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Abstract

Micro jets are used in the present experimental study as an active control. Flow from converging nozzle to sxgdeulgd
circular duct of larger crossectional area than that of nozzle exit area were studied experimentally, focusing attention on the bas
pressure and the flow development in the dWach number andhozzle pressure ratiare considered as the flow parametefhie
geometrical parameters considered are the area rafithe sudden expansion duct cregstionarea tothe nozzle exit area ante

length to diameter ratio of the duct. Tiad the effecbf micro jetsas

an active controbn base pressure as well as on the flow field

developed in the duct, the micjets of 1 mm orifice diameter are used. Theylacated at 98intervalsalong apitch circle diameter
1.3 times the nozzle exdtameter.In this study, lhe area ratioconsidereds 6.25. Theflow parameternozzle 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, D.5Thedy@ometrical parameteha
length to diameter ratio of the enlarged duct was varied from 10 to 1, and tests were conducted for L/D 10, 8, 6,&nd 13/VBen
the micro jets were activated theye found to influence the basegion, taking thebase suctiorto considerably higher values
compared to that for withowtontrol casefor most of the cases. Frotime present study it is fountthat as the NPR increasgtheeffect
on base pressurées marginal for NPRs up to 2.5; however, at NPR 3 thera sudden decrease in the base presdtuether, it is
found that the micro jetare very effective in controlling the ba pressure anthe activecontrol in the form of micro jetsloes not
disturb the flow field in the duct, howevesll pressure beames oscillatory at NPR.3

Index Terms:Nozzle pressure ratidMicro jets, Control PressureBase pressure8idden expansion

*kk

1. INTRODUCTION

Base pressure at thdunt base ofprojectile, missiles, andet

has long been one of the important issues from both the
viewpoints of fluid dynamics as well as practical engineering
applications. The base pressure charaties of
incompressible flbws have been well known to date. However,
the base pressure at transonic or supersonic speeds would be
different due to the compressibility effects adde to the
presence of theshock waves. In the present papen a
experimenthstudy has been performed to understand the base
pressure characteristics at sadmic, sonic and transonic
speeds An emphasis is placed on the control of the base
pressure using a simple orifiae the form of micro jetsMany
researchers have exploradariety of jet plumego investigate

the flow variables influencing the base pressure. The results
obtained were validated with exsting experimentatd
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numericaldata 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 wil affect the
performance of an ejector nozzle when operated without the
secondary flow. Perhaps it may be argued that the present
problem can be halled by largescale 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 presstice ra
Py/Pam 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 projectiles and its relationship with the
base pressure, since the base drslgich is a considerable
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portion of the total drag is dictated by the satmospheric
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 airpply is
required for tunnels with testection large enough so that wall
interference, etc., will not
and other support mechanis m required doternal flow tests

are also eliminated in the internal flows. Trigge@amarily

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 nanipulation/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 reirculation and reattachment. A shear layer
into two main regios may divide such a flow field, one being
the flow recirculation region and the other the main flow
region. The point at which the dividing streanglidrikes the

wall is called the reattachment point.

Many researchemaveattempted to control the bageessure

with passive method and some of the work relevant to the
present study is reviewed in the section to folld¥ere an
attempt has been made to control the base pressure with micro
jets at suksonic, sonic, and transonic speeds. Since at
transonic peed 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 projectiles, missiles,
shells, and fighter aicrafts.

2. LITERATURE REVIEW

Kurzweg [1] conducted xperiments in supersonic wind
tunnelsbefore 1951 foi3 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 suefafciction and heat
transfer phenomenon. Experimental results obtaimeldimin

the N.O.L. supersonic tunnels in a Mach range51(% on
cylindrical bodies with and without bo#ails with conical
heads under various systematic mechanical and
thermodynand variations of the boundary layer are presented
and compared with theoretical result&orst [2] wrote
comment on the boundary layeffects on sonic flovthrough

an abrupt crossectional area change. He compared his
theoretical results which utilize tavo-dimensional flowmodel
considering the iteraction between dissipative Woregions
andthe adjacent frestream with Wicks results and showed
good agreement between theanyd experimentsDurst et al.

