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TECHNICAL MEMORANDUM

A FIELD STUDY OF SOLID ROCKET EXHAUST IMPACTS
ON THE NEAR-FIELD ENVIRONMENT

L. INTRODUCTION

The launch facilities for the Space Transportation System (STS), the space shuttle,
are unique in the sense that copious quantities of water are sprayed into the base region
below the vehicle and into the flame ducts during each launch for the purpose of
dampening the acoustic and initial overpressure waves generated by the vehicle. At the
Kennedy Space Center (KSC) launch facilities, this amounts to approximately 900,000
liters from when the flow begins (a few seconds prior to main engine ignition) to 10 sec
after lift-off. If the shuttle launch facilities at Vandenberg Air Force Base are acti-
vated, the flow is expected to be roughly twice as great. It has been shown (1) that this
amount of water exceeds the amount that can be vaporized by the exhaust heat. Some of
the excess is atomized, mixed with the exhaust, and results in a deposition of hydro-
chlorie acid and solid material (mostly aluminum oxide from the solid rocket motors).
The deposition is quite heavy near the launch pad. In trace amounts it has been detected
as far as 22 km downwind on some occasions. Its impact has been characterized by a
number of careful studies conducted at KSC (2-4). The chemistry and ice nucleation
properties of the solid fraction of the deposition are discussed in Refs. (5)«7).

The properties, location, and behavior of this deposition are of interest primarily
because of the potential for impacting launch pad operations and the near-pad environ-
mental quality. The acid content is great enough that it impacts both vegetation (8) and
animal life near the launch facilities (9). Likewise, it can be highly corrosive to man-
made structures. It has also been found (10) that gaseous hydrogen chloride is released
into the atmosphere as the deposition dries. This "revolatilization" process is of poten-
tial eoncern in both the areas of human health and corrosion control.

This report presents results from a series of field studies and analysis which were
undertaken to help quantify and understand the near-field effects of this deposition.
Primary emphasis was given to measuring and understanding the effects at KSC launches
in order to provide a basis for developing reasonable estimates of what to expect from
launches involving either new vehicles or new launch facilities. Measurement and analy-
sis techniques suitable to the situation were developed. The work developed out of
previous studies of the far-field effects of rocket exhausts (1). It was conducted over a
period of more than 4 years and included field studies at two shuttle launches, 41D and
51 A. Additional studies of the exhaust cloud properties from these two launches are
reported in Refs. (11) and (12).

An important aspect of this work was the use of the Acoustic Model Facility of
the Test Laboratory at the Marshall Space Flight Center (MSFC). Here a 6.4 percent
scale model of the space shuttle is statically fired to study the acoustic environments
and other phenomena produced during a launch. From May 1982 through April 1984, a
series of test firings were conducted to examine the initial overpressure (IOP) wave to be
expected from Solid Rocket Booster (SRB) ignition of the space shuttle at the
Vandenberg Air Force Base launch site (VLS), the acoustic environment of a VLS shuttle
launch, and the acoustic environment of the aft cargo carrier in a KSC launch. Selected
tests from among these were monitored to study the production and properties of acidic
deposition produced during a shuttle launch. This provided an important opportunity to



develop and test measurement techniques and to study deposition formation in the VLS
configuration,

II. BACKGROUND INFORMATION
A. Model Description

In the Acoustic Model Facility the shuttle SRBs are modeled by Tomahawk Missile
solid rocket motors manufactured by Morton-Thiokol Chemical Corporation. The motor
contains 175,57 kg of type TP-H-3095 propellant (20.4 percent aluminum) which burns in
approximately 9 sec. Chemically this propellant is very similar to thi propellant in the
shuttle SRBs. The ayerage mass flux from the motor is thus 19.5 kg s™* which is a factor
of about 4.096 x 107 = 0.064“ smaller than the typical mass flux from the shuttle SRBs.
Actually the mass fluxes of both the model and shuttle motors vary with time during the
burn cycle. Likewise, propellant temperature and changes in shuttle SRB design also
make a difference. The shuttle began using higher performance motors with STS-8.

For the purposes of this study, a value of 5560 kg s7! is used as representative of
output from each shuttle SRB., This figure represents the average mass flux in the first
18 to 20 sec following ignition as computed for the preflight analysis of mission STS-13.
The output is less later in the burn. Before STS-8 the output was about 5400 kg s'l, a
value which is still within the £5.3 percent variation which may occur because of changes
in the temperature of the propellant.

