
Propellant efficiency 

For a rocket engine to be propellant efficient, it is important that the maximum pressures possible 

be created on the walls of the chamber and nozzle by a specific amount of propellant; as this is 

the source of the thrust. This can be achieved by all of: 

 heating the propellant to as high a temperature as possible (using a high energy fuel, 

containing hydrogen and carbon and sometimes metals such as aluminium, or even using 

nuclear energy)  

 using a low specific density gas (as hydrogen rich as possible)  

 using propellants which are, or decompose to, simple molecules with few degrees of 

freedom to maximise translational velocity  

Since all of these things minimise the mass of the propellant used, and since pressure is 

proportional to the mass of propellant present to be accelerated as it pushes on the engine, and 

since from Newton's third law the pressure that acts on the engine also reciprocally acts on the 

propellant, it turns out that for any given engine the speed that the propellant leaves the chamber 

is unaffected by the chamber pressure (although the thrust is proportional). However, speed is 

significantly affected by all three of the above factors and the exhaust speed is an excellent 

measure of the engine propellant efficiency. This is termed exhaust velocity, and after allowance 

is made for factors that can reduce it, the effective exhaust velocity is one of the most important 

parameters of a rocket engine (although weight, cost, ease of manufacture etc. are usually also 

very important). 

http://en.wikipedia.org/wiki/Adiabatic_process
http://en.wikipedia.org/wiki/Effective_exhaust_velocity
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For aerodynamic reasons the flow goes sonic ("chokes") at the narrowest part of the nozzle, the 

'throat'. Since the speed of sound in gases increases with the square root of temperature, the use 

of hot exhaust gas greatly improves performance. By comparison, at room temperature the speed 

of sound in air is about 340 m/s while the speed of sound in the hot gas of a rocket engine can be 

over 1700 m/s; much of this performance is due to the higher temperature, but additionally 

rocket propellants are chosen to be of low molecular mass, and this also gives a higher velocity 

compared to air. 

Expansion in the rocket nozzle then further multiplies the speed, typically between 1.5 and 2 

times, giving a highly collimated hypersonic exhaust jet. The speed increase of a rocket nozzle is 

mostly determined by its area expansion ratio—the ratio of the area of the throat to the area at the 

exit, but detailed properties of the gas are also important. Larger ratio nozzles are more massive 

but are able to extract more heat from the combustion gases, increasing the exhaust velocity. 

Nozzle efficiency is affected by operation in the atmosphere because atmospheric pressure 

changes with altitude; but due to the supersonic speeds of the gas exiting from a rocket engine, 

the pressure of the jet may be either below or above ambient, and equilibrium between the two is 

not reached at all altitudes (See Diagram). 

Back pressure and optimal expansion 

For optimal performance the pressure of the gas at the end of the nozzle should just equal the 

ambient pressure: if the exhaust's pressure is lower than the ambient pressure, then the vehicle 

will be slowed by the difference in pressure between the top of the engine and the exit; on the 

other hand, if the exhaust's pressure is higher, then exhaust pressure that could have been 

converted into thrust is not converted, and energy is wasted. 

To maintain this ideal of equality between the exhaust's exit pressure and the ambient pressure, 

the diameter of the nozzle would need to increase with altitude, giving the pressure a longer 

nozzle to act on (and reducing the exit pressure and temperature). This increase is difficult to 

arrange in a lightweight fashion, although is routinely done with other forms of jet engines. In 

rocketry a lightweight compromise nozzle is generally used and some reduction in atmospheric 

performance occurs when used at other than the 'design altitude' or when throttled. To improve 

http://en.wikipedia.org/wiki/Choked_flow
http://en.wikipedia.org/wiki/Speed_of_sound
http://en.wikipedia.org/wiki/Collimated
http://en.wikipedia.org/wiki/Rocket_engines#opt_expansion#opt_expansion


on this, various exotic nozzle designs such as the plug nozzle, stepped nozzles, the expanding 

nozzle and the aerospike have been proposed, each providing some way to adapt to changing 

ambient air pressure and each allowing the gas to expand further against the nozzle, giving extra 

thrust at higher altitudes. 

When exhausting into a sufficiently low ambient pressure (vacuum) several issues arise. One is 

the sheer weight of the nozzle- beyond a certain point, for a particular vehicle, the extra weight 

of the nozzle outweighs any performance gained. Secondly, as the exhaust gases adiabatically 

expand within the nozzle they cool, and eventually some of the chemicals can freeze, producing 

'snow' within the jet. This causes instabilities in the jet and must be avoided. 

On a De Laval nozzle, exhaust gas flow detachment will occur in a grossly over-expanded 

nozzle. As the detachment point will not be uniform around the axis of the engine, a side force 

may be imparted to the engine. This side force may change over time and result in control 

problems with the launch vehicle. 

Thrust vectoring 

Many engines require the overall thrust to change direction over the length of the burn. A 

number of different ways to achieve this have been flown: 

 The entire engine is mounted on a hinge or gimbal and any propellant feeds reach the 

engine via low pressure flexible pipes or rotary couplings.  

 Just the combustion chamber and nozzle is gimbled, the pumps are fixed, and high 

pressure feeds attach to the engine  

 multiple engines (often canted at slight angles) are deployed but throttled to give the 

overall vector that is required, giving only a very small penalty  

 fixed engines with vernier thrusters  

 high temperature vanes held in the exhaust that can be tilted to deflect the jet  

http://en.wikipedia.org/wiki/Plug_nozzle
http://en.wikipedia.org/wiki/Stepped_nozzles
http://en.wikipedia.org/wiki/Expanding_nozzle
http://en.wikipedia.org/wiki/Expanding_nozzle
http://en.wikipedia.org/wiki/Aerospike_engine
http://en.wikipedia.org/wiki/Hinge
http://en.wikipedia.org/wiki/Gimbal
http://en.wikipedia.org/wiki/Vernier_thruster
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