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ABSTRACT

Possible observational techniques and instrument types for the
measurement of meteorological parameters in the atmospheres of Mars and
Venus are described. The meteorological parameters considered are atmos-
pheric temperature, pressure, density, wind velocity, water vapor content,
and particulate suspensions. A wide range of techniques and instruments
are included since the purpose of the study was not to select instrumenta-
tion for ‘a particular mission but rather to provide information on all
conceivable instrumentation for such measurements. The emphasis is on
in-situ observing instruments although information is also provided on
remnte sensing (from orbiters or flybys) techniques. The information
provided includes a discussion of the scientific basis of each measure-
ment technique, a description of the instrument and its opera:ion,
procedures for the interpretation of the measureément, and details con-
cerning instrument characteristics, instrument output, payload integration
parameters, and the state of development of the instrument. The report is
essentially a compendium of information, with references, on possible
meteorological observing techniques and instruments for planetary explor-
ation applications.

'This work was performed for the Jet Propulsion Laboratory,
California Institute of Technology, sponsored by the
National Aecronautics and Space Administration under
Contract NAS7-100,
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1. INTRODUCTION

This final report presents the results of a six-month study of possible
observational techniques and instrument types that could be adapted for the
measurement of meteovological parameters in the atmospheres of Mars and Venus.
The meteorological parameters considered are atmospheric temperature, pressure,
density, wind velocity, water vapor content, and particulate suspensions
(including liquid and solid aerosols and condensation products). The objec-
tive of the study was to provide information on the physical principles of
possible measurement techniques and onthe characteristics of the associated
instrumentation. No attempt was made to evaluate the relative merits of
the ppssible techniques and instruments for a planetary mission. However,
the considerabble information provided on conceivable techniques and instru-
ments should aid space agency planners in the task of instrument evaluation
and selection for specific planetary missions,

Although the scope of the study included in-situ (using atmospheric
capsules, landers, etc.) observations as well as remote sensing (from orbiters,
flybys, etc.) observations of both planets, the emphasis was on in-situ obser-
vations, and, in particular, measurements of the near suiface meteorological
environment on Mars for a landed vehicle. This relative emphasis is reflected
in the discussions of possible techniques and instruments.

For each meteorological parameter, there are a number of different possi-
ble measurement techniques. For each measurement technique, there may be one
or more instrument types. In the study, those instruments associated with a
particular measurement technique were grouped together. The results of the
study are presented in the following manner. For each measurement technique,
a discussion of the scientific basis of the cechnique is presented. For each
instrument type, information is presented on a description of the instrument
and its operation, procedures for interpretation of the measurement, instrument
characteristics, instrument output, payload integration parameters, and the
state of development of the instrument. To maintain uniform discussions, it
was decided to present the information on each technique and instrument type
with the use of a common outline. The adopted outline is shown below.

1. TECHNIQUE OR PHYSICAL PRINCIPLE
A discussion of the scientific basis of the measurement.
1.1 INSTRUMENT
1.1.1 ‘NARRATIVE DESCRIPTION OF THE INSTRUMENT
1.1.2 TINTERPRETATION OF MEASUREMENT |

Additional information needed to interpret measurement.
Method for analysis and interpretation of data.



1.1.3 INSTRUMENT CHARACTERISTICS

Total and dynamic ranges i
Accuracy )
Signal to noise
Frequency response
Environmental effects

1.1.4 INSTRUMENT OUTPUT

Output signal
Bits per observation

1.1.5 PAYLOAD INTEGRATION

Weight ¢
Volume

Power

Radio frequency interference

Magnetic moment

Erection, orientation, or booms o
Compatibility with sterilization at 145°C N
Special requirements - mounting, viewing, etc.

1.1.6 STATE OF DEVELOPMENT

|

o]

N A

REFERENCES ~
(Including commercial sources and literature) g

Since most of the techniques and instruments discussed in this report

have found application in the measurement of meteorological parameters of the n
Earth's atmosphere, they were not designed principally for measurement from %

a space probe on another planet. Tterefore, in many cases, information on some
of the payload integration parameters, instrument output parameters, and instru- .
ment characteristics are presently unknown so that where possible estimates g
have been made of these parameters. Thus, this information should be considered L
as a guide rather than as detailed specifications.

The following six sections — one for each meteorclogical parameter — of
this report contain the detailed discussions of possible in-situ measurement
techniques and instrument types. Each is prefaced by a short summary of avail-
able information on the magnitude and variations of the particular parameter
in the atmospheres of Mars and Venus. Section 8 contains a discussion of poss-
ible techniques for remote (orbiter or flyby) observations of these meteorological
parameters., A summary list of all techniques and instrument types considered
may be found in Section 9. References of a particular technique or instrument
type may be found immediately after the discussion of the technique or instru-
ment. References concerning our present knowledge of meteorological parameters
on Mars and Venus are included at the end of the report. As part of the study,
a survey of recent developments and references to meteorological instrumentation
for the Earth's atmosphere was performed. The results of this survey are con-
tained in the Appendix. 1In addition, a loose-leaf volume of commercial litera-
ture on meteorological instruments has been assembled and furnished to the

"?conﬁracting agency, the Jet Propulsion Laboratory.
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The results of the present study provide a compendium of information
on possible meteorological observing techiniques and instruments for
planetary exploration applications. A suggested next step would involve
the planning of specific planetary missions and the selection and speci-
fication of meteorological payloads, based on the information prowided in
this report, to accomplish the scientific objectives of these missions.




2. WATER VAPOR

Spectroscopic observations of Martian water vapor content indicate
values of the order of 1l0u precipitable water vapcr (Kaplan et al., 1964;
Schorn et al., 1967); photometric observations (Dollfus, 1963) suggest
values an order of magnitude higher. If the water vapor is uniformly
mixed throughout the atmosphere (constant mixing ratio), the water vapor
pressure near the surface in between 7.5 X 104 mb and 7.5 x 1073 mb
(assumming a value of 0.5 for the ratio of the molecular weight of water
vapor to the molecular weight of Mars' atmosphere). The corresponding
frost points are 195°K and 210°K. For a constant water vapor mixing
ratio, the water vapor pressure would decrease with altitude at the same
rate as the pressure. :

It is conceivable that the water vapor mixing ratio is not constant
with altitude, i.e., the water vapor mixing ratio may decrease with alti-
tude as is the case in the Earth's atmosphere. Or it may vary locally.
If this is true, the water vapor content near the surface may be higher
than the values given above. To allow for this, we may assume that the
maximum likely water vapor pressure near the surface is perhaps an order
of magnit%de greater than the higher of the two values given above, or
7.5 x 10”“ mb, which corresponds to & frost point of 228°K.

Small amounts of water vapor have been detected photometrically
(Dollfus, 1963) and spectrometrically (Bottema et al., 1965; Spinrad and
Shawl, 1966; Belton and Hunten, 1966) in the Cytherean atmosphere.
Because of the unknown scattering properties of the Cytherean atmosphere
and clouds, it is difficult to derive an exact estimate of the amount of
water vapor detected spectroscopically. However, the order of magnitude
of the precipitable watér vapor content above the clouds is 100u. For a
cloud pressure of ~ 0.1 atmosphere, the water vapor mixing ratio is then
of the order of 10™%, and the water vapor partial pressure in the vicinity
of the cloud is of the order of 10"2 mb. These estimates, because of
uncertainties in the interpretation of the observations and because of
uncertainties in the vertical distribution of the observed water vapor,
‘may easily be off by an order of magnitude. A vapor pressure of 10°< mb
corresponds to a frost point temperature of 213°K.

Preliminary results announced for the Venus IV spacecraft observations
indicate that the water vapor mixing ratio is between 10-3 and 7 x 1073.
" Assuming a value of 4 x 10-3, we obtain a water vapor partial pressure in
the vicinity of the cioud of 4 x 101 mb, which corresponds to a frost
point temperature of 243°K. This same water vapor mixing ratio yields a
partial pressure of water vapor near the surface of 80 mb (based on surface
- pressure of ~ 20 atm), which corresponds to a dewpoint temperature of
315°K. ‘
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2.1 CONDUCTIVITY HYGROMETERS

This moisture measurement technique involves the detection of the
changes in electrical conductivity across the sensor, Absorption of
moisture by chemical compounds and elements produces different humidity-
resistance relationships. There are several mechanisms by which the
electrical resistance is affected by humidity changes.



2.1.1 PHOSPHOROUS PENTOXIDE

2.1.1.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

This mixing ratio detecting instrument is a chemical
moisture trap and electrolytic cell utilizing a water vapor sensor that ab-
sorbs the water vapor from the air passing through a tube and, by an
electrolyzing process, allows a current to flow that is exactly proportional
to the rate of water vapor absorption (MacCready and Lake, 1965). The
measurement of mixing ratio can be made independent of ambient temperature
and pressure. Three basic components make up the instrument, These are
the moisture cell, the mass flow sensor, and the pump system. The moisture
cell is an electrolytic cell, the operation of which is described by
MacCready and Lake (1965):

"The trapping agent, P05, maintains a very low water vapor pressure and
equilibrates quite rapidly. The electrolytic cell has two platinum elec-
trodes wound as a very tight double helix on the inside of a small glass
tube. The electrolyte, the P,05.xH,0, is introduced as a 10 percent
solution in acetone. When the acetone has evaporated, a potential is
applied across the two electrodes to drive off the moisture which is
present in the hydrate. The sensor is then prepared to pick up moisture
from the atmosphere electrolyze it, and pass the current necessary to

read."

The mass flow through the cell must be determined
in vrder to ascertain the mixing ratios. It is convenient to servo-control
the mass flow rate to be constant. Thus, the flow sensor is always operating
at one point. Further, this allows the cell meter to be calibrated directly
in terms of mixing ratio. A heated thermistor bead is placed in and is
cooled by the flow. When the bead is placed in a Wheatstone bridge arrange-
ment, it gives an output as a function of mass flow. To stabilize the flow
sensor, a second thermistor is placed at one of the other legs of the bridge
and the bridge is designed so .that both thermistors are at about the same
temperature. Also, the temperature of the flow sensor housing is controlled
‘to prevent large temperature changes.

The diaphragm type pump system is constantly adjusted
by the servo-control to maintain the proper rate of mass flow. A radial
whirling rod on a dc motor is used which pulls air in through the center
axis due to centrifigal force and aerodynamic effects at the rod tips.

2.1.1.2 INTERPRETATION OF MEASUREMENT

Additional information needed to interpret the
measurement — The mass flow through the electrolytic cell mugt be measured
in order to determlne the mixing ratio.

R Method for analy51s and interpretation of data — The
output is electric current and varies essent;ally linearly with m1x1ng
“ratio.

— e
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T? 2.1.1.3 TINSTRUMENT CHARACTERISTICS

Total &nd dynamic ranges - The total range of the instru-
ment is mixing ratios between 0.003 g/kz to 30 g/kg. Calibration is difficult
to perform below 0.0l g/kg. The current through the cell becomes great enough
to heat the instrument above 30 g/kg.

d

3 Accuracy - Flight tests (aircraft) have shown that there
3 is good agreement between mixing ratio data for this instrument and radiosonde
data up to 650 mb. Also, the instrument gave correct measurements inside
clouds and responded rapidly to the strong moisture gradients which are pre-

Q)R .
%i sent near cloud edges.
| Signal to noise - Not applicable.
" ‘ Frequency response - The time constant varies from cell
i to cell. Time constants have been as small as less than a second up to ten
’ seconds. There has been no noticeable variation of the time constant with
o temperature, at least down to -20°C
b
ﬁL Environmental effects - Sudden temperature changes affect
the mass flow sensor system. However, care has been taken in the design to
g[ control this problem.
B
i@l
¢
2.1.1.4 INSTRUMENT OUTPUT
ﬁﬁ ' Output signal - This is an absolute measuring technique
ik with analog output. There is a linear relation between output current and
mixing ratio.

LR

Bits per observation - It would require sixteen bits
per observation for the two place accuracy of both the mass flow and current
measurements.

Ent |

[ ggmerr B

o 2.1.1.5 PAYLOAD INTEGRATION

Te following statistics are for the MRI (Meteorology
Research, Inc.) Model 901 unit.

ey
{. ”'us P I

Weight - 16 lbs. A special unit, designed to measure
mixing ratios in a descent through the Martian atmosphere weighs only
11 ounces.

Volome - Less than 1 ft3

G

Power - 80 mW for the flow sensor, about 300 mW for 10-20
2 ﬁsec. to warm up the heater, and 100 mW for elsctron1cs

gy

i

Radlo frequency interference - None
Magnetic moment - Not known
Erectlon, orlentatlon or booms - None.
| Compat1b111ty with sterllization at 145°C - The pump
system is compat1b1e with sterilization. '

A N . Speclal requ1rer°nts r~None
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2.1.1.6 STATE CT DEVELOPMENT

Considerable effort has been expended on this tech-
nique by MRI for JPL to develop a suitable instrument. to measure the
moisture of the Martian atmosphere. The instrument is still considered
developmental, but some operational uses have been made for it.

2.1.2 ALUMINUM OXIDE

2.1.2.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

This element can be developed in several configura-
tions. The sensor designed for radiosonde use consists of a base of aluminum,
an oxide that is made by anodizing the base material, and an evaporated con-
ductive coating of metal (Stover, 1963). The base metal behaves as one elec-
trode, and the evaporated metal as the other, or outer, electrode.

The surface of the anodized layer is porous (Jason,
1965). ‘This porous nature of the oxide layers presents an enormous area
for the absorption of gases and vapors. At low humidities the measured
capacitance of the element comes almost entirely from the bulk mixing
dielectric which consists of air, aluminum oxide and water. At higher
humidities, parallel conduction paths ave established through the absorbed
water down the pore surface. Thus, the electrical characteristics are
largely determined by the magnitude of the combined resistance of these
conduction paths and the capacitance between the pore base and the metal.

The theoretical development for this element is done
for a circuit representing a single pore. All pores are identical and
parallel so that any given area of the layer may be represented by the
same equivalent circuit with -appropriate values for the parameters. The
capacitance between the two outer conducting layers separated by the mixed
dielectric of thickness d is Cy, and the parallel capacitance for a pore
circuit is C, at frequency f. The measured quantity Cp‘f‘Co is related
to parallel resistance Rp by

C - C = A .+ -13 [( -—-A—" 2 -~ 1 _Jz
P %o T 2 2\ 2 ) T e

where A= Aﬂzfzcz + l/R 02 and‘Rz is the leakagefresiétéﬁce‘through the”

oxide at the pore base, and Cz-iS'the pore’ base capacitance. In general
'-Rp decreases as C_ - C_ increases. Also relative humidity increases as
Cp C anreases ,

o
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2.1.2.2 INTERPRETATION OF MEASUREMENT

LTI

P Additional information needed to interpret measurement-
i The temperature must be known if the instrument is to be operated below

had -15°C where the calibration begins to change with temperature.

o Method for analysis and interpretation of data - The

3f measured quantity can be the capacitance difference, C, - C,, the parallel

resistance Rp, or the impedance (radiosonde). Roughly a logarithmic rela-
| tion exists beween C, - Co and relative humidity (RR), and between RH and
j; RE. For the specially designed radiosonde circuit, measured impedance of

the element usually follows the curve of water vapor pressure. In this
latter case, the element gives a measure of absolute humidity.

2.1.2.3 INSTRUMENT CHARACTERISTICS

r Total and dynamic ranges - The theoretical total range
e . of the sensor is from -90°C to around 600-700°C. However, since sensor
s development has been primarily oriented towards meeting standard meteor-
% ological needs, most of the testing has been below 30°c,
éi ' Accuracy - Laboratory tests have shown the accuracy

' to be about 1 to 2 percent RH except at the extremes of high and low

g humidities: Hysteresis effects are small provided the instrument does not
g: v have prolonged exposure to high humidities.

. Signal to noise - The signal to noise data will depend
o on the circuity and telemetry selected to send amd receive the data.
@; ‘ Frequency response - The time constant determined from

step changes for the radiosonde designed sensor varies from 0.2 sec at 20°C
to 21 sec at -20°C (Chleck, 1966). However, other evidence suggests that -
the response at the lower temperature is close to that observed at 20°C.

Environmental effects - The element cannot remain
A ~exposed to high humidities for a prolonged period.

-~ 2.1.2.4 INSTRUMENT OUTPUT

b ‘ - Output signal - The calibrated analog output generally

Uo has been capacitance (C - C ) for laboratory measurements and the RH=-

capacitance curve is approxlmately logarithmic. Impedance measurements
g@ from the circuit for the designed radiosonde element in analog form are
(£ related to the water vapor pressure.

‘ Bits per observation - The number of bits will depend
on the form of the output desired. With the accuracies cited above a two-
place output seems logical. Therefore, allowing for exponents and for

‘ simultaneous meagurement. of temperature, fourteen bits would be needed
P per observation : ' PR '
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1,2.5 PAYLOAD INTEGRATION

There are many different possible circuits and
instrument packages that support and relay the information from the
element itself. As a result the specifics of the payload integration
data cover a wide range. The element itself is small. There are several
varieties. The designed radiosonde element is 5/8 in. x 3/16 in. x
< 1/16 in. A rod element is a short 3 mm in diameter aluminum welding
rod, while needle 2lements consist of 1/2-mm diameter aluminum wire
attached to a 3-mm diameter rod. Obviously, the weight is small.

2.1.2.6 STATE OF DEVELOPMENT
This sensor is still in the developmental stage. No
flight testing has been reported. At the present time, most research has
concentrated on solving the problem of calibration drift with storage.

2.1,3 BARIUM FLUORIDE

2.1.3.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

The barium fluoride element consists of a glass sub-
strate, a layer of chromium 0.15u thick for the electrode, and a film of
BaF, with & thickness of 0.3y (Jones and Wexler, 1960). This element
responds to variations in relative humidity with changes in resistance
that depend on calibration temperature. The element, besides having
been laboratcry ‘tested, has been flown simultaneously with a lithium
chloride element on a modified radiosonde balloon (Jones, 1963). Due to
a smaller constant at low temperatures than either the lithium chloride or
carbon strip elements, the element is useful gor radiosonde measurements
of tropospheric humidities, However, calibration drift difficulties have
been encountered when the sensor is stored. Jones (1967) indicates that
the source of the drift has been found and that it can be controlled.

2,1.3.2 INTERPRETATION OF MEASUREMENT

Additional information needed to interpret measurement-
The temperature must be known along with the relative humidity to properly
interpret the relative humidity-temperature-resistance calibration nomogram.

Method for analysis and interpretation of data - For
radiosonde-borne elements, the output is analyzed in the same fashion as the
11th1um chloride output.

2 1.3.3 INSTRUMENT CHARACTERISTICS

Total and dynamic ranges - There is no theoretlcal

‘1limit to the range of the sensor. In practice the sensor has been used to

measure relative liumidities between 1.5 and 100 percent for dry bulb temp-

‘eratures between 33 and -59°C.

10
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Accuracy - No complete evaluation of accuracy over
the eantire practical range of the instrument has been reported. From the
comparison flights between the barium fluoride and lithium chloride
sensors, Jones (1963) has indicated the capability of the sensor to
properly define cloudy regions (100-percent relative humidity) that were
located by radar. Thus, the instrument seems to give satisfactory results
at high humidity. At low humidities the accuracy is about 5-percent
relative humidity. Various laboratory tests conducted by Jones and Wexler
(1960) indicated an accuracy of 2 percent at various discrete values of
temperature and moderste relative humidities. The element also functioned
properly after a prolonged exposure of 2 months at 97-percent relative

Signal to noise - Same as 1ithidm chldride.

Frequency response - The average time constant,
determined in the laboratory, was 1.0 and 1.9 sec for increasing and
decreasing relative humidity respectively at -20°C and about 3 sec for
both increasing and decreasing relative humidity at -40°C. These response
times are nearly an order of magnitude less than the time constants for
the carbon strip at similar temperatures and more than an order of magni-
tude less than those for the lithium chloride element.

Environmental effects - The instrument is small ard
rugged. It should experﬁence no adverse environmental effects.

2.1.3.4 INSTRUMENT OUTPUT

Output signal - The calibrated analog voltage output
from the radiosonde package is linearly related to resistance which in
turn is nonlinearly related to temperature amd relative humidity.

Bits per observation - Fourteen bits per observation
are needed . :

2.1¢3,5 PAYLOAD INTEGRATION

Weight - Less than two ounces.

Volume - ‘The slide glass is 4 x 13/16 x 1/32 inches
and comprises nearly the entire size of the element.

Power - Approximately 0.1 W for electronics.
Radio frequency interference - None.
bMagnetic moment - Not known.

Etéctiom, orientation, or booms - None.

~ Compatibility with sterilizat1on at 145°C -
Compat1b111ty with sterilization cannot be determined.
: opec1al requirem?nts - The element should be well
ventilated. e ‘-

1




2.1.4 LITHIUM CHLORIDE HYGROMETER 3

2.1.4.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

rTEp—T

- Mathews (1965) describes the lithium chloride radio-
sonde hygrometer as ''a polystyrene blank with conducting tin edges that is dip-
ped in a formula of lithium chloride, polyvinyl alcohol, water and a nonionic
surface active agent. Its resistance varies with relative humidity and
temperature, and is read by the radiosonde measuring circuit.'" Changes
in ionic meco»ility occur with variations in the relative bumidity. The
radiosonde is the payload on a helium-filled balloon which rises at a rate
of about 1000 ft/min to a height of about 30 km where the balloon bursts.
Telemetered resistance measurements relating to the relative humidity are
acquired by the receiving station along with pressure and temperature infor-
mation.

2.1.4.2 INTERPRETATION OF MEASUREMENT

Additional information needed to interpret measurement-
Simultaneous measurement of temperature is needed since the resistance is a
function of relative humidity and temperature.

Method for analysis and interpretation of data - The
received voltage data are in continuous wave form. Frequency of oscillation
is determined by resistanas due to relative humidity, temperature, and a
reference resistance. A modulated FM signal is received with the frequency
associated with each parameter in sequence as determined from a prearranged
schedule. Since pressure is always decreasing wich height, the switching
device is controlled by changes in pressure. Relative humidity is computed
from a nomogram, where temperature and resistance are known, the resistance
belng a functlon of the received 51gna1

2.1.4.3 TINSTRUMENT CHARACTERISTICS

Total and dynamic*ranges'- The range of the sensor is
from surface conditions (as hlgh as 40°C dry-bulb temperature) down to when
the dry-bulb temperature reaches ~40°C for a relative humidity range of
11-100 percent. Below -40°C, the element becomes too sluggish to be eval-
uated. :

T

~ Accuracy - The sensor tends to read too low by about
10 percent when the element is in clouds. Outside of clouds, the electro-
lytic strip has an accuracy of #2.5 percent at -10°C, between 15 and 96
percent relative humidity. The manufacturer's spe01f1cat10n accuracy 1is
*5 percent and a selection accuracy of *3 percent is used. Test points
near 35 and 80 percent relative humidities are used. ‘

Slgnal to noise - A signal’ to n01se ratlo of 10 dB
is suff1c1ent for clear receptlon of tk* 31gna1 o

Frequency response - The time constant is dependent on
the ventllatlon rate as well as the characterlstlcs of the sensor. With a

i
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ventilation rate of 2% m/sec, the time constant varies between 51-74 sec at
-20°C and 120-480 sec at -40°C. The time constants are much smaller for
temperatures higher than 0°C.

Environmental effects - The instrument is rugged and
can withstand a fairly wide range of temperatures over a long period of
time without seriously affecting the calibration. Condensation of liquid
water sometimes collects on the sensor as it passes through clouds leading
to a '"washout" effect. |

2.1:4.4 INSTRUMENT OUTPUT

Output signal - The calibrated output is in the form
of an oscillating continuous wave. It is linearly dependent on both
temperature and resistance.

Bits per observation - Both temperature and resistance
information are necessary to determine the relative humidity. Two place
accuracy of the observation along with an exponent for the output of both
quantities would require 14 bits,

2.1.4.5 PAYLOAD INTEGRATION

Weight - The weight of the element is less than
2 ounces. ,

' Volume - The strip of polystyrene is 4 x 11/16 x 1/32
inches. This strip is dipped into the lithium chloride solution.

Power - Approximately 0.1 W for electronics.

Radio frequency interference - None.

Magnetic moment - Not known.
Erection, orientstion, ¢r booms - None.

| Compatibility with sterilization at 145°C -
Compatibility with sterilization cannot beiﬂetermine&

Special requxrements - The sensor must be well venti-
lated to reduce the time constant. ‘

2.1.4.6 STATE‘OF DEVELOPMENT

This sensor has been thoroughly tested and has been

- used operat1ona11y with the radiosonde by the U.S. Weather Burecau for

20 years.
2,1.5 LITHIUM BROMIDE |
The characteristics of this sensor are very similar to lithium

chloride. Substitution of this compound for lithium chloride extends the
operating range of the sensor down to 5 percent relative humidity.

13




2.1.6 LEAD TODIDE

The lead iodide element is another one of the series that is
being tested for possible radiosonde use (Jones, 1965). Nearly all the
testing has been in the laboratory at room temperatures of 24°C. One test
flight has been reported (Jones, 1963). The lead iodide element has
greater storage stability and a significantly smaller temperature ccef-
ficient of electrical resistance than the o:her film elements.

Lead iodide elements are constructed by depositing the com-
pound into glass substrates which are 2l-~mm wide and vary in length from
8 to 63 mm.

Laboratory cests were conducted with an ac ohm meter circuit.
A multivibrator provided 100 c¢/s excitation to the f£ilm specimen., The
film was connected into a voltage divider which had four pairs of "front-
to-back" silicon diodes, whose voltage current characteristics made the
divided voltage proportional to the logarithm of the £ilm resistance.
The divided voltage controlled the frequency of a voltage-controlled
oscillator. Thus, the frequency from the oscillator was related to fi]m
resistance,

Unlike other elements the effect of temperature on resistance
might be negligible at temperatures down to -30°C by placing the electrodes
over, rather than under, the film. Thus, temperature would not have to be
knavn in order to determine relative humidity. The logarithm of resistance
was found to vary linearly with relative humidity between 45 and 92 percent
relative humidity according to the relation

R = R_(RH) -7.0

where R = surface resistance,
R.= resistarice characteristic of the individual film specimen
(depends principally on the 1ength),

RH = relative humidity.

A discontinuity seems to be present in the RH-resistance relationship at
45-percent RH, and a linear relation above 92 percent RH has a different
slope. Most of the research effort on studying the characteristics of the
element has been concentrated in the 45-92 percent RH range. The standard
error in this range was least (l.2-percent RH) for elements with lengths

of 8 and 23 mm and greatest for the 63-mm length (3.6-percent RH).

I

Lack of understanding of the resistance-RH relation has dampened

the development of this sensor. Research is being concentrated in this area.

At present its development lags that of the othersmentioned above,
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2.1.7 CARBON STRIP
2.1.7.1 NARRATIVE DESCRIPTION OF THE MEASUREMENT

The carbon element sensor is gradually replacing
the lithium chloride element for relative humidity measurement in the
troposphere and lower stratosphere. This replacement has occurred due
to the carbon element's faster response with low temperatures, resistivity
to washout effects, and narrower hysteresis loop.

The term carbon strip is probably a misnomer since
the finely divided carbon contained in the element is comparatively inert
to water vapor. '"Cellulose electric hygrometer'" is probably a more cor-
rect description of the sensor since the cellulose ingredients are more
sensitive to water vapor changes. The carbon particles are the conductive
part of the sensor and are suspended in a matrixk (consisting of hydro-
ethylcellulose, sorbital, and gelling agent) which expands and contracts
with variations in the relacive humidity. Dilation and contraction of
the matrix changes the spacing between the carbon particles and thus the
conductivity.

The carbon sensor is flown on the radiosonde balloon
in the same general configuration as the lithium chloride element.

2.1.7,2 INTERPRETATION OF MEAS!JREMENT

Additional information needed to interpret measurement-
Simultaneous temperature measurement is necessary since the relative humidity
resistance relationship is a function of temperature.

Method for analysis and interpretation of data - The
analysis of the output is essentially the same as that for the lithium
chloride element.

