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Space Shuttle-type transportation systems will be a source of repetitive modifications to the Earth’s plasma
environment due to the large amount of rocket exhaust that will be introduced on a routine basis into the
ionosphere. The source of the perturbation lies in rapid ionospheric chemistry that leads to a large-scale
‘“ionospheric hole.”’ In this paper, it is shown that the number of ion-electron pairs removed due to rocket
exhaust chemistry does not scale simply with the number of molecules contained in the plume. A perturbation
source efficiency factor is defined to demonstrate how effects may be maximized or minimized depending on the
rocket launch and/or orbital profile. Sample calculations are made for NASA’s Space Shuttle and for the
proposed heavy-lift launch vehicle envisioned for carrying solar power satellite components into low Earth orbit.

Introduction

HILE the concern about rocket exhaust effects upon

the Earth’s upper atmosphere is not a new topic,!
studies of plume-associated disturbances upon the en-
vironment remain an active area of investigation. Most of the
rocket-induced aeronomic effects described in the early
literature of the field were termed ‘‘localized,’” due mainly to
the fact that the rockets examined were relatively small and
thus their exhaust rates were low.?#* Of equal importance,
however, was the fact that most of the early large-rocket
flights were confined to lower ionospheric heights (4 <200
km) where the dense neutral atmosphere causes the in-
troduction of plume species to be relatively inconspicuous. -6
A new class of ionospheric disturbance became apparent
during the Saturn V launch of Skylab in May 1973 when, for
the first time in the U.S. space program, a very large rocket
had its engines burning at high altitudes (200-450 km) where
the tenuous ionospheric plasma is very sensitive to neutral
molecular concentrations.

The Skylab effect was a rapid and large-scale depletion of
the ionosphere due to greatly enhanced chemical loss rates
between ions and electrons caused by the vast amounts of
water (H,0) and hydrogen (H,) present in the Saturn exhaust
plume. The ‘‘ionospheric hole’’ created by the Skylab launch
involved nearly a 50% decrease in the total number of elec-
trons within a 1000 km radius of the Saturn V launch path (see
Fig. 1 and Mendillo et al.”# for further details).

The purpose of the present paper is to describe two space
transportation systems which require routine engine firings in
the upper ionosphere and therefore the routine creation of
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large-scale ionospheric holes. The soon to be operational
Space Shuttle program will include orbital configurations
usually in the 250-450 km altitude range—at precisely the
heights where the ionospheric plasma densities (O *+ and e ~)
reach their maximum values. The Space Shuttle’s engine
exhaust rates® are considerably smaller than those of a Saturn
V rocket and thus the very large spatial extent associated with
the Skylab effect will not be found for the Space Shuttle-
induced holes.

The launch vehicles required for the proposed solar power
satellite (SPS) system represent a very substantial increase
over ‘‘conventional” Space Shuttle cargo and support staff
transportation modes. The regular transfer of material and
personnel to low Earth orbit (LEO) and from LEO ‘to
geostationary Earth orbit (GEO) suggests that a routine
modification of the ionosphere will be a consequence of the
fully implemented SPS concept. The ultimate spatial and
temporal extent of the SPS-induced ionospheric holes will
depend on the specifics of the launch vehicles to be designed
and the orbital flight plans that evolve. Ample opportunity
exists to influence these decisions by model/simulation
studies, as suggested by some of the preliminary results
presented in the following sections.
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Fig. 1 Total electron content (TEC) data used to detect the ‘‘Skylab
effect”” on May 14, 1973. The dashed curve gives the anticipated
diurnal TEC behavior based upon a monthly median prediction
updated for geomagnetic storm effects (after Ref. 8).



-~
e

MAY-JUNE 1980

Description of Physical Processes

The main exhaust products of standard upper-stage rocket
engines include molecular species of important ionospheric
consequence. For example, a liquid oxygen-hydrogen engine
(LH,/LO0O,), such as used in the Saturn V vehicles, has an
exhaust plume of water vapor (H,0) and unused fuel (H,) in
an abudance ratio of approximately 75/25% by molecular
count. An aiternate propulsion scheme, such as used by the
Space Shuttle while in orbit,® burns monomethylhydrazine
(MMH) and nitrogen tetroxide (N,0O,) to produce, among
other products, a significant amount of water (H,O),
hydrogen (H,), and carbon dioxide (CO,). The introduction
of H,0, H,, or CO, into the upper ionosphere (4>200 km,
where the dominant ion is O*) causes a chemical tran-
sformation to molecular ions at rates 100-1000 times faster
than occur with the naturally occurring molecules of nitrogen
(N,) and oxygen (O,). These important reactions are

k
O+ +H,0 ~H,0* +0 k,=2.4x10-%m3/s (1)

