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The prediction of backflow from multi-species high density rocket engine plume at high altitude, i.e. plume
gases going upstream of the vehicle in rarefied atmospheric conditions remains a challenging numerical prob-
lem. Direct Simulation Monte Carlo computations are used to assess the sensitivity of backflow to plume
and atmosphere inflow properties, and ultimately to derive a semi-analytical backflow model. It is found that
backflow is independent of plume density in the thermal equilibrium limit at the nozzle exit plane, which
allows for huge computational cost reductions in simulations to determine the backflow model parameters.
The backflow behaviour also appears to be dependent on two Knudsen numbers, representing the density
effect in the far field atmosphere and in the compressed region in front of the vehicle. The ability of the
model to estimate the backflow of specific species is finally demonstrated on a meter sized solid rocket case.

I. INTRODUCTION

Simulation of high temperature and high density rocket
plume flow at high altitude is performed for several pur-
poses. For military applications, the signature of missile
in the infrared spectrum1 or in the radar spectrum2 is of
great importance. This radar signature originates from
the ionisation of the gases in the plume, which can also
induce absorption of the communication signals between
the ground stations and the launcher3. This last phe-
nomenon, called blackout, is studied for both civil and
military applications. Finally, another phenomenon of
great interest is backflow, which corresponds to plume
gases going upstream of the vehicle. Thruster exhausts
can indeed expand to large angles and become a primary
source of contamination for satellite surfaces, including
solar panels, leading to a reduction of their power output.
This backflow therefore manifests itself by a particle and
heat flux on the walls of the vehicle. If the vehicle has its
fearing off, it means the payload is directly exposed to
some of the plume gases and can easily be contaminated.

Rocket plumes have been studied using classical Com-
putational Fluid Dynamics (CFD) methods based on a
resolution of the Navier-Stokes equations through a fi-
nite volume approach. This resolution is usually made
through a Reynolds-Averaged Navier-Stokes (RANS)4,5

or Large-Eddy Simulation (LES)6,7 approach. The
Navier-Stokes equations nonetheless have an underlying
continuity hypothesis of the medium, therefore as the al-
titude of the rocket increases, i.e. as the atmosphere rar-
efies, these equations start deviating from their domain
of validity. Some physical phenomena, such as backflow,
are consequently not properly represented. This backflow
was first studied experimentally8–11, and semi-analytical

a)Electronic mail: antoine.clout@onera.fr

models were then developed. The first model, by Bo-
raas 12 in 1987, assumes that the fluid is continuous at
the Nozzle Exit Plan and in a cone called continuous
cone, which is considered to be the source of all backflow.
Using these assumptions and some geometrical consider-
ations, the mass flux of plume gases going upstream of
the vehicle can be estimated. Due to the computational
limitations of the 1980’s and the difficulty of realising
backflow experiments, this model has not been validated.
A second model for backflow estimation has been devel-
oped in 1994 by Jenkins, Ciucci, and Cochran 13 . Con-
trary to the first one, it assumes the flow is continuous
downstream of the vehicle only in a region defined by
the mean free path of the particles, which is more physi-
cal. However as for the first model it assumes the flow in
the rarefied region to be collisionless, and is only appli-
cable to single species flows. Finally, neither model take
into account atmospheric effects. Jenkins et al. 13 con-
clude that the best way to predict backflow is to solve
the Boltzmann Transport Equation (BTE) with Direct
Simulation Monte Carlo (DSMC)14.

The BTE is valid at any degrees of rarefactions, which
is suitable for plume flows and therefore backflow prob-
lems, but its resolution through the statistical approach
of Direct Simulation Monte Carlo (DSMC)14 is extremely
costly in dense regions such as plume cores. Some DSMC
simulations of small thrusters backflow were still per-
formed15–17. These studies focused on low density low
temperature thrusters, mainly used for attitude control,
and larger scale DSMC simulations focusing on backflow
from dense plume flows are still lacking in the literature.
For that purpose, hybrid methods are used, where the
dense core of the plume is treated with the Navier-Stokes
equations and the rarefied atmosphere and expansion re-
gion are treated with the BTE through a DSMC ap-
proach. This method has been developed by Schwartzen-
truber and Boyd18 for hypersonic flows and is widely used
for rocket plumes applications19–26.
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In a previous work27, a one-way coupled Navier-Stokes
to DSMC simulation of JAXA’s M-V third stage28 has
been carried out. It has been found that the DSMC
solution, contrary to the standalone Navier-Stokes so-
lution, gives a strong backflow of light species towards
the front of the vehicle. This can be observed in Fig-
ure 1, where Xl, the mole fraction of H2 which is the
lightest species in the simulation, is represented for the
DSMC solution. The black hatched region of the domain
in the bottom right hand corner corresponds to the con-
tinuous region and is not treated by the DSMC solver.
The interface with the rarefied region is used as an in-
put to the DSMC computation. This result was obtained
by performing the exact methodology described in refer-
ence 27 with revised collision properties in the DSMC
simulation, longer statistical averaging, larger number of
particles and finer mesh. This simulation reproduces at-
mospheric conditions at an altitude of 183 km, altitude at
which the rocket fearing protecting the payload is usually
off. This indicates that backflow is not limited to small
thrusters used for attitude control in vacuum, but is also
occurring for light species of larger solid rocket engines at
high altitude. This is in agreement with Hueser’s et al.
work15. Moreover, differences in behaviour between light
and heavy species in rarefied dynamics is a known sub-
ject, for instance Sabouri29 showed that light and heavy
species segregate in rarefied divergent micro-nozzles.
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FIG. 1: Molar fraction of H2 around the third stage of
JAXA’s M-V rocket computed using the DSMC

method. The black hatched region is treated with a
Navier-Stokes solver.

