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Abstract 

Micro jets are used in the present experimental study as an active control. Flow from converging nozzle to suddenly expanded 

circular duct of larger cross-sectional area than that of nozzle exit area were studied experimentally, focusing attention on the base 

pressure and the flow development in the duct. Mach number and nozzle pressure ratio are considered as the flow parameters. The 

geometrical parameters considered are the area ratio of the sudden expansion duct cross-section area to the nozzle exit area and the 

length to diameter ratio of the duct. To find the effect of micro jets as an active control on base pressure as well as on the flow field 

developed in the duct, the micro jets of 1 mm orifice diameter are used. They are located at 90
0
 intervals along a pitch circle diameter 

1.3 times the nozzle exit diameter. In this study, the area ratio considered is 6.25. The flow parameter, nozzle pressure ratio (NPR) 

used were from 1.5 to 3, in steps of 0.5 and experiments were conducted for NPR 1.5, 2.0, 2.5 and 3.0. The geometrical parameter, the 

length to diameter ratio of the enlarged duct was varied from 10 to 1, and tests were conducted for L/D 10, 8, 6, 5, 4, 3, 2 and 1. When 

the micro jets were activated they are found to influence the base region, taking the base suction to considerably higher values 

compared to that for without control case for most of the cases. From the present study it is found that as the NPR increases, the effect 

on base pressure is marginal for NPRs up to 2.5; however, at NPR 3 there is a sudden decrease in the base pressure. Further, it is 

found that the micro jets are very effective in controlling the base pressure and the active control in the form of micro jets does not 

disturb the flow field in the duct, however, wall pressure becomes oscillatory at NPR 3.  

 

Index Terms: Nozzle pressure ratio, Micro jets, Control Pressure, Base pressure, Sudden expansion  

--------------------------------------------------------------------- *** ------------------------------------------------------------------------ 

1. INTRODUCTION  

Base pressure at the blunt base of projectile, missiles, and jet 

has long been one of the important issues from both the 

viewpoints of fluid dynamics as well as practical engineering 

applications. The base pressure characteristics of 

incompressible flows have been well known to date. However, 

the base pressure at transonic or supersonic speeds would be 

different due to the compressibility effects and due to the 

presence of the shock waves. In the present paper, an 

experimental study has been performed to understand the base 

pressure characteristics at sub-sonic, sonic and transonic 

speeds. An emphasis is placed on the control of the base 

pressure using a simple orifice in the form of micro jets. Many 

researchers have explored a variety of jet plumes to investigate 

the flow variab les influencing the base pressure. The results 

obtained were validated with existing experimental and 

numerical data and discussed in terms of the base pressure and 

discharge coefficient of the orifice. 

Base pressure problems of internal flows are also important in 

practical applications. The base pressure will affect the 

performance of an ejector nozzle when operated without the 

secondary flow. Perhaps it may be argued that the present 

problem can be handled by large-scale numerical 

computations. Because the viscous effects through the 

convergent nozzle immediately upstream of a sudden 

expansion are very small and can be ignored. The objective of 

this research is the investigation on the base pressure ratio 

Pb/Patm associated with a suddenly expanded internal flow 

issuing out from a convergent nozzle.  

The problem of sudden expansion of external compressible 

flow over the rear of pro jectiles and its relationship with the 

base pressure, since the base drag, which is a considerable 
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portion of the total drag is dictated by the sub-atmospheric 

pressure at the base. The experimental study of an internal 

flow apparatus has a number of distinct advantages over usual 

ballistics test procedures.  Huge volume of air supply is 

required for tunnels with test-section large enough so that wall 

interference, etc., will not disturb flow over the model. óStingsô 

and other support mechanis m required for external flow tests 

are also eliminated in the internal flows. Triggered primarily 

by the requirements in technological developments, numerous 

research investigations have been reported in literature 

devoted to reducing the base drag penalty employing both 

active as well as passive control techniques, these techniques 

aim in manipulation/alteration of the near wake flow field for 

controlling the base pressure flow field. Sudden expansion 

flow field is a complex phenomenon characterized by flow 

separation, flow re-circu lation and reattachment.  A shear layer 

into two main  reg ions may div ide such a flow field, one being 

the flow recircu lation region and the other the main flow 

region. The point at which the divid ing streamline strikes the 

wall is called the reattachment point. 

