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Effects of Micro jets on the Flow Field of the
Duct with Sudden Expansion

Mohammad Nishat Akhtar, EImi Abu Bakar, Abdul Aabid, Sher Afghan Khan

Abstract— This paper presents the results of an experimental
investigation to study the effectiveness of the control jets to
control base pressure in rapidly expanded circular tubes. Four
tiny jets of 1 mm orifice diameter located at ninety degrees
interval in cross shape along a pitch circle diameter of 1.3. The
Mach number, the L/D ratio, and the area ratio of the study were
2.8, from 1 to 10, and 4.84, respectively. The nature of the flow
field, the development of the flow in the duct, as well as the static
wall pressure distribution in the duct was measured and
discussed. The results indicate that the tiny jets can be used as an
active dynamic controller for the base pressure. The wall
pressure distribution is not adversely influenced by the small jets.
From the present investigation, it is evident that for a given Mach
number and nozzle pressure ratio one can identify the minimum
duct L/D needed for the flow remained attached with the wall of
the duct. The trend for the duct length L = 5D seems to show
different results, due to the influence of back pressure and the
peak pressure values are also less than that those were for higher
L/D ratios, especially in respect of L/D = 5. Further, the flow
field has smoothened in the duct, and wall pressure values with
and without micro jets are identical. This trend continues until
L/D = 4, then later for lower L/Ds like L/D = 3, the flow seems to
be attached at higher NPRs. But for lower NPRs the flow is not
attached.
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INTRODUCTION

The flow over a rounded base experiences a sudden
increase in the area at the base corner as the turbulent
boundary layer separates at the exit of the nozzle and forms
a free shear layer. Later in the downstream, this shear layer
undergoes compression, recompression, and expansion in
the wake region of the duct, later it is turned outward along
the geometrical axis of the body. The shear layer entrains
the fluid from the central jet region in this process. The
study with the internal flow has many distinct advantages
over the study done with an external flow. The enormous
volume of air supply which needed to conduct the wind
tunnel tests. As it is essential to simulate the flow in a wind
tunnel with test-section large enough so that the boundary
layer and the wall interference of the test section do not
influence and disturbs the flow over the model. These
measured values are valuable, especially in the case if one
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wants to compare the tests and theoretical prediction
adequately, a view of the sudden expansion flow field is
shown in figure 1.

An experimental study was conducted for the
effectiveness of microjets to control base pressure in the
suddenly expanded duct at Mach numbers 2.8 for area 4.84.
The micro jets employed in the wake region act as a
dynamic controller to control the base pressure; the results
revealed that the wall pressure flow field in the duct is not
affected by the dynamic control. It is also observed that the
duct length, which varies from 10 to 1 results in maximum
increase and decrease of base pressure for a selected
geometrical and the inertia parameters [1]-[14].

The influence of the micro jets as a dynamic control
mechanism was investigated experimentally by doing the
experiments through the CD nozzle with sudden expansion.
The significant parameters considered to conduct the tests
are Mach number, area ratio, L/D, and the level of
expansion. Optimization techniques were used before
conducting the experiments for various flow and geometric
parameters. The design of experiments method has been
used with different analysis techniques like analysis of
variance (ANOVA), multiple linear regression analysis,
response surface method, and other techniques. The Taguchi
and full experimental design will help to the analysis, the
accuracy of the results as a dynamic control in the form of
micro jets. The control effectiveness was at its best for a
given Mach number and the area ratio to control the base
pressure in the duct [15]-[18]. Furthermore, the
experimental investigation also found in terms of active and
passive control of baseflow using cylinders [19]-[23].

Computational fluid dynamics (CFD) method has gain
popularity due to its simplicity in solving the fluid flow
problems with an intended output. Therefore, with the above
review, indicates that the CFD technique to analyze the
effectiveness of the control mechanism using micro jets as a
dynamic controller to control the CD nozzle flow with a
suddenly expanded duct. The numerical simulations were
done to obtain the results; with the finite element method.
The design and modeling of the nozzle with an enlarged
duct had been modeled using ANSYS commercial code
[24]. For the CFD analysis; K-¢ standard wall function
turbulence model was used [25]-[37].

PROBLEM DEFINITION

The experimental setup has been made to conduct the
experiments and simulate the flow field at the base of the
blunt base that exists at the base of a missile. This low
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pressure at the blunt base is strongly related to the type of
the boundary layer at the upstream of the flow, the boundary
layer thickness, and the location of the transition point. A
view of the suddenly expanded flow field is shown in figure
1.
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Figure 1: A view of Flow Field with Sudden Expansion

EXPERIMENTAL SETUP

Figure 2 demonstrates the setup used for the experiments
in the present study, as discussed in Ref. [9]. 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
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 till it attains the
atmospheric pressure value. Figure 3 shows the duct and
setup location.
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Figure 2: Experimental Setup [9]
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Figure 3. Photograph (a) Duct with pressure tabs and (b)
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 2.8.

