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1.0 Introduction 

Interest in the environmental effects of solid rocket motor (SRM) exhaust on the atmosphere 
has led to a number of recent studies. Models were developed that predicted perturbed 
chemistry in the upper atmosphere and, in particular, a transient ozone hole in the strato- 
sphere. [1-8] Other than a brief mention of depressed ozone levels of a plume fly-through [9], 
no observational evidence exists of this effect. The ability to verify experimentally the predic- 
tions of these models has become a topic of considerable interest. [10-19] Most of the tech- 
niques proposed for these measurements are optical, therefore the ability to interpret the data 
collected by these instruments and even the feasibility of the techniques themselves depend on 
an a priori knowledge of the characteristics of the alumina (A1203) particles in the plume. For 
example, Mie scattering by the particles can affect the ability to recover in-situ ultraviolet ab- 
sorption spectra [12], alter the interpretation of ground-based absorption data using a solar or 
stellar source [17], change the interpretation of TOMS [16] and HIROIG [18] data, and affect 
the feasibility of making LID AR measurements. [11,14] 

The particles also may play a role in the chemical interaction of the plume with the strato- 
sphere through heterogeneous reactions. [2,7] For this reason, it is desirable to measure the 
total particle area available as a reaction surface. This measurement is required in addition to 
gas-particle adsorption/desorption kinetics and the number density of the gaseous chemical 
constituents of the plume to gain a true understanding of the stratospheric plume chemistry. 
The design of instruments to measure remotely (or in some cases by in situ techniques) the 
reaction surface area, not surprisingly, also requires foreknowledge of the particle sizes and 
density. 

This report attempts to address these needs by gathering the best available data on SRM ex- 
haust particles and plume dispersion in the stratosphere. This information is used to develop 
a model of specific particle density; that is, the particle number density as a function of parti- 
cle size, altitude, position in the plume, and time after vehicle passage. Estimates of the reac- 
tion surface area and optical characteristics of the plume then are predicted based on this 
model. In addition, a straightforward optical technique to measure the total surface area per 
air volume is described. Much of the analysis presented here was taken from unpublished 
studies by the author addressing the problem of plume measurements. [12,13,19] This report 
extensively updates, augments, and presents the information in a more accessible form. Many 
of the calculations presented in these previous reports have been redone based on the most 
recent form of the particle model presented here. Some information on the plume dispersion 
measurements and feasibility of a flight transmissometer have not been included in this report. 



2.0 Particle Composition and Morphology of the Plume 

2.1 Measured Large-Particle Ambient Composition of the Stratosphere 
The large-particle (> l|im) composition of the stratosphere is briefly reviewed because it is the 
background against which particle measurements must be made and because it is a source of 
information for the large-particle distribution of SRM exhausts, which is missing from the 
SRM exhaust stratospheric database. As shown below, the particles that contribute most of 
the surface area available for chemical reaction are those with diameters greater than 1 urn. 

Table I 
Number Densities of Ambient Stratospheric Particles (m3) 

(from ref. 20) 

Chon- 
Year dritic Silicate Al Al' Fe-S Fe+S CAS Low-Z Other Total 
1976 0.010 0.030 0.004 0.018 0.007 0.004 0.002 0.002 0.013 0.089 
1981 0.018 0.037 0.037 0.013 0.013 0.005 0.002 0.018 0.021 0.16 
1984 0.017 0.22 0.71 0.15 0.051 0.051 0.002 0.27 0.22 1.7 

Notes: Chondritic = extraterrestrial origin; Al = Aluminum and alumina components only; Al' = Primarily 
aluminum with lesser amount of other elements; CAS = calcium aluminum silicates. Activity and ablation of 
spacecraft material produces particles in the classes of Al, Al', silicate, Fe-S, Fe+S, low-Z, and other. Densi- 
ties are in units of m"3 

A comprehensive analysis of ambient stratospheric particle data taken during the period of 
1976-1984 is available, and data presented here are drawn from that report. [20] All data 
were collected between an altitude of 17 and 19 km with NASA WB-57F and U2-C aircraft 
using retractable solid inertial impaction collectors. All samples were analyzed for morphol- 
ogy, size, and chemical composition. Table I and Figs. 1 and 2 show some relevant results. 
The number densities shown are minimum values since the collector plate efficiency is less 
than 100% due to (smaller) particles flowing around the plate. 

From Fig. 2, it is clear that nearly all the ambient Al particles have diameters of less than 4 
urn. Noting that the total particle density in the SRM plume about ten minutes after vehicle 
passage is approximately 1010 m"3 (see Section 2.3.1.2 below) and that the small particles have 
a density of 106 times greater than particles with diameters greater than 1 jam (see Fig. 3 be- 
low), we see that the early large particle density in the plume is ~ 104 m"3, which is a factor of 
104 - 105 greater than the ambient large-particle density. Thus, the ambient particle density 
will contribute negligibly to plume particle measurements and effects at early times. The time 
required for this early density to disperse to the ambient large-particle density is discussed in 
Section 2.3. 
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Figure 1. Partition of ambient large Al and Al' 
particles at 17-19 km altitude during the period 
1976-1984 (from ref. 20). 

Figure 2. Total large Al ambient particle 
size distribution at 17-19 km altitude dur- 
ing the period 1976-1984 (from ref. 20). 

Approximately an order of magnitude increase in total large solid particle number density and 
a factor 20 increase of Al and Al' particle number density of the stratosphere occurred during 
the study period. This increase is attributed to SRM exhaust and rocket and satellite debris. 
[20] The main source of the Al and Al' particles is rocket motor exhaust and ablating space- 
craft. About half the 1984 Al particles are spherical (see Fig. 1), and these spherical particles 
are attributed solely to SRM exhaust. If we assume that the spherical particle size distribution 
of the Al particles is not grossly different from that of the nonspherical Al distribution, then 
the 1984 curve in Fig. 2 can be used to calculate estimated mean diameter of the large parti- 
cles in the SRM plume. This is done in section 2.2. 

