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ABSTRACT
Currently, Penn State is combining its interdisciplinary expertise to compete in a global
race to land and operate a robotic spacecraft on the Moon by 2015 as part of the Google Lunar XPrize Competition. My research aims to analyze the contamination and possible damages of the
plumes coming from the spacecraft’s exhaust which will reflect off the lunar surface,
implementing plume impingement analysis for the landing of the Penn State Lunar Lion
spacecraft. The direct simulation Monte Carlo (DSMC) method will be used to model selected
thruster configurations anticipated for the Lunar Lion project. My goal for researching and
writing this thesis is to quantify plume impingement and determine the conditions that would
cause impingement to be an operational problem.
The SMILE code was used to implement the DSMC method. Calculations for the exit
conditions were made from the specifications of the MR-107 thruster on the assumptions that the
expansion of the gases from the nozzle throat to the exit was isentropic. Chemical reactions were
assumed to be negligible aft of the nozzle exit. The SMILE code ran the DSMC for different
scenarios with these initial conditions. The results indicate that there will be impingement upon
the spacecraft. Although the major concern lies in the amount of ammonia that strikes the
spacecraft and this number is the least of the three species involved. It is recommended that either
the thrusters be positioned lower to give the gas plumes more room or that sensitive sensors not
be placed in the plume contaminated areas of the spacecraft and the manufacturing of spacecraft
shell take this potential contamination into account.
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Chapter 1
Introduction

1.1 Motivation – Lunar Lion Spacecraft Plume Impingement
Currently, Penn State is combining its interdisciplinary expertise to compete in a global
race to land and operate a robotic spacecraft on the Moon by 2015 as part of the Google Lunar XPrize Competition. The mission is for the Lunar Lion to be placed on a trajectory towards the
moon after being carried into space by a commercial launch vehicle. The Lunar Lion will execute
a controlled descent to the lunar surface after five days of cruise. The Lunar Lion will then “hop”
to a second landing site once the position of the craft is pinpointed. The Lunar Lion will fire its
thrusters again and perform a short flight, while capturing dynamic footage of the Moon’s surface
with high-resolution photographic images and video.
The Lunar Lion requires propulsion systems for various functions including attitude
control. An array of thrusters is place around the spacecraft to provide the full range of attitude
control. Upon descent, low thrust rockets are employed to decelerate the spacecraft and execute a
controlled descent. The MR-107 monopropellant hydrazine thruster will be used to accomplish
the tasks of controlled descent and a “hop” to a second landing site.
Under many conditions, the plume gases can impinge on the spacecraft surface. Backflow
gases can come back and directly strike the spacecraft directly. Impingement of a plume on a
spacecraft can have a number of unwanted effects. Depending on the orientation of the spacecraft,
the plumes’ momentum transfer results in forces that require compensating for at the cost of
additional propellant. In most cases, the plume particle strikes result in the heating of the surface,
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so thermal control is a vital part of spacecraft design. Many electronic components can only
function properly in a range of temperatures, requiring the need to dissipate excessive thermal
loads. The particle strikes can also contaminate the surface. An example is ammonia which is a
component species of the MR-107’s propellant, hydrazine.

1.2 Goals and Overview
My research aims to analyze the contamination and possible damages of the plumes
coming from the spacecraft’s exhaust which will reflect off the lunar surface, implementing
plume impingement analysis for the descent of the Penn State Lunar Lion spacecraft. The direct
simulation Monte Carlo (DSMC) method will be used to model selected thruster configurations
anticipated for the Lunar Lion project. Due to the time constraint and learning curve involved
with the complex SMILE code used to implement DSMC, only a two dimensional simulation was
attempted. Parallel computing is a powerful tool for large computational problems. By delegating
computational work between different processors, the real time required for a simulation is
dramatically reduced. An ideal parallel algorithm reduces the calculation time by a factor equal to
the number of processors used. My goal for researching and writing this thesis is to quantify
plume impingement and determine the conditions that would cause impingement to be an
operational problem. In the scope of this work only the fluid mechanics of plume flows are
considered.
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Chapter 2
Lunar Lion Configuration
The configuration of the spacecraft is depicted in Figure 1. The three main thrusters were
oriented in symmetric way about the center, forming an equilateral triangle. Plumbing and pumps
from the hydrazine tank transports the monopropellant to each of the thruster chambers.

