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Predicted Optical Characteristics of Solid Rocket
Motor Exhaust in the Stratosphere

Edward J. Beiting*
The Aerospace Corporation, El Segundo, California 90245

Optical characteristics of large solid rocket motor exhaust in the stratosphere are predicted for portions of the
near-ultraviolet, visible, and near-infrared spectral regions. Mie scattering calculations show that attenuation by
the alumina particles is caused principally by the large-particle mode of the trimodal particle size distribution. The
local attenuation in the plume as a function of wavelength and the transplume total attenuation due to particles as
a function of time are predicted for several wavelengths. An expression for the total surface area of the particles
is derived in terms of known parameters and the Sauter mean diameter. Mie theory is then used to show that
this Sauter mean diameter can be measured using a two-color transmissometer. The absorption spectra due to the
chemical constituents are predicted for the 200-400-nm wavelength interval for several times after vehicle passage.
It is predicted that these absorptions are comparable to the attenuations due to particle scattering.

Nomenclature

A, = cross-sectional area of plume, m’

a = geometrical cross-sectional area of particle, cm?

Qyor = total surface area of all particle per unit volume of air,
pum? cm™3

C,, = mass of particles per unit volume of air, gcm™>

D = particle diameter, um

D ax = maximum measured particle diameter in a size
distribution mode, um

D.in = minimum measured particle diameter in a size
distribution mode, um

D5, = Sauter mean diameter of particle, um

L = path length through a plume, m

) = light path coordinate through a plume, m

M; = total mass of alumina exhausted from solid rocket
motor per vehicle track length, gm™!

np(D) = particle number density with respect to particle
diameter,cm™3 ym™!

nias(t) = concentration of molecular species j, cm™>

p+ig = complexindex of refraction

Q = light scattering efficiency

0 = light scattering efficiency averaged over particle size
distribution

r = radial coordinate in plume, m

T = transmission of light beam

t = time, s

Vgot = total volume of particles per unit mass of air,
um?® cm™3

w = particle size distribution width, um

o = Mie scattering particle size parameter, 7 D /A

Bav = average total attenuation coefficient, cm~!

Beas = attenuation coefficient due to molecular absorption,
cm™

Bparice = attenuation coefficient due to particles, cm™!

Vi = particle mode parameter, um™!

0 = angle between light beam and plume axis

K = attenuation parameter, g~ cm?

A = wavelength of light, um

o(D) = mass density of alumina particles, g cm™>

Pav = mass density averaged over size distribution, g cm™3

o = absorption cross section of a chemical species, cm?
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Introduction

N a companion paper, a model was developed for the character-

istics of alumina (Al,03) particles of solid rocket motor (SRM)
exhaust in the stratosphere.! The motivation for that work was to
further understand the local (<100 km in extent) effects of SRM
exhaust on the Earth’s ozone layer. Of particular interest is the
verification of the fluid-mechanical-chemical-kinetic models that
predict the creation of a transient ozone hole. Many of the verifica-
tion techniques are optical and require an a priori knowledge of the
optical absorption of the plume. Here, this model for the specific
particle density and a model for SRM plume chemistry? are used
to calculate the optical attenuation caused by the particles and the
chemical constituents of the plume. The predictions are made for
a Titan IV plume at an altitude of 20 km. Two wavelength inter-
vals are considered: the near ultraviolet, where the chemical species
have continuous absorption bands, and the near infrared, where the
attenuation due to particles predominate. We do not consider de-
screte molecular transitions in the infrared. The results are useful
for predicting the feasibility of measurements by in situ ultraviolet
absorption spectrometers, infrared transmissometers, ground-based
LIDAR? instruments, and existing instruments that use scattering
sunlight for inferring chemical concentrations, i.e., Total Ozone
Mapping Spectrometer* and High-Resolution Ozone Imager.’ In
addition, it is shown how transmission measurements at two in-
frared wavelengths can be used to indicate the total surface area of
the particles available for heterogeneous chemical reactions.