[3] studied lowReynolds number 6w over a planesymmetric
sudden exansion. The flw was depending totally on
Reynolds number and the nature was stronghree
dimensionalAt higher Reynolds number theofly became less
stable and periodicity became increasingly important in the
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main stream, accompad by a highly disturbefluid motion

in the separation zones as thewfltended towards turbulent.
They reported flow visualization and laser anemometry
measurements. At Reynolds number of th& sepration
region behind each step were of equal lengtrefich step but

B Reynalds pumpaofolyd, theytwor separgtion ragiogsewere

having different lengths leading to asymmetricalelocity
profiles. At Reynolds number of 252, a third separation zone
was found on onewall. There were substantiathree
dimensioral effectsin the vicinity of the separatioregions.
Tanner [4] presenéd paperwhich gives a review of various
existing methods for reducing base drag of thmensional
and axisymmetric bodies having a blunt base. These methods
include splitter platesboth thin and thick, splitter wedges
basebleed boattailing 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 islgo indicated Experiments
have been performdaly Halletet al. [5]on swirling air flow in

a sudden expansion in a model of a chemical reactor to study
the effect of swirl intensity on flow and mixing. At the highest
swirl tested a central recirculatiomrre 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 axs
of symmetry and caused togmeedaround it.The effect of
these flow patterns on the mixing of a tracer gas with the main
flbow was studied by measuring both timean values and
turbulent fluctuations of the concentration. The timean
measurements indicated mixing at all swirl levels to be about
equally fast, but measurements of fluctuation intensities
showed a much highethan un-fixedness at low swirl,
corresponding to the largecale motions of therocessing
flow. Experiments have been made Ygwanath[6] to assess

the effectiveness of sewdrbase 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 possiniéh 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]studiedeffects of
bas cavity on subsonic neamke fow. They experimentally
investigated theffects ofbase cavity on the neamke flow

field of a slender twadimensional body in the subsonic speed
range. Three basiconfigurations were investigated and
compared;they are a blunt base, a shallow rectangular cavity
baseof depth equal to one half of the base height and a deep
rectangular cavity base of deptiqual to the base height.
Schlieren photographs revealed that the base qualitative
structureof the vortex street was tmodified by the presence

of the base cavityThe weaker vortestreet yielded higher
pressures in theearwake for the cavity baseand increases
the base pressureo-efficientin the order of 10 to 14 per cent,
and increases in the sheddingquencies of the order of 4to 6
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per cent relative tdhe blunt-based configration Shafiqur
Rehmanand Khan [8]presentdthe results of an experimental
investigation carried out to control the base pressure in a
suddenly expanded asiymmetric passagelhey used dur
micro-jets of 1mm orifice diameter loted at 90° interval
along a pitch circle diameter of 1.3 times 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 ax
symmetric tube with crossectional area 4.84 times that of
nozzle exit area. The lengtb-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 theange 311. 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 thér experiments, it wadound that the wall pressure
was not adversely influenced by the miceig. 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 &). [The tab used was a
semi circular 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 exiting the nozzle (atab facingin), convex surface
facing the fbw (arctab facingout) and flat rectangular tab,
for the blockage ratio of 7.64%. The centerline Mach number
decay shows that, for the jet with aeb facingin, a
maximum reduction in core length of about 80% of the core of
the plain jet was achieved &ll subsonic and correctly
expanded sonic conditions. Atab facingout and rectangular
tab configurations reduce the core length by about 50%. The
decay of ard¢ab controlled jet was compared with that
obtained for rectangular tab of same blockage anplain
circular nozzle. The jet was found to decay at a faster rate in
the case of artab facingin configuration as compared to the
facing-out and rectangular tab configurations. Mach number
profiles show that, the atab facingin distorts the jet
effectively by spreading the jet wider in the plane normal to
the tab compared to atab facingout. IsecMach 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 facingin as compared to atab facingout. The effect of

the tab orientation and its shape seem to have a profound
influence on the evolution of the jeThe effectiveness of
micro jets to control the base pressure in suddenly expanded
axi-symmetric ducts istedied 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 thductthey found that the micro jets

do not disturb the flow field in the duct.

3. EXPERIMENTAL METHOD

IJESAT JanFeb2014
Available online @ http://www.ijesat.org

ISSN: 2250-3676
Volume-4, Issue-1, 049-060

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 remaining four (marked m) were used for
base pressure {(Pmeasurement. Control of base pressure was
achieved by blowing through the control holes (c), using
pressure from a settlihng chamber by employingtube
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. Fom literature it is found that, the typical L/ID (as
shown in Fig. 2) resulting ingAmaximum is usually from 3 to

5 without controls. Since active controls are used in the
presentstudy, L/D ratios up to 10 have been employed.