  

Many researchers have attempted to control the base pressure 

with passive method and some of the work relevant to the 

present study is reviewed in the section to follow. Here an 

attempt has been made to control the base pressure with micro 

jets at sub-sonic, sonic, and transonic speeds. Since at 

transonic speed the component of the base drag is quite high 

hence, even small increase in  the base pressure will lead to 

considerable increase in the range of the project iles, missiles, 

shells, and fighter air-crafts.  

 

 2. LITERATURE REVIEW  
Kurzweg [1] conducted experiments in supersonic wind 

tunnels before 1951 for 3 years (N.A.C.A. and N.O.L.) show 

that the pressure at the base of bodies is essentially a function 

of parameters that govern the boundary layer. Hence, the base 

pressure is closely connected to surface friction and heat-

transfer phenomenon. Experimental results obtained by him in 

the N.O.L. supersonic tunnels in a Mach range 1.5-5.0 on 

cylindrical bodies with and without boat-tails with conical 

heads under various systematic mechanical and 

thermodynamic variations of the boundary layer are presented 

and compared with theoretical results. Korst [2] wrote 

comment on the boundary layer effects on sonic flow through 

an abrupt cross-sectional area change.  He compared his 

theoretical results which utilize a two-dimensional flow model 

considering the interaction between dissipative flow regions 

and the adjacent free stream with Wicks results and showed 

good agreement between theory and experiments. Durst et al. 

[3] studied low-Reynolds number flow over a plane symmetric 

sudden expansion. The flow was depending totally on 

Reynolds number and the nature was strongly three- 

dimensional. At higher Reynolds number the flow became less 

stable and periodicity became increasingly important in the 

main stream, accompanied by a highly d isturbed fluid motion 

in the separation zones as the flow tended towards turbulent.  

They reported flow visualizat ion and laser anemometry 

measurements. At Reynolds number of 56 the separation 

region behind each step were of equal length for each step but 

at Reynolds number of 114, the two separation regions were 

having different lengths leading to asymmetrical velocity 

profiles.  At Reynolds number of 252, a third separation zone 

was found on one wall. There were substantial three-

dimensional effects in the v icin ity of the separation regions. 

