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DEPARTMENT OF AEROSPACE ENGINEERING
           AC8601 -SPACECPROPULSION
      PART B
UNIT I/ BASICS OF HYPERSONIC PROPULSION 
1. Air (cp=1.05kJ/kgk, γ=1.38) at p1=3X105 N/m2 and T1= 500K flows with a velocity of 200m/s in a 0.3m diameter duct. Calculate: Mass flow rate, stagnation temperature, mach number and stagnation pressure values assuming the flow as compressible and incompressible respectively. 
2. A conical diffuser has entry and exit1 diameters as 0.15m and 0.3m respectively. The pressure, temperature and velocity of air at entry are 0.96 bar, 340 K and 185 m/s respectively. Determine : Exit pressure, Exit velocity and Force exerted on the diffuser walls. Assume γ=1.4 and cp =1.005 kJ/kgk.
3. (i) An aircraft is driven by propellers with a diameter of 4m. At what engine speed will the tips of the propellers reach sonic velocity if the air temperature is 288K?
      (ii) Derive the energy equation. (a2 / γ-1) + (c2 /2) = (c2max /2) = (a02 / γ-1) = h0
4. Air flows through a nozzle which has inlet area of 10cm2. If the air has a velocity of 80m/s,a temperature of 301K, and a pressure of 700kPa at the inlet section and a pressure of 25kPa at the exit, find the mass flow rate through the nozzle and, assuming one dimensional isentropic flow, the velocity at the exit section of the nozzle.
5.  A nozzle in a wind tunnel gives a test section Mach number of 2.0. Air enters the nozzle from a large reservoir at 0.69 bar and 310K. The cross sectional area of the throat is 1000 cm2 . Determine the following quantities for the tunnel for one dimentional isentropic flow: (i) Pressures, temperatures and velocities at the throat and test sections.
      (ii) Area of cross section of the test section (iii) Mass flow rate (iv) Power required to drive the compressor.
6.  (a) An air jet (γ=1.4, R=287 J / kg K) at 400 K has sonic velocity. Determine
(i)     Velocity of sound at 400 K,   (ii)    Velocity of sound at the stagnation conditions,
(iii)   Maximum velocity of the jet, (iv)   Stagnation enthalpy,
(v)    Crocco number.	                      
(b) Derive the energy equation (a2/γ-1) + ½  c2  =  ½ c2max = a02/(γ-1) = h0

7. The pressure, temperature and Mach number at the  entry of a flow passage are 2.45 bar, 26.50 C and 1.4 respectively. If the exit Mach number is 2.5 determine for adiabatic flow of a perfect gas (γ=1.3, R = 0.469 kJ/kg K).
(i)	Stagnation temperature,
(ii)	Temperature and velocity of gas at exit, and
(iii)	The flow rate per square metre of the inlet cross section. 	
8. Air (γ= 1.4, R=287.43 J/kg K) enters a straight axis- symmetric duct at 300 K, 3.45 bar and    150 m/s and leaves it at 277 K, 2.058 bar and 260 m/s. The area of cross section at entry is      500 cm2. Assuming adiabatic flow determine. 
(i)	Stagnation temperature,
(ii)	Maximum velocity,
(iii) 	Mass flow rate and
(iv)	Area of cross section at exit.
9.  (i) Sketch the effect of disturbance in still air as it moves from resty to supersonic   
     velocity for  the following Mach numbers: M=0, M=0.5, M=1.0, M=2. Explain in   
     detail the observed phenomena.
  (ii) Starting from the continuity equation derive the expression for the area variation in  
        terms of mach number and velocity variation and hence obtain the shape (geometry)     
        for both subsonic and supersonic nozzles and diffusers.
10. Air at stagnation condition has a temperature of 800 K. Determine the stagnation velocity of Sound and the maximum possible fluid velocity. What is the velocity of the sound when the flow velocity is at half the maximum velocity

