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Abstract The flowfield around a sphere with and without 

ventilation was investigated in a wind tunnel over a range of 

Reynolds numbers in an incompressible flow. At supercritical 

Re, the pressure drag of a sphere can be nearly nullified by 

venting only 2% of the frontal area of the sphere to the base 

through a smooth internal duct. The drag reduction is achieved 

by increased pressures in the separated flow region close to the 

base. At high Re, the vent flow breaks through the near wake 

and brings about symmetry in the global flowfield. When the 

internal shear is increased by using a rough internal duct, the 

base pressure is unchanged, but the external flow is accelerated 

to velocities beyond that achieved by the potential flow around 

the basic sphere. The findings can be explained by a flow model 

in which the near wake is aerodynamically streamlined by 

a pair of counterrotating vortex rings at the base. A roughness 

element can be made to partially destroy the vortex system at 

the base and result in a steady asymmetric wake. A 1.2 mm 

diameter wire placed at 70" was found to overtrip the boun- 

dary layer and completely destroy the vortex system. 

Simultaneously, the turbulent separation is advanced and the 

drag increased. 

At subcritical Re, ventilation marginally increases static 

pressures all over the surface. Since the large pressure 
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differential between the windward and leeward sides is not 

reduced, the internal flow has a rapid acceleration to a velocity 

close to that of the free stream. The reverse flow associated with 

the near wake forces the vent flow to rest within itself and the 

wake profile is unchanged. The main features of subcritical 

flow around the basic sphere are retained in spite of 

ventilation. The upstream effects of ventilation are greater for 

subcritical flow than for supercritical flow. 

1 

Introduction 

Air flow around a bluff body such as a sphere or a cylinder 

causes a stagnation region on the windward side and a low 

pressure region surrounding the separated flow on the leeward 

side. When these two regions are interconnected or ventilated 

through an internal duct, a jet flow from the base is auto- 

matically set up by the external pressure distribution. The 

shear generated at the external and internal surfaces results in 

opposing vorticities. A constructive interaction between the 

two can result in a base pressure increase or a drag reduction. 

The concept of ventilation is different from that of the 

well-known Base-bleed. Ventilation is a passive technique for 

a natural management of the pressure field around a bluff body 

and involves a feedback of downstream flow changes to the 

upstream flow parameters. Further, the magnitude of the jet 

velocity at the base is of the order of free stream velocity. In 

base bleed, the bleed velocity is usually a fraction of the free 

stream velocity in order that the device drag is small. Base 

bleed results in a forced flowfield governed by the energy input 

into the system. Wood (1964, 1967) and Bearman (1967) have 

studied the effect of base bleed on an airfoil with a blunt 

trailing edge. According to them, base bleed delays the onset of 

instabilities in the shear layer and thereby increases the vortex 

formation distance. The delay is shown by dimensional 

analysis to result in a base pressure increase and a consequent 

drag reduction. This effect was found to be greater when the 

width of the jet is large as compared to that of the base. The 

base pressure monotonically increased up to a certain value of 

the blowing moment coefficient and for higher blowing the 

effect was negative. More recently, Zhdanov and Eckelmann 

(1990, 1991, 1992) have observed that the maximum base 

pressure achieved is a function of the bleed rate as well as width 

of the jet. For models with narrow slot, the maximum base 

pressure occurs at much the same momentum flux density of 

the jet as for wider slots and reports that thick and thin jets 

may not have identical effects. Wong (1985) has reported 



stabilisation of the wake by base bleeding a cylinder in a water 

tunnel. In this experiment, the stagnation flow around a hollow 

cylinder was vented into its base using a concentric inner 

cylinder at Re varying from 2000 to 3000. Measurement of 

forces was not made. In this experiment however, the internal 

flow passes around an annulus and undergoes large pressure 

changes resulting in a large reduction in the vent mass flow 

which is an important parameter. 