Tanner [4] presented paper which g ives a review of various 

existing methods for reducing base drag of two-dimensional 

and axi-symmetric bodies having a blunt base. These methods 

include splitter p lates, both thin and thick, splitter wedges, 

base bleed, boat-tailing and various types of serrated trailing 

edges. The effectiveness of the various devices in reducing 

base drag is shown and compared. In some cases their 

influence on the lift of an airfoil is also indicated. Experiments 

have been performed by Hallet et al. [5] on swirling air flow in 

a sudden expansion in a model o f a chemical reactor to study 

the effect of swirl intensity on flow and mixing. At the highest 

swirl tested a central recirculat ion zone was formed, while at 

swirl intensities below the critical value required for central 

backflow a precession of the flow was discovered in which the 

flow entering the expansion was deflected away from the axis 

of symmetry and caused to proceed around it. The effect of 

these flow patterns on the mixing of a tracer gas with the main 

flow was studied by measuring both time-mean values and 

turbulent fluctuations of the concentration. The time-mean 

measurements indicated mixing at all swirl levels to be about 

equally fast, but measurements of fluctuation intensities 

showed a much higher than un-fixedness at low swirl, 

corresponding to the large-scale motions of the processing 

flow. Experiments have been made by Viswanath [6] to assess 

the effectiveness of several base modifications or passive 

devices for reducing base drag at transonic speeds. The 

modifications tested include base cavities, ventilated cavities, 

and two vertex suppression devices. Results show that, while 

appreciable drag reductions are possible with many of the 

devices examined, the net total drag reductions are relatively 

lower, presumably because of the additional losses associated 

with the devices.   Kruiswyk and Dutton [7] studied effects of 

base cavity on subsonic near-wake flow. They experimentally 

investigated the effects of base cavity on the near-wake flow-

field of a slender two-dimensional body in the subsonic speed 

range.  Three basic configurations were investigated and 

compared; they are a blunt base, a shallow rectangular cavity 

base of depth equal to one half of the base height and a deep 

rectangular cavity base of depth equal to the base height. 

Schlieren photographs revealed that the base qualitative 

structure of the vortex street was un-modified by the presence 

of the base cavity. The weaker vortex street yielded higher 

pressures in the near-wake for the cavity bases, and increases 

the base pressure co-effic ient in the order of 10 to 14 per cent, 

and increases in the shedding frequencies of the order of 4 to 6 
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per cent relative to the blunt-based configuration. Shafiqur 

Rehman and Khan [8] presented the results of an experimental 

investigation carried out to control the base pressure in a 

suddenly expanded axi-symmetric passage. They used four 

micro-jets of 1mm orifice diameter located at 90° interval 

along a pitch circle diameter of 1.3 t imes the nozzle exit 

diameter in the base region was employed as active controls. 

The test Mach numbers were 1.25, 1.3, 1.48, 1.6, 1.8, 2.0, 2.5 

and 3.0. The jets were expanded suddenly into an axi-

symmetric tube with cross-sectional area 4.84 t imes that of 

nozzle exit area. The length-to-diameter ratio of the sudden 

expansion tube was varied from 10 to 1. Nozzles generating 

the above jet Mach numbers were operated with nozzle 

pressure ratio in the range 3-11. As high as 40 per cent 

increase in base pressure was achieved. In addition to base 

pressure, the wall pressure in the duct was also measured. 

From their experiments, it was found that the wall pressure 

was not adversely influenced by the micro jets. The effect of 

tabs placed at the exit of a circular nozzle of 10 mm exit 

diameter on the near flow field characteristics of the jet was 

investigated experimentally for subsonic and sonic Mach 

numbers by S. Thanigaiarasu et al. [9]. The tab used was a 

semi- circu lar arc of diameter 1.5 mm and length 2 mm. The 

near field characteristics of the jet was studied for two 

configurations of the tab, namely, the concave surface facing 

the flow exit ing the nozzle (arc-tab facing-in), convex surface 

facing the flow (arc-tab facing-out) and flat rectangular tab, 

for the blockage rat io of 7.64%. The centerline Mach number 

decay shows that, for the jet with arc-tab facing-in, a 

maximum reduction in core length of about 80% of the core of 

the plain jet was achieved at all subsonic and correctly 

expanded sonic conditions. Arc-tab facing-out and rectangular 

tab configurations reduce the core length by about 50%. The 

decay of arc-tab controlled jet was compared with that 

obtained for rectangular tab of same blockage and a plain 

circular nozzle. The jet was found to decay at a faster rate in 

the case of arc-tab facing-in configurat ion as compared to the 

facing-out and rectangular tab configurations. Mach number 

profiles show that, the arc-tab facing-in d istorts the jet 

effectively by spreading the jet wider in the plane normal to 

the tab compared to arc-tab facing-out. Iso-Mach contours 

show that, the jet spread is wider in the plane normal to the tab 

and the effect of spread is more pronounced in the jet with arc-

tab facing-in as compared to arc-tab facing-out. The effect of 

the tab orientation and its shape seem to have a profound 

influence on the evolution of the jet. The effectiveness of 

micro jets to control the base pressure in suddenly expanded 

axi-symmetric ducts is studied experimentally by Syed Ashfaq 

et al. [10] for flow through the nozzle at sonic Mach number. 

