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Summary

The goal of this project is to investigate the dynamics of multiple interacting
high speed jets. To this end, a parallel three-dimensional direct simulation Monte
Carlo (DSMC) code is developed. An iterative flux method is used to implement the
pressure boundary conditions in DSMC. Jets expanding into a vacuum and into a
specified pressure background are investigated, as is the influence of the
background gas on the interacting jets. Empirical models will be developed. In the
past year, the code has been successfully parallelized and executed in Seawulf
Cluster, using domain decomposition with the MPI protocol. Code validation is in
progress, for which a one-dimensional shock tube problem with Mach number up to
10 has been investigated. Preliminary results for three-dimensional interacting jets
have also been obtained using the parallel code.

1. Background (RCS),2 which comprises of many
primary and vernier engines. The RCS
can provide the thrust for altitude
maneuvers and small velocity changes
(along the orbiter axis) by firing the
selected engines. If adjacent engines are
fired simultaneously, an interaction
between the two jets can occur. The jet
interaction phenomena also can be seen
in a satellite's Altitude Control System
(ACS).? This system is generally formed
by an array of small thrusters. Because
the size of the satellite is relatively small
and the plume size is large in high
altitude, jet interaction between the
adjacent plumes can be observed.

With the rapid development of space
technology, a lot of emphasis has been
placed on the study of the interaction
between rarefied free jets. Various jet
interaction phenomena exist in the
design of spacecraft, one example being
multi-nozzle rockets.! The rockets are
usually equipped with two or more
nozzles, to provide large impulse and
stability. Because of the high altitude,
the pressure is low, which causes the
plumes from each nozzle to have a large
radial extent. Therefore, an interaction
between neighboring plumes may occur.
Another application is the spacecraft's

Orbiter Reaction Control ~ System The interaction between multiple

plumes is receiving attention also



because of the development of
microspacecraft,’ which can
significantly lower fabrication and
launch costs because of its smaller size
and lower weight compared to
conventional spacecraft. Many designs
of micro-propulsion systems involve the
use of thruster arrays for orbital
maneuvers, such as attitude control and
orbit rising. The thruster arrays can be
batch fabricated using
Microelectromechanical Systems
(MEMS) techniques. They can also
increase the flexibility for
microspacecraft since thrusters can be
fired in  specific sequences or
simultaneously to get desired impulse
profile and thrust level for a particular
maneuver. In thruster array, the distance
between the thrusters is always very
small, enhancing interaction between the
plumes.

Interaction between the jets can have
several effects on spacecraft operation,
such as changes in the thrust impulse
profile, the dynamics of jet impingement,
heat flux and pressure force on
spacecraft  surfaces, contamination,
stability, and sound generation. These
phenomena can cause a lot of difficulties
in the design of a spacecraft. For
example, a backflow region is generated
in the interaction region when the
interaction effects are strong.’ The
backscattered molecules can make the
occurance of contamination more likely
and can also lead to relatively high heat
flux and pressure force on spacecraft
surfaces. Finally, it is noted that noise
reduction could be a side effect of
multiple jet interaction,” as is the
dynamic pressures that exceed the
fatigue failure limit for metallic aircraft
structures.’

2. Objectives of the Project

Understanding the physics of under-
expanded interacting jets is the focus of
this work, a three-dimensional parallel
direct simulation Monte Carlo (DSMC)
code is being developed to simulate the
flow fields. An iterative flux method’ is
investigated for the implementation of
the pressure boundary conditions. Both
jets expanding into vacuum and those
expanding into a specified pressure
background are being investigated. The
influences of the background gas on the
interacting jets are being studied and a
rarefaction parameter will be developed
to evaluate this influence. The 'primary-
secondary' cells shock structures (Fig. 1)
will be reproduced for the dual
interacting jets in the near continuum
regime, and an empirical expression will
be developed for the position of the
Mach disk in the secondary cell, with
guidance from the numerical simulation
results. The heat flux and pressure force
at the orifice plane will also be
investigated.