The concept of ventilation of a sphere was first reported by 

Meier et al. (1990) in which a drag reduction of the order of 

10% was observed from tests on vented spheres in free fall at 

a subcritical Re. It was also observed from interferograms of 

flow around vented cylinders that a divergent internal vent 

collapses the near wake into a twin-eddy like structure at 

moderate Re. A convergent or parallel internal vent resulted in 

a flip-flop behaviour of the jet inside the near wake. Drag 

reduction of the order of 50% to 60% due to ventilation at 

supercritical Re from direct force measurement in a wind 

tunnel was reported by Meier et al. (1991) and Suryanarayana 

et al. (1992). At low (subcritical) Re, no significant drag 

reduction was observed. Results from force measurements and 

flow visualisations are reported by Suryanarayana et al. (1993) 

based on wind tunnel and water tunnel experiments. A drag 

reduction of 50% to 60% was measured for parallel, convergent 

or divergent internal vents. A possible model of the flow at high 

Re around a vented sphere was also proposed. It was reported 

that venting at high Re has the effect of aerodynamically 

streamlining the base, like a splitter plate. It must however be 

noted that efforts to find a three-dimensional equivalent of 

a splitter plate behind a two-dimensional cylinder have not 

succeeded. Maxworthy (1969) introduced a cylinder in the 

wake of a sphere and found that the base pressure did not 

change until the cylinder was moved very close to the base. 

This is because of the fact that the three-dimensional flow 

allows for circumferential communication of pressure signals 

unlike a two-dimensional flow. 

Dimensional analysis of the flow around the vented sphere 

shows that the drag depends on Re, (AP/q) and (d/D) where AP 

is the differential pressure across the duct, q the dynamic 

pressure, d the diameter of the internal duct, D the diameter of 

the sphere and Re the Reynolds number based on D. In the 

earlier experiments of Suryanarayana et al. (1993), values of 

0.15 and 0.10 for the ratio of diameters were found to result in 

the same amount of drag reduction. Since the present work was 

aimed at verifying the earlier results by pressure measurements 

rather than optimise the diameter ratio, a value of 0.15 was 

chosen for the tests. 

The present work is mainly an extension of the earlier work 

of Suryanarayana et al. (1993) and hence an extensive reference 

of the same will be made. The main objective was to obtain the 

pressure distribution on the sphere with and without 

ventilation over a range of Re. Additionally, the development of 

flowfield around the vented sphere, wake profiles and internal 

velocity profiles were also obtained. In this paper, the results 

will be discussed and compared with the data available in the 

literature on the basic sphere. Pressure distribution on the 

basic sphere was obtained by closing the vent holes using 

a curved flat plate at the entry and an adhesive tape at the rear. 

The work reported forms a part of the doctoral thesis of the 

first author. 

2 

Description of the vented sphere, experimental set-up and 
instrumentation 
The vented sphere consists of two asymmetric parts turned out 

of Aluminium alloy. The bigger part is provided with a smooth 

entry which is matched to an internal duct open at the base. 

The smaller part can be fixed to the bigger one as a covering 

shell and rigidly fixed. Provision is made in the bigger part to 

accommodate a scanivalve and a supporting sting. When the 

two parts are assembled, the vented sphere has an outer 

diameter of 200 mm. The internal diameter of the duct is 

30 mm. A final polishing after assembly of the two parts 

provided a very smooth surface with a mirror finish. The vented 

area corresponds to 2.25% of the frontal area of the sphere. 

Figure 1 shows the constructional details and a schematic of the 

model which was designed using CATIA Software at the DLR 

Institute of Experimental Fluid Mechanics, G6ttingen, Germany. 

The sphere was asymmetrically fixed to a support sting at 

a location of 150 ~ from the stagnation point of the basic sphere 

as shown in Fig. 1. The sting has a diameter of 10 mm up to 

a distance of 100 mm behind the sphere and then increases to 

25 mm up to a length of 600 mm. Justification for asymmetric 

mounting of the sphere is included along with the results and 

discussions. The sting was held at the downstream end using 

a heavy sector arrangement fixed rigidly to the ground. 

Distance between the base of the sphere and the sector was 

nearly 600 mm. 

Experiments were conducted in the i m wind tunnel at DLR. 