The scaling of the model for acoustic and initial overpressure studies is based on
the ratio of mass fluxes from the solid motors. Linear dimensions are scaled by 0.064 so
that areas are scaled by 4.096 x 107 (0.064 squared); thus the model is commonly known
as the "6.4% Model." As illustrated in Figure 1, the launch mount including the flame
trenches and launch platform is modeled in plate steel and "Fondu Fyr," a concrete-like
refractory material. The orbiter and external tank are also modeled to the same scale.
The orbiter model contains three working engines fueled by gaseous hydrogen and liquid
oxygen which were originally used to model the Saturn J-2 upper stage engine. The
scaling factors for the model are summarized in Table 1.

The most important parameters involved in the formation of acidic deposition in
the launch process are the mass of HCl released, the thermal energy released, and the
volume of cooling water in the cloud/flame trench 2sys’tem. Note from Table 1 that the
exhaust mass flow rate is secaled by the factor 0.064° = 0.0041. Since propellant compo-
sition in the model is very similar to the shuttle propellant, the HCI and the thermal
energy fluxes scale very closely to the same factor. To estimate the relative total mass
of HC1 and thermal energy, the interaction time between the shuttle SRM plume and the
on-pad water must be known. From launch photographs, the interaction time is esti-
mated to be 7 to 10 sec, compared to the 9 sec that the Tomahawk burns._ On the model,
10P/acoustic suppression water flow rate is also scaled by the same 0.064“ factor.
However, for tests in the VLS configuration, the water flow time interval prior to igni-
tion is much shorter in the model, less than 1 sec, compared to the 15-sec full scale.
This timing difference is necessary to maintain the properly scaled cross sectional area
in the duct. As aresult, the total volume 02f cooling water in the model VLS system is
scaled by a factor much smaller than 0.064°. Water flow into the duects is illustrated by
Figures 2 and 3; scale factors are given in Table 2.
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Figure 1. "6.4 percent model" facility configured for Western
Test Range testing.
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TABLE 1., COMPARISON OF MODEL AND FULL-SCALE* PARAMETERS

Parameter Full-Scale n Full x 0.064"  Model
Shuttle SRM (one)
Sea Level Thrust (Newtons) 13.3x10% 2 54,700 47,200
Mass Flow Rate (kg s™1) 5560 2 22.8 21.2
Exit Area (m?) 11.3 2 0.0465 0.0406
Expansion Ratio 7.72 0 7.72 7.36
Exit Half Angle (deg) 6 0 6 15
Exit Mach Number 2.95 0 2.95 2.81
Exit Diameter (cm) 380 1 24.3 22.7
Supersonic Core Length (m) 59 1 3.77 3.35
SSME (one)
Sea Level Thrust (Newtons) 1.68x10% 2 6870 6790
Mass Flow Rate (kg s™1) 472 2 1.93 1.81
Exit Area (m?) 4,17 2 0.017 0.0062
Expansion Ratio 77 0 77 8.5
Exit Half Angle (deg) 5.4 0 5.4 20
Exit Mach Number 4.234 0 4,234 3.325
‘Exit Diameter (ecm) 230 1 14.7 8.9
Supersonic Core Length (m) 54 1 3.5 1.6

*SSME at 100 percent power, high performance SRM. Data are reduced to three

figures since motor performance varies several percent with time and temperature.

B. Background on Acid Deposition Production

The data presented in Table 2 illustrate a critical point relative to formation of
deposition from the STS exhaust; an excess of water enters the pad/flame trench system
over and above the amount that can be vaporized by the available exhaust heat. The
excess, which is of order 200 k1(50,000 gal) per SRB at KSC, 500 k1 (130,000 gal) per SRB
at Vandenberg, interacts with the exhaust plume. Much of this water is atomized by the
mechanical shears and turbulence generated by both the Space Shuttle Main Engine
(SSME) and SRB exhaust flows. It is then expelled into the near field or mixed into the
exhaust "ground cloud," which lifts and blows away with the wind. In this interaction, it
scavenges significant quantities of SRB exhaust products; gaseous hydrogen chloride and
aluminum oxide particles. The composition and spatial distribution of this material is of

primary interest in this study.
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The IOP/acoustie suppression water is injected around the launch mount "holes" at
the base of the vehicle. In the KSC configuration, water is also injected into the flame
trenches and spread out onto the surface of the mobile launch platform. In both configu-
rations, most of the interaction between water and exhaust occurs in the exhaust ducts.
The excess water is ejected with the exhaust. At Kennedy, both SRBs are directed into
one duct which empties horizontally toward the north. There are no structures to deflect
the plume upward, but thermal buoyancy causes lifting after the initial jet decays. The
KSC SRB exhaust duct configuration is shown in Figure 4.