This paper aims at better understanding backflow of
high density, temperature and exit velocity plumes gen-
erated by this kind of thrusters. First the main aspects
of the DSMC method are presented in Section IIA, fol-
lowed by the numerical setup used through the whole
paper in Section II B. A reference DSMC simulation is
conducted and analysed in Section III. In Section IV a
semi analytical model to predict backflow is developed:

in Section IVA a non-dimensional parameter is derived,
in Section IVB the sensitivity of the backflow problem
to this parameter is assessed, in Section IVC a model
for single species plume is presented, in Section IVD
the model is extended to multi-species plumes, in Sec-
tion IVE backflow sensitivity to plume density is deter-
mined, in Section IVF the impact of atmospheric density
on backflow is evaluated, and the general methodology
for backflow estimation is presented in Section IVG. An
application of the model to the JAXA’s M-V third stage
is finally attempted in Section V. Concluding remarks
are finally presented in Section VI.

II. SIMULATION METHODOLOGY

A. Direct Simulation Monte Carlo

The DSMC method, thoroughly described by Bird
in14, is based on simulating numerical particles, each rep-
resenting a large ensemble of physical particles. The mo-
tion of the numerical particles is decoupled from their
collisions in each timestep. This implies the two follow-
ing required conditions:

1. Every grid cell shall be smaller than the particles’
mean free path λ.

2. The simulation timestep shall be smaller than the
mean collision time.

Macroscopic quantities are obtained by averaging particle
properties in each cell for a large number of timesteps.
To ensure statistical representativity, a third numerical
condition is needed.

3. Every grid cell shall contain at least 10 numerical
particles of each species.

In the present work, DSMC simulations are conducted
over a two dimensional, axisymmetric domain, using the
open source code SPARTA30 developed by Sandia Na-
tional Laboratories. To ensure criterion 1 is respected,
SPARTA’s Adaptive Mesh Refinement (AMR) capability
is used. Since the mesh is represented as a quadtree, each
cell can be subdivided independently.
Moreover, due to the large rarefaction and nonequi-

librium effects in high altitude plume flows the Variable
Soft Sphere31 (VSS) collision model, as well as the inter-
nal energy exchange Borgnakke and Larsen32 model are
used. The VSS collision model allows for uncoupled vis-
cosity and diffusivity dependency on temperature, which
is needed on cases with wide temperature range. Chemi-
cal reactions are not considered due to the large rarefac-
tion effects at high altitude, to the small temperature
of plume flows after expansion in the divergent, and to
the relatively small velocities of ascending space vehicles
compared to re-entry vehicles.
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Rotational relaxation, as detailed in Bird’s book14, is
proportional to a rotational collision number Zrot accord-
ing to Parker’s law33:

Zrot =
Z∞
rot

1 +

√
π

2

√
T ∗

Ttr
+

(
π +

π2

4

)
T ∗

Ttr

(1)

This number represent the mean number of collision a
particle must endure to transfer rotational energy to
translation energy modes. It increases with the trans-
lational temperature of said particle.

Similarly, vibrational relaxation is proportional to a
vibrational collision number Zvib as by Millikan and
White34, and decreases with translational temperature:

Zvib =
C1

Tω
· exp

(
C2 · T−1/3

)
(2)

B. Computational setup

Due to the large scale and high density of the JAXA’s
M-V third stage presented in Section I, full DSMC sim-
ulations on this case are unaffordable. A simpler vehicle
called reference case or REF in legends is therefore in-
troduced to reduce computational cost. It consists of a
reduced geometry of a rocket stage with a diameter equal
to one tenth of the one from JAXA’s M-V third stage35,
i.e. R = 0.0931m as depicted in Figure 2.

The combustion chamber as well as the convergent-
divergent nozzle are not simulated and plume gas are in-
jected at the Nozzle Exit Plane (NEP) of the engine. This
boundary is discretized into 10 equal length (9.31mm)
segments as depicted in Figure 3. The inflow condi-
tions on each segment are taken from a RANS solution
computed in the previous work in reference 27. The
plume density is reduced by a factor of 100 therefore the
mean plume Knudsen number Knplume = λplume/R =
8.1 × 10−2 to decrease computational cost. The corre-
sponding velocities, temperatures and number densities
are reported in Table I.

It operates in the same atmospheric conditions as
JAXA’s case, i.e. the altitude of simulation is 183 km
which according to the US AirForce Standard Atmo-
sphere36 corresponds to a static temperature T = 800K.
The number density is n = 1.255 × 1016 m−3, corre-
sponding to an atmospheric Knudsen number Knatmo =
λatmo/R ≈ 103. The velocity of the vehicle is
(u, v) = (6100, 0)m s−1, which corresponds28 to a Mach
number of 10.6. The simulation domain extends in the
range (x, r) ∈ [−15, 10] × [0, 15] m2, with the bottom of
the NEP at (x, r) = (0, 0). The walls of the vehicle are at
a constant temperature of 500K with an accommodation
coefficient of 1.