Figure 1: Lunar Lion configuration, displaying locations of three main thrusters and three hydrazine
tanks.[1]

A very rough approximation shows the plume impingement upon the spacecraft when the
thrusters are operating in Figure 2. According to the figure, a 50 degree full plume will not
interfere with any components of the spacecraft. If the angle of the plume is larger than 50
degrees, then the plume will hit the structure. According to the solidworks model of the
preliminary design for the Lunar Lion, the thruster’s nozzle exit is 0.1649 meters away from the

4
side of the spacecraft and 0.2147 meters above the bottom of the spacecraft. This comes out to an
angle of 37.53 degrees. Thus, if the plume expands above this angle, it will contaminate and
damage the spacecraft.

Figure 2: Plume impingement sketch [1]

Figure 3 shows the main chemical propulsion thruster, the MR-107 thruster. It is a
hydrazine monopropellant and there will be three MR-107N thrusters oriented in the
aforementioned configuration. The thrust level and the combustion chamber varies in a range, and
the simulations will be varied accordingly to cover the entire range.

Figure 3: MR-107N thruster [2]
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Chapter 3
Analysis
3.1 Assumptions and Conditions
For simplicity’s sake, many assumptions were made about the components of the
simulation. The expansion of the gases from the nozzle throat to the exit was assumed to be
isentropic. As a first-cut analysis, only one thruster will be simulated. The surface of the moon is
assumed to be a flat plate oriented perpendicular to the flow and in a vacuum. The scenarios for
the analysis focused mainly on the two scenarios: free expansion for a very large distance to the
lunar surface, and a close distance to the surface to visualize the effects of the plume reflecting
off the lunar surface. The bulk flow velocities of each of the three species for hydrazine
combustion were assumed to be the same. It was assumed there were no chemical reactions in the
simulated domain beyond the nozzle exit because of the low temperature of the plume.
3.2 Initial Conditions
In order to describe the plume exhaust behavior of this propulsion system, it is necessary
to determine the initial conditions: exit Mach number, velocities, temperatures, and pressure.
These values are calculated through the isentropic equations. The thruster in question uses
hydrazine as the propellant. The decomposition of hydrazine can be described ideally as a twostep process. The hydrazine first decomposes to gaseous ammonia (NH3) and nitrogen (N2) in a
highly exothermic reaction.

[3][4]

Then the ammonia formed dissociates into nitrogen and

hydrogen. The second step is endothermic and absorbs a portion of the heat generated during the
first step. Equation 1 was used to determine the specific decomposition for hydrazine. The x
value is the degree of ammonia disassociation. The x value is a function of variables such as
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catalyst type, size, and geometry, the chamber pressure, and the dwell time within the catalyst
bed. According to the specific impulse of the MR-107, the x value was determined to be 0.75.
3N2 H4 = 4(1 − x)NH3 + (2x + 1)N2 + 6x H2

Table 1[2] lists the important propulsion characteristics of the MR-107N engine.
Table 1: Summary of MR-107N Rocket Engine Design Characteristics

Parameter

Specification

Isp

229-232 sec

Thrust

109-296 N

Flow Rate

49-131 g/s

Chamber Pressure

1.9-9.5 atm

Chamber Temperature

800 Celsius

Nozzle Exit Diameter

6.6 cm

Expansion Ratio

21:1

(1)

7

3.3 Nozzle Exit Condtions Calculated using Isentropic Equations
The following isentropic equations were used to calculate the nozzle exit conditions.
Equation 2 was used to find the nozzle exit velocity, Ve
Pe −Pa
)
ṁ

Veq = Ve + (

(2)

Where Veq, Pe,Pa, ṁ are equivalent velocity, exit pressure, ambient pressure and mass flow,

respectively.

After rearranging the equation to solve for Ve with the appropriate the maximum and
minimum values of chamber pressure within the thruster specifications, the exit velocity was
calculated to be at about 2200 m/s.