2.2 Particle Characteristics in SRM Plumes 
Particle size measurements have been made in the motors of subscale rockets [21-25], in the 
ground clouds of a Titan [26,27] and the STS [28], in the upper troposphere plume of the 
STS [28-31], in the stratospheric plume of a Titan [27], and in the plume of an Atlas [26]. 
Particle density measurements were made in the tropospheric plumes of the STS [29,31], and 
the ground cloud [26,27] and stratospheric plume [27] of a Titan. Particle morphology was 
studied in the ground clouds of a Titan [27] and the STS [28], in the stratospheric plumes of a 
Titan [27], and the tropospheric plumes of the STS [28,30-32]. Chemical composition was 
studied of the particles collected in stratospheric plumes of a Titan [27] and the tropospheric 
plumes of the STS [32] as well as from plumes of other small rockets (PAM D-II, IUS, 
Peacekeeper Stage II) [33]. Studies of the environmental effects of particles from STS 
plumes in the troposphere [34] and stratosphere [34,35] have also been made. 
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The relevant results from these works are: 
1) The particle size distribution extends from below 0.03 urn to approximately 

10 ums and is probably trimodal in the stratosphere in this size range for 
large rockets. [27,31] At stratospheric altitudes, particle size increases with 
time (during the first few minutes after vehicle passage) for particles with di- 
ameters between 0.3 urn and 1.33 urn due to condensation of vapors or ag- 
glomeration. [27] Particle size decreases with increasing rocket motor size. 
[23] 

2) The particles are spherical in shape and have a composition of A1203 with 
trace amounts of other elements (K, Na, Ti, Fe, Si) and small surface con- 
tamination of HC1. [27, 30-32,34] The density of the particles varied be- 
tween 1.5 and 3.5 gm cm"3, with larger particles tending to have lower densi- 
ties (presumably because they are hollow or porous). [27,34] 
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Figure 4. Fits to ambient stratospheric particle data of Zolensky et al. [20] 
and tropospheric STS plume particle data of Cofer et al. [31]. The Sauter 
mean diameter, D32, is defined in Eq. 18 below. 

3) Most of the A1203 is cubic gamma phase, and the ratio of gamma to hexago- 
nal alpha phase is about four. [33] The small particles tend to be in the 
gamma phase. [36] 

4) In the troposphere between 3 and 7 km, the particle size distribution is inde- 
pendent of altitude for particles with diameters greater than 1 (im. [31] 

5) Particle size distribution is a function of radial position in the plume. The 
smallest particles are uniformly distributed, but the larger particles are con- 
fined to the plume center. [24] Nozzle/plume flow-field codes predict that 
particles larger than 1 urn are concentrated along the plume centerline, and 
particles as small as 1 jam cannot follow the flow along the diverging nozzle 
wall.[37,38] 



There is only one report of in-situ observations of particle size distribution and density of 
large SRMs (Titan Ills) in the stratosphere. [27] These measurements were restricted to par- 
ticle diameters below 2 urn and were taken using two different types of instruments (oil wire 
impactorand sticky tape). Both instruments measured identical distributions. The sticky tape 
measurements are plotted in Fig. 3 where we fit them to exponential functions. The distribu- 
tion is clearly bimodal with Sauter mean diameters of 0.056 urn and 1.0 urn and slopes of 63.6 
and 3.13, respectively. 

Since there are no measurements of the particle size distributions (> 2um) from SRMs for 
large particles in the stratosphere, a distribution function for this mode is created from the 
ambient stratospheric Al particle measurements and the tropospheric STS plume particle 
measurements. The large particle size distribution of Space Shuttle plumes was taken in the 
troposphere. [31] The distribution measured at 3 km is plotted and fit to an exponential curve 
in Fig. 4. It is clearly monomodal and has a Sauter mean diameter of 3.2 urn and slope of 
0.86. The distributions measured at higher altitudes (up to 7 km) were similar. The 1984 
ambient stratospheric size distribution taken from Fig. 2 is also shown in Fig. 4 and displays a 
nearly identical distribution (D32 = 4.1 um and slope 0.73) Here D32 is the volume-weighted- 
to-area-weighted (Sauter) mean diameter (see Eq. 18). Since the ambient distribution plotted 
in Fig. 4 is due primarily to large SRM exhaust, and the tropospheric plume measurements did 
not change with altitude up to 7 km, one could argue that the stratospheric large-particle dis- 
tribution has a mean diameter and slope between those shown in Fig. 4. Therefore for model- 
ing purposes, the large particle distribution will be taken to have a D32 of 3.6 um and a slope 
of 0.8. Note that this slope is more than twice the slope of the intermediate distribution given 
in Fig. 3, indicating a trimodal particle distribution for large SRMs in the stratosphere. 

2.3 Stratospheric Plume Diameters and Expansion Rate 
A vital parameter required for the measurement of the properties of particle or chemical spe- 
cies in an SRM stratopheric plume is an estimate of the plume dispersion rate. A rapidly ex- 
panding plume will quickly lower the particle densities (and chemical concentrations), making 
real-time detection difficult. Little data are available on plume expansion in the statosphere. 
The data that are available show only early rates (0-600 s). These expansion rates are gener- 
ally an order of magnitude higher than those generally attributable to large-scale eddie diffu- 
sion. In this section, we first review the available data, then we review plume dispersion mod- 
els, and finally we compare the data to the models. 

2.3.1 Observations 
There is only one previous measurement of SRM plume expansion. In addition to this meas- 
urement, we infer plume size and expansion rate from the the U-2 flythrough data of Strand et 
al. Finally new observations of plume expansion are reported here. 
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2.3.1.1 Plume Growth Data of Hoshizaki 
A conscientious (but not exhaustive) search of the literature found only one observation of 
SRM plume expansion in the stratosphere. This measurement observed the first few minutes 
of plume growth. Hoshizaki [39] reported plume growth data of a 4 Oct 1974 launch from 
VAFB. These data are shown in Fig. 5. These measurements were taken from photographs of 
a "large solid rocket booster" (presumably a Titan III) by Lockheed, under contract to 
NASA/Ames, using cameras located at four ground sites surrounding the launch pad. The 
photographs were taken of the plume for approximately 10 minutes, and used to measure 
plume expansion between altitudes of 18 and 19 km. The data show a linear expansion rate of 
about 0.3 km/min during this time period. 

2.3.1.2 U-2 Fly-through of Titan IIIc Plumes 
In 1975, data on alumina particle density and size distribution were obtained from two Titan 
inc launches (May 20, 1975 and June 8, 1975). [27] On each of these launches, a U-2 air- 
craft made two traversals of the plume at times T+7 and T+13 min (May 20) and T+6.5 and 
T+13.5 min (June 5) at an altitude of 19 km. Measurements of total particle number densities 
at these times yielded values of 109 and 108 m"3 (May 20) and 1010 and 109 m"3 (June 6). The 
authors state that 1010 m"3 is the theoretically predicted value for the particle number density 
at early times. Thus they find that the particle density falls an order of magnitude for a plume 
expansion time of a factor of two. This rate of expansion is consistent with a plume expand- 
ing in three dimensions at a linear expansion rate or in two dimensions at an expansion rate of 
Z372. All data and most models show a linear expansion with time. All models assume two- 
dimensional expansion. 
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Figure 6. Estimated plume diameter at an altitude of 30 km from the 
K-10 launch of a Titan IV. 

