3.4 COOLING OF LIQUID-FUELLED ROCKET ENGINES

Before considering examples of actual rocket engines it is convenient to consider the

cooling of the combustion chamber and nozzle. High combustion temperature

produces a high exhaust velocity. A typical temperature is 3,000 K, but the

melting point of most metals is below 2,000 K and so the combustion chamber

and nozzle must be cooled. This is done by allowing part of the cool unburnt

propellant to carry away the heat conducted and radiated to the walls of the chamber

and nozzle. This can be done in a number of ways.

Technically, the simplest method is ®lm cooling. Part of the liquid propellant is

caused to Їow along the inside surface of the combustion chamber and down the

inside surface of the nozzle. The evaporation of this liquid ®lm has a certain cooling

eЂect, and results in a layer of cool gas between the wall and the hot gases passing

from the chamber and through the nozzle. The cooling ®lm is introduced through

part of the injector next to the wall. This type of cooling works best with lower

combustion temperatures such as are encountered in storable propellant engines.

The Ariane 4Viking engine uses ®lm cooling, which results in the simplest

con®guration of the combustion chamber and nozzle. In this engine the injector is

mounted on the cylindrical wall of the chamber rather than at the end, and it

is therefore simple to inject part of the UDMH parallel to the wall. This method is

suitable for cooling the combustion chamber and throat, because the eЃciency of

cooling decreases with distance from the injector. The nozzle is less well cooled and

may glow red hot, cooling by radiation. The use of a refractory cobalt alloy enables

the nozzle to retain its structural strength at this high temperature.

Cryogenic propellants, liquid hydrogen and liquid oxygen generate much higher

combustion temperatures, and the cold liquid lends itself to eЃcient cooling. In such

cases the walls of the combustion chamber and the nozzle are made hollow, and one

of the propellantsРusually hydrogenРis passed through the cavity. This cools the

chamber and nozzle walls eЂectively, at the expense of additional complication and

cost in construction. The gas resulting from the waste heat carried away from the

walls can be used in various ways. The simplest approach is to exhaust the gas

through many small nozzles round the rim of the main nozzle, to generate a little

additional thrust. This is called dump cooling, and it can be used to cool the long

nozzle of an engine designed for use in a vacuum, where it may be inconvenient to

pipe the gas back into the top of the engine. As mentioned above, the gas may also be

used to drive the turbine or to pressurise the propellant tanks. The most eЃcient way

of using this gas is to feed it back into the combustion chamber and burn it to

contribute to the main thrust. This has two advantages: the chemical energy of the

gasРpart of the propellant load of the rocketРis not wasted, and the waste heat

conducted and radiated out of the combustion chamber is returned to the main

combustion. This latter point is very important. Fundamental thermodynamics tells

us that extraction of energy from a hot gas depends on the temperature diЂerence

between the source and the sink. After cooling the walls, the temperature of the

propellant is far below that in the combustion chamber, so not much energy or

thrust can be extracted from it. On the other hand, if it is passed into the combustion

chamber and heated to the combustion temperature, then much more of the energy

acquired during cooling is released. This technique is called regenerative cooling, and

results in the most eЃcient engines. Of course, it leads to further complications and

results in a heavier engine, and as always there must be a correct balance between

extra thrust and extra weight.

If hot spots on the chamber and nozzle walls are to be avoided, the propellant

must be in contact with the wall everywhere, and the Їow must be smooth and

continuous. Moreover, there is a large quantity of heat to carry away. Most engines

therefore have the nozzle and lower part of the combustion chamber made from

metal tubes welded together, wall to wall, to form a continuous surface. The

propellant Їows through this multiplicity of tubes freely and is, at the same time,

constrained to cover the entire inner wall. In some cases the tubes are parallel to the

axis of the thrust chamber, and in others a spiral form is used to produce a longer

Їow path. The two may be combined, with the spiral form being used on the nozzle

and the axial form of the combustion chamber. The design of such a complicated

structure is very demanding both on the materials and on the function. The

operating temperature and pressure are very high, and any interruption of the

Їow during operation would be fatal. Nevertheless the advantage to be gained in

terms of exhaust velocity is signi®cant. The Saturn V engine developed an exhaust

velocity of around 4,200 m sА1, while the SSME develops a velocity of 4,550 m sА1.
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As mentioned above, these apparently small gains have a major impact on the

performance of the rocket, in terms of payload and achievable velocity increment.