Using the Equation 3, a value for γ of 1.386 was calculated with some algebra.
Cp

Cp = Cv + R

Cv

= γ

R=

�
R
�
M

(3)

Where Cv and R for H2, N2 and NH3 shown in Table 2 were used to calculate according to how
the hydrazine decomposes in the MR-107N.

Table 2: 𝐂𝐯 and R values for H2, N2 and NH3 used to calculate hydrazine γ

Cv
R

H2

N2

NH3

10393

742.3

1577.7

4157.15

296.9

489.1

The obtained γ value allowed the calculations for the nozzle exit Mach number,
temperature and pressure.
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Ae
A∗

=

γ+1

1
2
γ−1
(
�1 +
Me 2 �)2(γ−1)
Me γ+1
2

(4)

The Mach number was calculated using the given expansion ratio of 21 and equation 4.
The Mach number came out to be 4.705.
The nozzle exit temperature, Te, was calculated using the isentropic equation shown in
Equation 5. The temperature is independent of pressure and stays at 203.512 K within the
pressure and specific impulse’s range.
T0 = (1 +

γ−1
Me 2 )Te
2

(5)

The nozzle exit pressure was calculated using the isentropic equation shown in Equation
6.
P0 = (1 +

γ

γ−1
Me 2 )γ−1 Pe
2

(6)

The chamber pressure, P0, ranged from a minimum of 1.9 to 9.5 atm. When the chamber
pressure was at 5 atm, the nozzle exit pressure came out to be 1294.098 Pa. At the maximum
chamber pressure of 9.5 atm, the nozzle exit pressure came out to be 2458.787 Pa. At the
minimum chamber pressure of 1.9 atm, the nozzle exit pressure came out to be 491.757 Pa.
The nozzle exit velocity was further verified using Eqs 7 and 8. Equation 7 required the
calculated nozzle exit temperature and the Mach number, whereas Equation 8 required the nozzle
exit pressure. These equations yielded a velocity of 2079 m/s, which had a 5.9% difference with
velocity calculated with Equation 2.
a = �γRTe

Ve = Me a

γ−1

2γ
P
RTc (1 − (Pe) γ
γ−1
c

Ve = �

(7)
)

(8)

At maximum pressure, the number density was calculated using Equation 9. This
pressure value will be used with the mole fractions obtained from Equation 1 to calculate the
number densities for each species.
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P = nkT

The resulting exit condition values are shown in Table 3.
Table 3: Summary of exit conditions at nozzle exit

Parameter

Value

Temperature

203.512 K

Pressure

2458.787 Pa

Number density

8.7505 x 1023 molecule/m3

Velocity

2200 m/s

X(H2)

0.5625, mole fraction

X(N2)

0.3125, mole fraction

X(NH3)

