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Ultraviolet Radiation Modeling from High-Altitude
Plumes and Comparison with Mir Data
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Modeling and calculations are presented with the goal of elucidating possible mechanisms of ultravioletradiation
from a Soyuz-TM spacecraft plume interacting with the ambient gas at altitudes of about 380 km, observed during
the Mir experiment. The studies were performed with the direct simulation Monte Carlo method. The results
presented include sensitivity studies of the simulations to various numerical parameters and an investigation of
different radiation mechanisms. Among the mechanisms considered was the formation of OH(A) due to water
dissociation by atomic O, collisional excitation of OH(X), and the formation of NH(A ) by the reaction of atomic O
with hydrazine fragments. The simulations are found to overpredict the data by approximately a factor of 5-70,
depending on the parameters of the chemistry model chosen for water dissociation. However, the simulations are
in close agreement with the near-field plume intensity profile.

I. Introduction

PROGRAM to obtain calibrated high altitude plume imagery

was initiatedapproximately one year ago. Using the Mir space-
craftas an observationplatform, the program has been able to obtain
radiance data from the ultraviolet(UV) to the visible spectral region
on liquid propellantsystems. The general conceptof the experiment
was to view the plumes of service spacecraftin low Earth orbit as
they approach and leave the Mir station. Recent measurements of
liquid propellant retrofirings with a UV imager have provided a
new set of data worthy of analyses. The purpose of this paper is to
present calculations that elucidate the significant radiation mecha-
nisms in the flight regime correspondingto the newly obtained Mir
experiment (MirEx) data.

Observations have been obtained from a number of missions
between February 1998 and July 1999, with additional missions
scheduled on the international space station. Of these missions, the
25 August 1998 Soyuz TK75 reentry firings results were of particu-
lar interest. The experimental arrangement, instrumentation,and the
data have been discussed in detail in Ref. 1. At an altitude of about
380 km, 4 min of UV data of the Soyuz main engine (Progress)
burn were obtained. The slant range from the Soyuz to the Mir var-
ied from 15 to 30 km, thus ensuring good spatial resolutionand high
signal-to-noiseratio in the obtained imagery. The viewing geome-
try varied from 7 to 12 deg during the retrofiring. The data were
acquired by a UV imager with a filter having a bandpass from ap-
proximately 270 to 310 nm. Radiometric calibration was performed
with the aid of known UV stars. It was observed that the UV radia-
tion was strong in the near field (within 30 m of the nozzle), weak
in the plume far field (at a distance of about 1 km), and dependent
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on the orientation of the plume with respect to the velocity vector.
Additional data obtained using the Soyuz attitude control system
(ACS) thrusters during the 31 July 1998 mission showed similar
radiation features. Both data sets, the Progress main engine (PME)
and the Soyuz ACS, showed similar plume radiation. This suggests
that chemical reactions of the specific propellant species with ambi-
ent atomic oxygen are important in determining the characteristics
of the radiating plume.

One of the goals of the MirEx plume experiments is to iden-
tify the source of the UV plume radiation, which in turn requires
identification of the dominant excitation mechanisms. Because the
UDMH/N,0, propellant produces large amounts of water (about
30% mole fraction), any electronically excited states produced by
water dissociation, such as OH(A), are likely sources of radiation.
Radiation from OH(A) has been examined by a number of au-
thors for low-Earth-orbit conditions* and in higher density flight
regimes.*> The OH(A%Z * — X?I1) radiation occurs at 310 nm, a
wavelength within the optical bandpass of the UV imager. The paper
will consider other possible sources of UV radiation, for example,
collisional up-pumping of OH(X), trace amounts of propellant OH,
and NH(A). The lasthas been shown to be a significant source of UV
radiation for the shuttle primary reaction control system engines$
which has a propellant similar to that of Mir and its service space-
craft.

To predict the radiation distribution, the profile of species con-
centrations and temperatures in the plume is required. Because the
plume images were obtained under conditions of highly rarefied,
nonequilibriumflows, one must use a computational approach con-
sistent with that of rarefied gas dynamics. The most powerful and
promising approach for solving the Boltzmann equation is the di-
rect simulation Monte Carlo (DSMC) method. Calculations will be
compared with those performed earlier for the same conditions?
The paper discusses the sensitivity of the simulations to the compu-
tational domain size, cell size, and time step, all important factorsin
modeling the retrofiring plume, which exhibits large-density varia-
tions throughout the flow.

