obtained for unsteady
transonic flow in a channel with oscillating walls, for small

reduced frequency. It was noted that an oscillating shock wave
within the channel causes a time-dependent pressure force
having a component in phase with the velocity of the walls,
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