.
O+ +H, ~OH* +H k,=2.0x10-%m3/s  (2)

k
0+ +C0, -0, * +CO k;=12x10-%m3/s (3)
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Once a molecular ion is formed, its dissociative recom-
bination with an ambient electron occurs rapidly (see Banks
and Kockarts!? for a full treatment of normal ionospheric
chemistry). For the above cases, the reactions are:

H,0* +e- —OH+ @, =3.0x10""cm/s (4

OH* +e-=H+0 0, =1.0x10""cm¥/s (5

o

0,*+e ~0+0 @, =2.0x10""em?/s  (6)

Equations (1-6) describe the essential features of
ionospheric hole formation. Several recent studies have
examined the coupling of molecular diffusion and ionospheric
chemistry in order to refine calculations aimed at specifying
the development of molecular release scenarios.!!''* For
example, Forbes and Mendillo'! treated the case of H, and
H, O molecules being lost via reactions with the neutral at-
mosphere before they could react with ionospheric ions. Their
results showed that this effect is important only at very low
altitudes in the F-region, and thus the neglect of these reac-
tions in the present study is amply justified. In a similar way,
the calculations of Anderson and Bernhardt!? showed that,
for regions very close to the release point and for very early
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Fig. 2 Modification simulation results for a point source release of 3x 1028 water molecules into a 8300 K neutral atmosphere (after Ref. 15).
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expansion times, high concentrations of H, can lead to the
subsequent transformation of OH* and H,O* to H;0*;
this would lead to dissociative recombination rates that might
be faster than the rates for the less complex molecular ions
quoted in Eqs. (4) and (5). The neglect of these species in the
present study should not appreciably affect the results for the
total number of electrons removed over a large-scale region
900 s after the release.

For use in preliminary assessment studies such as this,
Mendillo and Forbes!® developed a relatively simple for-
mulation whereby the hole-making potential of a release
scenario may be computed by forming a set of O+
“‘destruction operators’’ for each molecular species involved.
Figures 2 and 3 give an illustration of the technique for the
case of 3x10% water molecules (approximately 1 ton of
water—and similar to 1 s of Saturn V exhaust). Figure 2
describes the molecular diffusion results and their resultant
effect upon the O * distribution. The top two panels show
molecular concentrations (in ¢cm ~3) at 30 and 300 s after the
release, while the bottom two panels show O+ destruction
operators, defined as D(¢) =[O+ (#)]1/[O0O*(t=0)], at t=30
and 300 s. Note that the O * concentrations are not affected
by H, O concentrations of less than 105 /cm3.

Figure 3 describes the consequence such a release would
have upon the electron densities N, of a typical mid-latitude
winter nighttime ionospheric profile (N, (h,r) at =0 1is given
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in the upper left panel). The remaining three panels give N,
(h,r) contours at =30, 60, and 300 s. Note that the hole
forms quickly and descends into the lower ionosphere as time
progresses.

The techniques described by Mendillo and Forbes!® do not
include plasma diffusion or solar production effects and thus
use of the multispecies destruction operator method provides
a good estimate of the maximum possible hole that results
from a release, but nothing about recovery times. Since the
depletions form in the first few minutes following a release,
these methods are well suited for assessing the environmental
impact of large-scale rocket plume effects.

Assessment Scheme for Rocket Exhaust Effects

A concise and meaningful way of determining the potential
consequence of any injected molecules is to specify the
relationship between the total number of electrons lost within
the geographical area surrounding the release and the total
number of molecules available. Thus, a parameter called the
total electron count (N,,,) may be defined to be

N (1) = S S N (h,r,t)2xrdrdh

and
AN (1) =N (ty) =N, (1)
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Fig. 3 Spatial/temporal representation for F-region electron density depletions associated with water release, depicted in Fig. 2 (after Ref. 15).