The transmission of light through an inhomogeneous medium of
particles and gas as a function of wavelength, time, and traversal
length is

L
T(}»,t, L):exp{_/ [ﬂpanicle(}‘sta l)+l3gas()‘ats l)]dl} (1)
0

For a collection of identical spherical particles, the attenuation co-
efficient due to scattering can be written as the product of the scat-
tering efficiency, the geometrical cross section of the particle, and
the number density of particles:

ﬂparticle (}‘s z, l) = Q(D, A)a(D)n[t, r(l)] (2)

The scattering efficiency Q can be calculated rigorously as a func-
tion of particle diameter and wavelength using electromagneticthe-
ory. (Note: The alumina exits the rocket combustion chamber as
liquid droplets and cools rapidly to form spherical particles.') The
absorption coefficient due to the gas can be written as a product of
the concentration and the absorption cross section of the individual
species:

Bus O 1,1) = Y011, r (Do (1) 3)

Jj
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In the following sections, we calculate the attenuation and absorp-
tion coefficients employing the chemical and particle models for the
gas and particle densities.

Ultraviolet Attenuation
First consider the attenuation due to particles. If the particles
are not of uniform size (polydisperse systems) but are of a single
size-distributionmode, the attenuation coefficient in Eq. (2) can be
generalized and written in terms of mean values®:

30Dy, w, p +iq, MCyt, r(D)]

“)
zpav D32

ﬂparticle (}‘s z, l) =

C,, is the mass concentrationof the particlesin the medium (g cm~>

of air) given by

Drmax
C,(r, 1) = / np(D,r,t)p(D)V(D)dD (5)

'min

The average mass density for the particles in the mode, p,,, is cal-
culated using

S np(D)p(D)dD
2™ np(DYdD

'min

Pay (6)

where the particle mass density as a function of its diameter can be
written'

p(D) = 1.65+2.4 x 1070190 (Dinpum, ping/em®)  (7)
D;, is the volume-weighted-to-areaweighted (Sauter) mean diam-
eter

2™ np(DYD?dD
Do = T ®
S ™ np(D)D*dD

'min

and Q is the efficiency averaged over the particle distribution func-
tion:

So np(D)Qle(D), p+ig1D*dD

D

- ©
[P pp(D)D? dD

'min

The particle size distributionis given by!

344\’ o\ o
np(D,r,t) = (T) exp(—1 75t> Znie_V‘D (10)

i=1

where 7 is in seconds, r is in meters, and the summation is over the
three particle-sizemodes. The parameters required for these modes
are given in Table 1. This model predicts the particle size distribu-
tion and density of plumes of a Titan IV vehicle in the 18-40-km
range during its early expansion. Equation (4) is a useful for-
mulation of scattering by a polydisperse system of particles be-
cause Q depends primarily on the Sauter mean diameter and is
independent of the shape of the size distribution function for a
monomodal distribution Furthermore, for the case of small absorp-
tion (smallimaginary componentof the index of refraction), the ratio
Q(A1)/Q(A,) is amonotonic function of D3, for Ay /3 < D3y < Ay,
thus permitting the Sauter mean diameter to be determined by mea-
suring the transmittance at only two wavelengths, as will be dis-
cussed.

Table1 Particle-size mode parameters

ni, Yis Din, Diax, D32!
Mode m~3 p,m_l p,m_l um pum um
Small 8.3 x 10'2 63.3 0.025 0.244 0.056
Medium 1.8 x 108 3.13 0.245 0.99 1.0
Large 3.3 x 107 0.80 1.0 10 3.6

Mie scattering theory is used to calculate the mean scattering effi-
ciency. Mie theory is a rigorous application of Maxwell’s equations
to the problem of the scattering of electromagneticwaves by spheres
of arbitrary size.®® The results presented here were obtained using
an extension of an existing Fortran code' that permits the calcula-
tion of the mean value of the scattering efficiency for a distribution
of particle sizes. The code uses a lognormal distribution for the par-
ticle sizes, but, as noted above, the mean values of the scattering
efficiency are insensitive to the shape of the distribution function.
This is true only for monomodal particle size distributions and so
does not strictly apply to this (trimodal) application. However, if
the attenuation is negligible for all but one mode, then the distri-
bution may be considered to be monomodal for the purposes of
light scattering. This has been shown to be true for a large SRM
plume at infrared wavelengths and nearly true at ultraviolet wave-
lengths.