To decrease computational time, the atmosphere is
only modelled with N2, injected over the left and top
boundaries of the domain as depicted with the blue ar-
rows in Figure 2. The plume is represented using H2 as
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FIG. 2: Schematic view of the reference case geometry
and boundary conditions. All dimensions are in meters.

The ellipse corresponds to a zoomed-in view.

0

9

FIG. 3: Representation of the inflow segments along the
NEP.

a light species and N2 as a heavy species, because its
molecular mass is extremely close to the molecular mass
of the plume mix of JAXA’s rocket when H2 is removed.
All particles’ and collisions’ DSMC parameters used by
SPARTA are summarized in Table II. The composition
of the plume is constant for all segments, with a mo-
lar fraction of light species of 0.34. The two vibrational
parameters of the light species are chosen so that relax-
ation is 4 times faster than the heavy species’, as shown

TABLE I: Plume inflow properties. The segments
correspond to the ones depicted in Figure 3.

Segment ID uinj [m s−1] vinj [m s−1] T [K] n · 10−21 [m−3]

0 2791 0 1417 1.815
1 2757 152 1417 1.820
2 2743 242 1396 1.860
3 2748 333 1357 1.939
4 2801 430 1298 2.055
5 2863 534 1231 2.180
6 2915 641 1169 2.301
7 2979 744 1107 2.474
8 3072 865 1019 2.718
9 2970 928 1250 2.494
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FIG. 4: Zoomed-in view on (a) the initial mesh before
AMR and (b) the final mesh after AMR used for the

simulation.

by Chatelet et al. 37. The number of degrees of freedom
in rotation and vibration is set to 2 due to the geometry
of diatomic molecules.

The initial mesh is composed of square cells of 10 cm
sides, with refinement close to the vehicle, as illus-
trated in Figure 4a. The AMR method splits a cell
in 4 equal size sub-cells if the local Knudsen number
Knloc = λloc/dxcell, i.e. the ratio of the local mean
free path by the cell side length, is larger than 2, which
ensure Criterion 1. The resulting mesh close to the vehi-
cle is shown in Figure 4b.

The simulation timestep is set to 5 × 10−8 s to re-
spect Criterion 2 since the mean collision time at NEP is
around 1×10−7 s. The numerical representativity param-
eter is set to 1× 1013 to ensure Criterion 3, i.e. at least
10 particles of each species are present in each cell. The
total number of particles in the simulation is around 147
millions. The averaging of cell properties is performed
over 400 000 iterations, i.e. 0.02 s. This duration corre-
sponds to around 60m of mean travel of plume gas, and
120m of atmospheric gas, which is more than the domain
size.

III. MAIN FLOW FEATURES

Figure 5 shows the molar fraction field of both heavy
and light plume species around the vehicle. It can be
noted that both species do not expand in the same way.
The heavy specie expands in a cone and does not flow up-
stream of the vehicle as shown in Figure 5a. On the other
hand the plume light species, in a similar manner as Fig-
ure 1, flows upstream which corresponds in Figure 5b to
a non zero value of Xl on the side of the vehicle. It can
also be noted that the vehicle’s walls block some of the
plume particles which explains the black region just in
front of the vehicle in Figure 5c.
In the following, backflow is defined as all species emit-

ted from the plume that go upstream, i.e. that pro-
vide a mass flux ϕm [kgm−2 s−1] at view angles larger
than 90◦ across the dotted semi-circle of Figure 2. Sev-
eral radii have been investigated, without any meaning-
ful difference between each one, therefore Rcircle = 5m
is chosen since it corresponds to half the distance be-
tween NEP and the right hand side of the domain. Is
has been checked that the integral over the 180◦ that ν
can reach is equal to the total injected mass flux at NEP.
The difference in backflow of light and heavy species can
be quantitatively observed in Figure 6, where the nor-
malized outwards mass flux of plume species Φm, i.e.
the outwards mass flux divided by the total mass flux, is
plotted for all view angles ν. From this, one can compute
for each species independently the total backflowing nor-
malized mass flux, denoted Backflow number Ba in the
following:

Ba =
ṁbackflow

ṁtot
=

∫ 180

90
ϕm(ν)dν∫ 180

0
ϕm(ν)dν

=

∫ 180

90

Φm(ν)dν (3)

A low value of Ba corresponds to no or few backflow,
while a large value corresponds to important backflow.
A value of Bah = 4 × 10−8 is found from the DSMC
simulation, which indicates that the heavy species does
not backflow. On the other hand the backflow number
for light species is Bal = 2.6× 10−2.
Since the injection at NEP originates from a CFD sim-

ulation which assumes thermal equilibrium, the particles
are injected according to a Maxwellian distribution cen-
tred on the injection velocity uinj and with a standard

deviation of
√
kBT/m, where kB is the Boltzmann con-

stant, T the translational temperature of the gas and
m the mass of the species. Therefore the standard de-
viation of the velocity distribution function is only in-
fluenced by the temperature of the fluid and the mass
of the particles. Since both types of particles are in-
jected with the same temperature, only the difference in
mass can explain this difference in backflowing proper-
ties. The light species therefore has a broader velocity
distribution, which means more particles with negative
x-velocity (denoted u), which could backflow. This can
be seen in Figure 7, which shows the Probability Den-
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TABLE II: Species DSMC parameters.