An estimate of the cross-sectional area of the plume (and hence the diameter) can be obtained 
by dividing the mass flow rate of the Titan IIIc vehicle (16 gm/cm of vehicle track at an alti- 
tude of 19 km) by the average mass density. The average mass density can be calculated 
based on the model presented in Section 2.4 below (see Table IV in Section 2.5). This model 
is normalized to the particle density measurements of the U-2 flythroughs. Averaging the 
mass over an area given by a radius defined by the distance required for the particle density to 
fall to e"2 of its peak value yields a diameter of 5 km. Using an averaging distance set by an e"1 

density falloff yields a diameter closer to 4 km. 

Additional information presented in Ref. [27] allows another estimate of the plume diameter 
to be made. The work notes that the time required to fly through the plume was between five 
and ten seconds. This corresponds to ä distance of 1 - 2 km since the U-2 speed is 200 m/s. 
Interpretating these distances as the plume diameters is complicated by several factors: the 
horizontally flying aircraft traversing a nonvertical plume will measure a distance greater than 
the diameter; traversing a cord will measure a distance smaller than the diameter; and crite- 
rion for the detection of the edge of the plume is unidentified. Nevertheless, making this asso- 
ciation yields an approximate plume diameter of 1.5 km at T+10 min at an altitude of 19 km. 

2.3.1.3 Titan IV Videotape Observations 
A recent video taken of a Titan IV launch (K-10, 7 Feb. 94) presents the possibility of estimat- 
ing early plume diameters and expansion rates. [40] This flight was launched from Launch 
Complex 41 (LC-41) from KSC and was observed from universal camera site 2 (UCS2), a 
distance of 7.6 km from LC-41. An infrared and a visible camera tracked the flight to 30 km 



Table H 
Model Resultsof Watson et al [411 
Time Width (km) 
0 0.024 
Ihr 1.4 
5.6 hr 14 
1 day 96 
10 days 1260 
1 month 3700 

(T+96 s) and then held position to observe the 
plume. The known horizontal field-of-view 
(FOV) of the IR camera through the 3X tele- 
scope (0.1047 radian) permitted the calibra- 
tion of the visible camera FOV (0.14 radian 
H; 0.11 radian V) using structures observed 
by both cameras before the launch. At T+96 
s, the surface distance from UCS2 to the 
rocket was 33.8 km, resulting in a 45.2 km 
range for the 30 km altitude. Thus the FOV 
of the camera was 6.6 km H and 5.0 km V. 
The horizontal viewing angle was 11.6° off 
of alignment with the trajectory. 

The diameter of the plume was estimated by 
marking the 30 km position on the screen and 
observing the expansion of the plume in a di- 
rection normal to the centerline of the plume. 
The plume was observed to expand symmetri- 
cally around its centerline. After four min- 
utes, the lower edge of the plume expanded 
off the bottom of the screen, and diameters 
were subsequently measured from the center 
of the expansion to the upper edge of the 
plume and doubled to obtain the diameter. 
Even though the day was clear, the plume was 
sufficiently dispersed to make it difficult to 
discern its edge after about ten minutes. The 
estimated diameters are shown in Figure 6. 
The diameter of the plume increases linearly 

with time at rate of approximately 0.6 km/min. The nearest measurement of local wind con- 
ditions were at 6 AM local time, whereas the launch was in the late afternoon. At 6 AM the 
wind speed was 5.9 m/s from 182° at an altitude of 28 km. [19] 
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Figure 7. Temporal dependence of cloud di- 
ameter of a chemical release at an altitude of 
40 km (data from ref. 41). 

2.3.2 Models 
Three models of plume dispersion are reviewed. The first by Watson et al is believed 

to be accurate for times longer than a few hours after launch (> 1 day). The second is the 
model of Denison et al, which is based on the data of Hoshizaki and is thus verified for short 
times (10 min.). The third model is by Ross [8] and is designed for times intermediate to these 
periods. 
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2.3.2.1 The Model of Watson et al. 
Watson et al. [41] made a study of Space Shuttle plume dispersion characteristics of F2 and 
N204 in the stratosphere and mesosphere. Above an altitude of 100 km, plume dispersal is 
dominated by molecular diffusion. Below this altitude, dispersion is produced by both small- 
and large-scale eddies that can be parameterized in terms of an overall eddy transport coeffi- 
cient. Using a theoretical model (based on an admittedly limited data base) previously devel- 
oped [42], Watson et al. obtained a time scaling of the horizontal diffusion coefficient Kyy 
based on the model results at 100 km. At times less than 105 s, they state that this model may 
underestimate the horizontal plume dispersal rate due to an incorrect time evolution of Kyy. 

The vertical dispersal (the main emphasis of Ref [41]) is two to three orders of magnitude less 
than this horizontal dispersal rate so the expansion proceeds primarily in two dimensions. 
Watson et al. used this model to calculate the plume width and densities at an altitude of 40 
km at times of 0 s, 1 h, 5.6 h, 1 day, 10 days, and 1 month (Ref [41], Table 4). Due to uncer- 
tainties of Kyy, they state that the calculations of plume volumes are only accurate to an order 
of magnitude. Their results are shown in Table II and Fig. 7. These values indicate an initial 
expansion rate (0 - lh) of 1.4 km/h (0.023 km/min) and at longer times a nearly linear expan- 
sion rate of 5.2 km/h. Brady and Martin [7] used the values shown in Table II to scale tem- 
poral dependence of the chemical concentrations in the plume and found a time dependence of 
the concentration given by 

n^ = —7,—"°   ^ i26       0inseconds). (1) 
1 + I(2xl0-3)H 

The initial value of «o was scaled with local atmospheric pressure. 

2.3.2.2 TheModelofDenisonefa/. [2] 
In their chemical model calculating local ozone depletion by solid rocket plumes, Denison et 
al. modeled the diffusion of the plume by solving the conservation equation in cylindrical co- 
ordinates, 

* = KV*n = ^-rK£ (2) 

where n is the number density, r is the radial coordinate, t is time, and Kyy is the diffusion co- 
efficient. Using the plume size measurements of Hoshizaki [39] taken at an altitude of 18 km, 
they found the diffüsivity to be scale dependent, where 

Kyy = br, (3) 

and b = 1.75 m s"1. Under this assumption, the solution of Eq. 2 for a line source is 
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n(r,t) = At 2 exp(-r / bt), 

where A is a normalization constant. This solution can be written 

(4) 

n(r,t) = nc 
ftY _£. 
\t) 

exp 
b{t    tj (5) 

where «o is the particle number density at r0 andt0. Using the relation 

n(r,t) -2 

n(r = Ri,t) (6) 

to define a radius, we find the time dependence of the plume radius is 

R(t) = Rf+2bt, (7) 

where Rt is the initial radius. Assuming i?, = 5 m, the plume diameters at 1 and 10 min are 430 
m and 4.2 km, respectively. This diffusion model was also employed by Kruger [4] and sec- 
ondarily by Brady and Martin [7] to calculate the local stratospheric ozone depletion by a 
solid rocket in their chemical kinetics models. 