At Vandenberg the situation is quite different. First, each SRB is directed into a
separate duct, one toward the north and the other south. Second, the ducts are covered
and of a more complex design, as illustrated by Figure 5. The covered portion of the
north duct runs horizontal for 16 m, then upward at an 8-degree angle for 40 m. For the
south duct, the horizontal run is 21 m, and the 8-degree run is 35 m. Both ducts open
onto an uncovered apron area which extends upward at 15 degrees to ground level.
Beyond the exit of the duct on the north side, the ground level drops gently beginning a
few tens of meters beyond the opening. For the duct opening to the south, it drops
quickly into the side of a small ravine, then rises fairly abruptly on the far side to a level
above the top of the apron. The crest on the far side is less than 300 m from the launch
mount; its elevation is such that it lies on the projection of the centerline of the 8-
degree portion of the duct.

. FIELD TEST RESULTS
A. Observations of Model Firings

The spray pattern of the acidic deposition in the immediate vicinity of the launch
mount is primarily dictated by the exhaust duct and launch mount design. The projection
angle in the vertical for the material ejected from the north duct was measured on the
March 25, 1983, model firing. This was a 100 percent of baseline water flow, VLS con-
figuration test with the vehicle at the zero elevation level (resting on the pad). An 8-m
vertical pole was placed 31.5 m from the vehicle directly in line with the north duect.
Test tubes were taped to the pole every half meter, each tilted toward the exhaust at
about a 45-degree angle. Figure 6 illustrates the amount of material deposited in the
tubes as a function of the projection angle above the horizontal relative to the lip of the
apron. The maximum amount of material was found in the 8- to 10-degree range, indi-
cating that the covered portion of the duct controls the elevation angle more than the
15-degree open apron, The distance of the measurement site to the vehicle, 31.5 m,
corresponds to nearly 500-m full scale (applying a simple 0.064 scale factor).

In more than half of the 20 test firings that were studied, the primary objective of
the measurement effort was to determine the deposition pattern on the ground. All of
these tests were of the VLS configuration with 100 percent of baseline water flow. In
some cases, the vehicle was elevated above the pad to simulate lift-off. Deposition
measurements were made by setting out an array of collectors in the target area and
volumetrically measuring the amount of deposition collected. In the first test, plastic
petri dishes and 1-liter beakers were tried as collectors. The petri dishes were blown
away by the exhaust and so were not usable. Beakers worked fairly well, but some of the
exhaust material remained on the side walls rather than running down into the beaker.
Even though the time from rocket firing to analysis was minimized (typically 1 hr) there
was still concern that a substantial fraction of the deposition might evaporate before the
beakers were gathered and the contents measured. Therefore, plastic cups with sealable
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lids, 8.1-em diameter by 6.3-cm deep, filled to within about 1 e¢m of the top with silicone
oil, were used. The oil cups were much more labor-intensive and messy, but they pro-
vided more reliable results. Comparison with the first tests using beakers shows es-
sentially identical results with both methods. The beakers, hoxgever, were used only
during February and March when the temperature was 5 to 13 ~C and evaporation was
slow. The comparison would probably be less favorable if the beakers were used in
summer.

Figures 7 through 10 display four of the measured deposition patterns, two with
calm or very light winds and two with moderate winds. The outside contour shown in
these figures represents the limit of the area completely wetted by deposition, or about
0.1 mm of liquid depth. This contour is easily located in the area to the left-hand side of
the duct centerline because this area is paved out to 80 m from the vehicle and perma-
nently marked with a polar coordinate grid. Immediately after a firing, the full wet/
partial wet boundary was marked in chalk, However, 3 to 4 m to the right-hand side of
the duct centerline, the pavement ends and the area is grass covered. A broad ditch, 5-m
wide by 1.5-m deep, parallels the duct centerline with its center displaced about 12 m to
the right. In this area, and beyond 80 m in all directions, the full wet/partial wet bound-
ary must be estimated from the collector cup data with some loss in precision.