2.1.7.3 INSTRUMENT CHARACTERISTICS

Total and dynamic ranges - This sensor operates over
the dry-bulb temperature range of + 40°C to -40°C between 10 and 100 per-
cent relative humidities (same as lithium chloride sensor). ‘

Accuracy - Factors affecting the accuracy of this
sensor include aging, hysteresis, washout and contamination. No polariza-
tion problems have been reported, The hysteresis loop is smaller for this
sensor than for lithium chloride and the sensor is not affected by conden-
sation or liquid water unless it is immersed for several hours. Aglng
offers no serious problem if, with proper storage, the sensor is used
within two to four years after manufacture. The overall accuracy of this
sengor is better than lithium chloride, ﬂspec1ally in clouds.

qlgnal to noise - Same as lithium chlorlde




3

Frequency response - Under laboratory testing conditions,
the time constants are 0.5 sec at 25°C, 2 sec at -5°C, and 6 sec at ~-20°C.

All of the above constants were with a 3m/sec ventllatlon rate (assumed
balloon conditions).

Environmental effects - The sensor is rugged and can
withstand the temperature variations of the troposphere and lower strato-
sphere.

2.1.7.4 INSTRUMENT OUTPUT
Output signal - The calibrated analog voltage output
has a nonlinear variation with temperature and relative humidity.

Bits per observation - Fourteen bits per observation
are needed.

2.1.7.5_ PAYLOAD INTEGRATION

Weight - Less than two ounces.

. Volume - The cellulose strip used for radiosonde
flights is 2z-inches long, 11/16-inch wide, and 0.040-inch thick.

Power - Approximately 0.1 W for electronics.

Radio frequency interference - None.

Magnetic moment - Not known.
Erection, orientation, or booms - None.

Compatibility with sterilization at 145°C - Compati-
bility with sterilization cannot be determined.

Special requirements - Sufficient ventilation is
required for the time constants mentioned above.

- 2.1.7.6 STATE OF DEVELOPMENT

This is the standard sensor for the Armed Forces
radiosonde and is being increasingly used by civilian agencies for the.
same purpose. The empirical relations governing the resistance- -relative
humidity curves are well understood, while some of the chemistry of the
substance is not.
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2.1.8 CERAMIC SENSORS
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There are a wide number of ceramic elements that can be used
? to sense relative humidity. Most of the sensors consist of a specially
¢ compounded ceramic base impregnated with slightly soluble inorganic salts.

KAOLIN BASE WITH LITHIUM FLUORIDE OR LITHIUM CHLORIDE

The body of this element is made of soft fired kaolin treated
o with boiling dilute solutions of either lithium fluoride or lithium car-
i bonate (Amour and Nelson, 1965). The characteristics of the sensor with
- either salt are about the same. A very small fraction of the total area
of the sensor (a dish about 1/8-inches wide and 17 inches in diameter) is
involved in the humidity-activated conductivity mechanism. The water
molecules are probably sorbed only in certain polar positions within the
structure. Further, the bulbs of the internal area most likely have
P little attraction for water. Contamination particles compete with the
t' water vapor for the relatively small number of available positions. As
’ a result, this element has a serious contamination problem.

The element is best used for the range of dry-bulb temperature
L= between -5°C to 70°C!‘ Calibrations have been prepared down to -25°C for the
logarithmic relation between resistance and relative humidity (RH). The

§f calibration varies with temperature. For a given RH, the resistance
' increases as temperature decreases. Also the instrument appears to have
a stable calibration curve between 10 and 100 percent RH. There are no

£ hysteresis effects in the ordinary sense. However, secondary changes
é« in resistance do occur. For example, a sensor exposed for several days

~ at 10 percent RH experiences a 2-percent shift in RH. No accuracy esti-
o mates have been reported. The time constant is 15 sec at room temperature.
%w Due to the lack of stability of the calibration due to con-

tamination, development of this sensor has been discontinued.

4 CERIUM TITANATE
P This is another type of ceramic sensor that has better calibra-
IR tion stability (Johnson and Duggan, 1965). The sensing element is comprised
e of a blend of powdered cerium oxide and titanium dioxide. The compound is
. fired twice to temperatures up to 2200°F and powdered again between firings.
o The finished humidity sensor can be shaped in many ways, the most reproduc-
¢ ible being a green pill approximately 1/4-inch in diameter and 0.075-inches

‘ thick. The density of the finished element is importaht since the electrical
i characteristics are sensitive to this density. Both the speed of response
éé and intrinsic impedance decrease with increasing density.
cr The instrument output is current and varies approximately

linearly with RH. The impedance is very high; at a temperature of 24°Q,
and Ri of 20 percent, the impedance is about 2000 megohms. The reported
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range of operation is between 10°C and 38°C. It is possible that the
instrument can operate outside of this range. An ac circuit must be used

since the electrodes become oxidized with a dc circuit. As a result, the

effect of shunt capacity makes measurement of RH below 20 percent diffi-

cult. The impedance changes somewhat with variations in temperatures for
a give RH. :

The time constants are different for increasing and decreasing
humidity. For example, at 24°C, the time constants are 5 sec for increasing
humidity and 18 sec for decreasing humidity. The element may be subjected
to 100-percent RH indefinitely and still not be affected. |

This instrument is currently in the developmental stage.
Progress has been made to reduce the impedance without affecting the other
parameters. However, no method has been discovered to improve the response
and calibration accuracy at RH < 20 percent.

18
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2.2 DEW/FROST POINT MEASUREMENTS

Small drops of water or ice crystals condense on the surface of a
solid body when it is cooled to the dew/frost point. When the tempera-
cure of the surface of the body is measured at the inception of the
phenomenon, that temperature is the dew/frost point.

In most cases the solid body has a thermostated, mirrored surface.
This mirror is cooled until the dew or frost forms. Then, a stable
condensate formation is maintained by controlling the mirror temperature
by a sensing and central circuit. . The condensate is generally detected by
an optical system,

There are inherent difficulties with this system that prevent
improvement over present accuracies. This is because there are two
physical effects that tend to induce the appearance and disappearance of
the condensate over a range of temperatures around the actual dewpoint.
The first of these effects is the presence of water-soluble material on
the surface of the mirror. This leads to incipient dew/frost formation
at temperatures above the actual dewpoint (Raoult effect). 1In the
opposite direction, a suppressibn of dew/frost formation at the dewpoint
occurs due to an elevation of vapor pressure of small droplets arising
from the internal pressure generated by surface tension (Kelvin effect).
The net result of the two effects is dew/frost formation which does not
occur at a precisely defined point. »
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2.2.1 PELTIER DEW/FROST POINT HYGROMETER

2.2.1.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

Most dew/frost hygrometers determine the dew or
frost point by measuring the temperature of a polished surface upon which
dew or frost has just begun to form. A number of methods of observing and
controlling the dew or front formation on the surface have been tried.
The instrument to be discussed here consists of a thermoelectrically-
cooled surface controlled by an optical dew ar frost detecting system and
two platinum resistance bulb temperature sensors for determining both
ambient temperature and the dew point. This unit was developed and is
manufactured by Cambridge Systems Incorporated of Newton, Massachusetts.

: The instrument consists of a transmitter unit,
containing the aspirated temperature and dewpoint transducers, a control
unit, containing the transducer amplifier and signal conditioning equip-
ment, and a readout recorder group, which varies considerably depending
on requirements. The transmitter unit and control unit are designed for
site installation, and are capable of withstanding the full rigors of
the elements, whereas the readout hardware is intended for installation
in sheltered, indoor environments. .

The dewpoint measurements is made with a primary
sensor, utilizing a Peltier-cooled mirror automatically held at the
dewpoint temperature by means of a photoresistive, condensate-detecting,
optical system. With the mirror so controlled, the mirror temperature
is determined with an imbedded platinum resistance thermometer, which
then represents the true dewpoint temperature. For dew points below
32°F, the system tracks the frost point. The air temperature is deter-
mined with a separate matched platinum resistance thermometer, mounted
in a thermally shielded and aspirated thermometer well. The resistance
changes of both thermometer elements are converted to millivolt outputs
by means of zener-regulated brxdge circuits located in the control unit.
For installations where the detaare transmitted only a short distance,
the 0-50 mV. outputs are transmitted over conventional signal circuits.
For longer runs, a 0-5 volt dc signal is furnished. All output charac-
teristics are essentially linear, and follow the Callendar-VanDusen
equation for platinum. Temperature sensors used are NBS-traceable, and
are furnished with certified calibrations, which include the thermometer
coefficients.

The senscrs are exposed in a double-walled and
thermally shielded asp:rator,'so as to eliminate errors from solar heating
at all radiation angles. The transmitter is finished in a tough white
epoxy enamel to further reduce heating effects, and all exposed hardware
is of stainless steel so as to minimize corrosion.

21




2.2.1.2 INTERPRETATION OF THE MEASUREMENT

Additional information needed to interpret measurement-
The pressure of the atmosphere must be known to determine the specific
humidity or water vapor content.

Method for analysis and interpretation of data - The
output of the sensor itself is a resistance change with the temperature of
surface upon which the dew or frost is forming. This temperature is known
_as the dew or frost point and is related to water vapor content. The
resistance change is measured using a bridge circuit which has an output
of from O to 5 volts dc for the full range of the instrument as a standard
feature. ‘

2,2,.1,3 INSTRUMENT CHARACTERISTICS
Total and dynamic ranges =~

Standard System: Dew/frost points of from -50°C to +50°C
Special Systems: Dew/frost points of from -80°C to +95°C

Accuracy - Dew points * 0.5°C, frost points * 1.0°C
Signal to noise ratio - Depends upon electronics.
 Frequency response - Typically, 3°C/sec.

Environmental effects - Ambient temperature limits:
Sensor -70 to +85°C; control unit 0°F to 140°F.

2.2.1.4 TINSTRUMENT OUTPUT
Output signal - Linear 0-50 MVDC or 0-5 VDC signals

corresponding to span covered.

Bits per observation - For * 0.55°F resolution,
9 bits are required using the standard instrument.

2.2.1.5 PAYLOAD INTEGRATION

Weight = Total system less than ten pounds.
Volume - Approximately one~-third cﬁbic ft.
Power - 20 watts. | _ -
: = v ‘Radio frequency interference - All circuits adequately
RFI suppressed to eliminate noise.
Magnetic moment - Unknown.

Erection, orientation, or booms - None.
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& Compatibility with sterilization at 145°C - Unknown.

Special requirements - None.

i 2.2.1.6 STATE OF DEVELOPMENT

. Commercially available. In use aboard both Gemini
E ‘ and Apollo. ‘

2.2.2 GASEQUS COOLANT HYGROMETER
2.2.2.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

This instrument has an optical-electronic-thermal servo loop
to continuously control a mirror at the frostpoint temperature. One
i phototube receives light specularly reflected by a mirror in thermal
~ contact with a freon 13 heat sink, and another phototube receives light
scattered by the mirror and directly from a lamp used to illuminate the
mirror. The amount axl optical characteristics of the condensate on the
mirror determines the relative proportion of light which reaches the two
phototubes. The phototubes are connected in a bridge arrangement which
governs the output of an rf oscillator which feeds an rf heating coil
surrounding the mirror. This induction heating balanced against the heat
sink of freon 13 controls the size of the cond2nsate spot on the mirror.
The temperature of the mirror is measured by a bead thermistor embedded
. in the mirror surface to give the frostpoint temperature. A conventional
L R radiosonde transmitter is used to telemeter frostpoint temperature, air
P temperature and an audio reference signal.
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2.2.2.2 INTERPRETATION OF THE MEASUREMENT

- Additional information needed to interpret measurement -
In addition to the mirror temperature, ambient air temperature has to be
known. To determine relative humidity, atmospheric pressure is required in
addition.

£©

g, e ot

; %f Method for analysis and interpretation of data - The
T temperature measurement furnished by the embedded bead thermistor is the
dew/frost point temperature. Relative, or specific humidities can be
derived from this and the ambient temperature pressure determinations.
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2.2.2.3 INSTRUMENT CHARACTERISTICS

a4

s kg

Total and dynamic ranges - Dew/frost temperature
from about +30°C to less than -100°C (information on exact lower limit
" “is not available). ‘

Accuracy - of the order of 1/2 degree.

GPRRR Y

¥

Signal to noise - Dependent on surface contamination
of the mirror. |

iy

B , | Frequency response - Not specified, probably of the
7};§m - order of tens of seconds to minutes. ‘ , V
e
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| EnvironmentalAeEfects - Dust contamination can
seriously impair accuracy of device.

2.2.2.4. INSTRUMENT OUTPUT
( Output signal - Analog signal from thermistor dew/
frost sensor, calibrated inverse function of dew/frost temperature.
Bits per observatior - 8 or 9, depending on range
(for a 1/2°C resolution).
2.2.2.5 PAYLOAD INTEGRATION
Weight - Exact value not available, probably less
than 10 1lbs and more than 2 lbs.
Volume - Approximately one cubic foot.

Power - Unspecified, could be at least 10 watts.
Main power consumer is the induction heater.

_ Radio frequency interference - Probably high due to
rf field set up by heating system.

Magnetic moment = Not known.

Erection, orientation, or booms - Free access of
ambient air to sen51ng mlrror has to be assured.

, Compatlblllty with sterilization at 145°C -
Undetermined.

Special requirements - Supply of freon 13.
2.2,2.6 STATE OF DEVELOPMENT

. Balloon-borne stratospheric 1nvest1gat10ns are belng
conductﬂd routinely with an essentially operational 1nstrument

24
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2.3 CAPACITIVE HYGCROMETER

The capacitive hygrometer is a liquid film instrument developed at
the University of Washington (Charlson, 1964; 1965; Charlson and Buettner,
1964; and Charlson, Buettner, and Maykut, 1966). 1Its operation is based
on Raoults law which states that the ideal relation between the equilibrium
mole fraction of water in a nonionizing hygroscopic liquid and the ambient
relative humidity is expressed by

R:,EE:: nw
T nw + ns

where R is the relative humidity at the temperature of the instrument T,
Py and Pp are the partial pressures of water vapor in the air sample and
over water at the instrument temperature, respectively, ie the number
of moles of water and ng is the number of moles of solvent. At low
relative humidities (ny << ng)

ne

nw
R —
n

s
At high relative humidity, n, becomes large. As a result, a large mass
of liquid phase will tend to bleed out of the capacitor. The solution

is to raise the tewpcrature in the instrument. Thus leakage is prevented
and a linear relationship exists between R and ny.

" With the assumption that the dielectric constant is directly pro-
portional to N, then

BAC P, a AC P
P = L = I
w BAC + hS a AC + 1

where B is the proportionality constant in moles per picofarads, @ = B/ng
(sensitivity constant in picofarads” 1y, and AC is the change in capaci-
tance above the dry value due to the sorption of n_moles of water (in
picofarads). v

At relative humidities less than 10 percent

e

=0 AC .

Thus, with a controlled temperature of the sensor, a useful linear relatlon
between R and AC, when P, < PT’ has been established.
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2.3.1 LIQUID FILM HYGROMETER

2.3.1.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

The sensor is a porous capacitor. The dielectric
material is granulated fluocarbon (Fluoropal. 80) covered with a thin
(about 0.25u) coating of polyethylene glycol (Carbonox 400) acting as
the solvent. If the surface area to mass ratio of the solid is large,
then a significant fraction of the mass of this heterogeneous mixture
can be in the liquid phase. The above 0.25u glycol coating gives a
20 percent by weight mixture for the hygroscopic liquid. Fluoropak 80
has a surface area of 1 squire meter per gram.

The air to be sampled is drawn through the capacitor,
which consists of the porous material sandwiched between fine mesh or a
sintered porous material. Water vapor contained in the sample maintains
an equilibrium with moisture sorbed in the sclvent. Tre variations in
the amount of water vapor are related linearly to changes in the capa-
citance (PW << PT).

2.3.1.2 INTERPRETATION OF MEASUREMENT

Additional information needed to interpret measurement =
The temperature of the instrument musi either be known or controlled within
0.1 C. This is necessary in order to know capacitance changes (AC) within
0.6 percent. If the ambient relative humidity is to be determined, then
the measurement of the ambient temperature is needed.

Method for analysis and interpretation of data - As
long as B, << Pp, the AC-R relationship is nearly linear. The Py, << Pg
conditior can be satisfied by operating the instrument at an elevated
temperature.

2.3.1.3 INSTRUMENT CHARACTERISTICS

Total and dynamic ranges - The instrument operates
most effectively at R < 50 percent. Abpve this value of R, sensor damage
probably occurs. Instrument noise becomes a problem for P, < 0.01 mb.

Accuracy - The overall accuracy of the instrument is
estimated to be 3 to 5 percent provided that the optimum calibration point
can be found. The optimum calibration point is one that will be close to .
the expected unknown humidities. There is virtually no hysteresis. '

Signal to noise - The noise level of the instrument
is about Pw = 0.01 mb. It is independent of humidity and random.

Frequency response - For a given sensor, the time
constant varies with the flow rate of air through the sensor pnd with
temperature. As the temperature of the sensor decreases and the flow rate
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decreases, the time constant becomes larger. Resgponse time can also be
shortened by decreasing ng at the cost of a decrease in AC for a given
Py- A time constant of about 20 sec is rep;esentative of most sensing
elements at an instrument temperature of 300°K.

Environmental effects ~ None.
2.3.1.4 INSTRUMENT OUTPUT

Qutput signa’ - The analog calibrated output is
capacitance. The relative humidity with respect to the instrument temp-
erature is nearly linearly related to the change in capacitance above a
reference dry value as long as R is small. The R-AC relationship begins
to lose its linear character rapidly at about R = 2.5. Ambient tempera-
ture and instrument temperature must be known in order to compute ambient
relative humidity. :

Bits per observation - For each observation of
ambient relative humidity, measurements of ambient temperature and AC
are required. It is assumed that instrument temperature, once deLermined,
remains constant. Thus, for 3-place accuracy of temperature and 2-place
accuracy of AC, 21 bits are requxred

rs

2.3.1.5 PAYLOAD INTEGRATION

Ttre specifications given below were estimated from
diagrams and descriptions of materials.

Weight - Probably less than 10 1bs (this does not
include support electronics).

Re ' Volume - Probably less than 1 ft (this does not
1nc1ude support electronics).

W

Power - Depends on associated electronics and pump

, Radio frequency interference - None.
n , Magnetic moment - Not applicable.
Erection, orientation, or booms - None.

Compatibility with sterilization at 145°C - The
sterilization compatibllity could not be determined although this instru-
ment has operated at temperatures up to 60°C.

Spec1al requirements - Adequate ventilation is
important for the sensing element. A rate of 20 liters/minute was used
for one experiment. Also, the temperature of the instrument must be
kept constant. 'Therefore, a sensitive heating device and proper insula-
tion are necessary.

2.3.1.6 STATE OF DEVELOPMENT

, The instrument is in the developmental stdge hfforts

“ are vigorously being made to improve the calibration characteristics and to
discover methods to reduce the problem of strictly controlllng the instrument
temperature. Some flight tests have been conducted. :
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2.4 SPECTROSCOPIC HYGROMETRY,

Several schemes have been developed for the measurement of the water
vapor content in the atmosphere through its absorption of selected wave-
lengths in the electromagnetic spectrum. Most of the absorption lines
due to water vapor are either in the ultraviolet or in the infraved, and
hygrometric measurements have been made in both spectral regions. The
choice of a particular wavelength is based on many considerations which
in general fall into two groups, natural and instyumental. Natural
factors are, among others, sensitivity of a particular absorption band
to the presence of water vapor, uniqueness with respect to other absorbing
gases which may be present in the sample, path length requirements, etc.
Instrumental factors are source and detector spectral characteristics as
well as path length characteristics. '
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2,4.1 VACUUM ULTRAVIOLET AND LYMAN ALPHA HYGROMETERS

2.4.1.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

Water vapor absorption bands appear at wavelengths
shorter than 19008 and several experimental systems have been built using
that part of the spectrum. It presents several disadvantages with respect
to infrared spectroscopy mainly because of the lower atmospheric trans-
parency in the region below 20008. The best wavelength in the ultraviolet
for the measurement of water vapor concentration appears to be the band
at 12208 which contains the strong Lyman-alpha line of atomic hydrogen.
That wavelength (1215.673) also coincides with an '"oxygen window' which
is not available at other Hp0 ultraviolet absorption bands. A typical
Lyman-alpha ultraviolet hygrometer consists of a hydrogen lamp fed by a
suitable power supply (2000 V approx.). This lamp generates, among other
wavelengths, the Lyman-alpha line of interest. A measuring path, of the
order of one centimeter in length, separates this source from the detector,
a nitric oxide ion chamber or a photomultiplier, followed by an electrometer
and a logarithmic amplifying circuit. Lithium fluoride windows are used
both at the source and at the detector.

2.4.1.2 INTERPRETATION OF THE MEASUREMENT
In addition to the output of the instrument it is
necessary to transmit a reference signal based on the UV emission of the
lamp since it can be expected to vary. Furthermore, knowledge about air
density and composition are required to introduce output c¢rrections.

The detector current 1 follows the equation:

I =1 exp[-k(p/p )x]

where: ‘
I, = current for vacuum conditions in the path,
k = absorption coefficient for water vapor (387 em~1 at
Lyman alpha), '
po = water vapor density at STP,
p = water vapor density under ambient conditions,
x = path length. '

Thus, through the use of a 1ogarithmic amplifier, the output of the device
becomes approximately proportional to the inverse of the water vapor
concentration. : ' = "

2.4.1.3 TINSTRUMENT CHARACTERISTICS

 Total and dYnamic ranges - - The lower limit of detection

"depends on the refinement of all the elements of the instrument; concentra-

tions of 10 ppm at STP can be achieved without excessive difficulty.
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Accuracy - Of the order of five to ten percent.

Signal to noise - Dependent on,signal level, usually
minimum detectable level is noise limited.

Frequency response - 10 to 100 Hz.
Environmental effects - Traces of gases absorbing
at the operating wavelength will affect the validity of the measurement.
2.4.1.4 INSTRUMENT OUTPUT
Output sigral - Analog, calibrated, approximately
inversely proportional to water vapor concentration.

Bits per observation - Seven.
2.4,1.5 PAYLOAD INTEGRATION

These parameters will be given for a hypothethical
device designed for planetary applications on the basis of estimated
state-of~-the-art.

Weight - 1 1b approximately.

Volume - 30 in.3 approximately.

Power - 2 W approximately.

Radio frequency interference - None.

Magnetic moment - Not known.

Erectibn, orientation, or booms - Not critical.
Compatibility with sterilization at 145°C - High.

Special requirements - None.
2.4.1.6 STATE OF DEVELOPMENT

_ Experimental devices have been used for aircraft
soundings. g

2.4.2 INFRARED ABSORPTION. HYGROMETER

2.4.2.1 NARRATIVE DESGRIPTION OF THE INSTRUMENT

Two types have been developed, one, passive, using

solar radiation as the source and the other, active, using an artificial
source. Several variations of each exist, especially of the second group.

Since many of th2: characteristics of these two groups are similar, only
~a general descriptlon will be given and the 1mportant diffecences will be
~p01nted out 8 s :
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A typical passive system uses tw detectors, one
responding to an HpO absorption band, for example 0.935um, and the other
a wavelength unaffected by water, for example 0.88lym. The signals of
the two detectors can be compared continuously by means of a ratio
bridge and the resulting signal is then amplified, An alternative solution
is the use of one detector with a wavelength selective filter wheel. The
system uses an equatorial sun-following mount. The typical active device
uses an infrared source, a tungsten lamp, a sensing path of the order of
one meter, a two wavelength detecting configuration consisting of a
detector (lead sulfide or similar), and an oscillating or rotating filter
system with one wavelength at an absorption band and the other at a refer-
ence transmission band. Typical wavelength combinations are: 1.3425um
and 1.3375um, 1.9um and 2.2um, 2.6pm and 2.45um, etc. The peak to peak
amplitude of the resulting alternating signal is a function of the H0
absorption in the sensing path. This signal is averaged and amplified,
either linearly or logarithmically depending on the desired range of
operation.

2.4.2.2 TINTERPRETATION OF THE MEASUREMENT

Atmospheric pressure should be known to interpret
the output of the instrument. Its effect is especially important at
higher water vapor concentrations, under practical conditions. The
absorption of water vapor (over limited ranges) follows approximately
an equation of the form:

L
2

A= (B/P ) T, /T)

where:
A = fractional absorption,
T,s Py = standard temperature and pressure,
K = constant depending on wavelength,
W = water mass in centimeters,
T, P = ambient temperature and pressure.

The fact that the actual pressure dependence of the output is dependent
on water vapor concentration is caused by the nonideal transmission at the
reference wavelength.

2.4.2.3 INSTRUMENT CHARACTERISTICS

‘ Total and dynamic ranges - Typical ranges cited in
the literature are 10 to 2500 ppm by volume for one instrument, and 0.5
to 95 percent relatlve humidity for another.

Accuracy - Of the order of 5 to 10 percent

' ; Signal to noise - Dependent on signal, minimum
detectable levels are generally noise limited. :
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Frequency response - Dependent on chopping frequency,
detector and amplifier response, usually of the order of 10 to 100 Hz.

Environmental effects - Atmospheric pressure and
temperature are factors influencing calibration.
2.4.2.4 INSTRUMENT OUTPUT
Qutput signal - Analog, calibrated, approximately
inversely proportional to water vapor concentration.
Bits per observation - Seven to ten depending on
desired resolution.

2.4.2.5 PAYLOAD INTEGRATION

These parameters will -be given for a hypothetical
device developed for planetary use on the basis of available information.
Weight - ten lbs approximately.

Volume - 100 to 200 in.3 approximately.

Power - 10 to 100 watts (depending on lamp power).
Radid frequency interference - None.

Magnetic moment - Not known.

Erection, orientation, or booms - Sun pointing
equatorial mounting and drive for passive system, not critical for active
system.

Compatibility with sterilization at 145°C - High, with

appropriate design.

Special requirements - See above for passive system.
2.4.2.6 STATE OF DEVELOPMENT

‘ Field instrumentation, would require redesign for
plare tary applications. ‘ ,

3

34

=
v}-
o
s

oo b

(S

{ e

»
1.
o

s,

&7



Y

o

s

Hre R

3

feas s d

REFERENCES - SPECTROSCOPIC HYGROMETRY

Bologna, J. M., et al., 1958: An airborne Lyman-alpha humidometer.
NRL Report 5180.

Elagince, L.G., 1962: Optical devices for the measurement of turbulent
pulsations of humidity. Academy of Science, USSR Geophys. Series
Bulletin 8, 704-708.

Garton, W.R. S., et al., 1957: The application of vacuum ultraviolet
techniques to the continuous monitoring of trace concentrations of
water in several gases. J. Sci. Instru., 34, 496.

Vaughan, H.C., 1963: Development of a Single Beam Infrared Hygrometer.
M.S. Thesis, Meteorology, Iowa State University of Science and
Technology.

Wexler, A., (ed.), 1965: Humidity and Moisture. Vol. 1, Reinhold Pub.
Corp., N.Y., pg. 417 ff.

Wood, R.C., 1958: Improved infrared absorption spectra hygrometer.
Rev. of Sci. Instru., 29, 36-42.

~, 1959: The infrared hygrometer as a potential meteorlogical

 ioainats s
¥ G -

aid. Bulletin AMS, 40, 280-284.




2.4.3 LASER TECHNIQUE

The verticalprofile of the molecular number density of water
vapor may be determined by a polychromatic light detection and ranging
y (PLIDAR) from measurements of the height derivative of the ratio of the
} intensities of light backscattered from two giant pulsed ruby lasers.
This can be accomplished provided that the water vapor absorption is
known (Harris, Nugent and Cato, 1965). The temperature profile must be
known since the molecular number density is a function of temperature
and pressure.

To accomplish the measurement, two giant pulsed lasers or one
laser, which can provide two simultaneous pulses at different frequencies
by Raman shifting, can be used. One of the pulses will operate at a strong
water vapor absorption band and the other will be tuned to an adjacent

atmospheric 'window'.