Table m 
Plume Diameters from Ross [8] 

Alt (km)       T+1.2S hr       T+4.25 hr 
20 
30 
40 

2.8 
2.4 
4.0 

12 
10 

2.3.2.3 The Model of Ross 
More recently, Ross [8] completed a model of a Titan IV SRM plume in the atmosphere that 
included a limited chemical reaction set and fluid dynamic mixing in the stratosphere for up to 
8 h after launch. The model assumes cylindrical symmetry in a series of 1-km-thick layers and 
builds a three-dimensional model by permitting the layers to move independently according to 
their altitude-dependent zonal (E-W) and meridional (N-S) wind speeds. This model also 
parameterizes the transport in terms of an eddy diffusion coefficient using a time-dependent 
value of Kyy (mV1) = O.Olt(s)1'3, a value assumed to be independent of altitude. This work 
presents A1203 number densities at T+1.25 h and T+4.25 h for altitudes of 20, 30, and 40 km. 
Defining a radius at the 1/e2 density, the diameters inferred from the density plots of this 
model are given in Table III. These values indicate an expansion rate of about 3 km/h. 
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2.3.3 Comparison and Discussion 
It is useful to compare the data of the early plume expansion with the dispersion models being 
employed by the plume chemistry models. Since the data were taken at different altitudes, this 
comparison requires some understanding of the altitude scaling of the small-scale eddy diffu- 
sion coefficient. The large-scale atmospheric eddy diffusion coefficient has received consid- 
erably more study for global atmospheric modeling. The scaling of the large vertical eddy 
diffusion coefficient K^ with altitude between 18 and 40 km varies from being constant to in- 
creases of a factor of 25 (varying approximately with inverse atmospheric pressure) depending 
on the model. [41,43,44] Plots of the variation of large-scale Kyy as a function of altitude and 
latitude are given in ref [41], which were taken from Ref [43]. At a latitude of 30°, there is 
little variation of this parameter in the 20-40 km altitude range. Based on the data presented 
by Hoshizaki, Denison et al. found that the small-scale values of Kyy at ten minutes are two to 
three orders of magnitude smaller than those of the large-scale values. If the early linear 
growth rate continues unabated, one to two days are required before the values of the small- 
scale diffusivity reach the large-scale values. Therefore the applicability of these large-scale 
altitude variations of Kyy and Ka to the small scale values of Kyy is highly questionable and the 
small-scale altitude variation must be considered unknown at this time. 

Tropospheric measurements of the small-scale Kyy values at altitudes between 2 and 4 km of a 
nuclear debris cloud give values similar to (a factor of two less than) the stratospheric values 
noted here. [45] Given the large differences between the troposphere and the stratosphere, 
this must be taken as evidence that the altitude variation of small-scale Kyy is not large. A 
conservative approach to altitude scaling is to consider the initial value of the plume diameter 
to be a function of the local atmospheric pressure. This pressure, approximated by 
p(z) = 1222 exp(-0.155z) mbar (z in km), decreases from 55 mbar at 20 km to 2.5 mbar at 
40 km. Zittel [1] finds that the afterburning exhausting gases cool and expand to near- 
ambient conditions within a few seconds of entering in the stratosphere. He also finds that the 
radius of the plume is approximately 20 m at an altitude of 20 km in these first few seconds. 
Since the ambient temperature is constant within 15% throughout the stratosphere, one ex- 
pects that this initial plume diameter will scale as p(z)~m, creating an initial radius of about 
40 m at an altitude of 20 km and 100 m at 30 km. Then, following Eqs. 3 and 7, 

Kyy(z) = b[Ri{z) + 2bt], (8) 

where 

Ri{z) = [p{z0)lp{z)rRi0, (9) 
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where Ri0 is the initial reference radius of the Titan plume at the nozzle exit plane (« 20 m at 
an altitude of 20 km). This scaling affects the plume diameters only at the earliest times and is 
negligible at all measurement times. 

Table TV 
Diffusion Data- Model Comparision 

DATA DIFFUSION MODELS 
Source Hoshizaki Strand Titan IV Watson Denison Ross [8] 

[19] et al. [20] K-10 et al. [22] etal. [2] 
Altitude 18 19 30 alt. indep. alt. indep. 20     30     40 
D (km) at 10 min 3.0 1.5-5 6.0 0.23 4.2 0.5    0.4   0.67 
Expansion Rate 18 9.-30 36 1.4 25 2.9    2.4    4.0 
(km/h) 
Chemistry Model us- Ref. [2] Ref. [7] Refs. [2], Ref. [8] 
ing Diffusion Model [4], [7] 

Table IV compares the measured and model values. Given the large variability of climate that 
can affect plume expansion rates, the agreement among the observed values must be consid- 
ered remarkable. The models show considerably less agreement among their values. The 
Watson et al. model predicts the smallest value for the 10-min diameter. This is not surprising 
since the model was designed for long times, and the authors speculate that their model may 
under-predict the initial diameters. The predictions of the Ross model are a factor of two 
greater than the Watson et al. model but are still an order of magnitude below the predictions 
of the model of Denison et al. The model of Denison et al. most closely reproduces the ob- 
served diameters, which is not surprising given that its diffusion coefficient is based on the 
Hoshizaki data. 

Table IV also indicates the diffusion models used as inputs to the models of stratospheric 
plume chemistry. Chemical models using the diffusion model of Watson et al. will predict 
chemical concentrations that are too large at early times. The dispersion at long times is best 
approximated by this model, after the eddy diffusion lengths have reached meteorological 
scales of hundreds of kilometers. This may require a day or more. The model of Denison et 
al. should be the most accurate at short times and will result in chemical concentrations that 
are less than those predicted by Refs. [7] and [8]. Since several of the chemical reaction rates 
depend quadratically on chemical concentration, the chemistry will depend quite severely on 
this initial expansion rate. Indeed, this dependence has been modeled by Brady and Martin 
[7], showing that the size and persistence of the ozone hole depend on the dispersion rate, 
peaking for the rate chosen for their work. Accordingly, the size and persistence of the pre- 
dicted local ozone depletion by all of the plume chemistry models depend critically on the ini- 
tial plume dispersion rate. Since all instruments under consideration for verifying ozone 
chemistry models of the plume are designed to operate in the first 24 hours, they should use 
models that employ the early plume dispersion rates. 
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2.4 Model for the Specific Particle Density 
Based on the foregoing discussion, we present a model for the specific density of particles 
(number/air volume/particle diameter) for a Titan IV plume as a function of position and time. 
In this model, we assume that the particle density is a smoothly varying, cylindrically symmet- 
ric function. This is obviously an oversimplification as any visual observation of the expand- 
ing plume will show (see for example Appendix II of Ref. [19]). Nevertheless, for the pur- 
poses of line-of-sight observations through the plume and measurements or calculations time- 
averaged over a time interval, this convenient approximation is useful. The radial and tempo- 
ral dependence is taken from the solution of the conservation equation for a line source and a 
scale-dependent diffusivity. The functional dependence on the particle diameter is assumed to 
be exponential following the analysis of the experimental data presented in Figs. 3 and 4. 
Then for a single particle-size distribution mode we write 

du 

ft V (10) 