3. Computational Methods

The implemented DSMC algorithm is
built around the same physical concepts
as described by Bird. As a particle
simulation method, DSMC does not
solve the Boltzmann equation directly.
Rather, the equation is solved by
mimicking the physical nature of the
(gas) molecular motion and
intermolecular collisions, where
simulated molecules are used in place of
real molecules. (A simulated molecule
can be regarded as a group of real
molecules.) DSMC is also a statistical
method. It is the collision statistical
probability that determines whether or
not a pair of molecules will collide, not



the distance between the two molecules.
This is the main difference from the
Molecular Dynamics (MD) method,
which, on the other hand, is a
deterministic method.

4. Current Status of Simulation
Work

The DSMC code based on Bird’s
sequential  algorithm®  has  been
parallelized using domain decomposition
and the MPI message passing protocol.
Preliminary results have been obtained.
Particle movement and collisions are
calculated in each domain.
Communication  between  processes
occurs only when computational
particles cross domain boundaries. The
parallel algorithm of the parallel DSMC
code is shown in Fig. 2.

The code is written in Fortran 90
where dynamic memory allocation
technique is used to save on memory. (A
linked list data structure is used to store
particle information.) Fig. 3 shows a
segment of code that sends particles to
neighboring processes. “Non-blocking
receive” is used to receive particles from
neighboring processes. Fig. 4 shows a
segment of code that receives particles
from neighboring processes. Table 1
compares the computation time for the
argon normal shock wave (Mach 10)
simulation using 2 processes. It shows
that by using non-blocking
communication algorithm, the
computation speed increases by
approximately 30%.

The one-dimensional (1D) DSMC
code has been successfully parallelized
and executed on the Seawulf cluster. The
1D shock tube problem has been used to
validate the code. Some results are

shown below. Figs. 5 through 7 compare
the solutions (density, translational
temperature, and rotational temperature
profiles of an nitrogen normal shock
wave at Mach 10) for sequential and
parallel simulations, using 2, 3, and 10
processes. Agreement between the
sequential and parallel simulations is
evident.

The results are also compared with
the experimental data by Alsmeyer’ in
Fig. 8, where agreement between the two
results is also evident. Fig. 9 is a plot of
the shock wave reciprocal thickness for
different Mach numbers. The DSMC
values are smaller than the experimental
results.

“Load balancing” is an important
issue for parallel application. Proper
load-balancing can, to first order, be
achieved by using an equal number of
particles in each processor. A dynamic
domain decomposition method is used to
distribute an equal number of
computational particles to each process.
The technique has also been successfully
implemented in the 1D shock tube code.
Fig. 10 is the simulation result (2
processes) for an argon normal shock
wave at Mach 10 with equal
decomposed blocks. Fig. 11 is the
simulation result for the same case but
with dynamic domain decomposition.
Thus, the particles are successfully
equally  distributed  between  the
processes. The computation time
performance for these two cases is
compared in Table 2. It shows that by
using dynamic domain decomposition,
the computation time is reduced by
approximately 50%.

The three-dimensional DSMC code
has also been parallelized. The
simulation of dual interacting jets



expanding into vacuum is reported. Fig.
12 shows the computation domain for
the simulation. Figs. 13 and 14 are the
density contours in the x—z and X—-Yy

symmetry planes for Kn,=0.003 ,
L/D=3 and Kn,=0.03 , L/D=3,
respectively, where Kn, is the

stagnation Knudsen number, L is the
distance between two orifices, and D is
the diameter of the orifice.

5. Significance of Seawulf
Cluster for the project

Since DSMC 1is a very expensive
technique, and the problem is three-
dimensional, intensive computational
resources are needed. Table 3 lists the

simulation cases proposed for the project.

The last column in the table shows the
completion status for each case using the
Seawulf Cluster. It is clear that this
project would not have been possible
without the massive parallelization
capability that is available in Seawulf
Cluster.  The estimated CPU hours
needed for the computation are shown
by adding the “CPU Hours” column in
the table, we see that this project
requires approximately 30,000 CPU
hours.