Another technique (Schotland, Chang, and Bradley, 1965), called
DASE (differential absorption of scattered energy), records the time history
of the spectral distribution of the backscattered energy. This technique
employs a ruby pulse laser. This measurement is interpreted in terms of
the spatial distribution of water vapor. The DASE technique is based on
an inversion of the transfer function

' B 1 9
DV(Z) == 2Kw<}\i) dz Zn R(Z)

where pv(z)»is the vapor density as a function of height,
AKw(Ai) 5 the spectral characteristic of the water vapor line,

R(z) is the ratio of measured intensity of backscattered light
received at the ground in the absorbing band to that re-
ceived in an adjacent spectral region.

Before DASE or other optical probing techniques can be really
successful for probing, more must be understood régarding the effect of
temperature and pressure variability of the long path absorption goeffi-
cient and the shape of the H20 absorption lines.

£

N

REFERENCES - LASER TECHNIQUE
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2.5 PSYCHROMETER

The psychrometer consists essentially of two thermometers exposed
side by side; one is an ordinary thermometer, perfectly dry, known as
the dry thermometer or dry bulb, while the other has its temperature
element surrounded by a thin wet material or covered by a film of water
or ice, and is known as the wet thermometer or wet bulb. The temperature
of the wet bulb is generally lower than that of the dry bulb, due to the
evaporation of water from the wet bulb. The drier the air the more
. intense will be the evaporation, and the greater the difference in temp-
;g erature between the two; the vapor pressure can be deduced from the two
- readings. The reduction of the psychrometer reading to vapor pressure
is represented by

T

P
Cas
i

_ '- - /] T"32
e =e = 0.00367 B(T - T')(1+ 1571)

’
where e is the vapor pressure, e is the pressure for satuyated aqueous
vapors at temperature T', T is the dry bulb temperature, T is the wet
bulb temperature, and B is the barometric pressure.

- Any type of bulb thermometer may be used in the psychrometer. The
units used should be shielded from radiation and aspirated in some manner.
The speed of response and accuracy of the wet bulb depends somewhat on the
ventilation rate. The methods of measuring of the actual wet and dry bulb
temperatures, if resistance bulb thermometers are used, are the same as
those discussed under temperature sensors and the same instrument speci-
fications apply. ' '

. 3%

~

Fo

For automatic sensing using the psychrometer, some means must be
provided to supply the wet bulb element with water to insure a correct
wet bulb temperature. Systems using gravity feed for supplying water
have been developed for psychrometers on Earth. However, for applica-
tions in space and involving space travel, these systems would hardly
be adequate. With the exception of the water supply design, the measur-
ing element specifications are identical with resistance bulb thermometers.
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2.6 THERMAL (ULTRA-DRY BULB) HYGROMETER

This hygrometer operates on the principle of a temperature rise due
to release of heat during sorption of water vapor by hygroscopic material.
The temperature rise is related almost linearly to absolute humidity,

2,6.1 POROUS BED THERMAL HYGROMETER

2,6.1.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

The instrument concists of a porous bed of silica
gel granules contained in a tube with thermocouples mounted in the air
close to each end of the tube (Downes and Nordon, 1963). The thermocouples
are connected differentially, the net voltage being measured on a poten-
tiometer recorder, Air is pumped through the tube at a controlled rate
and the temperature difference is measured.

2.6.1.2 INTERPRETATION OF MEASUREMENT

: Additional infnrmation needed to interpret measurement-
The rate of flow of the air through the tube must be measured.

Method for analysis and interpretation of data- There
will be two outputs. The first is the temperature of the gas before the
moisture is removed, and the second, the temperature after sorption of the
water vapor. The absolute humidity is nearly linecarly related to measured
temperature differente, Curves of the temperature difference versus time
show a peak difference within 2-3 minutes after the experiment has started
(for dry bulb temperature of 20C). This peak difference is the gquantity
that is used to determine the absolute humidity.

~2.6.1.3 INSTRUMENT CHARACTERISTICS

Total and dynamic ranges - The instrument has been
tested for absolute humidities as high as 13.3 g/kg. No specific mention
is made of a specific low point for its range; however, it is mentioned
that the instrument retains its sensitivity at very low values of humidity.

: Accuracy - The principal factors that determine the
accuracy of the instrument are the precise knowledge of the heat of sorption
of the silica gel and its dependence on moisture, and the absence of a
"plateau' instead of the observed peak for the maximum temperature differ-
ence, Downes and Nordon indicate that this latter feature detracts from
the urz2fulness of the method as a practical hygrometer.

Signal to noise - Signal to noise was not determined.
Frequency response - For 4 dry bulb temperature of

20C and absolute humidities between 6.9 and 13.3 g/kg, the time constant
is about 1 1/2 minutes.
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Environmental effects =~ None.

2,6.1,4 INSTRUMENT OUTPUT

Output signal - The output is a two-andlog trace of
voltage which is easily converted into temperature according to the cal-
ibration., As mentioned above, the peak of the temperature difference curve
is nearly linearly related to the absolute humidity.

Bits per observation - Twenty-two bits per observation
will be required for the two voltage readings (accurate to three places
with exponents).

2.6.1.5 PAYLOAD INTERGRATION

Weight - The bed containe 431g of silica gel. The
entire apparatus appears to be lightweight.

Volume - The tube that contains the silica gel is
about 15 cm in diameter and i8.5 c¢m long.

Power - The power for the operation of the two ther-
mocouples is not discussed by Downes and Nordon (1963).

Radio frequency interférence - None anticipated.
Magnetic moment - Not known,

Ergcﬁion, orientation, or booms - None

Compatibility with sterilization at 145°C - It cannot

be determined if this instrument would be affected by sterilization at
1459C.

Special requirements - None.
2.6.1.6 STATE OF DEVELOPMENT

, Some tests over the high humzdlty portion of the range
have been performed on this device. Tests for low humidity conditions have
not been reported. Further development seems necessary for this instrument
to become Operationax v

REFERENCES - THERMAL -"(ULTRA-DM BULB) HYGROMETER

Downes, J. G., and P. Nordon, 1963: The thermal or ultra-dry hygrometer
J. of 8ci. Instruments, 40(12). ‘06-598 :
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2.7 GCOOLED VAPOR TRAP

This technique, which has been described by Barclay, et al (1960),
attempts to freeze out the water vapor and carbon dioxide directly from
the atmosphere by drawing the atmosphere through a vapor trap cooled
with liquid nitrogen. The amount of carbon dioxide collected is used
to determine the total amount of atmosphere sampled, assuming that the
COy/atmosphere ratio is known and that it remains constant during the
sampling period. The technique has been used in the Earth's stratosphere.
The present system requires recovery of the payload.

2.7.1 BALLOON-BORNE VAPOR TRAP

2.7.1.1, NARRATIVE DESCRIPTION OF THE INSTRUMENT

The apparatus consists of a U-tube vapor trap, a
Dewar flask which houses the liquid nitrogen, a centrifugal blower, and
a disc-type rotary valve. Air is forced through an intake pipe, then
through a valve and the stainless steel vapor trap. The air exits
through another port of the valve and past the blower.

After the balloon-borne apparatus has been flown
and recovered, the amount of water vapor is determined by converting the
.water vapor to hydrogen by passing the gaseous contents of the trap over
heated zinc. By measuring the pressure and volume of the hydrogen, the
amount of water vapor originally present is deduced.

2.7.1.2  INTERPRETATION OF THE MEASUREMENT

Additional information needed to interpret measurement -
In order to determine the mixing ratio, the amount of carbon dioxide must also
be measured. The volume of air that passed through the trap is determined
from this measurement.

Method for analysis and interpretation of data - As it
is presently designed, thke instrument package must be recovered. The collected
samples of carbon dioxide and water vapor are analyzed in the laboratory as
described in the previous section. There are no electronics involved in trans-
mitting the output, only in the operation of the moving parts while the apparatus
is conducting the experiment at altitude. For application to the planets,
‘automation of the analysis procedure is required.

2.7.1.3  INSTRUMENT CHARACTERISTICS

- Total and dynamlc ranges - This instrument is designed
to measure stratospherlc moisture. It is assumed that it traps all the water
vapor present in the air. Theoretically, it can measure any mixing ratio.

In the flight test of the experiment that was reported, a mixing ratio of
0.037 g/kg was determined. Some contamination does occur on the ground prior
. to flight. It was estlmaLed that 0.5 mg of waLer are contributed to the
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overall total by leakage and the guas analysis technique. Thus, measure-

ments of very small amounts of water might have a large percentage error

associated with them. However, by drawing large amounts of atmosphere
through the trap, very small mixing ratios can be measured,

Accuracy - There is some uncertainty in the collection
efficiency of the trap as well as in the contamination and gas analysis
error discussed above. The uncertainty regarding collection efficiency can
be minimized by the selection of a long tube for the trap. No attempt was
made to determine the absolute error, but comparison of the observed mixing
ratio measured in a flight test were compared with others determined by
different experimenters. The vapor trap results compared favorably.

Signal to noise - If the '"noise" is considered to
be the weight of water that comes from leakage and from gas analysis, then
the signal to noise ratio would be the measured weight of water divided by
the estimated weight of water from leakage and gas analysis.

Frequency response - There is no time constant in
the strict sense. However, enough air must be drawn through the apparatus
to get a reasonable amount of water — more than the amount resulting
from leakage and gas analysis.

Environmental effects - Leakage must be kept to a
minimum. This can partially be accomplished by pre- and post-flight
storage in a dry place.

2.7.1.4  INSTRUMENT OUTPUT
Output signal - Not applicable, since automated
analysis procedure not yet developed.
Bits per observation - Not applicable, since auto-
mated analysis procedure not yet developed.
2.7.1.5  PAYLOAD INTEGRATION

Refers to system used in Earth's stratosphere.

Weight - 90 lbs.
Volume - Not stated, probably less than # s,

Power - A 24-volt silver-zinc accumulator wiss Lgid
to power the equipment.

Radio frequency interference - None.

Magnetic moment - Not applicable.

Erection, orientation, or booms - None.
Compatibility with sterilization at 145°%c - Yes.




Special requirements - Special care should be
taken before the flight to minimize leakage error and the gas analysis
Should be performed as soon as possible following the experiment for
the same reason.

2,7.1.6  STATE OF DEVELOPMENT

This instrument is in the experimental stage.
Exrors have not been precisely determined. Barclay, et al do mention
that further design could substantially reduce the size of the instru-
ment. Application to unmanned missions to planets would require
development of automated analysis procedure.

REFERE.NCES - COOLED VAPOR TRAP

Barclay, F.R., M.J.W. Elliot, P. Goldsmith, and J.V. Jelley, 1960: A
direct measurement of the humidity in the stratosphere using a
cooled vapor trap. Quart. J of Royal Met. Soc.,86 (368), 259-264.
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2.8 HAIR HYGROMETER

The hair hygrometer measures humidity by means of the change in dimensions

experienced by hyizroscopic substances when their moisture content varies.
When hair is sxposed to an atmosphere containing water vapor it absorbs
moisture with a resultant rearrangement of the crystals and thus a slight
elongation. The reverse process oceurs when the hair is dried. Human

hair is found to yield one of the best percentage elongations although
synthetic materials such as nylon are now being used. For a change in
relative humidity of 0 to 100%, the increase in length is about 2.5%. The
temperature coefficient of hair is small and negative, causing small errors
in the measurement,

A mechanical lever is connected to the hair element and provides mech-
anical magnification of the elongation to drive an indicator or transducer,
A .apacitor is used in the Finnish hair hygrometer for radiosonde. The
element is attached between a fixed surface and a movable plate of the
capacitor., As the hair changes length the capacitance is varied and is
a measurement of relative humidity when used with a calibration curve. The
hair hygrometer is useful over a very narrow range of temperature wZ =30
to +150°F and reliability is doubtful below 0°F. Therefore, the hair
hygrometer is not rgcomrerided for humidity measurements where temperature
extremes are likely to be encountered.
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2.9 MICROWAVE REFRACTOMETER

At frequencies of 10,000MHz and beyond, the atmospheric refractive
index is a strong function of water vapor density due to the large dipole
moment of the water vapor mplecule, Although the water vapor pressure
seldom exceeds 3 to 4 percent of the total atmospheric pressure, it can
account for as much as 50 percent of the atmospheric refractive index,

The refractive index is also a function of temperature and dry air density.
The actual computation of water vapor demsity is described below,

The microwave refractive index of the air is determined by measuring
the resonant frequency of a perforated cavity of fixed dimensions contain-
ing an air sample. The resonant frequency of the cavity is given by the
expression

- 0
n 14 (N E 3.0-6)

lo

i

where
f = resonant frequency with ambient gas density .
f = resonant frequency with cavity evacuated
n = refraétive index of ambient gas

N =(-1) x10°

Since n rarely exceeds 1.004, the variable N is more often used for atmésa .

pheric applications. 1In terms of pressure, temperature and humidity
(National Bureau of Standards Circular #6744): '

o 11.6 | 3 e
N = T (P + 4.81 x 107 )

" where - (e

LN

o
s i

= total atmospheric pressure in millibars

1]
]

water vapor pressure in millibars

H
u

temperaturg in degrees Kelvin
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Finally, the relationship betweeu water vapor density and N is given by

I p = O NT - PP

where

water vapor density in g/m'3
4

P

a = 5,8004 x 10°

2

TR

4,5011 x 10°

[

B

In practice, the cavity is used as the frequency determining com-
ponent of a microwave oscillator. The difference in frequency between
this oscillator and a reference oscillator in a sealed cavity is used
e to measure the refractive index.

P
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2.10 COATED CRYSTALS

The sensing element of this instrument is a radio frequency quartz
crystal. The frequency of the oscillation is decreased when the crystal
gains weight due to water sorption of a hygroscopic coating., Since fre-
quency changes can be measured accurately and rapidly, this results in
an accurate and simple moisture analyzer. Initial experiments indicate
the sensor may be used over a wide range covering moisture contents from
less than one part per miliion to a relative humidity of 90%. The quartz
crystal is used in a crystal controlled osc¢illator circuit whose frequency
is a measurement of water vapor content of an atmosphere. The instrument
has been under development by Esso Research and Engineering Company.

Reference

King, W. H., Jr., The Piezoelectric Sorption Hygrometer, Esso Research
and Engineering Company, Linden, New Jersey.
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3. WIND VELOCITY

Wind can be expected to be the most variable of meteorological
parameters. For Mars,; ¢heoretical work (Leovy and Mintz, 1967; Ryan,
1964;: and Tang, 1966) and observations of the drifts of yellow clouds
(Gifford, 1964) suggest that winds will vary from zero to about 160
m sec”l in the free atmosphere and from zero to at least 100 m sec”

- near the surface. One would expect the maximum values to occur only a
very small percentage of the time. Average free atmosphere wind speeds
are probably low (< 20 m sec™ ") in the summer hemisphere and high at
middle latitudes of the winter hemisphere (~ 50 m sec”l). Average
surface winds would follow a similar variation, but with generally lower
values.

Theoretical and observational indications of winds on Venus are
inconsistent with each other. Since Venus rotates very slowly, Coriolis
: effects can be assumed negligible as a first approximation. The resultant
- circulation would then consist of a cell with rising motion at the subsolar
point, flow toward the antisolar point at upper levels, descending motion
at the antisolar point, and flow toward the subsolar point at low levels.
- Several recent theoretical models of the Cytherean atmospheric circulation
reveal this general pattern (Goody and Robinson, 1966; Hess, 1967; Ohring,
“ Tang, and Mariano, 1965). These models indicate geaerally low wind speeds
¢ <10 m sec'l) for the lower half of the atmosphere. Maximum winds in these
models occur at hi§h levels near the antisolar point and can reach values:
_ of 40 to 50 m sec™* (Hess, 1967). It should be realized that the theoret-
1 ical work on Cytherean circulations is of a highly preliminary nature.
€ Observational indications of winds on Venus have been obtained from analysis
of UV photographs to derive cloud drifts. Smith (1967) reports drifts of
about 100 m sec~! from such analyses. Such values are clearly higher than
oy those predicted by the theoretical circulation work.




3.1 THERMAL (HEAT 10SS) ANEMOMETERS . ‘ E

The rate of cooling of a heated element exposed to the free atmos-
phere depends, among other factors, on the convectional cooling produced
by wind currents. This degree of cooling ie a function of the mass flow of
gas passing he heated element and thus becomes a function of wind speed,
in a 'given environment. This dependence is the basis for the operation
of thermal anemometers.
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3.1.1 HOT WIRE ANEMOMETERS

The cooling of a hot wire in a moving air stream depends prin~
cipally upon the normal component of the air mass velocity (that is, the
compornent perpendicular to the hot wire) and upon the temperature differ-
ence between the hot wire and the air stream. In fact, the normal
component of the air mass velocity is sometimes called simply the '"cooling"
velocity".

A single hot wire may be used to measure the cooling velocity
if, for example, the temperature difference between the wire and the air
stream is maintained constant by placing the hot wire in some appropriately
controlled electrical heating circuit, and the electrical power supplied
to the wire is displayed as the deflection of a needle on a panel meter.
The meter scale can then be calibrated in "cooling velocity" units directly.
When the hot wire is rotated slowly in the plane of the flow, the reading
will reach a maximum when the wire is perpendicular to the air stream and
it will reach a sharp minimum when the wire is parallel with the air
stream. The maximum reading is the true mass velocity, and the direction
of the air stream may be measured accurately by observing the orientation
at which the minimum reading occurs.

To measure velocity and direction simultaneously in two-dimensional
flow, two hot wires in a fixed X-array may be employed. If the X lies in the
plane of the flow,then at any instant the mass velocity is given by the vector
sum of the two cooling velocity readings and the direction is given by the
quotient of the two readings. If a nondirectional measurement of velocity
is desired in two-dimensional flow, it is only necessary to hold a single

wire perpendicular to the plane of the flow.

In three-dimensiovnal flow, three mutually perpendicular hot wires
may be employed. The velocity is then equal to 0.707 times the vector sum
of the three readings, and the direction is given by two quotients (using
any two pairs of readings).

If a hot wire is held fixed (say perpendicular to the air yjtream,
for tbﬂ maximum rate of cooling) and the air mass velocity is increased
slowly, starting from zero velocity, the rate of heat removal rises steeply
at first and tends to level off at high velocity. This nonlinearity is basic
tc ell hot wire measurements and is a central problem in circuit design and
data analysis. Electrical linearizing circuits can, in principle, be con-
structed to provide an output voltage directly proportional to the cooling
velocity; but at present such circuits can be used only over small velocity
ranges because of electronic stability 1imitations.

Response times as short as a few microseconds can be attained
by u51ng extremely fine hot wires (0.0001- inch diameter or less) ‘and elab-
orate electronic circuits. Response time of a few milllseconds are
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attained with ordinary hot wires (0.0003 inch to 0.001 inch) in gimpler
circuits.

) There are four basic types of hot wire circuits in wide use,
the "uncompensated constant current'', the '"constant resistance ratio,"
the "constant resistance,'" and the 'compensated constant current.' All
operate on the principle that the electrical resistance of a hot wire
increases with its own absolute temperature, and therefore produces a
bridge unbalance which depends on the cooling. Each circuit has exclusive
advantages in certain applications.

The mode of operation closest to that suggested in thec opening
statement is the "constant resistance ratio' circuit in which the ratio
of the resistance of the hot wire to an identical, but unheated wire is
automatically maintained constant by feedback. The hot wire heating
current depends on the cooling velocity in this case, and air temperature
effects are minimized. If the wire current in such a circuit is displayed
on,a panel meter, then the meter may be calibrated in cooling velocity

units.

In practice, it is possible to attain better resolution of slow
fluctuations with the "uncompensated constant current' circuit and faster
responses to rapid velocity fluctuations by using either the ''compensated
constant current" circuit or the '"constant resistance" circuit. But these
alternative circuits are rather sensitive to air temperature changes;
typically, a 5°F change in air stream temperature may produce a 5-percent
error in the velocity reading. Of course, manual controls can be provided
that permit readjusting the operating resistance of the wire when the
stream temperature shifts from one steady state level to a new one, to
compensate for the air temperature change. But when these circuits are
used to measure instantaneous velocity in an unsteady flow where the temp-
erature is fluctuating by more than a few degrees Fahrenheit, then either
the hot wire must be operated extremely hot or temperature fluctuationg
must be measured independently (perhaps by using a second unheated wire
or a resistance thermometer) in order to determine correc¢tions. ‘

: In still air, heat is removed from the hot wire principally
by conduction to the surrounding air and to the metal end supports.®
Free convection is negligible except in the case of an unusually long
wire (length diameter ratio greater than 200) held in a vertical position.
Radiation is negligible unless temperature gradients of many hundreds of
degrees Fahrenheit exist in the air stream or at the boundary walls.

% - o .
Conduction of heat to the massive metal end supports (which remain at

air temperature) may account for as much as 50‘percent of the total heat
removal for ordinary hot wires, but this end conduction does not alter
the form of the steady state forced-convection equations presented
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The rate of heat transfer by conduction is proportional to
the temperature difference AT between the wire and the air, and to the
thermal conductivity, Since the thermal conductivity of air varies approx-
mately as T-'°Y, where T is air temperature, the rate of heat transfer
increases with air temperature even if AT is fixed,

In moving air the additional heat transfer due to forced con-
vection depends upon the Reynolds number, defined as pUD/i where D is
wire diameter, p is viscosity, and p _is_atmospheric density. Since
viscosity varies approximately as TO'71, the increase in rate of heat
removal for a given hot wire held perpendicular to a moving air stream
depends upon the quantity pU/T0. . Extensive testing during the past
fifty years has shown that the form of the dependence is exactly a
square-root function (King's law). The inerement in hot wire cocling is
thus exactly proportional to the gquantity:

\/fpﬁ/To.71‘

Finally, if the hot wire were infinitely long, then only the
normal velocity component (U sin f) would carry heat away from the wire.
But for wires of ordinary length-diameter ratio (say 200 to 1), the velo-
city component along the wire also removes enough heat to affect the wire
cooling measurably. Fortunately, for most praetical purposes, the effect
of direction upon the cooling can accurately be described by the simple
factor (sin 8) /k, where k is a constant equal to about 1.1 for ordinary
wires.

~ Putting these facts together results in the equation of the
heat balance for a single hot wire of resistance R heated by current I to
temperature Ty , in an air stream of velocity U, temperature T, specific
gravity p, and direction B, relative to the wire:

0.71

1/k
2R = (1, - 1) T/T #0.86 4y | 1 4 W//’pU(sin B)C (r’ /T)
(o]

where A, k; and C, are calibration constants which take into account wire
diameter and end conduction effects.

Depending on the point of view of the user, the hot wire may
be said to read velocity, mass velocity, or the pressure-velocity product.
In the analysis presented here, the position is taken that the quantity
most easily measured is in fact the "cooling velocity'" C equal to

oUGsin YK (@m0 7L
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which is of course simply a quantity proportional to the Reynolds number
of the hot wire. A general expression relating this cooling velocity C
to the electrical properties of the hot wire (I, R, RE) is derived

2

I2 R ROO - REO , REo +»b‘:f,86 .
0 I2 Rbo R - RE RE + b

Strictly speaking, the equation should be further modified
for the case of unsteady air temperature, to take into account time
variations in end conduction due to the thermal inertia of the metal end
supports. To avoid this complication, however, we assume that only ex-
tremely long wires (length-diameter ratio of 500 or more) will be used in
cases where instantaneous velocity is to be measured in an unsteady
temperature environment.

3.1.1.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

A constant temperature anemometer instantaneously
measures flow parameters by sensing the heat transfer rate between an
electrically heated sensor and the flow medium. The basic signal depends
on the fluid composition, mass flow, and temperature difference. For
many measurements, density is constant and the instrument measures velo-
city. When temperature varies, compensation is provided to maintain a
constant temperature difference.

The sensors themselves are available in a number of
types, each offering some advantages. The tungsten wire offers high
strength but is limited to operating in environments of under 300°L in
temperature, while the platinum wire has relatively low strength but can
be operated in environments of up to 800°C. A platinum-iridium wire
combines the advantages of both the tungsten and platinum wire but is
limited in its senmsitivity. Quartz coated thin film offers most of the
advantages of hot wires and, in addition, 1is less susceptible to contam-
ination. However, due to the increased size, quartz coated sensors have
a response time much longer than any of the wire type sensors. Wire
sensors are generally recommended for almost all air and gas flow measure-
ments. Films and quartz coated sensors are most useful in environments
where particles larger than three times the w1re diameter are expected or
under severe condltlons

The sensor is heated by‘current from the amplifier.
As the flow increases, the sensor tends to cool causing an off-balance of
the bridge measuring circuit. This off-balance is immediately sensed by
the amplifier which then corrects the current flow into the sensor to
bring the system back into balance. In this way, the sensor is controlled
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at a specific resistance which is dependent upon the control resistor in
the opposite leg of the bridge circuit,

Measurements of temperature are made by plotting a
nonlinear calibration curve of flow vs voltage required to supply the
heating current or by adding a linearizing circuit and monitoring the
heating voltage to yield a more convenient output.

3.1.1.2 INTERPRETATION OF THE MEASUREMENT

Additional information needed to interpret the
measurement - 1) Ambient temperature of the atmosphere, 2) density of
the atmosphere, 3) composition of the atmosphere.

Method for analysis and interpretation of data - The
basic output signal is a voltage which is related to flow, approximately
as

l1/n

EX % [A+ BOW'™ (g, - t)

where A and B are constants depending upon the medium properties, p is the
medium density, V is the velocity, n is an exponent that varies with range
and medium properties, tg is the sensor operating temperature and t, is
the medium temperature. The relationship between voltage and velocity

is nonlinear and has a residual dc voltage at zero flow.

3.1.1.3 INSTRUMENT CHARACTERISTICS

Total and dynamic range - The minimum flow range of
heated sensors depends upon the free convection currents generated by the
sensor rather than the electronics. Velocities down to 0.2 £/s in air
can be measured. The maximum velocity is generally a physical limitation
rather than a heat-transfer limitation. For velocities above 1000 ft/s
in air, quartz coated films mounted on wedges or cones are used.

Accuracy - *0.5 percent with individual sensor cali-
bration. : ‘

Signal to noise - Depends on electronics.
Frequency response - The system freguency response

depends upon the choice of sensor, the medium, and the velocity. Typical
time constants .for wire-type sensors are approximately 0.001 seconds.

Environmenfal effects - Sﬁsceptible to sensor damage
or degradation in presence of aerosols.
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3.1.1.4 INSTRUMENT OUTPUT

Output signal - Dependent upon the particular bridge
circuit and amplifier selected; typical output signals are: 0-1 V full
scale, 10kQ output impedance, and 1-100 c/s frequency response. Signals
generated at the bridge output are nonlinear but are generally conditioned
with additioral circuits to be linear and proportional to velocity.

Bits per observation -1l bits per observation are
needed to yield anprecision of *0.05 percent.

3.1.1.5 PAYLOAD INTEGRATION

Weight - Total system, 35 lbs; probe less than 8 oz.

Volume - Dependent upon system chosen. Probe volume
is approximately 0.1 inch cubed.

Power - 150 to 200 watts.

Radio frequency interference - None.

Magnetic moment - Unknown.

S , Erection; orientation, or booms - Must be erected
into the free stream of the atmosphere and oriented into the flow.

Compatibility with sterilization at 145°C - Yes.

Special requirements - None.
3.1.1.6 STATE OF DEVELOPMENT

3 Commercially available for Earth atmosphere, near-
surface wind observations.

REFERENCES - HOT WIRE ANEMOMETERS

Flow Corporation,‘Technical Bulletins 37, 71, and 65.

Grant, H.L., R.W. SteWart,'and A. Moillient, 1962: Turbulence spectra
from a tidal channel. J. of Fluid Mech., 12(2). ‘

, Grant, H.P., and‘R}Eg‘KrOnaner,,1962: Fundamentals of hot wire anemometry.
Symposium on Measurements in Unsteady Flow, May 1962, ASME. o

Pankoff, S.G., and R.S. Roslgr; 1962 Temperaturé hot film anemometers as
a tool in liquid turbulence measurements. "Rev. of Sci. Instr., 33(11).
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i 3.1.2 HEATED THERMOCOUPLE ANEMOMETERS

7 The heated thermocouple anemometer is basically a hot wire

ﬁ anemometer where the output of a thermocouple is used to determine :he

« temperature of the wire rather than measuring the resistance of the wire.
) The sensor itself consists of three noble metal thermocouples made from
¥ thin wires mounted on a framework. Two of the three thermocouples are
connected in series and form two measuring legs of an ac bridge and the
third thermocouple is connected to the junction between the other two

T and is in series with the measuring portion of the bridge. The remaining
J legs of the bridge circuit are formed by a center-tapped ac power source
' which is used to supply the heating current for the sensing element.
Figure 3-1 is an electrical diagram of a basic heated thermocouple ane-
mometer.