= nDo(z\-f) exp[-r/b(z)t]e^ 

where D is the particle diameter, and the time dependence of normalization parameter, n0(z), is 
factored out to give n0(z) the intuitive dimensions of specific density. In general, the parame- 
ters n0(z) and b(z) are altitude dependent. Certainly, the initial value of the plume diameter, 
and hence its particle density, is a function of the local atmospheric pressure. As noted in 
Section 2.2.3 this initial diameter is small, about 80 m at an altitude of 20 km and 200 m at 30 
km. The line-source solution of the conservation equation assumes a negligible inital plume 
diameter. Since these diameters are small compared to the observed plume diameters after a 
minute or two of expansion, this solution is a good approximation after a few minutes and this 
altitude dependence will be ignored. As discussed above, the altitude variation of the small 
eddy diffusion coefficient, b(z), is unknown, and the limited evidence currently available sug- 
gests that its dependence on altitude is small. Pending better data, we will consider this pa- 
rameter to be independent of altitude also. As noted in ref. 13, available evidence also sug- 
gests that the particle size mode parameter, y, is independent of altitude. 

The particle size distribution is assumed to be trimodal. The small- and medium-size distribu- 
tions are given by those shown by the fits in Fig. 3. The large particle distribution is given by 
the intermediate fit values inferred from the curves in Fig. 4, constrained to give the same 
density value at 1 urn as that of the medium diameter particles in Fig. 3. Generalizing Eq. 10 
to an expression for trimodial distribution is done by a straightforward summation of the 
(assumedly) independent number densities of each distribution. Also as discussed, each mode 
has a different initial spatial distribution. The small particles (< 0.25 um) readily follow pro- 
pellant gas through the rocket nozzle and thus are evenly distributed across the diameter of 
the plume. Particles greater than 1 urn in diameter do not follow the flow and are confined to 
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the central core of the plume. This segregation affects only the initial radius (and hence den- 
sity) of the plume and also can be included in the normalization parameter. The expansion 
rate of the each of the modes, however, will be considered to be equal. 

We define the region for averaging the particle density over the assumed exponential spatial 
distribution to be the radius where the number density falls to e'2 of its peak value. This aver- 
aging is used to obtain the peak particle number densities for the three modes. The normali- 
zation procedure is discussed in Appendix I and it yields: 

f 
nD(D,r,t) = (±j eXp(-£)|>-^, (11) 

where 

n, = 8.3 x 1012 m"3 urn-1 y7 = 63.3 (um) 
n2 = 1.8 x 108 m"3 urn"1 y2 = 3.13 (urn) 
n3 = 3.3 x 107 m'3 urn"1 YJ = 0.80 (urn) 

tc = 344 s, and the summation is over the three particle size modes. The particle number 
density for a given range of particle size is obtained by integrating Eq. 9 over the particle di- 
ameter for the range (see Eq. 12 below). This model predicts particle size distribution and 
density for SRM plumes in the 18-40 km range during its early expansion. It is useful for 
predicting the effects of particles on data taken by optical instruments designed to measure the 
physical and chemical properties of the plume in this altitude range. 

2.5 Predicted Physical Characteristics of SRM Exhaust Based on Model 
The physical properties of the plume due to the particles can be readily calculated using the 
particle model. The total number density, n(r,t), the total area of all particles per volume of 
air, atot, and the mass per volume of air, Cm„ are given, respectively, by: 

oo 

n(r,t) = \nD{D,r,t)dD (12) 

"totirj) = ]nD(D,r,t)A(D)dD (13) 
0 

Cm{r,t) = \nD(D,r,t)p(D)V{D)dD, (14) 

where nD{D,r,t) is given by Eq. 11. The surface area of a particle, A(D) = TZD
2
, and the vol- 

ume of a particle, V(D)= nD3/6, are assumed to be time independent.   As noted above, the 
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particle density varies with particle size.  For this, we choose a model of density that varies 
exponentially with particle diameter, viz., 

p(D) = 1.65 + 2.4x10 -0.195 D (Din urn, pin gm/cm3). (15) 

This function yields a density of 1.7 gm/cm3 at a particle diameter of 10 urn, 4.0 gm/cm3 at 
0.01 urn, and reasonable intermediate values. Eqs. 12-14 can be evaluated separately for each 
of the three modes. Peak values (r = 0) for these quantities at t = 600 seconds are shown in 
Table V. The peak values can be converted to values spatially averaged over a diameter de- 
fined by the distance required for the number density to drop to e"2 of its peak value by multi- 
plying the peak value by 0.43 (see Appendix I). 

Table V 
Plume-Particle Characteristics from Model 

Sauter Average cm Number Total Particle 
Mean Particle Mass Mass per Density: Area per 

Diameter Density Fraction in Volume Air: Peak Volume Air: 
Particle D32 Pavg Particle Peak Value Value Peak Value 
Mode (um) (gm/cm) Model (gm/cm3) (cm"3) (nm2/cm3) 
Small 0.056 4.0 0.012 2.0 x lO'12 8.8 xlO3 53 

Medium 1.0 3.6 0.015 2.4 x 10"12 7.94 6.7 
Large 3.6 2.6 0.974 1.6 xlO'10 6.16 125 

Examination of Table V shows that nearly all the mass is in the large particles, but the small 
particle number density is much greater than the number density of large particles, as ex- 
pected. The total surface area available for the heterogeneous reactions resides mostly in the 
large particles even though the small particles offer much greater surface area on a per mass 
basis. Since both the small- and large-mode particles contribute comparable surface areas, this 
area should be measured for both modes. As shown below, the large particle surface area is 
more amenable to measurement by transmission techniques because it has a large attenuation 
coefficient. 

Caution must be exercised when calculating size properties (diameter, surface area, volume, 
mass, etc.) using exponential particle size distributions. Physical distributions are not expo- 
nential on the low and high ends of the size parameter. Mugele and Evens [46] show that fit- 
ting exponential functions to size histograms can predict erroneous size properties if the dis- 
tributions are not properly truncated. They introduce an upper-limit distribution function 
(ULDF) that limits the largest particle size to a specified finite diameter. The ULDF is written 
in terms of two additional parameters that do not lend themselves to direct geometrical inter- 
pretations. (See, for example, Dobbins et al. [47].) There are only four data points in each of 
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the two modes in Fig. 3, and fitting a three parameter ULDF to these few points does not 
yield well-defined parameters. Accordingly, it was decided to keep the exponential fits shown 
in Figs. 3 and 4 and set the limits of integration to the values of the smallest and largest diame- 
ters measured. 