UNIT II/ SOLID ROCKET PROPULSION
 1. (a) A circular duct passes 8.25 kg/s of air at an exit Mach number of 0.5 the entry pressure and temperature are 3.45 bar and 380C respectively and the coefficient of friction is 0.005. If the Mach number at entry is 0.15, determine:
(i)  The diameter of duct, (ii) Length of the duct, (iii) Pressure and Temperature at Exit 
(iv) Stagnation Pressure Loss.
(b)Air at P0 =10 bar, T0= 400 K is supplied to a 50 mm diameter pipe. The friction factor for the pipe surface is 0.002. If the Mach number changes from 3.0 at the entry to 1.0 at the exit determine, (i) The length of the pipe and (ii) The mass flow rate.
2. A combustion chamber in a gas turbine plant receives air at 350 K, 0.55 bar and 75 m/s. The air-fuel ratio is 29 and the calorific value of the fuel is 41.87MJ/kg.  Taking γ= 1.4 and 
R = 0.287 KJ/kg K for the gas determine:
(i)The initial and final Mach numbers,       (ii) Final pressure, temperature and velocity of the gas, (iii) Percent stagnation pressure loss in the combustion chamber and  (iv) The maximum stagnation temperature attainable.

3. Air flowing in an insulated duct with friction coefficient f = 0.002. At inlet the velocity is 130 m/s, temperature 400 K and pressure is 250 kPa. The diameter of the duct is 16 cm. (i) Find the length of pipe required that gives 20% drop in stagnation pressure. (ii) Find the properties of air at a section 3.5m from inlet and (iii) Find the maximum length of pipe.
4. The stagnation temperature of air in a combustion chamber is increased to 3.5 times its initial value. If the air at entry is 5 bar, 1050C and a Mach number of 0.25 determine :
(i) The Mach number, pressure and temperature at the exit (ii) Stagnation pressure loss, and (iii) The heat supplied per kg of air.
5. A combustion chamber in a gas turbine plant receives air at 350 K ,0.55bar and 75 m/s .The air – fuel ratio is 29 and the calorific value of the fuel is 41.87 MJ/Kg .Taking γ =1.4 and R =0.287 KJ/kg K for the gas determine.
a) The initial and final Mach numbers, 
b) Final pressure ,temperature and velocity of the gas, 
c) Percent stagnation pressure loss in the combustion chamber , and 
d) The maximum stagnation temperature attainable. 		
6. A circular duct passes 8.25Kg/s of air at an exit Mach number of 0.5. The entry pressure andtemperature are 3.45 bar and 38°C respectively and the coefficient of friction 0.005.If the Mach number at entry is 0.15, determine :
I. The diameter of the duct , 
II. Length of the duct, 
III. Pressure and temperature at the exit, 
IV. Stagnation pressure loss, and 
V. Verify the exit Mach number through exit velocity and temperature. 
7. A gas( γ =1.3,R=0.287 KJ/KgK) at p1 =1bar, T1 =400 k enters a 30cm diameter duct at a    Mach number of 2.0.A normal shock occurs at a Mach number of 1.5 and the exit Mach 	number is1.0,If the mean value of the friction factor is 0.003 determine:
1) Lengths of the duct upstream and downstream of the shock wave, 
2) Mass flow rate of the gas and 
3) Change of entropy upstream and downstream of the shock, across the shock and
downstream of the shock. 
8. Air enters a long circular duct ( d =12.5cm,f=0.0045) at a Mach number 0.5, pressure 3.0 bar  and temperature 312 K.If the flow is isothermal throughout the duct determine (a) the length of the duct required to change the Mach number to 0.7,(b) pressure and temperature of air at M =0.7 (c) the lengthof the duct required to attain limiting Mach number, and (d) state of air at the limiting Mach number.compare these values with those obtained in adiabatic flow. 
9. A convergent –divergent nozzle is provided with a pipe of constant cross-section at its exit the exit diameter of the nozzle and that of the pipe is 40cm. The mean coefficient of friction for the pipe is 0.0025. Stagnation pressure and temperature of air at the nozzle entry are 12 bar and 600k. The flow is isentropic in the nozzle and adiabatic in the pipe.The Mach numbers at the entry and exit of the pipe are 1.8 and 1.0 respectively .
Determine
a) The length of the pipe , 
b) Diameter of the nozzle throat,and 
c) Pressure and temperature at the pipe exit. 
10.(i) The conditions of a gas in a combuster at entry are: P1=0.343bar ,T1 = 310K ,C1= 60m/s. Determine the Mach number ,pressure ,temperature and velocity at the exit if the increase 	in stagnation enthalpy of the gas between entry and exit is 1172.5KJ/Kg.Take  Cp=1.005KJ/KgK, γ =1.4 
 (ii) Obtain an equation representing the Rayleigh line . Draw Rayleigh lines on the h-s and pv planes for two different values of the mass flux. Show that the slope of the Rayleigh line on the p-v plane is {dp/dv} = þ² c² (16)

