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Abstract - The design of an exhaust nozzle 
system for an aircraft having a supersonic 
cruise mission is typically optimized for a 
cruise condition and also must provide 
sufficient thrust performance at other 
important operating points such as takeoff 
and transonic conditions. In contrast, the 
exhaust nozzle system for a vehicle with an 
accelerating mission must provide optimal 
performance across the flight envelop as 
there is not a fixed cruise point where the 
aircraft operates the majority of the time. 
The aerodynamic design and performance 
analysis of two exhaust nozzles considered 
for use on a vehicle following an accelerating 
flight profile to a maximum flight speed 
corresponding to different Mach numbers 
will be analyzed using CFD analysis. 
3D models will be done in UX and CFD 
analysis will be done in ANSYS. Theoretical 
calculations will also be done to compare 
with that of analytical results 
1. IntroductionNozzle 
When selecting a nozzle, make sure you fully 
understand its capabilities with your current 
system. Whether it’s a nozzle you’ve had for 15 
years or a new nozzle someone is trying to sell 
you, put the nozzle on your standard hose load 
and, with a digital gpm gauge, perform flow 
testing to ensure you get adequate water. Also 
consider reach, penetration and reaction force 
on the firefighter. The only way to truly know 
what you’re getting with a nozzle is to do 
formalize testing. When using any nozzle to 
extinguish a fire, keep in mind that actual flow 
may be affected by many variables, such as 
differences in piping from the pump to the 
discharge point, increasing friction loss, 
variances in those types and their individual 

friction loss, kinks in the hose, different pump 
pressures, water supply issues and debrispassing 
through the water system. 
Today’s nozzles offer a wide variety of features, 
characteristics and uses. The key is determining 
which nozzle is right for your needs. To help 
you make that determination, here’s a 
breakdown of some of the basic nozzle types,  
 
And the pros and cons of each. 
The smooth-bore nozzle, which has been 
around for many years, could be considered the 
staple of the American fire service. Typically, 
the smooth-bore nozzle produces the greatest 
reach/gpm combination of all nozzles while at 
the same time using the lowest engine pump 
pressures. 
 The smooth-bore will also maintain the same 
water pattern to reach the seat of the fire, 
keeping the pattern compact and getting large 
amounts of water at the seat of the fire. One 
drawback is that unless the water pattern is 
broken up, the water from a smooth-bore won’t 
absorb as much heat as its broken or fog-
streamcounterparts. 
1.1 Factors affecting spray- All the data 
relating to nozzles contained in this catalog are 
based on spraying water at standard 
temperatures. When spraying liquids other than 
water, performance is likely to be different. The 
following presentation describes how various 
liquid properties andoperating conditions affect 
performance. 
1.2 Capacity - A nozzle’s flow rate capacity is 
primarily dependent of the operating pressure. 
For hydraulic nozzles, this relationship is 
straightforward. Capacity C increases in direct 
proportionality to the square root of the 
operating pressure P; that is C ~ P1/2. For air 
assisted nozzles, in which both air pressure and 
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liquid pressure play a role, this simple 
relationship does not generally hold althoughthe 
trend of increasing capacity with pressure does. 
2. Literature Review 
2.1 Aerodynamic Design and Analysis of High 
Performance Nozzles for Mach 4 Accelerator 
Vehiclesby Nicholas J. Georgiadis, Teryn W. 
DalBello, Charles J. Trefny, and Albert L. 
Johns,NASA Glenn Research Center, 
Cleveland, OH 44135,44th AIAA Aerospace 
Sciences Meeting and Exhibit9 - 12 January 
2006, Reno, Nevada 
2.2Design and experimental consideration for 
gas dynamics ofMems based micro supersonic 
nozzle By TomoakiFujii, Shuichi Furuya, 
Hideaki Tsukahara, Hiroshi Kawabata,Naoki 
Takano and Toshiyuki Toriyama 
2.3Numerical simulation and optimization of 
high performance supersonic nozzle at different 
conical anglesByA.ShanthiSwaroopini, 
M.Ganesh Kumar, T.Naveen Kumar,IJRET: 
International Journal of Research in 
Engineering and Technology eISSN: 2319-
1163| pISSN: 2321-7308 
2.4CFD Analysis of a Highly Loaded Gas 
Turbine StageByPrathapanayaka R, 
AgnimitraSunkara SN, Balamurugan M, Kishor 
Kumar4,17th Annual CFD Symposium, August 
11-12, 2015, Bangalore 
2.5CFD Analysis of Complex Flow through 
Multiple Nozzle DrivenAerodynamic Laser 
Cavity ByS. D. Ravi, N. K. S. Rajan, 
P.S.Kulkarni, National Conference on Recent 
Trends in Mechanical Engineering Science 
RTIMES-2007,November 15-16, 2007 
2.6Modelling and Simulation of Supersonic 
Nozzle Using Computational Fluid 
DynamicsByVenkatesh .V, C Jaya pal Reddy, 
International Journal of Novel Research in 
Interdisciplinary Studies Vol. 2, Issue 6, pp: 
(16-27), Month: November-December 2015. 
2.7Calculation and design of supersonic nozzles 
for cold gas dynamic spraying using matlab and 
ansys fluentBy Jean-Baptiste Mulumba 
Mbuyamba 
 
