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medium vacuum conditions



Gas jet
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Theory
1) underexpanded gas jet – the gas leaves the nozzle at pressure higher than 

ambient (backpressure)

1) slightly underexpanded

2) highly underexpanded

2) overexpanded gas jet – the gas leaves the nozzle at pressure lower than 
ambient (backpressure)

• Pressure in the container must be obviously always higher than backpressure.
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Slightly underexpanded jet
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M.L. Norman, K.H.A.Winkler, 

Supersonic Jets, Los Alamos 

Science, 1985

Rarefaction fan – a set of infinite number of Mach waves, each of 
them accelerating and turning slightly the gas flow

𝑃𝑛 − 𝑒𝑥𝑖𝑡 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒

𝑃𝑎 − 𝑎𝑚𝑏𝑖𝑒𝑛𝑡 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 (𝑏𝑎𝑐𝑘𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒)



Highly underexpanded jet
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for 𝑃𝑅 =
𝑝0

𝑝𝑖𝑛𝑓
= 20 ÷ 200



Overexpanded jet
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Expansion into vacuum
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Conclusions for BGC
• We are in molecular flow regime. Backpressure is very low.

• There is no force which can push the gas back towards the centre.

• Normal shock wave cannot be formed.

• There are no Mach disks.
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Nozzle shape
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BGC nozzle design
• For BGC purposes we want to have high local gas density (through the third skimmer)

• We are dealing with vacuum conditions → satellites analogy was obvious

• NASA reports on this issue are difficult to be found

• reports from aerospace research centers have been studied

• original Rao’s publications

• Aerospace Testing Alliance
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Possible designs (1) – simplest options

SIMPLE HOLE (SONIC NOZZLE)

• gives a subsonic flow

CONICAL NOZZLE

• gives supersonic flow

• much bigger density
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K. Luria, W. Christen, U. Even, Generation and propagation of intense supersonic beams, 

The Journal of Physical Chemistry, A 2011, 115, 7362-7367

Helium density after 200 mm for 20-mm-nozzles at 50 bar



Possible designs (2)
NOZZLE WITH EXPANSION SECTION MINIMUM LENGTH NOZZLE
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• better quality flow

• preferred for wind tunnels

• no expansion section

• preferred for rocket engines



Possible designs (3)

RAO DESIGN

• simplified shape of Thrust Optimized Contour

• ready-made formula

IDEAL CONTOUR

• produces uniform axial flow

• expansion is slow
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• Simple hole (subsonic) nozzle gives the lowest density.

• Conical nozzle requires the smallest attachment angle and thus greater length is 
needed to expand to the same pressure.

• Optimized shapes can be used, further research will be conducted to choose the 
best one.

• Suggestions about sources for space nozzles?

Conclusions
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