UNIT III/ LIQUID ROCKET PROPULSION
						
1. Air flows adiabatically in a pipe. A normal shock wave is formed. The pressure and temperature of air before the shock are 150 kN/m2 and 25oC respectively. The pressure just after the normal shock is 350 k N/m 2. Calculate
i. Mach number before the shock,
ii. Mach number, state temperature and velocity of air after the shock wave,
iii. Increase in density of air,
iv. Loss of stagnation pressure of air, and
v. Change in  entropy.                                                                                                                                   

2. An aircraft flies at a Mach number of 1.1 at an altitude of 15,000 metres. The compression in its engine is party achieved by a normal shock wave standing at the entry of its diffuser. Determine the following for downstream of the shock.
i. Mach number,
ii. Temperature of the air,
iii. Pressure of the air, and
iv. Stagnation pressure loss across the shock.

3. The stagnation pressure and temperature of air at the entry of a nozzle are 5 bar and 450 K respectively. The exit Mach number is 2.1, where a normal shock occurs. Calculate the following quantities before and after the shock.
i. Static temperatures,
ii. Stagnation temperatures,
iii. Static pressure,
iv. Stagnation pressures,
v. Stagnation pressure loss, and
vi. Increase in entropy.

4. A Jet of air entering the subsonic diffuser at P0 = 1 bar, and T = 280 K. The entry Mach number is 2 and the ratio of the exit to entry area of the diffuser is 4. If there is a normal shock wave just outside the diffuser entry, determine the following for exit
i. Mach number,
ii. Temperature,
iii. Pressure, and
iv. Stagnation pressure loss.

5. A Mach-2 aircraft engine employees a subsonic inlet diffuser of area ratio 3.A normal shock is formed just upstream of the diffuser inlet. The free-steam conditions of upstream of the diffuser are Po = 0.10 bar, T = 300 K. Determine
i. Mach number, pressure and temperature at the diffuser exit, and
ii. Diffuser efficiency including the shock.
	Assume isentropic flow in the diffuser downstream of the shock.
										
6. Air is entering into supersonic wind tunnel at nozzle throat area of 200 cm2 and its test cross sectional area of 330 cm2. If the normal shock is located in the test section, Find the following
(i) Test section Mach number, and
(ii) Diffuser throat area.

7. A pilot tube kept in a supersonic wind tunnel forms a bow shock, a head of it. The static pressure upstream of the shock is 16 kPa and the pressure at the mouth is 70 kPa. Estimate the Mach number of the tunnel. If the stagnation temperature is 300oC. Calculate the static temperature and total pressure upstream of tube.

8. The following data refer to compressible fluid flow in a convergent divergent nozzle.
Throat Area                      =   24 cm2
Exit area                            =     5  cm2 
Stagnation pressure          =     7   bar
Stagnation temperature    = 100oC      
Normal shock occurs at a section where the cross sectional area is 3.4 cm2. Taking the flow as isentropic before and after the shock.
 Determine 
a. The properties of the fluid  just after the shock,
b. Exit Mach number, and
c. Properties of the fluid at exit.

9. A convergent – divergent nozzle is designed to expand air from a reservoir in which the pressure is 700 KPa and temperature is 5oC and the nozzle inlet mach number is 0.2. The nozzle throat area is 46cm2 and the exit area is 230 cm2. A normal shock appears at a section where the area is 175 cm2. Find the exit pressure and temperature. Also find the increase in entropy across the shock.

10. A convergent divergent nozzle is designed to expand air from a reservoir in which the pressure is 800 kPa and temperature is 40oC to give a Mach number at exit of 2.5. The throat area is    25 cm 2. Find 
1. Mass flow rate, (ii) Exit area, and When a normal shock appears at a section where the area is 40 cm2, determine the pressure and temperature at exit.

UNIT IV/ HYBRID ROCKET PROPULSION
1. The diameter of the propeller of an aircraft is 2.5 m. It flies at a speed of 500 kmph at an   
        altitude of 8000 m. For a flight to jet speed ratio of 0.75.  Determine 
(a)   the flow rate of air through the propeller, 	(b)   thrust produced, 
(c)   specific thrust,					(d)   specific impulse, and
(e)   the thrust power.

