
International Journal of Enhanced Research in Science, Technology & Engineering 

ISSN: 2319-7463, Vol. 11 Issue 3, March-2022, Impact Factor: 7.957 

Page | 46 

Theoretical and Numerical Investigation on 

Propulsive Configuration and Performance 

Characteristics for a Sounding Rocket 
 

Ankit Kumar Mishra
1
,
 
Janani Kavipriya V.S.

2
, Prasannalakshmi Thota

3
,  

Kabhilesh G
4 

 
1, 2, 3

Department of Research and Development, Astroex Research Assoctioian, Deoria, India 
4
Department of Mechanical engineering, Chennai Institute of Technology, Chennai, India 

 

*Corresponding Author: Ankit Kumar Mishra, email: ankitkumarm1998@gmail.com 

  

 

 

ABSTRACT 

 

This paper gives the overview of a sounding rocket which is developed to perform certain scientific 

experiments in low earth orbit. The propulsion characteristics and calculations related to nozzles for both 

the booster stage and the sustainer stage of two-stage sounding rocket have been discussed and calculated 

using isentropic relations and the graphical representation of the performance of the two stages with respect 

to expansion ratio is shown. Further, in this paper we deal with a critical feature of our rocket, which is used 

to change the orientation or direction of the rocket, the thrust vector control and the type of the thrust vector 

control we plan to implement on our rocket and reasons for choosing it.  
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INTRODUCTION 

 

Sounding rockets also referred as research /experimental rocket which contain instruments that are used to perform 

experiments in the space or the higher altitude. As the name suggest two stage, it consist of two stages having 

different purposes, the ground stage of the rocket is implement with solid propellant and the upper stage of the 

rocket is of liquid propellant, for normal rockets gimbal system is used to change the direction but for the sounding 

rocket we generally don’t have any external mechanism to change the direction of the rocket hence the secondary 

thrust control system is been implemented on the sounding rocket, when a rocket is travelling through the 

atmosphere the wind that’s act on the rocket and the higher gravitational acceleration of the rocket pulls it towards 

the earth creating the change in the direction and maximum deflection of the rocket would be in the lesser altitude. 

The thrust vector controlling of the rocket is been implemented to the upper stage of the rocket which is the liquid 

propellant based so that the maximum deflection can be directly changed in the upper stage.  

 

LITERATURE REVIEW 
 

Marco Pallone et.al described about sounding rockets are generally research rockets which carry instruments that 

are used measure the certain parameters while performing certain experiments. Sounding rockets are easily 

affordable used to test the new components or any type new prototype and used in the launch vehicles and sub 

systems [1].Singh et.al mentioned about the characteristics of solid motor in which the propellant is the mixture of 

the chemicals which consists of fuel and oxidizer and it burns rapidly when ignited the ratio of the fuel and oxidizer 

depends on the type of the fuel and oxidizer we used .and the oxidizer provides the oxygen for the fuel burning and 

the ratio of the two components alters the burn rate of the propellant also alters the amount of the thrust and the fuel 

consumption of the fuel and alters the chamber parameters [2].Suskila et.al this research is based on the design and 

construction of the solid propellant and the standard test to ensure the thrust and the total pressure produced inside 

the thrust chamber that were designed and constructed and also the ratios of the mass of the solid propellant is 

compared based on the maximum thrust that’s been achieved and also the consideration of the mass thickness based 

on the temperature of combustion chamber is also considered [3].A theoretical study has also been presented which 

highlights the propellants being used in the solid rocket motor. The performance parameters are also being 

described along with the material selection as described by Ankit et.al [12].  
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Neumann et.al described about the combination advantages of solid and which is easy in handling and has long 

storage time and of liquid rocket propellant which are thrust modulation and shut off capabilities [4].Ankit et.al 

presented a study on nozzle flow partition that is carried out by simulation of rocket nozzle designed Fusion 360 

and ANSYS to inspect the laminar as well as turbulent regime for deviating section of nozzle [5]. Ankit et.al 

reviewed about pintle injector used in rocket nozzle along with motor combination for generating higher amount of 

thrust. It show the influence of spray angles and characteristics such as flow as well as combustion on spray images, 

droplet size, momentum ratio, opening distance and SMD distributions which affect the injector geometry [6].Ankit 

et.al paper discussed a theoretical and conceptual design for compact size 2 stage sounding rocket by focusing on 

structural optimizations at various levels. The aim of the paper is to develop a two-stage sounding rocket with 

overall length constrained to 1 meter [7].  

