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Abstract 

  University of Würzburg, Informatics VIII aims in developing a rocket simulator test 

bed in aspect of implementing a control algorithm for thrust vectoring concept. This thesis explains 

the idea of developing a miniaturized rocket model which is equipped with an actuating nozzle. The 

main content discussed in this project involves in designing a rocket prototype for thrust vectoring 

mechanisms where the control algorithm about to be developed can be implemented and tested for. 

From the various thrust vectoring mechanisms available, selection of mechanically actuated system is 

finalized because of its benefits in use. Here mechanical actuation is done with the help of servo 

supported by a bearing.  

  The next phase is about describing the type of nozzle suitable for the work and 

proceeding with determination of the required parameters for the selected nozzle.  By reviewing the 

available literature background, Bell shaped Convergent-Divergent nozzle is considered to be relevant 

and reasonably preferred for the thrust vectoring mechanism.  Theoretical calculations were made for 

the specific criterion in respect with all technical details necessary for designing the nozzle. CAD 

model of the nozzle is then finalized and designed in Catia V5 R18 CAD software.  

  Analyzing and visualizing the fluid flow parameters of the nozzle is done with the help 

of Ansys 14.5 software. Here the compressed air is used as the fluid flow medium. Analysis is made 

to find the pressure, density variation along the axis of the nozzle. The obtained analytical results are 

then validated with the theoretically calculated results. Once verification is done the components are 

given for manufacturing. 

  Designed thrust vectoring setup should weigh very less for it to be lifted by the force 

produced by the nozzle. So the components are manufactured in a light weight material called PVC. 

The manufactured components are then assembled and tested in the laboratory. 
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1. Introduction 

n recent days, research and development in the field of space helps us to solve and 

understand many complicated systems in it. Current development in Thrust Vectoring 

Concept attracts the user towards it and makes the user to do a lot of research works when compared 

with earlier days. TVC finds its use not only in the field of space but mostly related with aerospace 

systems like UAV, military aircrafts etc. “TVC, is the ability of an aircraft, rocket, or other vehicle to 

manipulate the direction of the thrust from its engine(s) or motor in order to control the attitude or angular 

velocity of the vehicle (P, 2014)”.   Vectoring or steering of the system or a vehicle becomes very difficult 

when the size and angle of accuracy of steering the system increases.  So proper design of thrust vector 

control nozzle should be done which can be operated reliably at significant time, high temperatures, 

and in a highly erosive environment. Even after careful consideration of all these parameters the end 

result is that the entire mechanism should weigh very less and should have a better result as well as 

efficiency. The purpose of this mechanism is that by changing the thrust the vehicles pitch, yaw, and 

roll motions can be controlled. The concept of TVC can be applied either to an engine or motor having 

single or more nozzles. Thus thrust vectoring concept has gained its importance from past till now. 

This project deals in developing a new test facility for implementing a thrust vectoring control 

algorithm in it. By implementing this algorithm the desired rocket attitude control can be achieved by 

controlling the thrust vector of the system. The idea of developing a test facility is to design a miniature 

model of rocket equipped with a movable nozzle. The movable nozzle here is continuously supplied 

with the compressed air. In case of testing the nozzle shall produce enough thrust to lift the model and 

the algorithm implemented should control the rocket attitude.  

The chapter background explains all the thrust vectoring concepts available at present and also 

describes briefly about the nozzle fundamentals and different types of nozzles open to irrespective of 

the project it is used for. The second chapter deals with the design requirements of a suitable nozzle. 

A successful thrust vectoring can be achieved only with proper calculation along with a perfect design 

for the mechanism. Designing a nozzle was the next and most important work to be carefully done. 

Calculations are made in a way to achieve the desired mass flow rate that helps in producing the force 

from the nozzle. Once completing the calculation cad model of the nozzle is developed. Flow analysis 

through the nozzle is performed with help of Ansys software. A perfect nozzle can be made if both 

the analytical and theoretical results remains same or nearly equal. After completing the nozzle, design 

I 

http://en.wikipedia.org/wiki/Aircraft
http://en.wikipedia.org/wiki/Rocket
http://en.wikipedia.org/wiki/Thrust
http://en.wikipedia.org/wiki/Engine
http://en.wikipedia.org/wiki/Flight_control
http://en.wikipedia.org/wiki/Attitude_dynamics_and_control
http://en.wikipedia.org/wiki/Angular_velocity
http://en.wikipedia.org/wiki/Angular_velocity
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for entire setup and the components required is finalized. The whole setup can be visualized as a CAD 

model with some alterations with respect to the requirements in it.  
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2. Motivation and objective of the research 

  University of Würzburg, Informatics VIII is now interested and concentrated in 

developing the control algorithm for thrust vectoring mechanism. Informatics VIII department is now 

effectively working on many ongoing projects and wanted to perform research over these. Current 

research in the department is exploring the control algorithm of the TV mechanism. Motivation of 

this project is in establishing a standard over the control mechanism of TV which is to be done by the 

students of our department as a part of their curriculum activities and laboratory work. 

The main objective of this part of the research is only concentrated in design, analysis and fabrication 

of a rocket simulator prototype having a thrust vectoring mechanism with a movable nozzle suitable 

for the mechanism.  

Step by step progress includes 

 Designing a prototype of a rocket simulator having a thrust vectoring mechanism which is less 

in weight. 

 To design a suitable nozzle which is to be fitted to the thrust vectoring mechanism. 

 To perform flow analysis over the nozzle in-order to verify and validate the theoretically 

obtained fluid flow parameters so that the mechanism can be successful. 

 To select an actuating mechanism suitable for the developed thrust vectoring mechanism. 
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3. State of the art 

Over the last few years a significant amount of research has been experimented on 

thrust vectoring mechanisms. Lot of research projects are available for reviewing the background 

inspite of having many works stopped at their beginning stage because of their own complications. 

Some of the projects which has their results are discussed below in detail. 

The 1980 STOL Exhaust Nozzle (STOLEN) Concept Program found that having 

rear exhaust vectoring system with axi- symmetric and non axi- symmetric nozzles on both the side 

along with the engine helped in achieving 700 deflection of thrust. This 1987-1996 project of NASA 

F/A-18 High Angle of Attack Research Vehicle (HARV) is a first program to be demonstrated on 

high alpha flight and mechanical thrust vectoring system at subsonic speeds. Later this test were 

carried out in supersonic speeds. Two modified GE-F404-400 turbofan engines were fitted to the 

aircraft. Controlled flight at 70° angle of attack and high roll rates at 65° alpha were demonstrated.  

McDonnell Douglas F-15 S/MTD (STOL and Maneuverer Technology 

Demonstrator) developed a test bed with the help of F-15 airframe fitted with two P&W F-100-PW-

200 turbofan engines along with 2-d converging-diverging thrust vectoring nozzles. Combination of 

these two systems were able to produce 200 of deflection. NASA F-15 Advanced Control Technology 

for Integrated Vehicles (ACTIVE) program used old S/MTD program which altered the P&W F-

100-229 engines with 3-d P&W PYBBN axi-symmetric thrust vectoring nozzles. Thus this nozzle was 

also able to produce 200 successful deflection. Rockwell-MBB X-31 was successfully tested at 700 AoA 

in a controlled flight by implementing GE F404-GE-400 turbofan engine whose ends were fixed to a 

three paddle thrust vectoring system. Boeing X-32 used three-poster thrust vectoring system, which 

was powered by a P&W F135 afterburning turbofan engine. Even though successful test was made 

the engines were placed back in museum because of its overheat and thrust loss. All the above 

mentioned sentence is from the reference (Clarke, 2011) 

The above mentioned TVC are related to the military aircrafts were the engine of the 

aircraft is modified by adding the actuating system at the end of the nozzle for them to steadily perform 

sudden maneuvering at high angle of attack. In field of space the TVC are used to place the rocket or 

satellite in the desired attitude. BLACK ARROW (1969-1971), a British launch vehicle whose 

engines are gimbaled to provide thrust in three axis, successfully placed Prospero satellite in orbit. In 

a similar way the SPACE SHUTTLE SPACE LAUNCHER SYSTEM (1981) whose two main 

engines are hydraulically actuated by a gimbal system whose degree of freedom is in two axis and 
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about ±10.50. All the above mentioned sentence is from the reference (Dumoulin, 1988). Launchers that 

use gimbaled TVS are Saturn IB/V, Apollo Lunar Module. Early Goddard rockets and V2 missiles 

were using jet vanes TVS for having a control over the attitude. Satellites use attitude thrusters as a 

thrust vectoring mechanism.   