II. Numerical Method

To study strongly rarefied nonequilibriumflows, the widely used
approach is the DSMC method,” which has become de facto the
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main technique for studying complex multidimensional rarefied
flows. The DSMC-based computational tool SMILES is used in the
computations presented here. An exact majorant frequency scheme
for modeling collision process is utilized in SMILE. The time be-
tween consecutive collisions, 7, is simulated for each cell from the
probability density v, exp{—v,, 7 }. Here, the majorant frequency of
collisions v, is

v, =[N(N; = D/21[6(0)V i

where N, is the number of molecules in the /th cell, o(v) is the
total collision cross section, and v is the relative collision velocity.
Different grids for collisions and macroparameters are used, which
enables one to apply different adaption strategies. Both grids are
two-level Cartesian grids adapted to flow gradients. Radial cell-
based weights are employed to reduce significantly statistical scatter
near the plume axis.

The retrofiring flow was computed as a steady axisymmetric flow.
The sensitivity of the DSMC calculationsto the number of cells and
particles, as well as the size of the computational domain, will be
discussed. The variable hard sphere model’ was used for modeling
molecularcollisions,and the Larsen-Borgnakke model (see Ref. 10)
with variable temperature-dependert rotational and vibrational re-
laxationnumbers'! was employed forenergy transferbetween trans-
lational and internal energy modes.

The total collision energy model'? was used for modeling chem-
ical reactions. In this model, an important parameter is the contri-
bution of the internal, rotational and vibrational, energy modes of
molecules to the reaction probability. The general form of the re-
action probability for a dissociation or exchange reaction may be
written as!?

(E. — E )h+Xu/2+1

P (E)=a pXe2-1

(1)
where E, is the reaction threshold, a and b are constants dependent
on the exponent in the variable hard sphere (VHS) model and the
Arrhenius constants, and E, and X, are the energy and the number
of degrees of freedom that contribute to reaction. E, and X, are as-
sumed to be sums of relative translational,rotational,and vibrational
terms,

Ec = Elrans + aroIErol + avibEvib
Xc = Xlrans + aroIXrol + avivaib

where the parameters a,,; and a,; determine the contribution of
molecular rotations and vibrations to the reaction probability. Be-
cause chemical reaction cross sections are generally not available,
a relationship between the reaction probability and the more read-
ily available Arrhenius rate coefficient is required. As is explained
in Ref. 12, the DSMC reaction probability (constants @ and b) is
derived from the reaction rate coefficient as

k(T) = AT® exp(—E,/ kT) 2)

k(T) =/ P.(E.) fe(E.) dE, (3)
E,

a

where f, is the equilibrium distribution function of E; also E,, A,
and B are the usual Arrhenius parameters, and E, is set equal to
E,. Two limiting cases will be considered: a,,, =a,yp, =0 and a,o =
ayp =1.

III. Freestream Conditions and Experimental Setup

The typical altitude of the spacecraft during the observations
ranged from 360 to 390 km. The freestream conditions used in this
study correspondto an altitude of 380 km and are given in Table 1.

Becausethe flow at the nozzle exit is quite dense, a solution of the
Navier-Stokes equations was used for a small region of the flow in
the vicinity of the nozzle. The DSMC computationsused the Navier—
Stokes solution® obtained at the distance of 20 m downstream of the
nozzle as the initial conditions. The profiles of the macroparameters
of plume gas velocities and number density at 20 m, taken as the
input for the DSMC method, are shown in Fig. 1. In Fig. 1, the

Table1 Summary of freestream conditions

Property Value
Temperature 883 K

Number density 1.34 X 10" molecule/m?
Soyuz-TM velocity 7350 m/s

O mole fraction 0.909

He mole fraction 0.0517

N> mole fraction 0.0393

Table2 Species mole fractions
20 m downstream of the nozzle exit

Specie Value
X(H0) 0.288
X(N2) 0.267
X(H) 0.190
X(CO) 0.189
X(CO») 0.053
X(H) 0.013
X(OH) 1.07 X 1073

Velocity, m/s Number density, number/m"3
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Fig. 1 Plume macroparameters at 20 m obtained by continuum ap-
proach, used as initial conditions for the DSMC calculations.

abscissa is the distance perpendicular to the rocket-plume axis at
20 m from the nozzle. The mole fractions of the plume species are
constant perpendicularto the flow and given in Table 2.

