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ABSTRACT--- In this experimental investigation the work 

reported is about the influence of control on the flow field in the 

suddenly expanded duct at low supersonic Mach number. A 

Convergent-divergent (CD) nozzle was designed and fabricated 

out of brass material assembled with the suddenly expanded duct 

which was also made of brass material. At the re-circulation 

zone, the flow field was controlled by using the micro jets of 1 

mm diameter as an orifice and the control was arranged at an 

interval of 90 degrees at 6.5 mm from the central axis of the main 

jet. The measured wall pressure distribution was presented for 

Mach number 1.1 for the duct diameter of 18 mm leading to the 

area ratio 3.24. The L/D ratio of the duct was varied from 1 to 10, 

and the nozzle pressure ratio (NPR) considered for the 

experiments was from 3, 5, 7, 9 and 11. The present results have 

demonstrated that the micro jets do not influence the flow field in 

the duct adversely and the flow field remained identical in the 

presence of control or absence of control. 
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I. INTRODUCTION 

The sudden expansion is a complex flow field which 
occurs in many engineering problems like in the automobile 
industry, at the blunt base of the shells, projectiles, rockets, 
the fuselage of the aircraft, and Bombs. The pressure at the 
blunt base is lower than the ambient pressure. Due to this low 
pressure, the component of the base drag is a significant 
portion of the total drag. The base drag can be as high as 67 
% of the total drag of the aerospace vehicle. In view of the 
above, there is a need to control the base pressure and hence 
the drag. When we employ the control either active or 
passive, it is mandatory to investigate the influence of the 
control on the flow development in the enlarged duct. This 
investigation aims to monitor the development of the flow in 
the enlarged duct. 

The study on base pressure control using experimental 
and numerical work has been highlighted by Khan et al. [1] 
used the tiny jets as a regulation mechanism to control the 
base pressure in a suddenly expanded axisymmetric duct. 
They considered the different Mach number such as 2.0, 2.5 
and 3.0 to investigate the effectiveness of the micro jet at 
these high supersonic Mach numbers to control the base 
pressure in the separated wake region. Moreover, they also 
considered the effect of area ratio and length to diameter 
ratio in the range from 10 to 1. From their results, they 
concluded that the micro jet is able to control could help as 
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active controllers for base pressure. With the study of micro 
jet control effect, Khan et al., [2] investigated the wall 
pressure distribution from the axi-symmetric duct. They 
proved that the use of micro jet control would not influence 
to wall pressure distribution. To attempt wall pressure 
distribution, they considered the different parameters such as 
L/D, NPR, and the Mach number. To move on the 
convergent-divergent nozzle with suddenly expanded axi-
symmetric duct, later, Khan et al., [3] attempts the number of 
level of study based on the Mach number such as 1.25, 1.30, 
1.48, 1.6, 1.8, and 2.0. This gives the more accurate to find 
the micro jet control effect to control the base pressure 
actively. To prove the internal supersonic flow on CD nozzle 
Rehman et al., [4] experimentally investigated the micro jet 
control of base pressure in the axis-symmetry passage. 
Kostic et al., [5] validated the experimental results with 
computational fluid dynamics (CFD) method. In order to 
achieve the results, the authors used the finite element 
method with ANSYS commercial tool. The experiments also 
conducted to investigate the correctly expanded cases with 
different L/D and area ratios [6].  

On moving to the next type of this study based on the 
microjet controller, we also found that some researchers used 
the design of the experiments method (DOE) to optimize the 
results. The DOE method is used in industrial manufacturing 
applications [7]. This technique is used by Quadros et al., 
[8]–[14] to investigate the base pressure with and without a 
micro jet controller. The authors used different DOE method 
to optimize the results. The cases have been used on his 
studies is based on statistical analysis, surface response 
methodology, and Taguchi design. The authors also proved 
the best-fitted level of the factors that can actively control the 
base pressure using microjet control. Moreover, they also 
optimized the internal flow of the wall pressure on suddenly 
expanded CD nozzle.  