2. An aircraft flies at 960 kmph. One of its turbojet engines takes in 40 kg/s of air and    
      expands the gases to the ambient pressure. The air-fuel ratio is 50 and the lower calorific  
       value of the fuel is 43 MJ/kg. For maximum thrust power,  determine 
(a) jet velocity, 	(b) thrust, 	(c) specific thrust,  	(d) thrust power ,
(e) propulsive, thermal and overall efficiencies and 		 (f) TSFC

3. A turbojet engine propels an aircraft at a Mach number of 0.8 in level flight at an altitude    
        of 10 km. The data for the engine is given below
Stagnation temperature at the turbine inlet = 1200 K,
Stagnation temperature rise through the compressor = 175 K,
Calorific value of the fuel = 43 MJ/kg,
Compressor efficiency = 0.75, 
Combustion chamber efficiency = 0.975,
Turbine efficiency = 0.81,
Mechanical efficiency of the power transmission between turbine and compressor = 0.98,
Exhaust nozzle efficiency = 0.97,
Specific impulse = 25 seconds,
Assuming the same properties for air and combustion gases, Calculate
a. fuel-air ratio,
b. compressor pressure ratio,
c. turbine pressure ratio,
d. exhaust nozzle pressure ratio, and
e. Mach number of exhaust jet.

4. A turboprop engine operates at an altitude of 3000 meters above mean sea level and an aircraft speed of 525 kmph. The data for the engine is given below 
Inlet diffuser efficiency                             = 0.875
Compressor efficiency                               = 0.790
Velocity of air at compressor entry           = 90 m/s
Temperature rise through the compressor = 230oC   
Properties of air : γ = 1.4,  Cp = 1.005 kJ/ kg K
From the above data, Calculate 
(a)   pressure rise through the inlet diffuser,
(b)   pressure ratio developed by the compressor,
(c)   power required by the  compressor per unit flow rate of air, and 
(d)   the air-standard efficiency of the engine.

5. Diameter of an aircraft propeller is 4.0 meters. The speed ratio is 0.8 at a flight speed of 450 kmph. If the ambient conditions of air at the flight altitude are T = 256 K and               P = 0.54 bar, determine 
(a) propulsive efficiency, (b) thrust, and (c) thrust power.

 6. A turbojet aircraft flies at 875 kmph at an altitude of 10,000 m above mean sea level. 	Calculate 
(a)   Air flow rate through the engine,		 (b)   thrust,  
(c)   specific thrust,				 (d)   specific impulse,
(e)   thrust power, and 				  (f)  TSFC from the following Data :
Diameter of the air inlet section                              =  0.75 m,
Diameter of jet pipe at exit                              	  =  0.5 m,
Velocity of the gases at the exit of the jet pipe	  = 500 m/s,
Pressure at the exit of the jet pipe                    	  = 0.30 bar,
Air to fuel ratio                                                	  = 40.

7. A turbojet engine operates at a flight speed of 903.312 kmph and an altitude of 12 km. The engine has the following data
Stagnation temperature at the turbine inlet              = 1500 K,
Temperature drop in the turbine                              = 200oC
Calorific value of the fuel                                        = 43 MJ/kg,
Turbine efficiency                                                   = 0.91,
Compressor efficiency 				   = 0.75,
Combustion chamber efficiency                              = 0.96,
Exhaust nozzle efficiency                                             = 0.94,
Velocity of gases at the exit of the jet pipe is sonic. Assume the properties of the combustion gas same as those of air and no stagnation pressure loss in the inlet diffuser. 
Stagnation pressure at the turbine entry = 0.98 x stagnation pressure at the compressor exit.
Calculate from the above data
a. Flight Mach number,
b. Air-fuel ratio,
c. Compressor stagnation pressure ratio,
d. Turbine stagnation pressure ratio,
e. Exhaust nozzle pressure ratio.

8. A ramjet engine has the following data Altitude = 6.5 km, Flight Mach number = 4.0, Air fuel ratio = 50, Calorific Value of the fuel used = 44.81 MJ / kg. Diffuser inlet diameter = 0.5, γ = 1.4, R = 287 kJ/kg K for both air and the products of combustion. Efficiencies of the diffuser, combustor and the nozzle are 0.85, 0.98 and 0.95 respectively. Determine
f. ideal  cycle efficiency ,
g. flight speed,
h. air and fuel consumptions,
i. diffuser pressure ratio,
j. maximum temperature in the engine,
k. nozzle pressure ratio,
l. thrust, and
m. air specific impulse.