Figure 1 shows calculated mean efficiencies as a function of the
Sauter mean diameter for a monomodal lognormal dispersion dis-
tribution with a standard deviation of 1.5 and an assumed imaginary
refractive index of zero. The assumption of small absorption s jus-
tified by previous studies.'""'> Figure 1a uses a real refractive index
of 1.8, which is characteristic of rocket plume alumina particles
for wavelengths of 200, 300, and 400 nm. Figure 1b shows a sim-
ilar calculation for wavelengths of 0.5, 2.75, and 5.0 um. A real
index of refraction of 1.7 is realistic for these wavelengths.!* The
scattering efficiency is greatest when the mean particle diameter is
approximately equal to the wavelength of light. At much smaller
diameters, the efficiency (the ratio of the scattering cross section to
the geometrical cross section) approaches small values that can be
calculatedusing Rayleigh theory, whereas at larger diameters the ef-
ficiency approachesa value of two. The mean scattering efficiencies
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8ot i
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Fig. 1 Calculated mean efficiency factors as a function of D3;.
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Table 2 Particle scattering efficiencies and attenuation coefficients

A =02pum A =0.3um A =04 pum A =0.5pum A =1.0um A =5.0um
D32, P> Cms _ ﬂaV! _ ﬂaV! ﬂaV! _ ﬂaV! _ ﬂaV! _ ﬂaVs
Mode um  glem®  g/em’ 0 cm™! 0 cm™! cm™! 0 cm™! 0 cm™! 0 cm™!

Small 0.056 4.0
Medium 1.0 3.6
Large 3.6 2.6

3.0E-11 057 1.1E-6 0.14 28E-7
3.8E—11 235 3.7E-7 242 3.8E-7
2.5E-9 2.15 8.6E-6 2.19 8.8E-6

0.046 9.2E-8 0.015 3.0E-8 1.6E-5 3.2E-11 15E-6 3.0E-12

3.9E-7 274 43E-7 0.9
89E-6 23 9.2E-6 2.9
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1.2E-5 33
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Fig. 2 Efficiency factors for three Sauter mean diameters correspond-
ing to the measured size distributions of large SRM particles in the
stratosphere as a function of wavelength.
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Fig. 3 Attenuation coefficients using the particle-plume model at
times of 100 s ( ) and 1000 s (- -- -) after SRM passage: scattering
coefficient.

for selected wavelengthsof interestfor each of the three particle size
modes expected in the plume are given in Table 2.

Figure 2 displays the mean scattering efficiencies as a function of
wavelength in the 200-400-nm spectral region for the three Sauter
mean diameters of the trimodal particle size distribution. The effi-
ciency factors for the small particles (D3, = 0.056 pwm, bottom half
of Fig. 2) are small for all wavelengths in this spectral range. The
medium-particle (D3, = 1.0 um) and large-particle (D3, = 3.6 um)
mode scattering efficiencies are significant at all of these wave-
lengths. The mean scattering cross section QA will be large for the
large particles in this wavelength interval, but the number densities
will favor the small-particle attenuation coefficients. The particle
attenuation coefficient is calculated for each particle size mode us-
ing Eq. (4), where Q is taken from Fig. 2 and C,, is calculated for
each mode using Eq. (5) and the particle distribution given by Eq.
(10). The results for the spatially averaged values of the attenuation
coefficient are shown in Fig. 3 and for selected wavelengths in Ta-
ble 2. The coefficients were calculated for 1 =100 and 1000 s after

vehicle passage. The spatial average was calculated over a region
between plume centerline and the radial position where the particle
number density falls to e~2 times its peak (centerline) value. Using
e~! to define the averaging region increases the average attenuation
coefficients by a factor of 1.4. The attenuation coefficients at plume
centerline are 2.3 times those shown.

These curves indicate that the optical attenuationdue to the large-
mode particlesin this spectralregionis at least 8 times thatdue to the
small- and medium-mode particles. The advantageof the large num-
ber density of the small-particle distribution is outweighed by the
large scattering efficiencies and the large geometrical cross sections
of the large particles. Thus for the purposes of optical measurements
in this near-ultravioletspectralinterval, the particle size distribution
may be approximated by a monomodal distribution, and inference
of Sauter mean diameter from particle attenuation measurements at
two or more wavelengths will correctly yield the Ds, values for the
large mode distribution. However, if this attenuationis comparable
to the molecular absorbances, such an inference will be precluded.