' Thermocouples A and B are heated by the ac current. A change
in flow causes a change in temperature of the thermocouples, resulting in
a change in the dc output from the thermocouples. The third thermocouple,
C, is in the dc meter circuit. This thermocouple is unheated. A change
T in ambient temperature develops voltages across all three thermocouples,
g but the transient effects in heated and unheated elements are equal and
) opposite, so the unheated unit compensates for ambient temperature

changes. The thermocouple instrument is a mass flow meter as long as

i :
gf N KSp is constant, where K is the thermal conductivity, S is the specific
’ heat at constant volume, and p is the atmospheric density. The relation-

ship between velocity and thermocouple output is dependent upon an
ﬁ individual calibration and varies with the type of thermocouple material
¥ used.
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3.1.3 WAKE DETECTOR

3.1.3.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

The wake wind direction indicator is shown in
Figure 3-2. It consists of a central coiled wire, which is heated; and
sixteen surrounding temperature measuring wires. Each wire comprises
one arm of a four element bridge; the other three elements are exposed
to the ambient atmosphere and provide temperature compensation. An
amplifier-detector is associated with each of the sixteen bridges. The
amplifier-detector determines whether or not each wire has detected the
warm air flow from the heater. This circuit has a fixed level which
the signal must exceed before the temperature is said to be different
from ambient. A gating system follows the bridge network, and it allows
only one of two adjacent wires to trigger a corresponding output. Finally,
the output selects a voltage proportional to the wind direction from a
voltage divider networik. This technique depends upon the fact that the
change in the ambient temperature across the device is smaller than the
discrimination level. This requirement will in turn determine the heater
power. At the present, this has not been determined but it is felt that
a heater power of 0.1 watts or less would produce a temperature change
of several degreesa readily detectable level. The only problem would be
the incidence of small scale, large temperature turbulent fluctuations
in the atmosphere.

3.1.3.2 INTERPRETATION OF THE MEASUREMENT

Additional information neeéded to interpret the
measurement - None.

Method of analysis and interpretation of the data -
The output of the instrument is in the form of a voltage level which is
proportional to the wind direction.

3.1.3.3 INSTRUMENT CHARACTERISTICS

Total and dynamic range - Total range 0 to 360°.
Accuracy - 12.5°. '

Signal to noise - Unknown but is dependent upon
electronics and temperature discriminatjon ability.

Environmental effects - Contamination of either the
heater or sense wires will degrade the data, and large turbulent tempera-
ture fluctuations may also affect the output.

3.1.3.4 INSTRUMENT OUTPUT

Output signal - An analog signal whose amplitude is

‘ proportlonal to the wind direction is available as an output.

Blts per observation - A six-bit word is needed to
make use of the maximum sensor resolution for each readlng
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3.1.3.5 TAYLOAD INTEGRATION

Weight - Maximum of 12 oz.

Volume ~ Maximum of 35 cubic inches.

o

Power - 0.5 watts during cbservation.
I , Radio frequency interference - None.
Magnetic moment - Unknown.
‘ Erection, orientation, or booms - Must be erected
[‘ in the free-stream wind flow and oriented in a known direction.
Compatibility with sterilization at 145°C - Yes.

Special requirements - None.,

N 3

3.1.3.6 STATE OF DEVELOPMENT

i |

Undeveloped; however, circuitry is straightforward.
— Major problem is the design of the heat source to obtain maximum temper-
ﬁ‘ ature at the detectors.
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3.1.4 KATA THERMOMETER

The Kata thermometer c¢orsgists of an alcohol thermometer with
a large bulb exposed to the air stream. The bulb is heated to a temper-
ature typically 40 or 50°F above ambient) the heat input is then intex-
rupted and its time to cool over a given temperature interval, above
ambient is measured. This cooling time is related to th2 average air |
velocity during that period of time. The theory of operation is similar to -
that underlying thehot wire anemometer with the difference that no heat
input has to be considered during the cooling period.

This technique has very limited applicability to remote
planetary measurements and in addition its long integration time precludes
determinations of the structure and variability of winds., Further discus-
sicn of this instrument is considered unnecessary,

Ny
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3.2 ACOUSTICAL TECHNIQUES

The measurement of wind velocities using acoustical techniques is
based upon the propagation of sound through a gas medium. Sound waves
are propagated through gas by virtue of the elastic properties of the gas
molecules. Thus, the velocity of the sonic disturbance is superimposed
upon the mean gas velocity.

3,2.1 SONIC ANEMOMETER

The velocity cof sound in a gas at rest is given by

R 1
C=(7gT)
where C = velocity of sound in still gas, .
7 = ratio of specific heat at a constant pressure to specific heat
at a constant volume,

R = universal gas constant,
M = molecular weight of the gas,
T = absolute temperature of the gas.

For any given gas, the velocity of sound is a function of tempmrature only.
Changes in pressuream density at & constant temperature have no effect
on the propagation of sound. A measurement cof sound velocity in still gas
is the basis for the sonic thermometer. However, at a given temperature,
the speed of sound is a functiond! the molecular weight of the gas. In
air the most important factor, other than temperature, contributing to
variations in the speed of sound is the water vapor concentration. The
velocities in Ny, Op, and COp are similar, but the velocity in Hp0 is
consideratly higher. The velocity of sound given here is based upon ideal
gas properties and is satisfactory at low frequencies, while at high
frequencies, dispersion takes place.
’ ‘e

A point source of sound propagates as a spherical wave in an isotropic
medium at rest. Considering a two-dimensional plane through the source,
the wave is circular in this plana. The equation for the position of a
sonic disturbance in a plane through the point source in a stationary
medium is
K + y2 = cz(t - to)z

where = x,y = coordinates of a point on the wave front,

¢ = sonic velocity, :
to = time the wave leaves the origin,
t = time in question.
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If the gas is moving with velocity V at an angle 6 to the abscissa, then ,
this is puperimposed upon the above coordinates. Thus, u

]

[x = (& - £ )V cos 01% + [y = (& - £ )V sin 01 = %t - )2,

The sonic anemomcter measures the gas velocity V by means of the %
measurements of the sonic trangit time along orthogocnal axes. b

The time required for the sonic disturbance to travel from its N
origin across a path of length L in the x-direction can be found by
solving for (t-t,) when x =L and y =0

2 A}
m\// 1 - ya sin2 0 -V cos @
L
(t:-t:o)=o=

c2 1 - (V/c)2

Similarly, the time in the direction of y can be found by solving for
(t - tD) when y =L and x =0
L

2 )
cw/r;,- Eﬁcosy 0 =~ Vsin O
c o
2

x=0 c 1 - (V/c)2

(t - to)

Since ¢ and L are known for a given path and gas temperature, the velocity
\Y can be found from the measurements of the sonic transit time on the
orthogonal axes. :

Since ¢ is always larger than V, a small percentage change in
c can result in a change in (t - t,) that is larger than the effect
of velocity V. This can be eliminated by measuring the time required for
a sonic disturbance to travel from x = 0 to x = L and subtracting it from
the time for another sonic disturbance to travel from x = L to x = 0.
The expression from this latter time is !

| vZ 2
* c 1- ) sin® 0 + Vcos O
; _ L c
(€ - ) T2 o 2
y=0 ¢ 1~ (V/e)

and sybtracting from it the first equation results in

_2L__Vecos

/ ke ?[1. - (wc)?’]

which is the basic equation for. the s¥ihic ancmometer.
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3.2.1,1 NARRATIVE DESCRIPTICN OF THE INSTRUMENT

Sonic anemometers have been developed and used in
the field by J.C. Kaimal of AFCRL, V.E. Suomi of the University of
Wisconsin, R.M. Stewart of Iowa State University, and Cambridge Systems
of Newton, Massachusetts. 7The instrument developed by Kaimal serves
both as an anemometer and a sonic thermometer. The instrument discussed
here is the Cambridge Systems unit which has been recently developed and
marketed commercially.

The Cambridge Systems Sonic Anemometer is available
in a one, two, or three axis model. The unit utilizes the pulse tech-
nique of alternating the direction of transmission of short bursts of
high frequency sonic energy at 230 kHz over a fifteen-inch path, The
transducers alternate as transmitters and receivers on a 5-ms basis.
Pulses travelling with the wind arrive sooner than those travelling
against the wind. The difference between the two transit times in a
direct functimn of the wind velocity along the axis, Since the pulses
traverse the same part ac approximately the same time, 5-ms apart, the
resulting measurement is free from the first order temperature effects
on the propagation of sound. A clock is used to determine the difference
between the two transit times. The frequency of the c¢lock has been chosen
so that each clock pulse is a representation of a wind velocity of wne
knot. A temperature dependent network modifies the clock frequency by
approxisately 0.17 percent/°C in air temperature,removing the second
order temperature effects.

The transducers themselves and their associated
mounting hardware are the most important components of the whole system,
since their performance dictates the overall system specifications. The
tran,ducers employed utilize cylindrical piezoelectric ceramic tubes mounted

in a hermetically sealed stainless steel case. The diaphragm of the trans-
ducer is a thin stainless steel membrane which serves to couple the
displacement of the ceramic element to the atmosphere. The transducers

are mounted on 3/8-inch heat treated aluminum supports. Relatively light
supports can be used with the pulsed technique because the pathlength
must remain constant only during the transit time of approximately 1 ms.

The entire array is waterproof and rugged, lending itvelf to field use,

3.2.1.2 INTERPRETATION OF THE MEASUREMENT

Additional information needed to interpret measurement-
To obtain veloc1ty measurements, the following data must be available for
a given medium: molecular weight of the gas and specific heat ratio.

Method £ir analysis and interpretation of data - The
output of the instrument is a digital representation of the wind velocity
over a given averaging period or an instantaneous value,
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3,2.1.3 INSTRUMENT CHARACTERISTICS

Total and dynamic range - 0 to 150 knots in any axis.
Accuracy - 3 percent of reading.

Signal to noise - Depends on electronics.

Frequency response - Time constant of 5 ms.

kEnvironmental effects - None anticipated,
3.2.1.4 INSTRUMENT OUTPUT
Output signal - Digital signal proportional to the

medium velocity.

Bits per observation - Eight.
3,.2.1.5 ©PAYLOAD INTEGRATION

Weight - 1/4 1b (senscr only).
’Volume - 20 m by 1/4-inch cylinder.
Power - Unknown. | 4
Radio frequency interference - Produces some rf
radiation at 230 kHz.
Magnetic moment - Unknown.

. Erection, orientation, or booms - Transducers require
mounting in the £free stream of the wind flow,

Compatibility with sterilization at 145°C - Yes.

Special requirements - Mounting of transducers in
Free stream of wind flow.

3.2.1.6 .STATE OF DEVELOPMENT

Commercially available.

REFERENCES - SONIC ANEMOMETER

Cambridge Systems, 1967: Technical Specifications and Brochures for
Sonic Anemometers.

Kaimal, J.C., and J.A. Businger, 1963: A continuous wave sonic anemometer-
thermometer. J.-Appl.Meteor. o :

-, 1963: Preliminary‘results‘from a contihuous wave sonic
anemometer-thermometer. J. Appl. Meteor.

Suemi, V.E,, 1956: Energy budget studies at the Earth's surface and
development of the %Onlp anemometer for power spectrum analy51s
AFCRL Tech Rpt. =274,
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3,2.2 EXPLODING GRENADES AND MICROPHONE ARRAY

3.2.2.1 NARRATIVE DESCRIPTION AND MICROPHONE ARRAY

An accoustical technique for determining wind veloc-
ities is employed in the earth's atmosphere for altitudes between 20 km
and 100km, This technique employs an array of acoustic detectors at
ground level to record sound pulses propagating down from a series of high
altitude grenade explosions., The grenades are sequentially ejected from
a rocket traveiling through the atmosphere. To determine temperature and
wind velocity for each height increment between successive grenade bursts,
it is necessary to know the exact burst coordinate and burst time of the
grenade and the subsequent arrival time at each sound detector of the array
whose geographic coordinates are also known to a high degree of accuracy.

The average temperature for the height region between
two successive bursts is determined from the calculation of sound speed
and the mean molecular weight of the atmOSpheric height layer. The latter
is assumed to be well known in the Earth's atmosphere but would not be in
a planetary atmosphere.

The horizontal wind velocity is determined from the
magnitude of the spatial difference in a horizontal plane between the
projection of the burst point on tc the plane of the sound detector array
and the virtual point source of the sound pulge that can be determined
from the differences in arrival times among the sound detgctors in the
array. Thus, each sound pulse will have a different virtual point source
as determined by the microphone array. This difference between the co-
ordinate position of the virtual source and the actual grenade burst
position defines a vector that is associated with the integrated effect of
atmospheric wind throughout the entire depth of atmogphere between the
burst point and the microphone array.

Grenades used in the atmosphere sounding application
are of various sizes. The required weight of explosive charge is determined
mainly by the altitude to which sampling is desired. Theoretical calcula-
tions indicate that a 1 oz, (28 grams) explosive charge could be detected
up to heights of 60 km. Actual experiments have detected the 1 oz. charge
to 70 km on all occasions and to 82 km with multiplex acoustical recording;
355 gm grenades have been detected to 107 km. In the altitude region 100-
150 km aluminized grenades have an associated glow reaction that is
visible and photographable at height. A highe: upper limit of 190 km

exists for twilight conditions where resonance radiation suppléments the

chemiluminescent glow reaction that causes the nighttime luminescence.

, The wave shape of the sound pulse received at each
sound detectcr in the.array is not used to extract information other than
to identify weak signals from very high altitude grenade bursts. Even the
recording of exact wave shape is not essential in this experimental
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technique. The detection of acoustic energy at the ground level is the most
sensitive part of the experiment and the principal source of error. 1In its
application to atmospheric sounding of wind and temperature where micro-
phones ate separated by distances up to 30 km,extr aneous noise is generated
by, in addition to atmosperic turbulence, the process of transmission and
recording of the sound pulse signal from the microphone array to central
processing equipment,

The acoustic detectors that have been evaluated for
atmosphekic applications are:

(a) the microbarograph,

(b) the capacitor microphone,

(c) the hot wire microphone;

(d) the Solion infrasonic microghone (Collins et al. 1964).
3.2,2,2 INSTRUMENT CHARACTERISTICS

(a) Microbarograph - A microbarograph is normally used at
lower frequencies than those in grenade experiments. A control volume in
the instrument will change in response to variable atmospheric pressure,

The lowest frequency detectable is determined by the variable leas mechanism
that allows the control volume to come to ambient pressuie. The highest
frequency detected is determined by the mechanics of the voluine expansion
and the method by which it is detected, i.e., whether by mechanical

linkage or by an electronic sensing of a variable inductance. The mech-
anical system is normally more reliable, not being subject to electronic
drift.

Frequency range: 10-4 tolc/s

Sensitivities: 1 to 10 dynes/cm2 in the «
. atmosphere (0,1 dynes/crn2 actual),

(b) Capacitor Microphone - A variation of the enclosed
volume technique of the microbarograph. It consists of a thin metallic
diaphragm mounted against a rigid back plate. Back plate and diaphragm
are electrically insulated. When external pressure exceeds that of the
enclosed volume, the diaphragm moves changing the electric capacity.
Variations in capacity are transformed into an AC voltage changes when a
constant charge exists between the electrodes. The charge is maintained
by a stabilized DC polarization voltage with a time constant much lower
than the period of the sound pressure variation. This type instrument
has a wide linear range of response up to 20,000 cycles/sec. The lowest
frequency to which it responds is fundamentally limited by the air
equalization technique whereby ambient pressure is restored, although
~norma11y the low frequency limit is determined by the AC electronics.

’
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(c) Hot Wire Microphone - The hot-wire microphone is
basically a Helmholtz resonator in which air oscillates between the enclosed
volume and the ambient air, The largest velocities occur in the 'nezk"
or throat that couples the enclosed volume of the oscillator with the
atmosphere. A hot wire element woven into the form of a grid is placed in
the throat of the oscillator. The element is kept just below red heat by
passing a DC current through it and because of its low heat capacity it
readily changes temperature when the air in the neck of the resonator is
in motion,

A perfect Helmholtz resonator responds to a single
tuned frequency., This resonant frequency, f_ is represented by the
formula b

where ¢ is the conductance of the neck, V is the enclosed volume, and c
is the sound speed. The frequency response of the resonator can be
modified and sensitivity increased if the unit is coupled to another
cavity, either a pit or internal resonator.

A hot wire microphone, a microbarograph, and a capacitor
have been compared in a study by the Schellinger Research Laboratories for
NASA (Pruitt, 1964) and it was shown that the hot wire output does not
truly reproduce the wave shape of the arriving signals, However, time
of arrival, not wave shape, is the important input in computing temperatures
and wind profiles from grenade soundings. The advantage of the hot micro-
phone is a better signal to noise ratio for the low frequency return asso-
ciated with the highest altitude explosions.

3.2.2.3 STATE OF DEVELOPMENT POTENTIAL

| There are many problems that would accompany any
attempt to utilize this technique in planetary exploration.

(a) The problem of establishing an array of microphones
with sufficient separation and then determining their coordinates.

(b) Whether the grenades are dropped from an orbiter or
carried up from the surface of the planet is an important questionj; but
regardless of the technique used, a more serious problem is to determine
the coordinates and time of burst of the grenades.

' At this stage of developheﬁt of planetary exploration,
the exploding grenade technique is too complex to be seriously considered.

1§
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3.3 ION TRACER ANEMOMETER

Ton tracer anemometry is based on the measurement of the time interval
between the upstream in ection of an ion cloud and its downstream detection
at a known distance. Ion injection can be accomplished by ionizing
radiation or electrical discharge. This latter approach is generally pre-
ferrad because it is well suited for well controlled generation of short
duration ionizing pulses.

This technique with jts inherent independence of air density, tem-
perature and composition makes it particularly useful for remote planetary
applications, The basic character of its operating principle makes cal-
ibration unnecessary and provides an absolute measure of air velocities
without the need for additional measurements., The operation of an electrical
discharge ion tracer anemometer improves with decreasing air density down
to about 10°3 or 10-4 kg m~3 (air) because of the combination of lower
discharge potentials (Paschen's law) and decreasing ion recombination rates.
At even lower densities than the above, increased ion diffusion results in
loss of ion cloud definition, Anemometry based on this technique appears
especially suited for the Martian surface where the atmospheric density is
very nearly at an optimum value for the use of electric discharge ion
tracing. Furthermore, the relevant electrical characteristics of CO2
(breakdown potentials and recombination coefficient as a function of den-
sity) are very similar to those of air,

3.3.1 INSTRUMENT - TON TRACER ANEMOMETER

3.3.1.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

An operational ion tracer anemometer for the measure-
ment of air flows at stratospheric air densities in ducts has been develop-
ed ( Lilienfeld et al., 1967) and successfully field tested on a research
balloon flight, It incorporates semiconductor circuitry and an output
suitable for direct telemetry. It operates in the closed loop retriggering
mode, where the signal generated by the ion cloud at the detector probe
triggers the next discharge at the ion discharge probe. This type of
operation results in a pulse train whose frequency is directly proportional
to the average air velocity between the ion emitter and detector probe.

The output frequency is f = v/L, where v is the air velocity and L the
distance between probes (10 cm. for the operational unit). The above
mentioned instrument was designed to operate at altitudes ranging between
about 20 and 50 K/m (10'1 to 10-3kg m~2)but this technique can be extended to
cover densities above sea level values, with increased discharge potentials.
The operational apparatus includes a start-keep alive circuit for the pulsed
discharge, which is quenched under normal operation.

; For meteorological wind application a modified version
has been proposed (Lilienfeld, 1967) which would provide directional sensing
in addition to the basic velocity measurement. The essential difference
of this approach with respect to the above described unidirectional device
resides in the design of the detector probe which consists of two coplanar
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rings, one inner spiral and an.outer circular electrode concentric with
réspect to the ion discharge source, Both detector elements are common
to the input circuitry and the sequential ibn detection provides
directional information and velocity measurement., Instrument details will
be given for the operational unidirectional devmce, and in parentheses
for a proposed omnidirectional version,

3.3.1.2 INTERPRETATION OF MEASUREMENT

Additional information needed to interpret measure-
ment - None '

| Method of analysis and interpretation of data - Air
velocity is a direct function of pulse rate (pulse width indicates azimuth
for the omnidirectional instrument).

3.3.1.3 TINSTRUMENT CHARACTERISTICS

Total and d{namic range - The available device operates
over the range of 5 to 50 m sec over a density range of 10-1 to 1073 kg m~3
(without change in calibration). Wider ranges can easily be accomplished.

Accuracy - Five per cent of actual measuremeut (can
be improved).

Signal to noise - About 50 db,

Frequency response - >1KHZ for individual pulse
duration measurement.

Environmerntal effects - Unusually large ambient ion
concentration fluctuatlons > 108 ions/cm3 sec could affect accuracy of
ingtrument.

3.3.1.4 INSTRUMENT OUTPUT
Output signal - Pulse train, 10V amplitude, 1 m sec
width (variable width for direction sensing version). Ab3zolute; pulse

rate linear with respect to air velocity. Rate dependent analog signal
is also 8V811able, ‘

Bits éer observation - Typically up to 10.
3.3.1.5 PAYLOAD INTEGRATION
Weight - 3 lbs (0 5 to 1 1b.)

" Volume - 70 in3 without probes (10 in3 without probes,
omnidxrectlonal probe about 103in)

%
L
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Power - 1,7 watts (<0,5 Watts),

Radio frequency interference - None detected between
0.55 and 108 MHZ; no measurements were performed outside this range.

Magnetic moment ~ None

Erection, orientation, or booms - Probes should
be properly oriented with respect to the local horizontal and away from
wind obstructing structures.

Compatibility with sterilization at 145°C - Good
if electronic components are adequately chosen,

Special requirements -~ Pogitionirg has rto permit
o unhindered wind flow from all directions,

i 3.3.1.6 STATE OF DEVELOPMENT

Unidirectional instrument is operational; omnidirec-
tional version is jn the proposed stage.

i REFERENCES
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3.4 PRESSURE ANEMOMETRY

Bernouilli's equation relating the total pressure p, at a point on
a horizontal streamline of a moving £luid, to the fluld velocity v, at

that point is

1
¢ p, = ps<+ G

where p is the fluid density, ¢ is a constant dependent on geometry, and

pe is the static pressure., The above equation shows that the total pressurc
head at apoint is equal to the sum of two terms, the static head and the
velocity pressure head., The fluid stream velocity can be determined from
the measurement of the difference between the total pressure and the static
pressurzg, or by direct measurement of the velocity pressure,




3.4.1 PITOT STATTIC TUBES

3.4.1,1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

{E Pitot static tubes are available in a number of con-
' figurations depending upon the specific application, In general, the air
= entering the mouth of the double-walled tube, which is pointed in the

! exact opposite direction of the flow, is brought to rest so that the

& pressure inside the mouth is equal to the total head; the static pressure
is experiencud in the wall of the tube which is opened to the outside
through holes drilled in the wall at right ang'es to the axis of the tube
at the point, The difference in pressure between these two spaces is
measurced by connecting them to opposite limbs of a sensitive manometer.
The measurcments obtained using this method are dependent upon the medium
density in addition to the velocity. The specifications for the measure-
ments of wind velocities with a pitot static tube are generally determined
by the pressure transducer used to determine the differential pressure at
the pitot tube output. Physically a pitot tube must be mounted heading
directly into the wind due to its poor response with varying angles of
attack. The density of the medium must also be known to obtain correct

Iy
]

¢
%

g velocity.
3.4.1.2 INTERPRETATION OF THE MEASUREMENT
;é4 Additional information needed to interpret the
measurement - Atmospheric density.

Method for analysis and interpretation of data - The
differential pressure, AP, is related to wind speed, v, by

s

AP =

N -

Kpv

-

where p is the density and K is a constant factor determined by the design
of the anemometer head.

£%3

3.4.1.3 INSTRUMENT CHARACTERISTICS

ey
i

e

Total and dynamic range - The total range is almost
unlimited depending upon the mechanical design of the instrument while the

o
ﬁ; dynamic range is determined by the type of pressure transducer.

o ’Accuracy - Depending upon transducer and electronics;
i" however, normally 5 percent of reading.

i Signal to noise - Dependent upon electronics,

- Frequency response - Dependent upon transducer.

{ Environmental effects - None.

e
.
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3.4.1.4 TINSTRUMENT OUTPUT
Qutput signal - Dependent upon transducer and
electronics.

Bits per ubservation - Dependent upon eleetronics.
3.4,1.5 PAYIOAD INTEGRATION

Weight - Less than 2 lbs.

Volume - Approximately 0.5 cubic feet.
Power - Approxivately 2 watts,

Radio frequency interference - None.
Magnetic moment - Unknown.

Erection, orientation, or booms - Must be ereccted
into free stream wind flow and be free to turn.

Special requirements ~ None.
3.4.1.6 STATE OF DEVELOPMENT

For planetary application, integration with an eclec~
trical pressure sensor would be required.
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3.4,2 PRESSURE PIATE ANEMOMETER

3.4,2,1 NARRATIVE DESCRIPTION OF THE INSLRUMENT

If the wind pressure on a flat plate placed normal to
the wind direction is balanced by a restoring force brought about by the
deflection of the plate, the deflection of the plate is a measurement of
wind speed, The force (F) on a plate held normal “o the wind is given by

F = 1/20 Ap v

where C is a constant depending upon the size and shape of the plate, A
is the area of the plate, v is the velocity, and p is the air density,

The earliest anemometers worked on fhis pressure
plate principle, and consisted of a hanging plate pivoted about a horizontal
axis and kept approximately normal to the wind. This type 0f instrument
is not in general use today, However, very light instruments have been
used in turbulence studies using photographic means of observing the motions
of the plate. It must be realized that resonance is likely to be set up
between the gusts and the plate resulting in erroneous readings if the
instrument were to be used in the field., The yaw factor, the correction
that has to be applied when the wind does not meet at right angles, is not
as great as one might expect, being approximately zero over the arc from
0 to 45° angle of incidence,

A reliable commercial version of the swinging plate
anemometer is manufactured by Alnor Instrument Company, This instrument
has a moving element that consists of a double pivoted spring-controlled
aluminum vane mounted in jeweled bearings. The vane transverses a chamber
specially shaped so that the deflection of the attached pointer is pro-
portional to the wind speed. Damping is provided through the use of a
second vane located in a strong magnetic field., Balance of the system is
such that the instrument may be used in any position and only the vane comes
in direct contact with the air flowing through the case. Electrical
representation of the air flow has been accomplished by Sherlock and Stout
by modifying the instrument., The impedance of a coil is altered by attach-
ing its armature to the moving plate and allowing the armature to move in
the coil as a function of the wind speed. '

3.4.2.2 INTERPRETATION OF THE MEASUREMENT

Additional information needed to interpret the mea-
surement - Gas density.

‘Method of analysis and interpretation of the data -

‘The measurement of wind velocity is indicated with a mechanical pointer,
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Modification of the instrument to provide an electrical signal that is
analog to the wind speed, such as that made by Sherlock and Stout, may be

acceptable.
3.4,2.3 TINSTRUMENT CHARACTERISTICS

Total and dynamic range - The range of this instrument
is dependent primarily upon the selection of the input jet design. Input
jets are available for ranges between 20 to 2400 feet per minute,

Accuracy - For any given scale, the accuracy of the
mechanical pointer is + 3% of the full value,

Signal to noise ratio - Unknown
Frequency response - Approximately 2 ¢/s
Enviroumental effects - None

3.4.2.4 INSTRUMENT OUTPUT

ft is possible to modify the instrument to produce
wind speed.