For further information on this
project contact:

Professor Foluso Ladeinde
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Fig. 1 The schematic structure of the flow field of dual interacting under-
expanded jets.
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Fig. 2 Parallel algorithm for the DSMC code



n_send =0
particle ptr => root_sending_particle
do
if(.not. associated(particle ptr)) exit
n send =n send + 1
call MPI_ADDRESS(particle ptr,elmoffset(n_send),ierr)
elmsize(n_send) =1
particle ptr => particle ptr%next ptr
end do
call MPI TYPE HINDEXED(n_send,elmsize,elmoffset,
& type_particle,particle msg,ierr)
call MPI TYPE COMMIT (particle msg,ierr)
call MPI_SEND(MPI_BOTTOM,1,particle msg,dest,tag,
& MPI_COMM_WORLD,ierr)
call MPI TYPE FREE(type msg,ierr)
<deallocate all the particles which have been sent>

Fig. 3 Segment of code that sends particles to neighboring processes

i=0
do
call MPI_IPROBE(MPI_ANY_ SOURCE,MPI_ANY_ TAG,
& MPI_ COMM WORLD,flag,status,ierr)
if (flag) then
call MPI GET COUNT(status,type particle,n,ierr)
allocate(particle recv(1:n))
call MPI RECV(particle recv,n,type particle,status(MPI_SOURCE),
& status(MPI_TAG),MPI_COMM_WORLD,status,ierr)
<insert received particles to the particle linked lList>
i=itl
end if
if (1 >=n_recv_msg) exit
end do

Fig. 4 Segment of code that receives particles from neighboring processes
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Fig. 5. Normalized density profiles of nitrogen normal shock wave at Mach 10
for the sequential results and parallel results using 2, 3, and 10 processes
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Fig. 6. Normalized translational temperature profiles of nitrogen normal shock
wave at Mach 10 for the sequential results and parallel results using 2, 3, and 10
processes
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Fig. 7. Normalized rotational temperature profiles of nitrogen normal shock
wave at Mach 10 for the sequential results and parallel results or 2, 3, and 10
processes
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Fig. 11. Density and temperature profiles of argon normal shock wave at Mach 10
with using the dynamic domain decomposition technique.
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List of Tables

“Receive” Type CPU Time (sec)
Using general blocking receive 660
Using non-blocking receive 452

Table 1. Computation time comparison for the parallel simulation of argon normal
shock wave at Mach 10 by using 2 processes.

Decomposition Type CPU Time (sec)
Static domain decomposition 269
(domain is equally decomposed)
Dynamic domain decomposition 450

(particles are equal distributed)

Table 2. Computation time comparison for two domain decomposition type in the
parallel simulation of argon normal shock wave at Mach 10 by using 2 processes.



Number | Estimated Progress
Project Catalogue Simulation Cases of CPU _ &
(\ = done)
Processes Hour
Fortran 90 code development -- 50 \
1D parallel code Parallehz.atl(.)n with general blocking B 50 N
development and communication
debu Non-blocking communication -- 50 \
g Adaptive mesh -- 50 \
Dynamic domain decomposition -- 50 \
Nitrogen Ma =10 2 2 \
Nitrogen Ma =10 3 2 \
1D code validation: | Nitrogen Ma =10 10 2 v
1D shock tube Nitrogen Ma =2 2 2 \
problem Nitrogen Ma =4 2 2 v
Nitrogen Ma =6 2 2 \
Nitrogen Ma =8 2 2 N
Argon Ma =10 ) ) N
(blocking communication)
Argon Ma =10 ) ) N
(non-blocking communication)
Argon Ma =10 ) ) N
1D co.de parallel (static equally domain decomposition)
efficiency and A —
- rgon Ma =10
scalability test: 1D . . . 2 2 \
shock tube problem (dynamic domain decomposition)
P Argon Ma =10 2 2 X
Argon Ma =10 3 2 X
Argon Ma =10 5 2 X
Argon Ma =10 10 2 X
Argon Ma =10 20 2 X
Fortran 90 code development -- 50 \
3D parallel code Code parallellzatlon -- 50 \
Adaptive mesh -- 50 \
development and - - — 3
debug Dynamic domain decomposition -- 50
Pressure boundary condition
, : - 50 v
implementation
3D parallel code Test the implemented pressure
oy . .. - 200 X
validation: single | boundary condition
under-expanded jet | Test the shock cell structure -- 200 X
Kn, =1.0 Vacuum 4 20 X
Kn,=1.0 P,/B =20 8 80 X
Kn, =0.1 Vacuum 4 40 X
Kn,=0.1 P,/B =20 8 120 X




