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FINAL REPORT
BUOYANT VENUS STATION FEASIBILITY STuDY
VOLUME III - INSTRUMENTATION STUDY

By A. R. Barger and J. F. Baxter
Martin Marietta Corporation

INSTRUMENTATION STUDIES - TASK 4.2

The contractor shall establish the scientific objectives and inves-
tigate various scientific experiments to determine their possible use on
the buoyant station. The contractor shall establish a reference coordi-
nate system and investigate the measurements required to determine the
station position.

SUMMARY

The present knowledge of Venus is appraised and the general
scientific objectives of an early Venus mission are defined. More
specific objectives or measurements are given and priorities as-
signed. Experiments that relate to these objectives and that are
compatible with the buoyant Venus station (BVS) concept are ex-
amined and arranged into payloads for a 200- and a 2000-1b BVS.

The detailed characteristics of the experiments, several drop
sonde configurations, the atmospheric circulation pattern, possi-

ble BVS missions and trajectories, and tracking instrumentation
are discussed in the Appendixes A thru E.

The engineering instrumentation determination task, which was
originally part of this task, is discussed in Volume II of this
report.



INTRODUCTION

The three broad, general objectives of all planetary science
are: (1) an understanding of the origin and evolution of the so-
lar system, (2) an understanding of the origin and evolution of
life, and (3) an understanding of the dynamic processes that shape
the planetary environment (ref. 1). Each planet has associated
with it a certain body of knowledge, gained over the years from
observational and theoretical investigations. For each planet
there is also a set of uncertainties and limitations to our knowl-
edge. It is the basic objective of the buoyant Venus station (BVS)
to eliminate as many of these uncertainties as possible while at-
tacking problems of greatest relevance to the three objectives
stated above.

Although Venus is closer to Earth than Mars, and is more like
Earth in mass, size, and density, our present knowledge of Venus
lags behind that of Mars. There are several reasons for this.

Most of our information on planetary characteristics is derived
from remote sensing. Because Venus apparently has a complete and
constant cloud cover in its atmosphere, remote sensing of the sur-
face and atmosphere below the cloud is impeded. Thus, we have rel-
atively little information on subcloud conditions. The presence

of the cloud cover also makes interpretation of any remote sensing
observations extremely difficult. With a lack of good observation-
al data, accurate theoretical deductions are limited. In addition,
the apparent differences between Earth and Venus in rotation rate,
cloudiness, atmospheric pressures, temperatures, and compositions
preclude extending our knowledge by arguments based on analogy.

The major scientific questions and uncertainties associated
with Venus revolve around the surface and subsurface, the cloud
layer, the atmosphere, and the presence or absence of life on the
planet. Microwave observations suggest an extremely hot surface
-- 600°K. However, recent suggestions that the microwave emission
may be in large part not surface radiation but rather some form
of electrical discharges in the atmosphere would indicate a much
lower average surface temperature. Thus, at present it appears
our knowledge of the average surface temperature of Venus may be
uncertain by a factor of two. Our knowledge of the horizontal
temperature gradient at the surface -- from subsolar point to anti-
solar point, or subsolar point to pole -- is even more uncertain.
The current estimate of the atmospheric pressure at the surface,
about 10 atm, is probably uncertain by a factor of five. The na-
ture of the surface and subsurface is almost completely in the
realm of theoretical speculation.



The cloud layer, the only thing on Venus that we see, is not
understood at all. Although recent spectroscopic observations in-
dicate an ice crystal composition, not all scientists agree with
this interpretation. Thus, the nature of the cloud layer must be
considered uncertain. Aside from the uncertainty in the cloud lay-
er's composition, its thickness and height, horizontal extent and
temporal variations, and forming and sustaining mechanisms are un-
known.

Our present knowledge of the Venusian atmosphere is also mea-
ger. Carbon dioxide is definitely present, and there are indica-
tions of small amounts of water vapor, HCR, and HF. However, we
do not know whether the atmosphere is 5 or 90% carbon dioxide or
what the other major constituents are, but we do know that oxygen
is not present in any significant amount. With regard to state
and structure parameters such as pressure, density, and tempera-
ture and their variations with height, location, and time, we
have only a few indications based on inferences from remote sens-
ing. Temperatures in the vicinity of the cloud level appear to
be about 235°K on both sunlit and dark sides of the planet and
the atmospheric pressures in the vicinity of the cloud level ap-
pear to be about 1 atm. Our knowledge of the winds and atmos-
pheric circulation pattern is limited to some theoretical esti-
mates based on wind systems on a nonrotating planet. No observa-
tions, even remote, of Venusian winds are available.

With regard to the possibility of life on the planet, only in-

direct observational inferences can be made. |If the surface is
really hot, chances for life on the surface are remote. But bi-
ologists would still cling to the possibility of life floating in

the atmosphere, or on mountains or in cold spots on the planet.
If the surface temperature is not really so high, the case for
life on the planet would be enhanced.

The specific scientific objective of the BVS should be the
conduct of experiments aimed at removing the present uncertainties
in our knowledge of the surface and subsurface, clouds, atmosphere,
and life on Venus, as described above. The BVS concept has the
great advantage of allowing (1) direct in situ observations, (2)
sampling both vertically and horizontally, and (3) reprograming
of the experiment format to permit investigations based on the
initial observations. The experiments suggested should be designed
to answer as many as possible of the questions raised above and to
fully use the inherent vertical and horizontal sampling capabili-
ties of the BVS.

Appendix E of this volume was written by J. D. Pettus, M. L.
Salis, and E. P, Friend, Martin Marietta Corporation, Denver
Division.
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SYMBOLS

radius of Venus, km
astronomical unit
ballistic coefficient, slug/ft2

temperature difference between surface and top of
atmosphere, °C

buoyant Venus station

coefficient of eddy viscosity
drag coefficient

specific heat at constant pressure
amplitude of the heating function
gravitational acceleration, cm/sec2
gas chromatograph

infrared

Jet Propulsion Laboratory
coefficient of friction, sec_l
Langley Research Center

mean molecular weight

minimum biological laboratory
mass spectrometer

pressure, nb

surface pressure, atm
-1 -1

gas constant, erg °K mol ; radius of reference sphere, km



RADVS

radar-altitude-Doppler-velocity system
incident solar radiation at subsolar point, cal/cmz/min
absolute gas temperature, °K

infrared brightness temperature, °K
temperature at middle of atmosphere, °K
velocity, m/sec

very low frequency

outgoing longwave radiation, cal/cmz/min

difference in rate of temperature change between sub-
solar and antisolar points,. °K/sec

= 1.916

vertical temperature gradient °K/km
specific heat ratio, dimensionless
adiabatic temperature gradient, °K/km

pressure difference between surface and top of tropo-
sphere, nb

latitude measured from orbital plane on reference
sphere, deg

initial latitude of BVS with respect to the subsolar
point, deg

density, gm/cm3



Stefan-Boltzmann constant, erg /cm2 sec °K4

temperature difference between subsolar and antisolar points,
o
C

initial longitude of BVS with respect to the subsolar point,
deg



PRESENT KNOWLEDGE OF VENUS

The first task of the instrumentation study was to appraise
present knowledge of Venus and to identify those problems that
appear most amenable to solution with the technology at hand or
likely to be at hand by the mid-1970s. Although a comprehensive
survey and critique of the present knowledge of Venus was beyond
the scope of this study, a survey was made of several existing
review articles and of earlier studies performed for NASA (ref.
2 thru 19). To paraphrase a recent speaker on the subject, '"We
know a little more than we did several years ago, much less than
we should, and understand much, much less than we know."

Observations and Interpretations

General planetary data. - The relative positions of Earth and
Venus as they will be during 1972 are shown in figure 1. Other
general characteristics are summarized in table 1. The orbital
elements are well known and the rotation rate has recently been
determined by radar methods at the JPL Goldstone facility. The
rotation rate given by Goldstein is about that required by Venus
to present the same face to Earth at each inferior conjunction
(243.16 days, sidereal). This appears to be a manifestation of
a resonance effect between Earth and Venus.

Venus appears to be completely cloud covered and, hence, the
diameter of the solid globe is not known. However, radio inter-
ometry techniques indicate that the surface (or the radio emit-
ting layer) lies about 50 to 60 kn below the top of the visible
cloud layer.

This cloud layer, which is presumably opaque to all but micro-
wave and longer wavelengths, is the main cause of our lack of knowl-
edge of the atmosphere and surface of Venus.

Atmospheric temperature. - The atmospheric temperatures have
been inferred from infrared radiometry at 8 to 14 u and from the
vibration-rotation bands of CO, in the near infrared (e.g., 7820
to 86008). The temperatures given by IR radiometry (~234°K) re-
fer to levels in the vicinity of the cloud tops, while the temper-
atures given by the CO, bands range from 300 to 700°K and presum-
ably refer to different levels in the atmosphere seen through
breaks in the clouds. The levels to which the measured tempera-
tures correspond cannot be specified to greater precision than




Inferior conjunction

July 24, 1972 June 18, 1972

35.05 km/sec

= 224.7 d
T T = 224.7 days

Vernal
equinox

April 1,1972

Perihelion
0.718 AU

Ascending
node

Figure 1. - Relative Positions of Earth and Venus, 1972

Distance from sun 6
Aphelion 108.9 x 10 km, .728 AU
Perihelion 107.5 x 106 km, .718 AU
Mean 108.0 x 106 km, .723 AU
Orbital eccentricity 00679
Orbital inclination 3°24"
Sidereal period of revolution 224d 16h 48"
(about sun) (1.6 deg/day)
Longitude of ascending node 76°.35
Longitude of perihelion 131°.05
Sidereal period of rotation -243 days (retrograde)
(about polar axis) (1.48 deg/day) (a)
Axis orientation 98" + 5" (right ascension)
-69" * 2° (declination) (a)
Mass 408 300 reciprocal solar mass
.81485 Earth mass
4.869x1027 g (a)
Visible diameter 12 228 + 14 km (deVaucouleurs, ref. 20)
12 310 km (Smith, ref. 21) (a)
Radio diameter 12 114 + 110 km (ref. 22)
Oblateness None detected
. / 3
Mean density About 5 g/em” (a)




"in the vicinity of the cloud tops,'" "within the cloud layer,"™ or
""deep in the atmosphere.” As a result, no conclusive temperature
profiles can be produced.

The temperature profiles given for the various model atmos-
pheres that have been published are derived by assuming various
lapse rates for the temperature gradient between the cloud tops
and the surface (whose temperature is derived from microwave ra-
diometric measurements, see below). This gives the cloud top
height above the surface. Several of the model atmosphere tem-
perature profiles are shown in figure 2. Note the isothermal
cloud layer postulated by Jones (ref. 23) to explain the Mariner
II data.

Surface temperatures. - The surface temperatures have been
inferred from the microwave radiometric brightness temperature
of Venus (see fig. 3) by assuming that all of the emission arises
from a hot surface maintained by a greenhouse effect. Sagan (ref.
7) has reviewed the data and gives the surface temperatures in
figure 4(a). This raises the question as to what causes the tre-
mendous atmospheric opacity required to maintain such surface tem-
peratures. Several sources (e.g., pressure-broadened CO,, CO, and

H.0, the clouds) have been suggested, but none seem to be com-
pfetely adequate.

Recently, a number of workers, notably Plummer and Strong
refs. 24 thru 26), have ascribed part of the observed microwave
emission as being caused by nonthermal sources in the lower at-
mosphere or clouds. The surface temperatures that result by as-
suming that 30% of the emission is caused by nonthermal sources
(of an unspecified nature) are shown in figure 4(b). Note that
this model gives temperatures below freezing (-13°C) at the poles;
therefore, temperate zones where life might exist should be found.

At present, neither of the two extreme models can be ruled
out. The observations of Clark and Kuz ‘min (ref. 22), which show
that the radio diameter of Venus is fairly compact and is about
100 to 120 kn smaller than the visible diameter, and the Mariner
II observations of limb darkening definitely rule out a "hot™
ionosphere as being the source of high microwave emission, but
do not, as has been proposed recently, rule out the lower atmos-
phere or clouds as a source of nonthermal emission.
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Figure 3. - Microwave Observations of Venus
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Figure 4. - Surface Temperatures
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Atmospheric pressure. - Since the temperature lapse rate be-
tween the cloud tops and the surface is, at most, adiabatic, the
high thermal gradient (-450°K) implies a very thick atmosphere
and a high surface pressure ranging from about 5 to as much as
100 Earth atmospheres depending on the cloud top pressure. This
is generally substantiated by the 78208 CO, band pressures , which
range from latm at 300°K to 5.6 atm at 700°K (refs. 27 and 28).

Sagan (ref. 29) gives the cloud top pressures as 90 nb on the
dark side and 0.6 atm on the light side; the surface pressure is
greater than 30 atm and possibly as high as 200 atm.

The occultation of Regulus by Venus in 1959 gave data on the
scale height (H = 6.8 km) at about 60 kn above the visible cloud

layer from which a pressure (at 60 kn above clouds) of 2.6 x 10
nb was inferred (ref. 30). However, these data are not of much
use for the lower atmosphere.

Pressure profiles for the NASA SP-3016 model atmospheres are
shown in figure 5(a). The disparity of the various estimates for
the surface pressure is shown in figure 5(b).

Atmospheric density. - The density is calculated from the
equation of state for the various model atmospheres. There are
no direct observations of the density. Figure 6 shows the NASA
SP-3016 model atmosphere density profiles.

Atmospheric composition. - Until recently, CO- was the only
gas identified conclusively as a constituent of the Venus atmos-
phere. The presence of H,0 has been confirmed by Belton and
Hunten (ref. 31) and other investigators (refs. 32 and 33) and
trace amounts of HCR and HF have been observed (ref. 34) in the
interferometric spectra of Venus. The estimated amount of CO,
present is between 5 and 20%. The amount of H,0 present isS not
known, but is a very minor constituent above the clouds. The

4 6

estimated partial pressures of HCR and HF are 10 © and 10 ° torr
near the cloud tops.
Tentative identifications have been made of CO, N,,4 O, but

attempts to confirm these identifications have been unsuccessful.
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Nothing is known of the composition below the clouds, although
it is clear that CO5 is a constituent. Nitrogen is generally ac-
cepted as the major constituent with trace amounts of argon pres-
ent by analogy with Earth. However, Suess (ref. 35) suggests that
Venus has retained a much larger fraction of the solar nebula than
the Earth and that it appears quite probable that the atmosphere
of Venus contains more than 50%and possibly as much as 85%neon.

It may also be argued that because of the considerable amounts
of CO, present, the exospheric temperature of Venus may be re-
duced by radiative cooling of CO; in the upper atmosphere. The
low exospheric temperatures would reduce the rate at which gravi-
tational escape of light gases takes place, permitting Venus to
retain its helium content. Thus, helium, rather than neon or
nitrogen, may be the predominant atmospheric gas.

Winds. - Very little is known about the winds and atmospheric
circulation on Venus. There are only two observations that may
be related to the circulation. The first is the time-variable
character of the 7820& GO, bands, which has been interpreted as
an indication that the cloud tops are in a state of turbulence.



The other is the observation of dark patches or bands that have
been interpreted as circulation patterns. Dollfus (ref. 36) re-
ports a visible radial pattern centered on the subsolar point
whereas Ross reports straight, parallel bands in the ultraviolet.
The difference in appearance may result from the fact that dif-
ferent levels are being observed. However, these interpretations
are subject to debate and the nature of the circulation on Venus
remains uncertain.

GCA, Inc, was requested to review the present theories of
circulation on Venus and to compute wind velocities and direc-
tions likely to be encountered by the buoyant station. Appendix
C is the result of their review. It should be stressed that the
conclusions reached are based on theoretical models and are sup-
ported by very meager (and even questionable) observational data.

Particles and haze above main cloud. - The extension of the
cusps when Venus is near inferior conjunction indicates the ex-
istence of high cloud or haze layers above the opaque cloud. A
relatively bright haze layer extends several kilometers above the
cloud tops; a weaker layer extends approximately 10 kn and there
is some indication of a very weak scattering layer at heights as
great as 30 kn above the opaque cloud. Most of the aerosol seems
to be confined to a layer about 5 km thick.

Clouds. - From Earth, Venus appears to be completely cloud
covered. The infrared brightness temperature maps (see fig. 7)
obtained by Murray (ref. 37) show a very uniform temperature
distribution over both light and dark hemispheres with a slight-
ly greater limb darkening at the poles. The hot spot near the
south pole is presumably a storm. Both of these observations,
that the planet is apparently completely cloud covered and the
temperature (at cloud tops) is the same in both hemispheres, are
rather puzzling. The apparently complete cloud cover may be
caused by the low resolution of Earth-based telescopes, and clear
spots may exist below the resolution limit. For example, the
Lunar Orbiter pictures show Earth as almost completely cloud
covered.

The existence of water vapor and ice clouds (refs. 31, 32,
and 38) offer an explanation for the constant temperature of the
clouds in both hemispheres (ref. 38, pp. 147-148). The failure
of the dark hemisphere to cool is due to the release of latent
heat of H,0 vapor, (about 620 cal/g) as the vapor condenses.
This is in agreement with the observed temperature (234°K) below
which saturated water vapor cannot be cooled without spontaneous
crystallization. This temperature is observed in many high-al-
titude cumulus clouds on Earth.

15
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That the clouds, or at least the upper layers, are composed
of ice crystals is substantiated by both observation and theory.
The observed reflection spectrum of the Venus cloud layer is in
excellent agreement with the reflection spectrum of a laboratory
ice cloud at 234°K (ref. 38, pp. 147-148). Sagan (ref. 38) has
confirmed, on a theoretical basis, Strong's identification of ice
as the constituent of the clouds and estimates the mean radius of
the cloud particles to be between 7.5 and 10 u.

The nature of the clouds below the opaque upper layers is un-
known. Jones (ref. 23) has postulated the presence of an isother-

mal cloud layer at 350°K (see fig. 3) to explain the Mariner 1II
microwave radiometer data.

Estimates of the cloud top heights vary from 35 kn to greater
than 100 kn above the surface. Radio interferemetry (ref. 22)
indicates that the radio diameter of Venus is about 100 to 120 kn
smaller than the visible diameter. This gives cloud top heights
between 50 and 60 km.

Figure 8 shows the phase diagram for H,0 and the range of
pressures and temperatures for the NASA SP-3016 model atmospheres.
As can be seen, ice clouds or water clouds are possible in certain
regions of the atmosphere while only water vapor can exist near
the surface. Thus the atmosphere near the surface may be clear
-- if water is the only cloud forming substance on Venus, How-
ever because of the extremely high pressures and temperatures
postulated, other types of clouds may form.

Surface characteristics. - The surface of Venus appears to be
generally smoother than the moon's at radar wavelengths. However,
five localized areas appear rougher than the surrounding terrain
at radar wavelengths. Two of the most prominent of these areas
(ref. 38, pp. 164-171) are shown in figure 9. These areas have
been described as either mountain ranges or boulder strewn fields.
However, their exact nature is not known.

Electromagnetic fields. - No fields attributable to Venus were
observed during the Mariner II flyby. The magnetic dipole moment
of Venus, if it exists, must be less than 1/10 to 1/20 that of
Earth (see section on Mariner 11).
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Figure 9.

= Radar Surface features

Radiation. - The experiments
on Mariner II did not detect the
presence of trapped radiation
belts about Venus. Due to the
low magnetic field of Venus, ra-
diation belts, if they exist,
will be found close to the plan-
et and should be detected by
Mariner-Venus 67 (See section
on Mariner -Venus 67) .

Table 2 summarizes present
knowledge of Venus.



TABLE 2.

- SUMMARY OF PRESENT KNOMEDGE OF VENUS

Parameter

Relevant ebservations/techniques

Major results and interpretations

Surface temperature

Microwave radiometry from Earth and
Mariner II at wavelengths between

3 mm and 70 an detects high-intensity
radiation from Venus. Phase effect
observed (refs. 39 thru 43)

Distribution of polarization of
emitted radiation measured by inter-
ferometry near A = 10 em (refs. 22,
39, and 44)

see fig. 3 for inferred brightness temperatures and next section for Mariner II data. Two

extremes (fig. 4) are given by:

1) Plummer & Strong (refs. 24, 25, and 39): 30%of emission is nonthermal arising from
deep clouds, 70% thermal from surface; implies cold areas may exist.

2) Sagan (ref. 7): All emission is thermal arising from surface insulated by greenhouse
effect; implies very hot surface. Phase effect gives ~ 70°K difference between light
and dark side.

Polarization distribution consistent with thermal radiation from a solid dielectric sphere
(E = 2.5) with the poles about 25%cooler than the equator. Sagen (ref. 7) and Plummer and
Strong (ref. 24) interpret as in frg. 3.

Atmospheric
temperature

Infrared radiometry and thermal
mapping of Venus from Earth in 8«
to l4-p wavelength interval and
from Mariner II at 8.4- and 10.4 u

Radiometry in 17.5- to 25-~u inter-
val

Spectroscopy of rotational fine
structure in CO, bands

General limb darkening (~ 30°K) and isolated cool spots observed.
thermal map. Inferred temperatures of «234°K in bath light and dark hemispheres - emissiot
arises from vicinity of cloud tops. Temporary variations attributed to breaks in cloud
layer Figs 4 and 5 show several model temperature profiles. (refs. 37 and 45 thru 48).
See next section for Mariner II data.

Inferred temperatures of 248 # 10°K at 20 s ~ probably from levels within clouds (ref. 49).

see fig. 7 for typical

Band at 7820 & shows variable temperatures and pressures; pressures and temperatures at
effective scattering levels range from 1 atm, 300°K to 5.6 atm, 700°K. Implies high tem-
perature and pressures at surface. Bands at 8600 & indicate 285°K (refs. 27, 28, and 50
thru 52).

Atmospheric
pressure

Pressure broadened spectral line pro.
file measurements in co, bands (refs.
27 and 28)

Occultation of Regulus (ref. 30)

Polarimetry

Pressures computed from line width and effective rotational temperatures of CO, bands
range from 1 atm at 300°K near cloud tops to 5 atm at 700°K deep within atmosphere.
Latter probably seen through breaks in cloud layer.

Pressure scale height, H = 6.8 km at 60 kn above visible cloud layer and dH/dz = 10'2}!;

estimated pressure at occulting level, P = 2.6 x 10"3 mb.
Cloud top pressure on sunlit side .1 to 1 atm.
from 5 atm to greater than 200 atm.
files.

Estimates of surface pressure range
See fig. 5 for some model atmosphere pressure pro-

Atmospheric
density

No direct observations

Calculated from equation of state for various model atmospheres. See fig. 6 far models.

Atmospheric
composition

Observations of absorption and
emission spectra of atmosphere above
clouds

CO, definitely present in significant quantities (~ 10 to 20%) (ref. 53). Detection of
Hy0 recently verified (refs. 26 and 31 thru 33); present in small but uncertain amounts.
HCZ and HF lines detected by Fourier spectroscopy (ref. 34). Disputed identification

of Co, N'g, 0, NuOgs Unsuccessful searches for Np0, CHg, CgHy, NHg. Nothing known of
composition below élouds other than €0, must be major constituent. Argon and No pre-
sumably present by analogy to Earth (refs. 54 and 55).

Winds

Particles, haze
above main cloud

No observations except possibly
wheel-spoke markings emanating
from subsolar point

Visual and photographic observations
of cusps and polarization (refs. 2,
20, and 21).

Markings may be due to high altitude wind streams. Observations of variable 7820 3
temperatures seem to indicate that cloud tops are turbulent.

Thin layers of small particles at higher altitudes with most of aerosol confined to layer
5- to 30-km thick above top of opaque cloud layer.

Electromagnetic Mariner II measurement of magnetic No fields attributable to Venus were detected. Implies magnetic dipole moment less than
fields fields as close as 35 000 km to 1/10 to 1/20 of Earth’s.

Venus
Radiation Photometric and visual observations Albedos: W, .5; visual, .8; integrated bolometric, .75. See refs. 20, 57, and 58 for

See above for measurements in variou:
spectral regions.

Mariner II measurements of charged
particles and ionizing radiation nea:
Venus (ref. 5

details and fig. 10.

No phenomena attributable to Venus.

Radiation from
surface

Microwave radiometry from Earth and
Mariner I1

See surface temperature above and fig. 3.

Surface character-
istics

Radar from Earth, analysis of pulse
delay time, pulse length, frequency
shift and spread, intensity (refs.
39, 59)

Reflectivity from 12.5 to 68 cm wavelength = 0.1; dielectric constant = 4. Reflectivity
drops to .01 at 3.6 cm, rises to 1.5 of that expected from smooth conducting sphere at
6-7 meters. Surface generally smoother than moon's. some areas reflect more effectively
indicating rough or mountainous areas. At least 5 rough regions located (see fig. 9).

Cloud top heights

Radio interferometry at 10 an (ref.
22, 39)

Radio diameter of Venus about 60 km smaller than diameter of visible cloud surface.
Other values given are estimated from model atmospheres and "reasonable" assumptions,
range from 35 to 100 kn above surface.

Cloud particles

Spectroscopy and polarimetry from
Earth.

Appear to be ice crystals about 10 u, (refs. 24 thru 26, 32, and 38) although the
identification is disputed. Other proposals include quartz dust, formaldehyde, carbon
suboxide polymers.
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Mariner IT Results and Interpretations

On August 27, 1962, the Mariner II spacecraft was launched
from Cape Kennedy and injected into a trajectory that carried *it
past Venus on December 14, 1962. It carried six scientific in-
struments, of which three were directly concerned with measuring
properties of Venus, Table 3 lists the instruments and observa-
tions (refs. 60 thru 65).

