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Abstract:  A more complete knowledge of rocket 

plume impingement on lunar regolith is becoming 
increasingly necessary as NASA and other 
organizations begin advancing their efforts towards the 
Moon and beyond. This area is lacking in 
comprehensive studies and analysis for frozen regolith, 
despite its applications in several fields, including 
rocket design advancement, improved landing on 
varied lunar areas, and even a possible method of 
collecting lunar ice. The work performed here provides 
test data to inform mission and spacecraft design. In 
this study, a rocket engine was fired at simulated lunar 
regolith using either hot fire or cold gas in order to 
measure the plume conditions and crater that were 
created. Both frozen and unfrozen simulant was tested 
to study the differences between resulting craters. The 
testing showed that when the ground is frozen, the 
plume ejecta can be extremely large and often make 
the area around the crater unstable or uneven, 
sometimes being ejected with enough force to land 
over a meter away. Unfrozen regolith, which has been 
examined in previous papers with much more detail 
than frozen regolith, does not hold together in this way 
and thus it only creates dust clouds which do not make 
the landscape uneven. Frozen regolith craters appear 
much messier and are littered with debris, making for 
landing sites that are not as ideal. These results pave 
the way for future experimentation and expand the 
field of rocket plume impingement.    

Methodology:  Masten performed testing of hot 
gas and cold gas rocket plumes on frozen and unfrozen 
lunar regolith simulant. Hot gas testing used gaseous 
oxygen and gaseous methane as propellant; cold 
gas testing used compressed nitrogen gas. It is 
important to study both plume effects as rockets land 
on hot plumes, but cold gas testing is easier to perform 
in a laboratory environment so is more studied. 
Understanding the differences between the two 
responses can improve test analysis.   

During the tests, a rocket engine was fired at 
compacted lunar regolith simulant for 2 seconds using 
the Masten Variable Height Test Stand or the Single 
Element test stand, kept at a static height during each 
test. Testing was performed at different heights to 
impinge different areas of the plume onto the regolith 
and study the response. The testing area was a 1m cube 
filled with the lunar regolith simulant, which was a 
volcanic scoria from the San Fransisco volcanic field 
near Flagstaff, AZ. One pre-test was performed on 

unfrozen, dry regolith before the regolith was 
recompacted and frozen for the experiments.  

 

 

 

 

 
The lunar regolith was compacted using a hand-held 
manual soil compactor. The compaction level was 
measured with a surface penetrometer to imitate the 
compaction level of the lunar regolith. After each test, 
the regolith simulant was recompacted with additional 
simulant to replace the lost volume. As much as 
practicable, restoration of the original compaction 
layer structure was recreated in 15 cm thick 
segments.    
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Tests: Four tests were carried out over multiple test 
days at the Masten test site at the Mojave Air and 
Space Port in Mojave, CA.  

 
Table: Summary of test conditions and results for the 4 
tests completed during this study, as well as reference 
tests from a prior study.  P tests, see XXX publication 
by Kuhns et al for information and discussion. Those 
results were taken into consideration for the frozen 
regolith tests as a comparison and contrast to better 
understand the results and context. 

Test 
#  

Type of 
Test  

Pc 
psi  

Pc 
(kPa)  

Mass 
Flow 
g/s  

Engine 
Height 

(m)  
Diameter 

(cm)  
Depth 
(cm)  

Volume 
Displaced 

(cm3)  

2-P  
Unfrozen 
Hot Gas 

Test  476  3282  83  0.35  40.64  21.59  28005  

4-P  
Unfrozen 
Cold Gas 

Test  100  689  107  0.2  20.96  20.32  7014  

7-P  
Unfrozen 
Hot Gas 

Test  762  5516  125  0.9  66.04  15.24  27954  

8-P  
Unfrozen 
Hot Gas 

Test  679  4682  152  0.2  35.56  27.94  27743  

1  
Frozen 

Hot Fire 
Test  780  5378  125  0.2  27.94  30.48  18687  

2  
Frozen 

Hot Fire 
Test  780  5378  125  0.5  15.24*  40.64  21313  

3  
Unfrozen 
Hot Gas 

Test  800  5516  127  0.2  38.1  20.32  23167  

4  
Unfrozen 
Hot Gas 

Test  200  1379  180  0.2  45.72  12.7  25007  
   
Test 1 
Test 1 was a frozen hot fire test. It was kept at a static 
height of 0.2m above the lunar regolith simulant. The 
engine ignited 3 seconds into the test, with plume 
ejecta height reaching over 1.4 m. There was very little 
particulate plume ejecta during ignition, but the 
majority of particulate plume ejecta was blown into the 
air after the rocket had stopped firing. The lunar 
regolith simulant was frozen using the second method 
of freezing, where 15 cm of simulant were frozen at a 
time. This test created a roughly cylindrical crater 
shape. The defining feature of Test 1 is the large 
chunks of simulant that were excavated from the 
testing bed in a rough rectangular shape that is 
estimated to be about 25 in. x 20 in.    
 
 
 
 
 

Test 2 
Test 2 was another hot fire test that was performed 
directly after Test 1, without refilling or refreezing the 
lunar regolith. Test 2 was raised to a height of 0.5m in 
order to test the effects of the rocket being fired into 
the same crater twice. The result was a much deeper 
and longer cylindrical crater than Test 1, with much 
less material breaking up around it. The engine ignited 
2 seconds into the test, with a plume ejecta 
height similar to Test 1. Its plume ejecta was of much 
larger particulate, as evidenced by the darker color and 
of the resulting plume ejecta cloud, and the majority 
of the plume ejecta was thrown behind the rocket 
plume. It had sufficient force to eject one of the large 
chunks that was loosened in Test 1 from the center of 
the 1m cube to the edge, while keeping the chunk 
intact. 

 
Figure: Test #2 hot fire 

Results Discussion: To be added for paper. 
Conclusions: To be added for paper.  
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