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ABSTRACT--- In this paper, a study on the effect of the
control on the wall pressure as well as the quality of the flow
when tiny jets were employed. The small jet aimed to regulate the
base pressure at the base region of the suddenly expanded duct
and wall pressure distribution is carried out experimentally. The
convergent-divergent (CD) nozzle with a suddenly expanded duct
was designed to observe the wall pressure distribution with and
without control using small jets. In order to obtain the results
with the effect of controlled four tiny jets of 1 mm diameter
located at a ninety-degree interval along a pitch circle diameter
(PCD) of 1.3 times the CD nozzle exit diameter in the base,
region was employed as active controls. The Mach numbers of
the rapidly expanded are 1.5. The jets were expanded quickly into
an axis-symmetry duct with an area ratio of 4.84. The length-todiameter (L/D) ratio of the rapid expansion duct was diverse from
10 to 1. There is no adverse effect due to the presence of the tiny
jets on the flow field as well as the quality of the flow in the duct.
Keywords— CD Nozzle, Micro jet, Wall Pressure, and Mach
number.

I.

INTRODUCTION

Sudden expansion is a widespread phenomenon that
occurs in many engineering problems. The pressure at the
blunt base of a projectile, the fuselage of the aircraft, base of
the shell fired from artillery, unguided rockets, and the
missiles. The pressure in the wake region will be subatmospheric which will result in negative base pressure
coefficient leading to a considerable amount of drag which
two-thirds of the total drag of the aerodynamic object. There
are two methods to regulate the flow in the wake region.
The first is the active control and the second one is the
passive control. In the case of passive regulations, we make
the geometrical change in the shape of the suddenly
expanded duct so that the flow field is modified and hence
results in an increase/decrease in the base pressure. The
application of the control mechanism also depends on the
requirements for a given situation/mission requirement. If
the mission requirement is to decrease the base pressure as
low as possible as in the case of the combustion chamber for
efficient combustion and the efficiency of the combustor.
However, in the case of external aerodynamics applications,
the requirement is to increase the base pressure almost equal
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to the ambient pressure, or in some cases, where we want to
increase the base pressure manifolds in some special cases
of external ballistics problems. For passive control, people
have tried to control the flow with ribs, boattail, cavities,
ventilated cavity, step body, splitter plate, and vortex
locking mechanism to enhance the base pressure. Vented
cavities were found to be very effective, without paying the
penalty in terms of increment in the mass of the weapon
system. In case of using the boattail at the rear of the base of
the shells, due to the decrease in the base diameter, there
will be a decrease in the base pressure as the base pressure
coefficient is multiplied by the ratio of the base diameter to
the maximum diameter square. But while using the boattail
one should always keep in mind that due to the boattail
angle should be small. If the boattail angle is more, then, in
this case, the large angle will lead to flow separation at the
base, which is not a desirable thing to happen. At the same
time if the boattail angle is minimal, then boattail length
becomes large which will result in addition skin friction
drag coefficient. Hence while using the passive control one
has to optimize the geometrical parameters. In the For
dynamic control, base-bleed as a control mechanism has
been very effective when the air is injected in the wake
region, and that results in raising the base suction at the
base. In the area of projectiles/rockets during high-speed
flows; the expanded flow has many applications in the
exterior ballistics. The convergent-divergent (CD) nozzle
flow in the base region of an expanded tube with a
cylindrical shape has low-pressure values. [1], [2], [3], [4].
During these circumstances in maximum cases, the base
pressure is lower than the atmospheric pressure. As a result,
the base drag is considerable. The shear layer when
approaches out of the CD nozzle and is reattached with the
duct and this point is referred to as reattachment point as
shown in figure 1[5]. The reattachment
When the flow is exposed on the suddenly expanded area,
which exists to the shear layer, the length to diameter ratio
(L/D) of suddenly expanded duct, the expansion level,
Nozzle pressure ratio (NPR) and Mach number all affect the
base pressure. The flow recirculation arises due to suction
created in the base region and because of the existence of a
dominant vortex in the base of the tube[6], [7]. Many of the
researchers have studied and solved this type of problem
using computational fluid dynamics (CFD) method [8], [9],
[2] and for supersonic flows over the wedge[10]. However,
the study has also been performed in a CD nozzle for
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suddenly expanded duct with the effect of Mach number,
L/D, area ratio and total thrust force of the duct.
II.