Both radiometers scanned the
planetary disk as shown in figure
10 to give 18 measurements of the
emitted radiation at each of the
four wavelengths (A = 8.4y,
10.4u, 1.35 cm, and 1.9 cm). The
microwave radiometer confirmed the
high intensity of radiation seen
from Earth. The limb darkening
seen in the 1.9-cm channel dis-
counted the theory that the high
microwave brightness was caused
by a hot ionosphere. Limb dark-

ening was also observed with the
IR radiometer, but the equality

Figure 10, - Mariner II (1962) S
Radiometer Scans of the radiation temperatures at

both wavelengths indicates that
the limb darkening comes from a
cloud structure rather than the
atmosphere, The anomaly detected
by both radiometers near the end of the second scan was also ob-
served from Earth at 8 to 14u (see fig. 7) and was variously inter-
preted to be caused by a marked increase in cloud opacity, a true
cloud temperature variation, or a hidden surface feature. The
magnetometer did not detect any fields attributable to Venus, nor
did the trapped radiation and solar plasma instruments detect any
changes while near Venus. The details and analyses of the results
of the experiments can be found in the references cited in Table 3.

Mariner-Venus 1967 Flyby

The Mariner-Venus 1967 Flyby spacecraft will be a converted
Mariner-Mars 1964 spare spacecraft. It is scheduled for launch
during a 14-day period starting June 12, 1967 (ref. 76). The

spacecraft will be injected into a 120-day transit trajectory and
will pass behind Venus about 3000 miles above the surface as shown
in fig 11.
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To sun

Extent of magnet IC
disturbance

Figure 11. = Proposed Mariner 67 Flyby (JPL Drawing, ref. 76)

The mission objectives are as follows:

1) The primary objective of the Mariner-Venus 67 Project
is to conduct a flyby mission to Venus in 1967 to ob-
tain scientific information that will complement and
extend the results obtained by Mariner II relevant to

determining the origin and nature of Venus and its
environment;

2) Secondary objectives are to acquire engineering ex-
perience in converting and operating a spacecraft de-
signed for flight to Mars into one flown to Venus, and
to obtain information on the interplanetary environ-
ment during a period of increasing solar activity,

The seven scientific experiments selected to satisfy these
objectives are listed in Table 4. Of these seven, two require no
instrumentation other than the transmitter, four are to be accom-
plished with existing instrumentation, and only one, the Stanford
dual-frequency experiment, requires new scientific instrumentation.

\\.a.d o



TABLE 4.

MARINER-VENUS 1967 EXPERIMENTS

Experiment

Observations

UV photometers

Measure ultraviolet yadiation from atomic
hydrogen §7\ = 1216 ﬂ) and atomic oxygen

(A = 1300 4). Determine distribution and
and density of H and O and temperature pro-
file in upper atmosphere.

S-band radio
occultation

Observe change in frequency, phase, and
amplitude of 2300 mHz telemetry signal as
spacecraft passes behind Venus. Gives
refractivity of the atmosphere as a func-
tion of altitude. Can infer ionospheric
electron density and atmospheric scale
height, density.

Dual-frequency
radio propagation

Similar to above but spacecraft receives
signals from Stanford 210-ft antenna, which
are processed on the spacecraft.

Helium vapor
magnetometer

Measure strength, multipolarity, and direc-
tion of Venus magnetic field.

Trapped radiation
detector

Observe particles of various energies to
search for trapped radiation belts near
Venus and energetic particle emissions from
the sun.

Solar plasma probe

Faraday cup detector for low-energy protons
measures density, velocities, temperature;
and direction in solar wind.

Celestial
mechanics

Spacecraft tracking by DSIF to refine the
astronomical unit, the masses of Venus and
the moon, and the ephemerides of Earth and
Venus,

The radio occultation experiments are expected to provide in-
formation on the lower atmosphere and surface -- if the atmos-
pheric density is not too great. |If the density is high enough,
the radio beams may either be "captured'" by refraction, or be
occulted before reaching the surface.

23
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In any event, the refractive index of the atmosphere as a
function of altitude above some occulting level will be determined
from the change in frequency, phase, and amplitude of the signals
passing through the atmosphere (ref. 77 and 78). From this, the
local scale height, the electron density of the ionosphere, and
the number density of the neutral atmosphere can be obtained. |If
the temperature profile is known, the local scale height yields
the mean molecular weight, thus allowing the calculation of pres-
sure and mass density,

The ultraviolet photometers will measure the intensity of the
resonance reradiation from atomic hydrogen (1216 A) and atomic
oxygen (1302, 1304, and 1306 Ky in the upper atmosphere.

While these expected measurements will significantly increase
our knowledge of Venus, they will not be sufficient to define the
atmosphere of Venus. Unambiguous information on the atmosphere
and surface can only be obtained from a vehicle that enters the
atmosphere and makes direct measurements.

SCIENTIFIC OBJECTIVES FOR A BUOYANT VENUS STATION

As can be seen from the preceding sections, there is at best
a large uncertainty in the knowledge of some parameters and no
knowledge other than theoretical estimates for others; for still
others, there is merely speculation. This paucity of definitive
data on the Cytherean environment below the clouds allows the data
to be interpreted nonuniquely. In fact, almost any theory or
model atmosphere can claim the support of the observational data
if one or two pieces of data can be judiciously ignored. While
the different models may not be able to explain all of the obser-
vations and are somewhat exclusive of one another, they serve the
very useful purpose of allowing experiments to be postulated to
test their predictions and validity. Thus, one of the objectives
of the BVS should be to make measurements critical to the validity
of the various models.

However, scientific interest is far from being limited to that
of testing the various model atmospheres. In June and July of
1965, the Space Science Board of the National Academy of Sciences
convened to "develop a program of planetary exploration and to
recommend priority within it’ (ref. 1). They recommended that
n. « , the prime goals of the nation's space program should be
the elucidation of the . . . three central scientific problems of
our time:



1) The origin and evolution of life;
2) The origin and evolution of the Earth, Sun, and Planets;

3) The dynamic processes that shape man's terrestrial
environment,"

Their remarks on Venus are also of interest here: *Venus, in
spite of an allegedly high surface temperature, nevertheless re-
tains some limited biological interest, for the following reasons:
the lack of complete certainty regarding the interpretation of the
radio emission as thermal radiation from the surface, the possi-
bility of elevated topography at lower temperature, and the pos-
sibility of development of life-forms suspended in the atmosphere.
Furthermore, as a sister planet to the Earth, with a dense atmos-
phere of considerable meteorological interest, Venus ranks high
inits relevance to terrestrial problems. Finally, the interior
of Venus and its rotational and dynamical characteristics are of
great interest in connection with the evolution of the solar sys-
tem.""

While the search for life should be accorded the highest pri-
ority in the overall exploration of the planets, it cannot be
conducted intelligently on Venus until more is known of the en-
vironmental conditions existing below the clouds. A similar state-
ment can be made concerning geological investigations, Therefore,
for the purposes of this study, the investigation of the Cytherean
atmosphere, its composition, structure, and physical and chemical
dynamics will be the primary object of the the mission. The in-
vestigation of surface and body characteristics will be accorded
second priority. The search for life through direct life detec-
tion methods is given the lowest priority. However, the search
for life through the investigation of environmental constraints
is given priority equal to and is essentially synonomous with the
investigation of the atmosphere.

More specific objectives and experiments to satisfy them are
presented in the next section.

Desired Measurements

Table 5, based on the general scientific objectives and the
present knowledge of Venus, lists the desirable measurements for
an early Venus mission. |In creating this list, the following
ground rules were used:
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1) The measurements will be made during the early stages
of exploration, i,e,, the mission is either the first
to enter the atmosphere or has been preceded only by

a simple atmosphere entry probe or flyby vehicle such
as Mariner 67;

2) Emphasis will be placed on measurements of the ambient
environment and the environment below and slight above
station altitude; i,e., from about 150 km down to the
surface. lonospheric measurements, for example, are
neglected;

3) Measurements of questionable feasibility have been in-
cluded to avoid making a priori decisions.

Priorities

No single observing system could hope to accomplish the meas-
urement of all of the parameters listed in table 5. Therefore,
it is necessary that some form of priority ordering on the basis
of scientific merit be applied to this list. A numerical order-
ing of each measurement in the list is not meaningful. However,
a breakdown into three or four general categories into which all
measurements might be arranged is feasible. As a result of dis-
cussions with Dr. G. Ohring of GCA, it was decided that both
Martin Marietta and GCA would make parallel attempts at such a
grouping and to make the final ordering after an analysis of both
lists, A list of priorities was also compiled by Mr. R. Henry

of LRC. In general all three groupings were similar to within
*1 category.

The priorities are based mainly on the contribution to in-
creased knowledge that the measurement of a particular parameter
would make. In our approach to the assignment of ratings we have
assumed that the most important parts of the Venus environment
are the surface and lower atmosphere. By defining these parts
of the environment, other parts, such as the upper atmosphere
and hard body of the planet could be inferred. The reverse is
not necessarily true. Thus, emphasis has been placed on lower

atmosphere and surface parameters, and such parameters generally
received high ratings.

The four groupings of possible experiments, arranged accord-
ing to priorities, are listed in table 6. The Priority 1 group-
ing contains measurements that would answer the most important
of the presently outstanding problems concerning the Venus environ-
ment. The measurement of these six parameters alone would con-
stitute an enormous increase in our knowledge of the planet.
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Note that although only six parameters are listed, the number of
experiments required to determine these parameters may be greater
than six. For example, determination of atmospheric composition
and cloud composition may each require several experiments, This
may also apply to the determination of other properties of the
Venus environment.

The second group of measurements are those that define the
dynamics, thermodynamics, and structure of the atmosphere as well
as the spatial variations of important lower atmosphere parameters,
The term large-scale horizontal variations in these listings is
meant to represent thé variation from subsolar to antisolar points
and from subsolar to polar points on the planet. Successful ac-
complishment of the measurements in Priority 1 and 2 groups would
provide us with a good picture of the overall climatology of the
Venus atmosphere and some important information on surface charac-
teristics,

The Priority 3 measurements include parameters associated with
the upper atmosphere, various radiation fluxes, and fields. Meas-
urement of the radiation fluxes, aside from providing information
on the heat balance of the planet and its atmosphere, would be
useful for inferring such characteristics of the environment as
atmospheric, cloud, and surface composition; surface and atmos-

pheric temperatures; and scattering properties of the atmosphere
and clouds.

The Priority 4 measurements include hard-core geophysics ob-
servations, life-detection experiments, and television photographs
of the clouds and surface. Both life detection and television
experiments are considered premature at this time, but for dif-
ferent reasons. With our present uncertain knowledge of the
Venusian environment, the existence of life seems improbable.
Television photographs of the clouds would probably not furnish
as much additional information on the Venusian clouds as would
direct in situ cloud composition observations. Television photo-
graphs of the surface, however, would furnish a great deal of new
information. Unfortunately, our knowledge of the lower atmos-
phere is so meager that we do not know how much solar radiation
penetrates the cloud layer, and hence, whether there is sufficient
illumination in the lower atmosphere for obtaining television
photographs.
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Experiments

In the previous section, a priority list was given in which
several key parameters whose measurements would answer the most
important of the present questions concerning Venus were given
top priority. The choice of those key parameters was based on an
analysis of our present understanding of Venus. In defining pos-
sible experiments to measure these key parameters, another cri-
terion was adopted in addition to the scientific value of a par-
ticular experiment. This criterion is the compatibility of a
particular experiment with the BVS concept. 1In general, the
buoyant station has the important capabilities of (1) direct
m sttu sampling, (2) direct sampling of vertical and horizontal
variations, and (3) long experiment life.

In selecting experiments for the BVS, it has been assumed
that the station floats at an equilibrium altitude above the
cloud tops and has the capability to release several drop sondes.

The starting point for selecting the experiments was a "'shop-
ping list"™ of experiments for each of the desired measurements
in table 6. This list is shown in table 7. The experiments were
then examined to determine their detailed characteristics (Anpendix
B) and compatibility with the BVS concept. Suitable experiments
were arranged into payloads for each of the five basic BVS con-
figurations used in the mode mobility studies and the payloads
analyzed to determine the requirements they place on the other
station subsystems.

The two most promising configurations, namely the small, non-
cyclic station and ti.e medium-weight Voyager-class station, were
selected for further study and their scientific payloads reiterated.
The experiment complements selected for these two configurations
are shown in tables 8 thru 11. The experiments and the scientific
missions are discussed further in appendix B and in the volumes on
the 200 1b and 2000 1b stations (vol V and VI),

No claim is made that these experiment complements are the
ultimate; however, they are considered typical and appropriate
for this study in that they provide the detail necessary for de-
termining the feasibility and general scientific value of the BVS
concept .
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TABLE 8,

- SCIENCE INSTRUMENTS FOR 200-LB BVS

Data per
Weight, Power, measurement , Range of Data
1b W bits measurements acquisition
4 platinum resistance | 1,0 .8 14 200-500°K Three times per
temperature sensors 450-800°K orbit; every
1.25 hr except
6 pressure sensors 3.0 .6 14 6 ranges: during acquisition
1_104 b of drop sonde data
A Measure every
Composition: 13.3 sec during
H,0 1.5 1.0 7 .017% vol decent
Ny 1,0 1.0 7 1%
(N 1.5 1.0 7 .01%
A 1.5 1.0 7 .01%
CO, 1.0 1,0 7 1%
Acoustic transmission [ 3.0 4.0 28 1072-107°
line (p, 7y, M) 3
g/cm
Drop sondes (2) LO 5 28 Station On command
measure P, T. H50 (5 each) 5 (3192 to
total) surface
Total Weight: 23.5 (including two 5-1b drop sondes)
TABLE 9, - FIVE-POUND DROP SONDE EXPERIMENTS
Weight, 1b Power, W Data
Platinum resistance .25 .2 7 bits
temperature sensor every 30 sec
Pressure sensors (2) .75 .2 14 bits
(wide range) every 30 sec
Water vapor detector .5 .5 7 bits
(A2505 electrolytic every 30 sec
Totals 1.5 .9 28
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TABLE 10.

= 2000-POUND BVS EXPERIMENTS

10

11
12
13

14

15

16

eight,

Experiment b Power, W Data acquisition
Temperature sensors (4) 2 0.8 Two 7-bit words/measurement (range
switched electronically)
Pressure sensors (10) 5 10 Four 7-bit words/measuremnent (2
ranges -~ 2 sensors/range)
Acoustic transmission 3 4 Four 7-bit words/reading
Three readings/sample = 84 bits
Mass spectrometer 10 10 4000 bits/analystis
(atmospheric gases) 60 sec/analysis
Pyrolysis/gas chromatograph; 15 15 10 000 bits/analysis
MS (cloud, dust composition] 1 hr/analysis
Dust/cloud particle collec- 2 10 peak Status only
tor for 5 1.0
Cont.
Vidicon microscope (dust & 15 8 255 000 bits/picture 6
biota) 20 pictures/sample = 5.1 x 10~ bits
Minimum biolaboratory 20 10 peak 100 hr /analysis
13 500 bits/analysis
Dust collector for experi- 2 0.5 Status only
ments 7 & 8
lon chamber and Geiger tube 3 0.5 14 bits - ion chamber
21 bits - GM tube every 10 sec for
60 sec
Ultraviolet radiation flux 1.5 SIX 7-bit words/measurement
Yisible/near~-IR Flux 23 25 7-bit words/measurement
Altimeter/radar scatters= 15 30 10 000 bits/10 sec scan
ometer 14 bits - altitude
Microwave scanner/spectrom= 25 100 000 bits/image
eter 10 000 bits/scan, 4 wavelengths
IR scanner/spectrometer 10 4 255 000 bits/image
10 000 bits/scan, 4 wavelengths
Light backscatter from 5 5 10 7-bit words/sec
aerosols
Weight 137
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CONCLUSIONS

Table 12 compares the two experiment payloads on the basis of
their contributing to the desired objectives. As can be seen,
both payloads contribute to all of the Priority 1 measurements.
(with the exception of cloud composition in the small BVS) and
many of the Priority 2 measurements. Thus, the small station
answers the most important questions about the Venus atmosphere
while the large station answers those and most of the other
guestions we can intelligently ask about Venus. In fact, since
we know so little at present about Venus, it becomes difficult
to use the full capability of the larger station in an optimum
manner and the selection of one experiment over another becomes
somewhat fanciful for the early missions.

We conclude that an early BYS mission of the Atlas/Centaur
launch vehicle class can answer the most important scientific
guestions we have about Venus while the larger, Voyager-class
BVS (cyclic or with drop sondes) appears to have the capability
for answering all of the questions that might be asked about the
Venus atmosphere and general surface characteristics. The in-
vestigation of the body and detailed surface characteristics will,
of course, require a vehicle to be landed on the surface. The
design of such a vehicle, however, will require a detailed in-
vestigation of the surface and near surface conditions that only
a large BVS can conduct.

The drop sondes are a necessary adjunct to any BVS, cyclic
or noncyclic. Indeed, their versatility makes the concept of
cycling the station somewhat questionable from the scientific
point of view.
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TABLE 12. - COMPARISON OF 200- AND 2000-LB BVS

Measurement

.00-1b BVS

2000-1b BVS

Priority 1
Pressure
Temperature
Composition
Surface Temperature
Cloud Composition
Circulation
Priority 2
Cloud structure
Temperature variations
Pressure variation
Microwave emission
Trace Constituents
Nature of surface
Particulates
Surface insolation
Priority 3
Albedo
Outgoing thermal radiation
Atmospheric insolation

Atmospheric thermal radiation

Magnetic fields
Gravity
Winds "sma 11 scale
Precipitation
Topography
Priority &4
Seismic activity
Volcanic activity
Surface radioactivity
Life detection
Ionizing radiation,
etc.
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Martin Marietta Corporation
Denver, Colorado
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APPENDIX A

DROP SONDES

DROP SONDE OBJECTIVES

One of the advantages of a buoyant station floating high in
the Cytherean atmosphere is its ability to conduct multilocation
investigations of the lower atmosphere through the use of small
probes without exposing itself to the hostile near-surface en-
vironment. The determination of atmospheric pressure, temperature,
density, and composition at several widely spaced locations is of
prime importance to an understanding of the Cytherean meteorology,
atmospheric physics and chemistry, surface chemistry, and the op-
timum design of future exploratory missions. These lower atmos-
phere parameters could be measured from small probes or drop
sondes and telemetered to the station. By employing thermal in-
sulation techniques and phase change heat sinks, the sonde might
even survive the high surface temperatures long enough to gather
detailed data on the surface characteristics. However, the in-
telligent design of such a sonde requires a much better knowledge
of the surface conditions than presently exists so it should
probably be relegated to a later mission.

The three general objectives such devices could satisfy are:

1) To eliminate the need for vertical cycling by a sta-
tion not designed to descend below the clouds;

2) To perform experiments beyond the capability of a
station with a degree of vertical mobility such as
determining near-surface conditions;

3) To be used before a station descent to ascertain
whether below station conditions will allow a safe
descent.

There are three general classes of drop sondes that could per-
form such missions. They are:

1) Slowly falling sondes to accurately determine atmos-
pheric and cloud structure;

2) Rapidly falling sondes to determine near-surface and
surface conditions;

3) Small, constant-level balloons floating at about 30 km
to determine wind and circulation patterns.
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TRAJECTORIES

To bring the drop sonde concept into focus, trajectories were
calculated for sondes with a range of ballistic coefficients B =
5,1, 0.5, and 0.1 slug/ft2 in each of the three model atmospheres
given in NASA SP-3016. This range of ballistic coefficients was
chosen to give fast, short duration flights at one end (@B = 5)
and slow, long-duration flights at the other (B = 0.1). The in-
itial conditions assumed were the same in all cases, namely, the
initial altitude was 70 kn and the initial velocity was zero.

The effects of winds were neglected. The calculated parameters
given at 30-sec time-of-flight intervals were:

1) Radius from planet center, km;
2) Altitude above surface, km;

3) Vertical velocity, mlsec;

4) Dynamic pressure, 1b/ft=;

5) Mach number;

6) Drag acceleration, Earth g;

7) Time of flight, sec.

Figures 12 thru 17 show the altitude-time and altitude-velocity
profiles for the three model atmospheres. Figure 18 shows the
altitude-Mach number profile for the mean density model atmosphere.
The method of calculation assumed a constant drag coefficient for
all Mach numbers. This is a valid assumption for Mach numbers less
than about 0.9, but the drag coefficient generally increases rap-
idly between 0.9 <M<1.1 to a value that may be a factor of
2 or 3 greater than the low-speed value. Consequently, figures 16
and 17 show higher velocities for longer periods than will actually
be obtained with the high ballistic coefficients.

BALLISTIC COEFFICIENTS

These trajectories allow limits to be set on the choice of
ballistic coefficients for a class of sonde or objective. The
lower limit on B is dictated by communication range and thermal
control considerations. It is desirable that the sonde reach the
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surface or perform its mission before either the communication
range or the operating temperature limit of the sonde instruments
are exceeded. Reasonable thermal control and communication sys-
tems allow about 30 to 40 minutes of useful sonde life. |If the
mean density model atmosphere is used as the design environment,
figure 13 shows that B > 0.5 allows the sonde to reach the sur-
face within this time limit. Thus, a lower limit on the ballistic

coefficient for most classes of sondes is BL = 0.5. No strong
requirement has been identified for a sonde life greater than 30
to 40 minutes (with the exception of the small, constant-level

balloons; however, the above remarks do not apply in this case
since it is envisioned that the balloons would float at a temper-

ate altitude and would communicate with the orbiter). If such a
requirement does present itself, stringent, but perhaps not im-
possible, demands will be placed on the thermal control and com-

munications systems.

In the event that the upper density model atmosphere were en-
countered, a sonde with B = 0.5 would require 75 minutes to
reach the surface. This predicament could be remedied by changing
the ballistic coefficient in flight. As will be seen later a
ballistic coefficient of B = 0.5 1is obtained with drag devices
such as parachutes or flared afterbodies. A timer or temperature
sensor could be employed to initiate the release of the drag de-
vice after a given time or temperature were exceeded, thereby
increasing the ballistic coefficient and allowing broader alti-
tude coverage.

If the station is not designed to descend, it will be desir-
able to use a sonde that descends very slowly through the clouds.
A ballistic coefficient of 0.1 will allow this, but the station
will drift out of range before the sonde reaches the lower atmos-
phere. In this case, a timer or pressure switch could be used to
initiate release of the parachute.

Thus, the limits on the ballistic coefficient depend on the
scientific mission or objective of the sonde. If the mission of
the sonde is to investigate atmospheric or cloud structure, it
is desirable to keep the sonde velocity well below the speed of
sound to facilitate accurate and simple measurements. While the
accurate measurement of pressure, temperature, etc., at veloci-
ties near the speed of sound is not too difficult, it does require
more complex instrumentation and knowledge of other parameters
such as Mach number and specific heat ratio. Figure 18 shows that
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a sonde with B = 1 is below Mach 1 during its entire flight,

and a sonde with B =5 is below Mach 1 for all but 50 sec or

15 km of its flight. However, to allow for the contingency of

encountering the lower density model atmosphere, an upper limit
of B = 1 should be selected.

If it is desired to reach the surface quickly or to reach the
lower atmosphere (—20 km) quickly and proceed more slowly from
there by deploying a parachute, a ballistic coefficient of B >
5 would be the logical selection.

In conclusion, it is seen that ballistic coefficients in the
range 0.1 < B < 10 can be used to advantage with the choice of
B depending on the scientific objectives of the particular sonde.

DROP SONDE SHAPE

The drag coefficient CD for slender, dart-shaped missiles

is generally between 0.1 and 0.3 (ref. 79), depending on the exact
shape. For the purposes of this study it is assumed that dart-
shaped sondes can be designed with a drag coefficient of 0.3.

To keep a sonde from tumbling, the length should be about
three times the diameter. The weight of the sonde is given by:

mg = oi‘dzﬁ > oifjds (A1)
or, since B = m/CDA,
mg = 2-ch])(12 (A2)

Equating (Al) and (A2), we get the lower limit on B:

B > 10§d (A3)

Figure 19 shows this minimum ballistic coefficient for packaging
densities of 25, 50, 75, and 100 lb/cu ft. If it is desired to
use this type of sonde with a low ballistic coefficient (< 1) low
packaging densities result.
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The high drag coefficients required to get low ballistic co-
efficients can be obtained with small parachutes or flared after-
bodies as shown in figure 20. Another possibility would be coun-
terrotating propellers to supply both drag and electrical power.
These configurations can be designed with 0.4 £ CD < 0.8 for the

flared afterbodies or propellers and with 0.7 > CD for para-
chutes.

DROP SONDE CONFIGURATIONS

Speculation on the different types of sondes and experiments
that could be performed from such sondes can be almost limitless.
Two configurations were defined to restrict the study to that of
determining the feasibility, or rather the degree of feasibility
of various sizes of sondes. They are essentially sondes at two
ends of the weight scale. The smaller is defined by the minimum
complement of experiments required to make it scientifically
meaningful. The larger was chosen to be representative of a
heavy sonde with complex experiments. Table 13 lists these as
Configurations A and E, with B, C, and D being typical gradations
between the two.