Effort has been taken to collect all the recent developments available and tabulated depending on their 

thrust vectoring abilities. Refer appendix A 
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4. Background 

4.1. Concept of Thrust Vectoring 

The principle is that the force obtained from the mean flow of an engine jet is deflected 

to the aimed axis. This creates an inequality in balancing the momentum which helps in changing the 

attitude of the desired system. Thrust vectoring improves maneuverability of the rocket or aircraft 

where the traditional aerodynamic control technologies like ailerons, flaps, elevator, and rudder lose 

control power (P, 2014) (Jeffrey D. Flamm*).  Thrust vectoring can be achieved in two ways. First is by fluidic 

actuating systems and second is the mechanical actuating system. Fluidic actuating system has its own 

advantages like they are less in weight when compared with mechanical actuating systems. In fluidic 

actuating systems thrust vectoring is done by deflecting a part or entire fluid jet from the axis to the 

desired direction by secondary fluid injection without changing the position of the nozzle. These type 

of system finds their use in high area expansion nozzles like one used in rockets and missiles. Latest 

developments are also concentrated in fluidic actuating systems. In mechanical actuating systems 

deflection of jet is performed by mechanical movement of the nozzle and this is achieved by hydraulic 

or pneumatic actuators. 
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Figure 1: Different TVC Mechanisms 

(George P. Sutton, 2001) 

The important TV concepts are explained below with the example missions where they are 

implemented and was successfully tested. 

4.1.1. Gimbaled Nozzle 

     In this concept the nozzle itself changes its position with respect to the change in 

rockets direction or motion in relative to the axis of the rocket engine. In this case the rocket engine is 

mounted or pivoted on a hinge or a gimbal so called a universal joint that it rotates itself in relative to 

the center line of the rocket engine. When the nozzle is turned around its axis, the direction of the 

thrust changes in relative to the center of gravity of the rocket. Thus the motion of the rocket is changed 

to achieve the desired direction or attitude. Both the solid propellant engine and liquid propellant 

engine has same gimbal configuration.  
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Figure 2: Gimbaled Nozzle 

(center, n.d.) 

Black Arrow, Saturn IB/V, Space Shuttle (main engines), Apollo Lunar Module (descent stage), 

hobby rockets: Gyroc, Casimiro these are some examples of gimbaled nozzle. The Black arrow in the 

diagram represents that the thrust is deflected from the center of axis of the rocket which induces the 

change in the momentum. Due to this process the direction of the system is changed. 

Advantages are they are simple in design, requires low torque, very small thrust loss. 

Disadvantage is that it requires flexible piping, high inertia, large actuators for high slew rate.  

 

4.1.2. Flexible Laminated Bearing and Flexible Nozzle Joint 

This concept is also similar to gimbaled nozzle but one important thing to be noted is 

the difficulty in fabricating the flexible joint. The seal of the joint is exposed to high temperature and 

pressure which make the nozzle difficult in manufacturing. This method can only be used for solid 

propellants.  
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Figure 3: Flexible Joint Nozzle 

(George P. Sutton, 2001) 

Advantages is that no sliding and moving seals, predictable actuation power, thrust actuation can be 

done up to ±12º. 

High actuation forces, high torque at low temperatures, Variable actuation forces, difficult in 

manufacturing, highly corrosive and cannot withstand high temperatures are the main disadvantages. 

 

4.1.3. Jet Vanes 

Jet vanes are nothing but a thin airfoil mounted at the exit of the nozzle. These vanes 

are a similar kind of ailerons or elevators which helps in changing the direction of the vehicle. But 

this method has 2 to 3% of thrust loss and also causes the blade to erode. 

 

 

Figure 4: Jet Vane Actuating Mechanism 

(Personnel, 1959) 

 

Jet vanes method can be used for both liquid and solid propellant rockets. 
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Advantages are having low actuation power, high slew rate, and most importantly it has a good roll 

control with single nozzle. 

Disadvantage is that it has a thrust loss of 0.5 to 3%, erosion of jet vanes. 

 

4.1.4. Jetavators 

Jetavators have a collar shaped airfoil rotating near the exit of the nozzle gives the gas 

flow an unsymmetrical distribution. Thus a side force is produced helping the vehicle in changing the 

direction of flight. These type of actuation systems are used only in solid propellant rockets. 

Advantages are they can be light weight with low actuation power. 

Disadvantage is the erosion and thrust loss, induces vehicle base hot gas circulation, and applies only 

for limited duration. 

4.1.5. Jet Tabs 

This type of thrust vectoring method has tabs that are rotated by hydraulic actuators. 

Jet tab is a sort of obstacle which produces shock upstream the tab. Power for rotating these tabs are 

from compressed nitrogen.  The redundancy of the multi tab thrust vectoring concept increases the 

reliability of the system. Military missiles and solid propellant rockets uses this type of thrust vectoring 

concept. 

 

Figure 5: Jet Tabs 

(George P. Sutton, 2001) 

Advantages of this concept is that they are compactly packed and has low actuation power. 
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Erosion of tabs, thrust loss, tab is in jet only for limited duration are some of the disadvantages in this 

method. 

4.1.6. Side Injection 

Injecting liquid or gas to the side of the exhaust gas causing a disturbance in the flow 

so that it gets deflected and the system is turned to the desired direction. Both liquid and hot gas side 

injection has its own advantages and disadvantages. 

Specific impulse of the liquid injected offsets the weight penalty. These liquids are adaptable to any 

motors and the components can be checked before flight and are reusable. 

Need of toxic liquids for higher performance, and sometimes difficult in packing. They also need 

excessive maintenance of the system. Emission of toxic fumes is also possible. They are often limited 

to low vector angle applications. These are some of the advantages and disadvantages of the liquid 

injection system.  

Light in weight low volume and can be compactly packed and has no performance loss are some of 

the advantages. The pipes expand because of hot gas and requires special valve are some disadvantages 

of hot gas side injection TVS. 

4.2. Mach number 

  When an airplane or rocket moves through air, the air molecules near the object gets 

disturbed and moves around it (Benson, airplane, 2012). Depending upon the speed of the object the 

density of the air surrounding the object is compressed and this compressibility effect changes the 

resultant force acting on the object. This compressibility effect increases when the speed of the aircraft 

increases. Thus the term Mach number is defined as the ratio of speed of the object (aircraft or rocket) 

to the speed of the sound in gas. 

𝑀𝑎𝑐ℎ 𝑁𝑢𝑚𝑏𝑒𝑟 𝑀 =  
𝑂𝑏𝑗𝑒𝑐𝑡 𝑆𝑝𝑒𝑒𝑑

𝑆𝑝𝑒𝑒𝑑 𝑜𝑓 𝑆𝑜𝑢𝑛𝑑
 

Depending on Mach number M, the flight regime varies 

 Subsonic M < 1. 

 Transonic M =1. 

 Supersonic M >1. 

 Hypersonic M >5. 
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4.3. Nozzle fundamentals 

  Rocket engine nozzle is a mechanically propelling device used to accelerate, expand 

and control the gases produced by burning the propellants in the combustion chamber. The exhaust 

gas exits the nozzle at a very high velocity. This high velocity ejection of gas at the exit is called as 

thrust. Thrust is produced by the expense of pressure and internal energy of the incoming fluid which 

helps the rocket to move in the desired direction.  

 

Figure 6 Description about Nozzle 

(D.R.Krik, 2012) 
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The nozzle can either be convergent or divergent or combination of both. Depending on the exhaust 

flow the nozzle can be described as following. 

 

Figure 7: Expansion of Nozzles (a) overexpansion, (b) ideal expansion, and (c) under expansion 

(propulsion, n.d.) 

 

4.3.1. Over expansion 

When the external pressure is higher than the exit pressure then the flow at the exit of 

the nozzle is said to be over expanded. The flow is forced back inwards and separated from the walls 

of the nozzle. This consequently leads in the reduction of efficiency of the flow.  

4.3.2. Under expansion 

In this case the atmospheric pressure is lower than the exit pressure. The flow expands 

across the walls of the nozzle, exhibits no force on the nozzle wall thus leading to reduction in nozzle 

efficiency. 

4.4. Types of Nozzles 

Depending on the geometry and mode of operation the nozzle type can be categorized. 

There are three main type of nozzles used, Convergent, Divergent, and Convergent-Divergent nozzle. 

Each nozzle has their own specification of use, their advantages with respect to their use. Let’s have 

a detailed description about it. 

