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Sensitivity of Water Condensation
in a Supersonic Plume to the Nucleation Rate

Jiagiang Zhong,* Michael I. Zeifman," and Deborah A. Levin*
Pennsylvania State University, University Park, Pennsylvania 16802

The direct simulation Monte Carlo (DSMC) method has recently been developed to simulate homogeneous water
condensation in a free expansion rocket plume. A nucleation rate, based on the classical nucleation theory (CNT),
was used in the DSMC simulation to predict initial nuclei in the condensation region. However, recent experimental
research suggests that the CNT nucleation rate should be corrected and the magnitude of the correction is a function
of the vapor temperature. Because the nucleation rate is one of the most important factors that impacts the accuracy
of the numerical simulation results for a condensation plume, the impact is investigated of the corrected nucleation
rate on cluster growth processes and flow macroparameters in an expanding flow using the DSMC method to

model both the gas and condensate flow.

Nomenclature

constant

velocity

diameter

energy

number of atoms
nucleation rate
Boltzmann’s constant
molecular mass
sticking probability
cluster radius
temperature

specific volume
Weber number
density, 1000 kg/m?
= surface tension, 0.074 N/m, or collision cross section

o]
|

RGN
1 | N | R (A

AD T TNIS I A
I

Subscripts
CER
CNT

C

corrected nucleation value
classical nucleation value
cluster species

gas state

liquid state

relative value

reference value

critical state

H
g~ T®

e

1 1 R 1 A [ (A

1. Introduction

ITH use of the Mir spacecraft as an observation platform,
radiance data from the UV to the visible spectral region
has been obtained from the Soyuz thruster. The experimental ar-
rangement, the instrumentation, and the data have been discussed
in detail in Ref. 1. Numerical investigations of UV radiation from
the Soyuz plume have also been performed, and the simulations
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were found to overpredict the experimental data by approximately
a factor of 5-70 for an altitude of 380 km (Ref. 2). The UV radia-
tion source is mainly OH species, the dissociation product of water
(H,0) molecules during collision processes with oxygen (O) atoms.
Note that species O is from the freestream, whereas H,O is one of
the unsymmetrical dimethyl hydrazine/N,O4 combustion products
of the Soyuz engine. Thus, accurate prediction of H,O distributions
in the expanding plume would be a critical precondition to validate
the experimental OH species UV radiation data.

It can be shown that water vapor in the Soyuz exhaust flow be-
comes saturated and even supersaturated during the expanding pro-
cess; thus, water may condense into water clusters. The numerical
work? neglected the possibility of water condensation process in
the Soyuz plume, which could be the reason of overpredicted UV
radiation data. It is known that in the absence of foreign nuclei,
homogeneous condensation®~> may occur if supercritical embryos
form due to a large degree of supersaturation. Once the condensa-
tion process begins, it transfers mass from and adds energy to the
gas phase, resulting in changes of the flowfield.® The changes that
occur in the flowfield may affect the observance of high-altitude
rocket plumes as well as result in increased likelihood of plume
contamination of spacecraft surfaces.

Condensation in freely expanding flows has been studied for many
years. Here we mention only a few papers that deal with the model-
ing of condensation. Assuming a one-dimensional and steady-state
nucleation process, Wu’ predicted the onset of homogeneous water
condensation in the exhaust plume of an Apollo engine. Perrell et al.®
calculated the condensation in a hypersonic wind tunnel by using a
finite volume method in an axisymmetric formulation and showed
that the condensation affects the flow temperature, pressure, Mach
number, and mass fraction of liquid. Masuda et al.’ studied the ef-
fects of water vapor condensation in a chemical oxygen—iodine laser
and compared the excitation efficiency of oxygen with and without
condensation in a one-dimensional calculation.

Most of the papers to date examine the condensation process in
ground-based facilities using continuum approaches. There are very
few experimental and theoretical treatments, however, on the con-
densation in rocket plumes expanding into a rarefied atmosphere at
high altitudes. The important feature of these plumes is the strong
gradients, especially in the vicinity of the nozzle lip and in the side-
and backflow of the plume. The flow is characterized by a strong
nonequilibrium, and the continuum approach is not strictly appli-
cable. The accurate modeling of such plumes may require another
approach, for example, a particle simulation method.