3. Problem statement 
In this thesis, the performances of the 
convergent and convergent – divergent nozzles 
at different Mach numbers and also by changing 
the lengths of the nozzle are investigated. The 
investigations are carried out in order to 
determine pressure distribution, velocities, 

Reynolds number and mass flow rates in the 
nozzle. The above results are investigated to 
determine better flow condition and nozzle 
length. 
4.Introduction to Unigraphics 
NX was originally called Unigraphics. The 
Unigraphics software was developed by the 
United Computing. In 1977 Mc Donnell 
Douglas acquired United Computing and 
subsequently formed the McDonnell Douglas 
Automation Unigraphics Group. EDS acquired 
the business in 1991. When EDS 
acquired Structural Dynamics Research 
Corporation(SDRC) in 2001, Unigraphics was 
combined with SDRC's I-DEAS CAD product. 
The gradual addition of I-DEAS functionality 
into the Unigraphics code base was the basis for 
the current NX product line. 
4.1 Convergent Model 
4.1.1 Surface object (Length 101.6 mm) 

Figure-1 1st Model image of Convergent in 
Unigraphics 

4.1.2 Surface object (Length 110.236 mm) 

 
Figure-2 2nd Model imageof Convergent in 
Unigraphics 
4.1.3 Surface object (Length 127 mm) 
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Figure-3 3rdModel image of Convergent in 
Unigraphics 
 
4.1.4 Surface object (Length 135.66 mm) 

 
Figure-44th Model image of Convergent in 
Unigraphics 
4.2. Convergent-Divergent model 
4.2.1 Surface object (Length 152.4 mm) 

 
Figure-51st Model image of Convergent-
Divergent in Unigraphics 
4.2.2 Surface object (Length 162.824 mm) 

 
Figure-62nd Model image of Divergent in 
Unigraphics 
4.2.3 Surface object (Length 177.8 mm) 

 
Figure-73rd Model image of Divergent in 
Unigraphics 

4.2.4 Surface object (Length 188.214 mm)

 
Figure-84th Model image of Divergent in 
Unigraphics 
 
5. Introduction to ANSYS 
ANSYS is general-purpose finite element 
analysis (FEA) software package. Finite 
Element Analysis is a numerical method of 
deconstructing a complex system into very 
small pieces (of user-designated size) called 
elements 
5.1 Introduction to CFD 
Computational fluid dynamics, usually 
abbreviated as CFD, is a branch of fluid 
mechanics that uses numerical methods and 
algorithms to solve and analyze problems that 
involve fluid flows. Computers are used to 
perform the calculations required to simulate 
the interaction of liquids and gases with 
surfaces defined by boundary conditions. With 
high-speed supercomputers, better solutions can 
be achieved. Ongoing research yields software 
that improves the accuracy and speed of 
complex simulation scenarios such as transonic 
or turbulent flows. Initial experimental 
validation of such software is performed using a 
wind tunnel with the final validation coming in 
full-scale testing, e.g. flight tests. 
6. CFD Analysis for aerodynamic nozzle 
convergent model 
6.1 Fluid –Nitrogen 
Model length - 101.6mm 
6.1.1Pressure: 