9. (a) Explain the construction and operation of solid propellant rocket engine. Also name any four solid propellants.
(b) With the help of neat sketches explain any two arrangements used for fuel feeding in liquid propellant rocket systems.
10. (a)Differentiate turbojet and turboprop propulsion engines with suitable diagrams.	
      (b) Wriye down the equation to calculate propulsive efficiency and thermal efficiency	of an aircraft.
UNIT V/ ELECTRICAL ROCKET PROPULSION
1.  (a)  Describe with a schematic diagram the principle of working of a liquid propellant  
                  rocket.
(b) What are monopropellants? Give two examples.    

2. A rocket has the following data 
Propellant flow rate                                                = 5.0 kg/s
Nozzle exit diameter                                               = 10 cm
Nozzle exit pressure                                               = 1.02 bar
Ambient pressure                                                   = 1.013 bar
Thrust chamber pressure                                        = 20 bar
Thrust                                                                     = 7 kN
   Determine (a)   the effective jet velocity,   (b)   actual jet velocity, 
    (c)   specific impulse, and         (d)    the specific propellant consumption.

3. A rocket flies at 10,000 kmph with an effective exhaust jet velocity of 1350 m/s and propellant flow rate of 4.8 kg/s. If the heat of reaction of the propellants is 6600 kJ/kg of the propellant mixture, determine 
a. propulsion efficiency and propulsion power,
b. engine output and thermal efficiency, and 
c. overall efficiency.

4. Calculate thrust specific impulse, propulsive, thermal and overall efficiencies of a rocket engine from the following data
Effective jet velocity                                      = 1250 m/s
Flight to jet speed ratio                                  = 0.80
Oxidizer flow rate                                          = 3.5 kg/s
Fuel flow rate                                                 = 1.0 kg /s 
Heat of reaction per kg of the exhaust gases  =2500 kJ/kg                                                                                                                                                                                                                                                                                                                                                             

5. A rocket nozzle has a throat area of 18 cm2 and combustion chamber pressure of 25 bar. If the specific impulse is 127.42 seconds and weight flow rate 44.145 N/s. Determine 
a. the thrust coefficient,
b. propellant weight  flow coefficient,
c. specific propellant consumption, and
d. the characteristic velocity.

6. A rocket engine has the following data 
thrust coefficient                                                    = 1.2
propellant flow rate                                               = 20 N / s
combustion chamber pressure                               = 15 x 105 N / m2
Exhaust nozzle throat diameter                             =  5 cm 
 From the above data compute the values of 
(i) Thrust,
(ii) specific impulse, 
(iii) Effective jet velocity and 
(iv) The characteristic velocity.

7. The effective jet velocity from a rocket is 2700 m/s. The forward flight velocity is 1350 m/s and the propellant consumption is 78.6 kg/s. Calculate 
e. the thrust,,
f. thrust power, and 
g. propulsive efficiency.
8. A rocket has the following data : 
Propellant flow rate                                        = 5.1  kg /s
Nozzle exit diameter                                       = 11 cm
Nozzle  exit pressure                                       = 1.03 bar
Ambient pressure                                             = 1.013 bar
Thrust chamber pressure                                  =  20 bar
Thrust                                                              =  6.8 kN
Determine the following 
(i) Exit Mach number,
(ii) Nozzle area ratio,
(iii) Thrust coefficient,
(iv) Propellant weight flow coefficient, and
(v) Characteristic velocity. Take specific heat ratio γ = 1.3.  

9. Calculate the thrust, effective jet velocity and the specific impulse for a rocket,  operating at an altitude of 20 km with the following data
Propellant flow rate                                                = 1.0 kg /s
Thrust chamber pressure                                         = 27.5 x 105 N /m2
Thrust chamber temperature                                   = 2400 K
Nozzle area ratio                                                      = 10.2                     
Thermodynamic properties of the exhaust gases, γ =1.3, R = 355 J/kg K.

10. The data for a rocket engine  is given below
Combustion chamber pressure                                 = 38 bar
Combustion chamber temperature                            = 3500 K
Oxidizer flow rate                                                     = 41.67 kg /s
Mixture ratio                                                             = 5.0
Properties of the exhaust gases,  γ = 1.3, R = 287 J/kg K
      If the expansion in the rocket nozzle takes place to the ambient pressure 583.59 N/m2,   
      calculate
h. nozzle throat area,
i. thrust,
j. thrust coefficient,
k. characteristic velocity,
l. exit velocity of exhaust gases, and
m. Maximum possible exhaust velocity.
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