3.4.2.5 PAYLOAD INTEGRATION

Not ,et developed for electrlcal readout or remote
- sensing. Payload integratlon parameters,therefore, are unknown.

3.4,2,6 STATE OF DEVELOPMENT

‘ Commercially available without an electrical signal
output. e

REFERENCES
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3.4.3 BRIDLED ANEMOMETER

‘The rotation anemometers turn by virtue of the pressure of the
wind on their rotating parts, If these parts are prevented from turning,
the force nocessary to prevent rotation is a measurement of wind speed.

By making use of a set of springs to prevent rotation but allowing a

- dicplacement of the cups with changing wind forces, the displacement of

; the cups is proporticnal to tle square root of the wind force and hence

N to the speed of the wind. The angular displacement of the cup wheel is
measured with a position sensitive transducer whose output is a linear
representation of the wind speed. The instrument is not in general use
and its accuracy and range are limited. 1Its calibration is dependent upon
the characteristics of the restraining spring and does drift with age and
extreme use. A bridled cup anemometer was developed by Bendix Aviation
Corporation which consisted of a wheel containing 32 cups. This instrument,
however, is no longer being produced.
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'3,4.4 W-PRIME ANEMOMETER

The W-prime meter is based upon the principles of the pressure plate
anemometer. A flat plate is mounted in the horizontal plane and mechanically
connected to a float resting at equilibrium in a pool of mercury, TFoxces |
developed by the vertical component of the wind-flow on the plate are trans-
mitted to the float thereby changing the height at which the balanced
condition is reached. Linear movement of the float with increasing vertical
wind speed is made possible by the use of a wedge shaped float. The float
if positioned on a shaft connecting it to the flat plate with the float's
smallest extremity inserted into the pool of mercury. With a properly
shaped float, the force necessary to drive it in or out of the pool in-
creases as the square of the distance it is driven, Linear movement of
the float is achieved in this manner, as the pressure developed on the
plate by the wind -flow also increases as the square of the wind speed. A
less torque position transducer is used to determine the level at which
the float is riding and by the use of a calibration curve the vertical
component of the wind.flow may be found. Many sizes and types of both
plates and wedge floats have been experimented with. One instrument was used
G. C, Gill to obtain field meagurements; however, full development of the
technique has not been completed. In any case, the sensor only measures
the vertical component of the wind and is primarily designed for turbulence
observations. '

REFERENCE - W-PRIME METER

Hewson, E. W., 1950: Research on turbulence and diffusion of particulate
matter in the lower atmosphere, Progress Reports No. 4,5,6, and 7,
under Contract No. AF 28(009)-7, Mass, Inst. of Tech.
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3.4.5 WIND VANE

Standard wind vanes indicate wind direction by means of a
body mounted asymmetrically and free to turn about a vertical axis.
b The body takes up a position such that the direction of the resultant
force on it due to the pressure of the wind passes through the vertical
axis, and such that the center of pressure is to the leeward of the axis.
A transducer is attached to the body at the vertical axis as a means of
obtaining the azimuth information. The desirable properties of wind

or vanes are:

' (1) The turning friction of the pivot should be minimum,
" (2) The vane should be balanced to prevent bias when not
p perfectly oriented.

i (3) The vane should be designed to produce maximum torque

v for changes in wind direction.

‘ (4) Sufficient damping should be provided to prevent oscilla-
ﬁf tion at its resonant frequency.

#ind vanes have been constructed of numerous shapes, sizes and materials;
for example, flat plates, splayed vane, air foils and dual mounted vanes.

- v

ﬁ Each of the individual designs exhibits its own characteristics and may

L be used for particular applications. The vane constructed to be an air-
foil section is a somewhat superior type in that it responds to small

g” changes in wind direction more readily than other types. The best modern

d; vanes are airfoil sections with the span being three to four times the

cord of the design. These vanes generally will indicate the wind direction
with an accuracy of *1° except in very low wind speeds. One of the terms
used to define the operating characteristics of wind vanes is the distance
constant Dv defined as ‘

D =TV
v
i where T is the time required for the vane to reach 63.2 percent of the
g, equilibrium direction after a change, and V is the free stream velocity.

Another term is the damping ratio, or the ability of a vane to resist the
tendency to overshoot the true wind direction after a change. The damping

?atio is defined as
- L
«/H(“‘——ﬂ )2
A | gn(x1/¥2)‘ .

< f where h is the damping ratio and Xy ahd X, are the successive amplitudes of-

overshoot on the decay curve, wn the same side, from the final value.

|
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3.4.5.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

The instrumént discussed here is a Beckman and Whitley
Model 50,2, This vane is a modern airfoil designed for turbulence studies,
This wind direction system ig supplied with either of two vanes. The first
and more sensitive of these is longer and must be orientated with more care
than the smaller version., In the Earth's atmosphere these vanes exhibit
the foliowing characteristics:

Vane 1 Vane 2
Threshold 0.7 mi/h at 10° 0.7 mi/h at 10°
Distance constant 5.7 ft 3.7 ft
Damping ratio 0.6 0.6

The vanes are coupled to the instrument transducer
through low torque bearings. As the wind direction changes, the vane moves,
causing an air gap capacitive transducer to phase-shift a 1 ke sinusoidal
signal relative to a l-Wiz reference signal by an amount directly proportional
to the wind direction azimuth., The output in this form is transmitted to
the instrument translator. The translator converts the difference in phase
between the reference and signal wave forms to a dc signal that is analog
to the wind direction.

3.4.5.2 INTERPRETATION OF THE MEASUREMENT

Additional information needed to interpret measurement -
A known reference point in the horizontal plane with regard to the system
output must be available to correctly identify the wind direction. .

Method for analysis and interpretdtion of data - The
output of the system is a dc signal which is linear and analog to the wind
direction in a O to 360° representation.

3.4.5.3 INSTRUMENT CHARACTERISTICS

Total and dynamlc ranges - 0 to 360°

(o)

Accuracy - +2° of azimuth.

Signal to noise - Unknown.

Frequency response - Dependent upon wind speed.
Distance constant = 3.7 ft/min.
| Environmental effects - Vane material will not stand
temperatures above 140°F.

 3.4,5.4 INSTRUMENT OUTPUT

~ Output Slgnal - The output of the senaor is a 1-Kiz
signal whose phase angle varies dlrectly in a linear fashion with azimuth
!ﬂangle The translator output is a d¢ signal which varies in a linear
fashlon d11ect1y Wlth the azimuth angle
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Bits per observation - For an accurate measurement
of the wind direction azimuth of *0.7°, a nine-bit word must be used.

3.4,5.5 PAYLOAD INTEGRATION

Weight - 2 lbs, approx.

Volume -~ 1/2 ft3, approx.

Power - 12 volts dc at 600 mA, 7.2 W.

Radio frequency interference - Radiation possible at 1 kHz
Magnetic moment - Unknown.

Erection, orientation, or booms - The instrument must
be erected into the free stream of the wind flow away from any obstruction.
It must alsy be oriented in such a way that an azimuth reference point with
regard to the instruments output can be obtained in order to obtain proper
data from the sensor.

~ Compatibility with sterilization at 145°C - The materials
used in the present model of this instrument will not withstand temperatures
greater than 140°F. However, an instrument using materials capable of with-
standing greater ambient temperatures may be manufactured.

Special requirements - The sensor must be mounted level
with respect to the horizontal plane and oriented in a known direction.

3.4.5.6 STATE OF DEVELOPMENT

This instrument has been €ully developed for use in
the Earth's atmosphere. Development of new designs using different materials
must be undertaken in order to make use of this instrument in other planetary
atmospheres.

REFERENCES - WIND VANE

Beckman and Whitley, Inc., 1967: Technical Specifications for Series 50.
Mountain View,California.

' Het Majesty's Stationery Office, 1956: Handbook of'Meteorological Instruments.

London.

Middelton, W.E., and A.F. Spilhaus, 1953: Meteorological Instruments.
University of Toronto P;ess, R S ,
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3.4.6 SPHERE ANEMOMETER

3.4,6,1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

Sphere anemometers are based upon the pressure or
drag forces exerted upon a body when it is placed in a moving fluid or
gas. The sphere anemometer is capable of measuring both speed and direction
in three dimensions, As the sphere encounters flow, the fluid exerts a
drag force over the cross section area of the sphere. A force balance
system transiates this drag force into force components via strain gauges
in each axis.

Determination of the wind velocity through measurement
of these forces is a well known technique. To find the force vector acting
on the sphere, the output voltage of each strain gage system must be
squared and added and the square root of the sum then taken. The vector
angle in each plane is simply the arc tangent of the components. The
velocity vector lies along the force vector and its length is proportiomnal
to the square root of the force vectsr, Flow Corporation of Cambridge,
Massachusetts, has developed and currently markets a sphere anemometer.

3.4.6.2 INTERPRETATION OF THE MEASUREMENT

Additional information needed to interpret the measure-
ment - Atmospherlc density,

Method for analysis and interpretation of data - The
output of the instrument is in the form of three voltage outputs - one for
each plane, Both speed and direction of the wind flow are found from a
vector analysis of these outputs.

3.4.6.3 INSTRUMENT CHARACTERISTICS

Total and dynamic range - Total range of 2 to 700 mi/h
with dynamic range determined by the individual models, e.g., model 4151-
100 has dynamic range of 0 to 100mi/h

 Accuracy - 3% of full scale

Signal to noise - Unknown

Frequency response - dc to 6 c¢/s

’Environmental effects - Noné

3,4.6.5 INSTRUMENT OUTPUT

Instrument output - A calibrated output of 0 to + 1
volt from each of three axis ,
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Bits per observation - For a 1% resolution, three
eight bit words are needed,

L

F 3.4,6,5 PAYLOAD INTEGRATION

LY

Weight - Under 2 pounds
Volume - Approximately 1 cubic foot

Power - 115 Volts ac

S Radio frequency interference - None
~j Magnetic moment - Unknown

- Erection, orientation, or booms - Must be erected
into free atream wind flow and oriented into a known position,

3 : Compat ibility with sterilization at 145% - Unknown
1{ Special requirements - None
3.4.6.6 STATE OF DEVELOPMENT

'I § Commercially available

gg AN i

REFERENCE

;Flow Corporation, Sphere Anemometer Bulletin #42, Cambridge, Massachusetts.
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3.5 ROTATING ANEMOMETERS

Their opefaCion is based on the continuous or transient transfer of

kinetic energy from the air stream to a rotating sysiem. The speed of

of rotation of these devices is a function of the average wind speed,
Under steady-state conditicns, kinetic energy may or may not be trans-
ferred from the flow stream, depending on the type of rotor (except for
mechanical friccional losses which require a continuous supply of kinetic
energy from the flowing air for all types of rotors).
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3.5.1 WIND MILL
3.5.1,1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

This type of anemometer has a horizontal spindle with
radial arms upon which a set of light vanes is mcunted, A transducer is
attached to the spindle as a means of obgerving the instrument's performance.
The axis of the spindle must be parallel to the wind direction; thus the
instrument is generally mounted upon a type of wind vane. If bearing
friction could »e neglected, the vane speed, u, is related to the wind
speed along the gspindle axis, v, by

u = v tan ¢

where ¢ is the angle the vanes are inclined to the wind direction. As ¢

is usually in the range of 40 to 50°, u is approximately equal to v, instead
of about one-third of v as in the case of cup anemometers. This and the fact
that tnhe radial arms are generally short, means the rate of rotation is

very high, and as a consequence, this type of anemometer is unsuitable

for measuring high wind speeds. They respond well even to wind speeds below
0.5 mi/h,

In variable winds, as with the cup anemometer, the
mean wind speed is over-estimated; the error is, however, less than
1 per cent for a sinusoidal variation of the wind speed of an amplitude
of 10 per cent of the mean wind speed. The error increases as the square
of the variation amplitude and may be significant in some natural winds.

Systems foi using three propeller type anemometers,
one in each of three planes,have been developed. By fixing the position
of each anemometer and sampling each of the anemometer outputs, resultant
wind velocity vector may be found, thus yielding both wind speed and
direction. A commercial version of this type of anemometer system is
manufactured by R. M. Young of Ann Arbor, Michigan, and the following
characteristics apply.

3.5.1.2 INTERPRETATION OF THE MEASUREMENT
Additional information needed to interpret the measure-
ment - Further investigation into the effects of density of the gas are
needed.
Methods for analysis and interpretation of data -
The propeller of the instrument drives a dc generator whose output represents

wind speed in a linear fashion. The relationship between output voltage
E and wind speed U is approximately
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3.5.1.3 INSTRUMENT CHARACTERISTICS

G s

Total and dynamic range - 0 to 50 mi/h,

.
Accuracy - Not available 1
Signal to noise - Not available
Frequency response - Distant constant = 2,4 feet
Environmental effects - Propeller is constructed of

foamed polystyrene and cannot withstand temperatures above 140°F, Bearings

must be protected against dirt and dust particles in extreme conditionms,

3.5.1.4 INSTRUMENT OUTPUT

Output signal - The output of the instrument is an

analog dc VOltage’which represents wind speed in a linear fashion, %

' ¥

Bits per observation - Using the instrument with a

50 mi/h range, a seven bit binary word yields a resolution of 0,78 mi/h. j

3.5.1.5 TAYLOAD INTEGRATION
Weight - Approximately 1 1b, 5
Volume - Approximately 20 cubic inches. :
Power - None, except for possible amplification for telemetry.

Radio frequency interference - None

£ b

Magretic moment - Unknown, Magnet is used as field
for generator.

F g ‘-l;

| Erection, orientation, or booms - Must be mounted and
oriented into the free stream of the wind away from obstructions.

B}

Compitability with sterilization at 145% - Propeller
material cannot withstand temperatures above 140°F. :

Special requirements - None
13.5.1.6 STATE OF DEVELOPMENT

The instrument is commerc1ally available; however,
currenLly it is not in widespread use.
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-3.5.2 ROTATING CUES

3,5.2.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

The cup anemometer normally consists of three or four
cups mounted upon a vertical shaft so that the diametral plane of each cup
is vertical, As the force on the concave side of any cup, due to wind, is
greater than that on the convex side in a similar position, the cup wheel
rotates, For any given anemometer, the speed at which the wheel rotates
depends, to a good approximation, only upon the wind speed, provided the
wind speed iz steady and great enough to overcome the friction of the
instrument bearings. The rate of rotation does not depend upon wind
direction, nor to any appreciable extent on the density of the air. A
further investigation into the density effects i needed when considering
the use of cup anemometers in atmospheres other than earth's

The speed of rotation of the wheel at the cup centers
with relaticn to wind speed varies in a complex fashion with the dimensions
of the anemometer but, in general, is approximately fliree. If v is the
wind speed and V is the linear speed of the cup centers, it is possible to
express the relationship betwern them for a given anemometer in the form:
of a power series

v = a+bV+CV2+ e e se

in which a, b, and c are constants, The best designs are ones in which

the constant and the coefficient of y2 and higher powers of V are zero or
very small, Many experiments in wind tunnels have been made to determine
the bect cup anemometer design. In each case, the dimensions, shape and
materials have. been varied. These experiments have concluded that among

other things a three~cup wheel is superior to four-cup systems, a semi- fg
conical shape is better than a hemispherical shape, and beaded edges of e
the cups reduce errors in turbulent winds, As a result modern cup anemo-

meters are light, small, have large ratios of cup diameter and respond to i
much lower wind speeds than older designs. A modern cup is described here ‘Eg

and is manufactured by Beckman Whitley Inc.

The rotating cup wheel is attached to a shaft which
in turn drives a capacitance transducer. The transducur rotates to produce
an amplitude-modulated signal which is demodulated to provide a sinusoidal
output voltage, the frequency of which is 40 times the shaft rotation.
This signal may be either interpreted d1rect1y or further reduced to furnish
wind speed data. ,

bod bty e

3.5.2.2 INTERPRETATION OF THE MEASUREMENT

‘ Additional informatiOn needed'to»intefpret the measure-
ment - Further investigation into the effects of gas density is needed.

#
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3.5.2.3

feet of air.

Method of analysis and interpretation of the data -
instrument output £, is related to wind speed u, by

INSTRUMET CHARACTERISTICS

Total and dynamic range - Total range - 0 to 90 mi/h
Accuracy - + 1 per cent of absolute value

Signal to noise - Unknown

Frequency response - Distance constant is equal to

Environmental effects - Bearings must be protected

from dirt and dust particles.

3.5.2.4

INSTRUMENT OULPUT

Output signal - The output is a modulated ac signal

where the frequency of the modulation is proportional to wind speed and
may be used in a digital system. Some form of time period cver which the
information is gathered must be used.

Bits per observation - Using a one minute time period

approximately 65000 counts must be either accumulated or transmitted.

3.5.2.5

PAYLOAD INTEGRATION
Weight - Approximately 2 1b,

Volume - Approximately 0.5 cubic ft,

- Power - Approximately one watt

the free stream wind

stainless cup wheel.

Radio frequency interferencé - None
Magnetic moment - Unknown

Erection, crientation, or booms - Must be erected into
away from cbstructions.

Compatibility with sterilization at 14500 - Yes, with

Special requirements ~ None




3.5.2.6 STATE OF DEVELOPMENT

The instrument is commercially available and in wide-

spread use on earth,
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ﬁ 3.6 TRACERS
‘ is wind measurement techdique is based upon the tracking of a
II tracer or characteristic of the atmosphere that responds to atmospheric
motioss.
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3.6.1 BALLGCONS

In the earth's atmosphere there are four different types of
balloons used for wind measurement: ROSE (ascending), ROBIN (descending),
rad.iosonde, and Jimsphere. The ROSE is a superpressured 2-meter diameter
aluminized (for easy radar tracking) spherical balloon; the ROBIN is a
superpressured l-meter diameter mylar sphere; the radiosonde is a various-
sized neoprene and rubber balloon; and the Jimsphere is a dimpled super-
pressured ROSE balloon designed to give more detail to recovered wind
profiles. The two balloons most widely used from the above listing are
the ROBIN (rocket flights) and the radiosonde (routine meteorological
soundings). The particulars of the radiosonde balloon will be discussed.
Where the ROBIN differs from the radiosonde balloon, this will be noted.

3.6.1.1 RADIOSONDE

The radiosonde balloon is kelium filled and is released
from the surface. It rises at an assumed ratec until it bursts, generally
around 30 km, Various radars can be used as tracking equipment to measure
azimuth and elevation angles, and slant range.

3.6.1.2 INTERPRETATION OF MEASUREMENT

Additional information needed - None

Method for analysis and interpretation of data -
Balloon position is computed from the radar data, and the wind vectors

are computed for different intervals based on altitude. ¥
3.6.1.3 INSTRUMENT 1

Total and dynamic range - Depeﬁdent on altitude and T

integration time. ' ~§
Accuracy - The accuracy depends on the type of balloon -

used, the type of radar used for trac! 'ng, the height of the balloon, and g
the elevatlon angle. Two of these parameters are considered in the it
- following expression .
o, = 0.%h x 10 “/sin” o e

. f‘k'ﬁ}

where o, is RMS vector error in knots, h is the height of the balloon in ,%

thousanXs of feet and 0 is the elevation angle. There is general agree-
ment that the error, which increases with hexght, reaches a maximum of 15 o -
knots at around 30 km,

oo ]

&

"ROBIN accuracy - RMS error, 4ktsat 60 to 70 km; 2 kts
at 50 to 60 km 1.1 kts at 40 to 50 km. ‘ '

rd
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Signal to noise - Depends upon the type of tracking
equipment and the reflection characteristics of the balloons.

Frequency response - The balloon is nssumed to be
completely responsive to the wind for the time intervals used to compute
the individual wind vectors.

Environmental effects - No specisl environmental
effects are encountered.

3.6.1.4 INSTRUMENT OUTPUT
Output signal - Typical radar output,
Bits per observation - For azimuth angle to within

50, 7 bits; for elevation.angle to within 59, 5 bits; for sliant range,
2 bits, for an order of magnitude, 7 bits for 1 per cent accuracy.

3.6.1.5 PAYLOAD INTEGRATION

No balloons of this type has been designed for plane-
tary study. Also, special radar equipment would be required. The balloon
itself weighs only a few pounds and can carry payloads up to about 6 pounds.
Generally, it is less than £ feet in diameter fully inflated at the surface.

'3.6.1.6 STATE OF DEVELOPMENT
The radiosonde balloon is a throughly tested opera-

tional wind measuring device as is the equipment that is used to track it.
The ROBIN has been extensively used in the Meteorological Rocket Network.
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3.6.2 RADAR - REFLECTIVE PARACHUTE

3.6.2.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

This atmospheric tracer is deployed and tracked in
much the same manner as the ROBIN balloon sphere. Two different types
of parachutes have been used. The first an 8-ft metalized parachute and
the second a 15-ft silvered silk parachute,

3,6.2.2 INTREPRETATTION OF MEASUREMENT
Additional information needed - None.

Method for analysis and interpretation of data - The
method for analysis of the data is ess¢ntially the same as that for the
ROBIN balloon sphere. Slant range, azimuth, and elevation angle are the
tracking parameters, and from these observed data, the winds can be
computed. The winds are averaged over a selected time period for each
accepted observation,

3.6.2.3 INSTRUMENT CHARACTERISTICS

Total and dynamic ranges - Dependent on altitude and
integration time. ‘

Accuracy - Accuracy estimates have a rather wide
range. For the 15-ft parachute the total wind error is about 3 m/sec
for l-minute averaging time (JSAG, 1961). Smith and Vaughan (196l) state
that the error in rocketsonde wind speeds is approximately 8 m/sec or 10
per cent of the speed, whichever is greater. Jenkins (1962) found a 30 kt
difference in winds measured 'simultaneously" by chaff and parachute at
70 km,

Signal to noise - The signal to noise ratio depends
primarily on the nature of the tracking equipment.

Frequency response ~ Once equilibrium is reached with
‘the wind, the parachute is assumed to be completely responsive to atmo-
spheric motion over the time intervals used to compute the individual wind
vectors.

Environmental effects - No special environmental
effects are encountered. ‘

3.6.2.4 INSTRUMENT OUTPUT
Output signal - Typical radar output
Bits per observation - Total'of 21 (see radiosonde

balloon).
/
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3.6.2.5 PAYLOAD INTEGRATION

The type of tracking equipment will primarily deter-
mine the payload integration details. The weight of the 15-ft parachute
is 2.14 1lbs and the distance from the base of the chute to the base plate
slightly above the payload is 18'9", )

' 3.6.2.6 STATE OF DEVELOPMENT
The parachute system is one of the major wind measuring

instruments used by the Meteorological Rocket Network. Therefore, it is
a thoroughly tested system and operational.
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3.6.3 DIPOLE CHAFF

3.6.3.1 NARRATIVE DESCRI?TION OF THE INSTRUMENT

Lightweight dipole chaff particles are carried aloft
by a rocket and ejected into the atmosphere near the apogee of the rocket
trajectory. The chaff ave generally made of copper, mylar "suchy" metalized
material, or aluminum-coated plastic foil. They drift down through the
atmosphere and the patch is tracked from the ground. It is assumed that
the majority of the particles remain together in a cluster so that tracking
data does not become erroneous due to dispersion.

3.6.3.2 INTERPRETATION OF THE MEASUREMENT

Additional information needed to interpret the
measurement - None.

Method for analysis and interpretation of data - Like
the other tracked objects, the necessary position parameters are obtained
and the winds computed from these observed data. The individual wind
observations that constitute a wind profile are time averaged.

3,.6.3.3 INSTRUMENT CHARACTERISTICS

Total and dynamic range - Dependent on altitude and
integration time.

Accuracy - The dispersion problem is one of the chief

" difficulties with the chaff-measurement technique. The aluminum-coated

{ balloon).

g

plastic has a standard error deviation of 23 knots. Errors for the other
chaff types cannot be specified accurately.

' Signal to noise - The signal to noise ratio depends
on the reflection characteristics of the chaff and the nature of the
tracking equipment.

Frequency response - After the chaff has been released
and approaches the wind velocity, it is assumed that the chaff responds
instantaneously to changes in atmospheric motion, at least on the time
averaged scale that is used to compute each observed wind vector.

-Environmental effects - No special environmental
effects are encountered.

- 3.6.3.4 INSTRUMENT OUTPUT

Qutput signal - Typical radar output.

Bits per observation - Total of 21 (see radiosonde
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3,6.3.5 PAYLOAD INTEGRATION
Payload integration will depend primarily on the
type of tracking cquipment that will be necessary to perform the exper-
iment.
3.6.3.6 STATE OF DEVELOPMENT
Chaff wind measuring techniques are currently employed

by some parts of the Meteorological Rocket Network. Thus, the technique
is operational and has been thoroughly tested.
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3.6.4 AEROSOLS
3.6.4.1 DOUBLE-BEAM RADAR

This technique considers two infinitely thin radar
beams radiating from a single transmitter, feeding a single receiver, and
separated by angle 25 (Atlas and Wexler, 1965), The wind vector w is
assumed constant across the angle 25. Echoes from naturally occurring
aerosols moving across the first beam produce a small radial Doppler
shift f£; = +(2/M)wd while those passing through the second beam pro-
duces equal negative shifts £, = ~f; where A is the wavelength of the
radar. The resultant echo received at the antenna from both of the
above echoes, which arrive simultaneously, fluctuates with the frequency

=
]

i
1
i

2f1 = (2/N) (2wd)

Thus, the dual beam configuration would produce a fluctuation frequency
which can be measured by conventional radar which is uniquely related to
the transverse component of the wind speed, Since actual beams are not
infinitely thin, each beam will observe a, spectrum of velocities. Also,
the incident radar will observe a spectrum of frequencies, 1If no contam-
inating effects were present, the Doppler spectrum observed on each becam
would follow a Gaussian function with breadth proportional to the cross-
wind comporent. However, with two beams the Doppler spectrum will be an
image of the two-lobed pattern of the antenna and the spacing between
the peaks will be a unique function of the crosswind component. Each
lobe of the spectrum will be broadened by natural atmospheric processes,
but as long as the peaks are clearly defined their spacing will not be
changed.

, For each Doppler spectrum there is a fluctuatlon
spectrum which is given by

e 4]

S(u)du = g/\ S(v) S(v +eu)dv ¢Y

- 00

probability of velocity u,

where S(u) =
: S(v) = probability of velocity v,
= relative velocity between partmcles in the - Doppler
spectrum,
v = Doppler velocity,
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and S{v) for the combined beams can be expressed as

) (v + v )? v - v)?
) , : S(v) = exp [ - 3 ] + exp [* 3 ] (2)
: 20 20

EL A B il

where Vo = Doppler component of wind along axis of one beam V,= W sin B,

o2 = total variance of Woz + 012 )

variance due to beam width broadening for a single beam,

q
o
i

- variance due to turbulence, wind shear and variable fall
2 K speeds of the particles.

e}
*—d
1l

Combining (1) and (2) we have

:\ 2 2
S ' (u-2y ) / (u=2v )
E S(u)=C[2expk—§7)+exp-Q»——-——Z-’——%-—->+exp-<, 43 >:|
, o - c

where o

AT P —
8 J& g 8 Jit o

-0

autocorrelation function p(t) of the intensity I(t) rather than the fluctu-
ation spectrum where T is the correlation time. This function is given by

§ In some cases it can be more practical to measure the
{ o

p(v) = f S(F) cos 2%t F1dF

e

LA

where S(F) is the fluctuation spectrum and F = 2u/A. The wind speed can
be determined by the position of the minimum at v = 1/2FO or the secondary
maximum which occurs before t = 1/F,. '

F S aaiautial CF 1
& o+

o . , '~ Practical experience has shown that it is much Eimpler
to measure the variance of the fluctuation spectruimm. The variance s“ is
expressed by

: 2
| , : o : 5% = 20’2 + ZO'ZWZ

The variance for single beam measurements is 20" . Thus the dleerence in
the variance between single beam and dual beam varjiance is 202w which is
‘measured by simple instrumentation. Therefore, 20°Ww® is a unique measure

FrTmmamm——
‘ 4
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of transverse target velocity and is independent of either beam width or
spectral broadening by contamination, provided that both wariance and wind
are .constant over the beam spacing.