 
Figure-9Pressure result of Convergent in 
ANSYS CFD 
 
 



 
INTERNATIONAL JOURNAL OF CURRENT ENGINEERING AND SCIENTIFIC RESEARCH (IJCESR) 

 
ISSN (PRINT): 2393-8374, (ONLINE): 2394-0697, VOLUME-3, ISSUE-8, 2016 

DOI: 10.21276/ijcesr.2016.3.8.2 
9 

 

 
6.1.2Velocity 

 
Figure-10Velocity result of Convergent in 
ANSYS CFD 
6.1.3Reynolds number 

 
Figure-11Reynolds number result of 
Convergent in ANSYS CFD 
6.1.4Temperature 

 
Figure-12Temperatureresult of Convergent in 
ANSYS CFD 
6.1.5Mass flow rate 

 
Figure-13Mass flow rateresult of Convergent in 
ANSYS CFD 
6.1.6Heat transfer rate 
Figure-14Heat transfer rate result of Convergent 
in ANSYS CFD 
6.2 convergent- divergent modal 
Fluid –nitrogen 
Model length – 152.4 mm 
6.2.1 Pressure 

 
Figure-15Pressure result of Convergent in 
ANSYS CFD 
6.2.2Velocity 

 
Figure-16Velocity result of Convergent in 
ANSYS CFD 
6.2.3Reynolds number 

 
Figure-17Reynolds number result of 
Convergent in ANSYS CFD 
6.2.4 Temperature 

 
Figure-18Temperatureresult of Convergent in 
ANSYS CFD 
6.2.5 Mass flow rate 
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Figure-19Mass flow rateresult of Convergent in 
ANSYS CFD 
6.2.6Heat transfer rate 

 
Figure-20 Heat transfer rate result of 
Convergent in ANSYS CFD 
7. Results table 
7.1Convergent 
7.1.1 Model length = 101.6mm 

 
Table -1 Convergent result for modal-1 
7.1.2 Model length = 110.236mm 

 
Table -2 Convergent result for modal-2 
7.1.3 Model length = 127mm 

 
Table -3 Convergent result for modal-3 
7.1.4 Model length = 135.636mm 

 
Table -4 Convergent result for modal-4 
 
7.2Convergent-Divergent 
7.2.1 Model length = 152mm 

 
Table -5 Convergent-Divergent result for 
modal-1 

7.2.2 Model length = 162.814mm 

 
Table -6Convergent-Divergent result for modal-
2 
 
 
7.2.3 Model length = 177.8 

 
Table -7Convergent-Divergent result for modal-
3 
7.2.4 Model length = 188.214mm 

 
Table -8Convergent-Divergent result for modal-
4 
8. Conclusion 
The aerodynamic design and performance 
analysis of two exhaust nozzles convergent 
model and convergent – divergent models by 
changing the lengths of the nozzle under 
subsonic, transonic, supersonic flow conditions. 
The comparisons are made for pressure 
distribution, velocity and mass flow rates. 
3D models are done in NX and CFD analysis is 
done in Ansys. 
By observing the results, the velocity is 
increasing along with the length of the nozzle. 
Pressure gradually decreased along the length of 
the nozzle except a slight rise during the 
shocking. However, the rise was not significant 
comparing to the total fall in pressure. 
According to Bernoulli’s equation, pressure 
decreases as velocity increases. Mass flow rates 
are increasing by increase of Mach numbers but 
decreasing due to increase of lengths. The 
values are increasing by increasing the length of 
the nozzle. This is due to fact that by increasing 
the lengths the fluid is compressed inside the 
nozzle.The pressure distribution, velocities are 
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more under super-sonic flow conditions due to 
high inlet velocities.  
So it can be concluded that increasing Mach 
numbers and lengths yields to better 
performance of nozzle.  
9. Future scope 
In this thesis, only the performances of the 
convergent and convergent – divergent nozzles 
are investigated for fluid flow conditions. But 
also the mechanical, thermal, and structural 
factors would need to be considered in overall 
system studies in order to make the optimal 
selection. 
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