Parameter Unit Light species Heavy species Reference
Reference molecule H2 N2

Molecular mass [kg] 3.3471× 10−27 4.6518× 10−26

Reference collision diameter dref [m] 2.88× 10−10 4.11× 10−10 14
VSS temperature viscosity index ωVSS [-] 0.67 0.74 14
VSS scattering angle parameter αVSS [-] 1.35 1.36 14
Reference temperature Tref [m] 273 273 14
Rotational degrees of freedom [-] 2 2
Parker’s law parameter Z∞

rot [-] 20 23 38 & 39
Parker’s law parameter T ∗ [K] 100 91.5 38 & 39
Vibrational degrees of freedom [-] 2 2
Vibrational temperature [K] 6159 3371 14
Vibrational relaxation parameter C1 [K] 9.1 9.1 14

Vibrational relaxation parameter C2 [K1/3] 180 220 14

sity Function (PDF) of u in the (x, r) ∈ [0, 0.02]× [0, R]
region.

First of all, it can be observed that both PDF approx-
imate extremely well Maxwellian distributions. This is
a confirmation of the fact that the vicinity of the NEP
is at local thermal equilibrium, which is consistent with
the Knudsen number of the plume being lower than 10−2.
Then, the heavy species u distribution is almost exclu-
sively in the positive range, with only 4 × 10−5 % of
the distribution in the negative range whereas the light
species distribution is composed of 8.3% negative veloc-
ities. The mass of plume species and their temperature
therefore seem to be critical regarding backflow.

The plume injection properties are dependant on the
position along the NEP as stated in Table I. It is there-
fore critical to know where backflowing gas comes from.
Figure 8 shows the outwards mass flux of plume gas with
respect to the region of emission. It shows that when
ν > 90◦, the only two regions that provide a significant
amount of backflow are the two top ones, i.e. segments
8 and 9. When ν > 135◦, only the very top segment pro-
vide a significant amount of backflow. This is in agree-
ment with Charton et al.24, which showed the close lip
area provides particles for the high look angle region.

Several elements can explain why backflow originates
from the outer injection segments. First, if particles in
segment 9 have a negative x-velocity u and a positive
r-velocity v, then they will rapidly leave the core of the
plume, enter a region with fewer collisions, and if not in-
fluenced by the atmosphere they will backflow. On the
other hand particles originating from inner segments are
in a dense region, where collisions occur regularly there-
fore particles with negative u and positive v are likely to
collide with several particles and can stay trapped in the
core of the plume. Secondly, segment 9 contains the noz-
zle wall boundary layer which means its average velocity
is slightly smaller than other segments, shifting PDF of
u in this segment to the left. Moreover, this slow down
induces an increase in temperature, which broadens the
PDF. These two effects combined increase the proportion

of particles with a negative u compared to the other seg-
ments. It was shown that the phenomenon of backflow is
highly dependent on regions close to the nozzle lip.

IV. MODEL DERIVATION AND SENSITIVITY STUDY

The aim of this section is to derive a semi-analytical
model to predict the backflow number Ba, which is done
by performing several sensitivity studies. First, a dimen-
sionless number proportional to the number of particles
with negative x-velocities is derived. Then backflow sen-
sitivity to this number is assessed. A model to link Ba
to this number is detailed for single species and multi-
species flows. Finally the effects of plume’s and atmo-
sphere’s densities are discussed.

A. Dimensionless number construction

Let us first consider a simpler case with the same ge-
ometry but only one species injected at constant T , con-
stant u and zero v along the NEP. No atmosphere is
considered here. Figures 6 and 7 suggest that a quan-
tity of interest in the backflow problem is the number of
particles with a negative u close to the NEP. This pro-
portion is, by construction, liked to the mean value of
the PDF of u and its width. Let’s then consider a con-
dition for backflow number defined as the ratio of these
two quantities:

CB =

√
kBTinj

mspecies

uinj
(4)

with uinj > 0 the velocity in the x direction of plume gas
at NEP, Tinj the translational temperature of the plume,
mspecies the species molecular mass and kB the Boltz-
mann constant. The greater this number is, the more
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FIG. 5: Molar fraction of (a) heavy and (b, c) light
species around the vehicle located in (0,0).

Sub-figure (c) corresponds to a zoomed-in view.
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in the top right hand corner.

particles have a negative u. To check whether this num-
ber is an invariant of the problem, the outwards mass flux
of three cases at constant CB can be computed, with the
input conditions set arbitrarily, and summarized in Ta-
ble III. The rest of the properties are as in Table I.

Figure 9 represents the normalized outwards mass flux
for the three cases described in Table III. Despite the
completely different species mass, inlet temperature and
inlet velocity, the angular mass flux, and therefore Ba, is
the same for all cases. This means that CB is a dimen-
sionless number that seems fundamental of the backflow
problem.
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as depicted in the bottom right-hand corner. The Sum
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in Figure 6.