0.125, mole fraction

(9)
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Chapter 4
DSMC Implementation and Results
4.1 Implementation
Simulations were based on one thruster located on the symmetry axis. The DSMC
software, SMILE will run the DSMC for the different scenarios. After fine tuning of results from
one thruster, it will be determined on the best way to simulate the different cases.
Particles in a DSMC simulation are considered to represent a large number of real gas
atoms or molecules. The simulation particles can be considered as a representative sample from
the particle distribution function. Particles are assigned rotational and vibrational energies to
account for the degrees of freedom. Particle collisions are modeled using the Variable Hard
Sphere model (VHS) which treats the particles as solid spheres with variable diameter that scatter
isotropically.
A complete DSMC simulation is a series of iterations during which particles are moved
and collisions are computed. Particles are moved through space during each iteration according to
their velocities and the time step. Particles that cross boundaries (walls) are reflected back
according to the surface properties. A particle that strikes a specular surface bounces off such that
the reflected angle is equal to the incident angle with no change in energy. A particle that strikes a
fully diffuse surface is accommodated to the surface temperature. A computational grid is used to
group particles together for the purpose of sampling their properties and flow field properties are
calculated for each cell.
Some computational parameters required fine-tuning for accurate simulation results. One
such parameter is time step. The time step should be large enough that the majority of the
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particles cross a given cell in four or five steps. The time required per simulation is the product of
the number of time steps and the time step for the simulation. The result of changing time scale
factors is the fluctuation of the number of particles per cell. The cell size should be set to be
approximately one third of or less of the mean free path.
A minimum number of particles are necessary to resolve flow physics through collisions.
Typically twenty particles per cell are considered an appropriate number to resolve the flow
features. This result is used to evaluate the performance of the simulation, as in the accuracy of
the simulation would not be statistically significant if there were insufficient number of particles
per cell. The simulation would then require modifications to the computational parameters such
as grid cell size, time required per simulation, and simulation particles. A combination of grid
manipulation and varying time scales was the best means of controlling the distribution of
particles. For plumes expanding into vacuum, the extremely low density associated with this
portion of the flow will have a very large mean path. Cells many times smaller there ensures that
there is reasonable spatial resolution.
Parallel implementation speeded up the very computationally intensive calculation. The
DSMC method’s performance was improved through parallel execution. The SMILE code was
run on a Linux cluster. The algorithm is parallelized through domain decomposition. The grid
cells of the domain are split amongst the processors and each processor executes the method in
serial for the particles and cells in its domain. The particle data is localized within each cell,
allowing this type of serial decomposition. Parallel communication occurs when particles reach
the domain boundaries and have to essentially transfer to another processor. [6]
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4.2 Results

4.2.1 Free Expansion
The grid domain for the free expansion simulation is displayed in the appendix. The
domain is a ten nozzle diameters by two nozzle diameters box. The computational parameters
used in the code are presented in Table 6 in the appendix. The parameters for the three species
(hydrogen, nitrogen, and ammonia) in the jet.dan and chem.dan file were modified accordingly
for the hydrazine reaction equation, matching the particle velocity, mole fractions, nozzle exit
temperature and pressure calculated from the aforementioned isentropic equations. The
characteristic temperatures of each species was obtained from the appendix of Bird’s Molecular
Gas Dynamics and the Direct Simulation of Gas Flow.[5] The bulk flow velocities, temperatures,
and number density were also modified appropriately in the jet.dan file as shown in Table 7 in the
appendix. The free expansion was simulated with a large distance in the streamwise direction,
simulating the distance for ten thruster diameters. The computational cost and related parameters
for the calculations are summarized in Table 4.
Table 4: Computational cost parameters for free expansion simulation

Free Expansion
Number of Collision Cells

32000

Number of Particles

337029

Sampling Steps

18000

Number of Processors

16

The 1D plot for the total number density and the mole fraction of each species along the
x-axis in Figure 4 implies that total number density decreases as the distance from the nozzle exit
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increases. This is caused by free expansion of the exhaust plume and the particles scatter. When
the particles reach the wall that is 9.5 diameters down the x-axis, there is a shock. As the mole
fraction of H2 peaks, the mole fraction of N2 and NH3 are reduced.

Figure 4: 1D plot of total number density and mole fraction of the three species along dimensionless xaxis from nozzle exit at y=0. The value of D=0.066m here and in subsequent figures.

The 1D plot for the total number density and the mole fraction of each species along the
Y axis is shown in Figure 5. The plot indicates that total number density along with N2 and NH3
drop off around the y value of 0.033 meters, which is the nozzle wall. H2, because of its light
molecular weight expands outward and is the only component that travels backwards to the
vehicle surface. The sharp change is not realistic because the curves should be smooth and
continuous. This can be fixed by increasing cell resolution in the simulation.
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Figure 5: 1D plot of total number density and mole fraction of species along the y-axis at the nozzle exit
starting from the nozzle center. The nozzle wall is at 0.033 meters.

The total number density contour is plotted in Figure 6. It shows the expected
concentration of the plume gases near the exit of the thruster and decreases with free expansion
down the x axis.

Figure 6: Total number density contour along the dimensionless x axis starting from the nozzle exit
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Figure 7 plots the number of particles per cell for this simulation. The number of particles
per cell reaches 100 during the simulation, especially near the nozzle exit. As the simulation runs,
the number of particles per cell decreases because free expansion causes the particles to scatter
away. When the particles reach the wall there is a shock and the particles per cell peaks
temporarily.