EXPERIMENTAL WORK

The experimental set is replicated to indicate that the
projectile base pressures are related to the upstream
boundary layer type, thickness, and the location of the
transition point.[11] The thickness of the boundary layer just
upstream of the corner determines the base pressure for
projectiles and slenderness ratio that is the L/D ratio[12].
The main structures of the suddenly expanded flow field are
shown in Fig. 1 showing the reattachment point, expansion
waves, and recirculation zone. Fig. 2 demonstrates the setup
used for the experiments in the present study as discussed in
Ref. [13]. The same concept is used to perform the
experimental investigation with the application of four tiny
jets at the base as shown in Figure 2. Figure 2 demonstrates
the setup used for the experiment in the present study which
is also discussed in [14].
The experiments were conducted at high-speed
aerodynamics laboratory with an open jet facility.
The wind tunnel tests were done with an experimental
model consisting of CD nozzles, pipelines, pressure
transducers, and the settling chamber. In order to expand the
gas through the nozzle and the duct, it is first allowed to go
through regulating valves. The flow leaving the duct is
exposed to air of ambient atmospheric pressure. Fig. 2
depicts the experimental setup with the nozzle and duct
where the flow expands. At the outlet boundary of the
nozzle, eight holes of 1mm diameter each are drilled [15],
[16]. Control of base pressure is achieved by injecting the
air through the control holes. Wall pressure tapes were
positioned along the duct to measure the wall pressure as
well as the quality of the flow in the duct[17]. The pressure
range is 0-300 psi of the transducer employed, and it has 16
channels. The sampling rate of the pressure transducer is
two hundred and fifty samples per second, and then the
reading is displayed on the monitor and recorded on the
monitor. The wall pressure was recorded using mercury
manometer.

Figure 1: Sudden Expansion Flow Field

Figure 3 A View of Suddenly Expanded Duct with
Pressure Tapings and setup location
III.

RESULTS AND DISCUSSION

The wall pressure results for area ratio 4.84 and Mach 1.5
are presented in Figs. 4, for all the L/Ds of the present tests.
The area ratio 4.84 is the case of slightly increased relief for
the expanding flow in comparison to the lower area ratios.
Since the location of the microjets as the control mechanism
was fixed hence due to the increase in the area ratio, the
microjets have further shifted away from the base and tend
to go near the main jet, and the microjets do not adversely
influence the wall pressure field [18].
Wall pressure results for Mach 1.5 are shown in Figs. 4. It
is seen from these results that, for L/D = 10 and M = 1.5 the
control influence is minimal (as in the case of Figs. 4 (a) and
it does not augment the wall pressure adversely. There is a
marginal change in the peak values of the wall pressure for
the higher NPR. The wall pressure results for L/D = 10
show that the NPR of the tests are such that the jets are over
expanded, correctly expanded, and under expanded. When
the jet are over expanded the initial wall pressure values are
quite high due to the presence of the oblique shock wave at
the exit of the nozzle. When the tested NPR is equal to the
one required for correct expansion then the flow field in the
duct possess minimal oscillation. When the jets are under
expanded in that case the pressure at the nozzle exit will be
more than the ambient atmospheric pressure. When the jet is
exiting from the nozzle, at the exit of the nozzle an
expansion fan will be sitting there through which the will
continue to expand till the pressure is reduced considerably
to become equal to the atmospheric pressure. When the
supersonic jet is exiting from the nozzle it will be get
divided in two main regions, one is the main jet and the
other is recirculation zone separated by the dividing
streamline. This separated flow will get attached again with
the duct wall. From this reattachment point again there will
be a shock wave as well as the the growth of the boundary
layer. Further, it is seen that for NPR 3, 5, and 7 the
fluctuations in the wall pressure are at the minimum level,
and they are limited within the 10 % distance from the exit
of the duct diameter. Whereas for all the NPR the static wall
pressure flow field by itself is oscillatory in nature due the
flow being over, under, and ideally expanded, and hence,
due to the small increase in the relief available to the flow,
the flow will not be oscillatory in nature as the shear layer
exiting from the nozzle gets increased area to expand and
the control effectiveness is only marginal [19].

Figure 2: Experimental Setup.
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Fig. 4 (b) presents the similar wall pressure results for
L/D = 8 as was observed in the previous figure with the
exception that the oscillations have reduced considerably as
compared to L/D = 10. Figs. 4 ((c) to (d)) represent the wall
pressure results for L/D = 6 and 5 with the exception that
due reduction in the L/D ratio there is some influence of
back pressure and the peak pressure values are higher than
that those were for higher L/D ratios namely at L/D = 5. It is
also seen that the maximum increase in the wall pressure is
twenty pressure more than the ambient atmospheric
pressure. The magnitude of the wall pressure is low at lower
NPR. With the increase in the NPR, the wall pressure also
attains higher values of the wall pressure. Moreover, also the
oscillatory nature of the wall has reduced considerably (L/D
= 10 and 8) respectively due to the increased area ratio and
hence the relief available to the flow at the exit of the
nozzle. It is also seen that the flow field once again has
smoothened in the duct and the wall pressure values with
and without control are the same. This trend continues till
L/D = 4, 3 and 2 (Figs. 4 ((e) to (g)), then later for lowest
L/D like L/D = 1, it is evident that this length is not enough
for the flow to remain attached with the duct.

(c)

(d)

(a)

(e)

(b)

(f)
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