Many other experiments and combinations of experiments could
be defined to give an almost continuous spectrum from the smaller
sonde up to perhaps a sonde of twice the size of Configuration E.
The intent here is to investigate the difference in requirements
of the two sondes.

A ballistic coefficient of 1 was assumed to be desirable for
both sondes, giving a time of flight from station to surface of
1440 sec or 24 minutes in the mean density model atmosphere. If
an extreme atmosphere is encountered, the times of flight become
56 and 15 minutes, respectively, for the upper and lower density
model atmospheres. The mean atmosphere will be assumed for pur-
poses of discussion.

The starting point for each configuration was the list of ex-
periments as shown in table 13. Using these lists, data rates
were established, the telemetry system and batteries sized, and
an average payload packaging density computed. The average den-
sity was used to define the dimensions of a cylindrical sonde and
thermal control weights were calculated. Finally, a drag device

41



42

APPENDIX A

was chosen to give a ballistic coefficient of 1, and the total
weight and dimensions were computed. The battery and thermal con-

trol weights were computed for a 1 hr drop time in the upper
density atmosphere.

TABLE 13. - DROP SONDE EXPERIMENT COMPLEMENTS

Experiment/instrument | Weight, { Power, Configurat ion
1b w A B C D E
Temperature sensors (2) .5 X X X X XX
Pressure (static) (4) 2.0 A X X
(impact) (O .5 .1 X X
Combination Pitot tube/
impactometer (4
static, 1 impact
pressure sensors) 3.0 1.0 X X X
Photometers/filters (3) 3.0 1.5 X X
(6) 6.0 3.0 X
Acoustic transmission
line 3.0 4.0 X X
Mass spectrometer (\S) 10.0 10.0 X X
Cloud sampler for MS 2.0 2.0 X
Simple gas detectors:
H>0 1.5 1.0 X
CO= 1.0 1.0 X
025 1.5 1.0 X
A 1.5 1.0 X
N2 1.0 1.0 X
Total weight 3.0}19.0} 13.0] 16.5] 22.0
Total power .816.3]10.4| 12.9| 16.8

SMALL SONDE

The minimum complement of experiments that would make a drop
sonde meaningful would be one that measured pressure and tempera-
ture as a function of time. Pressure and temperature measured at
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Icnown time intervals can be used to determine density, altitude,
and mean molecular weight, and to give an estimate of the com-
position (ref. 80).

After the sonde has reached terminal velocity and begins to
decelerate (—10 km free-fall for the mean atmosphere), the gravi-
tational and aerodynamic forces balance,

mg = 1/2 pVF Cph (AL)

The hydrostatic equation,

dP = -gpdz (A5)
gives the velocity,
_dz _ 14
V= e go dt (46)
and hence, the density,
C_A
__D (iliz (A7)
P 2 mg> \dt

The altitude change is given by equation (A5). The gas law gives
the mean molecular weight:

CDA RT

= _ RT _ _D° 7 (dPY
M-—DP_-ngSP (dt) (48)

from which the CO= and N2 content can be estimated. Hanel (ref.
80) estimates the probable rms error in the mean molecular weight
determination as about +7%. However, this can be reduced some-
what with the following assumptions.

1) The probable error in the temperature measurement is
+1%

2) The probable error in the pressure measurement is 22%;

3) The factor CDA/m can be determined to within *1%
using a reproduced Venus atmosphere on Earth;

4) The gravitational constant for Venus is known to
within +0.5%;

5) The error in dP/dt is +2%.
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With these assumptions and suitable smoothing techniques, the
probable errors are +4.5% for the density and 5% for the mean
molecular weight. The accuracy of the altitude determination is
rather poor because the altitude is given by integration of the
hydrostatic equation (and the errors). However, by successive
iteration of trajectories in model atmospheres to obtain self-
consistent solutions, the error can be reduced significantly.

A similar method for determining density from the drag decel-
eration of the sonde is given in references 81 thru 83. This
method is applicable for the first few kilometers of free-fall
where the velocities and decelerations are high, but since the
station will be investigating this region in detail, the informa-
tion is of doubtful value. The method could, however, be used to
advantage with high ballistic coefficient sondes.

Table 14 lists the experiments and their characteristics.
All measurements are to be made at 10-sec intervals starting on
release. In the mean density atmosphere, this gives 144 measure-
ments in each of the four channels and a total of 4032 bits of
scientific data; housekeeping data will amount to about 1008 bits
for a total of 5040 bits. A transmission rate of 3.5 bit/sec will
suffice to read the data out in real time. The total number of
bits generated in the upper density atmosphere is about 12 600.

TABLE 14. - SMALL SONDE EXPERIMENT COMPLEMENT

Range of Weight, | Power, mgggjﬁe— Data acquisition
Experiment measurement 1b w q
ment

Temperature One measurement
sensing, A 200 to 500°K .25 .2 7 every 10 sec
Temperature One measurement
sensing, B 450 to 800°K .25 .2 7 every 10 sec
Pressure- 4
static, A 0 to 10" mb .5 .1 7
Pressure-
static, B 0 to :lO3 mb .5 .1 7 One measurement

every 10 sec
Pressure- 2 (only one range
static, C 0 to 10" mb .5 .1 7 reads out)
Pressure-
static, D 0O to 10 mb .5 .1 7
Pressure- 0O to 20 mb One measurement
impact (diff) .1 7 every 10 sec

Totals - 3.0 .9 28 28 bits every 10
see
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Table 15 gives the weight breakdown for the various subsys-
tems. A figure of 20 Wh/1lb was used to size the batteries for
1 hr of operation. The average density of the telemetry, experi-
ments, structure, and batteries is about 0.1 1b/cu in. or about
173 1b/cu ft.

TABLE 15. - WEIGHT BREAKDOWN FOR SMALL SONDE

Weight, 1b | Power, Wh | 'Volume, cu in.

Experiments 3.0 .9 25
Telemetry

4-channel multiverter

Programer 1.5 .6 20

Master oscillator
Synchronous generator

Transmitter 1.0 3.5 10

Antenna .5 -
Batteries .25 -~ 5
Structure, wiring, etc. 1.0 - 10
Thermal insulation 1.7 - 100
Drag device .5 -~ ~-
Total -9.5 5 170

-

Packaging this sonde in a 3~in.~diam cylinder results in a
length of about 10 in. A 0.67~-in.-thick layer of Min-K-1301
thermal insulation (0.8 1b) backed with 0.9 1b of 100-Btu/lb
phase-change heat sink material keeps the internal temperature
below 38°C (100°F) for a I-hr descent in the upper density atmos-
phere. A drag device (flared afterbody, propellers, or a para-
chute) to give a ballistic coefficient of 1 slug/ft2 might weigh
about 0.5 1b. This would bring the total weight to about 9.5 Ib.
The dimensions of such a cylindrical sonde would be about 4.5 in.
in diameter by 13.5 in. long with a rounded nose. A schematic
of the small sonde is shown in figure 21.

The sonde described above is heavier (by a factor of two) than
the 5-1b sonde postulated for the 200~1b BVS. However, since the
estimates given above are conservative, it is felt that a 5-1b
sonde could be developed using miniaturization techniques, simi-
lar to those used in developing gun probe payloads (ref. 84).
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LARGE SONDE

The experiment complement for the large sonde is shown in
table 16. There are four temperature sensors for redundancy, and
a combination Pitot static tube/impactometer for measurement of
atmospheric pressure during descent and surface hardness at im-
pact. At impact, the Pitot tube moves back into the body against
the action of a spring. Pulses are generated on the carrier fre-
guency when the tube is sheared from the body and as it moves
given distances into the body. The sonde will be destroyed sev-
eral microseconds after it has moved the length of the tube.

The other experiments are concerned with the composition of
the atmosphere and clouds. Gas and cloud samples for the mass
spectrometer will be taken through two holes near the front of
the sonde. The photometers, with appropriate filters, will meas-
ure the intensity of solar radiation at wavelengths absorbed by
COz2 and H=20 and at several nonabsorbed wavelengths for reference
and detection of cloud layers. When the sonde descends far enough
into the cloud layer so that there is no visible solar radiation,
a small pulsed light source could be used to give back scattered
radiation from the cloud particles. An estimate of the particle
density can be obtained from this.

Figure 22 shows the number of science data bits generated as
a function of time. The mass spectrometer, operating in the
stepped mode, generates 497 bits every 3 minutes starting 1 minute
after release. The other experiments and engineering measurements
generate 98 bits every 10 sec. A transmission rate of about 25
bit/sec is sufficient. The total number of bits transmitted to
the BVS in the upper density atmosphere (~1-hr droptime) is about
90 000 bits.

The weight breakdown for the large sonde is shown in table 17.

The average payload density is 0.045 1b/cu in. (70 1lb/cu ft).
Packaging this in a 7-in.-diam cylinder gives a length of 19 in.
For a 0.67-in.-thick layer of Min-K-1301, the weight of the in-
sulation and heat sink material is 8.5 1b. This could be reduced
by packaging the payload in a sphere. A parachute with an effec-
tive area of about 1.6 sq ft is needed to get a ballistic coeffi-
cient of 1slug/ft2. The chute would have a diameter of about
15 to 20 in. and would weigh about 1 1b.
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TABLE 17 - WEIGHT BREAKDOWN FOR LARGE SONDE
Weight, 1b Power, Wh Volume, cu in.

Experiments 22.5 16.8 600
Telemetry, etc. 4.5 8 40
Batteries 1.25 22
Structure, wiring 3 30

Totals 31.25 24.8 ~700
Thermal control 3.5 ~500
Parachute 1.0

Totals 40.75 24,8 1200

Miniaturization of components, development of the sonde as a
unit, and careful packaging could significantly reduce the weight
and volume of the large sonde.
the measurements described above, a sonde could be developed that

It is estimated that,

would weigh as little as 20 1b and certainly less than 30 1b.
Figure 23 shows how such a sonde might look.

to perform

R
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DETAILED CHARACTERISTICS OF EXPERIMENTS

Experiments suitable for use on a BVS are examined to deter-
mine (1) physical characteristics, (2) operational requirements,
(3) operational limitations, and (4) development status. The ex-
periments are arranged according to the parameter measured. Some
of the problem areas that might arise in the development of spe-
cific instruments are given.

The experiments discussed in this appendix represent a distil-

lation of many candidate experiments considered for use on the BVS.

While there are virtually no instruments being developed specifi-
cally for use in the Venus atmosphere, there are many conceptual
designs for experiments to investigate the terrestrial planets.
Most of these concepts (and all of the hardware) have been di-
rected toward the exploration of Mars or the Moon and Earth. How-
ever, many of these experiments can be adapted, with suitable mod-
ification, for use on a BVS.

For this reason, many of the characteristics given are extrap-
polations based on existing instruments or estimations based on
desired performance. Given several years of development, any of
the instruments discussed can be built.

ATMOSPHERIC PRESSURE

OBJECTIVES

The objective of direct measurement of atmospheric pressure is
to acquire data necessary to further define the Cytherean environ-
ment. Data from this experiment will also provide a cross check
on data from atmospheric composition, temperature, and density
measurements. Pressure sensors will be employed to take measure -
ments at known altitudes, horizontal positions, and times. 1t is
anticipated that the collection of pressure data will commence at

station deployment and continue throughout the life of the station.

Additional data will be obtained during station descent cycles to
~ 10 km if temperatures permit. The use of drop sondes can pro-
vide an alternative source of pressure data at altitudes below the
buoyant station. Present atmospheric environmental data for Venus
obtained from remote observations and theoretical arguments indi-
cate that for 70 kn to the surface, pressure extremes may vary

from ~ 0.6 to 6 x 104 nm (~ 0.01 to 870 psia). Obviously, no
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single range transducer will be suitable for the entire range and
several types of transducers will be required. At least five sen-
sors would be necessary having ranges of 0 to 0.1, 0 to 1, O to
10, O to 100, and O to 1000 psia. The transducers considered for
the two lower ranges operate on the principles of (1) vibrating
diaphragm, (2) thermal conductivity, or (3) variable capacitance.
These lower range transducers would require overpressure protec-
tion. The higher pressure ranges could be covered by transducers
operating on the principles of (1) variable capacitance, (2) vari-
able reluctance, (3) semiconductor strain gages, or (4) potenti-
ometric resistance change.

EXPERIMENTS/INSTRUMENTS

Variable Capacitance Diaphragm Transducer

In the variable capacitance diaphragm transducer, a diaphragm
is located between fixed plates to form two capacitors. Pressure
acting on the diaphragm causes it to deflect and change the capac-
itance of each of the capacitors. The solid-state circuitry for
the sensor capacitors is contained within the transducer and pro-
vides a dc voltage output proportional to the difference of the
two sensor capacitances. The Rosemount Engineering Company Model
830A pressure sensor could be used to cover the range of 0 to 100
psia.

Physical characteristics. - The Rosemount capacitive pressure
gage is relatively heavy, weighing about 1.2 1b. Its dimensions
are 3.5x2.5x2.7 in.

Operational characteristics. - The pressure sensor and associ-
ated electronics require 0.1 A, 28 Vdc + 10%, 2.8 W power input.
No warmup period is required.

The output of the device is 0 to 5 Vdc analog and could be ex-
ternally converted to digital form. Seven-bit accuracy is suffi-
cient.

No deployment is necessary other than providing the sensor
direct access to the atmosphere and providing overpressure pro-
tection.
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The sensor requires a thermal environment of 0 to +55°C dur-
ing operation. Storage temperature range is from -55 to +120°C,
but can probably be extended to meet sterilization requirements.

Operational limitations. - Atmospheric pressure measurements
using the Rosemont pressure sensor and a 7-bit data word would
have an accuracy of approximately 2% of full scale.

Development status. - Variable capacitance diaphragm pressure
transducers for the ranges discussed above are available as off-
the -shelf items from the Rosemount Engineering Company. Redesign
to reduce the weight and volume and extend the operating temper-
ature range is necessary.

Variable Reluctance Diaphragm Transducer

This type of pressure transducer operates on the variable re-
luctance principle. The sensor is a flat diaphragm of magnetic
material mounted in a gap between two identical magnetic core and
coil assemblies. Pressure acting on the diaphragm causes it to de
flect and vary the reluctance in the magnetic circuit. Resultant
variation in inductance of each of the coils occurs and is sensed
by a bridge circuit in which the coils are connected. The ac volt-
age bridge output is converted internally to a corresponding dc
voltage output if desired.

Physical description. - The Pace Engineering Company Models
CP51 and CP52 are 1-3/4 in. in diameter and 4 in. long and weigh
1.0 and 1.2 1b respectively.

Operational characteristics. - Most standard models operate
with 95 to 125 Vac, 60 to 400 cps, 1 W, or 25 to 30 Vdc, 20 mA
nominal.

The output is O to 5 Vdc analog, although standard models are

available having ac voltage outputs. External conversion to digi-
tal form of 7-bit accuracy would probably be employed.

No deployment is necessary other than providing the sensor
direct access to the atmosphere.

This type of sensor will operate accurately within the temper-
ature range of -20 to +72°C with special compensation up to +120°C
obtainable .
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Operational limitations. - This type of pressure transducer
covers a range of O to 0.1 psi to O to 10 000 psi. They are
rugged, have no moving parts, but are relatively large and heavy.

Development status. - Pressure transducers of the variable re-
luctance type are readily available as off -the-shelf items from
several vendors including Pace Engineering Company and Bourns, Inc.
Some redesign will be required.

Potentiometer Diaphragm Transducers

This family of pressure transducers operates through the de-
flection of a diaphragm, pressurized capsule, or bourdon tube on
the application of pressure. This deflection mechanically oper-
ates the wiper of a wire-wound or carbon film resistive element.

Physical characteristics. - Transducers using a bourdon tube
sensing element such as the Bourns, Inc. Model 737 weigh about 4
oz and are 1 in. in diameter and 2.75 in. long. Transducers using
a bellows or capsule sensing element are substantially larger,
such as the Computer Instruments Corporation Model 4000 weighing
1.0 1b and having a dimensional envelope of 2x2x3.5 in.

Operational characterisitics. - No electrical power is re-
quired other than ac or dc excitation voltage and should not ex-
ceed 0.25 W.

The transducer will produce an analog voltage output depend-
ing on the potentiometer excitation employed. Voltage divider cir-
cuitry internal to the instrument can be obtained if required.
Output voltage conversion to a 7-bit digital format would occur
external to the instrument.

An operating thermal environment of -55 to 85°C is required
for this type of transducer.

No deployment is necessary other than providing the sensor
direct access to the atmosphere.

Operational limitations. - Potentiometric pressure transducers
are available for ranges of 0 to 0.3 psi to 0 to 10 000 psi. The
elimination or improvement in potentiometer wiper linkages has
greatly increased the ruggedness and accuracy of these devices in
flight vibration and acceleration environments. Also, development
of carbon film resistive elements has provided increased sensitiv-
ity (resolution) over the older wire-wound potentiometers.
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Development status. - This family of pressure transducers is
highly developed with a long history of varied flight applications.
Suppliers such as Computer Instruments Corporation and Bourns, Inc.
can furnish a wide selection of these instruments from existing
stock.

Semiconductor Strain Gage Transducers

Semiconductor strain gage pressure sensors use the piezoresis-
tive effect (change in electrical resistivity with strain) of cer-
tain semiconductor materials such as silicon crystals. The defor-
mation of a diaphragm under pressure is used to strain single or
multiple semiconductor elements. The consequent change in resist-
ance of these elements when arranged in a bridge circuit is sensed
as a direct function of pressure. The semiconductor strain gages
may be bonded directly to the diaphragm or mounted apart (unbonded)
from the diaphragm. The Rosemount Engineering Company Model 810G
is a transducer using a cylindrical silicon crystal structure hav-
ing four resistive paths and bonded to a stainless steel membrane.
Pressure acting on the membrane strains the semiconductor, and
electrical bridge unbalance is monitored. The Servonics Instru-
ment, Inc., Model 3508 transducer uses four semiconductor gages
mounted on a spring remote from the sensing diaphragm. Deflection
of the diaphragm under pressure is transferred to the spring by a
push rod. The gages are arranged in a bridge, and their resistive
changes are monitored as bridge unbalance.

Physical characteristics. - The Rosemount Engineering Company
Model 810G transducer weighs 5 oz and is 1 in. in diameter and 3
in. long.

Operational characteristics. - Typical excitation voltages for
strain gage transducers would be 5, 10, or 28 Vdc.

Analog output voltage depends on excitation voltage. Output
up to 5 Vdc can be achieved with 25 Vdc excitation.

The operating temperature range for strain gage transducers
is about -30 to +75°C.

No deployment is necessary other than providing the sensor
direct access to the atmosphere.
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Operational limitations. - Strain gage transducers cover pres-
sure ranges from O to 5 psi to 0 to 10 000 psi.

Development status. - A large variety of flightworthy semicon-
ductor strain gage pressure transducers are available from stock
throughout the industry.

Vibrating Diaphragm Transducer

The vibrating diaphragm transducer measures pressure by sens-
ing the damping effect of the gas on the vibration of a thin metal
diaphragm. The diaphragm is mounted under radial tension between
two closely spaced, insulated metal plates. ©Cne plate (the forc-
ing plate) is energized by a dc potential and an ac voltage from
an electronic oscillator set at the mechanical resonant frequency
of the tensioned diaphragm. The diaphragm is thus driven to Vi-
brate synchronously with the electrostatic forcing function. The
diaphragm’s vibration causes a corresponding periodic vibration
in the capacity between the diaphragm and the other plate (the
sensing plate). This capacitance can be detected and indicates
the amplitude of vibration. Since the power required for a given
amplitude of vibration is a function of the damping on the dia-
phragm, which in turn is a function of the gas pressure, the power
can be monitored as an indication of the pressure.

Physical characteristics. - Vibrating diaphragm transducers as
presently constructed at NASA, Ames Research Center, are about
0.8 in. in diameter and 0.6 in. long. These dimensions do not in-
clude the associated electronics.

Operational limitations. - This transducer is designed for
5

pressure measurements in the range of 10~ to 103 mmig with an

accuracy of 1%wver most of the range.

Development status. - At present, evaluation tests of the vi-
brating diaphragm transducer have been conducted at Nortronics
Division of Northrop Corp. and at Ames. Approximately 50 units
have been built at Ames for use in NASA wind tunnel applications.
Although successful results have been obtained, many design and
fabrication problems in the transducer and support electronics
require further development. Development of this device for
space application appears feasible where low pressures are to be
measured over wide ranges.
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Thermal Conductivity Transducers

This category of pressure sensing instruments uses the fact
that heat conductivity of a gas at low pressures varies directly
and linearly with the pressure. The Hasting-Raydist, Inc., Type
D-7 probe is an example of a transducer employing this principle.
Two Noble metal thermocouples are connected in series bucking and
heated with an alternating current. The dc output of the couples
is established at a given reference pressure of the gas in which
they are exposed. As the gas pressure changes, the thermocouple
circuit dc output varies. The system can be accurately calibrated
and ambient temperature variation compensated by the addition of a
third, unheated thermocouple into the circuit.

Physical description. - As in the case of the Hasting-Raydist,
Inc., Type D-7 sensor, the thermocouple elements can be arranged
in a tubular probe of 0.375 in. in diameter and about 6 in. long.
The associated electronics (ac source and dc amplifier) can be
mounted remotely.

Development status. - An extensive history exists of develop-
ment and application of pressure sensors employing thermal con-
ductivity principles. Pirani and thermocouple gages are used fre-
gquently in industrial and laboratory applications for pressure

measurements in the range of 10_4 to 103 mmHg . The problems and

limitations of these devices are well understood. The develop-
ment of a thermocouple gage for space pressure measurements in
the range cited seems quite feasible.

Table 18 is a pressure sensor comparison matrix.

Typical Pressure Sensor

Since this study is one of feasibility, and since there is
such a wide variety of pressure sensors that could be adapted for
use on a BVS, a "typical" pressure sensor was defined:

Weight .5 1b
Power AW

Size 1in. diam, 1in. long (body)
2xlx1l in. (electronics)
plus inlet tube and wires

This typical sensor is nonexistent; however, there should be
no problems in developing it.
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ATMOS PHER EMPERATURE

OBJECTIVES

It is the objective of this experiment to measure the Cytherean
atmospheric temperature as a function of altitude, location, and
time in conjunction with simultaneous measurements of the pressure,
density, and composition. Remote observation of microwave emis-
sions from Venus has resulted in several temperature models for
the surface. Infrared radiometry and thermal mapping of Venus
from Earth and Mariner II has provided data from which atmospheric
temperature profiles could be inferred. The overall temperature
extremes in these models are 235 to 750°K from cloud top to sur-
face. Direct temperature sensors carried on the buoyant station
or in a drop sonde should cover a range of 200 to 800°K. Presently
developed platinum resistance thermometer sensors are adequate to
directly measure temperature over this range in an atmosphere suf-
ficiently dense to support the buoyant station. Since all station
or sonde velocities are anticipated to be subsonic during measure-
ment, no special Pitot or other devices will be necessary.

EXPERIMENTS/ INSTRUMENTS

Platinum Resistance Thermometers

Platinum resistance thermometers contain a coil of pure, an-
nealed platinum wire wound and supported so it is not subjected
to mechanical strain caused by differential thermal expansion.
Platinum resistance devices have their optimum operating range
over 100 to 800°K and are generally superior over this range to
other temperature sensing devices. The Rosemount Engineering
Company Model 177 sensor is typical of such an instrument designed
for spaceflight use and connection to a telemeter. The four-
element bridge, of which the platinum resistance sensor forms one
leg, together with a regulated power supply are packaged with the
sensor in a single unit. To obtain heat accuracy over the desired
range, two instruments can be used with ranges of 100 to 450°K and
400 to 800°K.
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Physical characteristics. = The Rosemount Model 177 as packaged
would not be suitable for this application. Because of the tem-
perature environment anticipated, the bridge and voltage regulation
circuitry would require repackaging and installation in a thermally
controlled environment separate from the deployed sensing element.
The platinum sensor element is extremely small and light, about
1oz, 0.1 in. diameter, and 0.1 in. long. The weight and size of
the required housing and deployment device are not included in
these numbers. The separately packaged circuitry would weigh
about 0.15 1b and occupy a volume of 1x1x2 in. Housing for the
sensor element might weigh about 0.1 1b.

Operational requirements. - The instrument requires 28 Vdc at
0.2 W of power. Some warmup time is required to allow the joule
heating of the platinum element to come to equilibrium.

The output of the instrument is 0 to 5 Vdc analog. Conversion
to digital form would occur external to the instrument with a
7-bit data word providing sufficient accuracy.

The circuitry electronics operate in a temperature range of
-25 to +85°C.

The sensor element will require deployment away from the atmos-
phere heated or cooled by the station. Means must be taken to
shield the sensing element from solar radiation.

Operational limitations. - The two sensors have overlapping
ranges of 100 to 450°K and 400 to 800°K. Temperatures beyond
these range limits will not harm the sensors. With proper bridge
circuit design and voltage regulation, the platinum element gage
factor over the ranges selected will result in an accuracy of *1%
of full scale where a 7-bit data word is used. This accuracy is
sufficient to satisfy objectives. The efforts of solar radiation
and thermal wash from the station are possible sources of error,
and proper deployment and shielding must be considered. Effects
of solar radiation are minimized by the low thermal mass and the
high reflectivity of the sensor.