The wind tunnel is a closed circuit open jet facility driven by 

a propeller with variable speed control. A nozzle with a 

rectangular exit of dimensions 0.75 m x 1 m provides the jet 

flow. Length of the test section is about 1.25 m and the free 

stream turbulence intensity (Tu) 0.15%. The maximum free 

stream velocity is 55 m/s. A traverse mechanism can be fixed 

on a truss work above the test section to move a probe to any 

desired position within the test volume. Figure 2 shows 

a photograph of the vented sphere installed in the test section 

of the 1 m wind tunnel. Thirty holes of diameter 0.4 mm were 

drilled at various locations normal to the surface along a spiral 

for measurements of surface pressures as shown in Fig. 1. The 

spiral shape was chosen to avoid any interference among 

pressure ports. Helical symmetry in the flow was assumed for 

interpretation of results. Ten holes of the same size were drilled 

on the internal duct for measurement of wall pressures. All the 

pressure ports were connected to a 48 port Scanivalve 

manufactured by Pressure Systems Inc., USA. Static pressures 

were measured using a SETRA pressure transducer of range 

140 mm of water (13.5 mBar) with atmospheric pressure as the 

reference. The free stream velocity was determined from the 

pressure difference between the atmosphere and the settling 

chamber using a similar transducer of range 127 mm of water 

(12.3 mBar). A 1.2 mm wire rolled into a ring was fixed at 70 ~ 

in order to trip the boundary layer. 

A static pressure tube of diameter 3 mm and length 370 mm 

was introduced from the rear vent hole using the traverse 

mechanism and traversed along the centreline from upstream 

to downstream for measurement of static pressures. A SETRA 

transducer of range 63.5 mm of water (6.1 mBar) with atmo- 

spheric reference pressure was used for this purpose. For 

measurements of internal velocity profiles, a 3 mm diameter 
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Fig. la-c. Constructional details and distribution of pressure ports. 

a Model constructional details; b isometric view of the vented sphere; 
c distribution of pressure ports 

Fig. 2. Installation photograph of the vented sphere model 

Prandtl tube was positioned 50 mm upstream of the base inside 

the sphere using the traverse mechanism, Total pressure 

obtained from the tube and the wall static pressure measured 

on the duct were used for measurement of velocity. The probe 

was also traversed along horizontal and vertical planes inside 

the duct. Total pressure was measured using a SETRA 

transducer of range 140 mm water (13.5 mBar) and static 

pressures measured using a similar transducer of range 

63.5 mm water (6.1 mBar). The Prandtl tube was traversed 

along the downstream centreline up to two sphere diameters 

and pressures recorded. Wake of the sphere was scanned using 

the Prandtl tube at two diameters behind the base along 

a horizontal plane. A delay time of 4 seconds was chosen for 

the scanivalve ports and the pressure signals from the static 

and total pressure tubes were integrated over 10 seconds. 

3 

Results and discussions 

3.1 

Effect of ventilation on the pressure distribution 

Figure 3 shows the pressure distribution obtained with (vented 

sphere) and without venting (basic sphere) the sphere at 

subcritical Re and comparison of the data on the basic sphere 

from literature. It is apparent that venting leads to increased 
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Fig. 3. Effect of venting on pressure distribution at subcritical Re 

pressures all over the surface, from the stagnation ring at 

the front (8.2 ~ to the base (171.2~ Thus, a decrease in 

drag as a result of base pressure increase is nearly nullified 

by increased drag due to windward static pressures. Thus, 

a ventilation of the present kind is unlikely to reduce the drag 

at low Re. 

Figure 4 shows the pressure distribution at supercritical Re 

with and without venting the sphere and comparison with data 

from literature on the basic sphere. Venting leads to increased 

pressures on the windward side almost up to 90 ~ A laminar 

separation bubble occurs over nearly 10 ~ after about 100 ~ as 

evidenced by the plateau in the pressure curve of both the 

vented and basic spheres. Reattachment of turbulent shear 

layer occurs at about 110 ~ and a rapid pressure recovery takes 

place thereafter. The occurrence of laminar separation bubble 

in this range of Re can be noticed in the oil-flow pattern also. 

The vented sphere shows lower pressures (or increased 

velocities) up to about 125 ~ as compared to the basic sphere. 

The most interesting feature occurs beyond 125 ~ when venting 

increases the pressure and makes the pressure distribution in 

the base region uniform and positive. Beyond the turbulent 

separation on the basic sphere at 135 ~ , the separated flow 

shows large pressure gradients. Venting is seen to marginally 

delay the turbulent separation. 