 

The aim of paper is to design a two stage sounding rocket and its nozzles using fusion 360 and analysis of different 

properties using simulation on ANSYS software. The rocket is designed to reach maximum apogee to perform 

scientific experiments and can be recovered safely after use [8].Ankit et.al presented a work caused by lack of data 

on aerodynamics for profile of elliptical nose cone and especially improved aerodynamic qualities that can be used 

in designing aircrafts. Flow phenomena observed in numerical simulations for different AOA for elliptical nose 

cone profile are highlighted, critical design aspects and performance characteristics of selected nose cone are 

presented [9]. Ankit et.al described about different classification of propellants used for launch vehicles. The 

cryogenic propellants taken for comparison are liquid hydrogen, liquefied methane and for semi cryogenic fuels 

considered are RP-1 (kerosene) and UDMH with liquid oxygen as the oxidizer. The scope of this work addresses 

the comparison among the propellants, on their chemical properties, overall efficiency and fatigue life which is a 

major criterion for launch vehicles [10].Aerodynamic thrust variation and performances play a key role in 

estimating forces along with the injected flow and their characteristics. This review paper deals with the 

aerodynamics characterization, its properties at different conditions in addition with the performance analysis of the 

aerospike nozzle study carried by Ankit et.al [11]. Ankit et.al discusses about composition of chemical substances 

that affects the launch vehicle in ground station as well as atmospheric conditions is been presented. During the 

rocket-launching the large amount of inhalation of an exhaust gas released and it majorly affects the surface of the 

launch pad as well as the atmosphere [13]. 

 

METHODOLOGY 

 

The forthcoming calculations and analysis have been done considering the rocket design shown in figure 1 & 2. 

 

 
 

Figure.1 Upper rocket body design 

 
Figure.2 Full rocket body design 

 

Rocket nozzle equations:  

Nozzle plays a vital role in rocket propulsion as it allows the flow of fuel and oxidizer mixer to flow through it with 

required mass flow rate and producing enough thrust to reach a desired height. The amount of thrust a nozzle can 

produce depends upon the total mass flow of the propellant, the throat area from which it is flowing and exit area of 

the nozzle from which it will leave in the form of burning gasses. 

 

The amount of thrust produced by a rocket is given by     

𝐹 = 𝑚̇ ∗ 𝑣𝑒 +  𝑝𝑒 − 𝑝0 ∗ 𝐴𝑒                                     (01) 
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In this the first term denotes the momentum thrust of the rocket; the second term denotes the pressure thrust of the 

rocket. From the above equation we can say that the thrust of the rocket depends mainly on the mass flow of the 

rocket ṁ , the exit velocity of the rocket 𝑣𝑒 , and the exit pressure of the engine. Mostly, the exit pressure of the 

rocket is maintained slightly greater than that of the atmospheric pressure because generally, there will be a flow 

from higher pressure to the lower pressure so if you consider this condition there could be a chance of increase in 

the thrust of the rocket  

Specific impulse of the rocket is: 

𝐼𝑠𝑝 =  
𝐹

𝑚̇∗𝑔0
(02) 

The speed of sound of the Rocket in terms of the temperature and gas constant is given as: 

 𝑎 =  𝛾𝑅𝑇(03) 

The Mach number of the rocket can be found from the relation: 

𝑀𝑒
2 =

2

𝛾
[ 

𝑃𝑐

𝑃𝑎𝑡𝑚
 

𝛾−1

𝛾
− 1]                                           (04) 

 

The isentropic relations of the various parameters of the flow can be given by the following relation. But basically, 

we will consider the condition to be isentropic because the stagnation properties are constant in isentropic flow, but 

while considering isentropic flow there are certain assumptions that need to be considered such as the ideal flow 

nothing but there is no exchange of the heat from the surroundings then these ratios can be related to that of the 

stagnation parameters at a given Mach number  
𝑇0

𝑇
= [1 +

 𝛾−1 

2
∗ 𝑀2](05) 

𝑝0

𝑝
=  [1 +

 𝛾−1 

2
∗ 𝑀2]

𝛾

𝛾−1(06) 

𝜌0

𝜌
=  [1 +

 𝛾−1 

2
∗ 𝑀2]

1

𝛾−1(07)  