4.4.1. Convergent nozzle 

The description of the convergent nozzle is that its area is gradually decreasing in the 

direction of the flow i.e. the area of the inlet is more than the area at the exit of the nozzle. From 
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Bernoulli’s principle it is clear that as the area of the nozzle reduces, the flow velocity increases and 

the pressure decreases. The lowest pressure will be at the exit of the nozzle. The highest velocity that 

can be achieved in a convergent nozzle is the sonic velocity. The mass flow rate in a convergent nozzle 

is a chocked flow rate. Not only the pressure but also the temperature decreases as the flow proceeds. 

 

Figure 8: Convergent Nozzle 

(Saeed Masoudi, n.d.). 

4.4.2. Divergent nozzle 

The description of the divergent nozzle is that whose area is gradually increasing in 

the direction of the flow i.e. the inlet area is less than the outlet area of the nozzle. They do not find 

their own uses but when they are attached to the convergent section of the nozzle they help in 

producing supersonic flows. 

4.4.3. Convergent- Divergent Nozzle 

As the name describes it has an arrangement of a convergent section as an inlet section 

followed by a divergent section which acts as an outlet. This type of nozzle helps in achieving 

supersonic flows avoiding the losses caused by under expansion. The flow enters the converging 

section initially with the given inlet pressure. When this flow reaches the throat the pressure of the 

flow decreases and it is chocked i.e. the velocity of the fluid flow reaches sonic speed at the throat and 

it always remains constant at the throat. So as the flow passes through the diverging section of the 

nozzle the pressure acts along the sides of the nozzle and the velocity of the flow increases to the 

supersonic speed. Not always the flow through the convergent divergent nozzle is accelerated. 

Sometimes the flow starts decelerating if the back pressure is not in the right range. 

Some of the effects of back pressure are discussed below in detail. 

 Consider Po as the stagnation pressure. Pb as back pressure and Pc as chamber pressure. Here 

the new term to be known is about back pressure. Back pressure is defined as the exhaust jet pressure. 
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Case 1: When Pb = Po then there will be no flow through the nozzle. This is because of the pressure 

difference between the inlet and the exit of the nozzle. 

Case 2: When Po> Pb (in our case Po= Pc) the flow will be subsonic throughout the nozzle. The mass 

flow is less than that of the chocked flow.  The velocity of the flow reaches maximum at the throat 

and then all the gained velocity will be lost in the diverging section. The pressure will be minimum at 

the throat and increase with the velocity in the diverging section. 

Case 3: When Pb = Pe   the fluid velocity drops to subsonic levels just before leaving the nozzle where 

Pe  is the exit pressure of the nozzle. 

Case 4: When Pb >Pe>0 the flow in the diverging section will be supersonic.     

Different shapes of CD nozzle are described in the Figure 9. 

 

Figure 9: Different Shapes of Nozzle 

(G.V.R.Rao) 
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5. Design requirements for Thrust Vectoring Nozzle 

It is not enough for a thrust vectoring nozzle to satisfy only the airworthiness 

regulations. There are some additional requirements which the nozzle must be able to meet. Here are 

some important design requirements to be considered while designing a thrust vectoring nozzle. 

Maximum sustainability of the thrust vectoring angle produce by the nozzle is the first and fore most 

thing to be considered, then proceeding with its efficiency of the nozzle when vectored, total weight 

of the system, efficiency of thrust vectoring, complexity if there are more number of moving parts and 

frequent maintenance will be needed, ability to achieve the vectoring angle safe and in a controlled 

manner, observability, effectiveness in operation.  

  The next step involved is the selection of a type of nozzle. Most rockets use CD nozzles 

for attaining supersonic speed and all fighter aircrafts use converging section at the end of the nozzle 

to reach hypersonic speed. Since this project involved in building a rocket prototype a CD nozzle is 

selected and the calculations are made for it. 

5.1. Determination of Nozzle Parameters 

  As mentioned earlier nozzle is a mechanical device that helps in controlling the 

characteristics of the fluid as it enters or exits the chamber. The ultimate purpose of the nozzle is to 

expand gases as efficiently as possible so as to increase the exit velocity. Various nozzle properties 

influence the flow of the fluid. The most affecting property is the shape of the nozzle. Following are 

the calculations performed to find the internal and external properties of the nozzle. 

 

Figure 10: Nozzle Properties 

(Braeunig, www.braeunig.us, n.d.) 
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Dc -- Combustion chamber diameter. 

Dt -- Throat diameter. 

De-- Diameter at the exit. 

Lc --Length of the combustion chamber. 

Θ -- Angle of inclination. 

To achieve the desired exit velocity, proper calculation of the above mentioned parameters are 

necessary.  In-order to do so various methods have been implemented. Once done with theoretical 

calculations measurements were taken. These measurements were used to consolidate the theoretical 

results. For that an apparatus was designed using Catia V5 software.  

 

 

Figure 11: 3D Model of Force Measuring Apparatus 

 

5.1.1. Description of the procedure 

   The apparatus in figure 11 consists of holes of different diameter to which the 

push in fittings are attached. Compressed air of 7.5 bar is passed through holes of different diameter 

and the force produced is measured by placing the whole apparatus on the weighing scale. The 

obtained values are plotted as graph. 
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Figure 12: Plot for Hole Diameter vs Force produced 

From the figure 12 it is evident that as the hole diameter increases the force produced decreases. But 

a small disadvantage is that there was a slight leakage of air. So to stop that leakage O-rings are used 

and the test is repeated again. The obtained results are not steady and varying from one cycle to other. 

This is because even after fixing the O-rings the leakage of air was inevitable due to which the results 

obtained were varying from one cycle to another. 

5.2. Mass Flow Rate Determination 

Force determination by above methods was unsuccessful because of the above 

mentioned complication (leakage of air). Next method is that by using MATLAB by solving and 

simplifying all the numerical equations. Some of the parameters are considered with respect to the 

need. The two important parameters, diameter of nozzle at throat and exit are considered. The below 

equation represents that the Dt - diameter of throat and De - diameter at the exit of the nozzle is iterated 

between 2mm to 10 mm with the interval of 1mm.  

Dt= 0.002:0.001:0.006; (2mm to 6mm).   

De= 0.006:0.001:0.010; (6mm to 10mm). 

 

Having considered the diameter of throat and exit, the area of both is calculated using the general area 

formula 
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𝐴 =
𝜋

4
 𝐷2                                           --- (1) 

After finding out the area of both throat and exit then next step is to find the area ratio. Formula for 

finding area ratio is 

𝐴 =  
𝐴𝑒

𝐴𝑡
                                                   --- (2) 

               𝐺(𝑖) =  
𝐴𝑒(𝑖)

𝐴𝑡(𝑖)
                                  --- (3) 

Once finding the area ratio, the next step is to determine the mass flow rate. Formula for determining 

the mass flow rate is obtained from the equation 

                                      𝐴𝑡 =
𝑄

𝑃𝑡

√
𝑅′∗𝑇𝑡 

𝑚∗𝐾
   

 (Braeunig, http://www.braeunig.us/, 1998)                                                            --- (4) 
 

Where 𝑅′ is gas constant= 8314.3 J K−1 mol−1, m= Molecular weight of the air= 28.97. 

Thus dividing the gas constant along with the molecular weight of the air gives R= 287 J deg-1Kg-1. 

Solving the equation with respect to Q then 

                                    𝑄 =  𝐴𝑡 ∗ 𝑃𝑡 ∗ √
𝐾

𝑅∗𝑇𝑡
                  --- (5) 

Where, 

𝐴𝑡       Area of the throat (m). 

𝑇𝑡      Temperature in the throat (K). 

𝑃𝑡      Pressure at throat (Pt). 
R       Gas constant = 287 J deg-1Kg-1 

𝑄       Mass flow rate (kg/s). 
 
There are some parameters like temperature and pressure need to be found in the above equation. 