Development status. - The temperature sensing system discussed
above is well within the state of the art. The only development
effort anticipated would be in the realm of sensor radiation
shielding and deployment.
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A similar sensor was developed several years ago by REC for
NASA-Goddard as a candidate for use in a Martian lander. The in-
strument was again proposed by Ainsworth and Reber at GSFC for
use on a Martian entry vehicle in November 1965. Present status
is unknown, but no major problems in redevelopment for use on
Venus are foreseen.

Thermistors

Thermistor temperature sensing devices are best applied over
a range of about 400 to 700°K, although their consideration for
use over 100 to 800°K is certainly feasible. The inverse tempera-
ture resistance characteristics of thermistors and other semicon-
ductor temperature sensors iS such as to make use of these devices
over large temperature ranges impractical. One section of the
characteristic displays a large, linear gage factor dR/dt for a
small temperature increment, whereas the knee of the character-
istic has a nonlinear shape requiring many calibration points
over a more extended temperature range. These devices are ad-
vantageous because of their small size, low time constant, and
large gage factors over small temperature ranges. To cover the
range of interest in measuring the Cytherean atmospheric tempera-
ture, probably as many as seven thermistors would be necessary.

Physical characteristics. - The size and weight of thermistor
elements for this application would be negligible since they are
presently available from industry (Victory Engineering, General
Electric, etc.) in barely visible sizes. The remotely located
circuitry for the sensors consisting of bridge circuit and exci-
tation voltage regulation circuits would weigh 1 1b and occupy a
volume of 1x2x2 in.

Operational characteristics. - Thermistor temperature measure-
ment systems for this application should operate on 10 or 28 Vdc
at about 0.2 W of power.

The output of each thermistor measurement is O to 5 Vdc analog
with external analog to digital conversion. A 7-bit data word
accuracy would be sufficient.

The sensors would require deployment beyond the thermal effect
of the station. Some protection from solar radiation would prob-
ably be necessary.
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The circuitry associated with the remotely located sensors
requires thermal control within -25 to +85°C.

Operational limitations. - Because of their temperature re-
sistance characteristic, the application of thermistors could be
limited to the range of 275 to 325°K with other sensors such as
platinum resistance thermometers and thermocouples being used for
other portions of the overall atmospheric temperature range.

Development status. - No significant develop problems are
foreseen. Some development effort would be required in sensor
deployment and shielding techniques.

Thermocouples

The use of thermocouples for temperature measurement has cer-
tain advantages over other devices where the temperature-sensitive
zone must be small, the temperatures are relatively high, and the
installation requires flexibility. All of these requirements
could be imposed by the Venusian atmospheric temperature measure-
ment task. Thermocoupleswould be an optimum temperature sensing
approach for the 800 to 1000°K temperatures that might be en-
countered by a sonde at the Venusian surface. Thermocouples, of
course, require reference junction temperature compensation and
amplification of output signal. Over the past several years, the
development of RV compensation using thermistors in bridge cir-
cuits rather than the older fixed temperature oven approach has
resulted in more reliable, smaller, and lighter thermocouple sys-
tem circuitry for spaceflight applications.

Physical characteristics. - The size and weight of the thermo-
couple would be negligible. The remotely located circuit elec-
tronics for a thermocouple would weigh about 4 oz and occupy a
volume of 1x2x2 in.

Operational characteristics. - The thermocouple measurement
system would operate from a 28 Vdc supply and require 0.25 W of
power .

The output of the thermocouple system will be O to 5 Vdc ana-
log. Analog to digital conversion will occur external to the
system, and 7-bit data words will provide sufficient accuracy.

The remotely located electronics will require a thermal en-
vironment of O to 50°C.
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The thermocouple must be deployed a sufficient distance beyond
the thermal wash of the station.

Operational limitations. - Thermocouples could be satisfac-
torily used over the entire range of 100 to 800°K. Two thermo-
couple systems would provide optimum coverage. One system would
employ copper-constantan from 100 to 600°K. The other system
would be chromel-alumel from 500 to 800°K.

Development status. - A deployment technique for the sensors
would require development effort. No development problems are
anticipated.

RFA TEMPER URE

OBJECTIVES

The present controversy and the importance of surface tempera-
ture to theoretical models of Venus and to the possibility of life
makes Its measurement a requirement for any Venus mission. Pri-
mary consideration should be given to measurements at the subsolar
and antisolar points and a pole. Secondary objectives would be
to measure the large- and small-scale horizontal variations and
to search for cool spots (e.g., high mountain peaks).

EXPERIMENTS/ INSTRUMENTS

There are several methods of determining the surface tempera-
ture from a BVS. The most straightforward way would be to extrap-
olate the atmospheric temperature measured from a drop sonde, or
perhaps measure the atmospheric temperature at the surface from
a parachute-landed drop sonde. However, a large number of sondes
would be required to determine the horizontal variations by this
method.

Another method would use an IR radiometer on a drop sonde that
has penetrated the base of the cloud layer, if the cloud layer
does not extend to the surface. This method also gives only local
temperatures unless many sondes are used.
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A microwave radiometer (2 cm< A < 10 cm) on the BVS could
measure the brightness temperature and thus infer the surface
temperature and the horizontal variations. However, the inter-
pretation of the observations is subject to the same ambiguities
as the Earth-based microwave measurements because of the uncer-
tainty in the origin of the microwave emission.

Thus, to measure both the absolute surface temperature and
the horizontal variations, several experiments are necessary.
It is proposed that all three experiments mentioned above be
used -- temperature sensors and IR radiometers on drop sondes
and a microwave radiometer on the BVS. A simple microwave radi-
ometer on a drop sonde would be a valuable experiment to differ-
entiate between the microwave emission from the surface and that
which may originate in the lower atmosphere or clouds.

Infrared Radiometer

An IR radiometer operating in an atmospheric window should
provide a good indication of the surface temperature once the
drop sonde has penetrated the cloud layer and of the cloud tem-
perature while in the layer.

The radiometer would be similar to the Mariner II instrument
(ref. &). It is estimated that such a radiometer could be de-
signed to weigh less than about 2 1b with a power requirement of
less than 2 W. No development work on such an instrument has
been done.

Weight 51b

Power 3 W at 2400 cps
Size 7%5.5x%3 1iIn.
Data 10-bit samples, 600 bit/measurement
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Microwave Radiometer/Surface Imager

The Mariner 1I microwave radiometer (ref. 86) is representa-
tive of this type of instrument. The instrument used on the BVS
would be electronically scanned to give a thermal map of the sur-
face. The development status of this instrument is not known but
estimated characteristics (refs. 87 and 83) are tabulated below.

Wavelength 3 cm

Weight 25 1b
Power 10 W average
Size 3 ft by 3 ft by 2 in.® antenna

1ft by 1 ft by 9 in. electronics

The antenna size given above corresponds to a radiometer for
use on a flyby vehicle. Since the BVS will be much closer to
the surface, a much smaller antenna (e.g., 1 ft by 1 ft by 2 in.)
can be used to get the same resolution.

ATMOSPHERIC 1 ENST

OBJECTIVES

The determination of the atmospheric density profile is of
importance to the optimization of entry vehicle design. If the
mean molecular weight is known, the density can be obtained from
measurements of pressure and temperature. However, independent
measurement of the density is to be preferred.

Acoustic Transmission Line Densitometer

An acoustic transmission line densitometer has been developed
for measurements on Mars (refs. 8 and 9). With minor modifica-
tions, such as reduction of the microphone spacing to accommodate
a wider dynamic range, this acoustic transmission line densitometer
can be used to determine the Cytherean atmospheric density p,
molecular weight M, and the specific heat ratio y = CP/CV.

The velocity of sound in a gas is given by,
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C2=L§$or

~ =

R
- & (81)

where R is the gas constant and T is the absolute gas temper-
ature. In the acoustic transmission line densitometer, the ab-
solute temperature T is known and the velocity of sound is meas-
ured with two microphones which are a fixed distance apart. There-
fore, M/7 can be determined. During the sound velocity measure-
ment, the acoustical impedance 7 = plc of the gas will also be

measured in the test tube. This yields the density Py = Z/C in

the tube of the densitometer. |If the absolute tube temperature

T1 and the absolute ambient temperature T2 are known, then we

can determine the ambient density,

)
Py = 01 T (B2)
1
Knowing density and temperature of the ambient gas, and applying
the gas law, the mean molecular mass can be determined,
ZT R
—  PRT = 2
M= " (83)

Because M/y has been obtained from the sound velocity measure-

ment, the mean specific heat ratio, y = CZM/(RTI), can now be
determined.

The proposed technique is to measure the velocity of sound
through the gas spiral tube about 2 m long and 1 cm in diameter.
For ease in illustration, figure 24 shows a linear arrangement of
this tube. At one end of the tube, a generator drives a small
sonic transducer at a constant frequency of about 4 ke. Two iden-
tical condenser microphones are placed along the tube with a nom-
inal 4 wavelength separation. Both microphones resonate above 10
kc and form part of the wall of the tube. The test tube is ex-
tended beyond the second microphone and is acoustically terminated
by damping material and rough wall surfaces to avoid reflections
and standing waves in the tube. Since the two microphones and
their amplifiers are identical, their phase shifts cancel each
other. The phase shift as measured by the phase comparator is
determined only by the wavelength of sound in the medium and,
since the generator frequency is constant, by the velocity of
sound in the gas.
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Figure 24. - Block Diagram of the Acoustic Experisent (ref. 90)

In addition to the determination of the speed of sound, the
instrument is capable of measuring the density of the gas in the
tube. The mechanical and electrical impedance of the sound gen-
erator are chosen so that the velocity of the diaphragm is essen-
tially independent of the acoustic radiation impedance of the tube.
Under these conditions the sound pressure developed in the air
contained in the tube is proportional to the acoustical impedance.
Since the microphone used responds to sound pressure, the elec-
trical signal generated by the microphone is proportional to the
acoustic impedance of the gaseous medium. This constant of pro-
portionality, which also contains the transducer sensitivity, can
easily be determined by calibration in an Nz atmosphere over a
nominal pressure range.

Physical characteristics. - The instrument is estimated to
weigh 3 1b. In its present form, the dimensions are about 10 in.
in diameter and 2.5 to 3 in. thick, including electronics.

Operational requirements and limitations. - Electrical power
at 4 W is required for instrument operation. The gas temperature
in the test tube must be measured or the test tube must be tem-
perature controlled. The anticipated temperature range is -65 to
+125°C. Good gas conduction between the sampling tube and the
ambient atmosphere is required. The sampled gas should not be
contaminated (ablation products, outgassing, etc.), and the sam-
pling port must be arranged so that the effect of dynamic pres-
sures on the test tube pressure is negligible.
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Development status. - The instrument has been developed to
the breadboard stage at NASA-Goddard under the direction of Dr.
R. A. Hanel. Construction of a flight prototype should present
no problem.

Other Densitometers

There are several other types of densitometers that rely on
the absorption or scattering of radiation (beta, gamma, and X-ray)
by the atmosphere. These types are advantageous for use on high-
speed entry vehicles. The use of an RTG power source on the BVS
would complicate the interpretation of data from these densi-
tometers. Three typical instruments are summarized in table 19.

TABLE 19. - RADIATION SCATTER DENSITOMETERS

| Type Beta Gamma X-ray
Weight, 1b .8 5 10
Power, W .2 5 25
Volume, cu in. 15 100 32

ATMOSPHERIC COMPOSITION

OBJECTIVES

A knowledge of the atmospheric composition is of prime im-
portance to an understanding of the meteorology, the evolution,
and the physical and chemical processes of the atmosphere; to the
surface composition; to the possibility of life; and to the de-
sign of future entry vehicles. At present, C0O>, CO, HCR, HF, and
H>0 have been identified spectroscopically as constituents of the
atmosphere above the clouds. Nothing is known of the composition
below the clouds although it is clear that CO> must be a major
constituent. Spectroscopic searches for N,0, CH,, C2H4’ Czaé,

and NHS have been unsuccessful, and identification of 0> NOZ’

N204’ and (C302> is disputed. Estimates of the amounts of gases
n

above the clouds are very uncertain, and the identity of the major
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fraction of the atmosphere is unknown. Based on cosmic abundance
arguments and terrestrial analogy, nitrogen is thought to be the
major constituent with trace amounts of argon present.

The primary purpose of a composition experiment should be to
search for and determine the partial pressures of major or im-
portant atmospheric constituents. Consideration should be given
to COz2, N2, H20, 0=, A, He, Ne, and Oz. Secondary objectives
should be to search for and identify trace constituents and vol-
atile organic compounds; to obtain total pressure measurements;
to obtain altitude profiles at different points in space and time;
and to obtain indications of the composition of the clouds and
surface. Supporting measurements of altitude, temperature, and
pressure are required. Supplementary and complementary determina-
tions of the composition by different experiments are desirable.

EXPERIMENTS/ INSTRUMENTS

There are six classes of experiments that can be used to de-
termine the composition of the atmosphere as shown in table 20.
Within each class of instrument there are several different types.
Several of these instrument types are described below.

Mass Spectrometers

Table 21 lists five types of mass spectrometers that have been
used or proposed for use in space probes. A general description
of the various types can be found in references 91 and 92. De-
tailed descriptions of the quadrupole and magnetic sector types
are given below.

In general, the various types of mass spectrometers are simi-
lar in operating principle. Figure 25 shows a generalized mass
spectrometer system and its major subsystems. A gas sampling sub-
system is required to reduce the pressure of the ambient atmosphere

( 104 m) to a value compatible with the |nlet leak (< 500 mb) and

to prevent the mass spectrometer vacuum system (< 10 nb) from
becoming saturated. A small amount of atmospheric gas at the re-
duced pressure is allowed to flow through the inlet leak (-0.2 p
diameter) into the ionization region. The use of such a molecular
leak allows each gas to enter the instrument in proportion to its
partial pressure. lons are then formed by bombardment of the gas
molecules with electrons from a hot filament.
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The resulting ions are focused into a beam and directed into the
analyzer section where they are separated according to mass. The
ions emerging from the analyzer section are collected and measured
as an ion current proportional to the partial pressure of the gas
to which the ion corresponds. The ion current is then processed
and converted to a digital form.

Quadrupole Mass Spectrometer

Figure 26 shows a schematic of the quadrupole mass spectrom-
eter. The analyzer section, in this case, consists of four paral-
lel cylindrical electrodes (ideally hyperbolic in shape). Op-
posite electrodes are connected as shown in figure 27 and dc and
rf voltages are simultaneously applied. The ions, which are in-
jected parallel to the analyzer rods, are acted on by the super-
imposed electric fields and acquire complex oscillatory motions
described by Mathieu's differential equations. The trajectories
are stable or unstable depending on the rf, the rf and dc voltages,
the dimensions of the quadrupole, and the charge-to-mass ratio of
the ions. By a suitable choice of these parameters, all ions ex-
cept those with a desired range of charge-to-mass ratios acquire
unstable trajectories and are removed from the beam by collision
with the electrodes while those with the selected m/q ratios
proceed through to an ion collector giving a current proportional
to their partial pressure. The mass spectrum is swept by varying
the voltages or the radio frequency.

The ion collector is a solid-state semiconductor device with

an input current range from 10—14 to 2 X 10-10 A covered by two

automatically switched, overlapping ranges. The output is loga-
rithmically compressed into a 0 to 5 V analog range.

The quadrupole mass spectrometer described below is capable
of determining the partial pressures of gases with atomic masses
between 11 and 45 amu. This range can be shifted to about 200 amu
by redesigning the electronics if desired.

Two general methods for sampling the mass range are the con-
tinuous sweep mode, where all of the masses in any chosen mass
range can be sampled, and the stepped mode, where several masses
are chosen for investigation and sampled sequentially by stepping
from one mass to the next. Both schemes will be used with the
stepped mode being the primary. The gases to be investigated in
the stepped mode are: H=0 (18), N2 and CO (28), 02 (32), A (40),
CO= and N=0O (44), and their dissociation products C (12), N (14),
and O (16). In-flight calibration can be performed by injecting
a sample containing the five gases listed above.
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Physical characteristics. - The instrument weighs about 8 1b
plus the gas sampling system, which may weigh about 2 1b. The
size is 8 1/8 by 14 by 2 13/16 in. excluding the gas sampling sys-
tem but may be tailored for specific applications. All materials
and components are heat sterilizable. Figure 28 shows the instru-
ment that was developed for use on a Martian entry vehicle.

Operational requirements. - The mass spectrometer requires
28 V + 10%, 10-W average, 15-W peak power input. The power in
failure is 21 W. Some warmup time for the hot filament ion source
is necessary. Power requirements for the sampling system are un-
known at present.

The inputs from and outputs to the data system are as follows:

1) Inputs,
a) Turn-on/turn-off command,

b) Clock stop command to inhibit cycling for test
purposes,

c) Continuous mass scan control for test purposes,
d) Stepped or swept mode control,
e) Calibration command,;

2) outputs,
a) Detector (ion collector output),
b) Detector range indicator,
c) Stepped or swept mode indicator,
d) Mass marker,
e) lon source temperature monitor,
f) Log diode temperature monitor,
g) Regulated B+ monitor,
h) High-voltage monitor,

i) Filament-on indicator.

All outputs are 0 to 5 V analog and will be converted to digi-
tal form.

S
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~ 1.16 R— i
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Figure 27. = End View of Quadrupole Electrodes

Figure 28. - Quadrupole Mass Spectrometer (Photo Courtesy
of Scientific Data Systems)
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Operating in the stepped mode, the instrument will measure
the total ion current, the zero level, the ion currents for each
of the eight masses, the zero level, and the total ion current
during each measurement cycle. Since each data point requires
1 sec, this process takes 12 sec. Housekeeping data from outputs
c) thru i) will be recorded before and after each measurement
cycle. Measuring the detector output to 7-bit accuracy results
in 84 bits/measurement; housekeeping data will contribute an esti-
mated 28 bits for a total of 112 bits/measurement.

The mass spectrometer requires a sample of the ambient atmos-
phere. The gas sampling inlet should be placed so it avoids con-
tamination by gases leaking from the buoyant device. (Nitrogen,
ammonia, methane, hydrogen, or helium are possible contaminants.)
This may necessitate the deployment of a long tube or hose unless
a suitable technique for calibrating against the contaminants can
be developed.

The electronics for the present instrument require a thermal
environment between -10 and +65°C during operation. The gas sam-
pling system should be kept at the temperature of the ambient
atmosphere to prevent condensation of the gases.

Operational limitations. - The resolution is Am/m = 1/25
for 1% rosstalk between adjacent peaks in the swept mode. Reso-
lution in the stepped mode is Am/m = 1/20 for a top-to-base
width ratio of 0.5 and 1%rosstalk.

The lower limit of sensitivity of the quadrupole analyzer is

about 10—9 mb. The sensitivity of the entire system is determined
by the size of the inlet leak. The dynamic range of the detector

is from 10-14 to 2 X 10~1O A or about 104.

The accuracy of the system for 7-bit data words is +.5% error
in the knowledge of the ion currents. This allows the measure-
ment of the ratios of any two partial pressures to +10% accuracy,
and the mean mass to be calculated to within 55%.

The mass spectrometer generates and is susceptible to high
frequency (0.5 to 3 mHz) and stationary magnetic fields but shield-
ing will minimize these effects.

As mentioned above, it is also susceptible to contamination
by leakage gases. The presence of other gases in the atmosphere

such as CH4, C2H4, C2H6’ and NZO’ which have the same /g ratio

g
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as the gases being investigated may cause false determinations.
The use of other composition experiments will resolve these am-
biguities.

The vacuum system is a 150 cc/sec sputter ion pump. The ex-
pected lifetime of the pump is not yet known.

Development status and problem areas. = The instrument was
originally designed and developed by SDS Aerospace Systems (form-
erly CSC) for NASA"s Goddard Space Flight Center and is currently
available from SDS. The only major development necessary is in
connection with a suitable gas sampling system.

The main advantages of the quadrupole type are its light
weight and lack of magnetic fields. However, its requirement for
stable radio frequencies and voltages make it slightly less re-
liable than the heavier magnetic sector type described below.

References 93 thru 95 describe quadrupole mass spectrometers
used on rocket flights in the Earth's atmosphere.

Magnetic Sector Mass Spectrometer

This type uses a magnetic field to perform the mass separa-
tion. The ions entering the analyzer section with their velocity
vectors perpendicular to a strong, uniform magnetic field are de-
flected into a circular arc. The radius of curvature of the arc
depends on the magnetic field strength, the kinetic energy of the
ions, and the mass of the ions. With the first two parameters
held constant, ions with different masses will follow different
circular paths as shown in figure 29. |If the magnetic sector is
preceded by an electric sector as shown in figure 30, the energy
aberrations are reduced giving better mass resolution. The use
of the electric sector allows a smaller magnet to be used.

Mass spectrometers of the double-focusing type have been used
on Aerobee sounding rockets (ref. 96) and on the Explorer XVII
satellite. The Explorer XVII instrument, which is described be-
low, can be adapted €or use on Venus by a suitable redesign of
the inlet system and provision of a gas sampling system.
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Figure 29. - Separation of Two Masses with Equal Energies and Entering
Perpendicular to Focal Plane (Demonstration of Unity
Magnification)
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Figure 30. = Energy Focusing in a Double-Focusing Analyzer (ref, 92)
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The Explorer XVII double-focusing mass spectrometer is fixed
tuned to detect m/q ratios of 4, 14, 16, 18, 28, and 32 corre-
sponding to He, N, O, H20, N, and Q. However, for use on Venus,
it should be tuned to 12(C), 14(N), 16(0), 18(H=0), 28(Nz and @),
32(02), 40(A), and 44(CO2 and Nz0). This would require eight
detectors placed in a manner similar to that shown in figure 31.
Swept tuning could be accomplished as in the Nier instrument
(ref. 96) by sweeping the ion accelerator grid voltage. This re-
duces the resolution but increases the number of gases that can
be investigated.

Physical characteristics. - The Explorer XVIl instrument pack-
age weighed 22 1b, but the inclusion of a sputter ion pump to
maintain internal vacuum and a gas sampling system for reducing
the inlet pressure may increase the weight to about 26 1b. The
approximate dimensions are shown in figure 32. Total volume of
the spectrometer and associated electronics is less than 0.5 cu
ft.

Operational requirements. - Power at 27 W, 28 Vdc is required
for the mass spectrometer and its electronics. Power requirements
for the sampling system are unknown.

The outputs of the eight detectors are compressed in a loga-
rithmic amplifier to O to 5 Vdc outputs that are, in turn, con-
verted to 7-bit digital words for telemetry. Housekeeping data
bring the total number of bits per scan to about 150 bits.

Deployment and thermal control requirements are the same as
for the quadrupole type.

Operational limitations. - The resolution is adjustable.
Explorer XVII instrument gave m/A m = 11.7 in the region of
mass 30 for 2% crosstalk between adjacent peaks.

The minimum detectable partial pressure is about 10_ll mb in
the ion source. The detectors are capable of detecting 5 x 10_16
A with two overlapping 4-decade ranges on a logarithmic amplifier

giving a total dynamic range of about JEF.
The instrument has a strong psrmanent magnetic field of about

1.0 to 2.5 kG near the magnet. Shielding can reduce this con-
siderably.

The lifetime is one year (in satellite orbit) with minimum
of 500 turn-ons.
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Figure 31. - Mass Spectrometer Configuration and lon Path in X-Y Plane (ref. 97)
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Development status and problem areas. - The mass spectrometer
described above was designed for use in a satellite. However, by
adding a gas sampling system and a sputter ion pump, it could be
adapted for use in the Cytherean atmosphere. SDS is working on
an improved version that may weigh as little as 10 1b. This would
be a very attractive choice for the buoyant station if there is
no strong requirement for magnetic cleanliness. The inherently
better reliability of the magnetic type over the quadrupole type
may offset the additional weight of magnetic shielding. However,
more information on the 10-Ib magnetic type is needed before a
tradeoff can be made.

Regardless of which type is the best choice, there are two
major mass spectrometer subsystem developments that would be de-
sirable. They are the development of a suitable gas sampling
and inlet subsystem and the development of a field ionization
ion source. The field ionization source eliminates the fragile,
power consuming filament needed to generate the ionizing electron
beam, also the breakup of complex molecules by electron bombard-
ment ionization is greatly reduced with a field ion source.

Gas Chromatography

In a gas chromatograph, a sample of atmospheric gas is mixed
with and transported by an inert carrier gas (e.g., helium) through
a tube or column containing a material that allows the constituent
gases to flow through at different rates. The material can be
either activated adsorbing particles, liquid-coated inert par-
ticles, or a liquid coating on the walls of a capillary tube. The
constituent gases have different affinities for the material in

column. In the case of solid packing, the affinity is adsorptive;
in the case of the liquid-coated packing, the affinity is related
to vapor-liquid equilibrium. 1In either case, the constituent

gases flow through the column at different rates so that the time
it takes for each component to traverse the column is unique and
reproducible. Therefore, each component emerges from the column
at a given time after injection and is identified by its charac-
teristic retention time. Detectors at the end of the column sense
the presence of any gas other than the carrier gas and give an
indication of the quantity. One major disadvantage is that a
specific column packing may separate certain components but leave
others unresolved. Therefore, several columns with different
packing materials may be required to fully analyze the atmospheric
composition. Another interesting possibility is to use a mass
spectrometer in series with the chromatographic columns to sep-
arate components that neither instrument could resolve by itself.
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There are two gas chromatographs being developed for use in
planetary exploration. One is for the Surveyor program, the other
is intended for analysis of the Martian atmosphere. Both can be
adapted for use in the Cytherean atmosphere, although no work to-
ward this specific end has been done.