From the experimental results, it was found that the micro jets 

can serve as active controllers for base pressure. From the wall 

pressure distribution in the duct they found that the micro jets 

do not disturb the flow field in the duct.  

 

3. EXPERIMENTAL METHOD  

Fig. 1 shows the experimental setup used for the present study. 

At the exit periphery of the nozzle there are eight holes as 

shown in Fig. 1, four of which are (marked c) were used for 

blowing and the remain ing four (marked m) were used for 

base pressure (Pb) measurement. Control of base pressure was 

achieved by blowing through the control holes (c), using 

pressure from a settling chamber by employing a tube 

connecting the settling chamber, and, the control holes (c). 

Wall pressure taps were provided on the duct to measure wall 

pressure distribution. First nine holes were made at an interval 

of 4 mm each and remaining was made at an interval 8 mm 

each. From literature it is found that, the typical L/D (as 

shown in Fig. 2) resulting in Pb maximum is usually from 3 to 

5 without controls. Since active controls are used in the 

present study, L/D ratios up to 10 have been employed.   

The experimental setup of the present study consisted of an 

axi-symmetric nozzle followed by a concentric axi-symmetric 

duct of larger cross-sectional area. The exit diameter of the 

nozzle was kept constant (i.e. 10 mm) and the area ratio of the 

model was 6.25 defined, as the ratio of the cross-sectional area 

of the enlarged duct to that of the nozzle exit. The suddenly  
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Fig-1: Experimental setup 

 

expanded ducts were fabricated out of brass pipe. Model 

length was ten times the inlet diameter so that the duct has a 

maximum L/D = 10. The lower L/Ds were achieved by cutting 

the length after testing a particular L/D.  

PSI model 9010 pressure transducer was used for measuring 

pressure at the base and the stagnation pressure in the settling 

chamber. It has 16 channels and pressure range is 0-300 psi. It 

averages 250 samples per second and displays the reading. 

The software provided by the manufacturer was used to 

interface the transducer with the computer. The user-friendly 

menu driven software acquires data and shows the pressure 

readings from all the 16 channels simultaneously in a window 

type display on the computer screen. The software can be used 

to choose the units of pressure from a list of available units, 

perform a re-zero/full calib ration, etc. The transducer also has 

a facility to choose the number of samples to be averaged, by 

means of dipswitch settings. It could be operated in 

temperatures ranging from -20° to +60° C and 95 per cent 

humid ity.  
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4. RESULTS AND DISCUSSION 

The measured data consists of base pressure (Pb); wall static 

pressure (Pw) along the duct and the nozzle pressure ratio 

(NPR) defined as the ratio of stagnation pressure (P0) to the 

back pressure (Patm). Al l the measured pressures are non-

dimensionalized by divid ing them with the ambient pressure 

(i.e. the back pressure). In the present study the control 

pressure in the control chamber will be the same as the NPR of 

the respective runs as the air is drawn from the main settling 

chamber.  

 

 
Fig-2: Percentage  change in base pressure variation  

wi th L/D  

 

The percentage change in the base pressure as a function of 

L/D is shown in Fig. 2 for various NPRs in the range from 1.5 

to 3. From the figure it is seen that the effectiveness of the 

micro jets is marginal and when the micro jets are activated 

for the highest NPR = 3 of the test the control results in 

decrease of the base pressure. At L/D = 3 and 10 maximum 

decrease takes place. The physical reason for this behaviour 

may be due to the presence of expansion fan at the nozzle lip, 

interaction with the shear layer, effect of the vortex at the 

base, and due to large reattachment length with all this when 

micro jets are activated this results in the decrease of the base 

pressure. Further, it may be noted that for this area ratio the 

micro jets are close to the nozzle and not at the centre of the 

base region.  