Detectable scatterers are necessary to measure winds
by this technique. While it is uncertain whethler or not sufficient reflec-
tive material may be present in the Martian atmosphere, the atmosphere of
Venus with its clouds offer a greater prospect. This technique can be used
for radars with wavelengths between slightly less than 1 cm to 10 cm,

S There is no apparent upper boundary to the wind speeds
that can be measured. In fact © is generally smaller for large wind
speeds . .

The errors encountered are a function cf wind speed
and beam separation. For a given wind speed the error decreases with
increased beam spacing, For example, wind speed error is *4 m/s for 2°
beam spacing versus * 1 m/s for 8° separation. Naturally, the use of as
large a beam spacing as possible is desirable. However, this might cause
sizeable differences in both wind and variance from one beam to the other.

3.6.4,2 LASER TECHNIQUE

The measurement of wind velocity with laser techniques
invplves the application of optical Doppler techniques to polychromatic
light detection amd ranging (PLIDAR) signals from atmospheric aerosols
embedded in the wind field. It is assumed that the aerosols are small
ernivugh to be completely responsive to the wind at their level.

‘ For the PLIDAR te¢chnique to obtain wind velocities,
the Doppler-frequency shift must be greater than the output pulse frequency
bandwidth. Particle velocities up to 500 m/s can be measured with the
Doppler-velocity technique. If higher velocities are to be measured, the
laser beam must be subcarrier modulated. White, Nugent, and Carrier (1965)
state: :

“ooe. it is readily apparent that transmitter characteristics are
critical factors in any laser system designed to measure wind velocity by
Doppler techniques. Direct optical Doppler will require excessive receiver
bandwidth; however, it will allow better range resolution. Subcarrier
Doppler, or the other band, while requiring receiver bandwidths of only
tens of kilocycles, will require absolute transmitter frequency stability

on the order of kilocycles, and range resolution can be seriously degraded."

Aerosols are very responsive to atmospherlo motions.
‘This feature glves the aerosol tracer an advantage over other p0831b1e

tracers.
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3.6.5 ELECTRO-MAGNETIC ACOUSTIC (EMAC) PROBE

PRy

3.6.5.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

In this wind measuring system (Allen and Weiner,
~ 1963), the Doppler radar tracks an acoustic shock wave which creates a
change in the index of refraction. The relation between P, (received
power), P; (incident power) and n (index of refraction) is

n r . £
[ B,

If there is a train of N-shock waves, the reflected power is increased
according to

_£.= /’QL. N

P\ 2 '

Wind speeds can be calculated from

Py pwes gy

: V2 2 ’
a_ + Vr =a+ Vcos ¢ - - sin” ¢ (1)
f {E where . a, = radial component of sound velocity,
; - Vr = radial component of wind velocity,
i 'gé V = wind speed,
P a = speed of sound,
‘é = angle of radar antenna with horizontal.

The left-hand side of (1) can be determined from the Doppler Shlft f-fo
§? , from : : ,

N where £ is the frequency of the returned signal, fO the frequency of the
) radiated signal and c the speed of light. i

2 . ; The wind direction can be determined from pointing .
- , the radar beam in two leierent directions and measuring the radial velo-
cities. These velocities plus knowledge of the separation angle between
the two mcqsurements is enough to define the w1nd direction. :




The most feasible sound source suggested is a burst
of sound waves whose wave fronts would steepen to become shock waves
within a few hundred fee. of the source. These waves would retain their
shock character for about two miles. However, under moist conditions,
greater attenuation occurs and the shock character would be retained for
shorter distances. Thus, it becomes apparent that measurements cannot
be made over large areas with this system.

3.6.5.2 INTERPRETATION OF THE MEASUREMENT

Additional information needed to interpret measurement-
Since the speed of sound varies with the square root of temperature and the
ratio of specific heats, simultaneous measurement of the gas composition
and the average temperature between the sound source and radar are needed.

Method for analysis and interpretation of data - The
Doppler shift in frequency, f is the measured quantity. Since turbulence

is present in the atmosphere, tﬁe returned signal has a spread of frequencies.

The Doppler shift is measured by comparing the phase difference betwecen
transmitted and received signals as a function of time. Then the wind speed
is computed from (1). Knowledge of two radial velocities measured in differ-
ent directions and the separation angle between the measurements defines

the wind direction.
3.6.5.3 INSTRUMENT CHARACTERISTICS

Total and dynamic ranges = The wind speed range of
the sénsor has not been indicated precisely. However, it is estimated that
winds up to 100 ft/s could be measured. Further, the antenna size and pulse
repetition frequency limit the maximum unambiguous radial velocity that can
be measured. This velocity is not specified.

Accuracy - From theoretical considerations, it is
deduced t!:«* the maximum error for wind speed in the dire tion of search
is 10 percen: of the measured speed.

Signal to noise - The signal to noise determines the
maximum range of the measuring technique. It is computed by equating the
received power level to the radiated power level minus a constant power
level which depends on the characteristics of the receiver, the strength
of the sound source, turbulence scale, turbulent wind speed, temperature
and humidity. . : L ‘

Frequency response - The "time constant" is simply
the time needed for the radiated signal to leave the radar antenna and the
reflected portion to return from the shock front. This time interval is
very small. TIf the shock front is- ‘two miles from the radar antenna,  the

- "time constant” is 2 x 107 -3 s, :

/ Enyironmental effects - None anticipated.
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3.6.5.4 TINSTRUMENT OUTPUT

OQutput signal - The output will be in pulse form.
A linear relation exists between the Doppler shift and wind speed.

Bits per observation - The number of bits per
observation will depend on whether the Doppler shift is measured with orx
without the presence of turbulence. If turbulence is present, then a
spectrum of frequencies is measured and the Doppler shift determined by
comparing the phase differenc¢ between transmitted and received signals
as a function of time. For a temperzture measurement (accurate to 3
places), and Doppler shift. (accurate to 3 places) 20 bits are needed.

3.6.5.5. PAYLOAD INTEGRATION

A standard Doppler radar can be used. Undoubtedly,
much further design and development would have to be done before any
existing instrument would be suitable for other planetary atmospheric
studies.

3.6.5.6 STATE OF DEVELOPMENT

This technique has received thorough theoretical
treatments, but no testing. No sound system has been developed. Con-
siderable testing is required before the practlcal accuracy of the
system can be assessed.
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3.6.6 ALKALI METAL CLOUDS

Alkali metal vapor clouds of lithium, sodium, or cesium,
when illuminated by solar radiation, emit a characteristic resonance
radiation. For sodium this is the "yellow" D line at 5890 R and 5896 R.
At twilight, when the sun is 6 to 9 degrees below the horizon, a cloud
extending upward from 90 km is still illuminated by the sun, while the-
intensity of the diffuse sky background illumination is reduced suffi-
ciently to allow cloud photography. The wind field is determined from
the time transport of the cloud axis that is recorded on successive
cloud photographs., Alkali metal clouds can be photographed over a max-
imum time period of about 15 minutes. There is a lower limit to the
height at which this resonance radiation is observed in the Earth's
atmosphere and 90 km can be taken as an effective lower bound.

Note that alkali metal clouds require solar illumination and
can only be used effectively with ground-based photography at twilight
conditions of reduced sky background illumination. Photography of a
vapor cloud from an orbiting platform is another variation on the use of
such clouds as tracers of atmospheric wind motion. 1In this case accurate
tracking of the cloud axis is complicated by the motion of the platform
and under certain conditions the absence of stars as fixed reference
points against which the cloud motion can be determined. The actual
reduction of wind data from a series of cloud photographs is done either
numerically using star positions and spherical geometry or by an analogue
technique in which the images of the cloud from several camera sites are
projected against the surface of a hemispherical dome. The projected
image from two or more camera sites of the same point on a c¢loud will
intersect and determine the x, ¥, and z position in (analogue) space of
that particular point. The spatial position of the "same' cloud point.

a minute or so later will give the average cloud transport from which
velocity components can be obtained. Normally the assumption is made

that there is only a very small vertical motion at these heights so that

no attempt is made to '"track'! individual elements within the cloud. The
spatial changes in the cloud for two different times and for the same
height level are assumed to be representative of the same '"cloud particle."

In an application of the vapor trails technique to sounding
a planetary atmosphere, the first question that must be . answered is whether
the chemistyy of another planztary atmosphere is such that these vapors would
be chemically altered after their release and therefore would no longer emit
the characteristic D-line radiation. The second question involves an esti-
mate of the lowest altitude level at which this resonance radiation could
occur. The final question involves how to form a cloud in a planetary
atmosphere and whether it is reasonable to expect the same accuracy of
vertical wind profiles as is obtained in the Earth's atmosphere.
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Alkali metal vapor clouds are normally formed by means of a
thermal vaporization process. Solid sodium pellets are embedded in an
aluminum-thermiate mixture which is ignited by a starter explosive charge.

A mass of 400 grams of metallic sodium would contain about 1023 atoms if
completely vaporized. With a vaporization process efficiency of 5 percent

and a constant deposition rate over 50 km of atmosphere, an initial line
density of 1017 atoms/cm could be expected. Concentrations of 1011 atoms/em?2
or greater represent an optically thick cloud so that even a charge of 100
grams should be adequate.

The accuracy of wind measurcment achieved with this technique
in the Earth's atmosphere should not be obtainable in planetary explera-
tion with present technology and financial resources. For a qualitative
measure of wind and, in particular, vertical wind shear, the formation of
a twilight sodium (or cesium) vapor trail could be valuable.

The question of how the cloud is formed and how it is photo-
graphed, i.e. from the planet's surface or from an orbiting vehicle, must
be answered before vapor trails can be given serious consideration at this
stage of planetary exploration.’
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3.7 ACTIVE FALLING OBJECT

In the active falling object technique, radar tracking establishes
the wind direction only. The falling ob ect contains one of two possible
measuring devices that combined with the attitude of the object gives
sufficient information to determine the speed (Morrissey, 1965). Thus
far, instrumentation is in the rough design stage. It has been designed
for use as a dropsonde from aircraft,
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3,7.1 GYROSCOPIC SENSOR

The determination of wind direction is the same for both types
of falling objects and is computed from the following equation

[ WIND DIRECTION = AIRCRAFT HEADING + y + 7 + 0

The precise aircraft heading is assumed to be known. The angle ¥ is the
angle between the radiating source and a fixed axis which is on a line
along the main axis of the aircraft, However, with a fast-falling sonde
instrument, ¥y will remain small and is assumed to be zero. The measure-
ment of 7 (the angle between the sonde axis and the line connecting the
aircraft to the position of the sonde) can be accomplished by the sonde
having a directional antenna pattern and then rotating the pattern. The
received eignal strength will be amplitude modulated. If a marker is
placed on the transmitted signal where the axis of the antenna pattern is
aligned with the axis of the sonde y can be determined by the relative
position of the marker in the received radiation pattern. The angle is
given by

e PRy s

T
y = 360 =*
TR

e

: where TR is the distance between peaks in the signal and Ty is the distance
!E between a peak and the marker. The angle (8) between the wind direction

3 and the sonde axis depends on the sensor. With a system whose physical
orientation was determined by the wind speed, 6 would have to be measured
and telemetered. However, with a rotating sensor, the sensitive axis can
be aligned and rotate together. Thus, locating the antenna axis, which
is accomplished by determining maximum received signal strength, is the
same as locating the sensing axis. The sum of ¥ + 6 is accomplished by
comparing the phase difference between the telemetered wind speed information
and the received signal strength,

To determine the wind speed, gyroscopic action is used to

rigidly orient the sonde in the vertical direction and sense angle of attack.
-The bottom portion of the sonde, containing sensors and antenna, would be
rotated at one revolution per second. The sensor would be a differential
gF pressure transducer that would detect the difference in pressure on the

b opposite sides of the rotating sonde nose., Wind speed is related to the
amplitude of the signal and the amplitude is related to the angle of attack
(@). The relation between wind speed and O is given by

o

”,

; W
tan ¢ = =
; ~V£

]

where Vyis wind speed and Vg is the fall velocity of the instrument package.
With this system, the sonde $hou1d be designed for lagrge inertia to give
the maximum gyroscopic moment. ‘

Tor

“tp

F=
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3.7.2 ANGLE OF ATTACK SENSOR

This i5 a simpler system than the gyroscopic sensor, The wind
direction is measured with the same technique described for the gyroscopic
device,

In this technique the wind speed is sensed by having the vechicle
aerodynamically designed to seek a zero angle of attack. Then the inclination
of the aerodynamic axis to the vertical would be an indicator of the wind
speed. The sensor itself would be a rotating accelerometer whose sensitive
"plane' would be perpendicular to the aerodyramic axis of the sonde. Assuming
no centripetal acceleration, the accelerometet would measure the degree to
which the sensitive axis was dipped into the gravitational field of the Earth
due to inclination of the sensitive plane with the horizontal. 'The sensed
acceleration as a function of time, a(t), is given by

dVF
a(t) = ( Tc )sin B sin wt

where g is the Earth's gravitational acceleration, @ is the angle of incli-
nation of the sensitive plane to the horizontal, wt defines the position of
the sensitive axis in the sensitive plane, and dVg/dt is acceleration of the
sonde, In practice, dVp/dt is less than 1 ft/sec4; thus the term can be
assumed to be zero with less than 3 percent error. The finai expression
then becomes

a(t) = g sin B sin (t.

The instrument has been designed for wind measurement from the
Earth's surface to 10 km,
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4, DENSITY

‘ Atmoepheric _densities near the surface of Mars can be expected to

lie within 1x1079 g em=3 and 3,5x10"5 g cm™3 (House, et al,, 1967). The
average sunsity scale height is about 17 km near the surface and decreases
to about 8 km above 30 km altitude.

Analysis of the Venus IV data suggests that atmospheric densities near
the surface of Venus are about 15 times terrestrial values, or of the orxder
of 1.5x1072 g em~3. The dengity scale heights are approximately the same
as the pressure scale heights: about 12 km near the surface, decreasing
to about 6 km at a height of 30 km. The scale height of the upper neutral
atmosphere according to the preliminary results of the S-band occultation
experiment on Mariner V, is about 5 km.

111




=

4.1 DECELERATION OF FALLING BODIES

There are currently several types of balloons and spheres in use or in
the planning stages for the determination of the density profiles above the
Earth's troposphere. They can be basically broken down into two categories:
measurements of atmospheric drag from radar-tracked spheres, where the amount
of drag is related to density, and falling bodies with aceelerometpr measure-
ments. The radar tracking of the sphere requires a large amount of cumbersome

" ground equipment and is not currently suited for study of the atmospheres of
other planets where equipment must be kept to a minimum. “his leaves the ac-
celerometer placed inside a falling body — an entry vehicle or a sphere — as
the better of the two techniques for planetary observations. '

The classical drag equation for a falling sphere is glven by the
followiug expression

l
i

2

FD =may = 1/2 p v CD A
where ' -Fp = drag force,
: m = sphere maés,
A = sphere cross-sectional area,
ap = drag acceleration,
V = sphere velocity,
CD = coefficient of drag, ‘

i

0 atmospheric density.

If the mass of the body is known and the acceleration measured, the
drag force is determined. Then,; with the knowledge of the other parameters
in the equation, the density can be determined. For a planetary atmosphere,
the velocity would be determined by an integration with respect to time
of the accelerometer data, where the accelerometer is contained within an
uncontrolled freely falling sphere. Further, the altitude h would be
calculated from

Y

t ;
h = hE - b/“ V sin 6 dt .- :
: ‘ o ‘
where hEZz height of the_enﬁry oﬁjthé body into the atmosphere, X iE
@ = flight-path angle measured relative.to local hcrizontal,

.‘
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]
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Thus, the height would be calculated starting with t=0 at the time
of impact of the body with the surface. Therefore, from the above
discussion, it can be seen that the deneity‘profile can be calculated
even though the entry wrhicle is not tracked by radar.

Seiff (1963) discusses the determination of the pressure profile
from the rzecoriied density data. Oue method requires the assumption of
an isothermal atmosphere while the other method does not have this
limitation. With the second method pressure can be calculated from the
following expregsion

t
= U/\ (g o V sin 9)dt

static presgsure,

time,

« gas density,

velocity of the entry vehicle,

flight-path angle measured relative to horizontal.

where

D <D ey
A

¥

Static pressure thus is ¢alculated by summing up the weight of gas
above the given altitude. In fact, pressure can probably be obtained
more accurately than density since pV is known more precisely than p.
1f gas composition is known, then it is possible to calculate the temper-
dgture profile from the determined density and pressure data.

4.1.1 SPHERICAL ENTRX VEHICLE

4.1.1.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

This is an instrument system which is currently being
proposed for planetary observations. The proposed system is a spherical
vehicle with a triaxis accelerometer. The spherical vehicle enters the
planetary atmosphere with a known entry angle and speed. As the speed of
the vehicle is rvetarded by the planet's atmosphere the accelerometer con-
tinually records data until impact:. Then, the data arerelated to the
density profile in the manner discussed earlier.

4.1.1.2 INTERPRETATION OF THE 'MEASUREMENT |

* R Addltlonal 1nformat10n needed ‘to interpret measurement—5
The entry angle and speed are. requxred to properly determine the den51ty
profile. o , . '

- Method for analysis and 1nterpretatlen of data - The

futput from this instrument package will probably be in the form of a radio
fsignal which will be proportional to the measured ‘acceleration. Then, the ,

~ density profile will be computed from the mathematlcal consideration

presented abcve.
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4.1.1.3 INSTRUMENT CHARACTERISTICS

Total and dynamic ranges - The total range of the
instrument will probably be between 0 and 1000 g, where g, is the sea
level gravity of the celestial body. This range is based on a theoraotical
study for Mars where the total range was between 0 and 450 g,. The dynamic
range would depend on the radio signal used for the experiment, In practice,
the range of the instrument will depend on the celestial body to be wtudied.

?

Accuracy - There are three primary sources of errors.
First, there are the errors in measured acceleration. The error in density
will be directly proportional to any error in resultant acceleration,
Second, density error is inversely proportional to the square of the error
in calculated vehicle speed. This speed error is cumuiative with time and
is a direct result of integrating an erroneous acceleration measurement.,
The third source of error comes from having to relate zititude to time to
produce the density profile with height . This error results from inte-
grating the cime history of speed. 'The impact of "the probe defines the
time at which altitude is zero and the integration proceeds abpve the
surface. Therefore, the error in altitude is a maximum at time of enury.

Theoretical estimates of the accuracy have been made
by Peterson (1965). Accelerometer accuracy causes the largest amount of
uncertainty in the density measurement. Density errors are generally
about one to two orders of magnitude when an accelerometer with an accuracy
of 0.1 percent encounters a minimum atmosphere when a maximum atmosphere
was expected. If the accelerometer accuracy zould be improved to 0.01
percent, then the maximum density error would be 1/2 order of magnitude
(at low levels}. This improvement is not currently within the state of the
art. A way to improve the accuracy, at least at the¢ higher levels, is to
terminate the experiment at an entry vehicle speed of 750 ft/s (supersonic).
Under these circumstances with an accelerometer accurate to 0.3 percent,
the density error is about 1/3 to 1/2 of an order of magnitude.

The variations in calculated density produced by errors
in entry speed, determination of final altitude, and entry angle are not
as great as the variations caused by acceleromﬂter errors. Generally, they -
are a factor of 2 or 3 for reasonable errors in the above 3 parameters.

With the addition of on-board pressure and temperature
transducers, it is also possible to determine densities in the lower part
of the planetary atmosphere (subsonic POLCJOH) using a technique described
by Sommer and Boissevain (1967). Basitally, the ambient pressure, temper-
ature, and molecular weight of the atmcsphere are obtained as a function
of helght from measurements of the acceleration history of the vehicle and
the local pressure and temperature measuremean Density is then determined
from the ideal gas law. : '




4.1.1.4 and 4.1.1.5 INSTRUMENT OUTPUT and PAYLOAD INTEGRATION

No information is currently available on instrumeat
output or anticipated payload integration for an accelerometer that would
be expected to perform the technique cutlined above. The nature of the
expected output from any accelerometer would be in some form that could
be related to length/timeZ.

4.1.1.6 STATE OF DEVELOPMENT

There is at present no instrumentation-of this type
available that is specifically designed to make planetary measurements
of atmospheric density. The accelerometers used for this purpose on
Earth could perhaps serve the purpose with proper telemetry and accelerom-
eters suited to the expected conditions for a given planet. It is possible
that some provision for determining altitude directly might be included in
any conducted planetary experiment. An experiment similar to that proposed
by Sommer and Boissevain has been tested in the Earth's atmosphere (Sommer
‘and Boissevain, 1967).

s
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4.2 LOW DENSITY IONIZATION GAUGES

This group covers instruments designed for the measurement of vacuum
or low density environments of the order of 103 kg m=3 or less (10 ymHg
pressure at room temperature). Jonization type instruments operating at
higher densities are discussed in separate sections., An exception to this
low density criterion is the radioactive type ionization gauge, which,
however, will be included in this group. Low density ionization gauges
(LDIG for brevity) operate on the basis of gas molecule ionization, and
measurement of the resulting ion current, which is a function of the number
of gas molecules available for ionization. The means to generate this
ionization is the common criterion for the classification of these gauges.
The three main methods of ionization used are: (a) ionization by therm-
ionically generated electrons accelerated in an electric field, (b) ion-
ization by self sustained high voltage glow discharge, and (c) ionization
by means of radiation (alpha, beta, and gamma),

g
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4,2.1 INSTRUMENT

4.2.1,1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

The three categories mentioned above are represented
by an equal number of instrument groups with some variation within each.
The discussion of these instrument groups will be separated only insofar
' as their differencesare concerned.

N

T

Based on their method of generation of ionization,
instruments of this type fall into the following groups: (a) thermionic
ionization gauge (commonly krnown as ionization gauge), (b) cold cathode
gauge (commonly known as Philips or Penning gauge), and (c¢) radioactive

' ionization gauge (Alphatron, typ.). '

P [

(a) The thermionic ionization gauge consists of a
hot filament emitting electrons which are accelerated by a positive grid
(100-300V) and the resulting positive ions are collected by a negative
electrode whose currént is a measure of air density. Several variations
of this instrument exist, one of which, the Bayard-Alpert gauge is designed
for vacuum measurement at pressure of the order of 10‘10 torr, Lower
pressure measurements have recently been achieved by the use of magnetic
fields (10°13 torr).

discharge electrode pair where the small number of ions generated by the
application of a high potential is significantly increased by the use of

a magnetic field which increases the electron path causing a corresponding
increase in the number of ionizing collisions. Again, the magnitude of
the ion current measured is proportional to the gas density.

i (b) The Philips-Penning gauges consist of a glow

EI' B (c) The Alphatron is a typical representation of a
: group of instruments that use ionizing radiation to impart charge to the
gas molecules. The alphatron consists of an electrode pair, acroyis which
a potential of abgut 30 or 40 V is applied, and an alpha radiation source
that ionizes the gas between the electrodes, This source is generally a
gold-radium alloy ¢ontaining typically 0.2 mg of radium, Beta and gamma
sources have also been used,

4.2.1.2 \INTERPRETATION OF MEASUREMENT

Additicnal information needed to interpret measurement -
The essential parameter required for all the above instruments is the gas
composition. The calibratlon is alwaya performed for a given gas.

;g; , : Method of analys;s and 1nterpretat10n of data - In |
’ all the above 1nstruments the ion current is proportional to gas density, .
thus the measurement is interpreted on the basis of a prior calibrationm.
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4,2.1,3 INSTRUMENT CHARACTERISTICS

Total and dynamic range - (a) 102 to 107 torr
(~10'5kg‘y“3) for the '"common ionization gauge,' Low end extended to
10-13 torr (10-16 kg m-3) for especially designed Bayard-Alpert gauges,

L (b) 10-2 to 10-10 torr (~10-3 to 10-13 kg m"3y,
down to 10"1%# torr with special designs recently developed,

(e¢) 10 to 10-3 torr (~10~2 to 1.0"6 kg m-3),

Accuracy - Ten percent of full scale for each range
(all types).

Signal to noise - Dependent on actual density, about
20 dB at low end of useful range.

Frequency response - Time constants of the order of
0.1 to 1 s.

Environmental effects - High ambient gas ionization
would affect operation (actual limits dependent on density). External

magnetic fields of the order of 100 gauss or more may affect the
operation of the instrument.

4.2.1.4 INSTRUMENT OUTPUT

‘ Output signalk- Analog, calibrated, essentially
linear. Typical sensitivities are:

(a) 12 uA/umHg/mA, for nitrogen (output current at
1 micron pressure for an electron current of 1 mA).

() 1 mA at 1073 torr and 2000 V applied.
(¢) 2.5 x 104 yA/torr (air).

Bits per observation - Dependent on desired resolution
and range of interest. In general, total bits = 7 + number of decade ranges.

4.2.1.5 PAYLOAD INTEGRATION

: Both the cold cathode or Penning type glow discharge
and the thermionic (Bayard-Alpert) gauges have recently been developed for
space applications. Payload integration parameters will be given for the
former since they are similar to those of the thermionic gauges, and
because of their inherent superiority over the latter in terms of sensitivity,
ruggedness, lower power consumption, etc.
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Weight - 2 1b, approximately
Volume - 30 in3, approximately
Powe¢r - 1 W, approximately

Radio frequency interference - None

Magnetic moment - The gauge operates with a permanent
magnet with a 1000 gauss field,

Erection, orientation, or booms =~ Free access of ambient
air should be provided.

Compatibility with sterilization at 145°C - High
Special requiraments =~ None
4,2.1.5 STATE OF DEVELOPMENT

Semi-operational for planetary surface operation,
various types have been used for Earth orbital and deep space measurements,
Because of low density ranges covered, more useful for upper atmosphere
density observations.
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4,3 CORONA DISCHARGE DENSITOMETER

—y

If a gaseous electric discharge in the self-sustained, positive resis~
tanice, avalanche condition (corona or Townsend discharge) is maintained
between an electrode pair with an inhomogeneous field distribution (high
field gradient at one electrode), the current through and the potential
across the discharge are a function of gas density, through its influence
on ion mobility., The most stable geometry for this electric discharge is
the concentric cylinder pair with the positive potential applied to the
axial corona génerating electrode. By applying a constant potential to
the device, the corona current very nearly follows an equation of the form
In p = KI + po, where p is gas density, po is gas density at corona
starting, I is current, and K is a constant dependent on clectrode dimen~-
sions and on gas composition, This relationship holds for air deusities
above 10-3 kg/m™3, At densities of the order of 10-%4 kg/m-3 the discharge
no longer can be maintained in its space charge controlled Townsend regime
and it goes over directly into a constant potential general ionization
glow discharge (Penning gauge region).
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4,3.1 INSTRUMENT

4.,3.1.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

The basic instrument consists of a cylinder-wire dis-
charge pair which constitutes the actual sensor, and a regulated high
vpltage power supply with a series resistor feeding the coaxial discharge
pair, For very wide density range operation, the series resistor in com-
bination with the supply potential is chosen to provide a shallow load
line and the output is taken across the discharge pair (potential output),
For narrower density range, high resolution operation, a steeper load
line is used in conjunction with current output measurement obtained with
a small series dropping resistor, This latter approach is used in the
stratospheric corcna altimeter (Lilienfeld, 1965). This instrument includes
a temperature compensating network for altitude measurements independent
of temperature differences between the inside of the device and the free
environment. Typical operating values for the above instrument are:
supply voltage 1000V dc with a 20 megohm series resistor, output current
ranze 0-25 mlcroamperes, corresponding air density range 5 x 102 to 6 x

kg/m (air). The sensing cylinder is about & cm long and 2.5 cm
in diameter with an axial nichrome wire 0.008 mm in diameter. EE

4.3.1.2 INTERPRETATION OF MEASUREMENT

Additional information needed to interpret measure-
ment - Gas composition or electrical characteristics (mobility and ion-
ization potentials) have to be know,.