With little or no wind and the model vehicle at the zero elevation level (resting on
the pad), the fully wetted area extends to about 80 m from pad center. Maximum
breadth occurs at a range of about 50 m and is of order 35 m. To interpret this as an
expectation for full scale one must apply a scale factor which, for the sake of simplicity,
we assume to be 0.064. This simple linear scale factor would be expected to apply for a
single phase, constant density gas jet. In actuality we are dealing with a two-phase flow
with substantial temperature differences. Thus drag, gravitation, and buoyancy may be
expected to play an important role. The 0.064 factor will lead to an over estimate of
effects in the far field. Scaling the low wind values given above implies an upper limit
range of about 1250 m and a maximum width of about 550 m at 800 m from the pad.
With the vehicle raised above the pad the pattern narrowed and lengthened. At the
maximum vehicle elevation tested, equivalent to 36.6-m (120 ft) full scale, the fully wet
area extended to about 150 m which corresponds to a 2300-m full scale upper bound,
measured from the pad center. As a point of comparison, observations at KSC indicate
that the fully wet area extends 600 to 700 m north of the pad center. From a single
observation made with the model in the KSC configuration, it appears the 0.064 factor
over estimates the length of the wet zone by a factor between 1.3 and 2.1. For rough
"best estimates" a scale factor of (1.7 x 0.064) = 0.11 is probably suitable,

The data set was also analyzed to obtain an indication of the range from the
vehicle where the maximum depth of deposition may be expected. The location of this
point varied from test to test. The lowest value observed occurred on the March 9, 1983,
test (Fig. 9), which was certainly influenced by the wind. The value of 15 m would scale
(x 1/0.11) to about 140 m at Vandenberg. The maximum distance of 40 m was observed
on the September 9, 1983, test in a 4 m s™~ crosswind (Fig. 8). In this case the plume
centerline was blown to the side of the main array of collectors so the true maximum
may have been missed. At full scale, 40 m corresponds to about 360 m. The best data
set for the vehicle at zero elevation (the March 25, 1983, test, illustrated in Fig. 7) and
one other poor set show the maximum at 20 m (180-m full scale). Two tests with the
vehicle elevated slightly gave maxima at 30 m (270-m full scale). However, since better
than half of the water which becomes deposition is already in the trenches at L = § for
both the Kennedy and Vandenberg launch sites, the actual full-scale pattern will tend to

12
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look like the low vehicle elevation patterns. Thus at Vandenberg the maximum deposi-
tion depth may be expected at the 200 to 360 m range for calm or light crosswind launch
conditions, assuming a 0.11 scale factor.

The deposition from both the model and actual shuttle launches is a solid/liquid
mixture; hydrochloric acid, aluminum oxide granules from the solid rocket motors, hits of
sand, seeds and other debris from the near pad area, and various dissolved trace ele-
ments. For the September 1 and September 9, 1983, model tests, the solid fraction of
the deposition was found to be 11 percent in both tests with standard deviations of 4 and
5 percent, respectively. (The smallest samples were disregarded in obtaining these
figures because the measurement is not believed to be reliable when the total amount of
material is less than 0.5 ml. In the very small samples the solid fraction tends to appear
much larger. Their inclusion in the data would drive the averages to 18 and 13 percent
with standard deviations of 16 and 10 percent.) By comparison, samples from actual
shuttle launches show a greater solid fraction. A single sample collected under oil during
the STS-4 launch was 30 percent solid, 70 percent liquid. During the launch of STS 41D,
samples were taken from an array of oil dishes identical to those used for the model
tests. The average solid fraction for 12 samples was 27 percent with a standard devia-
tion of 10 percent.

Apparently the solid fraction is determined by the rate of scavenging and the
amount of time the drops spend in the cloud. At full scale the drops have much more
time to collect solid material. At Vandenberg the physical size of the cloud should be
about the same as at KSC, so one would expect about the same solid fraction in the
deposition, about 30 percent, unless the aluminum oxide supply is limited relative to the
amount of water; the amount of water is greater at VLS.

The data on the acid content of the deposition samples collected from the various
model tests can be summarized as follows:

1. Eleven samples collected in beakers, without oil, in four test firings, all on cold
days. Temperature at test time ranged from 5 to 13 "C: mean acidity = 1.26 normal (N),
std. deviation = 0.20.

2. Samples collected under silicone oil (Dow Corning 200 Fluid, 500 es) in
"Freezettes," 9-em diameter cups, from a test on a warm day. Model at "zero level"
elevation,oresting on the pad. Fifteen samples from September 9, 1983, test; tempera-
ture = 28 ~C: mean acidity = 1.69 N, std. deviation = 0.27.