Surveyor Gas Chromatograph

The Surveyor gas chromatograph was designed to be soft-landed
on the moon to provide an analysis of the volatile constituents
in a sample of the lunar surface material (refs. 97 thru 99). An
oven is to be used to heat the surface sample and drive off any
gases present. The use of such an oven for atmospheric analyses
is not necessary but would be desirable for analysis of cloud or
dust particles. For this reason, a modified Surveyor gas chromato-
graph is proposed as a candidate for determining atmospheric,
cloud and dust composition, and the presence of organics.

Cloud and dust particles will be collected and placed in the
oven that will then be sealed and heated in steps to ~500°C. The
gases thus liberated at each step will be injected into a helium
carrier gas stream as a short slug. The atmospheric gas sample
will bypass the oven. The sample gas is then divided and trans-
ported through three parallel analytic columns by the helium car-
rier gas. The constituents of the sample gas are separated in
the columns and the retention times for each component measured
by glow discharge detectors at the end of each column.

The three columns allow 28 different components to be analyzed
as follows:

Hydrogen Butane Hydrogen cyanide
Oxygen Methano 1l Benzene

Nitrogen Ethanol Toluene

Carbon monoxide Propanol Ammonia

Carbon dioxide Acetone Hydrogen sulfide
Water Formaldehyde Acetylene
Methane Acetaldehyde Acrolein

Ethane Propionaldehyde Formic acid
Propane Acetonitrile Acetic acid

Butyric acid

The detector outputs, which have simultaneous high- and low-sensi=~
tivity readouts, are then processed for transmission. The trans-
mitted data can be used to determine the identity and approximate
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guantity of each volatile or gaseous constituent in the sample.
One analysis requires 100 minutes to complete including the time
required for oven heating and backflushing with the helium carrier
gas.

Figure 33 shows a schematic of the gas chromatograph. A more
detailed description of the operation can be found in references
97 and 99.

Physical characteristics. - The Surveyor instrument weighs
14 1b and is contained in a box 8x8x10 in. References 97 and 99
contain photographs of the instrument showing the construction.
The instrument is heat sterilizable (125°C for 36 hr) and designed
for immersion in ethylene oxide for 24 hr.

Operational requirements. - The instrument requires a maximum
electrical energy supply of 24 Wh for each 100 minute analysis as
follows:

1) Raw battery power,

Voltage, 22 + 6/-4 Vdc,
Maximum power, 72 W,
Maximum current, 5 A,
Energy drain, 22.1 W,

2) Regulated power,

Voltage, 2 + 1%0ov/dc,
Maximum power, 0.44 W,
Maximum current, 15 mA,
Maximum energy, 0.75 Wh;

3) Special power (for detectors),

Voltage, 1000 + 10%Vdc,
Maximum current, 100 mA.

A typical detector output signal is shown in figure 34. Be-
cause of the difficulty in automatic zeroing of the detector a
derivative readout of the chromatographic peaks is used. A typi-
cal derivative chromatogram and its integral is shown in figure
35.
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Each column has a detector that is simultaneously read out at
low and high sensitivity (100 times amplification of low). There-
fore, six output channels are required. Seven bits per reading
should suffice. Data on column temperatures, retention times,
and carrier gas pressure are also required bringing the total
number of bits per reading to 91.

If only the retention time (10 bits) and peak amplitude (7
bits) for each of the 28 gases is desired, the total number of
bits per analysis is 632. Other housekeeping data may bring this
to about 800 bits.

If a complete chromatogram such as is shown in figure 35 is
desired, the total number of bits will be greatly increased
(=10 000).

A sampling system to collect and deliver cloud and dust par-
ticles to the oven is required.

A thermal analysis of the gas chromatograph is given in ref-
erence 97. Briefly, the survival temperature range is -185 to
+125°C and the operating temperature range is -50 to +125°C.

Operational limitations. - The instrument satisfactorily re-
solved all of the 28 components listed previously with the excep-
tion of formaldehyde, acetonitrile, hydrogen cyanide, carbon di-
oxide, hydrogen sulfide, and butyric acid. Further development
work on the columns will allow these components to be resolved.

The minimum detectable quantity in the oven is 3 x 10710 mole
for each of the 28 components.

The minimum dynamic range of the combined high- and low-sen-
sitivity detector channels is 10 000 times the minimum detectable
guantity.

The Surveyor instrument is capable of twenty-one 100-minute
analyses (limited by quantity of helium carrier gas and calibra-
tion sample gas).

Development status and problem areas. - Since the Surveyor
instrument was designed to operate in the lunar environment, some
redesign is necessary. The major redesign will be in the thermal

control area to compensate for the difference in heat transfer
properties in the lunar and Cytherean environments.
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Redesign of the columns to separate gases other than the 28
previously listed (e.g., argon, HCZ, N20, C302, etc.) will also
be necessary.

Provisions for sampling the atmosphere and bypassing the oven
will have to be made.

The Surveyor instrument was developed by Beckman Instruments,
Inc., for JPL and a prototype delivered to JPL and tested in
December 1962. The performance is described in reference 97.
Present status is unknown; however, the instrument is not sched-
uled for use on any of the Surveyor flights (probably because of
the high power requirements).

Micro Gas Chromatograph

This instrument is being developed by JPL for use during entry
into the Martian atmosphere (refs. 100 thru 102). However, since
it is designed to make a rapid analysis for only three gases (A,
N2, C0z), its utility on a buoyant station is questionable. A
brief description is given below (details can be obtained from
refs. 100 thru 102).

Physical characteristics. = The instrument will weigh about
3 or 4 1b and be packaged in a box about 4x4x6 in. (including
batteries and A/D signal conditioning).

Operational requirements. - Power requirements are unknown
but 2 to 3 W should be sufficient. Data handling is discussed
in reference 102.

Development status. - A breadboard model has been constructed
and tested at JPL; a prototype is being assembled.

Melpar Gas Chromatograph

Melpar, Inc., has performed a study for JPL on the design and
fabrication of breadboard and prototype models of a gas chromato-
graph for analysis of the Martian atmosphere (ref. 103). The in-

strument separates 12 components; the gases NH3, COZ’ HZO’ Hz, NZ’
02’ A, CH4’ and CO can be quantitatively measured and N»O, CZH6’
and Kr can be detected. References 91 and 103 describe the per-
formance and components in detail.



APPENDIX B

Physical characteristics. = It is estimated that the instru-
ment will weigh about 5 1b and will be packaged in a box 5.5x5.5x%
8 in.

Operational requirements. = Since column heating is to be

supplied by a chemical heat source, the power required for the
electronics is only 1.5 W. However, 4 W has been allocated for
the operation, so that 2.5 W could be used for heating if desired.

Peak amplitudes and retention times for each of the 12 com-
ponents are read to 7-bit accuracy as are column temperature and
carrier gas pressure for a total of 336 bits/analysis. Allowing
for housekeeping data gives approximately 350 to 400 bits/analy-
S1ls.

The columns require an operating temperature of 333°C.

Operational limitations. - The detectors used are ionization
cross-section types that are susceptible to ionizing radiation.
Therefore, shielding from RTG radiation is necessary, unless
another type of detector is used.

Development status. = Development by Melpar appears to have
been discontinued on this particular instrument.

Gas Chromatograph Development at JPL

JPL appears to be the only NASA center actively engaged in
developing gas chromatography for space exploration. The tech-
niques of micro gas chromatography (ref. 100) are being used to
develop impact hardened (=10 000 g) and sterilizable gas chromato-
graph components. Work is also aimed at developing a gas chro-
matograph for use in a pyrolysis/gas chromatograph/mass spectrom-
eter system for detection of life-related compounds. The emphasis
is on components rather than a complete system. However, these
components could easily be assembled into a workable system once
a specific application presents itself.

Without going into detail, it can be stated that development
of gas chromatograph components is well underway (refs. 104 thru
106) and that these components could be assembled into a working
system for use on a Cytherean buoyant station. The ideal system
would be a combination pyrolysis/gas chromatograph/mass spectrom-
eter for atmospheric, cloud, and dust composition and for detect-
ing life-related compounds. Such a system might weigh about 15
1b and require 10 to 15 W of power.
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Analysis by a-Particle Scattering

This instrument has been proposed by JPL to measure the three
suspected major components (A, Nz, and CO2) of the Martian atmos-

phere (refs. 91 and 107). N14 is detected by observing protons

produced by a-particle bombardment:

14 4 4 17 1
7N 2a — 80 + 4P (B4)
12 {, 40 . o
C in CO2 and A"~ can be measured by observing 180° Coulomb

backscattering of the &= particles:

2
ES - Eo (H) (B5)
where
ES = energy of backscattered &
Eo = jncidence energy of &
A = mass number of target nucleus (012 or AZ‘LO)

The experimental arrangement is shown in figure 36. Redundant
14

N (in Nz) and O16 (in COZ> measurements can also be made with
the alpha-particle detector.

Physical characteristics. - Preliminary estimates of weight
and power allocations are given in Table 22.

ook’
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Figure 36. - Layout of Source, Sample, and Detectors

TABLE 22. - PRELIMINARY WEIGHT AND ROMR
ALLOCATION ESTIMATES

Unit Power, MW Weight, 1b
Analog circuits 240 <5
Digital circuits and sequencing 235 1.0
Power supply 360 .5
Mounting for source and detectors .5
Total 835 2.5
Operational requirements. - See Table 22 for power require-

ments. Six bit accuracy from each of 5 channels (C, A, N, O &

detector and N proton detector). Reference 107 discusses the
data handling in detail.

Operational limitations. - The instrument and sample must be

protected from RTG radiation and cosmic ray and solar proton back-
ground.
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Development status. - A breadboard model of the experiment was
being assembled in 1964, but present status is unknown.

Kryptonate Detectors

In this type of composition detector, radioactive krypton

(Kr85) is imbedded in a solid that reacts with the gas to be de-

tected. The erosion of the surface of the solid by the reaction

allows the previously bound Kr85 to escape. Thus, a measurement
of the radiation level (0.67 MeV betas) from the solid is a meas-
ure of the reaction rate of the gas with the solid. Gases such
as ozone, sulfur dioxide, hydrogen sulfide, have been detected
using this method. A kryptonate oxygen detector has been studied
by Parametrics, Inc., for JPL (refs. 108 and 109). However, the
characteristics of the instrument are presently unknown.

Single Gas Detectors

Many types of single gas detectors are being studied (see
ref. 110) for use in the Martian atmosphere. These usually rely
on some property or effect (not always unique) of the gas being
sought for their operation. Such methods are not suitable for
analysis of an unknown atmosphere of widely varying possible com-
position, at least not in the early stages of exploration. They
are, however, very suitable for use as auxiliary experiments to
confirm an analysis by mass spectrometry or gas chromatography.
The characteristics of several (ref. 111) of these single gas de-
tectors are given in table 23.

TABLE 23. - SUMMARY OF COMPOSITION INSTRUMENTS

Instrument Weight, 1b Power , W
Quadrupole mass spectrometer 10 15
Double focusing magnetic M5 10 15 to 20
Surveyor-type GC “u 72 peak (24 Wh)
Melpar-type GC 5 4
Pyrolysis/GC/MS (JPL) 15 10 to 15
x-particle scattering 2.5 1.0
H20 1.5 1.0
02 1.5 1.0
Oz 1.5 1.0
A 15 1.0
N2 1.0 1.0
CO2 1.0 1.0
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The only information on A and Nz detectors found in the
literature (ref. 150) lists only the estimated weights and
powers given in table 23. Nothing is known of the development
status of these instruments.

Absorption Photometry

Solar pointing photometers with appropriate filters could be
used to determine the atmospheric transmission as a function of
altitude and, hence, the composition and cloud structure. The
filters should be selected to pass radiation in the absorption
bands of CO=z, H=0, O3, and 02 and at one or two wavelengths out-
side the absorption bands. A study of the continuous absorption
in the near ultraviolet (A < 4000 %) would give information on
scattering properties of the atmosphere. Silicon detectors could
be used for the region 4000 A < A < 10 000 A. The near: infrared
to 3 p could be covered by a PbS detector; PbSe (cooled) could be
used to about 6 pu. Photomultipliers are necessary for the ultra-
violet. Table 24 lists the estimated characteristics of photom-
eters in the three spectral regions.

TABLE 24. - FILTER PHOTOMETERS

Spectral region Visible uv Near IR
Weight, 1b ,2 oz + .6 o0z each 1.75 2
Power, W o3 1.5 2

The light weight of the silicon detectors permits very good
coverage of the visible region. Twenty detectors with integral
filters and electronically switched sampling would weigh only
20 X 0.6 oz + 2 oz = 14 oz and require 0.3 W,
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CLOUD COMPOSITION

OBJECTIVES

At present, there are strong indications that the clouds, or
at least the upper layers, are composed of ice crystals. However,
because of the high surface temperatures and pressures, it is
possible that the lower clouds may be composed of exotic compounds.
The analysis of such compounds would require a gas chromatograph
or mass spectrometer. Other experiments such as an IR spectro-
meter or a water vapor sensor are also possibilities.

The primary objective is to determine the composition of the
upper clouds. The composition of the lower clouds as a function
of altitude, temperature, and pressure is a secondary objective.

EXPERIMENTS/ INSTRUMENTS

The instrumentation for determining composition has been dis-
cussed in the previous section. A cloud sampling and delivery
system must be developed. Figure 37 shows one concept for col-
lecting a cloud sample and presenting it in gaseous form to a gas
chromatograph. The same system could be used for collecting dust
particles, biota, or condensable gases. Such a system might
weigh about 2 to 4 1bs and require less than 10 W.

To gas chromatograph
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From parallel filters

Figure 37. - Cloud Sampling System
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There are two major problem areas in designing a system to
present cloud samples to an analyzing instrument. The first is
the separation of the sample in the form of particulates (e.g.,
solidified gases, dust) or liquid droplets from the atmosphere.
The second is the concentration and conversion of the sample into
a form suitable for analysis.

The collection of solid particulates can be accomplished with
filters and blowers or electrostatic precipitators (ref. 112).
The collection of liquid droplets is somewhat more difficult and
will require a filter similar to a chromatograph column.

After the sample is collected it must be presented to the
analyzing instrument in a suitable form and concentration. The
solidified gas particles and liquid droplets can be vaporized
easily and presented to a gas chromatograph or mass spectrometer
for analysis. The dust particles (e.g., quartz) are not so easily
vaporized and may require "wet" chemical analysis. Instruments
similar to those proposed for lunar surface analysis (e.g., X-ray
diffractometer, alpha scattering, or neutron activation) are also
possibilities, Another method would be to examine the particu-
lates with a petrographic vidicon microscope as discussed in the
next section,

EXOBIOLOGY

OBJECTIVES

While the elucidation of the origin and evolution of life
should be accorded the highest priority in the overall explora-
tion of the solar system, a systematic investigation of life on
Venus cannot be conducted intelligently until more is known of
the environmental conditions existing below the Cytherean clouds.
Indeed the determination of the physical and chemical conditions
of the Cytherean atmosphere and surface as a potential environ-
ment for life should be the first step in a systematic biological
investigation (ref. 113). Also, since the reluctance to assign
high priority to the biological exploration of Venus is based
mainly on the apparently high surface temperatures and the un-
certainty in our knowledge of the environment below the cloud
tops, an elucidation of these factors might completely alter the
belief that Mars is a more likely abode for life than Venus.
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Other goals of a biological exploration of Venus are (ref. 113):

1) Determination of whether life is or has been present
on Venus;

2) Characterization of that life, if present;

3) Investigation of the pattern of chemical evolution,
in the absence of life.

The realization of these goals is heavily dependent on a
definition of the attributes of life and an understanding of the
living state, as well as a knowledge of the Cytherean environ-
ment, The problem of describing life so that tests and experi-
ments can be devised to search for extraterrestrial life is dis-
cussed in references 113 thru 115,

The dominant fact remains that no single life detection ex-
periment or criterion can satisfactorily demonstrate the nonex-
istence or characterize the existence of extraterrestrial life.
Unequivocal conclusions can only be formulated through the use
of an automated biological laboratory -- the concept of which is
not yet fully defined but is discussed in the references.

Thus, the systematic conduct of biological explorations and
the intelligent design of experiments for such investigations re-
qguires some preknowledge of what is being sought and of the pre-
vailing environmental conditions. Because of the uncertainties
in the present knowledge of the Cytherean environment and of the
possible life forms that might exist on Venus, it is proposed that
the biological exploration of Venus be conducted (at least in the
early stages) with the following specific goals:

1) Determination of the physical and chemical conditions
of the Cytherean atmosphere and surface as a poten-
tial environment for life;

2) Determination of the organic composition of the at-
mosphere and of any dust present in the atmosphere
and clouds;

3) Search for actual biota that may exist suspended in
the atmosphere or attached to dust suspended in the
atmosphere through the use of one or more experiments
such as a vidicon microscope, a Gulliver growth ex-
periment, or a Multivator experiment.

This last goal is accorded lowest priority for an early mission.
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EXPERIMENTS/INSTRUMENTS

Determination of Environment

The experiments and instruments for determining the Cytherean
environment are discussed in other sections of this report. Some
environmental measurements that are relevant to the existence of
life are:

1) Atmospheric and surface temperatures;
2) Pressure;

3) Major and minor atmospheric constituents, expecially
organics;

4) Light levels as a function of altitude and wavelength,
expecially in the uv;

5) Location of temperate zones on the surface.

Presence of Organic Compounds

Instrumentation for analyzing the organic content of the at-
mosphere and clouds has been described in the section on atmos-
pheric composition. A discussion of gas chromatography and mass
spectrometry as techniques for exobiology is given in references
116 and 117.

Life Detection Experiments

Many experiments have been proposed for the detection of ex-
traterrestrial life or some manifestation of it. References 118
and 119 describe several of these experiments. Two typical life
detection experiments that could be used on the BVS are described
below.

Vidicon Microscope

The vidicon microscope, focused on dust and aerosols collected
from the atmosphere, could provide details on the specific form,
size, symmetry, optical properties, surface features, pigmentation,
and internal structure of any micro-organisms present. In addition,
the microscope could be extended to carry out microspectrophotometry
and microfluorometry. This instrument would be a valuable tool for
the analysis of the aerosols and dust particles themselves.
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Figure 38 shows a simple, fixed focus, phase contrast micro-
scope. The instrument, developed at Stanford and JPL, observes
a 100-y field of view with 0.5 y resolution, which is imaged on
the face of a vidicon tube. Such an instrument might weigh be-
tween 10 and 15 ibs and require 5 to 10 W.

Aerosol
in out
Objective
Lamp @ lens
©
N 7 W
ol [h=
5 .ll_ '-%_ 1 B I i N
:\ . ‘_,—JTMA

Impaction plate

f— 6.66"

Notet: An aerosol for carrying particles is injected into the
instrument and is impacted onto the impaction plate
through a nozzle implanted in the consenser lens. The
objective lens and the lamp are fixed in relation to
the plane of focus. The sample is collected through a
gas-operated aerosol aspirator. The instrument has no
mechanical moving parts (ref. 119)

Figure 38. - Abbreviated Microscope

More complex instruments could employ spatial and spectral
scanning, automatic focusing, changes in magnification, moving-
tape dust collectors, spectrophotometry, and fluorometry (ref.
120).

A more versatile instrument is described in references 121
and 122. This so-called petrographic microscope was developed
at JPL for remote observation of crushed Lunar rock samples, The
instrument could easily be adapted for observing particulate
matter and any organisms collected from the Cytherean atmosphere.
The estimated characteristics of such an instrument are given
below.
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Physical characteristics. - The microscope and sample handling
subsystem would weigh between 5 to 8 lbs and could be packaged in
an 8x8x3-in, box. The vidicon subsystem would weigh between 5 to
10 1bs and would be contained in a cylinder 3 in. in diameter by
8 in. long. The complete package would weigh about 10 to 18 Ibs.

Operational requirements. - The sample handling subsystem
would require about 40 W in 40-msec pulses for the stepping motors,
8 W for the encapsulation heaters, and 2 W for the light source.
Total energy for encapsulating one sample and moving it into the
field of view is about 2 Wh, Vidicon power is about 5 to 8 W.

For 200x200 element pictures with 6-bit picture elements
(64 levels) the total data per picture is about 255,000 bits
including synchronization, identification, and other diagnostic
data. A total of about 20 pictures per sample is satisfactory
(4 focus levels per field of view, 5 fields of view). This gives
a total of 5.1 million bits per sample.

The vidicon faceplate must be kept below 40°C while taking and
reading off pictures.

Operational limitations. = The tremendous amount of data
generated is a major limitation on the feasibility of this in-
strument.

Development status, = The petrographic microscope is being
developed at JPL (refs. 121 and 122). A vidicon microscope
suitable for observing dust particles and organisms could be de-
veloped using the same techniques. The design of a sample col-
lection and delivery system presents the main problem.

Minimum Biological Laboratory (MBL)

This instrument incorporates several different approaches to
life detection, namely, metabolism and growth. The following ex-
periments have been proposed (ref 123) for integration into a
single package:

1) Metabolism of radioactive substrates and evolution
of labeled gases;

2) Detection of photosynthesis, heterotropic-autotropic
system;

3) Detection of photosynthesis, autotropic system;
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4) Firefly bioluminescent assay for microbial ATP;
5) Metabolic uptake of phosphorus;
6) Metabolic uptake of sulfur.

A detailed description of each experiment is given in reference
123, The MBL requires a sizable sample of dust. This could be
collected by filtering dust, aerosols, biota, etc., out of the
atmosphere over a period of days or weeks, Figure 39 is a sche-
matic of an MBL taken from reference 123. Since the experiment
was proposed for use on a Mars lander, several experiments are
shown deployed on the surface. However, these experiments could
be performed as well on a sample of dust collected from the at-
mosphere. Tentative specifications for the instrument (exclusive
of a sampling system) are given below.

Physical characteristics. - The instrument package volume
would be in 1200 cu in. (11x11x10 in.) and would weigh 18 + 3 1bs,

Operational requirements. - The instrument requires 10 W maxi-
mum power and 30 W-min total energy for operation. Thermal control
power is necessary to maintain cultures between 5 and 15°C. Data
is read out at 0, 3, 10, 20, 30, and 100 hr from 9 channels at 50
bits/channel per readout for a total of 2700 bits,

Development status. -*TheMBL is merely a concept at present
but the development of the biological techniques is well underway
at Hazelton Laboratories, Inc., and several NASA research centers,
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WINDS
OBJECTIVES

Virtually nothing is known about the atmospheric circulation
of Venus. Wheel spoke markings observed in the visible emanating
from the subsolar point have been interpreted to be caused by high
altitude wind streams. Also, observations of time variable IR
temperatures suggest that the cloud tops are in a state of turbu-
lence. The development of large-scale theoretical circulation
models has yielded mean wind velocities of from a fraction of 1
cm/sec to 8 m/sec. These studies reveal that the general circu-
lation will be in the meridional direction from the subsolar
point to the antisolar point.

The objective of the wind experiment is to measure the mean
wind velocity and direction at altitudes from above the cloud tops
to the surface. Such information, although limited in quantity
by the gathering capability of only one station, will contribute
toward understanding the Cytherean circulation and toward provid-
ing design data €or future missions.

EXPERIMENT/INSTRUMENTS

Several experimental approaches exist for measuring wind param-
eters from the buoyant station aside from the tracking of the sta-
tion from the orbiter. They are (1) use of a radar-altitude-Dop-
pler-velocity-system (RADVS) on the buoyant station, (2) deploy-
ment of radar targets from the station, and (3) deployment of a
special drop sonde from the station.

All of these methods assume positional knowledge of the buoy-
ant station with respect to planetary coordinates.

Tracking and Position of the Station

Description. = Positional tracking of the buoyant station from
the orbiter together with employment of RADVS equipment from the
station will permit determination of mean wind velocity and pre-
vailing direction at the station altitude. Orbiter position will
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be tracked from Earth and become better defined for each orbit.

The orbiter will interrogate a transponder on the station to ob-
tain the ranging information necessary to determine the station
position. Since motion of the station will caused by wind circu-

lation at the 70 km altitude, tracking data will describe the
general direction of the prevailing winds.

The RADVS equipment located in the station will determine the
station altitude and velocity. The velocity components sensed
are referenced to the three principal axes of the station. The
resultant velocity vector may, therefore, be defined. However,
its direction relative to planet coordinates must be obtained
from the above-mentioned station tracking method.

Physical characteristics. = The RADVS will weigh 50 1b includ-
ing antenna, It is anticipated that the electronics will require
a 10x10x10-in., volume. The antenna (single, multifeed dish) will
be about 3 ft in diameter.

Operational requirements. - The RADVS equipment will operate
from the station 28 vdc bus and require 100 W when operating.
Several operation periods per day of about 15 minutes duration
each are anticipated. Several minutes warmup for the klystron
will be required. |If a system standby mode proved necessary, a
10-W power requirement would exist. Otherwise the equipment will
be turned completely off when not operating.