Decreasing the lower limit of integration to zero in the small mode increases the area percent- 
age in this mode by about 5%. Increasing the large mode integration limit to 100 urn in- 
creases the large mode area percentage by about 1%. The fits shown in Fig. 3 are to the most 
complete data sets given in ref 19 (Fig 13 ref 27, t = 13 min.). A less complete data set also 
given in this reference (Fig. 12 ref. 27 , t= 7 min.) has a smaller exponent and puts a some- 
what greater fraction of the surface area in the small particle mode. 
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3.0. Optical Measurements in the Plume 

3.1 Transmission 
The transmission, T, of radiation through a uniform medium of length, L, containing particles 
of uniform number density, n, and equal geometrical cross sectional area, a, is given by 
Bouguer's law: 

T = expf-QanL) = exp[-(3QCM2pD)], (16) 

where Q is the scattering efficiency, Cm is the mass concentration of the particles in the me- 
dium (gm cm"3 of air), p is the mass density of a particle, and D is the diameter of the parti- 
cles. If the particles are not of uniform size (polydisperse systems), the transmission can be 
written in terms of mean parameters [48]: 

T= expf-(3 QCJL/2pD3Z)J  = expf-ß^LJ, (17) 

where ßavg is the attenuation coefficient, D32 is the volume-weighted-to-area-weighted 
(Sauter) mean diameter 

]nD(D)D3dD 

A2
si > (18) 

\nD(D)D2dD 
0 

and   Q is the efficiency averaged over the distribution function: 

00 

\nD(D)Q(a(D),p+iq)D2dD 

Q-1 = ■ (19) 
\nD{D)D2dD 
0 

Here, a is the size parameter (= 71D/X), and p+iq is the complex index of refraction of the 
particles. The scattering efficiency, Q, can be calculated for spherical particles for any values 
of a, p, and q using Mie scattering theory (see below). The power of this representation is 
that for a dispersion of particles, Q depends primarily on the mean diameter, D32, and is inde- 
pendent of the shape of the size distribution function for a monomodal distribution. Further- 
more, for the_case of jmall absorption (small imaginary component of the index of refraction), 
the ratio of Q (Xi)/ Q (A,2) is montonic as a function of D32 for A,i/3 < D32 <k2. Therefore, a 
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Figure 8. Calculated mean efficiency factors 
as a function of D32 for near-ultraviolet wave- 
lengths. 
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Figure 9. Calculated mean efficiency factors as 
a function of D32 for visible and infrared wave- 
lengths. 

measure of the transmittance at two wavelengths will allow the Sauter mean diameter to be 
determined as discussed below. 

3.2 Mie Scattering Calculations 
In order to predict the transmission characteristics of the SRM plume, Mie scattering theory 
was used to calculated the mean scattering efficiency. Mie is a rigorous application of Max- 
well's equations to the problem of the scattering of electromagnetic waves by spheres of arbi- 
trary size. Classic works that describe Me theory are by Kerker[49] and by van de Hulst[50]. 
The results of the calculations presented here were obtained using a FORTRAN code [51] 
that was modified for this work to give a greater range of particle sizes and to produce spec- 
tral output. This code permits the calculation of the mean value of the scattering efficiency for 
a distribution of particles sizes. The code uses a log-normal distribution for the particle 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, which is 
not the case in this (trimodal) application. However, if the attenuation is negligible for all but 
one mode, then the distribution may be considered to be monomodal. This is shown to be the 
case for the SRM plume. 
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Figures 8 and 9 show calculated mean efficiencies as a function of D32 for a monomodal log- 
normal dispersion distribution with a standard deviation of 1.5 and an assumed imaginary re- 
fractive index of zero. Fig. 8 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 9 shows a 
similar calculation for wavelengths of 0.5, 2.75, and 5.0 um. A real index of refraction of 1.7 
was assumed for these visible and infrared 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 approaches small values that can be calculated using Rayleigh 
theory, whereas at larger diameters the efficiency approaches a value of two. The mean scat- 
tering efficiencies for selected wavelengths of interest for each of the three particle size modes 
expected in the plume are given in Table VI. 

Table VI 
Scattering Efficiencies 

Mode D32 (jim) Mean Scattering Efficiency ( Q ) 

Small 
Medium 

Large 

0.056 
1.0 
3.6 

X = 0.2nm 0.3nm 0.4|j.m 0.5^un. l-On-m 5.0nm 
0.7 
2.35 
2.15 

0.18 
2.42 
2.19 

0.058 
2.52 
2.22 

1.5xl0"2 

2.74 
2.3 

1.6xl0_5 

0.90 
2.9 

1.5X10"6 

0.13 
3.3 

21 



4.0 Applications 

In this section, we consider three applications of the particle model and the optical scattering 
results presented in the previous sections. The first is the calculation of the local attenuation 
spectrum seen by a transmission instrument traversing the plume by aircraft in the strato- 
sphere. This information is required to project the feasibility of measuring the chemical con- 
centration of species in the plume using direct optical absorption in the ultraviolet spectral re- 
gion. The second is an ingeniously simple method of measuring the specific density of total 
particle surface area using a two-wavelength transmissometer. This parameter together with 
the reactive sticking coefficient can be used to discover the effect of heterogeneous chemical 
reactions in the plume. The third is the measure of the transmission across the plume at an 
arbitrary angle. This information is useful for estimating the feasibility of plume LIDAR 
measurements. 

4.1 Extinction Spectra in Plume 
Verification of the complex computer codes used to model the stratospheric chemistry in an 
SRM plume is one of the principal goals of the observational work under consideration. Most 
major chemical species of interest in the plume absorb radiation in the 200 - 400 nm spectral 
region. Thus it may be possible to measure these chemical concentrations by direct absorption 
if attenuation from particles is small compared to the molecular absorptions. 

The mean scattering efficiencies as a function of wavelength in this spectral region were calcu- 
lated using Mie theory for three Sauter mean diameters. The D32 values chosen for the calcu- 
lation are those of the predicted trimodal particle size distribution given in Section 2.2. The 
results of these calculations are shown in Fig. 10. The efficiency factors for the small particles 
(D32 = 0.056jj.m, bottom of Fig. 10) are small for all wavelengths in this spectral range. The 
medium- and large-particle distribution scattering efficiencies are appreciative at all these 
wavelengths. 