Figure 7: Number of particles per cell plot along the x-axis starting from the nozzle exit at the end of
sampling.

Figures 8-10 are mole fraction contour plots for the H2, N2, NH3 species respectively. The
contour plots all display similar flow properties, but the concentration for each species is
different. The H2 mole fraction rises up sharply after the distance along the y axis is greater than
the thruster radius and then drops off significantly because of its light weight and being the only
component that can go backwards to the vehicle surface. The N2 mole fraction is close to 0.3 near
the nozzle exit. As N2 expands outwards the mole fraction slightly increases and then decreases.
The NH3 mole fraction behaves similar to that of the N2 as indicated earlier in Figures 4 and 5.
Whenever the mole fraction of H2 increases, N2 and NH3 both decrease.
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Figure 8: H2 mole fraction contour plot along dimensionless x-axis starting from nozzle exit

Figure 9: N2 mole fraction contour plot along dimensionless x-axis starting from the nozzle exit

17

Figure 10: NH3 mole fraction contour plot along dimensionless x-axis starting from the nozzle exit

Figure 11 plots the 1D behavior of the total number density and the number densities of
the three species along the dimensionless x-axis from the nozzle exit at y=0. As seen around nine
diameters away all of the number densities make a sudden jump and decreases, indicating the
presence of a shock right before the particles hit the wall downstream that is ten diameters away
from the nozzle exit.

Figure 11: 1D plot of total number density and number density of the three species along dimensionless
x-axis from nozzle exit at y=0.
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Figure 12 plots the total number density and number densities of the three species along
the y axis at the nozzle exit. This plot indicates that in the region directly above the nozzle exit,
there is a minimal presense of particles. This makes sense in that there should not be any major
backflow in the area directly above the nozzle. However, as the plot indicates, the further away
from the nozzle exit along the y-axis, there starts to be a slight increase in the presence of H2
particles. The light weight H2 particles have the largest chance of becoming backflow and as
indicated by the mole fraction of H2 contour plot in Figure 8, they hold the largest presence in the
region above the nozzle exit and slightly downstream.

Figure 12: 1D plot of total number density and number density of the three species along y axis at the
nozzle

Figures 13-15 show the H2, N2, and NH3 number density contours starting from the
nozzle exit. The number density is concentrated in the region right after the nozzle exit, and
decreases after 0.1 meters, agreeing with the 1D plot in Figure 11. This contour plot shows a
more comprehensive result of what happens during free expansion in terms of number density.
The NH3 number density can be extrapolated to around 1x1023//m3 where the plume would hit the
spacecraft . The design and manufacturing of the spacecraft will have to take this into account.
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Figure 13: H2 number density contour plot along x-axis starting from the nozzle exit

Figure 14: N2 number density contour plot along x-axis starting from the nozzle exit
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Figure 15: NH3 number density contour plot along x-axis starting from the nozzle exit

The following plot in Figure 16 shows the pressure contour. The pressure is mainly
concentrated at the nozzle exit and then decreases as the plume expands to vacuum.. Once it is
near the wall, a shock is produced and higher pressure appears after the shock.

Figure 16: Pressure contour plot along x-axis starting from the nozzle exit
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The following plot in Figure 17 shows the translational temperatures. The temperature is
around 200 Kelvin right at the nozzle exit and cools off at about one thruster diameter away. The
temperature significantly increases before 9.5 thruster diameters, which is about 0.6 meters, from
the nozzle exit because the wall there causes a shock.

Figure 17: Translational temperature plot along the x-axis starting from the nozzle exit

Figure 18 plots the Mach number along the x-axis starting from the nozzle exit. The
particles are traveling at about Mach 4.7 after exiting the nozzle and increase speed as they travel
further away. Once the particles hit the wall, the particles are stagnated.