According to Taneda (1978), the separated turbulent shear 

layer behind a sphere at high Re rolls up into a three- 

dimensional horse shoe vortex structure with a pair of counter 

rotating streamwise vortices as shown in Fig. 5. The entire 

structure rotates randomly about a streamwise axis. As a result, 

the basic sphere at high Re experiences an unsteady 

aerodynamic force whose direction is arbitrary. Dallmann and 

Schewe (1987) have identified the various critical points 
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Fig. 4. Effect of venting on pressure distribution at supercritical Re 

associated with such a flow based on topological con- 

siderations of three-dimensional separated flows. According 

to Suryanarayana et al. (1993), ventilation of the sphere at 

high Re causes the separated shear layer to roll up as a base 

vortex ring primarily due to its entrainment by the secondary 

vortex ring which is formed by the vent flow close to the base as 

shown in Fig. 5. The combined effect of the vortex rings is to 

provide an aerodynamic streamlining at the base. The 

occurrence of a pressure plateau in the separated flow region as 

in a subcritical flow confirms the absence of large scale flow 

oscillations in the wake as visualised on a laser light sheet in 

the referred work. Figure 6 shows the increase of base pressure 

(at the last measurement point at 160 ~ ) due to venting as 

compared to that of the basic sphere from the present 

measurements over a range of Re. 

Integration of the pressure distribution 

(Cd= S1.72L8 Cp sin 2OdO)  shows that in the supercritical range 

of Re, the pressure drag of the vented sphere is nearly zero. 

This is because of the base pressure increase (base thrust) 

which nearly compensates the drag due to windward static 

pressures as shown by the pressure distribution in Fig. 4. The 

net drag on the vented sphere would then be due to skin 

friction due to internal and external flows and a pressure drag 

due to the radius of the vent hole, all of which are expected to 

be very small. 
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a 

Base vortex ring 

~ Secondary vortex ring 

. 

Free stagnation ring 

Fig. 5a-c. Structure of the wake behind a sphere with and without 
venting, a Basic sphere at high Re (Taneda, S., ].F.M. 85, 1978); 
b vented sphere at subcritical Re; c vented sphere at supercritical Re 
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The earlier study of Suryanarayana et al. (1993) reported 

a drag reduction of 50% to 60% in the supercritical range and 

hardly any change at lower Re from direct measurement of 

force in a wind tunnel using an external balance. Correction 

due to the support system was estimated by supporting the 

sphere from an alternate support through which the effect of 

the sphere wake on the original support system was identically 

simulated. It was assumed that the correction factor would be 

the same for both the vented and the basic spheres. The pre- 

sent measurements indicate that the pressure drag, which 

corresponds to nearly 90 to 95% of the total drag (Achenbach, 

1972) is nullified. The discrepancy is due to underestimation of 

the support drag in the earlier work when the sphere was 

vented. Aerodynamic streamlining due to ventilation results 

in higher dynamic pressures in the wake and hence the tare 

drag correction due to the support system would be higher 

for the vented sphere than that for the basic sphere. If the same 

correction factor is used, the resulting figure is an under- 

estimate of the actual reduction achieved. 

3.2 

Comparison of results on the basic sphere 

Figures 3 and 4 also show comparisons of the present results 

on the basic sphere with those of Fage (1936), Maxworthy 

(1969) and Achenbach (1972) at subcritical and supercriti- 

cal Re respectively. The discrepancies in the results can be 

attributed to four factors viz., small variations in Re, model 

support position, Tu and the model surface roughness. Each of 

these factors can play an important role as discussed below: 

When the separated laminar shear layer starts reattaching 

on the surface, the drag curve starts sinking and reaches 

the minimum drag condition. At higher Re, the drag starts 

increasing again. Therefore, the pressure distribution can show 

large changes even for small changes in velocity in this range 

of Re. 

A reasonable agreement is seen between the present data and 

that from literature as shown in Fig. 3, even though the present 

results are for an asymmetric support whereas the others 

except Maxworthy (1969) are all for symmetric rear supports. 