The modeling and calculations presented in this work are com-
pared with the experimental data obtained on 25 August 1998. In
this mission, the Soyuz-TM vehicle dedocked from Mir and drifted
to a position 15 km behind Mir and 2 km above it. The Soyuz-TM
motor was ignited at that position. During the retrofiring that lasted
over 240 s, the Soyuz-TM decreased altitude from 385 to 375 km,
and the view aspectangle increasedfrom 7 to 14 deg (see Fig. 2). The
plume filled the field of view during during the engine operation. To
compare the modeling and experimentaldata, the radiation field was
integrated through line of sights correspondingto the experimental
view angle, with two more time-dependent factors also included.
The first is the change in projected pixel size on the measured im-
age, which scales as the square of the changing distance between
Soyuz-TM and Mir, and the second s a slight change in the ambient
gas density during the descent. All of these factors were includedin
calculation of the time-dependenceradiance of the near field.

IV. Results and Discussion
A. Sensitivity to Parameters of the Approach
To calculate plume radiationat high altitudes with good accuracy,
one needsto considerthe choice of parametersfor the computational
approach, such as cell size, size of the computational domain, and
time step. The sensitivity of the calculations to these simulation
parametersis causedby both the high variationof density throughout
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Fig.3 Influence of grid resolution on the OH(A) radiance (upper field, adaptive grid, and lower field, 30 X 10 cells).

the flow and the large scales of the flow that expands over many
kilometers away from the nozzle.

To test the sensitivity of the results to cell size, the computation
was performed with an automaticallyadapted collisiongrid and with
anonadaptiveCartesiangrid of 30 X 10 cells (the lattergrid is similar
to that used in Ref. 2). For the adaptive grid, the number of cells
at steady state was about 75,000, and the adaption was performed
based on the mean free path values. Very small cells with the linear
size of the order of the local mean free path of 0.1 m were used near
the plume starting surface, and large cells of 50 m were taken in the
far field. The results were found to be quite different both in quality
and quantity. Figure 3 shows the map of the number of radiative
reactionsH,O + O — OH(A) + OH(X) per square meter per second
(see legend) for the two grids. These values were obtained by the
integration of the number of reactions per unit volume per unit time
through the direction perpendicularto the plume axes. The radiance
fieldis more extendedin the plume directionfor the coarsergrid. The
maximum value of radiation decreases by a factor of two with the
grid refinement. The maximum values obtained on the coarse grid
agree well with an earlier calculation? Further computations with a
nonadaptive collision grid of 300 X 100 showed a good agreement

of the data with the results obtained on the adaptive grid. Note
that these results were obtained on the computational domain of
15,000 X 5000 m and a,o; =ayi, =0.

The computations were also performed for a larger domain of
23,000 X 5000 m to test sensitivity to computational domain size.
Inboth cases, the nozzle was positionedat X =0, and the left bound-
ary was at X =—3000 m. The comparison of atomic oxygen velo-
cities in X -axis direction (direction of the plume axis) is presented
inFig. 4. Figure 4 clearly shows that the velocity is essentiallyinsen-
sitive to the increase in size of the computational domain. There is
only anegligibleunderpredictionof the velocity values near the exit
boundary for the smaller domain case (compared to the freestream
velocity of 7350 m/s). It does not impact the radiation distribution
because the maximum radiation is located at about 2000 m down-
stream of the nozzle exit.

The comparison of the numbers of radiative collisions along the
centerline of the flow is given in Fig. 5 (compare open and closed
circles) for two different computationaldomains: 15,000 X 5000 m
and 23,000 X 5000 m. Note that the values presented were obtained
throughtheintegrationof the radiationmap throughthe lines of sight
perpendicularto the plume axis. The number of radiative reactions
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Fig.4 Parallel velocity profiles along the plume axis for different com-
putational domains.
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Fig.5 Number of radiative reactions along the plume axis for different
computational domains with the nozzle exit at X =0, left boundary at
X =—3000m, and time steps.

forthelargerdomain and smaller time step is also presentedin Fig. 5.
The decrease of the time step by a factor of 10 does not change the
results.

The last investigated parameter of the numerical method was
the number of simulated particles in the computational domain.
This number was varied from 90,000 to 300,000 molecules for the
smaller computational domain. These changes did not affect the
radiation map. As a result of these sensitivity studies, the optimal
parameters were selected as follows. The computational domain
is 15,000 X 5000 m, the number of simulated molecules is about
200,000,and the time stepis 0.001 s. The collision grid was adaptive
with the total number of cells about 70,000, and the macroparameter
grid was a Cartesian grid with 300 X 100 cells.