Formula for determining those parameters are  
 

𝑃𝑡 = 𝑃𝑐 ∗ [
1+(𝐾−1)

2
]

−𝐾

(𝐾−1)
  

 (Braeunig, http://www.braeunig.us/, 1998)                                  --- (6) 
 

                                                  𝑇𝑡 =  𝑇𝑐 ∗  [
1

(
1+(𝐾−1)

2
)
]                                         --- (7) 
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The index t and c in the above equation exemplify throat and chamber pressure of the nozzle. Once 

the missing parameters are found then the mass flow (Q) at the throat section can be determined. The 

next step is to determine the Mach number at exit. The required Mach number is that it should be in 

subsonic range. So assumption has been made that the Mach range of the prototype should lie within 

0.1 to 1 (i.e. in subsonic). From the nozzle area ratio equation  

𝐴𝑒(𝑖)

𝐴𝑡(𝑖)
=  𝐺(𝑖) = [

𝐾+1

2
]

(
−(𝐾+1)

2(𝐾−1)
)

∗  
[1+

𝐾−1

2
𝑀𝑒

2]
(

𝐾+1
2(𝐾−1)

)

𝑀𝑒
          --- (8) 

Substituting the value of K and solving the above equation  

  𝐺(𝑖) = 1.2−3 ∗ (1 + 0.2𝑀𝑒
2)3                                     --- (9) 

Further reducing, the equation becomes 

0.0046𝑀𝑒
6 + 0.069𝑀𝑒

4 + 0.3472𝑀𝑒
2 − 𝐺(𝑖) + 0.579 = 0                --- (10) 

Once determining the exit Mach number, the pressure, temperature, and velocity at exit is also 
calculated from the formula  

               𝑃𝑒 = 𝑃𝑐 ∗ [
1+(𝐾−1)

2
∗ 𝑀𝑒(𝑖)2]

−𝐾
(𝐾−1)

             --- (11) 

 

                                                 𝑇𝑒 =  𝑇𝑐 ∗  [
1

(
1+(𝐾−1)

2
∗𝑀𝑒(𝑖)2)

]                            --- (12)   

 

                                                      𝑉𝑒(𝑖) = 𝑀𝑒(𝑖) ∗ √𝐾 ∗ 𝑅 ∗ 𝑇𝑒(𝑖)                             --- (13) 

Substituting all the obtained values in the below equation helps us in finding the thrust that can be 
produced by the nozzle.  

                                             𝐹 = 𝑄 ∗ 𝑉𝑒 + (𝑃𝑒 − 𝑃𝑎) ∗ 𝐴𝑒                               --- (14) 

Here in our case the thrust produced will be the collection or set of values differing with diameter, 
temperature, pressure, velocity and Mach number at throat and exit. The obtained set of values are 
tabulated for a comparative results. From the tabulated results the value which nearly equals the 
requirements are highlighted in red color in the tabular column and are chosen.  
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Area of0 

Throat 

(At)(m^2) 

Area of Exit 

(Ae)(m^2) 

G 

(Ae/At)  

Pressure 

at 

Throat(P

t) (pa) 

Tem

perat

ure at 

Thro

at 

(Tt) 

(k) 

Mass 

Flow at 

Throat 

(Q)(kg/

s) 

Mass Flow 

Rate [l/min] 

Mach 

number

(M) 

Pressure at 

Exit (Pt) (pa) 

Temperatur

e at Exit 

(Te) (k) 

Velocity  

at Exit  

(Ve) (m/s) 

Force 

(N) 

            

3.1416 

*10^-6 
2.827*10^-5 9 

2.11310

*10^5 

247.

5 
0.0029 29.50579929 0.0643 398837.5292 296.7539 22.2312 8.4776 

 0.3848*10^-4 12.25     0.0472 399373.4277 296.8675 16.3176 11.5184 

 0.5027*10^-4 16     0.0362 399632.9699 296.9223 12.4874 15.0315 

 0.6362*10^-4 20.255     0.0286 399770.9495 296.9516 9.8642 19.0154 

 0.7854*10^-4 25     0.0231 399849.7516 296.9682 7.9889 23.4697 

            

0.7069*10

^-5 
0.2827*10^-4 4   0.0066 66..1401916 0.1464 394038.2602 295.733 50.4502 8.6114 

 0.3848*10^-4 5.4444     0.1069 396806.0176 296.3229 36.8824 11.6165 

 0.5027*10^-4 7.1111     0.0816 398134.4288 296.605 28.1714 15.1064 

 0.6362*10^-4 9     0.0644 398837.5292 296.754 22.2311 19.0746 

 0.7854*10^-4 11.1111     0.0521 399238.1214 296.8388 17.9944 23.5176 

            

0.1257*10

^-4 
0.2827*10^-4 2.25   0.0118 118.0231972 0.2681 380435.0386 292.792 91.9452 8.9778 

 0.3848*10^-4 3.0625     0.193 389708.4870 294.8047 66.4111 11.8827 

 0.5027*10^-4 4     0.1464 394038.2602 295.7331 50.4503 15.3092 

 0.6362*10^-4 5.0625     0.1151 396300.8531 296.2155 39.7008 19.2344 

 0.7854*10^-4 6.25     0.093 397581.3524 296.4876 32.0844 23.6468 

            

0.1963*10

^-4 
0.2827*10^-4 1.44   0.0184 184.1548159 0.4525 347316.0423 285.3158 153.2105 9.7848 

 0.3848*10^-4 1.96     0.3124 373719.4332 291.3132 106.8863 12.4560 

 0.5027*10^-4 2.56     0.2332 385082.0381 293.8047 80.1206 15.7419 

 0.6362*10^-4 3.24     0.1819 390833.5667 295.0466 62.645 19.5738 

 0.7854*10^-4 4     0.1464 394038.2602 295.7331 50.4503 23.9206 

            

0.2827*10

^-4 
0.2827*10^-4 1   0.0265 265.5436208 0.9373 218496.6315 252.6175 298.6041 11.4744 

 0.3848*10^-4 1.3611     0.488 339580.1287 283.4999 164.6867 13.5496 
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 0.5027*10^-4 1.778     0.3494 367471.8120 289.9211 119.2544 16.5483 

 0.6362*10^-4 2.25     0.2681 380435.0386 292.792 91.9452 20.2000 

 0.7854*10^-4 2.778     0.2138 387411.1062 294.3091 73.525 24.4231 

 

Table 1: Comparative Results from MATLAB 

5.2.1. Plots Obtained 

 

Figure 13: Area Ratio vs Force 

Figure 13 describes the relation between area ratio and the Force. As the area ratio increases the force 

or thrust produced increases significantly. The five different variations in the plot shows the five 

different iterated values between the throat and exit diameter of the nozzle. So we get thirty different 

values and a suitable area ratio is selected.  
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Figure 14: Area of Throat vs Mass Flow 

Figure 14 describes the relation between area of throat and mass flow. The mass flow rate usually 

calculated from the area of the throat. From that plot it is evident that as the throat area increases the 

mass flow rate is also increased.   

 

Figure 15: Area ratio vs Mach number 
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The flow at the throat section should always remain at sonic speed. That can be seen in the Figure 15 

obtained as a simulation result. And from the graph it is evident that increase in area ratio decreases 

the Mach number.  

5.3. 3D Model of the Nozzle 

  Once the parameters necessary for designing the nozzle is finalized, then with those 

values drawing of the model is completed and visualized by a 3D modelling software (Catia V5). The 

obtained values are only the preliminary results like diameter of the inlet, outlet, and throat and they 

are very basic. Values needed to be calculated for a spline connecting inlet, throat and the outlet. Those 

values are listed below in the table. 

Coordinat

es 

Values (mm) 

X 0 10 12 13.3

43 

14.68

3 

19.57

7 

24.90

2 

29.39

1 

33.50

7 

38.5

2 

3.9

85 

50 

Y 1.9 0 1 1.15 1.27 1.68 2 2.235 2.48 2.65

3 

2.8

5 

3 

Table 2: X and Y Coordinates For Nozzle 

These values are substituted in Catia software and the resulting image will be 

 

 

Figure 16: Spline Creation for Nozzle 

Thus the complete part is created by adding x and y coordinates in a step by step process.  
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Figure 17: 3D Model of the Nozzle 
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6. Flow analysis over the nozzle 

  After designing the nozzle, flow analysis is performed over it in-order to visualize the 

flow parameters and also to verify whether simulation results nearly matches the theoretical results. 

Performing flow analysis over the nozzle adds an additional advantage of visualizing the end results 

of simulation over the nozzle and the variations in contours when applied with different boundary 

conditions and different limitations. Flow analysis is performed using Ansys software.  

 

INITIAL CONDITION AND ASSUMPTIONS MADE 

The initial conditions are considered from the maximum pressure (8Bar) that can be produced by the 

compressor in the lab. For the mass flow determination calculation and the below mentioned values 

in the table are determined  

Pressure (Chamber Pressure) 4 bar can be provided by the sir compressor 

available in the lab. 

Density (Inlet) 4.71 kg/m3 (calculated if maximum of 8 bar 

pressure is given and it varies with respect to 

the pressure). 

