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Abstract: This paper presents the results of an experimental investigation conducted at supersonic Mach number of
1.25 through a converging–diverging nozzle for diameter-ratio of 1.6. The experiments were conducted at different
level of expansion viz. for correctly expanded and under expanded cases and, for length-to-diameter ratio of 10 to 1.
From the results it is found that the flow remains attached with the suddenly expanded duct even for L/D = 1 for
both with and without control cases. For some combination of the NPR and L/D ratio the flow field in the duct
becomes oscillatory which; indicates that the flow in the duct is dominated by the waves however, it remained same
even when the control in the form of micro jets are activated. Hence, the control does influence the flow in the duct
wall. It is also seen that when the jets are under expanded the control becomes effective; however, with further
increase in the level of under expansion they do not give the desired result. Hence, there seems to be a limiting value
of level of expansion which will give desired result and at Mach 1.25, this value is Pe/Pa = 1.5.
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1. Introduction
demand for higher performance in rocket nozzles
promotes the development of nozzles with higher
performance and hence large area ratio, where the
problem of flow separation and wall pressure effects
come into action. Flow separation can be mitigated
using both active and passive methods. Passive
methods include increasing the nozzle length, or use
of splitter plates or ribs. However passive methods
are useful only up to a limited range of conditions
and add undesirable effects after that range. Active
control methods are another grade of explication to
control the base drag. It includes use of micro jets, or
actuator controlled algorithms to control the
phenomenon of flow separation. And also, active
methods are effective over a large range of operating
conditions. Determination of wall pressure changes
and area ratio changes in a nozzle flow have been
used to analyse the flow structure and shock wave
formation that contributes to the factor of base
pressure change of the flow field.
The interaction of pressure distribution in the
expansion corner with the boundary layer and
thickness of upstream flow was studied by Wick
(Wick, 2012). Boundary layer is a cause of fluid for
the corner flow and it was found that air expands
abruptly after passing through a convergent nozzle.
The under expanded gas jets from the blunt bodies
was seen to produce a shock structure by applying
numerical studies by Menon and Skews (Menon and
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the demand to acquire the advanced
launchers, rockets and scramjets to meet the future
economic requirements, the design aspects have to
be researched further. In the development of
advanced future nozzle designs for propulsion
systems, the performance increases along with the
reduction of cost, which is of course the most
encouraging issue. Therefore, in base flow
aerodynamics, a lot of concentration is being given to
the base flow of the aerodynamic vehicles. The scope
ranges from the nozzle design, flow field
interactions,
shock
wave-boundary
layer
interactions, base drag and advanced concepts for
these investigations. For example, in Europe, high
area ratio concept is gaining strength for future
engines, therefore is investigated to par with the
requirements. The performance is highly dependent
on the aerodynamic design of the expansion nozzle,
the main parameters being the area ratio and length
to diameter ratio. The literature supports the
dependence of the parameters to control the base
drag of the flow. As the separation phenomenon is
dominant at higher Mach numbers, different kinds of
dynamic loads and phenomenon occur when the
flow is separation. One such phenomenon is wall
pressure effect on the flow analysis, which in turn
affects the performance of the flow. The increasing
*

Corresponding Author.

1

Khan et al/ Jourrnal of Scientific RResearch and Devvelopment, 3 (5) 2016, Pages: 1‐66

Skews, 2005
5). This shocck structure was
w affected
d by
the corners of the nozzzle and barrrel shocks w
were
n the nozzlee exit by changing nozzzle
observed in
orientation. Also Muller examined the
e effect of iniitial
on on the basse pressure of
o nozzle (Halll et
flow directio
al., 1970). T
The effect off base cavitiies on the b
base
pressure at various anggles was stud
died by Tan ner
988). He fo
ound an inccrease in b
base
(Tanner, 19
pressure by applying cav
vities, and hen
nce reduction
n in
mental investiigation to stu
udy
base drags. The experim
of micro jets under the in
nfluence of ovver,
the effects o
under and correct expan
nsion to contrrol the base d
drag
hakrishnan (Rathakrishn
nan,
was studieed by Rath
1999). The result was very effective in termss of
drag
percentage, as micro jeets reduced the base d
d
IIt is
without affeecting the waall pressure distribution.
found that m
many techniq
ques can be ussed to reducee or
even suppreess the flow separation.
s
Th
hese techniq ues
include pufffing or imbiibition of air flow throu
ugh
channels (W
Wassen and Thiele,
T
2007
7; Muminovicc et
al., 2008; Leehugeur et al., 2010) or holes
h
(Favierr et
al., 2007; Rouméas et al., 200
08), sequen
ntial
nt of pulsed jets, actuators (Boucinhaa et
arrangemen
al., 2008; Giilliéron and Kourta,
K
2008; Leclerc, 20 08)
and others. All of these techniques come
c
with p
pros
y puffing or suction
s
throu
ugh
and cons, as the steady
mal to free sttream flow an
nd located cl ose
orifices norm
down streaam of the separation line has beeen
revealed to be effective in reattachin
ng the flow, but
ply of mass fllow
such devicess need a continuous supp
which is diffficult to attaain. In the ca
ase of chann
nels,
the mass flo
ow rate has beeen shown to
o be very high
h in