TABLE III: Modified inflow properties.

Case mspecies [kg] Tinj [K] uinj [m/s] CB

A 7.785× 10−27 1202 2920 0.5
B 3.347× 10−27 517 2920 0.5
C 3.347× 10−27 1202 4453 0.5
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FIG. 9: Outwards normalized mass flux versus view
angle for three cases with CB = 0.5.

B. Backflow sensitivity on CB

By construction, it is expected that backflow increases
with CB, since it has been observed in Section III that
light species backflow more than heavy species. Figure 10
represents both the angular normalized outwards mass
flux of plume gas (10a) and the backflow number (10b)
for several values of CB. The injection properties are as
follows. The species mass is set to 3.347× 10−27 kg, the
velocity to u = 2920m s−1 and the translational temper-
ature is computed to match the corresponding CB. As
expected, backflow increases with CB, but not linearly.
At high CB, Ba seems slightly increasing but when CB

decreases under 0.6, Ba drops rapidly. When CB is lower
than 0.4, less than 1 × 10−3 of the injected mass flux
goes upstream of the vehicle, therefore backflow can be
considered negligible under these conditions.

C. Model derivation for single species plume

The derivation of the model consists in estimating Ba
as a function of CB. First of all, the analytical expression
of the PDF(u) in the continuum limit is:

PDF (u) =
1√

2π
kBT

m

exp

 (u− uinj)
2

2
kBT

m

 (5)

The fraction of particles with negative velocities follows
straightfully:

f =

∫ 0

−∞ PDF (u)du∫ +∞
−∞ PDF (u)du

(6)

Using the change of variable:

ξ =
u− uinj√
2
kBT

m

(7)

f becomes:

f =

∫ −1/CB

√
2

−∞ exp (−ξ2)dξ∫ +∞
−∞ exp (−ξ2)dξ

=

∫ +∞
0

exp (−ξ2)dξ −
∫ 1/CB

√
2

0
exp (−ξ2)dξ

2
∫ +∞
0

exp (−ξ2)dξ

=

1− erf

(
1

CB

√
2

)
2

=

erf

( −1√
2CB

)
+ 1

2

(8)

Equation (8) means that the fraction of particles with
negative u depends only on CB. However, not all of these



8

180 135 90 45 0

ν [°]

10−6

10−5

10−4

10−3

10−2

10−1

100
Φ
m

[-
]

Increasing CB

2

1

0.9

0.8

0.7

0.6

0.5

0.4

0.35

0.3

0.25

(a)

0.0 0.2 0.4 0.6 0.8 1.0

CB [-]

10−7

10−6

10−5

10−4

10−3

10−2

10−1

B
a

[-
]

DSMC simulation data

(b)

FIG. 10: Evolution of (a) angular mass flux and (b)
backflow number Ba with plume adimensional number

CB.

particles will backflow, and setting the fraction of particle
with a negative u that will indeed backflow as α leads to
the following first model:

Bamodel, 1 ≈ f

α
=

erf

( −1√
2CB

)
+ 1

2α
(9)

The value of α can then be estimated by minimizing:∑
p∈Data points

|log10 (Bap, DSMC)− log10 (Bap, model)| (10)

Figure 11 represents, as Figure 10b, the backflow num-
ber Ba as a function of CB for both the DSMC simulation

0.0 0.2 0.4 0.6 0.8 1.0

CB [-]

10−7

10−6

10−5

10−4

10−3

10−2

10−1

B
a

[-
]

DSMC simulation data

Model 1 (α=10)

Model 2 (α=10.7, β=1.1)

FIG. 11: Normalized backflowing mass flux vs.
adimensional number CB.

data and for the first model, with an estimated value of
α = 10. While the model predicts the correct amount of
backflow for large values of CB, it overestimates it when
CB becomes less than 0.6.
This could be explained by the fact that the fraction

f of particles with negative u is directly dictated by CB,
and the PDF(u) is a Maxwellian distribution, therefore
if f is small the only particles with negative u have only
slightly negative velocities.
If f is larger, some particles will have more negative

velocities. It is reasonable to assume that particles with
highly negative u have a larger chance of backflowing,
since they can collide one or several times before being
pushed towards positive x. Therefore if CB is small and
particles only have slightly negative u, then less of said
particles will indeed backflow. To account for this, an
empirical correction factor β ≥ 1 that artificially reduces
f for small values of CB can be added which leads to this
second model:

Bamodel, 2 ≈
erf

(
−1√
2Cβ

B

)
+ 1

2α
(11)

Estimating the two coefficients by minimizing Equa-
tion (10) leads to α = 10.7 and β = 1.1. With these
input parameters, this second model is able to reproduce
correctly the DSMC simulation data as shown in Fig-
ure 11.