B. Influence of the Chemistry Model

At this time, there are no data available that would enable one
to assess the values of parameters of the chemistry model, a,,; and
b, for the most important reaction H,O + O— OH(A) + OH(X).
The problem is complicated significantly in the case of high-speed
plume flows, where there is a strong nonequilibrium between the
translationaland internal molecular modes, and the translationalen-
ergies are much higher than both rotational and vibrational ones. A
reasonable assumption of a,,, =a,;, =0 was made for this reaction
in Ref. 2. However, the true contribution of molecular rotations and
vibrationsmay be differentfrom that. To study the influence of inter-
nal energy mode contribution, two opposite cases were considered,
with a,,; =a.;, =0anda,,; =a,;, =1.Thereisno contributionin the
first case, and all internal modes of reacting molecules participate
in reactions in the second case.
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Fig. 6 Dependence of radiance contours on parameters dar,; and ay;p,
of the chemistry model: upper field, a,ot =ayip =0, and bottom field,
Arot = Ayijp = 1.
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Fig.7 Number of radiative reactions along the nozzle axis for different
arot and ay;, per volume per time: closed circles, a.o = a4, =0 (Y1 axis),
and open circles, a,o = ayip =1 (Y2 axis).

The computations showed that the magnitude of radiative emis-
sion is strongly dependenton a,, and a,;. The number of reactions
persquare meter per second (contourlevels) obtained by OH(A) pro-
duction integrating through the plume perpendicular to the plume
axis are shown in Fig. 6. The radiation is directly proportional to
this value because the lifetime of the OH(A) state is 6.9 X 1077 s,
which is orders of magnitude faster than the mean time between
collisions (typically of the order of a second at 2 km downstream
of the nozzle exit). Hence, quenching of OH(A) in these flows is
insignificant. The radiance values for a,,, =a,;, =1 in Fig. 6 were
multiplied by a factor of 15 for the sake of comparison. The general
shape of the radiation spatial distributionis similar for the two cases.
The inclusion of the internal energy modes slightly extends the ra-
diative area in the plume axis direction; however, more important, it
decreasesthe radiance approximately by a factor of 15. The number
of reactions per volume per time unit is given in Fig. 7 for the two
internal energy cases. The location of the radiation maximum is not
changed for different a,, and a,;,, but the magnitude of maximum
is about 16 time less for a,; =ayi, =1, consistentwith Fig. 6. Also,
the falloff of the radiative emission downstream is slightly slower
for this case.

The decrease in radiation with the inclusion of internal energy
in the precollision parameters (¢, = @yip, = 1) follows from Eq. (3).
The general expression for P,(E,.) is dependent on a number of
factors’; however, what is of interest is the ratio of P, for the two
limits,

Pr(arol = Qyip = O) _ F(2 - CO)
Pt =au =1) TQ2=-0o+(h)

-Liw
(1= Ey/E.p)' = Eo-E\ "
(1 - E‘az/E‘c,l)l_m+<§)l Ec,l - Ea

TG/2+B+{(5))
I(3/2+ B)

“)
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where o is the temperature exponent of the coefficient of vis-
cosity and is assumed equal to 0.25, B has the value of 1.3,
the mean value of the internal number of degrees of freedom is
(C)l =(Xrol + Xvib)/27 EC,O =Elransa and EC,O =Elrans + Erol + Evib~
Because E,,s > E . + Epp, the ratio of reaction probabilities can
be further simplified to give

Pr(arm = Qyjp = 0) -~ r(z - CO)
Py =ay =1) TQ2=w+())

TG+ B+ (1 - Ea>‘<§)‘

5)

I'(3/2+ B) Ecans

Substitution of a typical value for (¢}, in the flow of about 1.5 and
o and B into Eq. (5) gives ratios on the order of 10-20, consistent
with the results shown in Figs. 6 and 7.

The major conclusion of these results is that there is a need for
more accurate reaction cross sections. Use of the total collision
energy model leads to a large degree of uncertainty in the radiation
modeling for highly nonequilibriumconditions.

C. Two Channels for Water Dissociation

Let us now consider in more detail the process of the formation of
the OH species. There are two possiblereaction paths for H,O + O
interaction,

H,0 + O — OH(A) + OH(X) 6)

H,O0 + O — 20H(X) @)

The two are interesting because the OH(A) species is responsible
for the UV radiation, whereas OH(X ) is a source of infrared (IR) ra-
diation. Both mechanisms were consideredin this work. To provide
unbiasedresults, the reaction mechanisms (6) and (7) were included
independently in two different calculations. In these computations,
the assumption that a,,; =a,;, =0 was used.