Kn, =0.01 Vacuum 8 80 X

Kn, =0.01 P,/R, =50 16 160 X

Kn, =0.01 P./P, =20 16 240 X

Kn, =0.005 Vacuum 10 100 X

Kn, =0.005 P,/R, =50 20 200 X

Kn, =0.005 P,/R, =20 20 300 X

Kn, =0.001 Vacuum 16 160 X

Kn, =0.001 P./P, =100 32 200 X

Kn, =0.001 P,/P, =50 32 320 X

Kn, =0.001 P,/P, =20 32 500 X

Kn, =0.0001 Vacuum 16 160 X

Kn, =0.0001 P,/R, =100 32 200 X

Kn, =0.0001 P /R =50 32 500 X

Kn, =0.0001 P,/P, =20 32 800 X

Kn,=10 L/D=1.5 4 40 X

Kn,=1.0 L/D=3 4 40 X

Kn,=10 L/D=6 4 40 X

Kn,=0.1 L/D=1.5 4 40 X

Kn,=0.1 L/D=3 4 40 X

Kn,=0.1 L/D=6 4 40 X

fill)n f’lf:z:)lﬁ' fﬁi‘; Kn, =001 L/D=15 8 80 x

interacting jets Kn,=0.01 L/D=3 8 80 X

expandinginto [y _00] L/D=6 8 80 X

vACHE Kn, =0.001 L/D=15 12 120 x

Kn, =0.001 L/D=3 12 120 X

Kn, =0.001 L/D=6 12 120 X

Kn, =0.0001 L/D=1.5 16 160 X

Kn, =0.0001 L/D=3 16 160 X

Kn, =0.0001 L/D=6 16 160 X

3D parallel code Kn,=0.1 L/D=3 P, /R =50 16 320 X

simulation: dual ™, "~ 17 _37p R 220 16 400 x
interacting jets

expanding into Kn,=0.01 L/D=3 P,/R, =50 16 400 X

background with | Kn =0.01 L/D=3 P/R, =20 16 500 X

specified pressure |7~ 065 /D=3 P /R =50 24 600 x




Kn,=0.005 L/D=3 P,/R, =20 24 800 X
Kn,=0.001 L/D=3 P./P, =100 24 600 X

Kn,=0.001 L/D=3 P./P, =50 32 800 X

Kn,=0.001 L/D=3 P./P,=20 32 1000 X

Kn,=0.001 L/D=1.5 P./P, =50 32 800 X

Kn,=0.001 L/D=1.5 P,/R, =20 32 1000 X

Kn,=0.001 L/D=6 P./P, =50 32 800 X

Kn,=0.001 L/D=6 P./P, =20 32 1000 X

Kn, =0.0001 L/D=3 P./P, =50 40 1200 X

Kn, =0.0001 L/D=3 P./P, =20 40 1600 X

3D parallel code Kn, =0.001 L/D =3 Vacuum 16 500 X
simulation: three Kn,=0.001 L/D=3 P,/B, =50 32 1000 X
interacting jets | kn =0.001 L/D=3 P,/R, =20 40 1500 X
3D parallel code Kn, =0.001 L/D =3 Vacuum 16 500 X
simulation: four Kn, =0.001 L/D=3 P,/B =50 32 1000 X
interacting jets | kn —0.001 L/D=3 P,/R =20 40 1500 X
Continuum CFp | K =0.0001 L/D =3 Vacuum 16 1000 X
code: dual jet Kn, =0.0001 L/D=3 P,/B, =50 16 1000 X

interaction Kn, =0.0001 L/D=3 P./P, =100 16 1000 X

Table 3. List of simulation cases and the estimation of CPU hours needed.
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