The direct simulation Monte Carlo (DSMC) method,'? a kinetic
particle approach, has been justified and used in our previous work'!
to model the coupled nonequilibrium gas expansion and homoge-
neous water condensation in a rocket plume. To simulate the con-
densation coupled plume, both cluster particles and molecules are
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represented by the simulated particles and microscopic models in-
cluding nucleation, cluster-monomer sticking and nonsticking colli-
sion, and cluster evaporation model have been developed to describe
interactions among cluster and gas molecules, based on the general
momentum and energy conservation relationships. The developed
DSMC condensation model was numerically validated by compar-
ing simulation results with analytical solutions in one-dimensional
test cases, further validated by comparison with Hagena’s scaling
laws (Hagena and Obert'?), and finally applied to predict water
homogeneous condensation in a rocket plume using classical nucle-
ation rate. One of the important conclusions in the previous work!'!
was that, based on the proposed microscopic models, the degree of
condensation in a free-expanding plume is not sufficient to affect
the flowfield.

However, the nucleation rate used in the previous work was taken
from the classical nucleation theory (CNT).3~> Recent experimental
research'® suggests that the water classical nucleation rate should be
corrected as a function of the vapor temperature. The nucleation rate
determines the number of initial nuclei generated in a supersaturated
plume and, therefore, greatly impacts the results of a condensation
flow modeling. To accurately model the observed UV radiance data,
it is important to study the impact of the nucleation rate correction
on the Soyuz expanding plume. The paper is organized as follows.
In Sec. II, we describe improvements to the previous developed mi-
croscopic models.!! The results of the updated DSMC scheme for a
rocket plume are discussed in detail in Sec. I1I. We find that the water
number density in the condensation region is about 10—100 times
less than the corresponding value of the flow without condensation,
which may be the reason that the UV radiance in the Soyuz plume
is overpredicted in Ref. 2.

II. Microscopic Models

The developed DSMC procedure involves the use of micro-
scopic models that describe the interactions among clusters and gas
molecules. These models include the nucleation model, the evapo-
ration model, and the collision model.!! In this section, we briefly
review the improvements to the microscopic models. The detailed
description of molecular dynamics simulation of cluster—-monomer
collisions may be found in Ref. 14 and cluster—cluster collisions in
Ref. 15.

A. Cluster Model for Water

In a DSMC simulation, the simulated particle is usually assumed
to be a spherical particle with a radius of r, and the number of
collisions among simulated particles is calculated during each time
step based on the collision cross section, o ~ 7 (r +7,)?%, where
subscripts 1 and 2 refer to the collision species. To simulate a con-
densation plume, in our previous work'! we simply assumed that a
radius r; for the cluster consisting of i molecules is

.1
Ti =13 et (1)

where r. is the reference radius of the cluster molecule given in
Ref. 10. Note that for small clusters'® Eq. (1) may need to be cor-
rected. A more accurate formula has been suggested in Ref. 17,

ri=Aii +B )

where i is the number of molecules in the cluster and A and B are
constants. Note that the improved definition of the cluster collision
cross section obtained by using Eq. (2) instead of Eq. (1) is im-
portant for characterizing collisions between small clusters (such
as a dimer and trimer) and monomers. Because the initial clusters
in this work are created as clusters of critical size, according to the
CNT, and cluster size can increase quickly through cluster—cluster
coalescence processes, the impact of the new cluster model on the
simulation results is not significant. However, for a future physically
more plausible kinetic nucleation model that generates initial dimer
clusters from triple collisions, the improvement of the cluster model
may greatly affect the numerical results.

Molecular dynamics (MD) simulations can be used to validate
these relationships. Unfortunately, the MD simulation of water is
challenging due to multibody polarizable interactions indicating
that two water molecules interact pairwise through nine electrostatic
interactions, plus an additional Lennard—Jones potential acting be-
tween the molecular sites. Various potentials,'® such as transferable
intermolecular potentials 3 particles, transferable intermolecular po-
tentials 4 particles, single point charge/extended single point charge,
Carravetta and Clementi (C—C) (Ref. 19), and rigid polarized model
(Ref. 20), have been suggested to simulate thermodynamic proper-
ties of water over a large range of temperature and pressure. More
recently, Keutsch et al.?! simulated water trimer cluster, Dang?
simulated (H,O)g, (H,O)9, and (H,O), clusters, and Goldman and
SayKally? simulated water clusters from dimer to (H,0),. Because
our goal is to estimate the parameters A and B in Eq. (2) rather than
to characterize the full spectrum of cluster properties, we will use the
available literature results to estimate A and B. Small water cluster
radii’* and large water cluster radii* are used for the estimation. By
the choice of A =1.92 and B =2.4 A, the MD simulation results of
water cluster radii can be fitted well into Eq. (2). Thus, water cluster
radius used in this work is calculated as r; = 1.92i /3 +2.4.