The value of the threshold for OH(A) formation used in this work
is taken from values given by Kofsky'® and Baulch et al.'* The
expression for the rate (cubic meter per second) is given as,

kyg =3.8 X 1072 T3 exp(—E,/ kT)

The activation energy E, is essentially the sum of the change in
standard enthalpy of the reaction (0.79 eV) and the energy to reach
the OH(A) excited electronic state of 4.01 to total 4.8 eV. The same
preexponential of 3.8 X102 T3 was used for reactions (6) and
(7), but an activation energy of E, =0.79 eV (Ref. 14) with no
additional reaction barrier was used for the ground-state reaction.

The major factors that affect the reaction probabilities are the
relative velocities of colliding H,O and O and their density distri-
butions. The density fields of these species are givenin Fig. 8. It can
be seen that the oxygen atoms do not penetrate close to the nozzle
exit due to a sufficiently high density of the plume in that region. In
contrast, the H,O density is seen to decrease sharply with distance
from the nozzle. Such density distributions cause the maximum of
radiation to occur far downstream from the nozzle exit, where there
are large enough densities of both H,O and O.

The second factor that impacts the reaction probabilities is the
relative velocity of H,O and O. The H,O velocity in the direction
parallel to the plume axis (X direction) is shown in Fig. 9. The aver-
age water velocity changes slightly along the plume line (between
3100 and 3300 m/s). In general, the water-free stream oxygen atom
relative collisional velocities are about 10,500 m/s, which corre-
sponds to ~4.8 eV, a value close to reaction (6) threshold. In the
outer portions of the flow, the H,O velocity in the X direction is
smaller, and as a result, the relative collision velocity in this portion
of the flow is also smaller. Therefore, a smaller fraction of colliding
particles has energy in excess of the energy threshold of reaction
(6). The energy threshold of reaction (7) is much lower, and the area
where these reactions may occur is, therefore, wider in the direction
perpendicularto the plume axis.

These conclusionsare showninFigs. 10and 11, where the number
of reactions per volume per time unit is presented along the plume
axis (Fig. 10) and in a cross section perpendicularto the plume axis,
located at X =5000 m (Fig. 11). The shape of the reaction number
profiles along the plume axis is similar for the two reactions. The
maximumis located at 1300 m downstream from the nozzle, and the
number of reactions per unit volume per unit time for reaction (7)
is larger approximately by a factor of 20. The profiles in the cross

-3000 0 5000 10000 15000
X, m

Fig.9 Contourlevels of H,O velocity component parallel to the plume
axis with a 20,000 X 5000 m computationaldomain.
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sectionperpendicularto the nozzle axis also differ by approximately
a factor of 20 at the periphery of the plume. The number of reactions
per unit volume per unit time for reaction (7) decreases more grad-
ually because particles colliding in the outer flow still have enough
energy to overcome the small threshold for this reaction.

The possibility of OH(A) radiation through the collisional exci-
tation of OH(X) molecules was also considered. Contour levels of
OH(X) density and mean free path are presented in Fig. 12. The
OH(X) number density is about two orders of magnitude smaller
than that of H,O in the region of highradiativeemission, whereas its

OH (X) OH(A)
le+13

® OH(A)
O 0H(X)

le+14:

le+l2
le+137

le+ll
le+1273

0 2500 5000 7500 10000 12500
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Fig. 10 Number of reactions (6) [OH(4)] and (7) [OH(X)] per cubic
meter per second along the plume axis.
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Fig. 11 Number of reactions (6) and (7) per cubic meter per second
perpendicular to the nozzle axis at a distance of 5 km from the nozzle
exit.

mean free path is about 2000 m (compare to about 150 m for H,O).
Also because the velocity of newly formed OH(X) molecules is
relatively small compared to that of water, we can draw the conclu-
sion that collisions resulting in OH(A) are not a significant source
of radiation at the conditions under consideration. Note that a very
small region of high OH(X) density near the nozzle exitis due to the
presence of a small concentrationof OH in the plume. The impact
of plume OH moleculesis negligibly small because their concentra-
tion throughoutthe flow is much smaller than OH molecules formed
through reactions, except in the small vicinity of the nozzle.