Figure 18: Mach Number vs x-axis plot starting from the nozzle exit
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The following plot in Figure 19 shows the basic behavior of a free expansion. NH3
particles accelerate to a higher mach number the further away they are away from the nozzle exit.
The velocities of the particles can be roughly extrapolated to see that they approach Mach 16
around the region where the actual spacecraft will be and this will have to be considered when
designing and manufacturing the spacecraft. The particles follow the streamlines displayed in
Figure 15.

Figure 19: NH3 Mach number contour plot along x-axis starting from the nozzle exit
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4.2.2 Close Wall – Fully Reflective
The grid domain for the close wall simulation is displayed in the appendix. The domain is
a one nozzle diameter by four nozzle diameters box. The computational parameters are the same
as the earlier case and the same nozzle exit conditions were used. The close wall was simulated
with a small distance in the streamwise direction, simulating the distance for one thruster
diameter. The computational cost and related parameters for the calculations are summarized in
Table 5.
Table 5: Computational cost parameters for close wall simulation

Close Wall
Number of Collision Cells

1407

Number of Particles

123531

Sampling Steps

18000

Number of Processors

16
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Figure 20 shows the 1D plot of the total number density and the mole fraction of the three
species along the dimensionless x-axis from the simulation of a close wall. The domain now has a
width of a thruster diameter, 0.066 meters. The reflective properties of the wall were set to be
completely reflective and non-sticking. The results for the 1D plot along the X axis displayed the
number density increasing at the wall, as the particles accumulate.

Figure 20: 1D plot of total number density and mole fraction of the three species along dimensionless xaxis from nozzle exit at y=0.

Figure 21 is the 1D plot along the y-axis that starts from the nozzle center. It shows how
the exhaust plume reversed direction. There is some noise present as seen in the fluctuations of
the curves. This has been addressed through many simulations by changing the cell size and
number of simulated particles; however, there may be the possibility of further enhancement.
These results are from a simulation that took about twenty hours, even with parallel computing.
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Figure 21: 1D plot of total number density and mole fraction of the three species along y axis at the
nozzle exit starting from the nozzle center

Figure 22 displays the accumulation of particles at the wall by presenting the number
density contour and the streamlines show how the particles change their paths after reflecting off
the wall.

Figure 22: Total number density contour along the x-axis starting from the nozzle exit
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In Figure 23 shows a plot of the particles per cell along the x-axis. The range of the
particles per cell ranges from 2000 to 10000 and it reaches 10000 close to the wall which is one
thruster diameter away from the nozzle exit. The flow structure that is observed appears to not be
a numerical artifact.

Figure 23: Total number of particles per cell plot along the x-axis starting from the nozzle exit.

Figures 24-26 show the number of particles per cell for each species. This is used as a
diagnostic tool to tell if the results of the simulation are statistically significant and accurate. A
huge reason for looking at these plots was to figure out whether or not the other plots such as the
mole fraction plots were not just producing results that were just an artifact of the simulation. The
determination of whether there is a shock is hugely dependent upon this.

27

Figure 24: Number of H2 particles per cell plot along the x-axis starting from the nozzle exit

Figure 25: Number of N2 particles per cell plot along the x-axis starting from the nozzle exit
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Figure 26: Number of NH3 particles per cell plot along the x-axis starting from the nozzle exit

Figures 27-29 show the mole fraction contour plots for the H2, N2, NH3 respectively. The
contour plots all display similar flow properties, but the concentration for each species is
different. The H2 mole fraction is relatively minimal except in the region right after nozzle exit
and above the nozzle wall. This may be caused by its light weight and being the only component
that can travel backwards to the vehicle surface. The N2 mole fraction demonstrates the opposite
behavior as it is present everywhere after the nozzle exit except for the region right after the
nozzle exit and above the nozzle wall. The NH3 mole fraction behaves similar to that of the N2.
This behavior where H2 goes one way while N2 and NH3 go the other way can be further
confirmed in the aforementioned Figures 20 and 21. Whenever the mole fraction of H2 increases,
N2 and NH3 both decrease. The cause of the behavior for these two species is because of their
heavier weights.
There seems to be backflow present in all three contours where there is a shock, which is
about 0.05 m away from the nozzle exit. The shock caused a significant amount of plume gases of
all three species to accumulate at the shock in a similar fashion as if they have hit a wall.
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However, the amount of plume gases accumulating there was more than that of the region after
the nozzle exit and under the nozzle wall for H2, whereas the opposite happened for N2 and NH3,
and less plume gases accumulated at the shock. The “leakage” structure observed in Figs. 27-29
is strange and has been reduced by numerous simulations with more computational particles. It is
not clear at this point if this structure is real and further testing of the numerical parameters would
be needed. Furthermore, it is possible that these flows are unsteady and if so, no attempt was
made to capture the time dependent behavior here.