B. Nucleation Model

According to CNT,>~ initial clusters (nuclei) may be created in a
supersaturated vapor environment. The nuclei are assumed to have
the local critical size and to be in an equilibrium state with the
surrounding gas. To implement the nucleation model in DSMC, we
add a number of new simulated cluster particles into DSMC cells
at each time step and remove the vapor molecules at the same time.
The number of new cluster particles is defined by the nucleation
rate, cell volume, and time step. The nucleation rate Jent given by
the CNT is

Jont = /20 /tm? (pf/pl) exp(—47trf(r/3kT) 3)

where o is the cluster surface tension, p, is the vapor density, p; is
the cluster density, T is the vapor temperature, and r, is the radius of
the local critical cluster. Based on an extended set of experimental
data, Wolk et al.'® found that the CNT water nucleation rate over a
temperature from 220 to 260 K should be corrected as a function of
vapor temperature and suggested an empirical nucleation rate Jeggr
for water as follows:

Jeer = Jont exp{—27.56 + [(6.5 x 10%)/T]} )

In our work, Jcggr, referred to as the corrected nucleation rate (CER),
is extrapolated to the lower temperature region. The impact of the
CER on the condensation flow will be discussed in Sec. III.

C. Collision Models

The collision process is used in the DSMC method to describe
the interactions among simulated cluster and molecular particles. In
addition to the monomer—monomer collision process, we must in-
clude two new types of collisions to simulate condensation plumes:
cluster—monomer (C-M) and cluster—cluster (C—C) collisions. The
outcome of the C-M or C-C collisions could be sticking or
nonsticking.

For the Soyuz plume to be discussed in Sec. III, the only species
that can condense are water and CO,. Because the CO, species mole
fraction in the plume is only about 5% (Table 1), it is reasonable

Table1 Plume species, mole fractions at the nozzle exit, critical
temperature 7., and vibration characteristic temperature ©,

Species Mole fractions T.,K ®,,K
H 0.0093 31.0 S
Np 0.2675 126.2 2256
NO 0.0012 179.8 2719
H, 0.1905 33.0 6159
CO 0.1896 132.0 3103
CO, 0.0524 304.2 945
H,0 0.2895 647.0 2290
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to assume that only water molecules may stick with water clusters
during C-M collisions, whereas collisions between other gas species
and water clusters can be modeled as nonsticking collisions. Based
on MD simulations, a general expression of the collision sticking
probability between a water surface and a water molecule, g, has
been summarized as?®

q= (1= /Vi/ V) exp(~AE/KT) 5)

where V; and V, are the specific volumes of gas and liquid and A E is
the energy difference between the condensed and vapor molecules.
Equation (5) shows that sticking probability is close to unity in the
low-temperature region and decreases as the temperature increases.
However, the sticking probabilities for small clusters may not agree
well with the prediction of Eq. (5) because it is based on the condition
of a macroscopic liquid surface.

The MD method was used in Ref. 14 to simulate C—M sticking
probabilities as a function of collision impact parameter, collision
relative velocity, and cluster size. It was found that the sticking
probability increases rapidly for a cluster size less than 11-mers,
whereas it remains constant, close to unity, for larger clusters. Note
that n-mers refers to a cluster of n molecules. We choose Eq. (5)
to calculate the sticking probabilities for all clusters in the DSMC
simulations considered here because we will show that small clusters
grow mainly through C-C coalescence processes rather than C-M
sticking collisions. As will be discussed in Sec. III, the sticking
probabilities for the collisions between small clusters and water
vapor molecules have almost no impact on the condensation plume.