This observation is consistent with that of Raithby and Eckert 

(1968) who have studied the effects of a cross flow support and 

a conventional rear support on the surface flow over a sphere. 

This feature is essentially because of the fact that in subcritical 

flow, separation of the laminar boundary layer occurs at about 

82 ~ without a turbulent reattachment. A support fixed 

downstream of it lies in the separated flow region and does not 

strongly influence the windward flow. Since the present support 

system is at 150 ~ which is well downstream of laminar as well as 

turbulent separation, it does not have a significant influence on 

the results. Further, in the earlier experiments, it was found that 

the reduction in drag due to ventilation was unaffected when the 

vented sphere was rotated about the asymmetric sting axis. 

Figure 4 shows comparison at supercritical Re with those of 

Fage (1936) and Achenbach (1972). Good agreement is shown 

with the data of Fage almost up to the point of turbulent 

reattachment of the flow. Turbulent separation is indicated at 

about 145 ~ in Fage's results whereas at about 135 c in the 

present results. Whereas a clear pressure gradient in the 

separated flow region is indicated in the present results, data in 

the region from 150 '~ to 175 are not reported by Fage. The data 

of Achenbach (1972) which are for a slightly higher Re agree 

well with the present data only up to 70 ~ . The value of 

minimum Cp achieved is higher than that shown by the present 

data as well as that by Fage (1936). Large differences are shown 

by Achenbach's results at locations beyond 90 <, apparently 

because of the higher Re as well as Tu of 0.45% as compared to 

the Tu of 0.15% for the present results. This is also suggested 

by the absence of laminar separation bubble and the advanced 



separation at 120 ~ . The locations of laminar separation, 

turbulent reattachment and turbulent separation in the present 

tests are in good agreement with the visual observations of 

Taneda (1978) in a wind tunnel of Tu 0.12%. 

The effect of surface roughness on the flow past spheres has 

been studied by Achenbach (1974). Roughness elements on the 

surface can cause earlier transition, advance the turbulent 

separation and create wider wakes depending on the roughness 

size. Consequently, spheres with different surface roughness in 

wind streams of varying values of Tu can show variations in the 

locations of flow separation and reattachment. In the present 

tests, the effects of ventilation have been obtained from tests 

on the same sphere under identical free stream and model 

support conditions by opening and closing the vent holes. It is 

therefore believed that the uncertainties as described above 

do not affect the relative changes observed due to ventilation. 

3.3 

Effect of tripping the internal flow 

The vent flow emerging from the base shows a laminar char- 

acter at Re less than about 2000 as reported by Suryanarayana 

(1993). At higher Re, the edge of the jet becomes turbulent even 

when the internal duct is smooth. Experiments were done by 

tripping the internal flow using a P400 sandpaper which was 

fixed over a length of 30 mm upstream from the base. Fig. 7 
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shows the pressure distributions obtained with smooth and 

tripped internal ducts. At subcritical Re, the tripped duct 

causes increased pressures all over the surface. The magnitude 

of increase is greater on the windward side than on the leeward 

side up to about 40 ~ Accordingly, no significant change in drag 

may be expected. At supercritical Re, the windward pressures 

up to 40 ~ are higher than for the smooth duct, but lower in the 

region 50 ~ to 120 ~ . Interestingly, the pressures in the region 50 ~ 

to 100 ~ are even lower than the potential values for the flow 

over the basic sphere. In addition, the laminar separation 

bubble which occurred on the external surface with the smooth 

duct seems to have either diminished or vanished when the 

duct is tripped. The base pressures are however not affected. 

When the internal duct is tripped, the shear generated at 

the edge of the jet and hence the entraining action of the 

secondary vortex ring (Fig. 5) is enhanced. As a result, the base 

vortex ring increases the local accelerations on the external 

surface. Consequently, the boundary layer gets thinner and 

resists laminar separation. Since the base pressures are not 

much altered, the near-zero pressure drag condition is 

unaffected when the internal duct is tripped. 