The ratio of exit area to that of the throat area for a given Mach number: 

𝐴

𝐴𝑡
=

1

𝑀
[

2

𝛾+1
(1 +

 𝛾−1 

2
∗ 𝑀2)]

𝛾+1

2(𝛾−1)(08) 

The flow per unit area will be maximum at the throat those relations are 
𝑝𝑡

𝑝0
= [

2

(𝛾+1)
]

𝛾

𝛾−1                                                           (09) 

𝑇𝑡

𝑇0
= [

2

 𝛾+1 
](10) 

𝜌𝑡

𝜌0
= [

2

(𝛾+1)
]

1

𝛾−1                                                          (11) 

To find the area at throat of the nozzle 

𝐴𝑡 =  
𝐹

𝐶𝑓+𝑃𝑐
(12) 

Coefficient of thrust can be calculated with: 

𝐶𝑓 =  2𝛾2

𝛾−1
(

2

𝛾+1
)
𝛾+1

𝛾−1[1 −   
𝑃𝑒

𝑃𝑐
 

𝛾−1

𝛾
] +

𝑃𝑒−𝑃𝑎

𝑃𝑐
(
𝐴𝑒

𝐴𝑡
)        (13) 

The mass flow rate of the nozzle can be found from the basic geometry and the fluid properties that can be given as 

𝑚̇ = 𝜌𝑡𝑣𝑡𝐴𝑡 =
𝑝0𝐴𝑡 𝛾

 𝑅𝑇0
∗ (

2

𝛾+1
)

𝛾+1

2(𝛾−1)                          (14) 

The exit velocity of the rocket is given by: 

𝑣𝑒 = 𝑀𝑒 𝛾𝑅𝑇𝑒                            (15) 

Radius of throat: 

𝑟𝑡 =  
𝐴𝑡

𝜋
                                                                     (16) 

Radius of chamber: 

𝑟𝑐 =  
𝐴𝑐

𝜋
                                (17)   

Length of divergence: 

𝐿𝑑𝑖𝑣𝑒𝑟𝑔𝑒𝑛𝑐𝑒 =
𝑟𝑒

𝑡𝑎𝑛 𝑡𝑎𝑛  𝜃  
                     (18) 

Length of convergence: 

𝐿𝑐𝑜𝑛𝑣𝑒𝑟𝑔𝑒𝑛𝑐𝑒 =
𝑟𝑐

𝑡𝑎𝑛 𝑡𝑎𝑛  𝛽  
                        (19) 

 

Theoretical calculated values for lowernozzle 

Assumptions 

Pc= 1000 psi, Tc = 3200K, 𝛾= 1.18, molecular weight= 24.63 mol, R= 337.55 (J/kg-k), F=10,000N 

Using equation (09) & (10) we can find pressure and temperature at throat 
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Pt= 284.2099 psi 

Tt= 2935.779 K 

Using equation (04) we can find the exit Mach number  

Me= 3.16 

Using equation (13) coefficient of thrust is calculated 

𝐶𝑓= 1.6 

Using equation (12) area at exit of nozzle can be calculated 

At = 0.000906 m
2 

Using equation (10) ratio of exit to throat area is calculated 
𝐴𝑒

𝐴𝑡

= 10 

And value of exit area is 

Ae= 0.00825 m
2 

Exit temperature and pressure is calculated using equation (05) & (06) 

Te= 1684.21K, Pe=14.94 psi 

Mass flow rate is calculated using equation (14) 

ṁ = 3.874 kg/s 

Exit velocity is calculated using equation (15) 

Ve= 2544.184 m/s 

Specific impulse is calculated using equation (02) 

Isp= 263.1306 sec 

Radius of throat and chamber is calculated using equation (16) & (17) 

𝑟𝑐 = 0.135𝑚, 𝑟𝑡 = 0.0169𝑚 

Length of divergence and convergence are calculated using equation (18) & (19) 

Taking 𝛽 = 450 , 𝜃 = 150 

𝐿𝑐𝑜𝑛𝑣𝑒𝑟𝑔𝑒𝑛𝑐𝑒 = 0.13𝑚 , 𝐿𝑑𝑖𝑣𝑒𝑟𝑔𝑒𝑛𝑐𝑒 = 0.18𝑚 

 

Theoretical calculated values for upper nozzle 

Assumptions 

Pc=80 psi, Tc = 3200K, 𝛾= 1.2, molecular weight= 19.84 mol, R= 419 (J/kg-k), F=1,000N 