MAY-JUNE 1980 MODIFICATION OF ENVIRONMENT BY LARGE SPACE VEHICLES 229
700~ — . —
600 j 550 SPS .
=z ] CIRCULARIZATION
Fig. 4 Winter nighttime — 5004 — ;f 5001 BURN 1
electron density profile, % N ~ ygpl-
N.(h), for mid- latitudes i 400 . £
during a solar maximum year. = b 4 4ok J
300 — L
i T
L w 3501 1
2 N(el/en?) <
= 300 1
[Vi}
o
250 I 8 (e/ ) !
SSOF 1 R | I | e
sool. SHUTTLE | ° 1 2 3
_ Qe Source EfFiciency (%)
é 450 1 Fig. 6 Source efficiency results for an equivalent point source cir-
~ cularization burn of the HLLYV proposed for the SPS program; total
':::: 400 |- 1 source = 1030 H, and H, O molecules.
T 30k 1
5 300+ i exhaust at various points over the 250-550 km altitude range.
w The &, results were computed as a function of time after the
& ang- _ release and for a variety of radii to test for the temporal and
€5(%) spatial extent of the hole-making process. The results in Fig. 5
e é L‘} . é — BL z JiD‘ 1‘2 give &, at =900 s (by which time the hole formation had

Source Erriciency (%)

Fig. 5 Source efficiency results for an 11-s burn of the Space Shuttle
OMS engines at various ionospheric heights; total source=
3.5x10%" H,,H, 0, and CO, molecules.

The ““efficiency”’ of the source (S,) may then be defined as
& (1) =[AN, (1) /8,1 x 100

where &, is expressed in percent as a convenient way of
describing the actual units of electrons lost/molecules
released. When defined in this way, the efficiency of the
release gets larger as the source gets smaller. Thus, in the
smallness limit of S, =1 molecule, one electron would be lost
and &, would be 100%. The more interesting case occurs
when S, is large and, in fact, approaches the total number of
electrons found over large geographical areas.

The following two sections are devoted to a description of
how the source efficiency factors & (%) depend on the size
and altitude of the release. For illustration purposes, use was
made of the electron density profile N, (k) shown in Fig. 4,
one typical of winter nighttime conditions at mid-latitudes
during a solar maximum year. The vertical (columnar) total
electron content (TEC=|N,(h)dh) for this profile is
3.6 x 102 electrons/cm 2.

Space Shuttle Effects

Table 1 presents a summary of the molecular flow rates
anticipated from firings of the Space Shuttle’s orbital
maneuvering subsystem (OMS) engines. Following the scheme
outline by Mendillo and Forbes!® for handling multiple
species destruction operators, computations were made of a
set of source efficiency factors &, (f) for 11 s bursts of OMS

Table 1 Shuttle OMS exhaust rates by species

Species Molecules/s
H,0 1.36 % 102
H, 1.20x 102

Co, 0.61x10%

essentially stopped), using a radial extent of 175 km (beyond
which negligible N, changes occurred). Note that for this type
of “small release’’ the & curve closely resembles the N, (k)
curve in Fig. 4. The most efficient release height, 4 (&,,,,), is
slightly above the height where the peak electron density
occurs, f1(N,,,,), an effect due to the gravitational settling of
the molecules, as shown in Figs. 2 and 3. The fact that only
10% of the molecules released actually led to the loss of an
ion-electron pair should not be confused with the fact that
severe NN, depletions have occurred near the release point.
Thus, while an “‘overkill”’ situation exists near the release
point, two factors limit the hole-making effectiveness of the
molecules at more remote distances:

1) Vertical diffusion through an exponentially decreasing
atmosphere results in the rapid escape of molecules before
they can react with the O * in the topside ionosphere.

2) Horizontal diffusion through the Earth’s tenuous upper
atmosphere quickly results in molecular concentrations too
low (< 105 molecules/cm?) to be of chemical importance.

Solar Power Satellite (SPS) Related Effects

The launch vehicles being considered to ferry large amounts
of material and personnel into space for SPS construction and
maintenance are still in a very preliminary stage. The heavy-
lift launch vehicle (HLLV) concept that has initially
emerged ! calls for a Space Shuttle-type vehicle with a multi-
Saturn V equivalent lifting capability. The potential scenario
of two HLLV launches per day on a continuous basis suggests
an upper limit to the type of “‘large release’ ionospheric
modification effects that may be expected for the early 21st
century.'* As an example of what might be expected, Table 2
summarizes the type of exhaust breakdown proposed for a
single HLLV orbit circularization burn using a liquid
hydrogen/oxygen engine.

2 HLLY circularization burn exhaust
charateristics

Species Molecules
H,0 7.5x10%
H, 2.5x10%
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Figure 6 contains source efficiency factor (&) results at
t=900 s for equivalent point-source circularization burns by a
single HLLV over the 250-550 km altitude range. Several
features distinguished these ‘‘large release’’ results from those
in Fig. 5:

1) The efficiencies are more than a factor of three smaller
than for the Space Shuttle case.