3.4 

Effect of disturbances and boundary layer tripping wire on the 

external flow 

A roughness element (an adhesive tape 15 x 4 x 0.2 mm) on the 

external surface at supercritical Re can generate disturbances 

in the surface flow which break through the separation bubble 

causing an advanced local separation and partially destroy 

the base vortex system. Vorticity conserved within the 

recirculation zone is then convected into the wake by a pair of 

counter rotating streamwise vortices from specific locations 

behind the vented sphere. Figure 8 shows the effect of the 

roughness element on the pressure distribution at supercritical 

Re and a corresponding oil-flow pattern. The loss of base 

pressure increase and increase of drag are apparent. It is 

interesting to note that as a result of the roughness element, 

pressure gradients reappear in the separated flow region, as 

was the case with the basic sphere. The structure of the wake 

may then be expected to be similar to that of the basic sphere. 

An identical observation was made by Suryanarayana et al. 

(1993) by visualising the wake on a laser light sheet. The main 

difference would be that this wake does not randomly oscillate. 

As a result, the model may be expected to experience a steady 

asymmetric side force. 

Figure 9 shows the effect of a 1.2 mm diameter boundary 

layer tripping wire fixed at 70 ~ from the centre on the pressure 

distribution at subcritical Re. Results for free transition are 

also shown. The trip wire appears to cause a local separation 

ahead of itself and introduce a large velocity increment. 

Boundary layer separation is delayed from 82 c~ to about 120 ~ 

A small increase of base pressure as compared to the basic 

sphere is also observed. 

Figure 10 shows the effect at supercritical Re. The effect is 

identical to that at subcritical Re. Additionally, the turbulent 

separation is advanced from 135 ~ to 125 ~ , base pressure 

recovery lost and the drag reduction disappears. The adverse 

effects are apparently caused by overtripping of the boundary 

layer by the wire. Re based on the trip height varies from 

2000 to 5000 in the present tests. The earlier results of 
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Suryanarayana et al. (1993) showed that the tripped vented sphere 

had no significant drag reduction as compared to the tripped 

basic sphere. As a result of earlier separation (wider wake) and 

also because of the additional turbulent kinetic energy 

introduced in the separated shear layer, the mechanism causing 

the base pressure rise is adversely affected. The structure of the 

wake is expected to be the same as at a subcritical Re, in that the 

internal flow dissipates within the near wake. 

Separation of turbulent boundary layer on the vented sphere 

occurs at about 140 ~ . The separated shear layer is then at its 

closest location with respect to the edge of the internal jet flow. 

As a result, a strong mutual interaction is facilitated. When the 

internal vent geometry is varied, this interaction distance is 

also varied. When the vent has a divergence, the distance is 

lesser than when it is parallel or convergent. However, the force 

measurements (Suryanarayana et al. 1993) indicated identical 

drag reduction for all the vent geometries. It is possible that the 

vent area ratio of 2.25% chosen was too high to observe this 
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effect. In contrast, interferograms of flow around vented 

(slotted) cylinders show a large reduction in the width of the 

wake and occurrence of attached twin-eddy like structure when 

the vent is divergent as compared to unchanged wake width 

with parallel or convergent vent (Meier et al. 1990). 

3.5 

Internal flow measurements 

Figure 11 shows the pressure distributions along the internal 

duct of the vented sphere at subcritical and supercritical Re. 

Also shown are the pressures when the external and internal 

flows are tripped. Because of the boundary layer growth inside 

the duct, the internal flow is accelerated. 

The acceleration is greater at subcritical than at supercritical 

Re because of greater AP at lower Re. The higher acceleration 

results in negative wall pressures and the reduced acceleration 

results in positive wall pressures. In both ranges of Re, the 

magnitude of wall pressure reduces with Re whereas the wall 

pressure slope is nearly constant in each range. The wall 

pressure distributions in subcritical and supercritical ranges 

follow different laws. Figure 11 also indicates linear curve fits 

obtained under various internal and external flow conditions. 
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When the external flow is tripped at a high Re, the decreased 

base pressure results again in higher acceleration. When the 

internal duct is tripped at a high Re, the wall pressures show 

an increase over the smooth duct case even though the base 

pressures were not further increased. This suggests that the 

mechanism responsible for the base pressure rise is more 

sensitive to disturbances in the external flow than in the 

internal flow. Therefore, a symmetric support located in the 

middle of the vented sphere is unlikely to invalidate the present 

observations. 