Figure 27:H2 mole fraction contour plot along x-axis starting from the nozzle exit
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Figure 28: N2 mole fraction contour plot along x-axis starting from the nozzle exit

Figure 29: NH3 mole fraction contour plot along x-axis starting from the nozzle exit
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Figure 30 plots the 1D behavior of total number density and the number densities of the
three species along the dimensionless x-axis from the nozzle exit at y=0. As seen around 0.6
diameters away all of the number densities make a drastic jump and increases, indicating the
presence of a shock right before the particles hit the wall downstream that is one diameter away
from the nozzle exit.

Figure 30: 1D plot of total number density and number density of the three species along dimensionless
x-axis from nozzle exit at y=0.

Figure 31 plots the total number density and number densities of the three species along
the y axis at the nozzle. This plot indicates that in the region directly above the nozzle exit, there
are minimal particles presenst. This makes sense in that there should not be any major backflow
in the area directly above the nozzle. However, as the plot indicates, the further away from the
nozzle exit along the y-axis, there starts to be a slight increase in the presence of H2 particles. The
light weight H2 particles have the biggest chance of becoming backflow and as indicated by the
mole fraction of H2 contour plot in Figure 27, they hold the biggest presence in the region above
the nozzle exit and slightly downstream.
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Figure 31: 1D plot of total number density and number density of the three species along y axis at the
nozzle

Figure 32-34 plots the H2, N2, NH3 number density contour plots along the x-axis starting
from the nozzle exit. The number density clearly shoots up around 0.06 meters, agreeing with the
1D plot in Figure 30. This contour plots show a more comprehensive result of what happens after
the shock that appears around 0.06 meters.

Figure 32: H2 number density contour plot along x-axis starting from the nozzle exit
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Figure 33: N2 number density contour plot along x-axis starting from the nozzle exit

Figure 34: NH3 number density contour plot along x-axis starting from the nozzle exit
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In Figure 35, the pressure contour shows more similar characteristics and further explains
the shock that is present near the wall. The pressure contour plot should and did resemble the
number density contour plot because of their direct relationship. The pressure is low all the way
up until the shock, and then the shock causes the pressure to shoot up. The area that causes this
pressure change is where the particles all bend upwards and end up turning into backflow,
indicative of a shock.

Figure 35: Pressure contour plot along x-axis starting from the nozzle exit

The following plot in Figure 36 shows the translational temperatures. The temperature is
around 400 Kelvin right at the nozzle exit. The temperature significantly increases at the 1
thruster diameter away because the wall there causes a shock.
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Figure 36: Translational temperature plot along the x-axis starting from the nozzle exit

Figure 37 plots the Mach number along the x-axis starting from the nozzle exit. The
particles are traveling at about Mach 4.7 after exiting the nozzle and decreases speed as it travels
away from the nozzle exit. Again, the particles hit the wall, the particles are stagnated.

Figure 37: Mach number along x-axis plot starting from the nozzle exit
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Figure 38 plots the total Mach number contour from the nozzle exit along the axis. The
streamlines show the path the particles travel along and it shows that there is a shock near the
wall. The particles collectively have a high velocity once it reaches the shock and curves upwards
and backwards. There is a little niche area where the streamlines make a 90 degree turn upwards
and turns into backflow.