The next level of study is the CFD method, recently Khan 
et al., [15] numerically investigated the base pressure control 
using a micro jet controller. To analyze the results the 
authors used the finite element post-processing tool (ANSYS 
FLUENT). The two-dimensional CD nozzle is designed and 
modelled using ANSYS workbench tool [16]. To assess the 
effectiveness of micro jet to control the flow field from the 
nozzle a compressible flow with ideal gas using Sutherland 
has been considered with K-ε standard wall function 
turbulence model. Furthermore, the CFD method is also used 
to analyze the different Mach number, L/D, area ratio and 
NPR’s from the authors [17]–[21]. 
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From the above work which has been reviewed in this 
section, we found that still there a scope of research to 
investigate furthermore on wall pressure and base pressure 
flows in a CD nozzle with sudden expansion duct. Therefore, 
the objective of this paper consists the specific case on Mach 
number 1.1 for area ratio 3.24 with NPR's 3, 5, 7, 9, 11, CO 
and U and L/D from 10 to 1. The consequences which are 
obtained based on the present problem is plotted in the 
results section. 

Problem definition 

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 suddenly expanded flow field and its nature  
are shown in Fig. 1. 

 

 
Fig. 1. Sudden Expansion Flow Field. 

 

Experimental Set-up 

Fig. 2 illustrates the procedure used in this investigation 

as discussed in Ref. [1] 

 

 
Fig. 2. Experimental Setup. 

 

 
Fig. 3. A View of Suddenly Expanded Duct with Pressure 

Tapings [22]. 

 

Results and Discussion  

Fig. 4 present the wall pressure in the enlarged duct for 

area ratio 3.24, for some selected combination of Inertia 

levels. For this area ratio of 3.24 is the case of slightly 

increased relief for the expanding flow, compared to the 

case of area ratio 2.56. Here, it is interesting to note that the 

control does not influence in a negative way the flow field. 

It is seen from these results that, for L/D = 10 and M = 

1.1 the control does not affect the wall pressure (as in the 

case of Fig. 4(a) or influences the wall pressure only 

marginally). Further, it is seen that for NPR's 3 and 5 the 

fluctuations in the wall pressure level attains steady state 

within 20% of the duct diameter.  Whereas, for rest of the 

NPRs the flow field by remained oscillatory, however, the 

magnitude of the oscillations is less as compared to the 

previous case due to the effect of increased relief to the free 

shear layer. Another difference in the present case is the 

location of the micro jets which was at the center of the 

base, and for this area ratio, they are close to the main jet. 

Fig. 4(b) presents similar wall pressure results for L/D = 8 

as was observed in Fig. 4(a) with the reduced oscillations 

due to the reduced duct length. Fig. 4((c) to (d)) represent 

the wall pressure results for L/D = 6 and 5 with the 

exception that due to the reduction in the L/D ratio there is 

some influence of the back pressure and the peak wall 

pressure values. These values are higher than that those 

were for higher L/D ratios namely for the case of L/D = 5 

with the 20 % increased value of the peak wall pressure 

value. Nevertheless, the flow field has smoothened in the 

duct as observed earlier, and the wall pressure values with 

and without control have identical values. This trend 

continues until L/D = 4, 3 and 2 (Fig. 4((e) to (g)), then later 

for lowest L/D like L/D = 1, it is evident that this length is 

not sufficient for the flow to remain attached with the duct 

wall hence we should not draw the inference. 
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Fig. 4(a). Wall Pressure Vs. X/D 

 

 

 
 

Fig. 4(b). Wall Pressure Vs. X/D 

 
Fig. 4(c). Wall Pressure Vs. X/D 

 
Fig. 4(d). Wall Pressure Vs. X/D 

 

 
Fig. 4(e). Wall Pressure Vs. X/D 

 
Fig. 4(f). Wall Pressure Vs. X/D 
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Fig. 4(g). Wall Pressure Vs. X/D 

 

 
Fig. 4(h). Wall Pressure Vs. X/D 

 

II. CONCLUSION 

From the above discussions of the results, we may draw 

the following conclusions which are as follows,  

 The control of the base in the re-circulation zone of 
the base corner and the nature of the flow in the duct 
by micro jets has been shown.  

 The wall pressure takes the lowest value  for area 
ratio 3.24 and L/D from 10 to 1 at Mach numbers 1.1.  

 The micro jets seems to be useful at this Mach M = 
1.1 and area ratio 3.24.  

 The use of micro jets results in a decrement of suction 
at the base and decrease of associated drag at these 
combinations of parameters, resulting in an 83 
percent increment in the magnitude of base pressure.  

 The control by way of micro jets does not negatively 
affect the static wall pressure of the duct. 
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