Figure 12 shows typical velocity profiles measured at sub- 

critical and supercritical Re across the duct. The measure- 

ment location was at 0.82D (5.4d) from the entrance to the 

vent at a station where the wall static pressure data could be 

obtained separately (at (xlD) = 0.32) as described in 2.0 above. 

Static pressures across the duct along horizontal and vertical 

diameters at this station as well as elsewhere in the duct were 

constant and equal to the wall pressure, except when very close 

to the entrance. The profiles are typical of a developing pipe 

flow, which must be expected considering the length of the 

duct. Mean velocity in the duct at the measuring station is 

obtained by integrating the profile assuming no slip at the 

walls. 

Mean velocity in the duct reduces to 0.693 U~, at higher Re as 

against 0.919U~ at lower Re due to increased base pressures. 
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When the internal flow is t r ipped at high Re, the mass flow 

inside the duct reduces further as compared to the smooth duct 

case, but the base pressure recovery and the drag reduction are 

unaltered. Hence, if the diameter of the internal duct is reduced 

from the present value, the mean quantities are unlikely to 

change unless the diameter is too small when viscous effects 

predominate.  

3.6 

Static pressure variation along the centreline 

Figure 13 shows the variation of static pressure along the 

centreline of the vented sphere from about half a diameter 

upstream of the front to two diameters downstream of its base. 

The upstream pressures were measured using a static pressure 

tube whereas the downstream pressures were measured using 

a Prandtl tube. A few data points in the overlapping region are 

also shown. In both the Re ranges, the upstream pressure 

reaches a maximum of Cp ~- 0.75 at a distance of 0.13D ahead 

of the front and then drops rapidly as the entrance is 

approached. The occurrence of maximum is because of the 

greater upstream influence of the sphere as compared to that of 

the vent hole. Fluid particles approach the sphere as if there 

was no vent hole and reach a maximum Cp before accelerating 

into the duct. Further, since the stagnation ring occurs normal 

to the external surface, the streamlines must diffuse close to the 

entrance as shown in Fig. 5. Minimum pressure in the base 

occurs at 0.35D downstream of the base. As noted by Roshko 

(1954), minimum pressure in the base region is in the core of 

the separating vortex downstream of the base. After reaching 

the point of minimum pressure, the flow gradually reaches 

the ambient conditions beyond a diameter, marking the 

closure of the near wake. The results of Calvert (1972) for 

a solid sphere at Re=3.8  x 103 are also shown in Fig. 13 for 

comparison. It appears that in spite of ventilation, the structure 

of the wake is not strongly altered at subcritical Re. The 

differences with the results of Calvert are due to increased Re of 

present results. 
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At supercritical Re, acceleration through the duct is reduced 

as a result of increased base pressure or reduced pressure 

differential. In contrast to that at lower Re, the base flow 

undergoes a rapid diffusion upon exit from the base, 

apparently due to the induced velocity of the secondary vortex 

ring (Fig. 5) and the static pressure reaches a maximum of 

Cp ~- 0.35 at about 0.1D from the base which is higher than the 

base pressure. The occurrence of positive pressures all over the 

flowfield is notable. 

3.7 

Centreline velocity measurements 

Figure 14 shows the variation of velocity along the centreline of 

the vented sphere measured using a Prandtl tube at typical 

velocities in subcritical and supercritical range of Re. At sub- 

critical Re, the vent flow is brought to rest within the dead 

water region. The vent mass is then deflected asymmetrically 

upstream of this stagnation point. Thus, even though all the 

vent mass was introduced at the centre of the sphere, very little 

or no mass flow emerges from the centre of the near wake. The 

vent mass travels upstream along with the reverse flow of the 

near wake and emerges along the separated shear layer. The 

phenomena observed is similar to that reported by Wong 



1.2 

1.0 

Symbol RexlO ~ Transition 

- -  ~ D  I ~ I ~ I ;rre: 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 118 210 212 214 