2) The efficiencies increase with altitude throughout the
ionosphere and thus no A(&,,,) is defined over the height
range sampled.

The simulations carried out to obtain Fig. 6 required a
radial extent of 1050 km to insure negligible effects at the
outermost radius. Thus, while the efficiencies are low, the
spatial extent of the resultant hole is obviously much larger
than for the Space Shuttle case. The low &, values for the SPS
case are caused by the same “‘overkill”’ effects discussed with
respect to the Shuttle. The curve in Fig. 6 does not go through
a maximum simply because of the enormity of the SPS source
function. Thus, even for an equivalent engine burn high in the
topside ionosphere, diffusion and gravitational settling effects
result in a significant number of molecules reacting with the
ionospheric O * ions to form a hole.

Discussion and Conclusions

The plasma species (O* and e ~) which make up the F-
region of the ionosphere (#=200-1000 km) will experience
significant modification effects (‘‘ionospheric holes’’) with
virtually every in-orbit engine burn of the Space Shuttle and
the proposed HLLV’s needed to construct an SPS program.
The results presented here indicate that simple scaling
arguments based on the number of highly reactive molecules
(H,, H,0, CO,) contained in a rocket exhaust plume cannot
be used to estimate the number of electrons that will be lost
due to an engine burn. For a source efficiency factor defined
as &,=number of electrons lost/number of molecules
released, the trend clearly exists that & gets smaller as the size
of the release increases—at least for point source releases in
the 1027-103° molecules range appropriate for a small Space
Shuttle OMS burn to a Saturn V/HLLV-type major orbital
maneuver,

Rocket exhaust simulation studies should be extended from
point source to line source perturbation scenarios for more

realistic assessments. Mendillo and Forbes! investigated

vertical line source effects in comparison to point source
results for the same total number of molecules and found little
difference between the two at t=10 min after the release. A
vertical line source at F-region heights is an unlikely scenario
for an orbital vehicle since minimum energy (Hohmann type)
requirements would utilize a cotangential engine burn to
change orbital altitudes. From the modification perspective,
the exhaust plume from such a burn would take the form of a
horizontal line source. This may be treated as a succession of
point releases and thus the source efficiency (&) results
presented in previous sections may be used to draw some
preliminary, general conclusions about line source effects:

1) The maximum possible ionospheric perturbation (i.e., in
terms of spatial extent) would be associated with a horizontal
line source situated slightly above the peak of the ionospheric
N, (h) profile (e.g., in the 350-450 km range). Such a con-
figuration points to the most efficient dispersal of a molecular
exhaust plume for the purpose of creating ionospheric
depletions.

2) The opposite case of minimizing the spatial extent of an
ionospheric hole would be achieved by requiring as con-
centrated a horizontal line source as is possible, and to locate
that burn below the peak of the N, (#) profile. Note that the
&, results presented in Fig. 5 show a 50% reduction in hole-
making efficiency for a point source release 100 km below
h(N,,.)in comparison to a release 100 km above 4 (N,

max ) .
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A new treatment of a moving, time-dependant horizontal
line source has recently been carried out by Bernhardt.!” The
features described here and in Ref. 15 are essentially the same,
although the spatial translation of a plume resulting from a
moving rocket was shown to be significant for small sour-
ces—a point of some consequence for attempts to monitor
plume effects with ground-based diagnostics.

The &, results presented in Figs. 5 and 6 for small and large
engine burns are in good agreement with the only ex-
perimental studies capable of addressing the spatial extent
aspect of F-region depletions induced by the injection of
highly reactive molecules. The Skylab effect® and the more
recent Lagopedo experiments '8 pertain to large and small
releases, respectively; the total electron content measurements
made during each of these events point to low and high &,
factors, respectively, as the simulations presented here would
suggest.

Finally, the opportunity to document in a more complete
way the modification effects associated with a low exhaust
rate horizontal line source will occur during the first day of
the series of Spacelab-2 ionospheric modification ex-
periments 222 scheduled for late 1982. The circularization
burn for the Spacelab-2 mission is scheduled to occur along an
approximately 800 km long path centered on the Millstone
Hill Incoherent Scatter Ionospheric Observatory. A more
immediate opportunity for assessing rocket exhaust effects
was present during the Atlas/Centaur launch of the HEAO-C
satellite in September 1979.% The wide variety of upper-
atmosphere diagnostics scheduled to monitor these ex-
periments should provide a much needed description for the
largest type of Space Shuttle/Atlas Centaur perturbations
that can occur and, indeed, set a baseline reference for any
anticipated HLLYV effects associated with the SPS program.
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