No special deployment will be required for the RADVS equip-
ment. The antenna, of course, must be mounted to have an unim-
peded view of the surface.

Probably the most significant environmental consideration
relates to the klystron. Pressurization for this tube may be
necessary at the 70 kn altitude to prevent corona. Also, a fixed

operating thermal environment for the klystron of 145°C will be
necessary. The required operating thermal environment for the
other electronics will be O to 55°C.

The signal output of the RADVS will be 4 digital words of 7

bits each for every measurement. Three of the words will be the
digitized frequency count of the three velocity components while
the 14 word will reflect altitude. Fifteen measurements at 1-

min intervals are expected for each duty cycle resulting in a
total of 420 bits. Additional housekeeping data bits will be
necessary to monitor status of the equipment.
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Operational limitations. - The data gathered on Cytherean at-
mospheric circulation by this experiment would be limited by the
use of a single, passive monitoring point (the buoyant station)
at a fixed altitude. This limitation can be lessened by cycling
the station to lower altitudes. Also, the system weight and power
requirements are quite large for operation at a 70 kn altitude,
Such a system is relatively independent of variations in surface
features although some bias error would be introduced.

Good time correlation between time of station track and time
of experiment duty cycle will be necessary.

Development status. = The RADVS was developed for the Surveyor
program by Ryan. It was employed successfully at ~ 12 kn altitude.
Considerable development is anticipated to enable its use at a 70
km altitude.

Special Drop Sondes

Description. - The deployment of one or more drop sondes from
the BVS at several points along its path will be a direct, relia-
ble method for conducting a wind velocity experiment. This experi-
ment method will yield measurements of the horizontal accelera-
tion components produced by wind forces acting on the probe. Also,
corresponding altitude measurements will be taken at known times
together with azimuthal orientation data.

The drop sonde will be configured as a cylindrical body hav-
ing a spherical nose and either a flared afterbody or parachute.
A sonde having ballistic coefficient of 1.0 will reach the surface

from 70 km in about 24 min assuming the mean atmospheric density.

The sonde will include two accelerometers for measuring the
horizontal wind-induced acceleration components along the two
principal transverse axes. A three-axes altitude gyro will pro-
vide azimuthal orientation data and will be initialized with ref-
erence to the buoyant station coordinates. (It is assumed that
station coordinates will be known with respect to planetary co-
ordinates.) Altitude sensing via a radar altimeter for a small
sonde such as this would be impractical from a weight, size, and
power standpoint. Therefore, static pressure measurements will
be taken under the assumption that other experimental data will

identify the pressure-altitude profile for the Cytherean atmos-
phere.

SR
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The knowledge of horizontal acceleration and the vertical
velocity component will permit calculation of wind shear vs alti-
tude. To integrate wind velocity from the measured wind accelera-
tion, the initial transverse velocity of the sonde must be known.
It is assumed these data can be obtained from either orbiter-sta-
tion tracking data or RADVS equipment on the buoyant station.

Physical characteristics. - Each drop sonde will be a cylin-
drical projectile having a spherical nose and either a flared
afterbody or parachute. The nose diameter will be about 6.5 in.
and the sonde, including flared drag surface, will be 18 in. long.

The sonde will weigh approximately 7.5 1b,

Operational requirements. - The sonde will be powered from
internal batteries and require about 8 W during a 25-min operat-
ing descent period.

The sondes will be deployed from the buoyant station at dif-
ferent, selected points along its path with a zero vertical veloc-
ity component. Ejection of the drag device or the parachute may
be employed to shorten descent time (from 30 kn to surface) if
excessive heating is sensed.

The output of the sonde instruments will be converted to 7-
bit data words. The total bit accumulation for each measurement
will be:

(2) accelerometers (2 axes) « . 14 bits
(1) pressure SeNsSOr . « « » » « [ bits
(1) attitude gyro (3 axes) . .21 bits

Total 42 bits measurement

At a measurement rate of every 10 sec during descent, ~ 6000 bits

will be accumulated from each sonde.

The sondes will require thermal control during descent so that
high atmospheric temperatures near the surface will not cause ex-
cessive temperature levels for the instruments. An operating
thermal environment for the instruments of O to 55°C will be re-
quired.

Operational limitations. - The accuracy to which the direction
of wind-induced accelerations can be determined will rely on the

accuracy to which buoyant station coordinates can be referenced
to planetary coordinates. Also, an accurate integration of wind
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velocity from acceleration measurements will require accurate de-
termination of the initial transverse velocity of the sonde (i.e,
the station transverse velocity), Further, the relatively high
velocities experienced from 70 to 50 km (up to 235 m/sec) may
prohibit sensing of the existing wind shear forces.

Development status. - Development effort is anticipated to
evolve an adequate thermal control system for the sondes.

MAGNETIC FIELDS

OBJECTIVES

The objective of the magnetic field experiment is to establish
whether a Cytherean magnetic field exists, and if so, determine
magnitude, direction, multipolarity, and orientation of the mag-
netic field. Determining the existence and characteristics of a
Cytherean magnetic field will be important for the study of the
planet's interior structure and for various characteristics of
the planet such as radiation zones. These measurements might
also allow some conclusions about magnetic characteristics of
the planet's surface.

Because the intensity of F of the magnetic dipole field de-
creases roughly with the third power of the ratio of planet radius
a to the distance r Dbetween planet center and point of measure-

ment [F =K (a/r)3 or for r =a *t h and h << a, we obtain F ~

(1-3 h/a)X], a decrease in magnetic field intensity of approxi-
mately 0.05% per altitude increase of 1 kn is expected. There-
fore, the magnetic field intensity at 100 kn altitude should be
about 95% of the surface intensity. This shows that balloon-

borne measurements are representative of the surface magnetic field.

During the Venus flyby, Mariner IT was as close as 35,000 kn
to the planet. But no magnetic field attributable to Venus was
detected. This implies that the magnetic dipole moment of Venus
is less than 1/10 to 1/20 of the Earth's. The intensity of the
Earth's magnetic field varies between 0.7 and 0.25 G. Therefore,

a magnetometer range of about 10 000 gamma (1 G = 105 gamma) is

suggested for the balloonborne Cytherean measurements.
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The characteristics of several types of space-qualified mag-
netometers are given in table 25.

TABLE 25. = TYPICAL MAGNETOMETER CHARACTERISTICS
Spacecraft
Average Operating | carrying
Weight , | power, Volume, range, instrument
Instrument 1b watts |cu in. gammas type
Search coil magne-~ > 0.5 Pioneer 5,
tometer
Flux gate magnetom-|3.4 to .7 to 40 +64 to Mariner 2,
eter 5.8 6.0 +10 000 IMP,
Pioneer 6,
Explorers
6 and 12
Proton precession > 7000 to | Vanguard 3
magnetometer 100 000
Rubidium-vapor 3.1 1.2 to 150 ,1 to Ranger 1,
magnetometer 3.5 50 000 IMP
Triaxial helium 5.5 7.0 200 +360 Mariner 4
magnetometer (nulling)

The history of space magnetometry is well documented (refs 124
thru 135), and no problems are forseen in developing a magnetom-

eter for use on a BVS

However,

the utility of magnetic measure-

ments from a BVS, at least in the initial exploration of Venus,

is somewhat doubtful.

useful

Magnetic measurements of Venus will be more
if made from an orbiter.
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ELECTRICAL DISCHARGES

OBJECTIVES

Within the Earth's atmosphere, lightning is a secondary phenom-
enon. That is, it is a manifestation of certain primary mechanisms
within the Earth's meteorology, climatology, and geophysics. The
same generality must be assumed valid for lightning in the Cyther-
ean atmosphere. Experiments to detect and measure lightning from
the BVS should be quite secondary to such direct atmospheric experi-
ments as measurement of pressure, temperature, and composition.

The mechanism of the Earth's atmospheric electricity is reasonably
well understood and substantiated with empirical data, However,
significant gaps in the understanding still exist, such as the
manner in which the charge organization within cumulonimbus clouds
is formed.

A large amount of data has been gathered in recent years per- )
taining to Earth lightning parameters such as stroke duration, ’
rate, location, etc. These data have contributed to increased
knowledge of the Earth's meteorology and to improved methods in
weather forecasting and radio engineering. However, this infor-
mation has been obtained through highly coordinated experiments
using complex techniques. Further, the experiments have been con-
ducted in the relatively well-known environments of the Earth's
surface and atmosphere. Performance of lightning experiments in
the Cytherean atmosphere more sophisticated than the basic detec-
tion of strokes or measurement of the electric field gradient is
not considered feasible for this mission.

EXPERIMENTS/INSTRUMENTS

Experimental methods considered for detecting lightning stroke
occurrence are: (1) detection of sferics and whistlers with radio
receivers, (2) detection of thunder sound-pressure levels with
microphones, (3) detection of visible light energy with uv sensors;
and (4) measurement of the atmospheric electric field gradient
using an electrometer. Obviously, although these techniques are
feasible in the Earth's environment, they might fail completely
in a Venus application. Solar and galactic noise might be of suf-
ficient amplitude and at frequencies as to totally obscure sferics.
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Thunder does not always occur with Earth lightning strokes and
the same might well hold true for Venus. Sufficient uv light
energy from the sun might penetrate the Cytherean atmosphere,
making lightning uv light sensors useless. Most accurate use of
an electrometer would require its deployment via radio sonde or
cable to avoid distortions in the electric field caused by the
buoyant station. To increase the probability of success, the
lightning detection experiment should employ at least several of
the four methods under consideration; and since the buoyant sta-
tion will be in equilibrium at 70 km, a sonde to deploy the in-
struments to lower altitudes should be considered.

Very Low Frequency (vIf) Receiver

Description. - In the mechanics of an Earth lightning stroke,
the principal source of radio disturbance (sferic) is the return
stroke, It exceeds the sferic magnitude emanating from the leader
by about a factor of 10, and is about 0.0001 sec in duration. Al-
though a sferic is detectable over a broad band of frequencies,
it is best monitored for the detection of lightning stroke occur-
rence in the 3 to 100 ke band. A very simple vIf receiver with a
whip antenna could monitor sferics caused by lightning strokes.

In an experiment to monitor sferics, a further consideration
would be the detection of so-called whistlers. The detection of
whistlers in the Venusian atmosphere could suggest the presence of
an ionosphere. The Earth whistler is caused by low-frequency
sferic radiations being refracted by the Earth's ionosphere back
into the atmosphere. The higher frequencies (~ 10 kec) arrive at
the Earth ahead of the lower frequencies (~ 3 k¢) and yield a
characteristic sound, decreasing in pitch, at the monitoring radio
receiver. Whistlers are detected in the hemisphere opposite to
that in which the causative lightning stroke has occurred as they
apparently follow a line of force of the Earth's magnetic field.

Physical characteristics. - A vIf receiver and associated
electronics for monitoring sferics and conditioning data would
weigh an estimated 3.5 1b and occupy a dimensional envelope of
2x4x6 in.

Operational characteristics. - The vIf receiver would operate
on 28 vdc and require 2.0 W.
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Deployment of a whip antenna would be required. The experi-
ment should be performed at altitudes below that of the buoyant
station.

Since the purpose of this experiment is only to detect the
lightning stroke occurrence, bilevel (on/off) indication of oc-
currences within a preestablished time interval would be adequate.
A receiver output signal above a preselected threshold level will
operate a solid-state bilevel switch producing a single bit for
each occurrence (“on” condition). The bits will be accumulated
over the set interval and stored in a buffer register. A maximum
of 20 bits for each performance of the experiment is anticipated.

The receiver requires an operating thermal environment of 0O
to +55°C.

Operational limitations. - The receiver will be limited to
the detection of signals within the frequency range of 3 to 100
ke and above a selected threshold level. The selected threshold
will be well above the anticipated solar and galactic noise levels.

Should these noise sources exceed their anticipated levels, dis-
crimination of sferics could become impossible.

Development status, = Minimal development is foreseen to pro-
vide a sterilizable antenna and receiver package suitable for this
application.

Ultraviolet/Visible Light Detector

Description. - Detection of lightning stroke occurrence by
sensing the uv light radiated (mostly from the return stroke) will
be feasible provided the Cytherean upper atmosphere provides suf-
ficient backscattering of solar uv energy. This experiment ap-
proach will consist of a lens and filter assembly to focus uv
light from a lightning stroke on a solid-state detector.

Physical characteristics. - The optics, photocell detector,
and associated electronics would weigh 2.0 1b and have a dimen-
sional envelope of 4x4x4 in.

Operational characteristics. - The uv light detection system
will require 28 vdc and use 0.25 W of power. The system optics
should have an unobstructed field of view below the station.
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The amplified output of the photocell when above a preselected

ambient level will operate a solid-state bilevel switch to indi-
cate the occurrence of a lightning stroke. Single bits for each
detected stroke will be accumulated over a set interval in a buf-

fer register. Up to 20 bits maximum per experiment cycle is antici-
pated.

The optics could operate in a thermal environment of from -90
to +500°C, The photocell and electronics will require a thermal
environment of 0 to 55°C,.

Operational limitations. - The experiment detector system
will discriminate light of 1000 to 4000°A wavelength. Its suc-
cessful performance is premised on the assumption that lightning-
produced uv light can be detected from the ambient uv light in
the Cytherean atmosphere. Conditions that could cause temporary
or permanent fogging of the lens system require investigation be-
fore use of this experiment technique.

Development status. - No special development is anticipated
to provide a sterilizable uv light-detection system for this ap-
plication.

Microphone

Description. - This experiment method is predicated on detect-
int lightning stroke occurrence by sensing the associated thunder
sound pressure level with a microphone. Usually, the increase
in pressure because of dissociation, heating, and ionization
is sudden enough along the path of the lightning stroke to result
in thunder. However, it is fairly common, expecially regarding
cloud-to-cloud discharge, that the energy release is not sudden
enough to produce a pressure transient sufficient to result in
thunder.

To detect thunder, a microphone will be employed with the neces-
sary signal conditioning electronics.

Physical characteristics. - The microphone will weigh 2.0 oz
and be % in. in diameter and 3/4 in. long. The required elec-
tronics will weigh 1.0 1b and measure 1x4x5 in.

Operational characteristics. - The microphone system will oper-
ate from 28 vdc and require 2.0 W, The amplified output of the
microphone when above a preselected ambient level will operate
a solid-state bilevel switch to indicate the occurrence of thunder.
Up to 20 bits, maximum, per experiment cycle is anticipated.
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The microphone will be located to most advantageously sense
the sound pressure level of the thunder.

The microphone and its electronics will require an operating
thermal environment of 0 to +55°C.

Operational limitations. - The difficulties of monitoring
lightning stroke occurrence by detecting its associated thunder
are significant. Not all lightning produces thunder. Sound
pressure levels will vary greatly, depending on magnitude of the

stroke and distance from the monitoring point. This wide level
variation makes selection of a switching threshold difficult.

Development status. = Some effort will probably be necessary
to develop a microphone to withstand direct exposure in a 400°K
Cytherean atmosphere.

Electrometer

Description. - The electric field potential gradient within
the Earth's atmosphere varies with altitude but a representative
figure for fair weather would be ~ 150 V/m. However, during
thunderstorm activity potential gradients of 10 000 to 100 000
V/m are common between cumulonimbus clouds and the Earth's sur-
face. The use of an electrometer to take potential gradient meas-
urements in the Cytherean atmosphere could yield information on

the planet's atmospheric electricity. In such an application the
electrometer will be deployed from the buoyant station via a radio
sonde that will descend at a low velocity. The electrometer will

sense the potential gradient and establish a corresponding bias on
the plate of the electrometer tube causing variation in grid cur-
rent. These variations in grid current cause corresponding changes
in the audio frequency of a modulator that in turn modulates a
radio carrier. The modulated radio wave is fed to an antenna and
transmitted back to the buoyant station.

Physical characteristics. = The electrometer, associated elec-
tronics and batteries will be packaged together to weigh 2.0 1b
and have a dimensional envelope of 2x6x6 in. Required receiver
and signal conditioning electronics in the buoyant station will
weigh 1.0 1b and occupy 1x2x6 in.
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Operational requirements. - The electrometer and its asso-
ciated electronics will use self-contained batteries. The sup-
port electronics in the buoyant station will operate from 28 vdc

and require 1,0 W of power.

The electrometer will be deployed on a slowly falling radio
sonde to provide measurements at several altitudes and avoid dis-
tortions of the electric field caused by the buoyant station.
Further deployment of the electrometer collector plates will be
required and their proper orientation must be maintained.

The modulated carrier signal received at the buoyant station
will be processed to separate the original, modulating analog
signal from the electrometer. This signal will be sampled ap-
proximately 10 times during descent of the sonde. The 10 samples
will be converted to 7-bit words for a total of 70 bits.

Thermal requirements of the electrometer package housed in

the radiosonde will be O to 85°C. The support electronics on the
buoyant station will require a 0 to 55°C environment,
Operational limitations, = Obviously this experiment will pro-

vide only a rough profile of electric field vs altitude. More
data could be acquired by a higher sampling rate and the use of
several electrometers could cover a wide range. However, more
definite knowledge of the Cytherean atmospheric temperature, wind,
and density would be required before an experiment approach could
be designed having a satisfactory probability for success.

Development status, = Electrometer radio sondes have seen con-
sistent application by meteorologists in measuring the Earth's
electric field as'well as other atmospheric parameters. Develop-
ment effort would be minimal, primarily to harden the electrometer

tube against shock and packaging to resist the high thermal levels
anticipated at lower altitudes.

SURFACE HARDNESS

OBJECTIVES

The surface characteristics of Venus are almost completely un-
known. Because of the complete cloud cover and apparently high
thermal environments close to the surface, it does not seem feasi-
ble to attempt direct surface experiments from the buoyant station
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or from a sonde during the first mission. However, an experiment
to test the surface hardness could yield useful and definitive in-
formation. For this experiment, a freely falling penetrometer

ejected from the buoyant station will impact on the surface. The
objective is the transmission of data that will give indications
of the nature of the surface material. Such information would

be of importance in the future design of a Venus lander. A more
extensive survey of the Cytherean surface could, of course, be
achieved by the dispersal of a group of penetrometers over a
known surface area. Measurements of altitude at release and drop
time of the penetrometer would provide a cross reference for the
atmospheric density experiment. Location of the penetrometer
impact point on the Cytherean surface could be determined from a
knowledge of the station position.

EXPERIMENTS/INSTRUMENTS

A penetrometer can be defined as a surface impacting device
having an acceleration sensor and a capability to transmit accelera-
tion data. The data can be transmitted via either a hardwire be-
tween the penetrometer and the station or an rf telemetry link.
For obvious reasons, the latter approach is the only one con-
sidered for this application. Because the Cytherean atmosphere
has sufficient density, the orientation of the penetrometer at
impact can be predicted and a unidirectional accelerometer can
be used. Development of omnidirectional accelerometers is pres-
ently in progress; however, their use in this application is not
anticipated,

Impact Accelerometer

Description. - The penetrometer will be comprised of an im-
pact housing, unidirectional accelerometer, signal conditioning
electronics, power supply, transmitter, and antenna. AIll com-
ponents must be impact hardened and packaged to operate through
a 10 000 g transient having a 0.15-msec rise time and 0.15-msec
decay. This approximates a worst condition shock transient such
as would be experienced by a hard, spherical nose projectile im-
pacting into concrete at 30 fps. The projectile would be 3 in.
in diameter and have a mass of 0.03 slug.
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Physical characteristics. = The penetrometer will have a 3-in,
diameter and be 8 in. long. It will weigh approximately 4 1b.

Since a receiver for the other drop sondes is required, a
separate receiver for the penetrometer data is not necessary.

Operational Requirements. - The power supply for the penetrom-
eter will be self-contained batteries. Power consumption will not
exceed 2.0 W for approximately 30 min, the support equipment in
the buoyant station will operate from 28 vdc at 2.0 W for 30 min.

No special deployment requirements will exist other than ejec-
tion of the penetrometer.

The receiving station electronics will require an operating
environment of 0 to 55°C. The penetrometer electronics will re-
guire the same thermal conditions. Design considerations for the
penetrometer must include protection against the possiblity of a
700°K environment at the surface and impact hardening to 10 000 g.

The received acceleration data from the penetrometer after
separation from the rf carrier will be converted to a digital for-
mat and stored for later transmittal to the orbiter. Because im-
pact into some elastic materials could produce a complex decelera-
tion signature of very short duration (0.3 msec), a high sampling
rate resulting in a very large data bit load would be necessary to
accurately encode the raw signal. To reduce the bit quantity, it
is anticipated that a signal conditioning technique will be em-
ployed whereby the occurrence of known g-levels are indicated by
logarithmically spaced gates and encoded together with correspond-
ing time axis information.

Operational limitations. - The wide variety of possible sur-
face materials presents a problem in designing a penetrometer
system. This system must be capable of handling shock transients
from less than 50 g to 10 000 g. Transient time durations can
vary from 0.3 msec to 30 msec. The acceleration signatures must
be faithfully reproduced if impacted material is to be identified.
Therefore, data bit quantity will be high, and schemes for compres-
sion must be considered. It appears that the best means for iden-
tifying the nature of the surface from the deceleration data will
be comparison with signatures obtained at impact with a wide
variety of Earth materials. The close approximation of penetrom-
eter data with the impact deceleration signature of a known
Earth material will permit accurate prediction of the nature of
the surface impacted, its hardness, and bearing strength.
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Development status. = A considerable penetrometer test his-
tory has been compiled at NASA"S Langley Research Center. Im-
paction of various penetrometer designs into a wide variety of
materials (cement, lead, balsa, sod, dust, etc.) at different
velocities has demonstrated the technical feasibility of this
surface measuring method, Additional impact testing of the
penetrometer developed for this application would be necessary to
acquire a library of the deceleration signatures at impact with
various materials. NO development problems of any significance
are ancticipated in achieving the necessary impact hardening or
thermal protection for the penetrometer.
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ATMOSPHERIC CIRCULATION ON VENUS

A'lthough there have been speculations on the large-scale at-
mospheric circulation of Venus, quantitative investigations were
begun only recently.* Some important radar and radiometric meas-
urements enable us to estimate meaningful magnitudes of some phys-
ical parameters, such as rotation rate and surface temperature of

Venus, which are critical to the features of atmospheric circula-
tion of Venus.

This appendix discusses several Venusian atmosphere circula-
tion models used in the calculation of wind velocities and flow
patterns, the results obtained with these models, and an inter-
comparison of the results obtained with the different models,
The possible mean wind speed and the wind direction at the level
just above the visible cloud top is also discussed.

IMPORTANT PHYSICAL PARAMETERS

Rotation Rate of Venus

The sidereal rotation rate of Venus (ref. 136) is 243.1 days,

- . -3
retrograde. Therefore, the Coriolis parameter is about 4 x 10

times of that on Earth. The geostrophic wind equation is thus no
longer valid.

Surface Pressure

The surface pressure, based on an estimate by Kaplan (ref.

137), is about (10 * 3) x 103 mb. Other investigators (see, for
example, ref. 138) predict a surface pressure of about 30 atm.
The uncertainty is considerable and surface pressures between 1
and 200 atm cannot be ruled out with any certainty. Computations
for wind velocity based on surface pressures of 10 and 30 atm are
performed.

"See, however, the recent article by R. M. Goody and A. R.
Robinson: A Discussion of the Deep Circulation of the Atmosphere
of Venus. Astrophys. J., vol 146, no. 2, November 1966, pp.
339-355.
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Note that while these surface pressures lie within the bounds
of the model atmospheres given in NASA SP-3016, they correspond
only roughly with the models.

Surface Temperature

On the basis of the Mariner IT microwave observations during
the 1962 conjunction, Kaplan (ref. 137) estimated the average
surface temperature to be about 700°K. Owen (ref. 138) suggests
a bright-side surface temperature of about 750°K, a dark-side
temperature of about 640°K, and a dark pole temperature of about
540°K.

Cloud-Top Temperature

The cloud-top temperature is about 234°K. Based on the values

of determined surface temperatures and assumed lapse rate, the
top of the cloud is about 50 to 70 km above the solid surface,

MODELS OF LARGE-SCALE CIRCULATION

Since there are large uncertainties about various meteoro-
logical parameters, we use different models to estimate the wind
velocities in the atmosphere of Venus.

Model 1

This is a simple, general model of thermally driven circula-
tion developed by Haurwitz (ref. 139). Venus is considered to
be a synchronously rotating planet; the zonal component of the
wind is thus zero and the circulation reduces to a meridional
component (here we define the meridional direction in the direc-
tion of the lines joining the subsolar and antisolar points,
while the zonal direction is in the direction normal to the
lines joining subsolar and antisolar points).