The experimental setup ofi¢ present study consisted of an
ax-symmetric nozzle followed by a concentric ayimmetric
duct of larger crossectional area. The exit diameter of the
nozzle was kept constant (i.e. 10 mm) and the area ratio of the
model was6.25defined, as the ratiof the crosssectional area

of the enlarged duct to that of the nozzle exit. The suddenly

BASE PRESSURE TAP

ENLARGED DUCT
SETILING CHAMBER -
; WALL PRESSURE TAPS

{ TUBE FOR BLOWING

BLOWING SETTLING CHAMBER
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 fosumag
pressure at the base and the stagnation pressure in the settling
chamber. It has 16 channels and pressurgean 0300 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 -frgmrdly

menu driven software acquires data and shows the pressure
readngs from all the 16 channels simultaneously in a window
type diplay on the computer screen. The software can be used
to choose the units of pressure from a list of available units,
perform a rezero/full calibration, etc. The tradscer also has

a faclity to choose the number of samples to be averaged, by
means of dipswitch settings. It could be operated in
temperatures ranging frorR20° to +60° C and 95 per cent
humidity.
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4. RESULTS AND DISCUSSION

The measured data consists of base pressyygw8ll static
pressure () along the ductand the nozzle pressure ratio
(NPR) defined as the ratio sftagnation pressure gPto the
back pressure (R). All the measured pressures aren
dimensionalized by dividing them with the ambient pressure
(i,e. the back pressude In the present study the control
pressuran the control chambewill be the same as the NPR of
the respectie runs asthe airis drawnfrom the main settlig
chamber.
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Fig-2: Percentage change in base pressure variation
with L/D

The percentage change in the base pressure as a function of
L/D is shown in Fig2 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 highet NPR = 3 of the test the control results in
decrease of the base presswe.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 shearar, 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 raez and not at theentreof the
baseregion
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Fig-3: Base pressure variation with L/D

0.8 ——1
1 2 3 10

Fig. 3 present base pressure results NPR = 1.5 with and
without control. From the figure it is seen that to L/D =3,

base pressure values with and without contrelidentical for

L/D = 4 control results in increase of base pressure and it
continues till /D = 5 then control results in decrease of base
pressure then again there is increase in base pressure, further
for /D = 8 to 10 the control in the form of micrets 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.

L% S e B B B R B
without control ——

1 with control ——»——- -
0.9
& 08
[a W)
0.7
0.6 - AJA, =625 NPR=2 N
0.5 | | | | | | | |
1 2 3 45 6 7 8 910

L/D
Fig-4: Base pressure variation with L/D

Fig. 4 presents the results for NPR = 2, fromthe figure it i

seen that up to /D 8, the control is not effective. However,
for LUD > 8, control results in decrease of base pressure. This
NPRis just sufficient for the choked flow conditions.
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T T T T T T 1 and the reattachment length seems to be around 40 per cent
1 without control —+——
with control ——>-—

fromthe leading edge of the duct.
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Fig-5: Base pressure variation with L/D 085 7 AyA;=625 D=2 NPR=15
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Fig. 5 shows base pressdee NPR = 2.5, it is found that the 0.8 0 02 04 06 08 |
control effectiveness is margi : : : ) v tested.
x/L
L1 1 't}|1 t| |t 1| LI Fig-7: Wall pressure distribution
without control —— _|
: with control ——>--
0.9
0.8 L1 | | T T
without control —+—
%"" 0.7 1.05 |~ with control —-=»-— 7
=9 0.6 1
02 [ = 095
0.4 - 5
03 b AJA =0625NPR=3 _ ¥ 0.9 |
0.2 I N I I A B | 0.85
1 2 3 45 6 7 8 9 10
L/D 08 — AzfA] =06.25, L/D:Z, NPR =2 —
Fig-6: Base pressure variation with L/D 0.75 . ' ' '

0 02 04 06 08 1
Fig. 6 presents base pressure results for NPR = 3. From the %/L
figure it is seen that right from L/D = 2 to 6, contresults in ) o
decrease of base pressure, and for FE8YVRlPressyrgdsgiuton o m 6 t o
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 UD = 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 /D = 2 and NPR £5, 2, 2.5. and 3 are
shown in Figs.7 to 10. FromFigs. 7 to 9 which presents the
wall pressure results fodPR = 1.5,2, and 2.5, it is seen that
the flow field in the duct with andithout control is identical.
However, at NPR = 3, wall pressure fieikl oscillatory and
control results in decrease of the wall pressure in the dact.
the end of the reattachment length, pressure recovery is fast
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Fig-9: Wall pressure distribution
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Fig-10: Wall pressure distribution
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Fig-11: Wall pressure distribution
Wall pressure distribution for L/D = 3, and NPRs in the range

1.5 to 3 are showmiFigs. 1 to 14. As discussed eatrlier
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similar results are seen in Figsl tb 13, the flow field with

and without control is identical with small oscillation till the
end of the reattachment length.