Mass Flow Rate ( Nozzle throat) 0.0029 kg/s (for 8bar pressure and 4.71 

kg/m3 of density). 

Temperature (Nozzle Inlet) 289K (room temperature) 

 

Table 3: Obtained Values From  Mass Flow determination 

Before starting a flow analysis following assumptions should be made for simplification. 

 The first assumption to be made is the air flowing through the nozzle is assumed to be an ideal 

gas. 

 The gas flowing through the nozzle is assumed to be isentropic (entropy remains constant), 

and result of which is the flow is reversible and adiabatic (no loss or gain of heat). 

 The gas flow is assumed to be steady. 

 The flow of the gas is always along the axis of the nozzle. 

 The fluid medium flows here is considered to be compressible because of its high velocity. 
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6.1. Procedure involved in Flow Analysis 

For a flow analysis to be perfect there are various steps and parameters to be considered.  Let’s discuss 

about the step by step procedure involved in while performing out the flow analysis. First is the 

selection of analysis systems. Lot of analytical system available in Ansys software from which one is 

selected depending on the user requirements. Since the analysis to be performed is about describing 

the fluid flow we use fluent system as a solver for the problem. 

 

Figure 18: Fluent Interface 

The interface above shows the step by step solving process involved in analysis for getting a perfect 

solution. From the interface it is clear that the first and foremost step is selecting the geometry. Then 

comes the mesh. Once the geometry is meshed then boundary conditions are applied in the setup. In 

solution the problem is selected along with the suitable solver. Finally the results. 

6.1.1.  Geometry Creation 

 

Initial step for a flow analysis to be proceeded with is the selection of a geometry. There are 

two ways for a geometry to be selected. Either a new profile can be drawn in the geometry section and 
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proceed the analysis or a geometry can be directly imported. Once the geometry is selected it should 

be updated in the analyzer in-order to proceed with. 

6.1.2. Meshing 

 

Next step involved in is the meshing of a geometry. “Meshing is the task of partitioning a spatial 

domain into simple geometric elements such as triangles (in 2D) or tetrahedrons (in 3D). Meshes typically have to 

conform to boundaries” (www.aladdin.cs.cmu.edu, n.d.). Meshing the geometry is one of the important step to 

be performed carefully. Proper meshing of the geometry helps in increasing the accuracy of the result. 

Various parameters needed to be specified for a perfect mesh. Once creating the geometry, then comes 

naming the sections. The meshed geometry can be seen in figure 20. 

 

Figure 19: Naming the Sections in Geometry 

Three important sections have been named to the geometry.  Refer figure 19. 

 Inlet 

 Outlet  

 Nozzle boundary 

After naming the sections details of mesh is updated with the corresponding value needed for a 

successful mesh. “Parameters in details of mesh” are 
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Defaults 

Sizing 

Inflation 

Assembly method 

Patch Confirming options 

Advanced 

Defeaturing 

Statistics 

Table 4: Parameters Involved in Meshing. 

6.1.2.1. Face Sizing 

Face sizing is the sizing of the faces selected in a geometry. It actually helps in determining the shape 

of the element which will be used in filling the whole body. It also acts as a remedy for a problematic 

geometry formed by Patch Confirming Tetra meshes or some self-intersecting regions. It also helps in 

obtaining uniform meshing which leads to tetra by volume.  

Object Name Face Sizing 

State Fully Defined 

Scope 

Scoping Method Geometry Selection 

Geometry 12 Faces 

Definition 

Suppressed No 

Type Element Size 

Element Size 6 mm 

Behavior Soft 

Table 5: Parameters Selected For Face Sizing 
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6.1.2.2. Patch Confirming Method 

Patch confirming tetra mesh is a method which uses advancing-front point intersection 

technique which helps in mesh refinement. This method also provides 

 A 3D inflation support 

 Conformal quad-tet (tetrahedrons) transition by built in pyramid layer 

 Built-in growth and smoothness control. 

 

Object Name Patch Confirming Method 

State Fully Defined 

Scope 

Scoping Method Geometry Selection 

Geometry 1 Body 

Definition 

Suppressed No 

Method Tetrahedrons 

Algorithm Patch Confirming 

Element Mid side Nodes Use Global Setting 

Table 6: Parameters Selected For Patch Confirming Method 

 

In the details of mesh careful consideration should be given to sizing and the method of meshing. Here 

Tetrahedrons method is chosen in-order to get a perfect mesh. Some of the finer details of the mesh 

are mentioned below. 

Selecting “on proximity and curvature” helps the solver to mesh all the corners and curvatures. 

Proceeding with selecting “Fine” on the relevance center helps in getting a finer mesh of the geometry. 

Smoothing moves the location of nodes with respect to the adjacent nodes and elements for improving 

the element quality. Selecting “High” helps in controlling the number of iterations of smoothing 

Transition affects the rate of growth of the adjacent element. Selecting “Slow” will help us in 

producing smooth transition which in adjacent provides better results. 

The curvature angle is the angle that an element edge can span to maximum and it is set to 10 degrees.  
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Rest all the parameters remains the same. In inflation column select “Program controlled” in use 

automatic inflation. These are some of the main parameters to be taken care while meshing a geometry 

in “Fluent” software. After completing all these steps click “Generate mesh”. Detailed parameters are 

given below in the tabular column. 

 

Object Name Mesh 

State Solved 

Defaults 

Physics Preference CFD 

Solver Preference Fluent 

Relevance 0 

Sizing 

Use Advanced Size Function On Proximity and Curvature 

Relevance Center Fine 

Element Size Default 

Initial Size Seed Active Assembly 

Smoothing High 

Transition Slow 

Span Angle Center Fine 

Curvature Normal Angle 10.0 ° 

Minimum Edge Length 3.052e-005 m 

Inflation 

Use Automatic Inflation Program controlled 

Inflation Option Smooth Transition 

Transition Ratio 0.272 

Maximum Layers 5 

Growth Rate 1.2 

Inflation Algorithm Pre 

View Advanced Options No 

Patch Conforming Options 
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Triangle Surface Mesher Program Controlled 

Advanced 

Shape Checking CFD 

Element Midside Nodes Dropped 

Straight Sided Elements  

Number of Retries 0 

Extra Retries For Assembly Yes 

Rigid Body Behavior Dimensionally Reduced 

Mesh Morphing Disabled 

Defeaturing 

Pinch Tolerance Default  

Generate Pinch on Refresh No 

Automatic Mesh Based Defeaturing On 

Defeaturing Tolerance Default 

  

Table 7: Mesh Parameters 

 

Thus fine mesh of the geometry is created and a detailed report is collected where we can find number 

of nodes and elements formed along with the aspect ratio of the mesh. Once Meshing is done it should 

be updated in the fluent dialog box. Next proceeding the analysis with the solver selection in setup. 
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Figure 20: Finely Meshed Geometry 

 

  

Figure 21: Cut Section of the Finely Meshed Geometry 

After fine meshing of the geometry, the number of nodes and number elements are obtained from 

which the quality of mesh can be determined. 
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Statistics 

Nodes 21134 

Elements 102362 

Mesh Metric None 

Table 8: Number of nodes and Elements 

6.1.3. Solution Setup 

In solution setup, the meshed geometry is subjected to various boundary conditions 

and the solution is obtained using the necessary solvers.  

 

General Solver type : Pressure-based 

3D Space: Axi-symmetric 

Models 

 

Energy equation : On 

Viscous model : standard k-ε model 

Materials Compressed Air 

Boundary Conditions 

 

Pressure Inlet: 4 bar 

Outlet vent: pressure outlet 

Temperature: 289K 

 

Solution Initialization Hybrid initialization 

No of iterations 300 (convergence at 275) 

 

Graphics and animation Contours are used for getting the plots of 

pressure, density, velocity. 

Table 9: Parameters Used in the Solver Setup 
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6.2. Flow Analysis Results 

After setting up the problem parameters in the solver, the flow analysis through the nozzle is 

calculated. The values obtained as the result of analysis varied when compared with the theoretically 

calculated value in table 3. There was a difference in values obtained. When careful consideration was 

given to the results that are obtained, there found that a small turbulence was created in the nozzle 

due to which the difference in values arises. As mentioned earlier the results obtained are visualized 

in form of contours. Selecting contours will improve the visualization of results 

6.2.1. Pressure Contour 

First result to be verified is the pressure variation of the fluid to be passed through the nozzle. The 

condition for obtaining high force at the nozzle exit is that the pressure of the fluid should decrease as 

it passes from inlet to the outlet. As the pressure decreases, the velocity of the fluid increases. Thus 

pressure should be inversely proportional to the velocity obtained.  Let us check whether the first 

condition is satisfied or not.  Seeing the obtained contour the pressure of the fluid is high at the inlet 

and it decreases at the converging section of the nozzle and increases as it expands. 