D. Potential Radiation from the NH(4) Electronically Excited State

In the results presented earlier, reaction (6) represents the sole
source of UV radiation. Data exist, however, from the shuttle flight
experiments of the shuttle primary reaction control system (PRCS)
enginesin a flightregime very similar to thatof MirEx. The altitudes
of the firings of the shuttle PRCS engines and the PME are 290~
360 km vs approximately 370 km, both firing into essentially the
same spaceenvironment.The propellantsof bothenginesare similar.
The PRCS uses a monomethyl hydrazine (MMH) instead of the
UDMH propellant of the PME with the difference that the latter is
doubly substituted with a methyl radical.

Given the similarity of the two experiments, we examined how
our modeling could explore issues related to both sets of data. The
presenceof NH(A — X)336-nmradiation was observedin the shut-
tle onboard GLO spectrograph® Details about the experiment geo-
metry, instrumentation, and postflight analyses of the data may be
found in the work of Viereck et al.® Two GLO spectra are given®
that show the presence of NH and OH. The absence of OH in one
of the spectra may be due to the viewing geometry of the instru-
ment. In general, the slices of the plume that were measured were
close to the thruster (4 and 33 m downstream). The measurements,
therefore, emphasize those regions close to the nozzle where the
relative velocities will be lower. Had it been possible to obtain spec-
tra farther downstream, OH might have been more prominent. Also
ground-based IR measurements of the shuttle showed that OH(X)
is observed, thus confirming at least the analog of the ground-state
reaction? The excited state product, OH(A), could not be measured
with ground-basedinstruments due to atmospheric extinction.

Note that the optical passband wavelength dependence of MirEx
is centered at the OH(A — X)) transitions (310 nm), with the po-
tential contribution from NH radiation reduced by one-fifth relative
to that of OH (A — X). The MirEx data, however, are broadband
and cannot positively identify the spectral content of the radiation.
Therefore, there are two data sets, neither one being totally com-
plete. Moreover, it could be that the spectral content of the Mir
images of the PME have two different spectral components. The
near field could be dominated by radiation from NH(A) and the far
field by OH(A).

To bridge the two sets of observations, the formation of NH(A)
was added to the DSMC calculations.The work of Viereck et al.® did
not specify the exact rate used in their DSMC calculations for NH
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Fig. 12 OH(X) number density in molecule per cubic meter (upper field) and mean free path in meters (lower field); computational domain is

20,000 X 5000 m.
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formation. A private communication with L. S. Bernstein verified
that the rate (cubic meters per second) used was

kg =2 X 107"% exp(—29,000/ T)
where the corresponding process is
O + CH,NH — NH + H,CO ®)

It is postulated that NH is formed in the excited state due to the
excess collision energy available, and similar to OH(A) formation,
itis a single step process. The source of O is the freestream, and the
source of CH,NH is as an unburnt fragment of the propellant that
hasbeen suggestedby other mass spectrometry measurements.® The
thresholdfor the reactionis computedby using the ground-statether-
modynamic enthalpy values for reactions (7) or (8) given in Table 2
of the work of Viereck et al.% corresponding to a change in en-
thalpy value A H of —1.20 eV. The activationenergy for the excited
state process, E, =2.49 eV, is computed by using the ground-state
change in enthalpy value plus the additional 3.69 eV of energy to
reach the A state of NH. The A H value for the decompositionof the
hydrazine fragment is 2 eV lower in energy than for the formation
of OH(X). For less energetic portions of the flow, that is, closer to
the nozzle, this savings in energy could make the NH mechanism
dominate. The choice of activation energy of 2.49 eV is consistent
with the angular dependence of the shuttle GLO data (Bernstein,
private communication). Because it is a one step process and be-
cause the source is a minor fragment of the propellant of unknown
concentration, the preexponential factor (2 X 10~19) times the ini-
tial fragment concentration is a free parameter. Bernstein (private
communication) found an initial fragment mole fractionof 3 X 1073
to be consistent with the data. Other work'® cites a value of about
2 X 107" m3 molecule™! s™! for the preexponential factor. In our
calculations, we use the expressionfor kg,, and an initial mole frac-
tion of 1073,

The values of a,,; =a,;, =0 were assumed for both radiative re-
actions (6) and (7). The radiation contours for the two processes are
givenin Fig. 13 fora crossing geometry (aspectangle of 90 deg). To
compare the predicted shape of the distributions,both sets of calcu-
lations were self-normalized. Figure 13 shows that there is a strong
difference in the predicted shape of the two radiation sources. The
higherreaction thresholdfor reaction (6) resultsin a spatial distribu-
tion more extendedin the direction along the nozzle axis. Moreover,
the maximum of the NH(A ) radiationis observedto be significantly
closer to the nozzle with wider radial spread than that of OH(A).
The higher preexponential factor of reaction (8) has the effect of
shifting the maximum radiation closer to the nozzle. This is clearly
seen in Fig. 14, where the number of reactions per unit area per
unit time for each mechanism is presented along the nozzle axis.
The integrated values are given here to compare absolute values of
radiation when looking through the glow.