Absorption Spectra

All of the expected chemical species of interest in a Titan
SRM plume have significant absorption cross sections in the near-
ultraviolet spectral region. This statement is also true for most of
the ambient stratospheric species. This absorption may present the
opportunity to monitor the concentrationof these species with an ab-
sorption spectrograph. However, this spectral grouping also implies
spectral congestion because the absorptions are broad and for the
most part unstructured. Predicting the spectra relies on the ability to
model the concentrations of the expected species and the availabil-
ity of absolute absorption cross sections. Results from the current
version of a model by Brady and Martin? will be used to calculate
the chemical concentrations as a function of time after vehicle pas-
sage. Absolute absorption cross sections of most of the chemical
species of interest have been measured at the ambient stratospheric
temperature.

The model by Brady and Martin uses SURFACE CHEMKIN'4
and the output from the chemical-fluid dynamics model of the Titan
IV SRM combustion due to Zittel' to calculate the species concen-
trations in the plume. The concentrations from the Brady-Martin
model are calculated for a given stratospheric altitude and time,
but this model does not predict spatial distributions. It does allow
calculations of heterogeneous chemical reactions and the differ-
entiation of isomers such as OCIO and CIOO that have different
absorption spectra. Using the latest measurement of surface reac-
tion rate constants'®!” and the calculated particle surface area from
the model of the alumina particles, the model predicts that heteroge-
neous reactions will not be important. However, the concentrations
are a sensitive function of the plume dispersionrate. This sensitivity
is discussedin Appendix A. Informationon the absolute absorption
cross section can be found in Appendix B.

Figure 4 displays the expected absorption coefficients for the am-
bient species in the stratosphere at an altitude of 20 km between
200 and 400 nm. The concentrations used to generate these curves
are also shown. The concentrationswere calculatedusing the LNLL
two-dimensional model of the troposphere and stratosphere as pre-
sented in Appendix 2 of Ref. 20. This version of the model repre-
sents a 1990 ambient atmosphere for March 15 at local noon and
40°N latitude. The composite curve is the expected spectrum and is
dominated by O3 with contributionsdue to O, and NO, in the short-
and long-wavelength regions, respectively. (The short-wavelength
discontinuity in the curve is an artifact caused by missing data for
O, below 205 nm.) The accurate O cross sections and constant O,
density outside the plume at a given altitude can serve to calibrate
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Fig. 4 Absorption coefficients of ambient stratospheric species and
expected absorption spectrum (marked composite).

4

COMPOSITE

[051=39x10"7
Ho = 1.2x 1044
[Cly] =7.5x 10"3
[cioj=52x 10"
[0g1=27x 10"
[CIONO,] = 8.0x 1070
[CI00] = 2.9 x 10°

LOG ABSORPTION COEFFICIENT (cm™)

-8 T T T
200 250 300 350 400
~ WAVELENGTH (nm)

Fig. 5 Expected absorption coefficients and absorption spectrum in
plume using predicted densities at 100 s after Titan IV passage.

an airborne absorptionspectrographover a five-order-of-magnitude
dynamic range between passes through the plume.

Figure 5 illustrates the plume absorption coefficients 100 s after
Titan IV passage. Here the spectrum shows contributionsfrom HCI,
0,, O3, CIO, and Cl,. Because the kinetics model calculates an
averagedensity, the spectra will vary considerably between the cen-
terline, where there will be greater contribution than shown from
the chlorine species, and the plume edge, where the O; absorption
will be more pronounced. The spectrum has changed to nearly that
of the ambient atmosphere at 1000 s, as indicated in Fig. 6. Here
only contributions from O,, Os, and Cl, are discernible. Figure 3
indicates that these spectra will compete with attenuation caused
by light scattering by the particles. The constant attenuation due
to the large-particle mode nearly equals that due to the gaseous
chemical species at 100 s. This is also true for the attenuation due
to the Cl, at 1000 s. Because the attenuation due to the particles is
nearly constantin this spectralregion, it may be possible to measure
the relative concentrations of the aforementioned chemical species
using an in situ absorption spectrograph. However, the measure-
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Fig. 6 Expected absorption coefficients and absorption spectrum in
plume using predicted densities at 1000 s after Titan IV passage.

ment of the Sauter mean diameter by a transmissometer will be dif-
ficult due to the large overlying molecular absorption. This particle
measurement is more readily made at infrared wavelengths, where
the molecular absorption consists of narrow lines that are easily
avoided.