Using equation (09) & (10) we can find pressure and temperature at throat 

Pt= 45.157 psi 

Tt= 2909.09 K 

Using equation (04) we can find the exit Mach number  

Me= 4.2 

Using equation (13) coefficient of thrust is calculated 

𝐶𝑓= 2.245 

Using equation (12) area at exit of nozzle can be calculated 

At = 0.0008 m
2 

Using equation (10) ratio of exit to throat area is calculated 
𝐴𝑒

𝐴𝑡

= 37.8 

And value of exit area is 

Ae= 0.0305 m
2 

Exit temperature and pressure is calculated using equation (05) & (06) 

Te= 1157.742K, Pe=0.1794 psi 

Mass flow rate is calculated using equation (14) 

ṁ = 0.246 kg/s 

Exit velocity is calculated using equation (15) 

Ve= 3204.44 m/s 

Specific impulse is calculated using equation (02) 

Isp= 326 sec 

Radius of throat and chamber is calculated using equation (16) & (17) 

𝑟𝑐 = 0.07𝑚, 𝑟𝑡 = 0.01595𝑚 

Length of divergence and convergence are calculated using equation (18) & (19) 

Taking 𝛽 = 450 , 𝜃 = 150 

𝐿𝑐𝑜𝑛𝑣𝑒𝑟𝑔𝑒𝑛𝑐𝑒 = 0.367𝑚 , 𝐿𝑑𝑖𝑣𝑒𝑟𝑔𝑒𝑛𝑐𝑒 = 0.069𝑚 

 

Maximum height 

The calculations are done in drag free conditions. 

As per Newton’s law of motion,         
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𝑊

𝑎
=

𝑀

𝑔
                                              (20) 

𝑇 = 𝑚𝑎                                             (21) 

For multi stage rockets we will use subscripts 1, 2……. And n refers to conditions of the first and second stages 

during thrusting flight.                  

𝑎𝑛 =  
𝑇𝑛

𝑀𝑛
− 𝑔                                    (22) 

𝑣𝑛 =  
𝑇𝑛

𝑀𝑛
− 𝑔 𝑡𝑛                                 (23) 

𝑣 = 𝑣1 + 𝑣2 + 𝑣3 …… . . . . +𝑣𝑛  

𝑡𝑛 =
𝑀𝑝𝑟𝑜𝑝𝑒𝑙𝑙𝑎𝑛𝑡

𝑚̇
                                                        (24) 

   Where, 𝑡𝑛= burn time of propellant                                                                     

𝑣𝑛 =  
𝑇1

𝑀1
− 𝑔 𝑡1 +  

𝑇2

𝑀2
− 𝑔 𝑡2 + ⋯…… . .  

𝑇𝑛

𝑀𝑛
− 𝑔 𝑡𝑛                                                                           (25)                                                                       

𝐻𝑛 =   
𝑇𝑛

𝑀𝑛
− 𝑔 

𝑡𝑛
2

2
+ 𝑡𝑛[ 

𝑇1

𝑀1
− 𝑔 𝑡1 +  

𝑇2

𝑀2
− 𝑔 𝑡2 + ⋯…… . .  

𝑇𝑛

𝑀𝑛
− 𝑔 ]𝑡𝑛−1                                             (26)                                                                            

 The total altitude will then be,                                

𝐻 = 𝐻1 + 𝐻2 + ⋯…… + 𝐻𝑛 + 𝐻𝑐                            (27) 

(Or) 

𝐻 =

 
𝑇1

𝑀1
− 𝑔 

𝑡1
2

2
+   

𝑇2

𝑀2
− 𝑔 

𝑡2
2

2
+  

𝑇1

𝑀1
− 𝑔 𝑡1𝑡2 +   

𝑇3

𝑀3
− 𝑔 

𝑡3
2

2
 

𝑇2

𝑀2
− 𝑔 𝑡2𝑡3 +  

𝑇1

𝑀1
− 𝑔 𝑡1𝑡3 + ⋯………… . .

𝑣2

2𝑔
                                                          

(28)                                                                                             

𝑇𝑛 =
𝐼𝑛𝑔

𝑡𝑛
    Where, I= total impulse           (29)         

𝑣𝑛 =  
𝐼𝑛

𝑀𝑛
− 𝑡𝑛 𝑔 Where, v is velocity           (30)                                            

𝑣𝑛 =  
𝐼1

𝑀1
− 𝑡1 𝑔 +  

𝐼2

𝑀2
− 𝑡2 𝑔 + ⋯…… . .  