Our calculations were performed assuming that the hydrazine
fragment, CH,NH, is presentin concentrationsof 0.001%. This gave
a radiation value for NH(A) about two orders of magnitude smaller
than for OH(A). If a larger concentration of hydrazine fragments
were assumed, for example, 0.05%, the radiation emission due to
reaction (8) would then become comparable to that of OH(A).

5000

-5000

Fig.13 Comparison of normalized radiance from NH(A) (upper field)
and OH(A) (lower field).
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Fig.14 Number of reactions (6) and (8) along the nozzle axis (number
per square meter per second).
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Fig.15 Calculated OH(A) radiation contours (photons per square me-
ter per second).

Imagery was obtained from a data collectionin February 1999 of
an identical PME firing. In contrast to the August 1998 data, how-
ever, portions of the data were taken with a bandpass filter centered
at 310 nm. Examination of the February data showed that when the
filter was used the signal decreased in proportion to the filter peak
transmission (~ 17%). Hence, if the prominent source of radiation
hadbeen NH, instead of OH, the observeddecrease would have been
closer to the transmission of the filter at 336 nm, or 4%. Additional
data collections are required to further address this question.

E. Comparison with Experimental Data

The results presented in the preceding sections showed radiation
maps at a viewing angle of 90 deg, thatis, perpendicularto the noz-
zle axis. The experimental data of 25 August 1998 were obtained
for the thrust-wind angle changing from 174 to 167 deg [or as-
pect angle changing between 6 and 12 deg (see Fig. 2)]. To obtain
data consistentwith the experimental setup, the integration was per-
formed for the angles correspondingto the experimental conditions.
The comparison of computed and experimental radiation emission
maps is givenin Figs. 15 and 16. The calculated field was obtained
through the integration of number of radiative reactions through
parallel lines of sight. The image data® acquired at the Mir station
at the start of the Soyuz-TM reentry burn filled the 8-deg field of
view of the telescope, at a range from the Mir of 15 km.

The experimental image (Fig. 16) has been enhanced so that the
bright region of the near field is saturated, whereas the far-field re-
gion of the plume is evident across the active portion of the image.
The simulated image (Fig. 15) is presented in the core of the flow
to have comparable dimensions with the experimental image, with
a uniform scale used for the computed radiance. Note that the sim-
ulated image is presented for OH(A) radiation, which is presumed
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Fig. 16 Experimental radiation intensity.
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Fig. 17 Profiles of computed and measured radiances in the cross sec-
tion passing through the brightest area of the flow.

to be the main source of the glow. Figure 17 shows a comparison of
the experimental and computed radiances for a profile taken along
a line parallel to the horizontal axis of Fig. 16 through the brightest
region. The values are presented in arbitrary units, and near-field
pixels are not included in the experimental profile because they
have a much largerintensity associated with nozzle glow effects not
related directly to this study. The agreement is quite satisfactory,
especially in the region up to 1000 m. To provide a quantitative
comparison with the measurements, a spatial integration was per-
formed in the area of 2 km in diameter with the center located at
the nozzle center. The correspondingtotal emission value observed
in the experiment was approximately 3 X 10?° photon/s. The value
calculated with a,, =a;, =0 is 2 X 10?2 photon/s, which overpre-
dicts the experimentaldata by a factor of 70. For case @,y =ayin =1,
the value of radiation emission is about 1.6 X 10?! photon/s, which
is much closer to the measurements but still overpredicts the
data.

