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Control of CD Nozzle Flow using Microjets at
Mach 2.1
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Abstract— This paper reports the outcome of the wind tunnel
investigation performed to study the effectiveness of the control
jets to regulate the base pressure in an abruptly expanded
circular pipe. Tiny jets four in a number, of 1 mm orifice
diameter located at ninety degrees in cross shape along a pitch
circle diameter (PCD) of 1.3 as a control mechanism were
employed. The Mach numbers and the area ratio of the study
were 2.1, and 4.84. The length-to-diameter (L/D) ratio of the duct
tested was varied from 10 to 1. Nature of the flow in the duct, as
well as static wall pressure distribution in the suddenly enlarged
duct, was recorded. The main aim of this study was to assess the
influence of the active control in the form of tiny jets on the flow
field as well as the nature of the flow, and also the development
of the flow in the duct. The results obtained in this study show
that the flow field, as well as the wall pressure distribution, is not
adversely influenced by the tiny jets. The minimum duct length
seems to be 2D for NPR's in the range five and above. However,
for all the level of expansion of the present study, the minimum
duct length needed for the flow to remain attached seems to be
3D.

Keywords — Nozzle, Area ratio, Nozzle pressure ratio,
Microjet, Flow Control.

INTRODUCTION

The nozzle is a vital component during the design and
development stage of an aerospace vehicle or missile. At
supersonic speeds, the nozzle which is a flow accelerating
device gains utmost importance if the care has not been
taken at the design stage it may not be possible to achieve
the required objectives for a specific mission. For instance,
if the flow is not choked at the throat of the convergent-
divergent nozzle, then in the diverging part of the nozzle
will not accelerate instead, it will decelerate. A nozzle which
is a flow accelerating device will behave like a diffuser. The
rocket and missile which are designed for a specific range
will not achieve and will result in mission failure. The
projectile which is fired from a gun does not contain any
momentum on its own instead it gets all the momentum
being inside the barrel.

The outline/shape of the nozzle is significant for a nozzle
arrangement for achieving the high-speed for aerospace
vehicles. During the powered phase during the course of
flight for the entire duration of the jet on condition will limit
the base drag. Since jet will dominate base flow in a jet on
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the condition and low base pressure, which is significant
during jet off conditions becomes insignificant.
Implementation depends on the arrangement of the
diverging portion of the nozzle, which assurances that the
hot gases flowing in the opposite direction, are free from
any misalignment of jet axis with geometric axis of the
missiles.

In Ref. [1] it is found that the tiny jets can serve as active
controllers for regulating the base pressure at the blunt base
of the body, and the wall pressure distribution is not
unfavorably affected by the micro-jets. From Ref. [2] it was
illustrated that the results of the present dynamic control
arrangement in the form of blowing through tiny jets are
effective in controlling the pressure at the base region of the
duct. A ninety-five percent increase in the base pressure was
achieved for certain combinations of the parameters.

In Ref. [3] shows the microjets acts as active controllers
for base pressure. From the results, they explained that for a
given level of inertia and NPR facilitates us to identify the
duct L/D and the area ratio which results in a maximum
increase or decrease of the base pressure for abruptly
expanded duct. Many studies have been found who used the
CD nozzle with a suddenly expanded duct to evaluate the
performance and the effectiveness of the tiny jets to regulate
the base pressure at the blunt base of the duct. Also, they
investigated the wall pressure distribution and base pressure
[4]-[7]. The experimental study was used to control the base
pressure with the sudden expansion of an axisymmetric
channel [8].

Numerical simulations and investigation were done on
moderating exhaust thrust in a CD nozzle by secondary
fluidic injection [9]. The formation and dissemination of the
noise were recorded using a compressible CFD method in
combination with suitable acoustic boundary conditions
[10], [11]. Numerical work was carried out to study the
effectiveness of micro-jets to control base pressure in
suddenly expanded two-dimensional planar duct [12]-[16]
and axisymmetric duct [17]-[24]. Moreover, the CFD
technique also used to solve supersonic flows through a
wedge [25], [26] and non-circular cylinder [27].

Based on the above review the objective of this study is to
investigate the effect of the control mechanism on the flow
development in the duct as well as the wall pressure
distribution for flow through the CD nozzle followed by an
enlarged duct. The Mach number considered in this study is
2.1. The area ratio 4.84, L/D varied from 10 to 1, and NPR
is 3, 5, 7, 9, and 11, which covers all the three types of the
nozzle flows.

Published By:
Blue Eyes Intelligence Engineering
& Sciences Publication



CONTROL OF CD NOZZLE FLOW USING MICROJETS AT MACH 2.1

PROBLEM DEFINITION

Experimental set up has been made to work that projectile
base pressures are related to the upstream boundary layer
type, thickness, and the location of the transition point. The
thickness of the boundary layer just upstream of the corner
determines the base pressure for projectiles and a parameter
that was the slenderness ratio that is L/D of projectile
divided by the Reynolds number based on length to the one-
fifth power for turbulent boundary layers to correlate this
result. The main features of the suddenly expanded flow
field are illustrated in figure 1.
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Figure 1:A view of the Flow Field with Sudden
Expansion