D. Backflow sensitivity on plume composition

While the previous model is efficient for calculating
backflow of single species plumes, computing CB is not as
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straightforward for species mix. A per-species approach
can then be used. For each species, e.g. for a heavy and
a light species, CB, species is computed with:

CB, species =

√
kBTinj

mspecies

uinj
(12)

The model developed in Section IVC can then be applied
to each species:

Baspecies ≈
erf

(
−1√

2Cβ
B, species

)
+ 1

2α
(13)

The total backflow number can be computed by weight-
ing the sum using the mass fraction of each species
Yspecies:

Ba =
∑

species

Baspecies · Yspecies (14)

Contrary to Section IVC where the injection proper-
ties were simplified to ease the derivation of the model,
the input conditions are now the same as the reference
case of Table I except when specified otherwise. The
plume is thus composed of two species and the atmo-
sphere is still not considered. The dimensionless num-
ber CB,species can be computed for each species, here
CB,h = 0.21 and CB,l = 0.76. These two values are com-
puted using the injection properties in segment 9 of Ta-
ble I, since it has been shown that segment 9 provides
most of the backflowing gas. Since CB,h < 0.4, the heavy
species backflow is negligible.

Several simulations with varying fraction of light
species are performed. Between each case the mass flux
is kept constant, therefore the injected particles density
of the new mixture is as follows:

n = nref ·
Xl, ref ·ml + (1−Xl, ref) ·mh

Xl ·ml + (1−Xl) ·mh
(15)

where Xl is the desired molar fraction of light species,
Xl, ref the reference one (i.e. 0.34), ml the molecu-
lar mass of the light species and mh that of the heavy
species. nref corresponds to the last column of Table I.
These simulations are presented in Figure 12, where Fig-
ure 12a which represents the outwards mass flux for dif-
ferent plume compositions. The evolution of Ba with the
fraction of light species in the mixture is shown in Fig-
ure 12b. The model described by Equations (13) and
(14) is also depicted in this graph, with α = 3.5, which
means around one third of the particles with negative ve-
locities do backflow, and still β = 1.1. These values of α
and β have been found by minimizing Equation (10) and
assuming α and β are the same for every species.

A possible explanation to why in this case the fitting
value of α is three times lower than in the previous section
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FIG. 12: (a) Evolution of angular mass flux with plume
composition. The reference case Xl = 34% corresponds
to the case in Section II B. (b) Backflow number Ba for
several plume compositions, from simulations and using

the model (eq. (14)) with α = 3.5 and β = 1.1.

is that in this case v, i.e. the velocity in the r direction,
is non zero therefore particles with a negative u are more
likely to backflow.

E. Backflow sensitivity on plume density

DSMC simulations of engine’s plume can be costly or
even unaffordable due to the high density of the core of
the plume. Figure 13 shows the outwards normalized
mass flux for several configurations with different input
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FIG. 13: Evolution of normalized outwards mass flux
with plume density. The reference 100% case

corresponds to the case in Section II B.

TABLE IV: Correspondence between input density and
local Knudsen number.

Relative density nplume[m
−3] Knplume

0.1% 2.333× 1020 8.1
1% 2.333× 1021 8.1× 10−1

10% 2.333× 1022 8.1× 10−2

50% 1.166× 1023 1.6× 10−2

100% 2.333× 1023 8.1× 10−3

150% 3.499× 1023 5.4× 10−3

200% 4.666× 1023 4.1× 10−3

300% 6.999× 1023 2.7× 10−3

density of plume gas. The reference case of Table I corre-
sponds to the 100% case. The correspondence between
plume density and local Knudsen number at NEP is listed
in Table IV.

Plume density does not seem to modify in a significant
manner the shape of the outwards mass flux of plume
gases when the plume Knudsen number is smaller 1.6 ×
10−2. Consequently we can consider that Ba is constant
as long as Knplume ≤ 10−2. This limit is of the order
of the typical continuous-transitional threshold. This is
expected since the derivation in Equation (5) considers
the velocity distribution in the NEP to be a Maxwellian
distribution, which is true only when the fluid is at the
local thermal equilibrium.

This result supports that a reduced density DSMC sim-
ulation can be performed to predict backflow of a high
density plume, without changing neither the backflow
number Ba nor the shape of the angular mass flux curve,
as long as the density in the NEP is sufficiently high for
the fluid to be al local thermal equilibrium. This reduc-

TABLE V: Atmospheric number density and Knudsen
number corresponding to several altitudes36.

Altitude [km] natmo [m−3] Knatmo

- 0 ∞
183 1.257× 1016 1× 103

150 5.186× 1016 4× 102

130 1.930× 1017 1× 102

120 5.107× 1017 3× 101

110 2.144× 1018 8
100 1.189× 1019 1

180 135 90 45 0

ν [°]

10−7

10−6

10−5

10−4

10−3

10−2

10−1

100

Φ
m

[-
]

No atmosphere

Z=183 km (REF)

Z=150 km

Z=130 km

Z=120 km

Z=110 km

Z=100 km

FIG. 14: Evolution of normalized outwards mass flux
with different atmosphere densities. The reference
183 km case corresponds to the case in Section II B.

tion in density allows for a large reduction in computa-
tional cost.