Method of analysis and interpretation of data - The
output of the instrument has to be interpreted through its calibration,
which preferably should be performed in an atmosphere similar to that
under which it is to operate. Obviously, the knowledge of air compostion
may follow the actual measurement and thus a subsequent calibration of an
earthbound model would suffice. Otherwise, the output is directly related
to density as mentioned above. ‘

4, 3 1.3 INSTRUMENT CHARACTERISTICS

Total and dynamic ranges - The available device covers
the range of 5 x 10-4 to 5 x 10-2 kg/m-3 (air) but laboratory experiments
of a slightly modified version using potentials of the order of &4 kV
extended this range to sea level densitites (1.2 kg/m=3). The upper density
limit of the technique itself is limited only by the applied potentialﬂ '

, - Accuracy-- For air " (known gas composition case), the
‘ repeatabllity or precision is better than 0.1% of the actual value over
*he entire range.

Signal to noise - >100dB
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Frequency response - Time constant is less than one
second and is potentially faster if the application requires it.

Sy

Environmental effects - High background ionization
(>106 esu/cm3) could affect accuracy. Local ionizing fields which could
produce above concentration should be avoided.

oo

'4.3.1.4 INSTRUMENT OUTPUT

P

Output signal - The output is analog dc current or
voltage, calibrated. Levels suitable for direct VCO conversion.

Bits per observation - 7 bits minimum.

4.3.1.5 PAYLOAD INTEGRATION

potin

e

Values given below are for the stratospheric corona -
altimeter (Lilienfeld, 1965) which is the only presently operational
instrument based on this principle. Numbers in parentheses represent
estimates of state of the art miniaturization of above device for planetary

AT

o applications.
; |
I Weight.- 2 1bs (1.25 1bs)
£ Volume - 50 in3 (15 in3)
i} .
¢
) Power - 0.25 W (0.15 W)
ﬁ; Radio frequency interference - None
¢
Magnetic moment - Not known

£ :
&; . Erection, orientation - Not critical
r  Compatibility with sterilization at 145°C - High,
§~ if electronic circuitry (high voltage power supply) components are properly
- chosen.
g' Special requirements - Free access of ambient air.
o8 ,

' 4.3.1.6 STATE OF DEVELOPMENT
o ,
gé ‘ ( Operational for terrestrial stratosphetic application,
i
il E
i |

1 ; i n
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4.4 VOLTAGE BREAKDOWN GAUGE (Paschen Effect Gauge)

The electronic breakdown potential between two electrodes is a fuaction
of the product of gas density and electrode separation. This dependence is
called Paschen's Law. This property can also be expressed as the dependence
of breakdown potential orn the total number of gas molecules contained in the
volume between the electrodes. This potential, as a function of the above
product exhibits a minimum which usually lies between 300 and 400 volts,
regardless of electrgde geomerry, at density-distance products between
about 1073 and 3x10 kg m™2 x cm (in air). The above dependence applies
both to the breakdown starting potential as well as the extinction potential,
and the difference between these two voltages is also a function of gas
density (for a given interelectrode distance). Such an electric discharge
can be incorporated as the nonlinear element in a relaxation type oscillator
circuit whose frequency will depend on the differenve botwer* Qtarting and

Since the 1onlzatlon characterlstlcs of each gas are dlfferent, the above
dependence has, to be established for each gas composition.

4.4.1 INSTRUMENT

1

4.4,1.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

Various versions of this type of instrument have been:
developed but no widespread utilization has been reported. The density
elem¢nt consists of a discharge electrode pair either of the coaxial or the
Penning configuration, although other geometrics are applicable. The dis-
charge gap is part of a relaxation oscillator of the same type as a glow
lamp oscillator. Figure 4-1 illustrates the essential components of the
circuit. The output is a pulse train whose frequency is a function of the gas
density. This frequency is equal to

v -1
' 1 F
= {(C + e )[M“ L+o/(-vy T Rom < V-5 >D’

“where C is the external capacitance (5000 pF), ¢’ is the discharge capacitance,

R is the external resistance (20 megaohms), R; is the discharge resistance,
V is the applied potential (1000 volts), Vp is the starting potential, and
5 is the difference between the starting and the extinction potentials.

Typical circuit values are shown in parenthesgis. The sampling resistor p,
across which the output is generated, is small compared with R and has a

negligible effect on the operation. By the use of a magnetic field (Pennlng

configuration), the range of the instrument is about 2 x 1072 kg m~ (alr)

to about 107 2 to 1071 kg m” -3 (depending on applied potentlal) Without
magnetic field, the low end only extends to about 107- kg m 3., Hirsch (1961).
contains an extended description of this type of instrument.
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Figure &4-1.

Voleage breakdown gauge.
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4.4.1.2 INTERPRETATION OF THE MEASUREMENT

Additional information needed to interpre¢t measurement-
The only parameter that has to be known is the gas composition., However, the
influence of gas composition on the calibratinn of the instrument is not
great. For the specific caseé of using it in a pure CO, environment with a
calibration for air would introduce an error of only about 5 percent (Cobine,
1958) thus making it directly applicable for both Mars and Venus measure-
ments.

Method of analysis and interpretation of data - The
pulse frequency is related to gas density through a laboratory calibration.

4.4,1.3 INSTRUMENT CHARACTERISTICS

Total and dynamic ranges - Typically 1,0"3 to 10"1 kg m3

without magnetic path elongation, 1075 to 10-1 kg m~3 with magnetic path
elongation.

Accuracy - One percent of actual reading with respect
to original calibration.

Signal to noise - Better then 40 dB.

Frequency response - Time constant of the order of
0.1 second of less.

: 5 Environmental effects - High background air ionization
¢ 10 cm'3) would affect operation. Dust particles may precipitate on
electrodes affecting operation. Filtering may be required. Susceptible to
magnetic fields greater than about 100 G (actual limit dependent on field
orientation with respect to discharge electrodes) at densities below 10-3
kg m~3; no susceptibility above. - : . :

4.4.1.4 INSTRUMENT OUTPUT
Output signal - Digital, pulse train, calibrated,

frequency approximately inversely proportional to density.

Bits per observation - Ten bits.
4.4.1.5 PAYLOAD INTEGRATION

Weight - 0.5 1b., approximately.

Volume -~ 10 in?, approximately.

Power - 0.05 watt, approximatély,

Radio frequency intefferencé,- Probably low.

, Magnetic moment - Fields of the order of 1000 G may
/be present. ' '

-
4
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Erection, orientation, or booms ~ Not critical.
Compatibility with sterilization at 145°C - High.

Special requiyements - None.
4.4,1.6 STATE OF DEVELOPMENT

Experimental. Adaptable for use in Martian
environment.

REFERENCES - VOLTAGE BREAKDOWN GAUGE

Cobine, J.D., 1958: Gaseous Conductors, Dover, pg. 164,

Hirsch, E.H.,, 1961: Vacuum measurement by means of altzrnating gas
discharges. Rev. Sci. Instr., 32, 1373.
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4.5 ACOUSTIC TECHNIQUE

An acoustic technique that allows gas density to be obtained involves
the measurement of sound speed and the specific acoustic impedance (z) of
the gas. The specific impedance of acoustic waves in a gas is defined as
the ratio of the instantaneous acoustic pressure to the instantaneous
"particle'" velocity., This type of impedance is a characteristic property
of the gas and the types of waves that are being propagated through it,
Its simplest form is p,c where p, is the density of the gaseous medium
and ¢ is sound velocity in the gas. If sound velocity and acoustic
impedance can be measured then gas density can be derived.

In the literature on acoustics, two other forms of acoustic impedance
are encountered. JTn general, the acoustic impedance (Z) of a fluid medium
acting on or through a surface of given area S is the complex quotient ¢f
the acoustic pressure at the surface divided by the yvolume velocity at the
surface. The acoustic impedance is related to the specific acoustic
impedance at a surface by Z = z/s. The radiation acoustic impedance (Z)
defined as the ratio of the force exerted by a piston on a medium to the
velocity of a piston; is used to calculate the coupling force between
acoustic waves and a driving source or driven load and is part of the
mechanical impedance of a vibrating system associated with the radiation
of sound. Radiation impedance is related to specific acoustic impedance
at a surface by Z, = zS and the acoustic impedance by Z, = 282, Although
it may seem redundant to have three definitions of acoustic impedances,
the literature on the subject supports this practice because of its

i NI NE e

s

g utility in different kinds of calculations relative to sound generation
| by transducers, sound transmissions by pipes, and sound reception by
‘ microphones.

a2 A simple application of this technique for measuring gas density has
X been discussed in terms of planetary exploration by Hanel et al. (1963)
and by Hanel (1964). Essentially it is as follows.

Admit atmospheric gas into a cylindrical tube (pressure equalization)
in which the temperature of the gas is thermostatically controlled and
therefore known. At one end of the tube is a transducer vibrating at a
fixed frequency; the other end of the tube contains sound damping material
to eliminate reflected waves. Two microphones are mounted flush with the
interior wall of the cylinder and separated by distance large in compari-
son to the wavelength of sound waves (8 to 9 wavelengths).

Since the frequency of the sound wave is fixed the speed of the wave
is directly related to wavelength, and phase comparison between the sound
signals received by the two mtcrophones will give sound speed. The
specific acoustical impedance of the sound wave must be extracted from the
pressure signal recorded by the microphone. Direct calibration of the
instrument is one way to obtain the relationsliip between the signal ampli-
ftude generated by a microphone and the acoustic impedance of the transmitting
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gaseous medium. In the application by Hanel (1963; 1964), he proposes
to obtain this calibration of theinstrument in a Np atmosphere with
pressures ranging from 20 to 150 mm Hg.

4.5,1 INSTRUMENT

4.5.1.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

The initrument consists of the following components.

(a) A test tube whose temperature is thermostatically
controlled with oneend closed by sound absorbing material. The tube is
about a meter lcng and 0.5 cm in diameter.

(b) A fixed frequency generator connected to a
transducer at the opposite end of the tube,

(¢c) Two capacitor type microphones whose signals are
amplified and brought out to
(1) a phase comparator and
(2) an amplitude comparator.

4.5,1,2 INTERPRETATION OF THE MEASUREMENT

Sound speed is determined directly from the phase
comparator. Acoustic impedance is determined from the amplitude compara-
tor, and the gas density within the tube is derived from the acoustic
impedance measurement.

The ambient temperature (T,) must be measured inde-
pendently in order to obtain ambient density (pé) from the chamber or
tube density (p.). Through the equation of state and the condition of
pressure equalization the following relationship holds

_Pe T3
Pa =71
a

In a planetary atmosphere whose composition is not
known, the ratio of specific heats (7) and the mean molecular mass (M) are
not known. By applying the equation of state for a perfect gas, the mean
molecular mass can be determined from this experiment using the following

formula
= _poRr_ 2T R
t P cP

where T3 is the thermostatic regulated temperature of the tube, ¢ is sound
velocity (measured), z is the acoustic impedance (measured) and P is the
ambient pressure (must be measured by an independent sensor).

4.5.1.3 INSTRUMENT CHARACTERISTICS

, Total and dynamic range - The range of sound velocity
that will be measured in these enxgeriments will depend upon the composition
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" but not on the range of planetary temperatures since temperaturce will be
T fixed at the thermostatically regulated value. Hanel's instrument is

designed for a sound velocity range of 290 to 365 m/s iu a Venus probe
and 347 to 365 m/s in a Mars probe.

¥[ Accuracy - If the phase velocity of the sound wave
can be measured to *1 percent, the speed of sound can be derived to £0,03
I percent.

| - Signal to noise - The signal to noise ratio will
depend upon the choice of capacitor microphone and amplifier and is not
g known for Hanel's instrument,

4.5.1.4 INSTRUMENT GUTPUT

1

i

| The instrument output of dircct concern is the
signal voltage that is generated in response to a variable capacitance.

g 4.,5.1.5 PAYLOAD INTEGRATION

The weight and volume of an acoustical instrument
of the type describ:d is not known exactly but volume should not exceed
: 100 cubic inches and the weight should be less than 1 kg; how much
less will depend upon the specific design.

4.5.1.6 STATE OF DEVELOPMENT

A bread-board model of the instrument described
by Hanel (1963; 19€4) has already been constructed.

g REFERENCES ~ ATOUSTIC TECHNIQUE
|
;
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4,6 THERMAL CONDUCTIVITY GAUGES

This technique can be used for either the measurement of density or
pressure and operates on the relation between the rate of heat transfer
and the density or pressure.

A wire of diameter d c¢m is stretched along the axis of a tube of di-
ameter D cm., 1If the gas molecules have on the average temperatures of T’
and T/, on arrival and departure respectively from the wire, the rate of
energy transfer E from wire to gas and subsequently to the outer cylinder,
is given by

1

E = Kn (Tr, - T'g) w/em”

where K is a constant and n is the munber of molecules striking the wire
each second. Since n is directly proportional to the pressure at any given
gas temperature, the expression can be rewritten

E = K'(T'y, - T'p) P

where K’ is a rew constant that includes the proportionality constant for
the n to P relationship. Thus, the rate of heat transfer from wall to wall
is proportional to the pressure if T/, - T’y is a constant.

The temperature T’y depends upon 1) The temperature of the wire sur-
face, 2) the ., type of surface, 3) the temperature of the incident mole-
cules, and 4) the type of molecules. The increase in molecular temperature is
directly proportional to the temperature difference between the surface and
the incident molecules for 3 given gas z2nd a particular surface. An accom-
modation coefficeint is defined by

Tr - Ti
Ls - '1'i

a =

where Tg, Ti, and T, are the temperatures of the surfaces, the incident and
the reflected moleucles respectively. Putting the coefficient into the
basic equation, we have

E = aK/P (Ty - T'g) .

Renaming the constant K’ and considering that molecules possess both
rotational and translatioral emergy, the following final expression results

/ 1/2/ -N\1/2 8 ‘
v + 1 1 73 ) .
E = 1.47 x 10 5 %‘-_-*_—1' (ﬁ) (%) Oﬂ(Tw - Trg)P
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where Tg is the temperature of the gas outside the cylinder, M is the mo-
lecular weight, and y is the ratio of the specific heats. Using the equa-
tion of state for unit mass the expression can also be written as follows:

1/2 1/2
E = 147x10"5§-—-1< > (273> @R T/ p

where R is the universal gas constant referred to unit mass of gas and p
is the density. :

vocammc—y TG T ey
N ——

4.6.1 PIRANI GAUGE

-

4,6,1.1 NARPATIVE DESCRIPTION OF THE INSTRUMENT

This instrument measures the heat loss from the wire
electrically with a Wheatstone bridge network that both heats the wire and
measures its resistance, A hot wire is included in a bridge with two other
arms having equal resistance and the fourth arm being variable. At a very
low pressure, a voltage is applied to the bridge and is set at some conve-
nient value, and the variable resistor is adjusted to give balance. An
increase of pressure, which increases the heat loss, lowers the wire tem-
perature ard hence unbalances the bridge. The wire temperature can be in-
crzased and, therefore, the bridge rebalanced, if the heat input is incre(sed
by increasing the bridge voltage. When the bridge has been rebalanced, the
resistance of the hot wire, and, therefore, its temperature, must be at the
original value.

V]

I[
i 8

Mathematically, the pressure can be expressed as follows:

fony

p = céastant x (V2 - Voz)

where Vg is the voltage when the bridge is initially set an’ ¢ is the voltage
at a later time when the bridge is rebalanced. A similar expression can be
derived for density by substituting for pressure with the equation of state.

4.6.1.2 INTERPRETATION OF MEASUREMENT

gg A The specific data given below are the char-
S dcteristics of a Pirani Gauge manufactured by Edwards High Vacuum, Inc.,
Grand Island, New York,

Additional information needed to interpret measure-
ment - Atmospheric composition

Method for analysis and interpretation of data - The
output in volts has a linear relationship with density (pressure). This
empirical relation is found by applying a known current or voltage and
‘measuring the resultant temperature at various pressures. :

/

’
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4,6.1.3 INSTRUMENT CHARACTERISTICS

i
S

b

| St

Total and dgnamic range - The overall range of this
instrument is from 9 x 10-4 g/cmd to 3 x 10-9 g/cm3.

4

Accuracy - The accuracy is + 10% between 2 x 10~ ; g
gfc'.m3 and 3 x 1078 g/cm3 and is unspecified for the limits of the overall '
range, '

Signal to noise - Not specified
Frequency response - Not specified

Environmental effects - Radiation losses limit the use
of the Pirani Gauge to measurement of densities less than 2 x 10~7 g/cm3
in the free atmosphere.

:
[ St

4,.6.1.4 TINSTRUMENT OUTPUT

Output signal - The analog output for the Pirani Gauge
is voltage, which is linearly related to density (pressure).

Bits per observation - The number of bits per obser-
vation is eight for the range of this instrument,

4.6.1.5 PAYLOAD INTEGRATION | ”g
Weight - 5 lbs 12 oz, M%
Volume - 9-1/4 in. x 8-3/8 in. wide x 9-1/2 in. deep g%
Power - Not indicated ,%
Radio Frequency interference - Not known ~U
Magnefic moment - Not known i%

Erection, orientdtion, or booms - Not specified
Compatibility with sterilization at 145°C - The indicated
maximum operating temperature is 400C. It is not clear whether sterilization
could be performed without damage to the instrument. g
) 1
Spec1a1 requirements - None

4 6.1.6 STAIE OF DEVELOPMENT R f%
| :
R4}

Thls is an instrument whlch is currently available from
commercial sources fot immediate operation. , ; G , R o
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4.6.2 HAVENS GAUGE

The Havens Gauge is simply a special configuration of the Pirani
Gauge in which a Pirani Gauge is mounted inside a bellows that is alternately
compressed and released by an electric motor., This operation yields a fluc=-
tuating output voltage, which can be amplified and rectified to determine
atmospheric density (pressure). This instrument can be used to measure
densities as low as 4 x 10-12 g/cm3.

REFERENCES - THERMAL CONDUCTIVITY GAUGE

Leck, J. H., 1957: Pressure Measurement in Vacuum Systems, The Institute
of Physics, London.
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4.7 SCATTERING TECHNIQUES

The scattering technique operates on the principle that scattering
is primarily a function of the density of the atmosphere. TFour types of
sensors measure beta particle forward scattering, X-ray, gamma-ray, and
ultraviolet backscattering. The X-ray and gamma-ray devices arc described
below as exaniples of this technique.

4.7.1 X-RAY BACKSCATTERING
4.7.1.1 NARRATIVE DESCRIPTION OF THE INSTRUMEMT

In this type of scattering technique, an X-ray source
emits X-rays at a constant rate over a given time increment (Johnson, 1964).
The detector is away from the source such that only scattered X-ray photons
can impinge upon th¢ detector. The density is determined by counting the
number of X-rays that reach the detector in a given time interval. This
number is proportional to the amount of air molecules enclosed by the X-ray
beam.

The relationship between the emitted X-ray photons
(o) and the percent of the photons which are scattered and detected (Id)
is given by

I (4ﬁ)2 r

I = -
' ]
G c— A
| <oo> P %

where r = the distance between the X-ray tube and the detector,
G = a function of collimation angle,
p = air density, o
Ag = area of the detector,
0s/po = Compton scattering cross-section.

From the above equation it can be seen that gas density
varies linearly with the number of detected photons for a constant source.

The detector is a scintillator-photomultiplier com-
bination which is a very sensitive radiation counting device. When the
X-ray photons impinge upon the detector, the scintillator converts them to
a shower of light photons, a percentage of which reach the photomultiplier,
The light flashes are then converted to electrons by the photomultiplier,
the number of electrons is multiplied by a factor of 105 to 108 and the
number of electron bursts is counted.
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4.7.1,2 INTERPRETATION OF MEASUREMENT

Additional information needed - Atmospheric composition,
since Compton scattering cross section depends on composition.

; Method of analysis and interpretation of data - The
output is in the form of 1 volt, microsecond pulses occurring at a rate of
1000 pps to 100,000 pps. This pulse rate is linearly related to the number
of impinging photons and thus linearly related to density.

4.7.1,3 INSTRUMENT CHARACTERISTICS

Total and dynamic ranges - The sensor was designed to
measure densities between 1.2 x 10-3 g/cm3 and 1.7 x 10-3 g/ecm3, On Earth,
this is from about sea level to 30 km, It may be possible to extend the
range to 10-7 g /cm3,

Accuracy - Theoretical accuracies have been computed
for both a test chamber and simulated aircraft flight conditions. The
total r.m.s. error for the test chamber is between 2 and 3 percent for

"densities between 10°3 and 106 g/cm3.. At densities less than 10-6 g/cm3,

the error begins to rise, caused by backscatter from detector coincidence
error, This error is due to overlap of individual light pulses in the
scintillator, The theoretical errors for the aircraft flight are about
percent for densities between 10~3 and 10 g/cmd and become larger as

10-7 g/cm3 is approached. For the flight test, the error analysis inciuded
congsiderations of statistical variations in X~-ray emission, rate of air-
craft descent, shock layer effect, electronic drift and cosmic background.

Signal to noise - Noise is one of the factors 1imit1ng
the range of the instrument, The noise comes from the photomultiplier tube
and is caused by 'dark current.' 'This type of current is a result of
electrons escaping from the photosen31tive cathode due to thermal vibrations.
The individual electrons emitted cause pulses In the output of substantially
smaller amplitude that those resulting from the incoming X-rays. To combat
this difficulty, a threshold discriminator can be used to distinguish between
"dark current' and X-rays. This requires that the signal be above the
threshold level before it is counted.

Frequency response - The time constant is extremely
small, Only a short distance is travelled at the speed of light by a
scattered photon that reaches the detector. The operations within the
detector are also virtually instantaneous ‘

R

Env1ronmental effects - This lnstrument is de81gned to.
W1thstand the rigors of a high altitude environment and shock forces. The
effect of cosmic background at high levels is much greater than at sea :
level. By counting pulses only in a certain energy range (discrimination
technique) this effect can be consxderably reduced.

/
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4.7.1.4 INSTRUMENT OUTPUT

Cutput signal - The calibrated output is in pulse
form, and the sampling period is 0.533 sec. A linear relation exists
between the number of dntected photons and gas density with a fixed X-ray
source strength, When the count rate 15 relatively low (around 10,000
pps), the relationship begins to lose its linearity, By making adjustments
in the c¢ircuitry, the pulse rate would be boosted for a given density, and
linearity resumed, This newly established linear relation would then
continue until the lower densities would again reduce the count rate.

Bits per observation - Pulse rates transmitted accu-
rate to three places with exponent would require 10 bits per observation,

4.7.1,5 PAYLOAD INTEGRATION

Weight - The X-ray detector and emitter probably
weigh less than 20 lbs.

Volume - The above two components probably occupy less
than 1 £ft3 of space.

Power - The suggested power requirements were voltage
between 1500 and 2500V,a current of 0.2 mA, a load regulation of 0.1% no
load to full load, and a ripple of 0.2%.

Radio frequency interference - None
Magnetic moment - Not known

Erection, orientation, or booms - See special require-
ments '

Compatibility with sterilization at 145°C - The air-
craft instrumentation can withstand temperatures at least as high as 71C.

, Special requirements - The orientation of the emitter-
detector system must be carefully determined and care must be taken that
the detector receives only scattered photons.

4.7.1.6 STATE OJF DEVELOPMENT

The instrument is notready for operational use. Giannini
Controls reports that laboratory tests have been completed and the results
are encouraging., Aircraft tests (aboard the X-15) have not yet been reported.
However, the designed instrument is Lapable of withstanding the expected
environment.
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4.7.2 GAMMA-RAY BACKSCATTERING
4,7.2.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

The general operation of the gamma-ray backscattering
instrument is about the same as that for the X-ray backscattering device
and the theory is only slightly d.f{ferent.

When gamma rays pass through matter, the beam is
exponent:ially attenuated by one of three major processes: 1) photoelectric,
2) Compton scattering and 3) pair formation (Shepard and Dicks, 1963)., With-
in a specified energy range, one usually predominates. In this case, it
is Compton scattering where a fraction of the incident gamma-ray photons are
knocked out of the beam by collisions with the electrons in the exposed
matter. Each photon that is removed represents a collision with an electron,
so that the number of photons knocked out of the beam is directly propor-
tional to the electron or matter cdensity,.

The general cquation for the counting rate of photons
is given by

Gy =nV NP d (o)

where
C, = wanted counting rate, C - Cp, counts/min. ,
C = total counting rate,
Cp = background counting rate, ;
n = electron number demsity, electrons/cm3,
V = gensitive volume size, cm3,
N, = beam intensity, photons/cm2 min.,
d(gg = differential collision cross-section, cm?/electrons.
. ‘ z * )
Also, no=p e NA
where
p = measured density of gas,
Z = atomic number, electrons/atom,
A = atomic weight, gm/mole,
NA = Avogadro's number,

Thus, in a manner similar to X-ray determination of
density, the gas density can be measured with a detector capable of counting
individual photons coming from a radiation source and scattered from a
particular volume. The composition of the gas must be known.

/
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When a photon hits the scintillation crystal, the
flash of light that is produced causes an electron cascade in the photo~
multiplier tube which enters the preamplifier as an electron pulse. The
energy given up by the photon in the crystal determines the light intensity.
This relates the pulse amplitude produced by the photomultiplicr to the
photon energy. The preamplifier sends the pulse along to the linear ampli-
fier. The pulse amplitude is increased by several orders of magnitude by
the linear amplifjer and then it continues into the pulse height analyzer,
Here only certain pulse heights are accepted by this discriminator, Only
those bheights between two preset levels are spaced through to the counter.

4,7.2,2 INTERPRETATION OF MEASUREMENT
Additional information needed - Composition of atmosphere.

Method for analysis and interxpretation of data - A
scaler counts within a present time interval the number of pulses caused
by the impinging photons. The number of photons counted is linearly
related to the gas density,

4,7.2.3 INSTRUMENT CHARACTERISTICS

The instrument characteristics, instrument output and
payload integration data listed below are for an instrument which has been
flight tested by Reichle (1965). A Nike Apache rocket was the test vechicle
-and lifted the package to over 90 km,

Total and dynamic ranges - The range of the instrument
is dependent on source strength. A 24 Curie Cerium radioactive source
gave measurements (where the counting rate was exponential with height) of
density between 8.9 x 10-5 g/cm3 and 1.1 x 10-6 g/cm3, Very hlgh source
strengths are necessary to measure densities down to 10-9 g/cm Reichle
(1965) did not indicate if densities larger than 8.9 x 10-5 g/cm were
measured (from 20 km to the surface). It is possible that the counting
equipment could not handle the large counting rates that would occur.

Accuracy - After subtracting the background cournting
rate, the determined densities agreed rather closely with the 1962 U. S,
Standard Atmosphere.

Signal to noise - The background scattering gives a
certain counting rate. As the density and counting rates decrease, this
background level is approached. When the background level is reached, this
is the effective lower limit of the measurement.

Frequency ‘response - The time constant is very small,
The photons travel a short distance at the speed of light.
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| Environmental effects - The instrument had to be quite
rugged to withstand the shocks of launch and the extremes of the high alti-
tude environment. | |

4,7,2,4 TINSTRUMFNT OUTPUT

Output signal - The calibrated output is in pulse
form, In the flight testing of this particular instrument, the pulses were
stored on tape and the counting was done by a ground-baged electronic

counter.
‘I Birs per observation - Ten bits per observation would
! be needed.
4,7.2.5 PAYLOAD INTEGRATION
Weight - The entire payload weighs 125 lbs. in version
tested,

Volume - Probably less than 2 £e3,

Power - Not indicated

. GAE S

Radio frequency interference - Not indicated

Magnetic moment - Not known

o .
»..li . ﬂ "

Erection, orientation, or boems - None

Compatibility with sterilization at 145°C - Could not
be determined,

Special requirements - The detector and radiation source
must be placed so that no direct gamma-ray emission falls upon the detector.

.4.7.2.6 STATE OF DEVELOPMENT
The instrument package is still in the developmental

stage. -More flight tests are planned. Efforts are being made to reduce N
the background count rate. : :

!2 : :5 DI
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4.8 EXCITATION TECHNIQUES

%"‘ ».. M‘“‘mw’%

Excitation techniques depend on the relationship between the excita-
tion radiation of gas molecules and gas density,

4,8,1 ULTRAVIOLET AIR DENSITY GAUGE

&

The ultraviolet air density gauge utilizes the rearrangement
radiation from molecular nitrogen for the measurement of density. Air is
excited to visible fluorescence by shining a beam of ultraviolet light through
it.