In previous work,!! the C—C collisions had almost no impact on
the DSMC simulation results, due to the small cluster number den-
sity in the rocket plume. However, the use of the corrected CER
rate instead of the CNT nucleation rate may increase the cluster
number density by about three orders of magnitude, which makes
the C—C collisions more important. In this work, the semi-empirical
Ashgriz—Poo model?’ is chosen to predict the outcome of C—C col-
lisions based on impact parameter, ratio of cluster size, and Weber
number. The Weber number We defined as the ratio of collision
kinetic energy to cluster surface energy, is given by

We = pcdicf/ac (6)

where p. is the cluster density, d; is the diameter of the smaller
cluster, ¢, is the C—C collision relative velocity, and o is the cluster
surface tension. The Ashgriz—Poo model has been verified for water
droplets by MD simulations and used to predict the outcome of
droplet collisions in an inductively coupled plasma.?® The detailed
description of this model may be found in Ref. 27.

The C-M and C—C collisions are modeled here as inelastic stick-
ing or nonsticking collisions based on the general momentum and
energy conservation relationships. The details of numerical scheme
and simulation techniques of the collision model are given in Ref. 11.

III. Results and Discussion

The developed DSMC approach, based on the SMILE? code, is
applied in this work to the study of condensation process in a free-
expanding plume from a rocket engine with a thrust level of several
thousand newton. The example plume considered here is from the
Soyuz spacecraft main engine firing at an altitude of 380 km, with
stagnation pressure of approximately 350 KPa and stagnation tem-
perature of about 3800 K (Ref. 30).

The species mole fraction at the nozzle exit is shown in Table 1.
The critical temperature provides an indication of the likelihood that
a gaseous species will condense. Table 1 shows that for hydrazine
plume conditions considered here, water (and perhaps CO,) is the
main species that will undergo homogeneous condensation. The
other species remain in the gas state because the flow temperature is
higher than their critical temperatures. The DSMC method requires
the elastic cross section to be specified to select collision pairs ran-
domly. The variable hard sphere model is used to represent the cross
section of gaseous species, whereas the cross section for clusters is
based on the expression given in Eq. (2). The molecular vibration
modes are not activated in the plume because the species vibration

characteristic temperatures are much higher than the flow tempera-
ture. Therefore, the molecular vibrational energy can be neglected
in the DSMC simulations. It can be estimated that the average clus-
ter collision kinetic energy is about one order of magnitude less
than the cluster surface energy; thus, the possibility of the cluster
fragmentation is neglected during the collision processes. The con-
densation simulation results based on the CNT nucleation rate had
been described in previous work'!; the following discussions will
focus on the simulation results obtained with the CER, Eq. (4).

The DSMC simulation of condensation coupled plume can be
summarized as follows. The parallel two-dimensional axisymmetric
DSMC scheme is applied using a computational domain of 4m x 8m
with 80 x 160 cells in the radial and axial directions respectively.
Each cell can be divided up to 120 subcells according to the flow
gradients obtained during the simulation. The grid size is deter-
mined by the mean free path, and a time step of 2.0 x 1077 s is used
to ensure that the displacement of simulated molecules per time
step is less than one cell size. Because the non-condensation region
close to the nozzle exit is too dense to be modeled by the DSMC
approach, the simulation begins from a starting surface which is
composed of 480 segments, each with a number density of approx-
imately 4.5 x 10! molecules/m>. The starting surface, upstream of
the initial condensation region with a Mach number greater than
2.0, is created with the continuum solver GASP.*! About 1,200,000
simulated gas molecules and 600,000 simulated cluster molecules
are used at the steady state in the DSMC simulation. After the con-
densation coupled flow has reached steady state, the results are then
sampled up to the 400,000th time step. The simulation takes about
48 h of computational time with 18 AMD Athlon processors of
1526-MHz CPU.

The contours of cluster number density (Fig. 1a), size (Fig. 1b),
and temperature (Fig. 1c) for the condensation rocket plume are
shown in Figs. 1, and the nucleation region is indicated in Fig. 1a.
These contours show that cluster number density decreases beyond
the nucleation region due to the expansion, coalescence, and evap-
oration processes, whereas the average cluster size increases due
to the effects of the C—C coalescence and C-M sticking collision
processes. The evaporation process has very limited impact on the
clusters because the cluster temperature is so low that the evapora-
tion rate is much smaller than the C—M collision rate. The average
cluster temperature decreases due to the combined effects of the co-
alescence and sticking heating and evaporation and the nonsticking
collision cooling process. Though the non-sticking collision process
may take away extra internal energy that the cluster obtains during
the condensation process, there are too few C—M collisions to equi-
librate the cluster internal energy with the rarefied gas environment.
Thus, the condensation flow discussed in this work exhibits a ther-
mal nonequilibrium between clusters and monomers.

