International Journal of Recent Technology and Engineering (IJRTE)
ISSN: 2277-3878, Volume-8, Issue-2S3, July 2019

Effect of Area Ratio on Base Pressure and
Control Effectiveness
Fharukh Ahmed G. M., Sher Afghan Khan 

ABSTRACT--- Reducing the base drag and increasing the
base pressure from aerodynamic devices involving suddenly
expanded flows is of vital importance due to the higher rate of
drag associated with them. The experimental effort put into
understanding the variation in base pressure using active control
of suddenly expanded flows employing microjets is reported in
this article. The effect of tiny jets and nozzle pressure ratio
(NPR), and length to diameter (L/D) ratio on the percentage
change in base pressure is investigated at supersonic Mach
numbers at 1.7, 2.3, and 2.7, for area ratios of 2.56, 5.06, and
7.56. Apart from NPR, the L/D ratio has an influential role in
percentage change in base pressure at different Mach numbers.
An improvement of up to 360 % in base pressure is obtained with
the use of sonic micro jets at a particular Mach number and L/D
ratio.
Keywords—Active control, microjets, Mach number, expanded
flows, area ratio.

I.

INTRODUCTION

In the area of ballistics, researchers have always been
concerned about the issue related to external compressible
flow in which the sudden expansion around the tail of
projectiles and association of it with base pressure. In these
flow areas, the base drag is around 10 percent of the drag
caused by skin friction during the sub-sonic flow. Various
techniques exist to reduce this base drag such as base
burning, boattail, and base bleed. Moreover, the test data of
most ballistics presented over the years reveals that the
flight Mach number is an essential factor affecting base
pressure [1]–[3]. In an internal combustion engine, the
exhaust port has a similar flow condition where the jet of hot
exhaust gases flows out through the exhaust value. The flow
expansion is inward rather than outward in case of flow
around the base of a missile in flight or blunt edged
projectile, can be considered as another application of
suddenly expanded flows [2]–[5].
The phenomena of suddenly expanding flows are studied
by many researchers in this field due to its importance as
explained above. Passive control is used often to control the
base pressure whereas active control is rarely used.
Literature works pertinent to suddenly expanded flows are
reviewed as follows. Korst [6] studied the problem of base
pressure problem in the regime of transonic as well as
supersonic flow where the oncoming flow at the base was
sonic and also supersonic after the wake. Depending upon
the interaction among the adjacent free stream and the
dissipative shear flow considering the mass in the wake,

Korst devised a model (physical). Anderson and Williams
[7] studied the sudden
expansion of air by analyzing noise produced and base
pressure in a cylindrical duct. The base pressure obtained
was minimum due to the attached flow depending upon the
duct to area ratio of the nozzle. Bar-Haim and Weihs [2]
investigated the control of the boundary layer by reducing
drag in fully submerged bodies. By the suction from the
boundary layer, the pressure can be increased from the
axisymmetric bodies leading to control separation and
delaying transition.
Rathakrishnan and Sreekanth [8] analyzed flows with
sudden enlargement in a pipe. The analyses revealed that the
dimensionless base pressure strongly depends upon the ratio
of overall pressure, area ratio, expansion ratio, and the ratio
of length-to-diameter of the duct. It was shown in the study
that for a particular area ratio and the ratio of overall
pressure, an optimal ratio of length-to-diameter could be
found which could result in total pressure (maximum) at the
exit of the nozzle at the axis-symmetry line and minimum
base pressure near the sudden enlargement plane. The
reattachment and separation looked to strongly depend upon
the area ratio on the inlet to enlargement.
Quadros et al. [9] used the L9 orthogonal array for the
planning of experiments and found that the lower area ratios
are useful in control than the higher area ratios. Analysis of
variance and multiple linear regression analysis were
performed for the obtained experimental results. Fifteen
random test results were used for the prediction of accuracy
to test two linear regression models. Their analysis revealed
that the linear regression model is enough to predict the base
pressure accurately with and without control. Computational
fluid dynamics analysis were performed for further in-depth
analysis and validation was performed with the experimental
results. For Mach number 1.25 and nozzle diameter ratio of
1.6 experiments were performed for under-expanded and
correctly expanded cases by Khan et al. [10], [11], [12],
[21], [13]–[20]. Surprisingly, the flow filed became
oscillatory for a particular combination of NPR and L/D
ratio. They observed in the case of both controls and without
control. Several other relevant research works carried out
using active control include [17], [18], [22]–[29]. With this
motivation, this article reports the change in base pressure in
a sudden expanded converging-diverging nozzle flow with
Mach number of 1.7, 2.3, and 2.7, the area ratio of 2.56,
5.06, and 7.56. The use of active control in the improvement
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of base pressure is studied thoroughly, and hence an
understanding of the role of microjets is explored in this
work.
II.