3. Samples collected by same method as 2 above, but from a test with the model
elevaoted to the "30-ft" level. Thirteen samples from August 26, 1983, test; temperature
= 32 °C (see Fig. 11): mean acidity = 1.64 N, std. deviation = 0.39.

4. Samples collected on warm days by the "milk stand" method. The bottom was
cut out of a cleaned, polyethylene, gallon-size milk container that was mounted in an
inverted position over a sample bottle. The milk container formed a large funnel and the
sample jars could be quickly capped after the firing. The results are summarized in
Table 3.

This data set contains considerable variability which is traceable to several

causes. Some samples taken on or near the 0-degree azimuth show a systematically
lower acid concentration than those from the 180-degree azimuth. Certainly this may be
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expected because of the additional water from the SSME duct that is exhausted in this
direction. It was also observed when examining the deposition drops in the oil cups, that
some of the drops were clear liquid (plus solids) and some were definitely a light green
color (plus solids). Both clear and green drops were found together in the same cups. It
is suspected that the color difference is due to a chemical reaction of the HCI with some
substance in the solid fraction of the deposition which is randomly mixed into some drops
and not others. The effect is seen in samples collected well away from the influence of
the SSME duct exhaust and it is not the effect of dew fall since the oil cups were usually
deployed in the late morning or afternoon, a few hours before the firing.

TABLE 3. DEPOSITION NORMALITIES FROM "MILK STAND" COLLECTORS

Test Date Temp. o Location Normality
Aug. 26, 1983 32 1803, 25 m 2.07
180°,30 m 1.94
180° 40 m 2.63
Sept. 1, 1983 33 og, 30 m 1.40
02,50 m 1.56
10°, 30 m 0.75
180°, 40 m 1.63
Sept. 9, 1983 28 og, 25 m 1.70
0° 35 m 1.83
0° 45 m 2.19
180°, 25 m 2.20
180°, 35 m 2.40
180°, 45 m 2.45
Sept. 15, 1983 27 1808, 30 m 1.84
180°%, 40 m 1.97
180°, 55 m 2.05

Samples collected with the "milk stands" tend to show a higher acid concentration
than samples collected under silicone oil. This is probably the result of water evapora-
tion from the funnel surface; note that the "milk stands" were only used in the warm
weather tests. To verify the silicone oil method, 20-ml samples of 2.5 N HC1 were left in
sample bottles for 10 weeks, one tightly capped and the other under 2.3 em of oil (open
part of the time). When titrated, the acid concentrations were equal within the expected
accuracy of the titration, indicating that significant amounts of HC1 were not absorbed
into the silicone oil. Acid concentration of the cold weather samples collected in
beakers is lower than the warm weather samples, indicating a significant temperature
effect. The beaker samples must have been concentrated somewhat by water evapora-
tion in the 30 to 60 min required to gather and transfer the samples into closed bottles,
although at the cold temperatures involved the effect may not have been too great.
However, the mean concentration, 1.26 N, is still less than the samples collected under
oil on warm days, 1.64 and 1.69, but the difference is about the same magnitude as the
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standard deviations in the data sets. Thus the temperature effect cannot be precisely
quantified because of the scatter in the data. The temperature effect is even more
noticeable when comparison is made with the "milk stand" samples which averaged 2.12
N for samples from the 180-degree azimuth.

Looking at Figure 11 and the data tabulated in Table 3, it is also noted that there
is a systematic increase in acid concentration with range from the model within each
data set. If the 11 data points from the 4 cold day tests are plotted together, they
likewise show an increase in normality with range. In all cases, the scatter in the data
set is large compared to this effect; but, considering the complete data set, it appears
that the increase is of the order of 0.02 N/m.

B. Shuttle Launch Observations

A small field program designed to verify HCl revolatilization was conducted at
KSC in conjunction with two launches in the late summer and fall of 1984, A time-
resolved, spatially-averaged measurement of the total HCI] concentration was desired to
provide a general picture of the post-launch work environment on the pad. Hydrogen
chloride can occur as either gas or as aerosol in combination with water, so simultaneous
measurements of both forms are required. Both gas and aerosol measurements, and
measurements of the amount of deposition near the pad, were made after the first launch
studied, STS 41D. For the second launch, STS 51A, only HCI gas concentrations were
measured. Deposition measurements for the 41D launch will be discussed first, followed
by a description of the gas and aerosol measurements.