The wind speed can be represented simply as follows:

1
[Oé R In po/p]2

k

1
V=7

(C1)
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and temperature difference between subsolar and antisolar points
can be written as

2 kat
TETR ﬂn(po 5" (62)
where
@ = the difference in the rate of temperature change be-
tween subsolar and antisolar points, °K/sec
= 8- o i
. &p
pg subsolar point antisolar point,
S = incident solar radiation at subsolar point = 4.11
2
cal/cm” /min,
A = albedo = 0.75,
W = outgoing longwave radiation,
cP = specific heat at constant pressure,
a = radius of Venus = 6000 km,
Ap = pressure difference between surface and top of tropo-
sphere, P,=P,
P, = surface pressure = 10 atm; 30 atm,
p = pressure,
. . . 2
g = gravitational acceleration = 880 cm/sec ,
R = gas constant for Venusian atmosphere = 2.5 X 106
2/ 2/
cm /sec fdeg,
. s -1
k = coefficient of friction, sec .
It is assumed that (Wsubsolar -w_ is zero, and the
antisolar)

pressure at the tropopause level is 0.01 of the surface pressure.
The results for different surface pressures and coefficients of
friction are shown in table 26, This computation is based on the
assumption that the outgoing radiation is the same at both subsolar

and antisolar points. Therefore, this computation gives a maximum
value of wind and temperature differences for various cases.
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TABLE 26. - COMPUTED RESULTS OF THE MEAN WIND AND THE MEAN TEMPER-
ATURE DIFFERENCES BETWEEN SUBSOLAR AND ANTISOLAR POINTS
Lo #HR kg se V3 mfsee T, ¢
10 5 x 18:. 8:1 g
1 5.8 4
1 1:8 43
1 x :8 138
30 5 4:7 8
107 3.4 8
107 14 34
l 107 .3 78
Model 2

This model was developed by Mintz (ref.
pheric circulation of a synchronously rotating planet. It is
based on the condition that the energy radiated to space in the
dark hemisphere must be replaced by an energy transport across

the terminator from the sunlit

side.

140) for the atmos-

The meridional wind velocity

at a level where pressure is 1/4 of the pressure on the surface is

[ ) ]

=)

~ [waRT
s
where
o = Stefan-Boltzmann constant = 5.7
Te. = infrared brightness temperature
T, =

(C3)

X 10_5 erg/cmz/sec/degA',

= 237°K,

temperature at middle of the atmosphere [« -1\

e



APPENDIX C

7 = vertical temperature gradient,
7d = adiabatic temperature gradient,
The wind velocities for 7/7d = 9/10, wvarious TZ’ and different

surface pressures are shown in table 27.

TABLE 27. = COMPUTED WIND VELOCITIES BASED ON MINTZ'S MODEL FOR

VARIOUS MEAN ATMOSPHERIC TEMPERATURES, T2, AND DIF-
FERENT SURFACE PRESSURES, Py
P,e atm Tys °K V, m/sec
10 440 .75
580 1.00
30 440 .25
580 .33

This model cannot be used to compute temperature differences
between subsolar and antisolar points. Also, friction ha5 not
been taken into account. For a deep atmosphere, the frictional
effect may be very important.

Model 3

This model assumes that the circulation starts from relative
rest and that there is no horizontal temperature gradient to begin
with, A heating function due to a net gain of radiative energy
at the subsolar point and loss of radiative energy at the antiso-
lar point is specified as the driving force of a meridional circu-
lation (ref. 141). The wind velocity is written as

[N

_ M P 20 ® _2r +
Vv = P, Jo Vi) b, » 1+u451n@+3<4+u) sin 20
where
D = amplitude of the heating function,
8 = 1.916,

(C4)
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7= B ¢ °
op
B = temperature between surface and the top of the atmos-
°  phere, °C, X
2 22
_ & c s

M= RB )
(6]

c = coefficient of eddy viscosity.

The temperature difference between the subsolar and antisolar
points can be written as

hid 1 1
N 3 . %
T = S ﬁﬂ %! dy = .22%%52_1__ Jl‘%1<§ ) ]a (C5)
A P Rp = (1) o

The computed wind velocities and temperature differences at level
P = Po/2 for p_ = 10 atmosphere and different coefficients of

friction are shown in table 28.
TABLE 28. - COMPUTED WIND VELOCITIES AT TERMINATOR AND TEMPERATURE

DIFFERENCES BETWEEN SUBSOLAR AND ANTISOLAR POINTS AT
A LEVEL p = 0.01 P, FOR DIFFERENT COEFFICIENTS OF

FRICTION
_1 o
p, atm c, sec V, cm/sec T, °C
-5
10 10 6.6 16
1074 .5 .02
107 .1 0
1072 0 0

This model yields a smaller wind velocity and temperature dif-

ference than that of previous models with the same surface pressure
and coefficient of friction.
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Model 4

This model is a linearized free convection model based on a
given surface temperature distribution (ref. 141). The approach
is similar to the one used in treating sea breeze circulations.
Using the Boussinesq approximation and assuming the motion starts
from rest, the solutions for horizontal and vertical velocities
and the temperature disturbance from the mean are obtained, re-
spectively, as follows:

KA3, 2 -Nkz . 3
v = % [e - (cos 72’-/—5 Az T 3(3- sin 12/—3- Akz) e—(7\kz)/2].sin kx

2
W = _@%L [e-N(z- (cos ";/“5 Nkz 3ﬁ sin Zﬁ 7\kz> e-(?\kz)/Z] cos kx *»(C6)

T = % [e-%kz + cos (2£ 7\kz) e-(?xkz)/Z] cos kx

D = one half of the surface temperature difference between
subsolar and antisolar points,

y = (mean lapse rate - dry adiabatic lapse rate) = 2°/km,

K= v = eddy conductivity or viscosity = 103 m2 sec,

-4 -1
k = l/ro = 1.64 x 10 km — ,
r, = radius of Venus = 6000 km,
1/6
A= (w— -1-—) = 605.
VK k4

For a surface temperature difference between the subsolar and
antisolar points of about 150°C, the computed profile of V,

W, and T are shown in figure 40. The maximum wind velocity
for this model is much greater than for any of the other models,
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z (kmw

u(m/sec) 10+ T
w (cm/sec) u
T(°K)
\ -
- i i i L A
20 o \ y O ~10 - 20 -30 -40
S I R . . 20
-40 -20 o] 20 40 60 80
Computed horizontal and vertical wind velocities (u and w) and
32
Derturbatior temp~=~tmn (*T"\ Frw TAaniieo atmaenhara fvr = v = 1N"m /SEC

8.8 m/sec?; D = 70°K; r = 6100 km; k = 1.64 7km; o = 0.002;

g
y = 2°%%km; A = 605; ¢ = x/2 for u, and ® =0 for w and T).

Figure 40, = Computed Profile for v, W, and T
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Since the Boussinesq approximation is not adequate for a deep
atmosphere and could lead to large errors, a similar convective
model without the Boussinesq approximation has been developed
(ref, 141). However, numerical results have not yet been obtained.

DISCUSSION

Wind Velocities on Venus

In view of the results of various atmospheric circulation
models for Venus, the wind velocities are generally small except
for Model 4. Models 1, 2, and 3 yield mean wind velocities from
a fraction of 1 cm/sec to 8 m/sec for various conditions. The di-
rect energy source driving the atmospheric circulation for these
three models is the net gain of radiation energy as a result of
the difference between the absorption of shortwave radiation from
the sun and the emission of longwave radiation of the atmosphere.
It seems that such an amount of net energy cannot produce a high
wind velocity for a deep atmosphere with surface pressures of 10
to 30 atm. Model 4 yields a meridional velocity of about 33 m/sec,
which is higher than that of other models. The energy source is
from the surface over which a constant large temperature gradient
is assumed. Since there may be relatively large errors involved
in Model 4, the magnitude of wind will not be taken for intercom-
parison,

In Model 1, the friction is considered to be an important fac-

tor. For a small coefficient of friction such as 5 x 10_5 sec_l,

the wind velocity is about 8 m/sec for the case of a surface pres-
sure of 10 atm. In comparison to Model 2, where friction is not
included at all, the wind velocity computed from Model 1 is one

order of magnitude larger than that of Model 2. This may be caused

by the fact that the outgoing radiation is assumed constant along
the meridional direction. Therefore, this wind velocity of 8 m/
sec for Model 1 will be the maximum velocity. Model 3 yields very
small wind velocities. Thus, based on Models 1, 2, and 3, we con-
clude that the mean wind velocity may not be more than 8 m/sec and
that the uncertainty of the wind would not be too large for the
range of the surface pressure varying from 10 to 30 atm.
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We have also computed temperature differences between subsolar
and antisolar points for different cases based on Model 1. How-
ever, the computed temperature differences hardly agree with the
results estimated based on Mariner IT data. The temperature dif-
ference near the surface based on Mariner I1 data, after allowance
for the limb darkening effect, is about 200°K. Similarly, the
temperature differences between two columns is estimated as 100°K,
These values are higher than most of the theoretical values except
for the case in which the friction coefficient for the Venusian

atmosphere 10-2 sec-l is 1000 times as large as that for the
Earth's. This large difference in temperature may be caused by
the approximate nature of the model, Except for the improved
Model 4, which is accurately solved, theoretical estimates of
temperature differences between subsolar and antisolar points can-
not be very certain, and, in turn, the exact wind velocity cannot
be obtained unless all the physical parameters are accurately de-
termined.

Wind Direction on Top of Visible Cloud Layer
and Formation of Diverging Cloud Bands

Since Venus is a nearly synchronous rotating planet, the cir-

culation will be the form of the Hadley cell. Thus the air would
rise at the subsolar point and sink at the antisolar point to form
one complete cell. The visible cloud top of Venus has a tempera-

ture of about 230°K in contrast to the surface temperature of 700°K.
The height of the visible cloud top is about 50 to 70 kn above
the surface level, estimated on the basis of a lapse rate of 8°C/
km, and at a pressure level of 1%of that on the surface. Pre-
sumably, the cloud top is then at the upper level of the Hadley
cell. Therefore, the direction of circulation will be in the
direction of the meridional direction from the subsolar point to-
ward the antisolar point. Since the surface temperature is very
high and clouds generally cover the whole planet, it is generally
believed that the sunlit side of the Venusian atmosphere is therm-
ally unstable and that convection will result. According to the
study of vortex cloud patterns in hurricane (ref. 142) and related
work (ref. 143), cloud bands tend to be oriented along the direc-
tion of the flow. For Venus, this would mean radial spoke cloud
bands emanating from the subsolar point. Such a cloud system has
been observed by Dollfus (ref. 36). The meteorological conditions
accompanying the phenomena require that the atmosphere be unstably
stratified and ,that the vertical wind shear be oriented along the
direction of the flow, Therefore, we conclude that the wind di-
rection above the cloud top is in the meridional direction and
from the subsolar point to the antisolar point, This is based on
both theory and observation.
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CONCLUSION

Based upon the four models discussed, the wind velocity on
the top of the visible cloud layer is small and less than 8 m/sec.
These theoretical evaluations are based on present knowledge of
physical or meteorological parameters on Venus. |If the assumed
values of parameters have serious errors, e.g., surface pressure,
the mean wind will also have a large error. However, the range
is still quite small. The model of atmospheric circulation of a
deep atmosphere is, of course, important. Results of a realistic
nonlinear circulation model should be available in the near future.

The direction of the wind on the top of the visible cloud lay-
er is believed to be from subsolar point toward the antisolar point
along the meridional direction. The theoretical inference of the
flow pattern agrees with diverging cloud patterns on Venus observed
from the Earth's surface.
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SCIENTIFIC MISSION PROFILE AND ESTIMATED TRAJECTORIES
FOR A BUOYANT VENUS STATION

The following questions concerning the scientific mission of
a buoyant Venus station are discussed in this appendix:

1) What points on and over the planet do we wish to
sample?

2) What should be the spacing of observations in the
horizontal and in the vertical?

3) At what points should drop sondes be released?

4) What is the probable trajectory of a buoyant Venus
station? Where should the buoyant station be re-

leased initially to accomplish the desired sampling
of the planet?

5) What is the length of time required to accomplish the
desired sampling of the planet?

6) What are the advantages of two or three buoyant sta-
tions vs a single station?

DESIRED COVERAGE AND SAMPLING RESOLUTION

For a relatively rapidly rotating planet with moderate incli-
nation, such as the Earth, the major variations of atmospheric and
some surface parameters are the latitudinal (equator to pole) and
seasonal variations. For a slowly rotating planet with small in-
clination such as Venus, which have a day that is 117 Earth-days
long and an inclination < 10°, the major atmospheric and surface
variations are probably from subsolar point to antisolar point
and from subsolar (or antisolar) point to pole. To sample these
expected variations, one would like to obtain observations over a
path that includes subsolar, pole, and antisolar points.

Given such a path, or any horizontal trajectory, for the
buoyant station, how frequently should observations be made? For

sampling the large-scale variations of atmospheric parameters,
measurements about every 100 kn would be sufficient. To obtain

some information on mesoscale variability, it is suggested that

for one or two 100-km legs measurements should be made about 1 to
5 km spacing.
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In view of the above discussion, it would be desirable to
obtain vertical soundings using drop sondes at least at the fol-
lowing three points -- subsolar, pole, and antisolar points. If
additional drop sondes are available, they should be released at
the terminator and at evenly distributed points during the life-
time of the buoyant station. For the large-scale vertical vari-
ations of atmospheric parameters, measurements every kilometer
would yield sufficient resolution. For detecting smaller scale
features in the vertical profiles, measurements every 100 m for
one or two 1-km legs are suggested.

Successful accomplishment of the coverage and sampling de-
scribed above should provide a first estimate of the climatology
of the Venus environment. 1t should be emphasized that with our
present knowledge of the Venus atmosphere a single vertical pro-
file or even a single direct observation of atmospheric param-
eters at one point would considerably enhance our knowledge.

ESTIMATE OF TRAJECTORY OF A BUOYANT STATION

To obtain observations from the subsolar point, pole, and
antisolar point with the use of a single buoyant station requires
the trajectory of the BVS to pass over these three points. The
trajectory of the buoyant station with respect to the planet will

be determined by the prevailing wind pattern. In this section, we
attempt to determine whether it is indeed possible to pass over
these three points with a single trajectory. If it is possible,

where should the initial release of the buoyant station take place
and how much time would it take? The analysis is based on a
theoretical model of the wind pattern, since no observational
indications of winds on Venus are currently available. As such
wind information becomes available, it can be used to revise the
present analysis.

For a synchronously rotating planet, the solar heating at the
subsolar point and radiative cooling at the antisolar point would
lead to the development of a direct atmospheric circulation from
subsolar point to antisolar point at upper levels of the atmos-
phere. This is the type of circulation model we adopt for the
winds on Venus, since the planet's actual rotation rate is so
small that Coriolis effects on winds can be assumed negligible.
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If Venus were in true synchronous rotation, the subsolar point
would always be located at the same point on the planet. The tra-
jectory of a balloon in such a case would follow the streamlines
of the circulation pattern. The slight departure of Venus from
true synchronous rotation leads to a rotation of the subsolar
point with a period of about 117 Earth days. The trajectory of
a balloon with respect to the subsolar point, pole, and antisolar
points is now determined both by the circulation pattern and the
tangential velocity of the planet with respect to the subsolar
point. For example, a particle released at the subsolar point
where the horizontal wind velocity is zero would have a component
of motion with respect to the subsolar point that depends on the
rate of rotation of the subsolar point, It is the combination of
these two factors - circulation pattern with respect to planet and
rate of rotation of subsolar point (or length of day on Venus) --
that will determine the trajectory of a balloon with respect to a
frame of reference fixed by the sun, subsolar point, and antisolar
point. W shall now indicate how such trajectories can be com-
puted.

Figure 41 indicates the
essential features of the spher-
ical geometry required for the
derivation. Assume S is the
subsolar point and P is the
pole. Venus is rotating with a
small angular velocity, w, with
respect to the subsolar point.
The position of the balloon is
assumed at point B, at latitude
6, and longitude «¢. Both lon-
gitude and latitude are taken as
zero at the subsolar point S.

If the planet were in true syn-
chronous rotation, the path of
the balloon would be a great cir-
cle and would follow curve SB
toward the antisolar point A.
The angle i is the angle be-
tween the arc SBA of the great
circle and the equator in the

Figure 41. = Spherical Geometry for right spherical triangle SBL.
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Determining Trajectory The angle & is the angle between
of a Buoyant Station on the arc SBA and the latitude
Venus circle at B. It is worthwhile

to mention here that these two
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angles, 1 and 6, are different. The angle V¥ is the angle
between radii OS and OB.

The wind velocity at B is along the BT direction (tan-
gential to point B in the SBA plane). However, when the
planet does not have synchronized rotation, the rotation ve-
locity of the planet-atmosphere system should be considered.
The velocity components of the planet-atmosphere system due to
rotation with respect to the subsolar point is

V. _=a wcos 0
¢
(D1)
v3 =0
where a is the radius of Venus.
The velocity components of the circulation pattern are
w =V cosbd
P o
(D2)
We = V0 sin 6

where VO is assumed equal to Vrn sin iy, where Vm is the

wind velocity at the terminator. This form for the wind veloc-
ities is consistent with a circulation pattern in which the winds
increase from zero at the subsolar to a maximum at the terminator
and then drop off to zero at the antisolar point. The combina-
tion of these two velocity systems yields

i

Vg = Vo cos B + a wcos 6 =a cos 6 ¢ (D3)

it

v

5 VO sin ® = a 6 (D4)

From the spherical geometry shown in figure 41, we can obtain the
following relations.

sin @ = cos 6 sin ¥ (D5)

sin 6

tan ¢ tan 9 (D6)

substituting VO and equations (D5) and (D6) into (D3) and (D4)
and then dividing (D3) by (D4) leads to:
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ap sin_o . aw cos 6

Cosede"coscpsine v cos ¢ sin 6 (D7)

Let Y =sing and « = aw Vm. Then, equation (D7) becomes

ay _ Y + —a_

d6 sin 6 cos @ sin 8 (D8)
Equation (D8) has the solution™:
. ing -«
5|ncp=ktan9-ocsece=L (D9)

cos €
where Kk is an integration constant.

Equation (D9) is the equation for the BVS trajectories with
respect to the subsolar point. Each trajectory is determined by
a specific constant k. The value of Kk for a given initial

position and maximum wind velocity Vrn at the terminator can be
calculated from:

a+ sin g cos 6
Kk = 6] 0]

sin 6 (DI0a)
o

where 90 and cpo are the initial latitude and longitude, re-

spectively, of the BVS with respect to the subsolar point, Alter-
natively, given the desired latitude GT and longitude P at

which the BVS is to cross the terminator, the value of Kk can be
computed from:

o+ sin @, cos 6
K = T L, (DIOb)
sin QT

and substituted into equation (D9) to get the trajectory and,

hence, the locus of initial positions that will give the desired
terminator crossing.

L

Use an integrating factor cot®.

i
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For Venus, the sidereal period of rotation is -243.1 days and
the sidereal period of revolution about the sun is 224.7 days.
The angular velocity of a point on the Venus equator with respect
to a fixed direction in space is -0.0258 rad/day (see fig. 42);
the angular velocity of the sun with respect to this same fixed
direction is 0.0278 rad/day, Therefore, the angular velocity of
the sun as seen from a point on Venus' equator is 0.0538 rad/day
and the length of one day on Venus is 116.8 Earth days. The
corresponding angular velocity of Venus with respect to the sub-

solar point is then -6.23 x 10_7 rad/sec and the linear velocity
of the atmosphere near the cloud tops (~ 6100 km) is a w = -3.80
m/sec. |f we assume that the maximum wind velocity at the ter-

minator is Vm = 6.33 m/sec, then o = aw/Vm = -0.60. Several

trajectories that result with this value of the terminator wind
velocity are plotted in figure 43. The points S and A are
the subsolar and antisolar points, respectively. The points D
and C are the source and sink of the trajectory field and are
displaced from the subsolar and antisolar points. Trajectories
diverge from D and converge at C. The pattern of trajectories
shown in figure 43 indicates that there is no single trajectory
that passes directly over subsolar, pole, and antisolar points.
The most favorable trajectory for a buoyant balloon attempting to
sample subsolar, pole, and antisolar points passes directly over
the pole. The only trajectory that passes over both the subsolar
and antisolar points is the equatorial trajectory DSAC.

The location of positions D and C depends on the value of
am/vm and is given by

o, = sin” ! (— %@) (D11)
m

For completely synchronized rotation, w = 0, then © = 0). This
means that the location of points D and C would coincide with
S and A, respectively. That is, the pattern of the trajectories
becomes symmetrical with respect to SPA and is exactly the same
as the wind pattern. Then, if we release a balloon at the sub-
solar point, the balloon will pass over the pole toward the anti-
solar point. Since w + O in the actual case, a trajectory of a
freely floating balloon cannot pass subsolar point, pole, and anti-
solar point in one pass.
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The time required for a BVS deployed at a given 90, <PO

to reach the terminator can be calculated from the above equations.

The only velocity component needed is that in the meridional di-
rection, Ve, because rotation acts perpendicular to 0p - There-

fore, we integrate:

t
- D12
Sdt S v (D12)
5) 8
(@]

to find the time it takes a BVS deployed at latitude 8O to cross
the terminator at latitude GT. Substituting for VO and sin d
in equation (D4) gives:

t =

<:|m

6
d6
f sin 8 cos @ (D13)
Mo
[¢]

where ¢ is given by equation (D9) with the value of k given

by equation (DIOa); QT is found from equation (DIOb). The

integral in (D13) has no obvious analytic solution so numerical
integration must be used.

For the trajectory that passes over the pole, ¢ changes
slowly with 8 and we can approximate (D13) by:

N
a £ 1 © tan (n Z L A@)
£ o~ == 4n (D14)
-V Z cos @ (g )
m n=No < n> tan 5 JAG}

where

Vl in?
- sin CPn

k sin6_ -«
n

<cos q)n>

sin ¢
Pn cos 8n
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en = (n —%%)re

_ 6 o .
re —-NT (NT’ NO mtegers)

T~ N

If the BVS is deployed exactly at D, where 90 =0, itwill,

in principle, never move away from D. That is, the time required
to reach the pole is infinity. Therefore, the BVS should not be
deployed at D, but some distance away. As an example, assume

the BVS is deploved at a latitude of 5". If the BVS is to pass
over the pole (QT =907, ¢ = O°), the value of k given by
equation (DIOb) is k = = - 0.6. For A8 =5°, table 29 gives

the times when the BVS reaches the given latitudes. |If the BVS

is deployed at 5" latitude and 30.25" longitude, it will pass over
the pole in 38.2 days; if deployed at 45" latitude and 14.4" lon-
gitude, it takes only 10 days to reach the pole. The time is
significantly reduced since the wind velocities are higher at the
higher latitudes. The last column in table 29 gives the time re-
quired to reach the pole if deployed at the corresponding latitude.

For trajectories not passing near the pole, the approximation
(D14) breaks down since ¢ changes more rapidly than 6 and other
integration techniques give more accurate results, (e.g., Simpson's
Rule).

If the BVS were deployed at the subsolar point, it would travel
along the equator to the evening terminator in a time:

X LS A
2 2
a cos B _a_ do
t"s v =3 §51ncp+04
® m
o o
D1
a (l-oc— 1—042)(1-%- 1-oc2> >( 5)

t = log

Vm \/1—062 (l-oz+ 1-—052)(1- l-ocz>
t ~ 6.66 days J

Therefore, a BVS deployed at the subsolar point would pass over
the antisolar point in about 13.3 days.
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- BVS FLIGHT TIMES VS LATITUDE FOR
POLAR TRAJECTORY (k = -0.6)

.atitude, 6, | Longitude, ®, |'Time, AT,

n deg deg days days

1 5 0 38.19
7.5 31.75

2 10 9.15 29.04
12.5 28.78

3 15 14.37 23.82
17.5 26.10

4 20 18.02 20.17
22.5 23.63

5 25 20.82 17.37
27.5 21.35

6 30 23.10 15.09
32.5 19.22

7 35 25.03 13.16
37.5 17.21

8 40 26.71 11.48
42.5 15.31

9 45 28.21 9.98
47.5 13.49

10 50 29.58 8.61
52.5 11.75

11 55 30.83 7.36
57.5 10.07

12 60 32.01 6.18
62.5 8.44

13 65 33.13 5.06
67.5 6.85

14 70 34.19 4.00
72.5 5.30

15 75 35.22 2.97
77.5 3.77

16 80 36.23 1.96
82.5 2.25

17 85 37.21 0.98
87.5 .75

-- 90 0 38.19 0
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It should be understood that these results are based on theo-
retical estimates of the wind pattern. The general pattern of the
BVS trajectories is very plausible; however, the exact locations
of the points D and C or, equivalently, the value of the wind
velocity at the terminator is extremely uncertain. |If the wind
speeds are greater than assumed, then the departure of the points
D and C from the subsolar and antisolar points would be re-
duced. In this case, the trajectory that passes over the pole
would pass closer to the subsolar and antisolar points than shown
in figure 43.

ADVANTAGES OF MORE THAN ONE BUOYANT STATION

The above discussion indicates that although it does not seem
possible to pass exactly over subsolar, pole, and antisolar points
with a single balloon trajectory, it does appear possible to come
reasonably close to these points with a single buoyant station.
The amount of time necessary to complete the required trajectory
is estimated to be about 50 to 100 days. |If more information on
the wind field becomes available before the BVS mission, and if
the new wind information agrees with the wind model used in our
calculations of trajectories, then a single buoyant station mis-
sion to obtain the desired coverage of Venus would be practicable.
If not, two or three separate buoyant stations would be desirable
to assure successful sampling. Rather than relying on the wind
field to position the balloon over the desired sampling points,
the two or three buoyant stations could be injected initially
over these points. For two stations, the recommended injection
points are the subsolar and antisolar points. For three stations,
the recommended injection points are the subsolar, antisolar, and
pole points.