F. Backflow sensitivity on atmosphere density

The atmosphere influence on backflow is still to be con-
sidered. Several simulations at different altitudes are per-
formed to assess this effect. In each case, all parameters
of the simulations are exactly the same as those described
in Section II B, except for the atmosphere density which
is modified according to Table V. The atmospheric Knud-
sen number, Knatmo = λatmo/R, ranges over several
orders of magnitude. A simulation without atmosphere
is also carried out. Figure 14 represents the normalized
outwards mass flux of plume species versus the view angle
for all configurations described in Table V.
For all altitudes higher than 130 km, that is to say

when Knatmo ≥ 100, the normalized angular outwards
mass flux is identical even at very large view angles ν.
When the altitude decreases, starting at Knatmo ≈ 30,
this is no longer true. First the total backflowing mass
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flux at view angles larger than 90◦, i.e. Ba, is reduced.
This means increasing the atmosphere density reduces
backflow, which is an expected phenomenon since at low
altitudes, i.e. in the continuum regime, backflow is not
present. Nevertheless, this reduction in backflow is not
identical at all view angles:

• The mass flux at ν < 30◦ is increased due to
the interaction between the plume and the atmo-
sphere, which pushes the plume particles towards
positive x.

• At view angles 30◦ < ν < 120◦ the mass flux is
decreased for the same reason.

• At view angles ν > 120◦, the mass flux increases
with the atmosphere density. This is explained by
the fact that a collision between a plume particle
and an atmospheric particle going almost straightly
towards +x tends not to modify u of the plume par-
ticle and tends to centre v of the plume particle to 0.
Therefore if a plume particle has, before collision, a
velocity with a slightly negative u and a positive v
(thus heading towards 90◦ < ν <∼ 120◦), it would
have after collision with a high impact parameter
the same u but v almost to 0, thus heading towards
ν ≈ 180◦. Since the collision does not necessarily
put v to precisely 0, the direction after collision can
differ from 180◦ which explains why the normalized
mass flux is increased starting at around ν > 120◦.

The effect of the collisions between the atmosphere
particles and the plume particles on the velocity distri-
bution of the plume particles is depicted in Figure 15,
where the PDF is computed on the side of the vehi-
cle. The lower the altitude, the more collisions occur,
which tends to bring the two gases to equilibrium. In
the vehicle’s reference frame, the atmosphere has more
kinetic energy, which explains why the velocity distribu-
tion widens at low altitude: the plume heats up. One can
see in Figure 15 some particles with very large u, which,
due to the position of the sampling region, cannot exist
without collisions with the atmosphere. Nonetheless, the
Knatmo value at 100 km is 1, which is a large value that
would suggest very few interaction between the atmo-
sphere and the plume. This means that the freestream
Knudsen number is not the only relevant parameter re-
garding atmosphere’s influence on backflow. The PDF
calculation zone of Figure 15 includes the frontal region
which is filled with more particles due to compression ef-
fects, therefore the local atmospheric Knudsen number is
reduced.

If the same figure is traced but for a region further from
the vehicle, another phenomenology is seen as in Fig-
ure 16. In this case no plume particles have positive
u. This means that in this region, the atmosphere and
the plume species do not collide. The particles that are
present here originate from the plume and went through
the compression region, with some that collided with the
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FIG. 15: PDF(u) of plume particles in the
(x, r) ∈ [−0.5, 0]× [0.2, 0.7] region depicted in the

subplot.
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FIG. 16: PDF(u) of of plume particles in the
(x, r) ∈ [−1,−0.5]× [0.2, 0.7] region depicted in the

subplot.

atmosphere, which explains the shape of the PDF for
negative u which is the same as in Figure 15.

Consequently the atmospheric density, i.e. the farfield
atmospheric Knudsen number, is not the only relevant
parameter for the atmosphere influence on backflow. The
local atmospheric Knudsen number, particularly in the
region of compression in front and on the sides of the
vehicle, is also of interest. Two Knudsen numbers seem
to determine the influence of atmosphere. The first one,
which dictates whether or not the compression region
pushes backflow towards low view angles ν, would be the
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compression Knudsen number, i.e. Kncomp = Knatmo/c
where c is computed as the ratio of the freestream den-
sity over the density at the nose of the vehicle. The sec-
ond one is the freestream atmospheric Knudsen number
Knatmo. The atmosphere thus starts impacting backflow
if the compression Knudsen number is less than 1.

G. Procedure for backflow prediction using the
semi-analytical model

The overall methodology to predict the backflow be-
haviour based on the plume properties at NEP is sum-
marized by the flowchart in Figure 17. First, if none of
the species has a CB value larger than 0.4, the plume
can be considered not to backflow. Then for each species
with a large value of CB the backflow number Ba can be
estimated using Equation (14). This model however re-
lies on two parameters α and β, which can be estimated
using a reduced density DSMC simulation with a maxi-
mum plume Knudsen number of 10−2. This estimation
is performed by minimizing this function:

∑
s∈species

Ys · |log10 (Bas, DSMC)− (Bas, model(α, β))| (16)

With the values of α and β, one can extrapolate
the amount of backflow if the rocket engine properties,
i.e. temperature, velocities and species mass fractions
at NEP, are modified. Secondly, this model also al-
lows for backflow estimation from minor species. For
instance, some rocket engine can generate small quanti-
ties of atomic hydrogen, which can degrade payload sur-
faces40, e.g. solar panels. Since it is a minor species,
directly simulating H through the DSMC method is
extremely costly. Fitting the model with only major
species, then computing the CB value of H using its input
properties and using the model allows for evaluation of
the amount of H going upstream.