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. To 
compare the attentuations due to the molecular absorption and the particle scattering, the at- 
tentuation coefficient must be computed. The scattering attenuation coefficients are a product 
of the particle loading, scattering efficiencies, and the geometrical sizes of the particles, i.e. 
fromEq. 17 

g   m _ 3gffl,(CJ, 
^'"S^ÄT (20) 
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Figure 10. Efficiency factors for three distributions as a function of 
wavelength. 

where Q is defined by Eq. 19, pavg is averaged over the mode of the particle size distribution 
(see Table V), and the subscript / (= 1 - 3) is the index of the particle size mode. Using the 
mean efficiencies from Fig. 10, Eqs. 14 and 15 and the particle model given by Eq. 11, the 
peak (r = 0) attenuation coefficients due to particle scattering are calculated for three times 
and are presented in Fig. 11. 

These curves indicate that nearly all the optical attenuation in this spectral region is due to the 
large particles. The advantage of the large number density of the small particle distribution is 
outweighed by the large values of scattering efficiencies and the geometrical cross sections of 
the large particles. Thus for the purposes of optical measurements in the plume in this near- 
ultraviolet spectral interval, the particles size distribution may be considered to be monomo- 
dal, and inference of Sauter mean diameter from particle attenuation measurements at two or 
more wavelengths will correctly yield the D32 values for the large-mode distribution. The val- 
ues of this attenuation can be compared to the molecular absorbances obtained from the 
known molecular absorption cross sections and the species concentrations calculated from the 
chemical models at the corresponding times. 
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Figure 11. Attenuation coefficients using particle-plume model at times of 1 
min., 10 min., and lh. after SRM passage. 

4.2 Measurement of Total Particle Surface Area per Air Volume 
In this subsection, it is shown that the total particle surface area in the plume per unit gas vol- 
ume is inversely proportional to the Sauter mean diameter of the particles—a parameter easily 
measured by a transmissometer. Accordingly, this required parameter for gauging the effect of 
heterogeneous chemistry can be measured without approximation using a relatively simple 
optical instrument. The curves required to infer the Sauter mean diameter from the measured 
transmissions are calculated using Mie scattering theory. 

4.2.1 Relationship between Specific Total Particle Surface Area and Average Particle 
Size 
If all 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 volume times the surface area per 
particle. For a particle size distribution, the total area per gas volume is obtained from Eq. 13: 

a.. n]nD(D)D2dD. (21) 

Similarly, the total volume of particles per unit gas volume is: 
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vto, = jnD(D)V(D)dD = j\nD(D)D'dD. (22) 
0 

Now, we note that 
60 

atot 

Vtot "^32 

(23) 

where Eq. 18 was used for D32. Furthermore, we note that v« = Mi/Appavg where ML is the 
mass of the alumina particles ejected per vehicle track length, Ap is the cross-sectional area of 
the plume, and pavg is the average density of the particles. Substituting this expression for vtot 
in Eq. 4, we obtain 

a 6ML 
tot A

vPme
D: 

(24) 
32 

Eq. 24 is an important result because it shows how the volume 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 15.0 gm/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 parti- 
cles is approximately 3.0 gm/cm3 (see Table V). As discussed in the next section, the Sauter 
mean diameter, D32, is readily measured using the transmission of light at two wavelengths. 

4.2.2 Measurement of the Sauter Mean Diameter by a Two-Color Transmissometer 
Inspection of Eq. 17 shows that 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 D32. 

,^-ag.f™ (25) 
Q(A2)   in[r(2,)] 

This function can be calculated for the wavelengths and refractive index 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. The results are shown in 
Fig. 12. For the case of small absorption (small imaginary component of the index of refrac- 
tion), this function is monotonic for fa/3 < D32 < fa. Accordingly, the value of D32 can be 
inferred from one of these curves given the measured transmissions for a monomodal distribu- 
tion. As noted above, the attenuation due to the large-particle distribution is considerably 
greater than that of the small- and medium-particle distributions due to their geometrical size 
and scattering efficiencies (see Table VI). Thus the distribution will appear to be monomodal, 
and only the Sauter mean diameter of the large mode will be measured. Although the largest 
region of monotonicity is given by the ratio Q(D32,X=0.5 fmi)/ Q(D32 ,A=5.0 jum), the ratio 

Q(D32,A=2.75 jum)/ Q(D32 ,X=5.0 jum) is the better ratio to use for this application because: 
1) the attenuation coefficient at 2.75 urn is greater for the large mode particles; 2) the at- 
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Figure. 12 Ratio of the mean scattering efficiencies (see Eq. 25) for three wave- 
length calculated using Mie theory for three wavelengths shown in Fig. 6. Locat- 
ing the ratio of the log of the measured transmission at two wavelengths on the 
Ordinate of the function allow the Sauter mean diameter D32 to be inferred from 
the abscissa. 

tenuation is smaller for the medium mode particles better approximating a monomodal distri- 
bution; and 3) the expected mean diameter lies near the center of the region of monotonicity . 

Only one of the curves shown in Fig. 12 is required to measure D32 if the value of the width w 
of the distribution and the complex refractive index are known. If these quantities are not 
known, several transmission measurements can be taken at different wavelengths. The ratios 
of these measurements can then be compared with the calculated curves of ratios of Q(D32) 
vs. D32. If Q(D32) was calculated for the correct size distribution width and index of refrac- 
tion, then all the measured ratios will yield identical values of D32. Alternatively, a multi- 
parameter fit of the of the calculated values of Q(D32, w, p+iq) to the measured ratios will 
allow the determination of D32, w, and p+iq. In practice, the value of the imaginary part of 
the refractive index (q) is small for alumina particles at wavelengths below 6.5 urn [52] and 
may be ignored, leaving only three parameters to fit. For example, Kim et cd. [24] used 
transmissions at 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 at the edge of a plume from a small solid-propellant motor. 
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4.3 Transmission across the Plume at Arbitrary Angle 
Generalizing Eq. 17 to a spatially nonuniform distribution of particles, the transmission of a 
beam of light crossing the centerline of a plume and making an angle 9 with respect to its axis 
(see Fig. 13) is given by 

r=exp[-j>,.(^)^ 
(25) 

or using Eq. 20 

T= exp -Kif_Cm(r,t)dr (26) 

where the attenuation parameter is 

tc< 
3QXÄ) 

2p(D32i)D32icos0 
(27) 

/ is the index for the particle size mode, and Cm is given by Eq. 14. Using the mean efficien- 
cies from Table VI and angle of 45° (an appropriate value assuming a vertical LID AR 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 VII for a time often 
minutes after SRM passage. Again, nearly all the attenuation is due to the large particles. 
The time dependence of the transmission for the large mode particle at a wavelength of 300 
nm is show in Fig. 14. The plume becomes more than 50% transparent in the first five min- 
utes. 