The same oil-cup technique developed for the model tests was used to sample the
acid deposition on and around the launch pad at KSC. For safety reasons personnel must
clear the pad area before fueling of the external tank begins on the night prior to the
launch, and they cannot return until the pad is cleared several hours after lift-off. Thus
the oil cups were deployed and left uncapped from prior to 8 p.m. the night before and
picked up beginning shortly after noon on the day of the launch. Figures 12 and 13 show
the deployment array. On Figure 12 the sites are annotated to indicate the appearance
of the oil and the depth of the solid material collected; on Figure 13 they are annotated
with acid normality (when the sample was large enough to obtain a measurement) and
liquid depth. Both clear and greenish deposition drops were noted in the samples. The
milky appearance of the oil in some cups was probably due to collection of fine liquid
spray from the launch; the milkiness was greatest at locations where one might expect
the most intense spray. In some samples the oil remained clear, so the possibility that
the milkiness was caused by dew fall can be discounted in this case.

The HCI gas measurement effort was undertaken as a joint project sponsored by
NASA and the Air Force Engineering and Services Center, Environmental Sciences
Branch, Tyndall Air Force Base, Florida. The work was performed by the Arnold En-
gineering Development Center (AEDC), Air Force Systems Command. Michael G. Scott
and Charles W. Pender, Jr., of Sverdrup Technology, Inc. (operating contractor for the
propulsion test facilities at AEDC) were the principal investigators. Lt. Floyd Wiseman,
AFESC/RDVS, was the Project Officer for the Engineering Services Center and Capt.
Frank Tanji, AEDC/DOTR, was Project Manager for AEDC.

A long path infrared absorption technique using a Fourier transform spectrometer

(FTS) was selected for this study because the launch site is on the sea coast and the
background chloride concentrations may be high at times. Thus a gas measurement
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STS 41D SOLID DEPOSITION
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Figure 12. Deposition pattern found after the STS 41D launch.
The line of site for the Fourier transform spectrom-
eter gaseous HCI measurement is also indicated (FTS
to blackbody).
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technique which is highly specific for HC1 was required. In this technique, an infrared
light source (a high temperature blackbody) is set up at one location and viewed with a
telescope-FTS system from several hundred meters away. The spectrometer measures,
as a function of wavelength, the absorption of the infrared energy caused by the gases
along the path from the blackbody. Since HCI and other gases absorb at specifie, known,
wavelengths in the infrared, the presence of HCI can be definitely determined and the
quantity measured from the ratio of the strength of the absorption lines to the back-
ground envelope. Laboratory calibration showed that the detection threshold for the
system was about 0.5 ppm by volume.

At KSC the exhaust from both SRBs is ejected from a single horizontal trench
which opens to the north onto a flat grass-covered area. The grass extends approximate-
ly 400 m from the launch pad to a lagoon and brush-covered area beyond the launch
complex perimeter. The bulk of the wet acidic deposition from each launch falls onto
this grass-covered area and the lagoon and brush beyond, making this the primary source
of HC1 revolatilization. Measurements for both the 41D and 51A launches were made
directly over the grass-covered area within the perimeter fence. The absorption was
measured along a 500-m path oriented east-west, approximately 1.2 m above the surface.
The blackbody was east of the HCI source region; the FTS was on the west side. From 55
to 60 percent of the path was directly over the HCI source (Fig. 12).

The FTS used in this study was a Block Model RS197 corifigured for maximum
sensitivity in the spectral region of interest, 3000 to 2700 em . The system used a
germanium beam splitter on a potassium bromide substrate and an indium antimonide
detector cooled to 77 K. Special precautions in the mounting and housing of the instru-
ment were observed to enable it to withstand the severe acoustic vibration and corrosive
HCl gas environments produced by the shuttle launch. At regular intervals, the system
would collect 124 interferograms in a 2-min period, average the digitized data, and store
the results on magnetic tape. The averaged interferograms were transformed into the
spectral domain and the amount of HCI absorption determined at a later time. Sample
absorption spectra from the laboratory calibration and the field data are illustrated in
Appendix I. The interval between data collection was 20 min for the 41D launch; soft-
ware improvements allowed this to be reduced to 10 min for 51A. For additional details
on the system design, calibration, and operation, the reader is referred to Appendix 1.