 Theoretical Value (bar) Analysis value (bar) 

Maximum  4 3.74000 

Minimum 3.98837 3.14000 

At Throat 2.11370 2.16000 

Table 10: Pressure variation at Different Regions. 

However the condition as mentioned above is satisfied but due to turbulence there was a change in 

values. Design changes to the nozzle were not made because there was only a small change in 

difference between both the theoretical and the obtained simulation values. Next proceeding with the 

density contour. 
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Figure 22: Pressure Contour. 

6.2.2. Density Contour 

Second result to be verified is about the density of the fluid. The density of the flow 

increases as the pressure increases. Here density of the fluid is directly proportional to the pressure is 

always the condition and it should be satisfied. 

 Pressure 

Theoretical 

Value (Bar) 

Density 

Theoretical 

Value (kg/m3) 

 

Pressure 

Analytical value 

(Bar) 

Density 

Analytical value 

(kg/m3) 

Inlet  4.00000 4.71 3.74000 4.40 

Outlet 3.98837 4.69 3.14000 3.9 

Table 11: Comparison of Density and Pressure. 

The density values obtained in the contours corresponds to the analytical pressure value and the above 

mentioned condition is satisfied. The values that satisfies the conditions are tabulated in the table 11 

for reference. 
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Figure 23: Density Contour. 
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7. Experimental Setup 

7.1. Apparatus required for testing 

7.1.1. Compressor 

For the experiment to be proceeded with, the most importantly required thing is the 

air supply. Continuous supply of air is provided from the compressed tank and the maximum pressure 

that can be produced by the tank is about 8 bar. The air compressor used in laboratory is MARK MSM 

Mini 2.2 kW and it is a base mounted compressor type. This type of compressor is connected with a 

separate storage tank of 200 liters. Mass flow rate through the compressor is about 2.96 kg/s. Entire 

weight of the compressor is about 99 kg.  

 

Figure 24: Air Compressor 

7.1.2. Servo 

7.1.2.1. Technical Description about Servo 

   A servo mechanism or servo is an automatic small device that incorporates 

five sub components called a two wire DC motor, a gear train, a potentiometer, an integrated circuit, 

and an output shaft. By sending a coded signal to the servo the position of the shaft can be fixed at 

desired angular position. Until the coded signal exits on the input line the shaft remains fixed. 

Changing the coded signal changes the shaft position. A servo can have an angular motion between 0 

and 180 degrees or 0 to 360 degrees depending on the servo the user needs. Some servos are 

mechanically not capable of moving more than 180 degrees because of its mechanical stop built on 

the main output gear. Communicating the angle to the servo is done by applying a codded signal to 
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the control wire i.e. the angle is determined by the duration of the pulse and this process is said to be 

Pulse Coded Modulation (PCM).  A pulse is transmitted every 20 millisecond and the motor run is 

determined from the pulse length (Seattle Robotics, n.d.). From figure 10 it is clear that the pulse 

duration gives the angle of output of the shaft.   The timing specified in the figure 10  

 

Figure 25: Pulse Coded Modulation 

(Seattle Robotics, n.d.) 

 

7.1.2.2. Selection of Servo 

   Selection of servo includes considering some important parameters like torque 

produced by the servo and weight of the servo. Torque required can be considered by evaluating the 

force or thrust produced by the nozzle. Servo should also weigh very less due to the constraint in the 

overall weight of the setup. Based on our requirements, force needed to be produced by the nozzle is 

selected from the collective results and according to that selection of servo is done. From our essentials 

the servo selected should at least deliver a torque of 0.1 Nm and should weigh less. With the required 

credentials a servo (HK15178) is selected. The CAD diagram of the servo can be referred to the 

appendix C and the servo specifications can be referred to appendix D.  

. 
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[A] 

 

[B] 

Figure 26: A] B] Servo and Servo attachment 

(HK15178 _Anaog_Servo_10g_1_4kg-0_09s., n.d.) 

7.1.3. Bearings  

  It is not necessary that a servo should always satisfy the needs of the user. There are 

many possibilities for a servo to fail even if it is carefully selected after several considerations. This 

happens especially when a servo is made to withstand not only the force produced but also the weight 

of the entire setup. Our case is similar to the one mentioned above. The servo not only delivers the 

necessary torque to the system but also holds the entire weight of the setup. This may cause the servo 

to fail. In order to avoid this a bearing can be used. Bearing helps in reducing the friction between the 

moving parts by constraining the relative motion only to the desired direction. 

7.1.3.1. Selection of Bearing 

                           There are many types of bearings available out of which a suitable one is 

selected. Here in our case the bearing should withstand both axial and radial load. Ordinary ball 

bearing can withstand only axial load. But an Angular Contact Ball Bearing (ACBB) can handle both 

axial and radial loads. Thus it can withstand the force from the nozzle along with the rotatory motion 

produce by the servo. Not only the load withstanding capacity, weight of the bearing also an important 

parameter to be considered. In view of all these thing a bearing is chosen. The CAD diagram of the 

bearing can be referred to the appendix C and the bearing specifications can be referred to appendix 

D. 
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8. Practical Test Procedure and Observed Results 

  Design of the entire experimental setup is made to work by mechanical actuating 

systems.  As already mentioned there are list of various mechanisms known familiarly. Here a known 

actuating mechanism is being implemented. Even though fluidic systems has its own advantages like 

less weight, the loss in thrust is quite high. But in mechanically actuating systems in spite of its 

additional weight they do not have any thrust loss and produce good steering angle. So in our project 

servo is used for actuating the nozzle in the desired direction. So proper care must be taken while 

selecting the servo. Weight of the setup should also be in mind that it should weigh very less. 

8.1. 3d Model of Entire Setup 

  Main purpose of the setup is to provide control over the attitude of the system. This is 

done by maneuvering the nozzle with the help of the servo selected.  Two servos of the same choice 

are selected. One is placed exactly in coincidence with the axis of the nozzle and the other one is 

placed perpendicular to the axis of the nozzle. The purpose of the first servo is to actuate the nozzle 

in any desired axis and the second with respect to the first one. 

 

Figure 27: Entire Setup. 
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8.2. Schematic Representation of the Actuator Mechanism 

 

Figure 28: Schematic Representation of the Working Principle. 

Keeping the constraints in mind, the components are designed in such a way that it is light in weight. 

For achieving this PVC material is selected and the components are manufactured. Density of the 

PVC material is less when compared with materials like Aluminium, Teflon, etc. The reason for 

selecting PVC is not only restricted to their low density but also the other material properties like high 

corrosive resistant, high water repellant, high strength to weight ratio, fire resistant, ease of 

manufacturing, and also they are cost efficient (www.plasticsintl.com). The entire material properties 

at room temperature along with the values are tabulated in appendix G. The entire setup is then 

assembled and tested in the laboratory. The CAD model of all the individual components can be 

referred in appendix E.  
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8.3. Results 

After assembling the entire apparatus test is made in the laboratory for checking whether the force 

obtained from the nozzle is equal to the theoretically calculated value. Since this is only a prototype 

and not any higher order form the force is measured using a weighing scale. When the nozzle is tested 

for the force produced, we get unexpected results. The force obtained is very low when compared with 

theoretical value and the value obtained from flow analysis in the nozzle. The reason behind this might 

be because of the under expansion, the velocity of the flow gradually decreases with the decrease in 

pressure. This make the air to flow out with very low velocity and finally we get very less force when 

compared with the theoretical and analytical values. The problem might also be in the design of the 

nozzle manufactured.   

Pressure (4 bar)  Theoretical Value  (N) Practical Test results (N) 

Force Measured (N)  8  0.4 

 

On the other hand the testing system available in lab might not be a right way to measure the force 

produced from the nozzle while testing. Use of strain gauge would have produced better results. But 

these things can only help in improving the accuracy but not the entire results. 

Once the test results were obtained, they were found to be unsatisfactory for the above reasons. Then 

in-order to verify and identify the problem some modifications were made to flow parameters of the 

nozzle. Not only with the flow parameters but also some revision in the nozzle design were made. 

The nozzle with the modified parameters like pressure, type of nozzle, length of the nozzle etc. are 

then printed in the 3D printer for carrying out the preliminary test. There found better results i.e. the 

force produced is a bit higher than the force produced by the one which was manufactured.  