EXPERIMENTAL PROCEDURE

Fig. 1 shows the essential features of sudden expansion
flow filed is illustrated showing the reattachment point,
expansion waves, and recirculation zone. The same concept
is used to perform the experimental investigation with the
application of four micro jets at the base as shown in Fig. 2.
The experimental facility available at High-Speed
Aerodynamics Laboratory (HSAL), IIT, Kanpur, is
employed for the analysis. The experimental setup is
schematically shown in Figure 2. The side view shown at
the right side of Fig. 2 shows the presence of eight holes
along the circular position outer to the nozzle exit. The holes
marked with ‘c’ are the microjets placed suitably for
blowing, and holes ‘m’ marked in the Figure are to measure
the base pressure (Pb). By blowing air, active control is
accomplished through the holes ‘c’ consuming the pressure
from a tube connected through the blowing chamber as
shown in Fig. 2. The blowing chamber uses the same
pressure from the settling chamber.
The static wall pressure was recorded to assess the nature
of the flow field in the duct (enlarged one). To accomplish
the measurement of static pressure in the downstream of the
duct the pressure taps were used. The measurement location
was selected at a distance of 8 mm each, holes of 1.5 mm
are made which are nine in number, and the remaining holes
are prepared at a distance of 10 mm. The Length to diameter
ratio (L/D) used in this study is varied from 10 to 1, and the
readings for each ratio is recorded. The experiment was
repeated for Mach numbers in the range from 1.7, 2.3, and
2.7. In literature usually, L/D ratio employed is 3 to 5 for
without control cases. With control, this ratio can be
different and are varied from 10 to 1.

Fig. 1. The sudden expansion flow field

For each value of each Mach number, and L/D ratio, with
and without control. The NPR was varied from 1 to 10 in a
step of 1 each, and the readings are noted for every single
time. PSI System 2000 is used as a pressure transducer to
record the change in base pressure variation. The pressure
range is 0-300 psi of the transducer employed, and it has
sixteen channels. The sampling rate of the pressure
transducer is two hundred fifty trials per second, and then
the reading is exhibited on the monitor and recorded. The
wall pressure was recorded using mercury manometer.
III.