Applications

In this section, two applicationsof the particle model and the op-
tical scattering results are considered. The first is a straightforward
method of measuring the specific density of total particle surface
area using a two-wavelength transmissometer. This parameter, to-
gether with the reactive sticking coefficient, can be used to discover
the effect of heterogeneous chemical reactions in the plume. The
second is the measurement of the transmission across the plume
at an arbitrary angle. This information is useful for estimating the
feasibility of plume measurements using LIDAR.

Measurement of Total Particle Surface Area Per Unit Air Volume

If all of the particles in the plume have the same size, the total
surface area of the particles per unit gas volume is simply the total
number of particles per unit volume times the surface area per par-
ticle. For a particle size distribution, the total particle surface area
per unit gas volume is

oy =rr/ np(D)D*dD an
0
Similarly, the total volume of particles per unit gas volume is
T [¥ .
Vot = & np(D)D*dD (12)
0

Now, we note that
amt/Umt = 6/D32 (13)

where Eq. (8) was used for D;,. Furthermore, we note that v, =
M /A, pa . Substitutingthis expressionfor v, in Eq. (13), we obtain

6M
Aot = _— (14)
AppavD32

Equation (14) is an important result because it shows how the vol-
ume density of the total particle surface area can be obtained from
known or easily measured quantities. The mass of the alumina per
vehicle track length is 15 g/cm for a Titan IV at 20 km, the cross-
sectional area of the plume is measured on traversal of the plume,
and the average density of the particles is approximately 3.0 g/cm?>.
Now consider measuring the Sauter mean diameter by a two-color
transmissometer.
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Fig. 7 Ratio of the mean scattering efficiencies [see Eq. (15)] for three
wavelengths calculated using Mie theory. Locating the ratio of the loga-
rithms of the measured transmission at two wavelengths on the ordinate
of the function allows the Sauter mean diameter D3, to be inferred from
the abscissa.

From Egs. (1) and (4), the ratio of measurements of transmission
at two wavelengths can be expressed as a simple function of the
mean efficiency of a distribution with a given Ds;,

0>(D3,) _ InT (Ay)
01(D3) In7(%1)

f(Dy) = (15)

This function can be calculated for the wavelengths and refractive
indices of the particles using Mie scattering theory. This was done
for three wavelengths in the visible and infrared spectral regions
where the attenuation is larger than in the ultraviolet region and
the descrete molecular absorptions are narrow and easily avoided.
The results are shown in Fig. 7. For the case of small absorption
(small imaginary component of the index of refraction), this func-
tion is monotonic for A;/3 < D3, < A,. Accordingly, the value
of Ds;, can be inferred from one of these curves given the mea-
sured transmissions for a monomodal distribution. From Table 2,
the attenuation due to the large-particle distribution is orders of
magnitude greater than that of the small- and medium-particle dis-
tributions at infrared wavelengths due to their geometrical size
and scattering efficiencies. Thus the distribution will appear to be
monomodal, and only the Sauter mean diameter of the large mode
will be measured. Although the largest change in the function is
given by the ratio Q(D3,, A = 0.5 um)/Q(Ds,;, A = 5.0 um), the
ratio Q(Ds,, A = 2.75 um)/Q(D5,, A = 5.0 um) is the better ra-
tio to use for this application because the attenuation coefficient at
2.75 um is somewhat greater for the large mode particles, the atten-
uation is smaller for the medium mode particles at 0.5 um (better
approximating a monomodal distribution), and the expected mean
diameter lies near the center of the region of monotonicity.

Only one of the curves shown in Fig. 7 is required to measure
Dy, if the value of the width w of the distribution and the com-
plex refractive index are known. If these quantities are not known,
several transmission measurements can be taken at different wave-
lengths. The ratios of these measurements can then be compared
with the calculated curves of ratios of Q(Ds,) vs D3,. If Q(D3,)
is calculated for the correct size distribution width and index of re-
fraction, then all of the measured ratios will yield identical values
of Dj,. Alternatively, a multiparameter fit of the calculated values
of Q(Ds,, w, p +iq) to the measured ratios will allow the determi-
nation of D3,, w, and p +iq. In practice, the value of the imaginary
part of the refractive index (g) is small for alumina particles at
wavelengths below 6.5 um and may be ignored, leaving only three
parametersto fit. For example, Kim et al.'! used transmissionsat five
wavelengths to determine the Sauter mean particle diameter
(0.150 um =+ 8%), standard deviation [1.50 (£3%)], and real index
of refraction [1.63 (£8%) for visible wavelengths] of the particles

