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Abstract - The study of free jets is a phenomenon of functional and operational importance for space research activities. The 
exhaust nozzle forms an integral part of any space vehicle and significantly affects the related mission. This necessitates the 
need to study the efflux from an exhaust nozzle to understand the flow characteristics and performance parameters. The flow 
emanating from the exhaust nozzle had been extensively studied but preceding works mostly resorted to circular or 
rectangular opening. The force propelling these vehicles is directly affected by the nozzle shape and size which varies from 
nozzle to nozzle. The flow characteristics and related performance parameters are very likely to be altered with change in 
nozzle size and shape. This aspect of exhaust nozzles is yet to be explored.  In this work, we mainly focus on optimizing the 
shape of exhaust nozzle for maximum performance. An existing experimental apparatus was adapted for the study. 
Experiments were carried out on jet emanating from a rectangular opening and compared with that of a perforated opening 
of a fixed diameter. The specific objectives of the work were to investigate the role of various exit shapes on flow features, 
performance parameters and to know the role of important parameters. 
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I. INTRODUCTION 
 
In the world of aerodynamics there are various 
implications of free jet ranging from flight exhaust 
systems to nozzles in rockets. A free jet exits a nozzle 
or tube into a stationary or moving fluid. They are 
encountered in a variety of industrial applications and 
in nature. Examples include aircraft gas turbine 
engines, liquid and solid rocket motors, smoke stacks, 
cooling towers. These vivid applications have 
propelled us to take up a new idea wherein we 
involve perforated jets instead of normal free jets to 
increase the efficiency of the jets drastically keeping 
the area of the same almost equal. A perforation is a 
small hole in a thin material or web. There is usually 
more than one perforation in an organized fashion, 
where all of the holes are called a perforation. Here 
circular holes with fixed diameter are taken instead of 
a free out flowing area to conduct the experiment and 
hence derive the expected results.   
 
There is a growing need to better the present setup 
and come up with another which challenges the 
present in various parameters including area, 
momentum loss etc. along with the fact that no one 
else has tried these designs extensively, has motivated 
us to take this up and come up with a desirable result.  
Jets have various uses. The present work is focussed 
on the aspect of it which  can be advantageous to be 
used in rocket nozzles and aircraft exhaust systems.   
Following the classical work of Glauert (1956) 
highlighting the flow due to a jet spreading out over  
a plane surface. In the last five decades research 
works have contributed significantly to the 
advancement in understanding of the free jets. The 
contributions have been reported in severalreviews 
like Gardon and Akfirat (1966), Kercher and 
Tabakoff (1970), Sparrow and Alhomoud (1984), 

Gau and Chung (1991), Gori and Bossi (2000). The 
works provide an excellent review on the 
developments up to the end of the century.   
 
In the last decade appreciable advancements have 
occurred. Roy and Patel (2003) studied the dominant 
fluid-thermal characteristics of a pair of rectangular 
air jets impinging on an inclined surface. Heat 
transfer modes and flow characteristics were studied 
with eight different Reynolds numbers ranging from 
500 to 20000. Aldabbagha and Mohamadb (2009) 
carried out a three-dimensional numerical study to 
determine the flow and heat transfer characteristics of 
impinging laminar array of square jets on a moving 
surface. They stated that a rather complex flow field 
with horseshoe vortices formed around the first 
column of jets due to the cross flow created by the 
moving surface. The velocity ratio of the moving 
plate increases the cross flow as a result a ground 
vortex cannot form in front of the second and third 
column jets compared with the case of fix surface.  In 
recently, Azam et al., (2013) studied pressure 
distributions and oil flow on the plate to figure out the 
flow structures for the rectangular nozzles by 
comparing three-dimensional calculations to the 
experiments. They investigated at three different 
aspect ratio under-expanded impinging jet issued 
from rectangular nozzle. The results stated that the 
flow is separated on the impinging plate from center 
point toward outside and that the flow on the plate 
avoids the high-pressure areas. San and Chen (2014) 
explored the effects of jet-to-jet spacing and jet height 
on heat transfer characteristics of an impinging jet 
array. Gori et al., carried out experiments to 
investigate the effect of wall location on flow 
characteristics of an impinging jet and the core 
region. The work showed that increase in centerline 
wall location enhances the velocity losses. Wall 
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location near to exit causes strong deflection of flow 
resulting formation of vortices with prominent 
chances of back flow. Furthermore, for a fixed wall 
location, increase in radial distance enhances the 
velocity losses, but it results in diminishing returns 
beyond a critical value. Although much has been 
done but complexity of the problem has prevented a 
complete understanding due to interaction between 
flow, heat and mass transfer. Therefore, a systematic 
study is needed to understand mechanisms controlling 
the behavior of jets and their flow characteristics.  
This new concept can be used extensively in the field 
of exhaust systems of aircrafts and rockets. The paper 
aims to compare the performance of free jet and 
perforated jet, establishing the fact that perforated jet 
gives a much better result considering a certain 
domain of its implications.   
  
