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Thrust analysis of rocket landing on planetary granular surfaces
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Abstract. We systematically investigate the thrust exerted by a high-speed air jet using laboratory experi-
ments. The study considers smooth and bumpy rigid plates, as well as a deformable granular bed that simulates
planetary surfaces. A vertically downward, pressure-controlled air jet (0.01–0.3 MPa) is emitted through noz-
zles of varying diameters (dn), with the nozzle-to-surface distance (hn) adjusted to mimic the rocket’s descent.
For non-deformable surfaces, thrust (Tn) increases with jet velocity (vn), with smoother surfaces generating
maximum thrust and finer grains producing greater thrust than coarser ones. At high vn, increasing hn enhances
Tn, while its effect diminishes at lower velocities. For deformable granular beds, Tn decreases with increasing
grain size (dg), and hn has minimal influence when erosion occurs. Narrower nozzles produce higher Tn for
a constant hn. These findings provide critical insights into optimizing thrust and landing conditions for rocket
descents on diverse planetary surfaces.

1 Introduction

The ambition to establish a human presence on the Moon
requires overcoming significant technical challenges, with
safe landing mechanisms being a top priority [1, 2]. De-
veloping sustainable and secure landing systems will open
vast opportunities for future space exploration. A key hur-
dle in space colonization is achieving stable landings on
planetary surfaces, where the interaction between a lan-
der’s exhaust and the surface plays a crucial role [3, 4].
As the rocket thrust interacts with the surface, it often dis-
places dust or soil. This interaction can create craters, dust
clouds, and erosion of the surface, which further compli-
cates the landing process. Understanding these plume-
surface interactions is one of the most pressing issues in
space engineering [5].

During the landing phase, rockets generally utilize a
“powered descent”, where the engines produce adjustable
thrust to decelerate the vehicle as it nears the surface. This
thrust must be carefully controlled to ensure a soft landing
without generating excessive impact forces. On planetary
bodies with weaker gravity, such as the Moon, the required
thrust is lower than on Earth, but the challenge shifts to-
ward managing descent speed and maintaining orientation.
A critical aspect of powered descent on granular surfaces
is understanding how thrust varies as the lander nears the
terrain. Our study investigates thrust behavior near granu-
lar surfaces to optimize landing strategies for future plan-
etary missions.
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2 Experiments

We systematically conduct lab-scale experiments to mea-
sure the thrust exerted by a high-speed air jet. Figure 1(a)
illustrates the schematic of our experimental setup. The
tests are performed over non-deformable smooth (S) and
bumpy (B) rigid plates, along with deformable granular
beds consisting of grain density, ρg, and grain diameter,
dg, which serves as a planetary surface simulant (see Tab.
1 and Fig. 1(b)). To create bumpy granular beds of dif-
ferent types, grains of the desired sizes are glued to a flat
surface. Table 1 presents the various types of beds used
in this study. We perform the experiments under atmo-
spheric conditions (no vacuum). A compressed air jet, rep-
resenting the rocket’s nozzle exhaust, is directed vertically
downward. The pressure-controlled air jet, with a pressure
range of 0.01 − 0.3 MPa, is emitted through a nozzle. We
vary the nozzle diameter, dn, to control the jet velocity, vn.
Additionally, the distance between the nozzle tip and the
granular surface, hn, is adjusted to simulate the dynamic
descent of the rocket as it approaches the landing surface.
Table 2 lists the range of input parameters. The thrust,
Tn, is estimated by averaging the measurements from three
load cells positioned beneath the rigid plates or containers
holding the granular simulant. For deformable granular
beds, the bed thickness was kept constant at 70 mm for
all experiments. As demonstrated in our previous study
[6], this thickness is sufficient to ensure that the crater
shape remains unaffected across a range of air jet condi-
tions. Therefore, we consider its influence on the thrust
measurements to be negligible. Experimental and para-
metric details are provided in Sonar et. al [6].
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Figure 1. (a) Air-jet impact experiments in a 3D setup. (b) Bed conditions: non-deformable smooth (S), bumpy (B1-100 µm, B2-500
µm, B3-1 mm), and deformable (BZ08-800 µm, BZ2-2 mm).

Table 1. Properties of bed surfaces.

Bed surface Label Grain size, dg (µm)
1. Non-deformable, smooth S 0
2. Non-deformable, bumpy B1 100
3. Non-deformable, bumpy B2 500
4. Non-deformable, bumpy B3 1000
5. Deformable, granular BZ08 0.71-0.99
6. Deformable, granular BZ2 1.50-2.50

Table 2. Operational range of control parameters.

Parameters Operational range
1. Air jet velocity, vn 19 to 375 m/s
2. Nozzle diameter, dn 2 to 6 mm
3. Nozzle height, hn 10 to 200 mm
4. Grain’s diameter, dg 0.1 to 2.5 mm
5. Grain’s density, ρg 2.6 g/cm3

6. Grain’s shape spherical

3 Results and discussion

The thrust (Tn) generated by an impinging air jet is influ-
enced by several factors, including jet velocity (υn), nozzle
height (hn), surface roughness, and nozzle diameter (dn).
Figure 2(a) shows that the thrust force increases with in-
creasing jet velocity, while the linear relationship between
Tn and vn is evident in Fig. 2(b). The plot presented corre-
sponds to a nozzle diameter of dn = 3.6 mm and a nozzle
height of hn = 20 mm, using BZ2 as the granular medium.