As discussed in previous work, the cluster number density pre-
dicted by the original CNT nucleation rate in the rocket plume is
less than 10'®/m?, about five orders of magnitude smaller than the
gas number density. Because of the small cluster number density
with the CNT rate, the number of C-C collisions is so small that
the coalescence process can be neglected, and no significant impact
of condensation on the plume was observed. However, the CER
predicts a cluster number density more than three orders of magni-
tude higher than the CNT rate. A higher nucleation rate generates
more clusters by consuming more water molecules from the plume,
which increases the interactions between clusters and the ambient
gas environment, and at the same time increases the number of C—C
collisions.

Letus check the sensitivity of our results to the cluster coalescence
process modeling using the CER. Figure 2 shows a comparison of
the cluster and water number density along the plume centerline
between the simulations with and without the coalescence process.
Note that the dashed line in Fig. 2 represents water number density
along the centerline in a plume without condensation. It can be seen
that the water number density decreases rapidly at an axial posi-
tion of 3.5 m, due to the initiation of nucleation and cluster growth
processes. The coalescence process decreases the cluster number
density by about a factor of seven compared to the corresponding
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Fig. 1 Corrected CER rate with coalescence process: a) average cluster number density, b) size, and c) temperature contours.
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Fig. 2 Water and Cluster number density comparison for CER rate
with/without cluster coalescence process along plume centerline.

no-coalescence value, but does not change the distribution of the
water number density. Figure 2 suggests that the C—M sticking col-
lision process is not important beyond 5.0 m as was the case when
the CNT nucleation rate was assumed because here the water con-
centration is so low, on the order of 10'/m?. Instead, when the CER
is assumed, the main contribution to the cluster growth process is
from the cluster coalescence process. Note that for the simulation
using the original classical nucleation rate (CNT) as discussed in
Ref. 11, the contribution of the coalescence process to the cluster
growth could be neglected due to the small cluster number density.
Figure 3 shows a comparison of the average cluster size along the
plume centerline for the CER rate with and without the cluster co-
alescence process. Note that the dashed line in Fig. 3 is the curve
of average cluster size for the original CNT rate, which was found
to be the same for the simulations with and without the coalescence
process. Using the CNT rate, the average cluster size continuously
increases through C-M sticking collision processes beyond 15.0 m
in the axial direction. Comparison of the CER rate, no-coalescence,
and CER rate coalescence curves suggests that the major mecha-
nism for cluster growth is through C—C coalescence collisions. The
cluster coalescence process is the main process that accounts for
the average cluster size reaching about 120-mers along the plume
centerline.

The sticking probabilities for large clusters, close to unity for low-
temperature conditions, have been validated by MD simulations.?
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However, the sticking probabilities for cluster sizes less than 11 may
be quite low, as indicated by the MD simulation results in Ref. 14. To
test the impact of sticking probabilities on the condensation plume,
three average sticking probabilities, ¢, for clusters less than 11-mers
are chosen for the simulations utilizing the CER rate and the coales-
cence process. The DSMC simulation results of cluster average size
and temperature are compared along the core flow in Fig. 4. Figure 4
shows that the simulation results are insensitive to the value of the
small-sized cluster sticking probabilities when the CER rate and
coalescence are used in the DSMC simulation. The lack of sen-
sitivity for these flow conditions is due to the high C—C collision
frequency, which facilitates small cluster growth rapidly through the
coalescence process. Also, the low water number density lessens the
importance of the sticking collision process.

For the simulation with the CER rate, the number of total col-
lisions between clusters and gas molecules increases dramatically
compared with the simulation with the CNT rate. This is because a
larger number of clusters exists in the simulation with the CER rate,
though for each cluster the smaller cluster size tends to decrease the
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Fig. 5 Cluster and flow temperatures comparison for CER and CNT
rate along plume centerline.
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Fig. 6 Plume mass density contours comparison with condensation
(top) using CER rate and flow without condensation (bottom).

number of collisions as the cluster travels through the computational
domain. The latent heat released by monomers during nucleation or
sticking collision process is transferred to the cluster. Subsequent
collisions between clusters with plume monomers releases energy
from the cluster back to the environment through nonsticking colli-
sions. Note that in the CER vapor environment, each cluster expe-
riences less collisions with the gas environment than with the CNT
rate. Figure 5 shows a comparison of cluster and monomer tem-
peratures along the plume centerline, the dashed line indicating the
plume temperature without condensation. It can be seen that average
cluster temperatures with the CER rate are lower than those with
the CNT rate, whereas average flow temperatures with the CER rate
are higher. Thus, the degree of nonequilibrium in the condensation
flow becomes lower as the nucleation rate increases.