Advantages of using servo as a mechanical actuation system in this concept is that it has high slew 

rate, high erosion resistant because of the material property, less thrust loss since there is no wastage 

of air flow, more degrees of freedom as the servo used can be rotated to any axis, and finally high 

accuracy. 

Disadvantage is that the damage of flexible pipe might be possible because of frequent actuating.   
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9. Conclusion 

The objective of this project is to develop a test bed facility for implementing a control algorithm for 

thrust vectoring mechanism. The test bed facility is the prototype of miniaturized rocket simulator 

with actuating nozzle. Beginning the project with calculating the nozzle parameters is the initial phase 

and successful completion of the nozzle design were done. Completing the design, the geometry is 

tested for the flow variation over it. The geometry is thus imported to the analysis software Ansys 14.5 

were the pressure variation, density variation in the geometry is obtained when a compressed air is 

passed over it.   

Comparing the analytical results with the theoretically calculated value is the adjacent procedure 

involved. With the nearly matching results the nozzle is given for manufacturing. For the entire 

prototype to be designed the iterations performed were helpful for arriving at the final design. Servo 

producing enough torque for the system is then selected along with the angular contact ball bearing 

supporting the nozzle force. For the system to be light in weight material selection plays an important 

role. When considering and comparing various material properties available in market, PVC suited 

best to the project because of its nature.   Thus the prototype with the TV mechanism was successfully 

designed with the help of the Catia V5 R18 software. 

Manufactured component is then brought to the test bed for testing the nozzle flow along with the 

actuating system fitted with the setup. The system is tested with the facility available in the laboratory. 

Initially the entire thrust vectoring setup is continuously provided with the pressurized air of 4 bars. 

Later the setup is supplied with compressed air of different pressures and the results are collected. The 

obtained test results were then compared with the theoretical and analytical calculations and seems 

that the test results were not as expected. In-order to identify the problem nozzles with different shape 

has been manufactured in 3D printer and tested with high pressure compressed air. Thus numerous 

tests have been done with the thrust vectoring setup and the results are saved for future purpose. 

Thus the entire thrust vectoring prototype for implementing control algorithm attached with the multi 

axis controllable nozzle is successfully designed, fabricated and tested. The setup can be used in the 

laboratory for the students when the solution to the system failure is found and can proceed to test and 

implementing the developed program and achieve lot more in the field of thrust vectoring concept.  
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9.1. Future Work 

This thesis work is only concentrated on developing a test bed prototype. In future a 

control algorithm can be developed and implemented for the setup and various control mechanisms 

can be tried out and a new thrust vectoring concept can be evolved. The future work also includes 

developing a new nozzle design which helps in producing enough thrust than the one manufactured 

and tested.  

 

 



Chapter 10. References 

46 

 

10. References 

1) 72..-B-2RS*7200-B-2RS-TVP. (n.d.). Retrieved from http://medias.schaeffler.de: 

http://medias.schaeffler.de/medias/en%21hp.ec.br.pr/72..-B-2RS*7200-B-2RS-TVP 

2) B. K. (2013). Optimization of Divergent Angle of a Rocket Engine Nozzle Using 

Computational Fluid Dynamics. The International Journal Of Engineering And Science (Ijes), 2(2), 

196-207. 

3) Benson, T. (2012, june 12). airplane. Retrieved from http://www.grc.nasa.gov/: 

http://www.grc.nasa.gov/WWW/k-12/airplane/mach.html 

4) Benson, T. (n.d.). National Aeronautics and Space Administration. Retrieved june 12, 2014, from 

http://www.grc.nasa.gov/WWW/k-12/airplane/mach.html 

5) Braeunig, R. A. (1998). http://www.braeunig.us/. Retrieved from 

http://www.braeunig.us/space/sup1.htm 

6) Braeunig, R. A. (n.d.). www.braeunig.us. (1997) Retrieved 2012, from 

http://www.braeunig.us/space/propuls.htm 

7) Carpenter, L. R. (1992). Thrust Vectoring for Lateral Directional Stability. California. 

8) center, N. G. (n.d.). Retrieved from 

http://exploration.grc.nasa.gov/education/rocket/gimbaled.html 

9) Christopher J. Caddock, D. A. (2014). AEROSPIKE ENGINE FOR SSTO.  

10) Clarke, A. J. (2011). The Conceptual Design of Novel Future UAV’s Incorporating Advanced 

Technology Research Components. USA. 

11) D.R.Krik. (2012). Rockets and Mission Analysis.  

12) Dumoulin, J. (1988). shuttle techonology. (NASA) Retrieved August 31, 200, from 

http://science.ksc.nasa.gov/shuttle/technology/sts-newsref/sts-mps.html 

13) Eric Gamble, D. T. (2004). NOZZLE SELECTION AND DESIGN CRITERIA. AIAA, 11. 

14) G.V.R.Rao. (n.d.). Recent Developments in Rocket Nozzle Configuration. ARS Journal, 1-7. 

15) George P. Sutton, O. B. (2001). Rocket Propulsion Elements . New York / Chichester / 

Weinheim / Brisbane / Singapore / Toronto : JOHN WILEY & SONS, INC. 



Chapter 10. References 

47 

 

16) Gerald Hagemann, G. H. (1998). Advanced Rocket Nozzles. JOURNAL OF PROPULSION 

AND POWER, 14(5), 15. 

17) HK15178 _Anaog_Servo_10g_1_4kg-0_09s. (n.d.). Retrieved from www.hobbyking.com: 

http://www.hobbyking.com/hobbyking/store/__16257__HK15178_Analog_Servo_10g_1_

4kg_0_09s.html 

18) Ikaza, D. (2000). Thrust Vectoring Nozzle for Modern Military Aircraft. RTO MP-051. 

Braunschweig. 

19) Jeffrey D. Flamm*, K. A. (n.d.). Experimental Study of an Axisymmetric Dual Throat Fluidic 

Thrust Vectoring Nozzle for Supersonic Aircraft Application. American Institute of Aeronautics 

and Astronautics, 28. 

20) Nirmith Kumar Mishra, D. S. (2014). MODELING & SIMULATION OF ROCKET 

NOZZLE. IJAEGT, 2(09), 8. 

21) Östlund, J. (2002). FLOW PROCESSES IN ROCKET ENGINE. Stockholm: TRITA-MEK. 

22) P, C. V. (2014). Detachable Thrust Vectoring Mechanism and Stress Analysis. The 

International Journal Of Engineering And Science (IJES), 10. 

23) Personnel, B. o. (1959). Principles of Guided Missiles and Nuclear Weapons. washington: Navpers 

10784. 

24) propulsion. (n.d.). Retrieved from www.aerospacewe.org: 

http://www.aerospaceweb.org/question/propulsion/q0220.shtml 

25) Saeed Masoudi, F. R. (n.d.). Computational fluid dynamaics basics. (CFD Vienna) Retrieved 

from http://cfdblogvienna.blogspot.de/p/computational-fluid-dynamics-basic-e-2.html 

26) Seattle Robotics. (n.d.). Retrieved from http://www.seattlerobotics.org/guide/servos.html 

27) SEKHON, K. S. (1 9 6 4). THRUST VECTORING EXPERIMENTS. Arizona: THE 

UNIVERSITY OF ARIZONA. 

28) V, R. M. (2013). Design, modelling and experimental validation on a typical flex bearing joint of rocket 

motor nozzle. HYDERABAD: JAWAHARLAL NEHRU TECHNOLOGICAL 

UNIVERSITY. 



Chapter 10. References 

48 

 

29) www.aladdin.cs.cmu.edu. (n.d.). (Carnegie Mellon university) Retrieved from 

http://www.aladdin.cs.cmu.edu/probes/ongoing_probes/meshing.html 

30) www.plasticsintl.com. (n.d.). Retrieved from 

https://www.plasticsintl.com/datasheets/PVC.pdf 

 

  



Chapter 11. Appendix 

49 

 

11. Appendix  

A. Developments in TVS 

B.  Manufacturer Model Main Engine Additional Notes 

C.  

D.  

E.  

F.  

G.  