 
Fig-3: Base pressure variation wi th L/D 

 

Fig. 3 present base pressure results NPR = 1.5 with and 

without control. From the figure it is seen that up to L/D =3, 

base pressure values with and without control are identical, for 

L/D = 4 control results in increase of base pressure and it 

continues till L/D = 5 then control results in decrease of base 

pressure then again there is increase in base pressure, further 

for L/D = 8 to 10 the control in the form of micro jets again 

results in decrease of base pressure. We cannot draw any 

definite conclusion from these results as at NPR = 1.5 the flow 

will have waves.  

 

 
Fig-4: Base pressure variation wi th L/D 

 

Fig. 4 presents the results for NPR = 2, from the figure it  is 

seen that up to L/D = 8, the control is not effective. However, 

for L/D > 8, control results in decrease of base pressure. This 

NPR is just sufficient for the choked flow conditions.  
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Fig-5: Base pressure variation wi th L/D 

 

Fig. 5 shows base pressure for NPR = 2.5, it is found that the 

control effectiveness is marginal for all the L/Dôs tested. 

 

 
Fig-6: Base pressure variation wi th L/D 

 

Fig. 6 presents base pressure results for NPR = 3. From the 

figure it is seen that right from L/D = 2 to 6, control results in 

decrease of base pressure, and for higher L/Dôs from 6 to 10 

control effectiveness is negligible.  This behaviour may be due 

to the effect of the back pressure at higher L/D, there is no 

interaction between the flow at base and back pressure. 

However, when the flow is considered at lower L/D, 

especially at L/D = 3 & 4, in the presence of the micro jets, 

flow at the base encounters with the base vortex, free shear 

layer; this may be reason for such behaviour.   

Wall pressure for L/D = 2 and NPR = 1.5, 2, 2.5. and 3 are 

shown in Figs. 7 to 10. From Figs. 7 to 9 which presents the 

wall pressure results for NPR = 1.5, 2, and 2.5, it is seen that 

the flow field in the duct with and without control is identical. 

However, at NPR = 3, wall pressure field is oscillatory and 

control results in decrease of the wall pressure in the duct. At 

the end of the reattachment length, pressure recovery is fast 

and the reattachment length seems to be around 40 per cent 

from the leading edge of the duct. 

 

 

 

 
Fig-7: Wall pressure distribution 

 

 
Fig-8: Wall pressure distribution  
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Fig-9: Wall pressure distribution  

 

 
Fig-10: Wall pressure distribution  

 

 
Fig-11: Wall pressure distribution  

Wall pressure distribution for L/D = 3, and NPRs in the range 

1.5 to 3 are shown in Figs. 11 to 14. As discussed earlier 

similar results are seen in Figs. 11 to 13, the flow field with 

and without control is identical with small oscillation till the 

end of the reattachment length. 

 

 
Fig-12: Wall pressure distribution  

 

 
Fig-13: Wall pr essure distribution 

 

Fig. 14 presents wall pressure results for L/D = 3 and NPR 

also 3. From the figure it is seen that very close to the base 

region when control is activated, the control results in decrease 

of the base pressure, howere, later in the downstream of the 

duct control results in increase of wall pressure, and the 

recovery is very fast and smooth. This may be due to the 

favourable pressure gradient at NPR = 3. 
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Fig-14: Wall pressure distribution  

 
Wall pressure results for L/D = 4 and NPRs 1.5 to 2.5 are 

shown in Figs. 15 to 17. It is seen that the flow field in the 

duct with and without control is the same. With in the 

reattachment length the flow is oscillatory without control.  

 
Fig-15: Wall pressure distribution  

 

Fig. 18 presents wall pressure field for L/D = 4 and NPR = 3. 

Here again it  is seen that in the prsence of micro jets the 

magnitude of the wall pressure has incraesed considerably and 

progressivly flow has become s mooth. 

 

 
Fig-16: Wall pressure distribution  

 

 
Fig-17: Wall pressure distribution  

 

 
Fig-18: Wall pressure distribution  
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Fig-19: Wall pressure distribution  

 

Fig. 19 presents wall pressure field for L/D = 5 and NPR = 

1.5. From the figure it is seen that with in the reattachment 

length the flow remains oscillatory and when the control is 

activated there is marginal increase in the wall pressure. 