RESULTS AND DISCUSSIONS

This section devoted for discussion of results obtained
from the experimental data, explains the effect of Mach
number, NPR, area ratio, and L/D ratio on variation in base
pressure in terms of %change. The L/D ratio which is the
ratio of the length of the duct where the nozzle flow expands
to the diameter of the duct. The area ratio is the ratio among
the area of duct and area of the nozzle exit.
In Fig. 3 the % change obtained in base pressure for Mach
1.7, 2.3, and 2.7 at L/D ratio at 10 with NPR increasing from 1
to 10 is shown. Figure 3-6 shows the % change plots for
Mach 1.7, 2.3, and 2.7 at L/D 10, 6, 4, and 2 respectively for
a constant area ratio of 2.56. The % change plotted is with
respect to base pressure having no control. At Mach 1.7 the
base pressure is increasing with a change in NPR. % change
of maximum 10 in base pressure is obtained at Mach 1.7 and
NPR 10. At the nozzle exit, the flow gets separated at attaches
itself with the duct wall at some distance from the exit similar
to backward facing step. The area from the nozzle exit and
reattachment forms a recirculation zone which contributes to
a reduction in base pressure increasing the base drag. In this
investigation, the orifice placed at the base of nozzle exit
actively inject air which affects this recirculation zone. The
NPR for correct expansion at Mach 1.7, 2.3, and 2.7 are 4.94,
12.5, and 23.3 respectively. At Mach 1.7, the flow undergoes
under expansion below NPR of 4.94 and correct expansion at
4.94 and above this it undergoes overexpansion. For Mach
2.3 and 2.7, the flow remains under expanded at all
NPR.The level of expansion (Pe/Pa) for Mach 1.7 and NPR
= 10 is 2.03. Similarly, the level of over-expansion at the
highest NPR for Mach numbers 2.3 and 2.7 is 0.8 and 0.43 (i.e.,
Pe/Pa = 0.8, and 0.43) respectively. From Fig. 3 to observe is
the change at Mach 1.7 with NPR from 1 to 10. At NPR 1 the
control effectiveness is slight and then at NPR 3 it reversed and
from NPR 4 to 10 continuous increase in % base is obtained.
As high as a 15% increase in base pressure is recorded with
active control. This increase has resulted from the jet placed at
the dead zone where recirculation occurs leading to high base
drag. The active control reduces this base drag by increasing
the base pressure with an increase in NPR as the adverse
pressure gradient keeps reducing and the expansion level
increases. As the adverse gradient pressure completely
vanishes, the control effectiveness increases. Coming to Mach
2.3, the base pressure reverses at NPR 5 and gains support from
the control jets and nearly equals the amount of % increase at
NPR = 10.

Fig. 2. Experimental setup for active control
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At Mach 2.7, the control effectiveness has increased base
pressure at all NPR. No adverse effect at Mach 2.7 for
different NPR from 1 to 10 is seen. The maximum
improvement in base pressure at highest NPR remained
lower at Mach 2.7 then at Mach 1.7 and 2.3. At NPR 6 and
Mach 2.7, the control has a lesser effect, and the base
pressure is reduced but not has a negative impact at any
NPR which is found in 1.7 and 2.3 Mach number. This
concludes that at higher Mach numbers and NPR greater
than 5, the control is more effective in increasing the base
pressure. The control breaks the recirculating zone
increasing the base pressure suddenly to higher and higher
values with increase in NPR values as shown in Fig. 3.

Fig. 4-6 represent the change in base pressure at different
L/D ratio and NPR from 1 to 10. In Fig. 4 nature is nearly
similar to the % change obtained in Fig. 3. With L/D 6, the
dip in the base is obtained at NPR 3, 5, and 6 and remaining
trend being same. To notice is the, a higher amount of
increase in the base pressure at L/D 6 than at L/D 10. NPR 7
gives around 20% increase in base pressure than at other
NPR. Similar results are seen in Fig. 5 shows a 160%
increase in base pressure at NPR = 7 and Mach 2.7. The
different behavior of change in the base is obtained at L/D =
2 at all NPRs. Almost at all NPR and Mach 1.7 and 2.the 3,
the trend remains flat showing no effectiveness of ca control
at L/D = 4. Fig. 6 shows the enhancement with L/D=2 and
area ratio of 2.56. As high as a 360% increase in
dimensionless base pressure has resulted at NPR 6 and
Mach 2.3. And at L/D = 2 and NPR = 10 for Mach 2.7, the
base pressure has dropped to -50% showing the negative
impact of control on the pressure at the recirculation zone.