This trend is consistent across both deformable and non-
deformable granular bed conditions.

To investigate the effect of surface roughness, we com-
pared thrust forces generated when the air jet impacts non-
deformable bed conditions, specifically fixed beds with
varying roughness. As shown in Fig. 2(c), at the same
jet velocity, smoother base surfaces produce significantly
higher thrust compared to rough and bumpy surfaces. This
difference is likely due to the formation of a stable bound-
ary layer on smooth surfaces, which facilitates radial air-
flow with minimal disturbance. Such smooth radial out-
flow enhances vertical momentum transfer and reduces
turbulence-induced energy dissipation. In contrast, rough
or bumpy surfaces disturb the boundary layer, promote lat-
eral momentum dispersion through turbulence, and reduce
the effective vertical force measured as thrust. This behav-
ior is more pronounced at higher velocities, while at lower
velocities the thrust remains relatively unchanged between
smooth and rough surfaces.

Increasing the nozzle height (hn) enhances the jet’s
coverage area, promoting a more uniform force distribu-
tion and improving thrust, especially at higher velocities
(see Fig. 2(d)). However, at lower velocities, the effect of
hn is minimal, since the jet momentum is not sufficient to
have a significant impact. The data presented corresponds
to the bed condition B1 using dn = 3.6 mm, and a similar
behavior is observed for other base configurations. Figure
2(e) illustrates the thrust generated under three different
velocity conditions, using a nozzle diameter of dn = 2 mm
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Figure 2. Thrust generated by air-jet impact on (a-b) deformable surface for various vn conditions, and (c), (d), (e) non-deformable bed
surfaces for various surfaces, hn, and vn conditions, respectively.

for both smooth and B1 beds. The results show that thrust
increases as hn increases to a critical height, after which it
decreases with further increases in hn. This indicates that
maximum thrust is achieved at a nozzle height between
150 mm and 200 mm for both smooth and rough surfaces.
In summary, smooth surfaces yield higher thrust, empha-
sizing the need to optimize surface smoothness, nozzle di-
ameter, and height for maximum jet performance.

Accurate thrust measurement becomes challenging
when dealing with highly deformable beds due to limita-
tions in the experimental setup. As shown in Fig. 3(a), us-
ing fine grains (BZ08), significant bed deformation results
in large material flow into the air, reducing the system’s
mass on the load cells and causing errors in thrust mea-
surement. These errors become prominent in highly de-
formable beds and deeper craters, while shallow (scissor-
shaped) craters or larger grains (e.g., BZ2) produce more
reliable thrust data, as the grains primarily move over the
bed surface. For instance, employing a wider nozzle di-
ameter that generates lower-velocity air jets shows con-
sistent results with Fig. 3(b), where thrust increases with
hn, particularly at higher velocities, despite the formation

of craters. Figure 3(c) compares thrust forces across dif-
ferent bed conditions at various velocities. While the flat
smooth base consistently produces the maximum thrust,
an interesting observation emerges. In some cases, de-
formable beds generate higher thrust than non-deformable
conditions, particularly at low hn values where measure-
ment errors are minimized.

Finally, Fig. 3(d) examines the relationship between
thrust force and the erosion number Ec = S h (dn/hn),
where Shield’s number S h = (vn/

√
gdg)

√
ρa/(ρg − ρa)

that incorporates various relevant parameters like air den-
sity, ρa, and gravitational constant, g [7, 8]. However, in
our previous study [6], we found that the scaling param-
eter S h was insufficient to describe the crater shape, pri-
marily because it does not account for the nozzle height,
hn. In contrast, although Ec significantly influenced the
crater morphology, the current results indicate that the
thrust force is independent of Ec. Identifying a suitable
scaling parameter that governs thrust forces during crater
formation remains an open challenge and motivation for
future research.
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Figure 3. Thrust generated by air-jet impact on various deformable bed surfaces to study the effect of (a) vn, (b) hn, (c) bed surface, and
(d) Ec.

4 Conclusion

The study demonstrates that thrust generation in an
impinging air jet system is influenced by jet velocity,
nozzle height, surface roughness, and nozzle diameter.
Higher velocities and smoother surfaces enhance thrust
by stabilizing airflow, while rough surfaces and low
velocities reduce it. Nozzle height significantly affects
thrust at higher velocities, with optimal performance at
a critical height. Additionally, larger nozzle diameters
improve thrust at low velocities. Despite challenges in
measuring thrust for highly deformable beds, the study
reveals that deformable surfaces can sometimes generate
higher thrust than non-deformable ones. Identifying a
suitable scaling parameter for thrust prediction during
crater formation remains a key focus for future research.
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