EXPERIMENTAL SETUP

Figure 2 demonstrates the setup used for the experiments
in the present study, as discussed in Ref. [1]. The
experimental setup used during the wind tunnel tests
comprises of the primary storage tank of air, where the air
stored at fifteen bar from an air-cooled air compressor of 25
HP. The air from the atmosphere was passed through the
heater and drier to remove the moisture content of the air
and then later the air is passed through the filter to separate
the contaminations present as impurities are removed. The
air from the storage tank was passed through the mixing
length, gate valve, and the regulatory pressure valve. Now
the air is passed through the piping network into the settling
chamber where the air is passed through the wire mesh to
eliminate the flow angularity. After all these processes the
flow is passed through the nozzle and exhausted into a
suddenly expanded duct where all the measurements were
done with and without control. For measuring the base
pressure as well as the wall pressures of the initial ten taps,
the pressure transducer was used, which can measure the
pressure in the range from 0 to 15 bar. Takes two-hundred
and fifty samples per second and display the average reading
of the base pressure as well as the wall pressure on the
monitor of the integrated desktop PC. In view of the high
sampling rate, it ensures that we do not miss any
information about the flow. For the measurements of the
wall pressure for the remaining points, the multi-tube
manometer was used. At the base of the nozzle, eight holes
were made out of which four are the control, and the rest
were for the measurements. For the initial ten pressure
tapings, the distance with then was 5 mm, but after the wall
tapings no 10, the distance between them was kept as 10
mm. It is well known that the significant flow interactions
will take place for the initial 2 to 3D. Normally the shear
layer which separates at the exit of the nozzle will get
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reattached with the duct wall at a distance around 3D. Then
from this point of the reattachment, the boundary layer will
grow, and the flow recovery will take place, and a smooth
increase in the wall pressure is expected until it attains the
atmospheric pressure value. Figure 3 shows the duct and
location of setup.
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Figure 2: Experimental Setup [1]

(a) (b)
Figure 3. A view of the complete setup (a) Duct with
pressure tabs and (b) Open Wind-tunnel setup

RESULTS AND DISCUSSION

The measured values of the base pressure, as well as the
wall pressure, were non-dimensionalized by dividing them
with the ambient atmospheric pressure. The wall results for
area ratio 4.84 are plotted with respect to the duct length for
all the expansion level (i.e., NPR) and non-dimensional duct
length are presented in Figs. 4, for Mach number 2.1. The
area ratio 4.84 is the case of slightly increased relief for the
expanding flow when we compare then with the lower area
ratios, namely 2.56, and 3.24. Since the location of the
microjets (i.e., the PCD) 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.

Fig. 4 presents the results for Mach 2.1. From the results,
it is seen that the results for this Mach numbers behave
differently as the jets remained mostly over expanded. This
trend seems to be due to the higher level of over-expansion
at these NPRs. Under these circumstances, when the shear
layer in the form of jets are exiting from the nozzle into the
enlarged duct, the flow passes through the oblique shock
waves resulting in increase of the pressure behind the shock
waves and the wall pressure values are marginally varying
as the jets are already over-expanded, and they have attained
higher values of the wall pressure. This happens at lower
NPRs from 3 to 7. However, when we observe the results
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are seen for the NPRs very closed to the perfect expansion
or under expansion in the presence of the favorable pressure
gradient. Within the initial duct length of twenty percent,
there is a sudden jump in the wall pressure, which is twenty
percent more than the ambient pressure. At L/D = 10 and M
= 2.1, the control results in a marginal increase of the wall
pressure for most of the NPRs at higher NPRs, and the
control effectiveness is only marginal. The trend which was
seen at NPR 3 at lower Mach numbers this trend continues
at Mach 2.1 for NPR from 3 to 7, as discussed above (Figs.
4 (a)).

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 wall pressure magnitude has increased
considerably because of reduced duct length and flow has
become smooth. The reason for this trend is that the reduced
duct length will influence the flow field in the duct. The
magnitude of the wall pressure is further decreased at lower
NPRs. Also, it is seen that the oscillations are further
reduced due to the influence of the backpressure.
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Figs. 4 ((c) to (d)) represent the wall pressure results for
L/D = 6 and 5 with the exception that due the reduction in
the duct length there is further reduction in oscillations in
the wall pressure flow field due to the influence of the
backpressure and the peak pressure values are far less than
that those were present at higher L/D ratios namely (L/D =
10 and 8 (Figs. 4 ((a) to (b))). The oscillations in the wall
pressure are noticed only for NPR's 9 and 11 which are very
closed to cases when the jets are ideally expanded. It is also
seen that the flow field has become more smooth in the duct
and wall pressure values with and without control are
identical in the case of L/D = 5. This trend continues until
L/D = 4, and 3 (Figs. 4 ((e) to (f)), then later for lower L/D’s
like L/D =2 and 1 (Figs. 4 ((g) to (h)), it is evident that L/D
=1 length is not sufficient for the flow to remain attached
with the duct wall and the results for these L/D’s may be
ignored and should not be taken into account. Even at L/D =
2, the flow is attached conditionally with the wall is for NPR
greater than 7. For remaining NPRs, the flow is detached
with the duct. Safely we can say that the flow remains
attached for all the NPRs for the present study at L/D = 3.
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Figure 4. Development of the Flow in the Duct

CONCLUSIONS

Based on the above results and discussion, we can
draw the following conclusions:

One of the significant problem encounter while
using the control the flow field get disturbed, and it
is mandatory on the part of the researcher to ensure
that the flow field in the duct is not adversely
influenced.

From the results, it is being demonstrated; it is
possible to control the base pressure as well as the
wall pressure flow field without introducing any
oscillations to the flow field.

At L/D = 10 and M = 2.1, the control results in a
marginal increase of the wall pressure for most of
the NPRs. At higher NPRs, the control
effectiveness is only marginal.

With the reduction in the duct length, the flow
oscillations in the wall-flow field are diminishing.

It is evident from the results that L/D =1 length is
not sufficient for the flow to remain attached with
the duct wall and the results for these L/D’s may be
ignored and should not be taken into account.

Even at L/D = 2, the flow is attached conditionally
with the wall, and it is for NPR greater than 7. For
remaining NPRs, the flow is detached with the
duct.
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o Safely we can say that the flow remains attached
for all the NPRs for the present study when the duct
length is L/D = 3.
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