Bell/Boeing V-22 

Osprey 

2xTurboprop 

 

Tilt rotor 

Boeing X-32 P&W F135A/B  

Dornier Do31 2xPegasus +8x RB162 lift engines 

EWR VJ 101 4xRB-145 (rotating) +2x RB145 in fuselage 

BAE Harrier RR Pegasus  

Lockheed 

Martin 

F-35B JSF F135/F136 A/B 

 

+ Low pressure shaft 

driven lift fan for lift 

VFW VAC191B RB 193-12 

 

+2x RR RB162-81 lift 

engines 

Yakovlev YAK-38 R-28 V-300 +2x RD-38 lift engines 

 

 

 

Lockheed 

Martin 

F-22 Raptor 2x P&W F119-PW-100 A/B Pitch only vectoring (+/- 

20 deg) 

McDonnell 

Douglas 

F-15 

S/MTD 

P&W F-100-PW-200 A/B P&W 2-d TV Nozzle 

(+/- 20 deg) 

McDonnell 

Douglas 

X-36 Williams F112 Yaw only 

Boeing X-45A  Yaw only 

Suk hoi Su-30 2x AI-31FL A/B 2-d (+/-15 deg) 

Suk hoi Su-35 2x Saturn 117S A/B  

Suk hoi Su-37 2x AI-31FU 2-d (+/-15 deg) 

Lockheed 

Martin 

F-16 

MATV 

GE F110-GE-100A/B  

McDonnell 

Douglas 

F-15 

ACTIVE 

2x P&W F-100-PW-200 A/B P&W P/YBBN TV 

Nozzles (20 deg 3-d) 

V
T

O
L

/
S

2
-d

 M
a
n

eu
v
er
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McDonnell 

Douglas 

F-18 

HARV 

2x GE F404-GE-400 A/B  

Mitsubishi ATD-X 2x IHI XF5 A/B 3 paddles 

Mikoyan MiG-

29OVT 

2x Klimov RD-33MK A/B  

Rockwell MBB X-31 GE F404-GE-400 3 paddles for pitch and 

yaw 

Sukhoi Su-35BM 2x Saturn 117S A/B  

Lockheed 

Martin 

X-44  Full pitch/yaw/roll TV 

control VTOL 

Table 12: Recent Developments in Thrust Vectoring  

(Clarke, 2011) 
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B. MATLAB Code 

clear all; 

clc; 

  

% Problem parameters 

  

% At Area of the throat (m) 

% Ae Area of the exit (m) 

% Tc Temperature in the combustion chamber (K) 

% Tt Temperature in the throat (K) 

% Te Temperature in the exit (K) 

% Pc Pressure in the combustion chamber (Pa) 

% Pa Ambient pressure (Pa) 

% Pt Pressure at throat (Pt) 

% Pe Pressure in the exit (Pa) 

% K Ratio of Specific Heats Cp/Cv 

% M Molecular weight of gas (kg/kmol) 

% Q Mass flow rate (kg/s) 

% Me Mach number at exit 

% Ve velocity at exit (m/s) 

% F Force or Thrust (N) 

  

i=0; 

for Dt  = 0.002:0.001:0.006 

    for De= 0.006:0.001:0.010; 

        i=i+1; 

        At(i) = (pi*Dt.^2)/4; 

        Ae(i) = (pi*De.^2)/4; 

        G(i) = Ae(i) / At(i); 

        k  = 1.4; %specific Heat Ratio 

        Pc = 400000; 

%       Pc = 800000;% chamber pressure 

        Pa = 101325; % ambient pressure 

        Tc = 297; %combustion chamber temperature 

        R = 287; 

        Pt = Pc * (1 + (k - 1) / 2)^(-k/(k-1)); 

        Tt = Tc * (1 / (1 + (k - 1) / 2)); 

        Dt; 

        De; 

        Q(i) = At(i)* Pt * sqrt (k/ (R*Tt)); 

        syms M; 

        assume(0<M<1) 

        Me(i) = solve(0.0046*M^6 + 0.0686*M^4 + 0.347*M^2 - G(i)*M + 

0.579==0, M) 

        figure(1); 

        plot(At(i), Q(i), 'm-x','MarkerSize',10,'LineWidth',2) 

        title('Area of Throat vs Mass flow') 

        xlabel('Throat Area (At)(m^2)') 

        ylabel('Mass flow (Q) (N)') 

        hold on 
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        figure(2); 

        plot (G(i),Me(i),'b-x','MarkerSize',10,'LineWidth',2) 

        title('Area Ratio vs Mach Number') 

        xlabel('Area Ratio (G)(m^2)') 

        ylabel('Mach Number (Me)') 

        hold on 

        Pe(i) = Pc*(1+(k-1)*Me(i)^2/2)^(-k/(k-1)) 

        Te(i) = Tc/(1+(k-1)*Me(i)^2/2); 

        Ve(i) = Me(i)*sqrt(Te(i)*k*R); 

        F(i) = eval(Q(i)* Ve(i) + (Pe(i) - Pa) * Ae(i)); 

        figure(3); 

        plot (G(i),F(i),'r-x','MarkerSize',10,'LineWidth',2) 

        title('Area Ratio vs Force') 

        xlabel('Area Ratio (G)(m^2)') 

        ylabel('Force (F) (N)') 

        hold on 

  

    end 

end 
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C. 2D And 3D CAD Drawings of Servo and Bearings 

 

[A] 

 

[B] 

 

Figure 29: [A] Cut Section of Bearing [B] CAD Model of Bearing 

 

Figure 30: CAD Model of Servo 
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D. Servo and Bearing Specification 

 

Torque:    1.2kg/cm @ 4.8v, 1.4kg/cm @ 6v 

Weight: 10g 

Speed: 0.10/60deg @ 4.8v, 0.09/60deg @ 6v 

Voltage: 4.8v~6v 

Plug:   JR 

Table 13: Servo Specifications 

(HK15178 _Anaog_Servo_10g_1_4kg-0_09s., n.d.) 
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Table 14: Bearing Specifications. 

(72..-B-2RS*7200-B-2RS-TVP, n.d.) 

d 10  mm   

D 30  mm   

B 9  mm   

a 13  mm   

D
2
 23,4  mm  

D
3
 25,7  mm  

D
a max

 25,8  mm  

D
b max

 27,6  mm  

d
2
 15,5  mm  

d
a min

 14,2  mm  

r
1 min

 0,3  mm   

r
a max

 0,6  mm   

r
a1 max

 0,3  mm   

r
min

 0,6  mm   

α 40  °  Contact angle 

m 0,037  k  Mass 

C
 r
 5300  N  Basic dynamic load rating, radial 

C
0r

 2600  N  Basic static load rating, radial 

n
G
 15000  1/min  Limiting speed 

n
B
 -  1/min  Reference speed 

C
ur

 174  N  Fatigue limit load, radial 
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E. CAD Drawings of the Manufactured Components 

D.1.   Bottom Connector 

 

     

Figure 31: Bottom Connector. 
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D.2. Nozzle Clamp 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 32: Clamp for Connecting Nozzle and Servo. 
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D.3. Inner Connector 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33: Inner Connector. 
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D.4. Nozzle Bottom Part 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 34: Nozzle Bottom Part. 
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D.5. Nozzle Top Part 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 35: Nozzle Top Part. 
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D.6. Servo Attach 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 36: Servo Attach. 
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F. 2D Drawing of the Entire Setup 

 

 

Figure 37: Entire 2D Model of the Setup. 
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G. PVC Material Properties 

Property ASTM Test Method  Units PVC 

Physical    

Density D 792 g/cc 1.42 

Water Absorption D 570 % 0.06 

Cell Class 1784  12454-B 

Rockwell Hardness D 785 R Scale 115 

Shore Durometer D 2240 D 89 

Mechanical    

Tensile Modulus D 638 psi 411,000 

Yield Strength D 638 psi 7,500 

Flexural Modulus D 790 psi 481,000 

Yield Strength D 790 psi 12,800 

Izod Impact D 256 ft-lb/in 1.0 

Thermal    

Vicate Softening Point D 1525 °F 181 

Heat Deflection 

Temperature 

D 648 °F 179 

Linear Coefficient of 

Expansion 

 in/in/°F 3.2 x 10-5 

Flammability D 635 — Self-Extinguishing 

Flammability UL 94 — V-0 

Flame Spread E 84 — 15 

Electrical    

Volume Resistivity D 257 Ohm/cm 5.4 x 1015 

Dielectric Constant D 150 60 Hz 3.19 

Dissipation Factor D 150 60 Hz 0.0096 

Loss Index D 150 60 Hz 0.030 

Dielectric Strength D 149 V/mil 544 

Chemical    

Chemical Resistance D 1784 — Class B 

Table 15: PVC Properties at Room Temperature. (www.plasticsintl.com).
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