Figure 38: Total Mach number contour plot along x-axis starting from the nozzle exit
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The following plot in Figure 39 is the Mach number contour plots for NH3. It displays the
characteristics of free expansion and accelerates as the particles travel further away from the
nozzle exit. However, once the particles near the reflective wall, they follow the stream lines in
Figure 34. The velocities of the particles right behind the shock are very low, but they do
eventually accelerate the more distance they travel. The shock that is present causes a back flow
of relatively high Mach number particles

Figure 39: NH3 Mach number contour plot along x-axis starting from the nozzle exit
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Chapter 5
Conclusion
Most propulsion systems in the real world require plume impingement analysis to
understand the flow of the exhaust plumes and to account for any potential operational problems
caused by these plumes. This thesis research accomplished the intent to investigate the exhaust
plumes of a single thruster. More fine-tuning of the input parameters and running more different
scenarios would yield more accurate results.
According to the Solidworks model of the spacecraft, the thruster is at around a 30 degree
angle with respect to the bottom of the craft. The sketch in Figure 2 indicates that any plumes
over 50 degree gives even a better tolerance level. The impinged plume gases will cause problems
to nearby sensors and damage the outer shell of spacecraft. Design and manufacturing will have
to take everything into account in order for optimal flight.
The main threat of a problem is from the ammonia particles that turn into backflow the
closer the spacecraft gets to the lunar surface. The hydrogen and nitrogen particles aren’t nearly
as damaging as ammonia. According to the contour plots made for ammonia, the risk of backflow
from ammonia is evident in the number density contour plot. With the dimensions of about 0.16
meters away from the side of the spacecraft and 0.21 meters away from the bottom of the
spacecraft, the shell of the spacecraft is clearly at risk of plume impingement and the materials
used for manufacturing have to take this into account.
As far as future work goes, the next simulation should have a domain that is large enough
to include the spacecraft. This would eliminate the need to roughly, possibly inaccurately,
extrapolate from the plots available to reach a conclusion of how much plume impinges and
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where the plumes will impinge. The calculations for the exit conditions were based on maximum
chamber pressure. The thruster has a large range of chamber pressures, ranging from 1.5 to 9 atm.
In order to conduct a comprehensive plume analyst the other extreme and the average chamber
pressures should be taken into consideration.
The efficiency of the simulation also needs to be maximized. The computational cost of
DSMC is directly proportional to the number of particles simulated. The optimal simulation
utilizes the least amount particles while obtaining accurate results. A combination of variable
scaling and grid manipulation can be used to achieve this.

One issue with generating a

computational grid is the fact that the flow field properties are not known until a simulation has
been ran. For this thesis, a preliminary simulation run on a simple grid was used to produce flow
field data that was to be used to generate the final grid. This is not only a time consuming first
step, but also might not produce a suitable grid due to inadequate resolution in the preliminary
simulation.
The NH3 mole fraction is roughly about ten percent. Even with about 100 particles per
cell for the simulations, there are only about 2-10 particles per cell in some of the grid cells. Thus,
the results can be even more refined. The results for the translational temperature were
inconclusive. Multiprocessors need to be even more utilized to accommodate the necessity for
more particles per cell.
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Appendix A
Input Parameters

Table 6: Code.dan parameters

STEP

20000

RST

100

NST

100

ADG

100

MACS

2000

Tau

3.0 x 10-7

PFnum

3.0 x 1013

STEP: Number of steps in simulation
RST: Steps to write the restart files
NST: Steps to dump a surface parameters cross CPU data is pre-calculated
ADG: Steps to adopt the collision and macro cells structure
MACS: Number of steps before sampling
TAU: Time step for simulation
PFnum: 1 particle represents PFnum molecules or atoms
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Table 7: Jet.dan file parameters

H2

N2

NH3

Number Density

4.9920x1023

2.7345x1023

1.0938x1023

Velocity

2200

2200

2200

Ttrn

203.51200

203.51300

203.51300

Trot

203.51200

203.51300

203.51300

Tvib

203.51200

203.51300

203.51300

Density: Number density (#/m3)
Velocity: Velocity (m/s)
Ttrn: Translational temperature (K)
Trot: Rotational temperature, (K)
Tvib: Vibrational temperature, (K)
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Appendix B
Simulation Grid Domain
Domain for Scenario 1:

2D

Domain for Scenario 2

4D

1D

10D
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