Hydrogen chloride revolatilization was measured after the 41D and 51A launches
as shown in Figure 14. In Table 4, meteorological data and other relevant information
concerning these launches are summarized. The HCl gas concentrations plotted as
functions of time in this figure are computed assuming the gas is evenly spread through-
out the 500-m path between the blackbody radiation source and the FTS receiver. In
actuality, the coneentration is expected to be somewhat greater over the source and less
elsewhere. The precision of the 41D data is 19 percent, t15 percent for 51A. The
difference is due to changes in the blackbody radiation source made between launches
which resulted in a factor of 4 improvement in the signal-to-noise ratio.

For both launches, the HCI concentration reached a peak just over an hour after
launch, remained high for an hour or so, then slowly decayed. The measurements were
continued for 3 days following each launch. After 41D, no HCl was detectable after the
7-hr period illustrated by Figure 14. This was not the case after 51A. Trace amounts,
less than a part per million, were detected between 8 a.m. and 2 p.m. local time on the
day following the launch, and again between 10 a.m. and 1 p.m. on the second day after
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the launch. The improvement in signal-to-noise ratio may account for the difference,
but the initial source strength was also stronger after 51A.

TABLE 4. ENVIRONMENTAL CONDITIONS FOR 41D AND 51A LAUNCHES

Condition STS 41D STS 51A
Launch Date Aug. 30, 1984 Nov. 8, 1984
Launch Time (local) 08:42 EDT 07:15 EST
Temperature (Celsius) 26 20
Relative Humidity (percent) 81 59
Wind Speed at 60 ft. (m sh 5 7
Wind Direction (degrees) 106 24

NOTE: The ground was dry during the 41D launch except for possible due from
the night before. After the 51A launch, the ground was observed to be
quite wet with standing water in some locations, apparently from
thunderstorms in the area during the night.

Since the measurement method discussed above only detects gaseous HC], the
possibility that HC1 vaporizes from the ground and then condenses to an aerosol phase
must also be considered. In the aerosol phase, HCI in concentrations of a few parts per
million should be readily detected by standard aerosol counting and sizing techniques,
assuming there is no undue interference from local anthropogenic sources. For example,
1 ppm HClby volume is equivalent to about 1.5 mg HCI per cubic meter. On the
coast at gro&md level, sea salt aerosol concentrations of 1 to 15 ug m™ for wind speeds
up to 8 m s may be expected (13). If the relative humidity is high, the background
aerosol mass will increase by deliquescence, but it must exceed 98 percent relative
humidity before the background would match the HCI mass concentration. Thus the HCI
aerosol should, as a minimum, double the background levels if the concentration is 1 ppm
or more in aerosol form.

Aerosol number concentration and size distributions were measured after the 41D
launch using a Gardner counter to provide the total Aitken nucleus count (particles
between 0.01 and 0.2 um) and a Climet optical particle counter to give the number and
size distribution for particles between 0.3 and 10 um. The raw pulse output from the
Climet was fed to a multichannel analyzer so that the entire size spectrum could be
determined for each sample. The spectrum accumulated by the multichannel analyzer
was dumped to paper tape at regular intervals. The system was housed in a van so that it
could be moved alternately upwind and downwind of the source area.

It was intended that the Climet system would operate automatically, beginning
the night before, right through the launch and post-launch period. Unfortunately, an
equipment malfunction prevented this from happening so data were obtained only while
the instrument was manually attended, beginning 1:49 p.m., after access to the pad was
allowed. (The launch occurred at 08:42 EDT.) Eight 70.8-liter air samples, each drawn
over a 10-min period, were taken downwind from the source area (at the FTS instrument
location) between 1:49 and 3:53 p.m., Then between 4:30 and 5:30 p.m., five samples
were taken upwind, at the camera site on the east side of the pad. Finally, four addi-
tional samples were collected downwind at the FTS site between 5:40 and 6:40 p.m. With
the exception of one sample drawn just after 2 p.m., there was no systematic difference
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between the up- and downwind samples; the difference between the average counts was
less than the standard deviation. The count in the sample taken just after 2 p.m. was 2.8
times the mean, and the following sample also showed a high count, but traffic in the
area was high at the time so the high counts are probably due to road dust.

The question of I1C1/HyO aerosol formation has been treated analytically by Rhéem
(14) and, more extensively, by P.V.N. Nair et al. (15). Their work indicates that at 20 “C
the threshold for HCI aerosol condensation is 10 ppm at 80 percent relative humidity and
1 ppm for relative humidities over 91 percent. Thus examining the gas concentration
data for the times of the aerosol measurements, aerosol formation would not be expected
under these conditions, in agreement with the aerosol measurements.