der to affectt the requisitte control. On
O the otherr
ord
hand, range off steady micrro jets has proven
p
much
h
mparison to ssingle set arrrangement in
n
effficient in com
terrms of the flow
f
rate neeeded, while
e being very
y
efffective in controlling
c
sseparation. The reason
n
behind this ph
henomenon is high rattio channels..
ay their rolee as three dimensionall
Micro jets pla
arrrangements which prroduce diffferent flow
w
strructure and offer
o
many aadvantages in
n reattachingg
thee flow. Also, micro jets haave been use
ed to controll
thee flow separration in connventional fie
elds such ass
backward facing ramp (K
Kumar and Alvi, 2006;;
oreau, 2007)), and for tw
wo-dimension
nal aerofoilss
Mo
(Faavier et al., 2007;
2
Kumarr and Alvi, 20
009; Kreth ett
al.,, 2010).
2. Experimental setup
The investig
gation was peerformed witth a full scalee
exp
perimental model
m
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nes, pressuree
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nd the settlinng chamber. In order to
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Fig. 1 : Experimenta
al setup

3. Results and discussion
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Mach number 1.25 studied with area ratio of 2.56 as
shown in Fig. 3 ((a) to (r)). In Fig. 3 ((a) to (b)) the
results are for L/D = 1 and NPR = 7 and 9. Since the
flow is highly under expanded, when micro jets are
employed there is marginal increase in the wall
pressure values and fluctuations indicated in the
results are because of waves presents in the duct and
also due to the effect of the back pressure. Similar
results are seen in Fig. 3c and Fig. 3d and Fig. 3e for

L/D = 2, excepting that when control was activated
at NPR 11, it results in decrease of base pressure,
whereas, at NPR 9 the control results in marginal
increase in the base pressure. It was also observed
during the tests that for this case jets became quite
and when the wall pressure has increased it leads to
increased value of the sound level of the jets.

a

b

c

d

Fig. 3: The Mach number 1.25 studied with area ratio of 2.56

Results for L/D = 3 are shown in Fig. 4 ((f) to (g)),
these results show oscillatory trends in the flow field
due to the jets being under expanded, flows with and
without control remains same. Fig. 5 ((h) and (i))
show wall pressure results for NPRs 7 and 11 at L/D
=4. From the results it is seen that due to the
presence of powerful shock non-dimensional wall
pressure ratio has become 2 and 1.2 respectively for
NPRs 11 and 7. In the presence of the shock waves
the wall pressure is fluctuating, however, wall
pressure with and without control remains the same.
Similar results are seen at L/D = 5 for NPRs 7 and 11.
Results for L/D = 6 at NPRs 9 and 11 are seen in Fig.
6 ((j) to (m)) they too show the similar trend as
discussed above for lower L/Ds. At NPR 11 the
magnitude is reduced and increase is 80 percent and
40 percent at NPRs 9 and 11, this is could be due to
the combined effect of inertia level, level of
expansion, length-to-diameter ratio, and the effect of
the ambient atmospheric pressure.

Results for L/D = 10 for NPRs 7, 9, 11, and 2.59
are shown in Fig. 7 ((n) to (r)). It seen that the at
lower L/Ds the maximum jump in the wall pressure
was taking place within the reattachment length,
which indicates that there is very strong shock at the
nozzle exit and in the downstream the shock is
becoming weaker during the process interaction,
reflection and recombination of the waves, whereas,
for this case there is 50 to 60 percent increase in the
wall pressure for the initial taps but this progressive
increase continues till the end of the duct. When we
analyze the wall pressure results for correctly
expanded case, it is found that there are few shocks
within the reattachment length and in the
downstream the flow is very smooth. This figure
proves that the jets with correct expansion do have
waves. Further, it is found that the wall pressure
trends with and without control are nearly same,
hence the control in the form of micro jets do not
disturb the flow field.
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Fig. 4: Results for L/D = 3
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Fig. 5: Percentage change in wall pressure with x/L ratio (wall pressure results for NPRs 7 and 11 at L/D =4)
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Fig. 6: Percentage change in wall pressure with x/L ratio (results for L/D = 6 at NPRs 9 and 11)
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Fig. 7: Percentage change in wall pressure with x/L ratio (Results for L/D = 10 for NPRs 7, 9, 11, and 2.59)

4. Conclusion

area. For lower L/D’s there is initial high jump in the
wall pressure due to the presence of strong at the
nozzle lip and later the waves get weaken within few
diameter length. For L/D = 10 the initial jump in the
wall pressure is with the reduced magnitude, but in
the downstream there is further increase in the wall
pressure value due to the combined effect of Mach
number, NPR, and L/D ratio. Wall pressure in the
duct remains unchanged with and without control
and hence the active control does not influence the
wall pressure in the enlarged duct adversely.

In this investigation, the fundamental flow fields
that appear in the correctly, and under expanded
flows in supersonic Mach numbers are determined.
The information regarding the effects of flow control
on the wall pressure distribution is unaltered. Micro
jet control mechanism is designed to study the
problem of base pressure and its control
effectiveness mechanism and as it influence on the
flow quality in the enlarged. From the results as
discussed above it is found that nozzle flux in the
wall is surmounted by the wave occupancy. Also, the
wave reproduction, reflection and interaction
phenomenon is observed, in which the waves are
constrained near the wall duct. Continuing, it is
verified that the correctly expanded flows are not
unconfined from the waves, as the oscillations can be
clearly seen in the wall pressure of the augmented
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