Similar results are seen in Figs. 20 and 21 for L/D = 5 for 

NPRs 2.0 and 2.5. 

 
Fig-20: Wall pressure distribution  

 

Fig. 22 presents wall pressure results for L/D = 5 and NPR = 

3. Here, once again it is found that micro jets tend to increase 

the magnitude of wall pressure as well as the pressure 

recovery is advanced. Wall pressure flow field for L/D = 6 and 

NPR = 1.5 is shown in Fig. 23. In this figure a peculier 

behaviour is seen. The wall pressure starts with a high value 

and there is marginal increase in the flow field beyond the 

reattachment length for without control case, for with control  

 
Fig-21: Wall pressure distribution  

 

 
Fig-22: Wall pressure distribution  

 

 
Fig-23: Wall  pressure distribution 

case there is a drastic reduction in the wall pressure, it was 

also observe that whenever, the  control in  the form of micro 
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jets are activated resulting in reduced wall pressure also, 

results in drastic reduction in jet noise. 

 

 
Fig-24: Wall pressure distribution  

 

Figs. 24 and 25 present wall pressure for L/D = 6, and NPR 2  

and 2.5. For NPR = 2 the control results in decrease in wall 

pressure whereas, for NPR = 2.5 the control results in increase 

of wall pressure. 

 

 
Fig-25: Wall pressure distribution 

 

 
Fig-26: Wall pressure distribution  

 

Fig. 26 presents the wall pressure flow field for L/D = 6, and 

NPR = 3. At this NPR the wall pressure for without control 

case is much lower than with control case. Control results in 

increase of the wall p ressure as well as the jet noise. 

 

 
Fig-27: Wall pressure distribution  

 

Wall pressure results for L/D = 8, and NPRs from 1.5 to 3 are 

shown in Figs. 27 to 30. It is found that wall pressure field are 

identical with and without control are identical. It is found that 

for lowest NPR the wall pressure has got the highest value and 

with increase in NPR the wall pressure results in decrease of 

the wall p ressure. The wall pressure results for L/D = 8 and 

NPR = 3. Here also the control in the form of micro jets results 

in increase of wall p ressure.  
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Fig-28: Wall pressure distribution  

 

 
Fig-29: Wall pressure distribution  

 

 
Fig-30: Wall pressure distribution  

 
Fig-31: Wall pressure distribution  

 

 
Fig-32: Wall pressure distribution  

 

 
Fig-33: Wall pressure distribution  
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Fig-34: Wall pressure distribution  

 

Figs. 31 to 34 present the base pressure results for L/D = 10 

and NPRs 1.5 to 3. These results exhib it the similar results as 

discussed earlier for L/D = 8. 

 

5. CONCLUSION 

From the results and discussions of the present experimental 

investigation presented, the following conclusions can be 

drawn.  

¶ The base pressure is a strong function of L/D ratio, Nozzle 

Pressure Ratio (NPR), area ratio, reattachment length, the 

inertia availab le to the flow and the vortex strength. 

¶ In view of the highest area ratio for this case the relief 

available to the flow results in low value of base suction 

for the same level expansion, the flow is deflected away 

from the base region without affecting the base pressure. 

Under these circumstances when the micro jets are 

activated this results in decrease of base pressure all the 

NPRs tested, however, the magnitude of decrease in the 

base pressure is maximum at NPR = 3. 

¶ The wall pressure field is the same with and without 

control, however, at lower NPRs the magnitude of wall 

pressure is high and it decreases linearly with increase in 

NPR. In most of the case at NPR 3 the wall pressure either 

decreases or increases resulting in decrease or increase in 

the jet noise. The observations of previous researchers are 

revisited during the present experimental studies. 

All the non-dimensional base pressure presented in paper is 

within an uncertainty band of ± 2.6 per cent. Further, all the 

results are repeatable within ± 3 per cent.  
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