IV. HC1 REVOLATILIZATION ANALYSIS

The qualitative features of the HCl revolatilization process as illustrated by the
51A and 41D data (Fig. 14) may be explained quite simply. As discussed above, the
launch leaves the pad area and the immediate vicinity on the north (SRB exhaust) side of
the pad covered with drops or small pools of hydrochlorie acid. Initially the acid is fairly
dilute, about 2 N or less. For these low concentrations, the equilibrium vapor pressure of
HClis more than five orders of magnitude less than that of water over the solution.

Thus the initial acid vapor concentration in the air is relatively low. However, it in-
creases rapidly as the drops, small ones first, lose water by evaporation and increase in
acidity. When evaporation has proceeded to the point that less than a quarter of the
mass of a drop remains, the conecentration reaches a value on the order of 11 N and the
acid and water vapor pressures are equal. Thus,most of the acid is released in the final
stage of evaporation of each drop. ’I‘herefore, the ambient HCI vapor concentration rises
to a peak as the majority of drops evaporate, small ones first. Then it falls slowly,
fueled only by the much slower evaporation of the largest drops, small pools, and acid in
the surface soil layer.

To develop a quantitative treatment of this process we note first the great sim-
ilarity to the problem of evaporation of water or other pure liquid from a pool or field.
These problems have been treated extensively in the literature because of their great
1mportance to hydrology, agriculture, and the study of chemical spills. A full treatment
is quite complex, since the evaporation rate depends on many variables including wind
speed, ambient humidity, solar insolation and cloud cover, atmospheric stability and
turbulence, terrain features and surface roughness, vegetation cover, ete. The HCI
revolatilization is more complex, however, because it involves the interdependent evapo-
ration of two substances, acid and water.

In this study, an attempt is made only to elucidate the basic nature of the re-
volatilization process and the measurements already discussed. Development of a
detailed revolatilization model is beyond the current scope of the project. Instead, a
highly simplified treatment of the key aspects of the problem has been developed which
will serve to explain the basic physies. This treatment is expressed as a simple numerical
model listed in Appendix II. The essential aspects of the model are as follows:

1. The source area is assumed to be covered initially with a Gaussian distribution
of hemispherical drops, all of the same acid concentration. Initial parameters to be
specified: mean radius, total liquid volume per square meter, standard deviation of size
distribution, and acid content (weight percent).
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2. The rate at which pure water would evaporate from the surface is computed
using a simple empirical formula defined in the classic work by Penman (16). The evapo-
ration rate is expressed as a function of the following variables: wind speed, ambient
humidity, air temperature, and surface temperature. The surface temperature is typical-
ly not measured and it is fairly difficult to calculate since it is a function of a number of
parameters. Specifying it as an input is one of the major simplifications of this treat-
ment.

3. Beginning with the initial conditions, the evaporation of acid and water is
calculated as a function of time. The evaporation from each drop size class is de-
termined by the number of drops and the microphysical parameters, drop radius, acid
concentration, surface temperature, and an estimate of the near-field acid and water
vapor concentrations from the prior time step. At each time step, the total amount of
material evaporated is normalized via the ratio of latent heats to the amount of evapora-
tion (water) given by the Penman equation.

4. As the evaporation process proceeds and the surface begins to dry, the total
amount of evaporation given by the Penman equation is adjusted down in proportion to
the ratio of wet to dry surface.

The model outputs the HCI source strength per square meter of surface as a
function of time. The mixing process into the atmosphere is not modeled. For this
reason, and because ground temperatures were not measured following the launches for
which data were obtained, a direct comparison between model output and measurements
is not possible. However, comparing Figure 15, which displays the model output for cases
approximating the 41D and 51 A post-launch conditions, to Figure 14, it is clear that at
least the basic form of the functional dependence with time is correct. If the HCI from
a strip 100 m long by 1 m wide (aligned with the wind) is assumed to mix into a volume of
air 2 m high by 1 m wide by U x Dtime long (U = wind speed and Dtime = the time
interval), it is found that the model output is the right order of magnitude to explain the
observed results. Examination of Table 5 and Figures 16 through 22, which illustrate the
dependence of the HC1 source on the various parameters, shows that the model results
are quite sensitive to these variables. Thus considerable additional work is required to
complete validation of this analysis. It is presented here to indicate the types of depen-
dence the HClrevolatilization is expected to show on the various parameters and to
serve as a basis for future modeling efforts.

It is anticipated that a complete model of the revolatilization process could be
developed quite readily based results is desired, it could be obtained by replacing the
empirical Penman equation with a simple mod