𝐼𝑛

𝑀𝑛
− 𝑡𝑛 𝑔                                                 (31)        

𝐻𝑛 =   
𝐼𝑛

𝑀𝑛
− 𝑡𝑛 

𝑔𝑡𝑛

2
+ 𝑡𝑛𝑔[ 

𝐼1

𝑀1
− 𝑡1 +  

𝐼2

𝑀2
− 𝑡2 ……… . +(

𝐼𝑛−1

𝑀𝑛−1
− 𝑡𝑛−1)]                                      (32)                                              

                                 (Or) 

𝐻𝑛 =
𝑣𝑛 𝑡𝑛

2
+ 𝑡𝑛 𝑣1 + 𝑣2 + 𝑣3 . . +𝑣𝑛−1                   (33)                                                                                                            

𝐻 = 𝐻1 + 𝐻2 + ⋯……… + 𝐻𝑛 + 
𝑣2

2𝑔
 

                                (Or) 

𝐻 =   
𝐼1

𝑀1
− 𝑡1 

𝑔𝑡1

2
+   

𝐼2

𝑀2
− 𝑡2 

𝑔𝑡2

2
+  

𝐼1

𝑀1
− 𝑡1 𝑔𝑡2 +   

𝐼3

𝑀3
− 𝑡3 

𝑔𝑡3

2
+  

𝐼2

𝑀2
− 𝑡2 𝑔𝑡3 +  

𝐼1

𝑀1
− 𝑡1 𝑔𝑡3 +

⋯…… . +
𝑣2

2𝑔
                                                               (34)                                                                                                                                        

                                    (Or) 

𝐻 =
𝑣1𝑡1

2
+  

𝑣2

2
+ 𝑣1 𝑡2 +  

𝑣3

2
+ 𝑣2 + 𝑣1 𝑡3 + ⋯…… . . +

𝑣2

2𝑔
                                                              (35)                                                                

 

 

Maximum height calculation 

Thrust taken as 

T1=10000N, T2=1000N 

Using equation (29) we get I (total impulse) of both the stages 

𝐼1 = 52625.89 Ns ,𝐼2 = 8664.62 Ns 

Burn time is calculated using equation (24) 

t1 =51.626 sec, t2=85 sec 

Using equation (31) we get the total velocity as 

V= 1101.835+1055.03716 =2156.87216 m/s 

Using equation (33) / (39) to get the maximum height achieved by the rocket  

H= 167,046.706m = 167.046 km 

 

RESULTS 

 

After calculating nozzle dimensions and its performance theoretically using above equations, following data is 

obtained: 
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Table-1 Nozzles dimensions of both stages 

 

 

 
 

Figure. 3 upper nozzle 3D design 

 

 
Figure. 4 lower nozzle 3D design 

 

Table-2 Nozzle performance parameters 

 

 
 

After calculating maximum height of the rocket achieved with respect to propellants used in different stages, 

following data is obtained: 

 

Table-3 Maximum height calculations 
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Figure. 5 Optimum Impulse vs. Expansion Ratio graph 

 

In this figure we can see the changes in the optimum impulse with respect to the expansion ratio, the impulse keeps 

on increasing as we increase the expansion ratio. 

 

CONCLUSION 

 

Liquid oxygen as an oxidizer and liquid methane as a fuel is used as an upper stage rocket propellant, HTPB + 

aluminium as an oxidizer and ammonium perchlorate as a fuel is used as a lower stage rocket propellant. Secondary 

fuel ejector is being used as a thrust vector control system because of its various advantages over other systems.A 

sustainer and booster stage nozzles of two stage sounding rocket are designed with mathematical calculations to 

compare it with analytical calculations using rocket nozzle and isentropic gas equations, providing following data, 

exit area of 𝐴𝑒 = 0.305𝑚2, expansion area ratio of 37.8:1, Mach number of 4.2, exit pressure value as 0.1794psi, 

exit velocity of 3204.444m/s & exit area of𝐴𝑒 = 0.00825𝑚2, expansion area ratio of 10:1, Mach number of 3.16, 

exit pressure of 14.9psi, exit velocity of 2588.184m/s respectively. 
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