Table 3 Plume transmissions at 45 deg

D3>, Transmission
Mode um A=02um 0.3 um 5.0 um
Small 0.056 0.964 0.991 1.000
Medium 1.0 0.989 0.989 0.999
Large 3.6 0.761 0.757 0.657
1.0
D,, = 3.6 ym

0.8

0.6 -

04

TRANSMISSION

0.2 +

0.0 T T T T — T T
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TIME (sec)

Fig. 8 Transmission of a beam of radiation across a Titan IV plume
as a function of time after the passage of the SRM.

at the edge of a plume from a small solid-propellant motor. This
technique will only measure the surface area of the large mode par-
ticles. If the particle size distribution given by Eq. (10) is correct,
this mode accounts for about two-thirds of the total surface area.

Light Transmission Across the Plume at an Arbitrary Angle

Here we consider the plume attenuationdue to particles alone for
a beam of light crossing the centerline of a plume and making an
angle 6 with respect to its axis (see Fig. 8). From Egs. (1) and (4),
the transmission is given by

T = expl:—lci/ C,(r, 1) dr:| (16)

where the attenuation parameter is

30;(M)

=— 17)
20(D33;) D3y cos 0

Ki

i is the index for the particle size mode, and C,, is given by Eq. (5).
Using the mean efficiencies from Table 2 and angle of 45 deg (an
appropriate value, assuming a vertical LIDAR beam and a typical
trajectory of a Titan IV in the stratosphere), transmissions through
the plume at three wavelengths for each of the three particle modes
are given in Table 3 at 10 min after SRM passage. Again, nearly all
of the attenuationis due to the large particles. The time dependence
of the transmission for the large mode particles at a wavelength of
300 nm (a typical LIDAR wavelength) is shownin Fig. 8. The plume
becomes more than 50% transparent in the first 5 min. This result
is consistent with initial stratospheric LIDAR measurements of a
Titan IV plume but is the effect of the particle attenuation only. The
measuredattenuationwould include the absorptiondue to molecular
species. Differential attenuation, on and off molecular resonances,
is easily accomplishedin the infrared and permits the separation of
the particle and chemical contributions.

Conclusions
The understanding of the interaction of a large SRM with the
stratosphere can be significantly increased by measuring the prop-
erties of alumina particles and the concentrationof chlorine species
in the expanding plume as a function of time. Models that predict
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significant quantities of active chlorine and local depressed ozone
levels are sensitive to initial concentrations,reactionrate constants,
total particle surface area, plume dispersion rate, etc., with nonlin-
ear interlinking dependences. Data measuring the perturbations to
the stratospheric chemistry by SRMs are nearly nonexistent. Op-
tical techniques are a practical method to measure many of the
required quantities, but the design of an appropriate optical instru-
ment and the interpretation of the data require a priori information
about the optical characteristic of the stratosphericplume. Informa-
tion adequate for the design and application of such techniques was
presented here. These studies indicate that nearly all of the scat-
tering of light with wavelengths greater than 200 nm is due to the
large-particle-sizemode. At ultraviolet wavelengths, the absorption
due to chemical species competes with the attenuation due to light
scattering. The attenuation due to particles and gas-phase absorp-
tion decreasesrapidly with time, making quantitativemeasurements
difficult at times more than 20-30 min after vehicle passage. Any
in situ instrument that relies on absorption will required a large
dynamic range to monitor the species concentration from edge to
centerlineof the plume, as well as one or more multipass cells, with
the longest having a path length of at least 1 km. Instruments that
view attenuation across the entire plume should be readily feasible.

Appendix A: Chemical Concentration Sensitivity
to Diffusion Parameters

The incorporation of the diffusion model into the chemical ki-
netics model of Brady and Martin? can be done several ways. We
consider two methods, each of which requires choosing two initial
parameters. The predicted species concentrationsand persistenceof
the ozone hole are sensitive to these choices.