II. EXPERIMENT SETUP  
 
The adapted setup includes a cascade tunnel with 
perforated jet, which has been used instead of a Free 
Jet as displayed in the given picture. A schematic 
representation of the same is shown in figure 1(a). 
The Pitot tube is connected with the manometer via 
usable pipes. Also as done conventionally, distilled 
water is used in the manometer. The exit area of a 
free jet has been transformed into a perforated jet by 
blocking the entire area with a plate having seven 
perforations of 1.2 cm diameter each as shown in 
figure 1(b). The perforations are along the central line 
so as to maximize our desired result. This gives us an 
overall area of 8 cm2 which is far less than the 
original area of 270 cm2. The experiments were 
conducted considering the above parameters and 
results were noted. It is important to note that for all 
the readings taken here, the repeatability of the 
observations is taken. 
 

 
 
III. SOLUTION METHODOLOGY  
 
The experiment is carried out equating dynamic 
pressure, which is measured at the exit of the nozzle  
with the hydraulic pressure in the manometer placed 
in the experiment setup. Dynamic Pressure is given  
by equation (1), whereas Hydraulic Pressure is given 
by equation (2). The pressures are thereby equated  
to derive the desired axial velocities as shown is 
equation (3). 

 

 
 
RESULT  
 
An experimental study was carried out to investigate 
the effects of a perforated exit on flow characteristics 
of a free jet. The effects were analysed on the axial 
and radial components of velocity and compared with 
the one without any losses. It is important to note that 
to compare both free jet and perforated jet, the 
corresponding exit area of free jet (here rectangular) 
was scaled down to the perforated one. Hence the 
area considered in case of free jet is assumed to be 
scaled down to 8 sq. cm where the speed reduces to 
1.066 m/s. For the readings here, these distances were 
divided into regimes of figure 3(a) Very close to exit 
viz., 0D, 1D figure 3(b) Intermediate location viz., 
5D, 6D and  figure 3(c) Far away from exit viz., 10D, 
12D .Table 1 and 2 shows the reading from the 
experimental setup for operating conditions of free jet 
taken at axial locations of 0D,1D,2D,5D,6D,10D,12D 
respectively. It is worth noting that here “D” 
represents a distance when exit area of cascade tunnel 
(rectangular) was incorporated as a circular one. Here 
1D = 18.50 cm. And ‘r’ is the radial distance which is 
taken as 1 cm. Looking at the tables one can note that 
qualitatively there is a drop in kinetic energy as the 
location increases. 
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Perforated jet is seen to have far less kinetic loss in 
respect to free jet. In Free jet 270 cm2 area gives 
highest velocity of 36 m/s whereas in perforted jet, an 
area of 8 cm2 itself gives us a maximun velocity of 
nearly equal 33 m/s. Figure 2 shows the comparision 
of axial component of velocity for free jet along and 
the one with perforated exit. Looking at the plots one 
can note that comparing both the jets we see that 
perforated jet delivers a maximum speed of 33 m/s 
while free jet gives a maximum speed of 1.066 m/s 
considering the same areas. In respect to core region, 
when both are compared at equal areas, we see that 
for 8 cm2 of perforated jet, core region is till 0.5 D 
while that for free jet is only for 0.1185. The 
momentum loss in perforated jet is also seen to be 
less than free jet. 
 

 
 

 

 
Figure 3.Effect on axial component of free velocity 
(a) Next to exit (b) intermediate location (c) far away 

 
CONCLUSION  
 
After detailed deliberation and analysis on the above 
results, we observe that for the same cross sectional 
area, the kinetic and momentum losses are far less in 
case of perforated jets rather than conventional free 
jets. Another conclusion that can be derived is the 
much larger core region for the perforated jet giving 
us a further boost in performance. These advantages 
have wide use in present day implications wherein 
they can be used in many aspects like Rocket nozzle 
jets where perforated exits can replace the present 
ones, Perforated window film, Sand jet perforated 
technology .               
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