X/D 
2 . 6  

Fig. 14. Variation of velocity along the centreline of the vented sphere 

0 .8  - -  

0.6 

0.4 

I 0.2 

"~ O' 
>- 

- 0 . 2  - 

- 0 . 4  - 

- 0 . 6  - 

- 0 . 8  - 

- 1 . 0  - 

Z Y 

1.20 

1.00 

I 0.80 

8 0.60 

0.40 

0.20 

O 
0 

-1.2 I i I I 
0 0.20 0.40 0.60 0.80 1.0 

Qw/Qoo =- 

Symbol Re x 10 "s Transition 

O 2.50 Free 

=3 7 .36 Free 

D 7.57 Free (Disturbed} 

V 5 .70 Tripped 

Fig. 15. Wake profile measured at (x/D)= 2.5, (z/D)= 0.0 behind the 
base of the vented sphere 

(1985) for vented cylinder base flows. Kim and Durbin (1988) 

have identified two dominant modes of unsteadiness in the 

wake of the basic sphere in the range of Re 500 to 60,000. These 

are associated with the small scale instability of the separating 

shear layer (Kelvin-Helmholtz instability) and the large scale 

instability of the wake (vortex shedding) similar to that behind 

a cylinder as identified by P&erka and Richardson (1969). 

Response of the internal jet seems to be governed by the large 

scale instability of the wake. The velocity measurements shows 

two stagnation points which correspond to the stagnation of 

the vent flow and the closure of the near wake. Reverse flow 

exists in the region within these two locations, as shown in 

Fig. 5. 

At supercritical Re, positive velocity is observed all along the 

centreline, indicating that the vent flow has broken through the 

near wake. Diffusion of the vent flow caused by the secondary 

vortex ring (Fig. 5) reduces the centreline velocity to 0.55U~ at 

about 0.3D behind the base as compared to 0.9U~ at the exit. 

3.8 

Measurements in the wake of the vented sphere 

Figure 15 shows wake profiles at typical velocities in sub- 

critical and supercritical range of Re. The effect of a 1.2 mm 

diameter trip wire at 70 ~ and the effect of a roughness element 

are also shown. At subcritical Re, the wake and the momentum 

defect are large despite ventilation since the vent flow is unable 

to split the wake. The width of the wake is unchanged since the 

separation of flow is unaltered. At supercritical Re, the profile 

clearly shows the effect of mass addition around the centre. 

Momentum losses are concentrated around an annular ring 

about the centreline, which also indicates that the wake has 

been symmetrically split by the vent flow. The resulting stream 

surface at the near wake aerodynamically streamlines the base 

of the sphere. Presence of a roughness element is shown to 

destroy the vortex structure, as discussed in 3.4 above resulting 

in a flow structure similar to that of the basic sphere as 

depicted in Fig. 5. Consequently, the wake is rendered 

asymmetric. The tripping wire completely destroys the vortex 

structure, advances turbulent separation and the drag 

reduction vanishes. The profile shows the wake of the tripped 

vented sphere to be much wider than that of the untripped 

vented sphere. 

4 

Conclusions 
At supercritical Re in an incompressible flow, the pressure drag 

of a sphere can be nearly nullified by ventilation. This is 

achieved by increased base pressures in the separated flow 

region close to the base. The vent flow at high Re breaks 

through the near wake and brings about symmetry in the flow. 

When the internal shear is increased by tripping the internal 

duct, the external flow is accelerated to velocities beyond that 

due to potential flow around a solid sphere. The observations 

can be explained by a flow model in which the near wake is 

streamlined by a pair of counterrotating vortex rings trapped 

around a region of potential flow. A roughness element can be 

made to partially destroy the vortex system at the base and 

result in a steady asymmetric wake. A 1.2 mm diameter 

wire placed at 70 ~ completely destroys the vortex rings by 

overtripping the boundary layer. Simultaneously, separation 

of the boundary layer is advanced, base pressure recovery 

reduced and pressure drag increased. 

At subcritical Re, ventilation marginally increases the 

pressures all over the flowfield. Since the large pressure 

differential between windward and leeward sides is hardly 

altered, there is no significant drag reduction. The internal flow 

accelerates to velocities close to the free stream value and then 
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stagnates in the near  wake. The main features of  the basic 

sphere are unal tered in spite of  ventilation. The upst ream 

effects of  venti lat ion are higher at subcritical Re than at 

supercrit ical Re. 
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