An interesting aspect considered in Ref. 1 is the measurement of
the induction time demonstrated by the far-field plume at ignition.
Whereas the near-field radiation shows an immediate rise after ig-
nition, the induction time for the far field is about 2 s. This is clearly
seen from Fig. 18, where the measured normalized intensity of the
far field is shown as a function of time. One of the possible reasons
for the inductioncould be an unsteady characterof the plume during
the first 2 s. Because one of the most transparentcriteria (necessary
but not sufficient) for a DSMC flow computation reaching steady
state is the number of particles in the domain reaching a steady-
state value, the number of particlesin the far field was calculated as
a function of time. The profile of the computed normalized number
of particles is also shown in Fig. 18. A good agreement between
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Fig. 18 Induction time for far-field plume.
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Fig.19 Calculated time dependence of the near-field radiation signal.

the two profiles is observed, which suggests the observed induc-
tion time is related to the time for the plume to reach steady state
or approximately the time needed for the plume to fill the far-field
area.

To compare the time dependence of the near-field radiation with
anticipated future data, the computed field of the number of ra-
diative reactions per unit volume per unit time was integrated at
different sight angles, corresponding to the mission trajectory con-
ditions. The integration was performed over an area defined as a
21 X21 pixel region surrounding the brightest pixel in the image.
The area is dependent on the distance between Mir and Soyuz-TM
and increased from 41 X 45 m at the beginning of the trajectory to
72 X80 m at the end. Another factor included in the calculations
was the change of the ambient density as Soyuz-TM descended
from 387 to 378 km (the density increases about 10%). The results
of asingle DSMC calculationfor the freestream conditions given in
Table 1 were used for this analysis, with the radiance scaled linearly
by the small changes in the freestream. The results of calculations
are presentedin Fig. 19 for the duration of the entire engine opera-
tion for the reentry burn. The numerically obtained time history of
the near-field radiation manifests behavior very close to the profile
of the scaled range function 1/ R?, where R is the distance between
Mir and Soyuz-TM. Note that a change of the internal mode con-
tribution to the reaction probabilities does not change the 1/ R? de-
pendence, and the coefficients to match the shape for a,,; =a,;, =0
and a,, =a,;, =1 agree within a few percent. Likewise, if NH(A)
radiation is assumed to be the plume source, it is also observed to
scale as 1/ R?.

V. Conclusions
Numerical investigations of UV radiation produced by the inter-
action of the plume flow from Soyuz-TM spacecraft and the am-
bient gas were performed for an altitude of 380 km. The DSMC
method was used in the computations. To obtain grid-independent,
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converged results, a sensitivity study of the method to numerical
parameters was conducted. It was shown that computed radiation is
sensitive to the collision cell size, whereas the impact of the number
of particles, time step, and size of the computational domain is not
so pronounced. It was also establishedthat the radiation intensity is
more strongly dependenton the choice of chemical model. Account-
ing for the internal degrees-of-freedomcontribution to the reaction
probability for the total collision energy model greatly reduces the
radiance.

Two possible paths for water dissociation were examined, which
resulted in OH formation either in the ground or excited state. The
formation of OH moleculesin the groundstate was found to be faster
by approximately a factor of two than OH(A) production along the
plume axis. Because of a lower reaction threshold, ground-state OH
tends to form more rapidly than OH(A) on the periphery. However,
the concentrationof OH(X ) was found to be insignificant as a source
of radiation through the collisional excitation OH(X) — OH(A).
The OH(X) mole fraction of 107> in the plume was shown to be
small as comparedto the OH(X ) productionthrough the dissociation
of water.

To examine the influence of possible radiation of excited NH
as a result of dissociation of hydrazine fragments, computations
were performed with both mechanisms of radiation included, from
OH(A)and NH(A). It was shown that the radiationemissionmap for
these sources is qualitatively different. Because of a considerably
smaller reaction cross section and reaction threshold, the NH(A)
emission occurs mainly near the nozzle exit. Whereas the maximum
of radiation intensity for OH(A) is observed at about 2500 m from
the nozzle exit, the maximum for NH is located less than 1500 m
from the nozzle.

Because the concentration of hydrazine fragments in the plume
is unknown, except that it is a trace species, a mole fraction of 1073
was assumed for these fragments in the plume. Although this value
is very small, if correct, the radiation from NH(A) would be two
orders of magnitude smaller than from OH(A).

The results of computations were compared with available ex-
perimental data for the time dependence of the near-field radiation
intensity from Soyuz-TM spacecraft, observed at the Mir space sta-
tion. The computations included the factors of distance, angle of
view, and altitude, affecting viewable radiation. The absolute mag-
nitude of numericallypredictedradiationis higherapproximatelyby
afactorof 5-70, dependingon the chosen chemistry model for water
dissociation. However, the simulations are in reasonable agreement
with the near-field plume intensities. The model provides an expla-
nation for the experimentally observed induction time of 2 s for the
far-field plume data.
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