The functional form for the diffusion of the number density in the
plume is!

n(r, 1) = ny(to/1)*exp{—(1/D)[(r/1) — (ro/t)1} (A1)

where ny is the particle number density at ry and £, and the diffu-
sion parameter b = 1.75 m/s. The Brady-Martin model is one di-
mensional, assuming a constant concentration in a plume radius,
and this concentration decreases through a dilution factor given by

1 9n 2 R,
_— == == A2
n ot (t bt2> (A2)

For an expanding plume, t > R,/2b, and the time axis must be
redefined, i.e.,t — t — Ry/2b + t, where t, is the starting time for
the model, at which the concentrationis ny and the radiusis Ry. The
Brady-Martin model predicts chemical concentrationsbased on ini-
tial concentrationsand temperature calculatedby Zittel’s chemical-
fluid-mechanical model,'> which follows the combustion of Titan
IV SRM from combustionchamberto 2 s after the exhaust exits the
nozzle. The Brady-Martin model begins its calculation at 2 s when
the radius of the plume is about 25 m. We assume these values for
to and Ry in this first approach.

An alternative approach is to define a radius of the plume
for the one-dimensional Brady-Martin model using the relation
n(R,t)/n(R;,t) = e 4,50 R(t) = Ry + Abt. If A = 1 (or 2),
the edge is defined as the radius where the density falls to e~! (or
e~?)of its centerlinedensity. Assuming the plume expandsin the two
dimensions normal to its axis, the dilution factor for this approachis

Lom_ 24 a3

n ot Ry + Abt
The concentrations of a nonreacting species (He) and Os are
calculated using the Brady-Martin model for a Titan IV rocketat an
altitude of 20 km for these two dilution factors. The results are shown
in Fig. Al. The concentrations of the nonreacting helium show the
purely dispersiveeffects. The solid lines show the helium and ozone
concentration profiles generated when the model employed the dis-
persion parameters that were used to calculate the spectra shown in
Figs. 6 and 7. The first approach shows a deeper ozone hole than the
second and is not sensitive to a change of 7, from 0 to 2 s for times
greater than 10 s. The second approach is sensitive to the definition
of the radius parameter A. Which approach and parameters give
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Fig. A1 Ozone and He concentrations in a Titan IV plume predicted
by the Brady-Martin model using different dispersion characteristics.
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Fig. B1 Absolute absorption cross sections of stratospheric and SRM
afterburning species.

the most realistic concentrationscan only be answered by measure-
ments. The only known in situ measurement of O3 concentration
in an Titan III-C plume found a 40% decrease from ambient value
about 12 min after vehicle passage at an altitude of 18 km.'® (Note:
A U.S. Air Force Program using LIDAR and in situ sampling in
the stratosphere is currently collecting data to study this topic.) If
this value is correct, the second approach (with a radius parameter
between 1 and 2) is the more accurate. For both approaches, the
ozone hole does not persist longer than about 1.5 h. This fast ozone
recovery does not occur for a dilution factor based on the dispersion
model of Watson et al.!® For that case, the ozone hole persists for
many hours, as shown by the bottom curve in Fig. Al. The concen-
trations used for calculating the absorption spectra shown in Figs.
5 and 6 were obtained using the dilution factor calculated using the
second approachand a radius parameter of 1. The heliumand ozone
concentrationsfor this case are shown by the solid curvesin Fig. Al.

Appendix B: Absolute Absorption Cross Sections

Data on the absolute absorption cross section exist for all of the
relevantspeciesin this work. The cross sectionsused to calculate the
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absorption coefficients shown in Figs. 4-6 are presentedin Fig. B1.
Most of the data were taken from Jet Propulsion Laboratory (JPL)
Publication 92-20 (Ref. 20), which compiles chemical kinetics and
photochemical data for use in stratospheric modeling. The OCIO
data are from Ref. 21. The temperatures of the spectra shown are as
follows: O; and NOs, 273 K; N,0, 215 K; HNO;, 298 K; OCIO,
293 K; and (Cl1O),, 225 K. Other temperatures were not listed in the
JPL publicationand are presumably room temperature. The models
predict large concentrations of water vapor in the plume, and some
species could be hydrolyzed. This can change the position and ap-
pearance of several of the spectra shown. For example, nearly all the
structure of OCIO is smoothed out when OCIO is in water solution.?2
Thus there could be variations in the structure of species shown in
Fig. B1, butthey are probably not extensive,since the Brady-Martin
model does allow water condensation and predicts virtually no lig-
uid water.
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