Table VII 
Plume Transmissions at 45° 

Mode DJ2(um) Transmission 

Small 
Medium 

Large 

0.056 
1.0 
3.6 

X = 0.2jxm 0.3jim 5.0nm 
0.964 
0.989 
0.761 

0.991 
0.989 
0.757 

1.000 
0.999 
0.657 
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Figure 13. Geometry of the attenuation of a 
beam of light traversing a plume at an arbi- 
trary angle. 
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Figure 14. Transmission of beam of radiation 
across plume as a function of time after the 
passage of the SRM. 
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5.0 Summary and Conclusions 

This report presents a unified model for the particle size distribution, particle density, and 
geometrical dispersion for the alumina particles in the exhaust of a Titan SRM plume in the 
stratosphere. This model is based on what is believed to be the best available data. However, 
there are serious gaps in the data base, especially in the dispersion rates of the plume after the 
first 10 min. The particle size distribution is found to be trimodal with nearly all the particles 
in the small-size mode but with nearly all the mass in the large-size mode. About two-thirds 
of the particle surface area available for heterogeneous chemical reactions is due to the large 
particle mode while most of the remaining surface area is due to the small particle mode. The 
light scattering characteristics of the plume were also explored based on the model. Mie 
scattering calculations where used to predict the local attenuation of the plume as a function 
of wavelength. Mie theory was also used to calculate the total attenuation of a beam of radia- 
tion passing through the plume making an arbitrary angle with respect to the axis of the plume 
and as a function of time after SRM passage for several wavelengths in ultraviolet, visible, and 
infrared spectral regions. These studies show that most of the attenuation is due to the large- 
size mode and for the purposes of light scattering, the plume may be considered monomodal 
with a Sauter mean diameter of 3.6 urn. Additionally, a simple relationship for the volume 
density of total area of the particles was derived in terms of known parameters and the Sauter 
mean diameter. Subsequently, it was shown that the Sauter mean diameter of the large-size 
mode could be measured using a two-color transmissometer. These results will be useful for 
designing instruments required to measure the chemical and physical properties of the SRM 
plume and predicting the effect of such a plume on the stratospheric ozone chemistry. 
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Appendix I 

Normalization of the Particle Density Distribution 

The spatial and temporal development of the density is based on the line solution of the con- 
servation equation with a size-dependent diffusion parameter. The functional form can be ex- 
pressed in the form given by Eq. (11). To normalize, the size distribution is first converted to 
a density: 

n(r,z,t)= jnD(D,r,z,t)dD 
Dm 

f Y -3 

bt 

where coefficients a,'s are obtained from the integration over the particle size distributions, 

0.244 

a,= je~blDdD = 321 xlO"3 

0.025 

0.99 

a2 = jVi2D dD   = 0.134 
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1.0 

Then this spatial distribution is averaged and set equal to the average density measured by 
Stranded/. [20],: 
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where n{z = 19km,t = 3445) = 1.14 x 1010 m"3 (converting from a Titan IIIc to a Titan IV 
density) and c = 0.43 for an average over a radius were the density drops to e"2 of its peak 
value. Finally, setting zc = 19 km, te = 344 s, rc = 2 km, b = 1.75 m/s, and noting m/n2 = 4.65 
x 104 and n2/n3 = 10.3 [], we find: 

/I; = 0.16 
«2 = 3.5xl0"6 

«5 = 3.3xl0"7 

It should be noted that the absolute density of this model relies on the density measurement of 
Strand et al [20]. This measurement was made using an electrical mobility analyzers (EMAs). 
The EMAs were calibrated against a standard at the factory and corrected for operation in the 
low-pressure operation in the instrument bay of the ER-2. The EMAs measured the densities 
in the range of 0.03 um to 1 urn and give absolute concentrations when the sampling time is 
shorter than the transit time through the plume. Three to eight seconds were required to fill 
the EMA sample bag and five to ten seconds were required to traverse the early contrail. 
Thus the EMA could underestimate the density by mixing air from outside the plume into the 
same volume. Whether this was taken into consideration by these workers in the values re- 
ported is not known, but the value of 104 cm"3 is the highest value they reported, and they 
stated that this value was consistent with predicted values. 
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TECHNOLOGY OPERATIONS 

The Aerospace Corporation functions as an "architect-engineer" for national security pro- 
grams, specializing in advanced military space systems. The Corporation's Technology Operations 
supports the effective and timely development and operation of national security systems through 
scientific research and the application of advanced technology. Vital to the success of the 
Corporation is the technical staffs wide-ranging expertise and its ability to stay abreast of new 
technological developments and program support issues associated with rapidly evolving space sys- 
tems. Contributing capabilities are provided by these individual Technology Centers: 

Electronics Technology Center: Microelectronics, VLSI reliability, failure 
analysis, solid-state device physics, compound semiconductors, radiation effects, 
infrared and CCD detector devices, Micro-Electro-Mechanical Systems (MEMS), and 
data storage and display technologies; lasers and electro-optics, solid state laser design, 
micro-optics, optical communications, and fiber optic sensors; atomic frequency stan- 
dards, applied laser spectroscopy, laser chemistry, atmospheric propagation and beam 
control, LIDAR/LADAR remote sensing; solar cell and array testing and evaluation, 
battery electrochemistry, battery testing and evaluation. 

Mechanics and Materials Technology Center: Evaluation and 
characterization of new materials: metals, alloys, ceramics, polymers and composites; 
development and analysis of advanced materials processing and deposition techniques; 
nondestructive evaluation, component failure analysis and reliability; fracture 
mechanics and stress corrosion; analysis and evaluation of materials at cryogenic and 
elevated temperatures; launch vehicle fluid mechanics, heat transfer and flight 

-dynamics; aerothermodynamics; chemical and electric propulsion; environmental 
chemistry; combustion processes; spacecraft structural mechanics, space environment 
effects on materials, hardening and vulnerability assessment; contamination, thermal 
and structural control; lubrication and surface phenomena; microengineering 
technology and microinstrument development. 

Space and Environment Technology Center: Magnetospheric, auroral and 
cosmic ray physics, wave-particle interactions, magnetospheric plasma waves; atmo- 
spheric and ionospheric physics, density and composition of the upper atmosphere, 
remote sensing using atmospheric radiation; solar physics, infrared astronomy, infrared 
signature analysis; effects of solar activity, magnetic storms and nuclear explosions on 
the earth's atmosphere, ionosphere and magnetosphere; effects of electromagnetic and 
paniculate radiations on space systems; space instrumentation; propellant chemistry, 
chemical dynamics, environmental chemistry, trace detection; atmospheric chemical 
reactions, atmospheric optics, light scattering, state-specific chemical reactions and 
radiative signatures of missile plumes, and sensor out-of-field-of-view rejection. 