Finally, we want to study the impact of condensation behavior
with the CER rate on the expanding plume. Note that the previous
work!! showed that there was no observable impact of condensa-
tion with the CNT rate on the plume macroparameters due to the
relatively small number of clusters. Figure 6 shows a comparison
of total plume gas mass density contours obtained with condensa-
tion using the CER nucleation rate (top) with a flow that does not
model condensation (bottom). It can be seen that downstream of
the onset of condensation, approximately at 3.6 m on the centerline,
the total gas mass density in the condensation plume becomes less
than the density in the plume without condensation. The reason for
the decreased total gas mass density is that a large fraction of wa-
ter molecules is condensed into clusters, as shown in Fig. 2. The
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comparison of plume temperature contours with and without con-
densation, shown in Fig. 7, indicates that the condensation process
increases the plume gas temperature. The latent heat, generated dur-
ing the condensation process, is released into the gas environment
and increases the gas temperature. Because the maximum cluster
in the condensation plume consists of hundreds of molecules, the
inertia of a cluster is so small that the difference of cluster and vapor
velocities, discussed in the previous work,!'! can not be seen in the
condensation plume. Thus, the condensation behavior discussed in
this work also does not impact the plume velocity. However, the
plume sonic speed will increase due to a higher plume tempera-
ture, causing lower Mach numbers in the condensation plume as
compared with those in the plume without condensation, as seen
in Fig. 8. Note that the condensation process increases the plume
gas temperature while decreasing the plume gas mass density. Thus,
the change of total plume gas pressure in a condensation plume de-
pends on which factor dominates. Figure 9 shows a comparison of
the total gas pressure contours between the condensation (top) and
noncondensation (bottom) flow, which suggests that the pressure
decreases along the centerline more rapidly for the condensation
vs noncondensation plume discussed in this work. Because the UV
radiation observed in this hydrazine plume mainly comes from wa-
ter dissociation processes, the difference in water number density
distributions for a flow with and without condensation is of interest
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Fig. 9 Plume pressure contours comparison with condensation (top)
and flow without condensation (bottom).
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Fig. 10 Water number density comparison with condensation (top)
and flow without condensation (bottom).

(Fig. 10). The data shown in Fig. 10 suggest that in a condensation
plume water number density decreases more rapidly, which would
also decrease water dissociation and, therefore, OH(A) UV radiation
in the downstream region.

We may conclude that the CER rate has an important impact
on the rocket condensation plume. The C—C coalescence is found
to be important in cluster growth process for the simulation using
the CER rate, whereas small cluster sticking collisions with water
monomers are not important because clusters grow quickly through
coalescence in a condensation plume.

IV. Conclusions

A DSMC simulation of water homogeneous condensation has
been studied in a free-expansion rocket plume. A corrected semi-
empirical water nucleation rate is used to model initial nuclei for-
mation in the supersaturated vapor environment based on the CNT.
The simulation results show that the condensation behavior affects
the plume macroscopic flowfield and that the nucleation rate is the
most important factor to impact the simulation results of a conden-
sation flow. It can be seen that the C—C coalescence process is the
main contribution to the cluster growth process.

The use of the corrected semi-empirical nucleation rate is not
the only possible way to improve the accuracy of the DSMC-based
kinetic approach. Another promising direction would be one based
on MD characterization of possible channels for generation of initial
dimers through ternary collisions, followed by implementation of
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the interactions among those clusters and gas molecules in DSMC.
This approach will be considered in future work.

The homogeneous condensation predicted to occur in the Soyuz
plume is upstream of the region where initial water dissociation be-
gins. As was shown in Ref. 2, the onset of water dissociation occurs
when O species from the freestream is able to penetrate into the
expanding plume. In the future, we will extend the computational
domain shown here and combine homogeneous as well as hetero-
geneous water condensation and dissociation models to predict the
distributions of UV radiance in hydrazine and other space plumes.
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