Fig. 3. Effect of NPR on base pressure at L/D = 10

Fig. 6. Effect of NPR on base pressure at L/D = 2

Fig. 4. Effect of NPR on base pressure at L/D = 6

Fig. 7. Effect of NPR on base pressure at L/D = 10
The physics behind this reveals that the reattachment zone
being farther at Mach 2.7 the dead zone is entirely
independent of this smaller L/D ratio. The reattachment
point is not obtained, and hence recirculation is not possible.
With this, the control further disturbs the field and hence
leads to a negative impact. Similar negative impacts at lower
L/D ratio can be noticed ahead in Fig. 10 and Fig. 14. In this
Fig. 5. Effect of NPR on base pressure at L/D = 4
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part, the effect of L/D and NPR is highlighted. But after this
the effect of area ratio, i.e., the ratio of duct cross-section
area and nozzle exit area is studied. At Mach 1.7 no effect of
NPR from 1 to 10 at L/D = 2 is due to the reduced length
compared to its diameter.
In Fig. 7-10, the base pressure affected by the control at
different NPR's, L/D ratio and area ratio of 5.06 (fixed) is
shown. In Fig. 7 at NPR 1 to 7 the base pressure is unvaried
by the control effectiveness, and for remaining NPR, the
Mach number has a different effect. Mach 1.7 at this higher
area ratio has a positive role combined with active control in
increasing base pressure up to 10%.

At Mach 2.3 and 2.7, the control has reversed the impact
on base pressure due to increases in reattachment length
with higher Mach number. For Mach 1.7 at L/D = 6, the
values are nearly the same. For Mach 2.3 the reversed effect
is avoided with a reduction in length of the duct. The effect
on Mach 2.7 seems to be not much altered for all NPR
range. In Fig. 9 the effect on base pressure is very close to
the effect obtained in Fig. 7. Mach 1.7 provides positive
results while Mach 2.3 and 2.7 give negative base pressure
implying the reversed effect of control on base pressure.

Fig. 11. Effect of NPR on base pressure at L/D = 10

Fig. 8. Effect of NPR on base pressure at L/D = 6

Fig. 12. Effect of NPR on base pressure at L/D = 6

Fig. 9. Effect of NPR on base pressure at L/D = 4

Fig. 13. Effect of NPR on base pressure at L/D = 4

Fig. 10. Effect of NPR on base pressure at L/D = 2
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c) 2.7
Fig. 15. Wall pressure for Mach 1.7, 2.3, and 2.7 at L/D = 6

Fig. 14. Effect of NPR on base pressure at L/D = 2

The %change with an increase in NPR is shown in Fig. 10
at L/D = 2 for Mach 1.7, 2.3, and 2.7 and area ratio of 5.06.
At L/D = 2 the variations in base pressure are very
prominent at all NPRs. The prominent feature associated
with the lower length of the duct is the dissociation of fluid
from the duct wall. If no attachment is established, it leads
to no circulation of the fluid in the dead zone at the base of
the nozzle exit.
This impacts severely the base pressure as well as the role
of the tiny jets in reducing the base drag. The change in base
pressure at L/D = 10, 6, 4, and 2 at the area of 7.56 and
Mach 1.7, 2.3, and 2.7 is shown in Fig. 11-14 respectively.
The changes are familiar with preceding results, and only at
lower L/D value, the active effect is noticeable.

a) 1.7

The distribution of static wall pressure for Mach 1.7, 2.2,
and last 2.7 are shown in the below Fig. 15 considering
fixed L/D = 6 for different NPR. The pressure field seems to
behave identically with control and no control. Hence the
wall pressure does not get influenced adversely leading
further to oscillate violently due to active control. Whenever
we employ the control using either active or passive control
in increasing the base pressure; the primary issue associated
with control of base flow related to wall pressure in
supplementing the oscillatory nature is completely evaded.
IV.

CONCLUSION

In this article, the role of active control using jets of 1
diameter is analyzed on the occasion of suddenly expanded
flows. The analysis is reported in the form of the amount of
change in base pressure at the nozzle exit. The %change
obtained in base pressure for Mach 1.7, 2.3, and 2.7
belonging to the supersonic flow are studied. The length of
the duct where the flow expands is varied from 10, 6, 4, and
2. The area ratio of duct and nozzle exit is chosen as 2.56,
5.06, and 7.56. The results show that at higher Mach
numbers and NPR greater than 5, the control is more
effective in increasing the base pressure at 2.56 of area ratio
and L/D=10. The area ratio of 5.06 and 7.56 are found to be
less suitable with active control as most of the times the
pressure remains unaltered. The wall pressure distribution,
however, suggests that with the employment of active
control the flow filed remains unaltered.
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