The wall pressure results for area ratio 4.84 are presented
in Figs. 4, for Mach number 2.8, all the NPRs, and the L/Ds
in the range from 3 to 11, and from 10 to 1 of the present
study. The area ratio 4.84 is the case of slightly increased
relief for the expanding flow. 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.

Figs. 4 presents the results for Mach 2.8. From the results,
it is found that the results at Mach 2.8 are different as
compared to the previous results for lower Mach numbers as
the jets remained over expanded throughout for the entire
range of the NPR's tested. Due to the very high level of
over-expansion, the starting values of wall pressure are very
close to the atmospheric pressure for all the L/Ds for Lower
NPR's namely 3 and 5, and it gets extended for the higher
NPR with the reduction of the duct length. Due to the over
expanded jets, the non-dimensional wall pressure ratios
remained 20 % less than ambient pressure whereas, this
ratio was 1.2 at the lower Mach numbers for the similar
range of L/Ds. Under these circumstances, when the jets are
exiting from the nozzle into the suddenly expanded duct, the
wall pressure recovery takes place smoothly without any
fluctuations in their values. As the jets are already over-
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expanded and they have attained higher wall pressure values
at the exit of the nozzle, hence the peak values are less
predominant than the ambient pressure as the significant
wall pressure recovery has taken at the initial stage itself
while exiting from the nozzle. Therefore, further
enhancement in the wall pressure is not observed. At L/D =
10, the control does not alter the wall pressure for all the
NPRs, and the dynamic control effectiveness is marginal.
The trend which was seen at NPR 3 at lower Mach numbers
this trend continues at Mach 2.8 for NPR from 3 to 11 (Figs.
4 (a)).

Fig. 4 (b) presents the wall pressure results for L/D = 8 as
it is observed in the figure with the exception that the wall
pressure fluctuation has increased considerably and
remained within 20 % of the duct length. For the largest
NPRs, namely 9 and 11, the flow oscillations have increased
considerably due to the decrease in the duct length and the
influence of the backpressure. Figs. 4 ((c) to (d)) represent
the wall pressure results for L/D = 6 and 5 with the
difference that due to the reduction in the L/D ratio there are
no oscillations in the wall pressure for duct length L = 5D.
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However, for L/D = 8, the oscillations still persist as the
duct length 8D and 6D show similar results, as for these
lengths, the influence of the backpressure remains the same.
The trend for the duct length L = 5D seems to show
different results. These are due to the influence of
backpressure and the peak pressure values are also less than
that those were for higher L/D ratios namely (L/D = 10 and
8) especially in respect of L/D = 5. Further, the flow field
has smoothened in the duct, and wall pressure values with
and without microjets are identical. This trend continues
until L/D = 4 (Figs. 4 ((e), then later for lower L/Ds like L/D
= 3, the flow seems to be attached at higher NPRs. But for
lower NPRs the flow is not attached. Hence, for the duct
length, the flow is not at all attached with the duct wall
when the duct length is in the range from 2 tol. It is evident
that these lengths are not sufficient for the flow to remain
attached with the duct wall, and hence, it may be ignored.
Hence, if we are interested in the wall pressure results where
the flow remained attached with the duct wall, then the duct
length L = 4D is the length to be considered.
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Figure 4. Flow development in the enlarged duct

CONCLUSIONS
From the above discussions on the results, we can draw

the following conclusions:

o The control of the base in the re-circulation zone of
the base corner and the flow field in the duct by
micro jets has been discussed in detail.

e The microjets are found to be effective at this Mach
number and area ratio 4.84.

e The use of microjets as a dynamic control results in
the decrement of suction at the base region and this
decrease of associated drag at these combinations
of parameters, resulting in an eighty-three percent
increase in the base pressure.

o For the largest NPRs, namely 9 and 11, the flow
oscillations have increased considerably due to the
decrease in the duct length and the influence of the
backpressure.

e The trend for the duct length L = 5D seems to show
different results.

e These are due to the influence of backpressure and
the peak pressure values are also less than that
those were for higher L/D ratios namely (L/D = 10
and 8) especially in respect of L/D = 5.

o Further, the flow field has smoothened in the duct,
and wall pressure values with and without micro
jets are identical.
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e This trend continues until L/D = 4, then later for
lower L/Ds like L/D = 3, the flow seems to be
attached at higher NPRs (i.e., 9 and 11). But for
lower NPRs the flow is not attached.

e The active dynamic control does not adversely
affect the duct wall pressure distribution

e Hence, if we are interested in the wall pressure
results where the flow remained attached with the
duct wall, then the duct length L = 4D is the length
to be considered.
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