The realization of these desired injection points is critically
dependent on the year, and hence on the possible orbits or approach
trajectories that can be obtained. Indeed, even if the desired
injection points could be attained, it is not at all obvious that
the communication 1ink between the orbiter or flyby and the BVS
could be maintained for any length of time. Such considerations
were beyond the scope of the present study; however, they are
critical and should be investigated in any future study.
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TRACKING INSTRUMENTATION

J. D. Pettus, M. L. Salis, and E. P. Friend
Martin Marietta Corporation

This appendix is the result of a study to investigate means
of determining the position of the buoyant station in relation
to a planet centered coordinate system, to recommend a reference
coordinate system, and to investigate the measurements and errors
involved.

A technique for locating the station has been suggested in
.which the station is located in relation to the orbiter's orbit
that is, in turn, referenced to an inertial coordinate frame.

The technique requires ranging measurements from the orbiter
to the station and resolution of the ambiguity of two locations
by an inertial navigation system on the station or a direction
finding system on the orbiter.

Errors of as much as 1000 knm under certain conditions can
occur because of the lack of knowledge of the radius of the
planet (+140 km), however, these errors can be retroactively
reduced at any time that a more accurate knowledge of planet
radius is determined,

Errors in ranging and in determining the radius to the or-
biter at the point of ranging are expected to contribute less
to position error than the planet radius uncertainty,

The greatest errors occur when the station is located within
a few degrees of the orbital plane near the subapoapsis point
because this is where sensitivity to errors have their greatest
effect and where it is most difficult to resolve the ambiguity
in position.

This analysis has been conducted assuming that the orbital
parameters are known exactly. Two computer programs were written
and used in the analysis to determine errors and sensitivities to
errors in range measurement, planet radius and radius from the
planet center of mass to the orbiter.
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REQUIREMENT

The requirement to know the position of the BVS is based on
the desire to identify the coordinates (referenced to Venus) of
any interesting phenomena observed on the planet's surface or in
the atmosphere and to map the predominant wind pattern.

The position accuracy desired can be arrived at by considering
accuracy in locating phenomena by other means such as:

1) IR and optical measurements from Earth, 400 km;
2) Radar measurements from Earth, 100 km;

3) Radar measurements from the orbiter (bus), 10 to 50
km ,

If the station can be located at the time of any given measure-
ment to an accuracy relative to the surface of the same order of
magnitude as the above, the data could be coordinated with other
measurements from Earth and the bus. On this basis an accuracy
of #300 kn horizontally and %1 km above the local surface is taken
as a tentative goal.

STATEMENT OF PROBLEM

The problem is to provide the desired station position data
using readily obtainable information.

The dimensions that are or will be better known in this prob-
lem are:

1) The orbital parameters of the bus in relation to both
the planet center of mass and the inertial reference
frame;

2) The position of the bus in its orbit as a function
of Earth time;

3) The diameter of the visible planet including cloud
cover -- *150 km;

4) Surface diameter -- +280 km.

Mot
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The orbital parameters will be defined more accurately with
each orbit tracked. from Earth up to a data saturation point; how-
ever, without further literature search or analysis, it is not

possible at this time to predict to what accuracy they will be
known. Therefore, for purposes of this report it is assumed that
the orbital parameters will be exactly known.

Values that are not known well enough to be of any use ini-
tially to this problem are:

1) Axis of rotation -- within 10" of orbit axis;

2) Sidereal period of rotation -- 2501_[7* earth days (see
Appendix F);

3) Magnetic fields -- unknown;

4) Surface landmarks.

The study ground rule requiring day/night operation as well as
a desire to operate in and under the clouds precludes the contin-
uous use of one more piece of datum -- the direction to the sun.

APPROACH TO THE PROBLEM

The approach to the problem is to make use of the most accurate
piece of datum -- the orbit of the bus -- as the basic reference
and to develop a concept that will permit refinement of the ac-
curacy of location at such time as other parameters, such as sur-
face radius and axis of rotation, become better defined.

The station can be located ambiguously and with some error in
reference to the orbit by measuring the range from the orbiter at

time £ and again at time t2 as shown in figure 44 and by as-

suming that the station is located on a reference sphere with
radius equal to the radius of the planet plus the altitude of the
buoyant station above the surface. The points A and B give the
ambiguous location. Methods of resolving the ambiguity require
use of a direction finding technique in the orbiter or an inertial
system in the station. These methods are discussed later. Since

61 and 92 are known if the orbital parameters are known and the

ranges G1 and 62 are measured, the only unknown is the refer-

ence sphere radius. Once this is assumed using the best known data
on surface diameter and by measuring the altitude of the station

one can calculate the latitudes and longitudes of A and B on the
reference sphere by using the following equations.
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,L Station located on
reference sphere at
points A or B

AN

[
93 /
T PA gtr btiter
2
g™ - 7
7
§%
%
Orbiter at t /\

5, 1\ =
\4 ‘

Figure 44, = Geometry for Determining Station Position in Reference to
Periapsis and Orbital Plane

" oin 2 - B)
Latitude =5 = arc tan 5 R_sin_ (82 - © (EI
- 0 2]
(north or south) (Pl) + (Pz) 2P1 P2 cos (2 -1
where
R 2 4 R2 _ G,2
P - 1 1
1 2R1
R.2+Rr? -¢.2
2
P _
2 21?{2
® = latitude measured from orbital plane on reference

sphere (north or south to be resolved)

R = radius of reference sphere

Rl = distance from center of planet mass to orbiter at 91
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R, = distance from center of planet mass to orbiter at 6

2 2

91 = true anomaly at first point of ranging from the or-
biter

62 = true anomaly at second point of ranging from the or-
biter

Gl = range from orbiter to station (measured) at 81

G2 = range from orbiter to station (measured) at 92

P_ cos el - Pl cos 82

Pl sin 92 - P2 sin 91

Longitude = 83 = arc tan

6., = longitude of the station measured on the reference

3 sphere from the periapsis of the orbit and perpen-
dicular to the orbital plane (see fig. 44)

These parameters may be readily converted to the recommended
coordinate system in which an inertial reference frame is used.

However,

for initial calculations and evaluation of the error

sensitivities of the variables, the above equations were used.

ERRORS |IN DETERMINING THE POSITION OF THE STATION

Various parameters contribute to the uncertainty in the loca-

tion of

points A and B. In reference to figure 44 these param-

eters are:

1) Errors in the range measurements Gl and G2;
2) The position accuracy of the bus at points P_ and

1
P -
2’

3) Movement of the station between the first and second
ranging measurement (equivalent to an error in range);

4) Errors in the altimeter measurement of the distance
from the buoyant station to the surface of the planet;

(E2)
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5) Errors in the assumed distance from the center of mass
of the planet to the surface below the buoyant sta-
tion (error in the reference sphere radius).

An analysis of the sensitivity of the calculated station po-
sition for various station locations around the orbit (longitude)
and for various latitudes was conducted by determining varia-
tions in latitude and longitude by successively incrementing R
(the radius of the reference sphere), R (the radial distance

2
of the orbiter from the planet center of mass), and G (the

2
second range measurement from the orbiter) to determine actual
position errors vs errors in the above variables. The following
increments were used:

1) t20 km in R;

2) £l km in G,;

3) %5 km in Rz.
The results are shown in figures 45 thru 47. Obviously, the
uncertainty in position is much greater when the station is lo-

cated near the orbital plane (6 Z0°) and sensitivity to errors

in R, R2 and 62 are extremely high under these conditions.
b

RESOLUTION OF AMBIGUITY BY INERTIAL NAVIGATION

Using the rf triangulation ranging scheme (defined in the
final section of this appendix), which locates the BVS to two
specific points on the reference sphere, it becomes necessary to
resolve this ambiguity and provide means to subsequently have
knowledge of the BVS position time history.

Since planet observables are not defined on Venus and celes-
tial bodies cannot be reliably depended upon as visible due to
the Cytherean cloud layer, the only type of system which would
provide a known orientation and, therefore, be capable of yield-
ing continuous positional information is a gyro referenced in-
ertial platform. In the most optimistic use of this type of sys-
tem, the BVS would be initialized in some known orientation, de-
orbited from the orbiting vehicle, enter the Cytherean atmosphere
accurately retaining this original attitude frame and with an
orthogonal triad of linear accelerometers monitor the BVS position
throughout the mission.
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distance from planet center
of mass to the station

range from orbiter to station

radius from planet center of
mass to orbiter

station longitude
station latitude

true anomaly at point of first
range measurement

true anomaly at point of second
range measurement
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30°

= distance from planet center
of mass to the station

= range from orbiter to station

= radius from planet center of
mass to orbiter
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Figure 46.

= Station Position Uncertainty vs Measurement Errors for g = 90"
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Figure 47. - Station Position Uncertainty vs Measurement Errors for 8 = 180°
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For missions involving the severe environment that the BVS
will be subjected to during atmospheric entry, a system of this
'kind could not be expected to retain its original frame of ref-
erence and some method of checking the degree to which this oc-
curs, and subsequent adjustments in the data evaluation would

have to be effected post entry. In addition,

the duration of

the mission (4 weeks or greater) indicates substantial drift

errors due mainly to gyro mass unbalance and means will have to
be provided to account for errors of this sort.

The major problem associated with the severe entry environ-
ment is the possible damage to the inertial components and sub-
If this problem can be re-
solved, the loss of original reference frame can be handled by
a combination of the orbiter ranging information and accelerometer
outputs over a long enough period to properly choose the correct

sequent loss of mission navigation.

position of the BVS

The Nortronics NIT 130 Floated Sphere Navigation System has
been tested to 75 g applied continuously without appreciable ac-
curacy error and should therefore be expected to sustain a slight-
ly higher environment for a relatively short time without perma-
nent damage to the system. This system uses an outer sphere
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mounted to the case with an inner sphere floated inside. The
inner sphere contains the inertial components and the gyro pick-
off signals as well as the accelerometer outputs are telemetered

in and out limiting the physical connections between the inner
and outer spheres to power leads.

The Kearfott MINS Inertially Gimbaled Platform and the Honey-
well SIGN IIT Strapdown System are two other navigational systems
that could sustain the environment of entry and accur: ely be
initialized afterwards.

The size, weight and power requirements of the three system:
mentioned are compared in table 30.

TABLE 30. - SIZE, WEIGHT, AND POMER COM-
PARISON OF THE CONCEPTUAL NAVI-
GATION SYSTEMS

Size, Weight, Power,
cu ft 1b W
Nortronics .5 43 300
NIT 130
Kearfott .53 35 198
MINS
Honeywell .61 42 176
SIGN III

In any of these suggested systems the inaccuracy or misaline-
ment from the attitude at deorbit should be substantial, b.t not
completely misoriented. The errors will be on the order of sev-
eral degrees in each direction. This in itself would be enough
to resolve the ambiguity as shown in figure 48.

Assuming that the original orientation would be Zg along
OR
the local vertical, XB along the orbital path, and Y nor-
B
OR OR
mal to XB’ and ZB in a right-hand manner. AB represents the

pro ction of the orbital path on the reference sphere. If Al

and Bl are the two points in question and the orientation post
entry would be several degrees offset from the original (as shown
in fig. 48) the accelerometer output of the Y axis (assumed

Borr
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positive) would at least be enough to denote a general movement
to the right rather than to the left (on fig. 48) and would be
sufficient to choose Bl over Al as the actual first point.

The following discussion will be the general theory of opera-
tion of the navigation system assuming that we could not use our
previous orientation knowledge (i.e., complete misalinement due
to entry environment).

Upon deployment of the balloon, the platform will use the
accelerometers in a loop that is an analog of the Schuler pendu-
lum. This loop includes a gyro precession axis torquer, and a
vertical accelerometer as the vertical reference. Since the
Schuler pendulum maintains an accurate vertical reference, it can
be used to generate correction signals to tilt the gyro spin axis
to a vertically referenced plane rather than its inertial space
reference. If the acceleration signal is integrated with respect
to time, it represents the instantaneous velocity of the BVS
Dividing this velocity by the planet's radius gives the angular
velocity at which the platform must rotate to remain tangent to
the planet's surface. The Schuler tuned signal is applied to the
gyro precession torquer, properly scaled to indicate the required
angular velocity.

Upon commanding the platform normal to local vertical ZB

axis down) the XB and YB accelerometers are monitored from

then on to correlate with the ambiguous ranging data to resolve
the problem of position location. This will involve the orbiter
making several ranging efforts yielding a result as shown in
figure 49.

Line AB represents the projection of the orbit on the ref-
erence sphere and AN, BN represent sets of double points, one

of which is correct. It can be seen that for the outputs of the

accelerometers as a function of time, there ca(n be only one right-

handed frame of orientation of X and YB i.e., XB X YB = ZB)

that will properly be matched to the acceleration curve data and
so the correct pattern will be determined. As an example, suppose
the accelerometer outputs are as shown in figure 50. Then the
only possible system that would satisfy this data would be Frame
A as shown in figure 49 as Frame B would have yielded a negative
acceleration on the Y axis from position 3 to 4.
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Figure 50. - X and Y Body Accelerometer Outputs

Note that for the case in which the BVS moves in a straight
line, the resolution of the correct point cannot be done. Only
if the BVS has a curved path can this method be used. The prob-
ability of such a straight line path is very small.

A sun sensor package mounted on the local vertical reference
plane could with two successive fixes (in azimuth of the sun to
local vertical) resolve this problem if need be, but it is felt
here that this would only add more complexity, weight, and cost
to the system and then could only be used when the sun was visible
(i.e., cloud layer could be occulting the sun from the BVS).

Once the orientation of the X and Y accelerometers are known,
they will only be altered by the drift characteristics in the yaw
gyro. These will be small, on the order of ¥°/hr/g. They can be
constantly updated by the fix positions as given by the ranging
information.

NAVIGATION WHEN OUT OF COMMUNICATIONS RANGE WITH THE ORBITER

The reference orbit specified in the statement of work for
this study (10 000 by 1000 km altitude at periapsis and apoapsis)

has a period of 1.37 x 104 sec or about 3.8 hr. Should the sta-
tion stay within a few kilometers of the orbital plane the orbit-
ing bus will lose contact with the station for from 2 to 3.7 hr
depending on where the station is located in relation to the



APPENDIX E

apoapsis of the bus' orbit. However, should the station be blown
away from the orbital trace, which is almost a certainty, much

greater periods in which no contact will be encountered will occur.

For example, with the bus at apoapsis the station cannot be
viewed after it has moved approximately 5000 kn away from the
orbital plane. At periapsis the station cannot be viewed after
adrift of only 1500 bn from the orbital plane.

If one assumes a maximum wind velocity of 28 km/hr in a di-
rection perpendicular to the orbital plane, a period of approxi-
mately 54 hr is required for the station to drift out of range
starting at the subperiapsis point. For an initial position at
the subapoapsis point, a period of approximately 7.6 days is re-
quired, Should the station continue to drift at the same rate
and in the same direction, it would take 18 days from the time
communication was lost near the subapoapsis point until it would
be reestablished near the subperiapsis point.

Figure 51 depicts the boundaries that represent those areas
(shaded) in which the BVS would not be within communications range
of the orbiter at any time on a given orbit.

Orbital
plane

Periapsis

Figure 51, - Areas of Communication on Reference Sphere
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It is very unlikely that communications would be lost for
18 days, but after the establishment of the BVS orientation,
positional information could be obtained from the accelerometers
whose major error would be in the drift due to gyro mass unbal-
ance. Fortunately there is a direction associated with errors
of this type, and with enough points initially before losing com-
munications contact to obtain a pattern of drift, the data on
the ground could be adjusted to compensate for the expected er-
rors due to the measured drift early in the mission.

RECOMMENDED INERTIAL COORDINATE SYSTEM

Since planet rotation is not known, BVS location will be
expressed in planet centered inertial coordinates with a celes-
tial reference. A convenient ,c\-hoice would be the Earth equato-
rial inertial frame with the XE axis of the system referenced

to the first point of Aries, the ZEQ axis parallel to the

Earth’s polar axis and the YEQ axis normal to the other two

as shown in figure 52.

From Earth tracking data the path of the orbiter can be de-

termined with respect to the Earth's reference system and can,

therefore, be expressed in the X b4 7 frame centered
EQ° EQ  EQ

at Venus by the following orbital parameters:

Q - longitude of the ascending node from the ¥ refer-

i - the inclination of the orbital plane to the reference
plane (equatorial Earth)

w - argument of periapsis

@ - true anomaly of the crbiter

The coordinate frame defined by X as

Y@P’ and ﬁop
shown in figure 51 defines the frame W%ere passes through

periapsis. It is expressed in inertial equatQ?riaI coordinates
via the transformation as described in detail later.
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Figure 52. - Inertial Coordinate Frame
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op = (COS w cos @ - sin w cos i sin Q) X5q

54>
i

+ (cos w sin @ * sin w cos i cos ©) YEQ + sin w sin i

>

A

YOP (-sinw cos Q@ - cos w cos i sin Q) XEQ

+ (-sinw sin @ T cos wcos i cos ©) YEQ * cos w sin i

N>
]

in i sin @ Xe. - sin i VEQ + i ZE
oP s,lnlsanXEQ sin i cos © YEQ cos i1 ZEQ

A

The coordinate frame X , Y , and 2 R is the
ORgpn Rpey ORppN
one defining the orbiters position at any time where © varies

from 0" at periapsis to 360" when it is again at periapsis.

At a particular angle 8 the X, Y, Z axis can be
N 0
RPN
written in terms of the inertial equatorial frame as follows.

— . a9
)A(OR ] -cos € sinw cos i sin & cos 6 cos w sin @ cos 8 sin w sin i XEQ_‘
BPN . ) . o
-sin 8 sin w cos © +cos € sin w cos i cos @ +sin 8 cos w sin i
-gin 6 cos w sin Q cos i -sin € sinw sin Q
+cos € cos w cos @ +sin & cos w cos i cos &
~
~
Y =[-sin & cos w cos § -sin 9 cos w sin @ -sin 8 sinw sin i YE
ORgpy R
-cos O sin w cos & -sing sin w cos i cos +cos @ cos w sin i
+sin & sin w cos I sin @ -cos 8 sinw sin Q
-cos 8 cos wcos i sin & +cos A cos w cos 1 cos @
A . - - "
Z sin i sin -sin i cos & cos i ZEQ
OR.
BPN L_ B
- JON [

(E4)
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RESOLUTION OF AMBIGUITY BY DIRECTION FINDER TECHNIQUES

One method of resolving the ambiguity of station location is

by the use of direction finding techniques in the orbiter. This,
of course, means a steerable lobing antenna system on the orbiter

or equivalent with the lobes straddling the orbital plane and
pointed toward the planet's surface.

Resolution of ambiguity for station positions near the orbital

plane will present the greatest problem since the included angle
@ between the orbiter and the lines to position points A and B
will be small especially when the orbiter is near apoapsis. For

example, inability to resolve the ambiguity for ¢ =2° results
in a position uncertainty of approximately 349 kn (the distance
A toB for @ = 2°) when the ranging is done at a bus alti-
tude of 10 000 km. The minimum angle ¢ for which ambiguity
resolution can be accomplished is a function of the bus system
design and hence is beyond the scope of this preliminary study.
However, it is identified as an anticipated problem area. |In
essence this means that a station located anywhere in a band of
possibly several degrees in latitude adjacent (north and south)
to the orbital plane cannot be identified as being located at
one point or the other by this method.

COORDINATE SYSTEM RELATIONSHIP

This section deals with the relationships of the various
coordinate systems used and the derivations of the equations
necessary to determine the possible BVS locations on the ref-
erence sphere with two pieces of range information from the
orbiter.

N Referring to figure 53, the relationship between the }?',
Y', Z' frame and the XEQ’ YEQ’ ZE system is as follows:

Q
§(' cos sin 0 O XEQ
A' B e ~
Y = sin @ cos & O YEQ
VA 0 0 1 Z
- EQ

(E5)

157



APPENDIX E

Orbital plane7

D grge 4 %

BPN

XOP
Figure 53. - Determination of Frames Passing through
Points on the Orbit Referenced to Inertial
System
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In similar fashion, the X", YY", zZ"

is

and

¢

0P’ “0P

yields

'

OoP

>

OoP

OP

b >

QP

>

oP

N>

| “op

sin i sin Q

%ll
So
zll

o O

-sin w

frame and the

sin w

COos W

cos w COS £ - sin w cos 1 sin Q

-sinw cos § - cos w cos i sin Q

cos 1

-sin i

sin w

cos i

-sin 1

-sin i cos Q

COS w

relationship to

1

Then combining these to get the relationship between the X

A)%:Q, AYEQ, QEQ as follows:

cos w sin @
+sin w cos i COS @

-sinw sin Q
+cos w cos i COS

cos §

-sin

0

~ ~ ~

X',y Z'

(E6)
(E7)
oP’
sin © 0 XEQ
cos & 0 ?EQ (E8)
1 z
_ EQ
sin w sin i XEQ
cos w sin i ?EQ (E9)
cos i EEQ
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The frame which includes the point on the orbit at the time a

ranging effort ig effected is just one rotation,_in the orbital
plane from the X z axis. In this X , ¥ ,

OP; OP’ 0P ORBPN ORBPN

%OR frame the X axis is along the line from the center
BPN ORppy

of the planet to point N along the orbit rotated GN about the
Z axis.

(E10)

(E11)

oP _ _ . - .-
?( cos 6 sin 6 0 XOP
ORppN
4 -sin 6 cos @ 0 ¢
oP
ORppy | =
2 0 0 1 7
OP
_Peey| L | oF
The relationship between this X , ¥ 7 frame
ORppy  ORgpy  ORgpy
and the basic equatorial frame is:
QORBPN- +cos € coS w cos @ cos & COS w sin Q CO? 8 sinw sir.1 i AXEQ
-sino cos w cos i sin g +cos O sin w cos i cos +sin ¢ cos w sin 1
-sin® cos @ sinw -sin® sinw sin Q
~cos § sin w cos i sin & +sin & cos w cos i CoS Q
YOP‘BPN = | -sing c?s w COS —sfn 0 c?s w sin Q -siné sinw sin | SA(EQ
-CO0S & sin w cos § -sin & sin w cos i cos +C0S & COS w Sin i
+sin 6 sin w cos i sin Q -cos 8 sinw sinQ
-cos € cos w cos i sin Q +cos 6 cosS w COS i COS @
2ORB sini sin g -sin i cos Q cos i ZEQ
PN -
At a time corresponding to the first ranging effort, the or-
biter will be at point 1along the orbit rotated o from periapsis.
. . . . . l.
Knowing the orbital radius of the orbiter at this point as R1 and
the relationship of X in the equatorial axes as
ORppy
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~

XORBPN = (cos 61 COS w COS { - cOS 91 sinwcos 1 sin Q

~ ™
- sin 8 sin wcos R - sin 8 cos w cos 1 sin Q)
1 1 XEq

+ (cos 61 cos wsin * cos 8, sinw cos i cos Q

1 > (E12)
- sin 81 sin wcos 0 * sin 81 COS w CcOS 1 cOoS Q) ?EQ
+ (cos 91 sinw sin i T sin 81 cos w sin i ZEQ y
which can be written as
Xor =Ry R+ &y Tgg Ry ZEQ (E13)
BPN 1 1 1
where Rxl, RYl, Rzl are the coefficients of XEQ’ YEQ’ ZEQ
unit vectors as in equation (E12),
The radius vector is then
Ry = IRl (Rxl Xq + RYl Tgg * Rz1 ZEQ)
(E14)

The situation is then as shown in figure 54:

1) There is the reference sphere which represents the
position of the BVS at radius R from the center of
Venus;

2) Spherical shell 1, which is centered at orbiter

point 1, with radius G1 representing the first
range data point;

3) Spherical shell 2, which is centered at orbiter
point 2, with radius G2 representing the second
range data point.
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Figure 54, = Solution of the Intersection of the Three Spheres
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The equation of the reference sphere is

X2 + Y2 + Z2 = R2 (E15)

A A

using the )SZQ’ YEQ’ YA frame as the basic computational frame.

EQ
Orbiter point 1, using 8, 1in equation (E12) can be written
as a, XEO + b1 YEO + c; ZE and this is the origin of spherical

shell 1 whose equation is:

2 2 2 2
_ - - = El6
(X al) + (Y bl) + (z cl) 6, (EL6)
Orbiter point 2, using 92 in equation (E12) can be written
as
% 3 + 2 E17
a, Xgq ¥ b, YEQ ¢, Zgq (E17)

The equation of the spherical shell 2 centered at 9> b2’ ¢y

of radius G2 is

(X - a2)2 + (Y - b2>2 + (z - 02)2 = G22 (E18)

Solving simultaneous equations (E15), (El16), and (E18) will yield
the BVS position in terms of X, Y, and Z in the XEQ’ YEQ’

A

YA frame .

EQ
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At present,

flux.

APPENDIX F

ROTATION RATE, MASS, AND RADIUS OF VENUS

the values for these parameters are in a state of
Some recent publications give the values listed below.

Radius of solid globe

6056 + 1 km (ref. 144)

Sun-Venus mass ratio

408 250 + 120 (Newtonian
theory) 408 450 + 120
(general relativity theory)
(ref. 144)

408 505 = 6 (ref. 145)

Sidereal rotation rate
(retrograde)

|

-244.3 + 2 days (ref. 146
using R from ref. 144)
-242.6 + 0.6 days (ref, 149)

T-250 + 40 days (ref. 1&7)

-250 1 9 days (ref. 148)
-250 t 4/-7 days (ref. 59)
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