Finally the atmosphere can modify backflow’s shape
and reduce it, i.e. it acts as a filter on backflow. The
atmosphere seems to have an effect particularly in the
higher density region located at the nose and on the sides
close to the vehicle. The parameter that defines whether
or not this influences backflow is the compression Knud-
sen number Kncomp. If the atmosphere is dense enough,
i.e. if Knatmo is low, the farfield atmosphere also influ-
ences and reduces backflow.

V. APPLICATION OF THE MODEL TO THE JAXA
CASE

For demonstration purposes, the model is applied to
the full scale JAXA case introduced in Section I. To over-
come the one-way hybrid CFD-DSMC assumption, a new
simulation involving only DSMC with plume injection at

Plume properties

maxs∈species(CB,s) > 0.4 ?

Ba ≈
erf

(
−1

√
2Cβ

B

)
+ 1

2α

No backflow

Determination of α and β through
reduced NEP density simulations

Kncomp < 1 ? No atmospheric effects.
Backflow = Ba

Knatmo < 1 ?
Only compression
acts as a filter.
Backflow < Ba

Compression and farfield
atmosphere act as filters.

Backflow << Ba

no

yes

no

yes

no

yes

FIG. 17: Flowchart to determine the presence and mass
of backflowing gas in atmospheric conditions.

TABLE VI: Computational data originating from
reduced density simulation.

H2 H2O CO N2 HCl

Y 0.037 0.112 0.350 0.235 0.266
CB 1.44 0.48 0.38 0.38 0.34
Ba 1× 10−2 1× 10−4 8× 10−6 7× 10−6 2× 10−6

NEP is conducted. Density is reduced by a factor of 100,
such that Knplume ≈ 10−3.

From the injection properties the mass fractions and
CB numbers of each species can be determined. From
the simulation results the backflow number Ba for each
species are found. These data are shown in Table VI.

Using this piece of information, the α and β coefficients
of Equation (14) can be computed by minimizing Equa-
tion (16). In order to have data for validation, H2O is
not used in the species list to fit α and β. This gives



13

0.0 0.5 1.0 1.5 2.0

CB [-]

10−7

10−6

10−5

10−4

10−3

10−2

10−1
B

a
[-

]
H2

H2O

CON2
HCl DSMC simulation data

Model α = 28, β = 1.1

Model α = 28, β = 1.3

FIG. 18: Ba versus CB issued from a reference DSMC
simulation and the semi-analytical model, which is

fitted using all species except H2O.

α = 28 and β = 1.3. Figure 18 represents in a single plot
the DSMC simulation backflow data for each species, as
well as the model using as before β = 1.1 and using the
optimized value. Even though α = 28 is larger than the
values found in the previous sections, it makes sense be-
cause the vehicle geometry includes a nozzle lip with will
prevent some particles with negative velocities to back-
flow. Other phenomena are also possibly at stake. While
the β = 1.1 model provides good results for H2, it tends
to overestimate Ba by a factor of 3 to 10 for HCl, N2,
CO, and H2O. On the other hand the model with the
optimized value β = 1.3 provides a good estimation for
BaH2O. This confirms that this model can be used to
predict backflow for species not taken in the parame-
ters fitting. For instance, the solid rocket motor which is
used for this JAXA case produces some atomic hydrogen.
From the input conditions, CB, H = 2.06 which gives us-
ing the model BaH = 0.127. Knowing the total engine
mass flux is 60 kg s−1 and YH = 3× 10−4, the total mass
flux of atomic hydrogen going upstream of the vehicle
should be 2.3 g s−1.
Finally the atmospheric Knudsen number in the higher

density region in this case is Kncomp = 20, therefore nei-
ther the compression region nor the farfield atmosphere
should have influence on backflow.

VI. CONCLUSION

This paper presents a DSMC simulation of a plume
flow at high altitude on a large domain around a decime-
tre sized rocket with high temperature and high exit ve-
locity two species plume. This simulation highlighted the
presence of backflow, i.e. of plume gas going upstream.

This backflow is composed exclusively of the lightest of
the two species, and is in large majority from the near lip
region of the nozzle-exit plane. A semi-analytical model
to predict backflow through the dimensionless numbers
Ba and CB has been developed. It depends on two pa-
rameters α and β, which values can be determined via a
reduced cost simulation at a lower plume density, since it
has been found that Ba is density invariant in the limit
of Knplume ≤ 10−2. Backflow sensitivity to atmosphere
density has also been found to rely on two Knudsen num-
bers, one for the high density region close to the nose and
sides of the vehicle and one for the freestream. Finally,
the model has been tested on a meter sized high alti-
tude solid rocket engine and succeeds in predicting the
amount of backflow of H2O. It also allows for estimation
of backflow from minor species, which was unaffordable
directly from DSMC simulations. These minor species
can for instance be atomic hydrogen, which provides a
large amount of backflow due to its low mass and can de-
grade payload surfaces. This model could however still be
improved by investigating the precise effect of the geome-
try on α, and how the plume mixture influences β. High
view angle backflow experimental measurements could
also be used to validate the model.
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