L1 I I I I
without control —+—
with control ——-»--

&ﬁ
-
A
0.7 AJA =625 L/D=3 NPR=2 |
0.6 l l ] 1
0 02 04 06 038 1
x/L
Fig-12: Wall pressure distribution
| | |
1.1 without control —+— —
with control ——-»——
=1
&
2
=¥

AyJA; =6.25,1/D =3 NPR=2.5

0.6 - -
] ] l ]

0 02 04 06 08 1
x/L
Fig-13: Wall pr essure distribution

Fig. 14 presents wall pressure results for /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 ddmam 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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1.1

PW/PLI

04
03 &

|
without control —+—
with control ——+-—

As/A;=06.25L/D=3,NPR=3

Wall pressure results for /D = 4 and NPRs 10525 are
shown in Figs. 8 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.

1.1
1.05

0.95

0.85
0.8

075 |-

0.7

Fig. 18 presents wall presre field for /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

0.2

0.4

0.6
x/L
Fig-14: Wall pressure distribution
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I | I
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with control ——=---
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0.6
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Fig-15: Wall pressure distribution

progressivly flow has become s mooth.
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Fig-16: Wall pressure distribution

| | I
— without control ——

with control ——-+—--

A)A; =625 L/D=4,NPR=25 —

0 02 04 06 08 1

x/L
Fig-17: Wall pressure distribution
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Fig-18: Wall pressure distribution
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Fig-19: Wall pressure distribution

P,/P,

Fig. 19 presents wall pressure field for /D = 5 and NPR =
1.5. From the figure it is seen thaith in the reattachment
length the flow remains oscillatory and whéme control is
activated there is marginal increase in the wall pressure.
Similar results are seen in Figs. 20 and 21 for LUD = 5 for
NPRs 2.0 and 2.5.

L1 T I T T

without control ——
with control ——=--

PW/PEI

0.7 aya,—625.UD=5NPR=2 ]

0.6 | | | |
0 02 04 06 038 1

x/L
Fig-20: Wall pressure distribution

Fig. 22 presents wall pressure results for /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 /D = 6 and
NPR = 1.5 is shown in Fig. 23. In this figure a peculier
behaviour is seen.he 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
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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.

1 E 1 T T ]
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0.4 | | | |
0 02 04 06 08 1

x/L
Fig-24: Wall pressure distribution

Figs. 24 and 25 present wall pressdor L/D = 6, and NPR 2
and 2.5 For NPR= 2 the control results in decrease in wall
pressure whereas, for NBR2.5 the control results in incase

of wall pressure.
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Fig-25: Wall pressure distribution
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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 ofhe wall pressure as well as the jet noise.
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Fig-27: Wall pressure distribution

Wall pressure results for /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 idecdl. 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 pressure. The wall pressure results for /D = 8 and
NPR = 3. Here also the controlin the form otmi jets results

in increase of wall pressure.
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From the results and dis@isns of the present experimental
investigation presented, the following conclusions can be
drawn.

I The base pressure is a strong function of L/D ratio, Nozzle 0]
Pressure Ratio (NPR), area ratio, reattachment length, the '
inertia available to the flow and tlvertex strength.

1 In view of the highest area ratior this casethe relief
available to the flow results in low value basesuctbn
for the same level expansiothe flow is deflected away
from the base region without affecting the base pressure.
Under these circumstances when the micro jets are
activatedthis resuts in decrease of base prassall the
NPRs tested, however, the magnitude of decrease in the
base pressure is maximumat NPR = 3.

I The wall pressure field is the same with and without
contrd, however, at lower NPRs the magnitude of wall
pressure is high and it decreasimearly 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. Thebservatims of previous researchers are
revisited during the present experimental studies. g

All the nondimensional base pressure presented in paper i Aurangabad, Maharashtra, India in 1998,

within an uncertainty band aof 2.6 per cent. Further, all the the M.E. degree in Mechanie@AD/CAM
results are repeatable within3 per cent. from SGGSCRT, Nanded, Maharashtra,

India in 2003.He has published many papers in conference,
national & international level anfbur papers in international
journals. His research interests are CAD, Optimization, Fluid
Dynamics, Gas Dynamics. Prof. Ashfaq is an ddate
Professor of Mechanical Engi n
MS, Pune, Maharashtra, India.
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