The absorption length where the intensity has fallen to 1/e of
its initial intensity is expressed by

5

s

TERnAY

where A 1is the molecular weight of the gas, No is the Avogadro number, and
o is the cross section for nitrogen. This absorption length is related to
the physical path length £ and the density p by

, = L
p

The change in the intensity of the fluorescence between two
distances x) and x, from the source is given by

AL = I, [exp (xp/8)- exp (x1/4)]

i AI/Io is the fraction of the initial enexrgy between 5008 and 7008 that is
5 abgsorbed between x; and x9. Five percent of the energy absorbed between
e x]1 and xp is radiated in the visible, thus
=
L | | Al
. E, = 0.05E, I
4 | ,
LT where Eg5 is the initial energy available between 5008 and 700%.
:%2 - A detector of area A located a distance R from the radiating
b element senses the fraction of the reradiated energy E, given by
Fria ; A
%i f = =
§ 4nR

e
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Thus, the total energy received at the detector Ey is expressed
as follows:

~

- Al
Eg = 0.05f Eo Sy or

xz_xl

£

Eg = 0.05f Eg

if x< < ¢
This energy can be expressed in terms of the average number of photons in-
cident on the detector area A.

4.8.1.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT é

The instrument consists of a collimated, excitation [
ultraviolet source and a photomultiplier tube detector with focused optics. }
It can detect the fluoregcence of molecular nitrogen in the visible when
bombarded by 5004 to 700A photons. A sequence of filters and source
modulators is utilized to insure that only gas molecules contribute to the
signal, and not reflections from dust or ice crystals. The intensity of
the fluoresence as a function of the amount of energy fed into the ultra-
violet source would be a measure of air density.

4,8.1.2 INTERPRETATION OF MEASUREMENT

Additional information needed to interpret measurement -
Relative concentratiin of Ny in the atmosphere.

Method for analysis and interpretation of data - A E
photomultiplier tube detects the return signal of the radiated energy in
the visible and very-near ultraviolet, portion of the spectrum. The number
of incident photons is proportional to the demsity.

4.8.1.3 ~ INSTRUMENT CHARACTERISTICS

permmeh

Total and dynamic ranges - The instrument is capable
of megsuring atmosphere densities from 5 x 10-8 'gm/cm3 (~80km) to 10-14
gm/cm> (~350km) .

Accuracy = The accuracy is dependent on knowledge of

- the sky albedo, internal background and systematic errors in the determi-
ations. Internal background errors are produced by extranedus electrical
signals that might stimuldte the phototube or from visible light from-the
source that is reflected or scattered into the phototube by dust particles,
ice crystals, engine exhaust products or other condensed matter. Nonlin-

~ eritiss in the detection system and variations in the source strength
produce the systematic errors. An accuracy of 1.5-2.0% is expected.

e T
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Signal to noise - The chief contribution to instrument
noise will be from sky background. By conservatively estimating the changes
in albedo light with changing altlitude the signal-to-noise ratio would be
20 to 1 at 300km,

Frequency response - Instantaneous

Environmental effects - No serious effects are ex-
pectead.,

4.8.1.4  INSTRUMENT OUTPUT

Output signal - The output is digital, calibrated, and
linear. The number of incident photons in the detector is related to the
density.

Bits per observations - Eleven per observation would
be required for three place accuracy (7 bits) and for che exponent (4 bits).
4.8,1.5 PAYLOAD INTEGRATION
Weight - Not less than 10 1lbs,
Volume ~ Not Jess than 1 cu. ft.

Power - 100 watts peak power needed to get 1 watt of -
visible radiation. -

Radio frequency interference - None
Magnetic moment - Not known

Erection, orientation, or booms - Not critical

Compatibility with sterilization at 145°C - Unknown.

Special requirements - None.

4.8.1.6 STATE OF DEVELOPMENT

, , This instrument is still in the pre-flight test stage.
Undoubtedly, further development will be necessary for instrument use on
other planets. o 2 -
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4.8,2 ELECTRON BEAM DENSITY GAUGE

This instrument is geometrically similar to the ultraviolet
density gauge with an electron gun as the source of the electron beam and
a photomultiplier as the detector., The field of view from the photomulti-
plier intersects the fluorescence produced by the electron beam and the
detector records the fluorescent energy,

The amount of light (in watts per centimeter) of electron path gj
1ength that is isotropically emitted by the ionized air through which the 54
electron beam passes is expressed by

= ) p
= KN(dE7dx) 1+ 5.49 % 10%p watts/cm @)

where p is the air density inrgm/cmB; dE/dx is the energy lost per electron
per centimeter in joules - cm“/gm; N is the number of electrons per second;
and K is the fraction of energy lost that goes into light.

The amount of light received by the photomultiplier that is
emitted by the fluoresingair is given by the relation

1. = fI : (2)

where f is the fraction of the light emitted by the gas that is collected
by the photocathode of the photomultiplier tube. Therefore the relation
between the energy collected by the photocathode and density is given by

E
q
1]

dE Ie!
dx 1+ 5.49 x 104

I, = fKN watts/cm (3)

4.8.2.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

An electron gun sheoots out a collimated electron beam.
Some of the energy is transformed irto fluorescence. This energy is ;
sensed by a photocathode of a photomultiplier tube. The photomultiplier
tube field of view is oriented such as to intersect a 51zeab1e portion of
the electron beam.

4.8.2.2 INTERPRETATION OF MEASUREMENT

Addxtlonal information needed to interpret measurement-
Atmospherlc composxtxon

‘Method for analysis and interpretation of data - The
photomultiplier tube receives the fluourescent energy from thec eleccron beam.
The amount of energy is related to atmospheric demsity according to (3).
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4.8,2,3 INSTRUMENT CHARACTERISTICS

Total and dynamic ranges - Density can be measured
between 75 and 130 km with this technique. Below 75 km the scaltering angle
for the electrons become large and they diffuse rather than form a beam,

Accuracy - Could not be determined

Signal to noise - The background signal, which is
light from the day sky, is about the order of magnitude of the signal
received from a one-meter long column of ionized air (the usual size
measured). Also, a 1P28 photomultiplier tube has an equivalent noise
power of the signal at the photocathode, when measured through a 100 cps
bandpass filter. Thus, the electron beam must be modulatwl to detect the
signal.

Frequency response - Not known

Environmental effects - None expected to be serious.

4.8.2,4 INSTRUMENT OUTPUT

Output signal - The calibrated analog voltage is in
pulse form., It is linearly related to the gas density.

Bits per observation - Eleven bits per observation
are needed: '

4.8.2.5 PAYLOAD INTEGRATION

The values beloy are approximate as no instrument for
extraterrestrial observations is currently available.

Weight - Probably over 10 1bs.

Volume - Probably over 1 cu. ft.

Power - 50 watts (approx.)

Radio interference =~ None

Magnetic moment - Not known

Erection, orientation, or booms - The proper relative
orientation of the electrcn beam gun and the photomultiplier tube is
necessary.

Compatibility with sterilization at 145°¢ - Unknowit.
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Special requirzments - None
4.8,2.6 STATE OF DEVELOPMENT

This ingtrument is in the early development stage.
No flight or laboratory calculation of errcr has yet been made.

4.8.3 BREMSSTRAHLUNG

This method utilizes an electron beam to probe the density of
a small volume of gas which is located a short distance from the measuring
device. The measured parameter is the number of Bremsstrahlung X-rays
generated within a selected segment of the volume irradiated by the
electron beam, The generation process is the electron-gas atom interaction.
The attractive aspect of the technique is that the response of this measure-
ment system is dependent upon the average atomic mumber of the atoms
constituting the irradiated volume but is independent of the chemical form,
degree of ionization and temperature of the gas. 1Its main limitation is
that it can only be utilized at altitudes above 100km (in the Earth's
atmosphere). An existing rocket-bound system utilizing this technique has
a potential error in density measurement of 39% at present with an ultimate
capability suggested that can reduce this error to 10%. (Sellers and Ziegler,
1965).

The main components of this measurement system are an electron
gun (with power supply and beam focusing and deflection controls) and a
proportional counter X-ray detector (thh power supply and amplifier for
the detector pulse output).

The signals that must be recorded and interpreted are the voltage
and current of the electron gun and the pulses resulting from the X-ray
detectuvr. The atmospheric density can be computed from these three outpuf
signals provided a theoretical evaluation is made of the cross-section for
the production ofa Bremsstrahlung X-ray of energy between k and k + dk by
the interaction of a nonrelativistic electron of rest energy mcZ? and
kinetic energy (k) with a nucleus of charge Z1. The evaluation of this
cross-section is the principal contributors to the 10% ultimate error
associated with this technique.
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4.9 VISCOSITY GAUGES 5

The rate of transfer of momentum B from a sur face moving with velocity
u in the plane of the surface, to a stationary surface parallel to it at
distance d, is given, at low pressures, by the equation

B = it (1)

where 1 is the coefficient of viscosity and { the cocfficient of slip,
which is proportional to the mean free path L, and therefore, is inversely
proportional to the density. Thus (1) can be written as

o ——u
B=q 201 ()

where b is a constant that varies with the nature of the gas and that of
the surface. At very low pressures L ™> d and (2) becomes

¥ ’
B : 7 bL (3)

and, since
N =0.5p v, L

where p is the density of the gas and v, is the average velocity of the
molecules, (3) can be written as

B = K1 PV, u

and

where K; and K, are constants, M is the molecular wéight, P is pressure,
and R, is the universal gas constant. A

Another similar expression can be derived from considerations similar
to those used in deriving the laws of molecular flow. This expression is

given by ‘
um /Y
B=Ku P\/,r

where K is a constant. Density can be calculated by the equation of state. E
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Two different types of gauges are used. 'The f{irst is the "decrement"
types where a surface is set in oscillation and the rate of deerease of the
amplitude of oscillation is taken as a mecasure of the density (pressure).
Damping occurs due to the gradual equalization of encrgy between the moving
surface and the molecules of gas striking it,

In the second method, the density is measured by setting a surface in
continuous rotation and determining the amount of twist imparted to an
adjacent surface. Molecules that strike the moving surface amuire a
momentum in the direction of motion which they tend to impart to the other
surface.Then if that surface is suspended and free to rotate about an axis
which is normal to the direction of motion of the rotating surface, it will
be twisted around until the force due to the incident molecules is balanced
by the torsion of the suspension.

4.9.1 QUARTZ FIBER GAUGE

4.9.1.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

This operation of this instrument is based on the
"decrement' principle (Dushman, 1949). The gauge consists of a fine quartz
fiber (diameter 0.005 to 0.01 cm) sealed into the top of a glass tube.
Oscillations of the fiber are set in motion by tapping the glass bulb
gently. The rate of decrease of the amplitude of the bulb is obsexved by
means of a telescope and lamp. Dengity is determined from the relation

/' N .
‘ 0.5 ¢

where T is temperature, R is the gas constant, tg,5 1is the inter-
val of time required for the maximum amplitude to decrease to half
value, and B and C are constant characteristic of the fiber.

4.9,1.2 INTERPRETATION OF MEASUREMENT

Additional information needed to interpret measurement
The temperature of the gas must be known.

Method for analysis and interpretation of data- The
density varies linearly with 1/tO X Optical methods are used to determine
t . L4 .

0.5 :
| 4.9.1.3 INSTRUMENT CHARACTERISTICS
| | Total and dynamic rahgesA-_Thérrange of this sensor is
determined by the constants B and C. For a fiber 3 to 8 cm long and 0,0045

em in diameter measuring the density of air, the lowest density the sensor
cculd measure would be 1.8 x 10-10 g/cm3 '
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Accuracy - Not indicated.
Signal to noise - Not indicated.

Frequenci résponse - The length of time for the
amplitude of the oscillation to decrease to half value is actually the
measured quantity that is inversely related to density,

Environmental cffects - This is a delicate instrument
and would have to be protected against the rigors of space travel.

4.9,1.4 and 4.9.1.5 INSTRUMENT OUTPUT and PAYLOAD INTEGRATLON

The specific output and payload integration parameters
»ould have to be determined for space usage. Undoubtedly, some form of
automatic optical device would have to be designed in order to monitor
the oscillations of the quartz fiber,

4.9.1.6 STATE OF DEVELOPMENT

This sensor was primarily developed for use in the
laboratory to measure pressure (density) where near vacuum conditions are
needed. No effort has been reported to adapt this device for any other
purpose.

4.9.2 MOLECULAR GAUGE

4.9.2.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

This gauge consists of a glass bulb in which are zon-
tained a rotating disk and, suspended above it, a second disk (Dushman,
1949). The disk, made of thin aluminum, is attached to a steel or tungsten
shaft mounted on jewel bearings and carrying a magnetic needle. A small
mirror, about 0.5-cm square, is attached to the second disk (usually made
of mica) by a framework of thin aluminum. The first (lower) disk is
rotated with a rotating magnetic field produced outside of the bulb. This
field is produced by a Gramme ring supplied at six points with current from
a commutating device rotated by a motor. The speed of the latter can vary
between a few to over 10,000 revolutions per minute.

The angle of torque, @&, on the second disk is given

2.4 ——
Q= R7r. Pw‘\/‘m,
1 T

by the equation

where K = constant, which depends upon the nature of the gas and the
accommodatxon coefficients for transfer of momentum,
r = radius of rotating disk,
I = moment of inertia of disk,
7 = period of osc111at1on,
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w = angular veloecity of rotation,
P = pressure,

T = temperature,

M = molecular weight,

o Therefore, for a given pauge, the torque on the
upper disk is proportional to the product of the speed of rotation of the
aluminum disk and PVM/T . The sensitivity of the gauge is increased
by increasing the speed of rotation; also, by illuminating the mirror and
using an ayrrangement similar to that used for galvanometers, it is possi-
ble to measure low pressures or small densities,

4.9,2.2 INTERPRETATION OF THE MEASUREMENT

Additional information needed to interpret measurement-
Temperature must be determimed simultaneously with the density (pressure)
measurement .

Method for analysis and interpretation of data - For
constant temperature the angle of torque on the upper disk is linearly re
related to pressure. This angle is measured by the angular deflection of
the mirror suspended from the top of the glass bulb.

4.9.2.3 INSTRUMENT CHARACTERISTICS
-14 Total and dynamic ranges - Densitiecs as small as
8.4 x 10 77 g/em” can be measured.
Accuracy - Not indicated.
Signal to noise - Not indicated.

Frequency response - The tim¢ -onstant could not be
determined.

Environmental effects - Like the quartz fiber gauge,
this instrument appears to be delicate and would require special protection

from the conditions associated with space travel, rocket takeoffs and landings.

4.9.2.4 and 4.%.2,5 INSTRUMENT OUTPUT and PAYLOAD INTEGRATION

The specific details of instrument output and payload
integration are not available. If the technique were thought to be usable,
these details could be determined. Since the instrument uses a rotating
magnetic field, any strong external magnctlc field might alter the magnetic
moment of the sensor. :

4.9.2.6 STATE OF DEVELOPMENT

This sensor was designed for laboratory use. Consid-
erable development and design would probably be necessary to use it as a
sensing device for planetary atmospheres.
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4,10 ABSORPTION TECHNIQUES

Absorption techniques depend upon the fact that the absorption of
electromagnetic radiation is a function of the denisty of the absorbing
medium,

4.10.1 FILTER PHOTOMETER AIR DENSITY GAUGE

Optical absorption of the sun's radiation in various spectral
regions can lead to the determination of atmospheric density in accordance
with the equations

)
== = o, -~ h)
1 k- 1
1
where I = radiance
o = absorption coefficient
h = altitwie
3 = density
Subscript
1 = lower altitude
2 = higher altitude

The absorption coefficient, ¢ depends on the molecular species
responsible for the absorption; which in turn determines the choice of wave-
length in the earth's atmosphere. Absorption of molecular oxygen provides
the most accurate measurement between 18008 (at 90 km) and 20008 (at 40 km).
Between 90 and 120 km the solar Lyman ¢t emission line at 1215A is a conve~
nient radiation source, Above 120 km, where oxygen is dissociated, the
absorption of soft X-rays can be used, which is proportional to the total
mass and is independent of molecular aggregation, For the atmospheres of
Mars and Venus, which contain very little oxygen, the near infrared bands
of (0, could be used.

ey

4.10,1.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

The following discussion refers to the technique as it
has been applied to the earth's upper atmosphere. The instrument consists of
a fork-mounted detector and solar tracking sensor. Depending on the wavelength
of the incident radiation, the ultravieolet radiation detector operates by means
of photoionization and photoelectron production. The detector usually con-
sists of a conducting cavity which can be filled with a gas. An electrode
is introduced into the cavity thus making the detector a two-terminal
device, The incident radiation comes through a window and intcracts with
the chamber walls and the gas. Between 10008 and 15008 the ultraviolet
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photon has enough energy to ionize its gas. Presence of the photon is
indicated by collection of the ion and electrons. Depending on the ion-
ization potential of the gas, the response may be enhanced at certain
wavelengths by the proper selection of gases. At wavelengths above

15004 the response is almost all due to the photoelectron production, as
it an ordinary phototube., Quenching gases, which recombine with the
photoelectron before it can be collected, canr be used to suppress the
response. Also, the response can be lowered by proper tube geometry,

4.10.1.2 INTERPRETATION OF MEASUREMENT

Additional information needed to interpret measure-
ment - Relative atmospheric composition and ultraviolet absorbance.

Method for analysis and interpretation of data -
The output of this instrument is a train of pulses that is proportional
to the density,

4,10.1.3 INSTRUMENT CHARACTERISTICS

Total and dynamic ranges - Optical absorption of
the sun's radiation is ma’z at selected wavelengths between 608 and 20008.
In the earth's atmosphere, the lower limit of the instrument's measuring
capability is 40 km and the upper boundary is above 120 km.

Accuracy - Detector drift, absolute energy cali-
bration, and atmospheric dust would be the three primary error sources for
this instrument. The drift error is perhaps the most serious and can be
held to less than 1% per day for the photomultiplier. The greatest drift
is experienced by the X-ray detector; 10 percent over several hours. It
is difficult to presently ascertain the dust error that might occur on
other planets.

Signal to noise - The signal in the 1200-2000%
at unit optical depth with a photomultiplier tube is about 2u amp per
square cm of collecting area. This level is at least 1000 times the dark
current due to thermionic emission.

P | The Lyman- detector produces about 10-8 amp of
ion current for a flux of 1 erg/cm3- sec. This ¢urrent is in contrast
to a noise of less than 10-16 amp. -

The X-ray detector supplies pulses in excess of
10-8 amp for the X-ray solar intemnsity above 120 km. The number of counts
per second will be around several thousand above background of < 100 counts/
sec due to cosmic rays and hard X- rays

Ftequency response - The time constant of the
ingtrument is small, probably 1ess than 0.1 second.
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Environmental) effects - No serious problems are
expected as a result of the environment,

4,10,1.4 INSTRUMENT OUTPUT

Output signal - The filter photometer gives cali-
brated logarithmic, analog output,

Bits per observation - 12 bits,

4,10.1,5 PAYLOAD INTEGRATION
Weight - Probably about 10 1lbs.
Volume - Between 1/2 and 1 £t3 (approx.)
Power - Probably at least 50 watts.
Radio’frequency interference - None
Magnetic moment - Not known

Erection, orientation, or booms - The detector
must be pointed directly at the sun during the observation period.

Compatibility with sterilization at 145°C - Unknown.

Special requirements - None
4.10,1.6 STATE OF DEVELOPMENT

Development would undoubtedly be needed for the
atmospheres of Mars and Venus, Also, the composition of the atmosphere
must be determined. The wavelengths selected for the observations on the
other planets may have to be changed because of different atmospheric
compositions.

4.10.2 ALPHA, BETA, AND GAMMA ABSORPTION

This technique is based on the measurement of radioactive
emission by means of a detector directly exposed to it, and separated from
the source by a vclume of air whose density is to be determined. Radiation
absorption and scattering by the intervening molecules reduce the detected

" radiation level which beiomes a function of the gas density. For alpha and

beta radiation, the useful range of densities depends on the width of the
energy spectrum of the emission. In general, beta particles exhibit a wider
spread of energies and thus are more suitable for this purpose. On the

-~ other hand, a narrow energy distribution implies a high sensitivity over
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the reduced range. The attenuation of alpha and beta particles is mainly

a result of inelastic collisions with bound electrons of air molecules,
while gamma attenuation is caused by three processes; a) photoelectric
absorption, b) Compton scattering, and c) position-electron pair generation,

The development of these techniques in general has been
limited to theoretical studies and laboratory experiments with the purpose
of applying radiation absorption methods for the measurement of low density
air (corresponding to terrestial conditions above 150,000 feet), with the
exception of one instrument, an alpha-densitometer which was developed for
use on stratospheric balloons, at altitudes between about 80,000 and
150,000 feet. 1In general, the application of radiation to the measurement
of atmospheric densities has been concentrated on scattering measurements
which has been discussed in another section. The scattering approach, in
general, offers the advantage of in situ measurement of ambient density
since the volume to be sensed can be outside the source-detector geometry
reducing or eliminating errors associated with temperature differences,
outgassing, etc. which are characteristic of absorption schemes.

REFERENCES - FILTER PHOTOMETER

Cato, G. A., 1964: "Uitra-High Altitude Measurement‘Systems for Pressure,
Density, Temperature, and Winds,' Electro-Optical Systems, Inc.,
~Final Report, Contract NAS8-5226, EOS Rept. 3780, 149p.
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4,11 MICROWAVE REFRACTOMETER

Refractive index of an atmosphere may be used to determing any one
of several of its properites if all others are known. Density, pressure,
temperature, and water vapor demsity as well as composition affect the
refractive index. The instrument has been used experimentally as a
method of measuring atmospheric properties and is discussed under water
vapor sensor.
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4,12 VIBRATING REED

The density of a gas is determired from two measurements of decay
time of a vibrating reed, one for a reference and another for a test
reed, and from a set of calibration curves, The loss in energy of a
vibrating reed is accounted for by two distinct mechanisms, namely the
internal friction of the reed material and damping by gas surrounding the
reed. '

In considering the energy dissipation due to gas drag, a constant
Reynolds number is assumed, and the energy lost per cycle is

_ w3
23 CD pg LbV~/200£

where Cp is the drag coefficient, p, is the gas density, L is the length
of the reed, b is the breadth of the reed, V is the peak velocity at the
tip of the reed, and f is the natural frequency of the reed.

The reference reed is placed in a chamber filled with gas with a
known density, while the test reed is open to theé gas whose density is
to be determined, A measurement of the time or the number of cycles for
each of the reed's vibrations amplitude to decay to 20dt of maximum value
is taken. From this and a set of calculated calibration curves, the density
of the gas in the sample chamber may be determined.

‘The useful range of the device is up to approxjimately 0.1 g cm-3
where the sensitivity is the order of 900 m/s g cm ”, At lower densities
of the order of 0.02 g um'3, the sensitivity is 2050 m/s g em=3. For a
more accurate system, a digital system should be used to count the number
of cycles in the 20 dB folding time,

REFERENCES

Ledwidge, T. J. and Hughes, G., Gas Density Measurement by the Natural
Damping of a Vibrating Reed, J. Sci, Instr. 44, (1967).
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5. PRESSURE

The average surface pressure on Mars can be expected to lie between
5 and 14 mb, with a nominal average value of about 7 mb (House, et al.,
1967). An instrument for measurement of Martian surface pressure should
be capable of measuring between 3 mb and 25 mb. This range should be
sufficient to cover uncertainties in our present estimate of surface
pressure, surface pressure variations due to uncertainties in landing
site (elevation or depression), possible reductions in surface pressure
due to condensation of atmospheric carbon dioxide, and meteorological
variations of surface pressure. The pressure decreases with altitude by
1/e each scale height. The average scale height is about 10 km near the
surface and decreases to about 8 km above 30 km altitude.

The surface pressure on Venus is 20 atm, according to the¢ Venus IV
observations. The gfcale height is about 12 km near the surface and de-
creases to about & lm at a height of 30 km. (These estimates of scale
height are based upon a predominantly COy atmosphere, surface temperature
of 600°K, and lapse rate of 10°C/km).
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5.1 DIAPHRAGM GAUGES .
Diaphragm gauges operate on the principle that the pressure exerted -
on a thin membrane causes a change in one of its mechanical character-

istics (positional deplacement, vibrational damping, etc.),

5.1.1 ANEROID BAROMETER

5.1.1.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

The aneroid barometer fundamentally consists of two
parts - a closed box of thin metal, partly or fully evacuated, and a
strong spring. The spring operates to keep the box from collapsing under
pressure of the atmosphere, and at a given pressure there is an equili-
brium between the forces of the spring and the atmosphere. 7The elastic
properties of the spring determine the characteristics of the whole §
instrument. One side of the box or aneroid chamber is attached to a ’

support, the opposite side of the aneroid is linked to drive an indicator -
or pen for recording. There are many variations of the aneroid construc- %
tion and lever mechanisms. —
The aneroid barometer must contain some device for i
temperature compensation. Hysteresis and creep are other factors which B
contribute to errors and are inherent in the aneroid barometer. The
aneroid barometer offers sensitivities of about 0.2 mb. However, the B
absolute accuracy of the instrument is somewhat less than desirable; B
for this reason, it is not recommended for high precision absolute pres-
sure measurements. «%
i
The modern aneroid barometer consists of a number of !
aneroid cells in series connected to a mechanical magnifier. The mech- .
anical linkage is connected to, and drives a low torque position type ’%
transducer. There are many variations in the type of transducers including b
capacitors, reluctance and strain gauges all using the aneroid element as
the basic movement. )
3

A Paulin-type aneroid barometer manufactured by
United Geophysical Company uses a capacitor transducer. The capacitor "y
plates are located immediately above the aneroid chamber. The capacitor i
is connected in a Wheatstone bridge circuit. Current in the signal X
circuit is so adjusted that it is zero when the middle, movable condenser
plate is in the null position. Measurement is provided for by the posi-
tioning of the movable plate relative to the null position. Typical
specifications for aneroid barometers are presented below.

5.1.1.2 INTERPRETATION OF THE MEASUREMENT | ag

Additional informatioh needed to interpret the o
measurement - None. ; o ’ ‘ ' 5§
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Method for analysis and interpretation of data -
Depends upon the type of transducer selected — :enerally a de voltage
output which varies in & linear fashion with barometric pressure.

5.1.1.3 TINSTRUMENT CHARACTERISTICS

Total and dynamic range - For the Esrth's atmogphere,
a dynamic range of between three to eight inches Hg, depending upon the
design, centered at approximately 29 inches Hg. Wider ranges are available
(10 mb to 1000 mb) for radiosonde applications.

Accuracy - Approximately 0.3 percent of full scale
range without transducer.

Signal to noise - Dependent upon transducer and
electronics.
Frequency response - Not known.

Environmental effects - Calibration is affected by
temperature changes.

5.1.1.4 INSTRUMENT OUTPUT
Output signal - Dependent upon transducer and
electronics.
Bits per observation - Using a range of six inches Hg
a ten-bit word will yield a resolution of 0.0117 inches Hg.

5.1.1.5 PAYLOAD INTEGRATION

Weight - Approximately one pound.
Volume - Approximately 75-cubic inches.
Power - Dependent upon electronics.
Radio frequency interference - None.
Magnetic moment - Unknown.
Erection, orientation, or booms - None.
Compatibility with sterilization at 145° C - Yes.
Special requirements - ane.
5.1.1.6 STATE OF DEVELOPMENT
The aneroid barometer ﬁas been used in the Earth's

atmosphere for many years. No major problems. anticipated for extraterrestrial
use., ' : :
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5.1,2 BELLOWS-TYPE BAROMETER

The bellows-type barometer is very similar to the aneroid
barometer, the difference being in the construction of the pressure sensi-
tive chamber. The aneroid makes use of a single small chamber whereas the
bellows-type chamber is elongated with the walls manufactured in the shape
of a bellows. The use of the bellows-type construction of the pressure
chamber results in greater movement for a given pressure change. However,
this may also be accomplished by stacking a number of aneroid chambers in
one barometer.
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5.1,3 VIBRATING DIAPHRAGM PRESSURE TRANSDUCER

5.1.3.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

This type of transducer measures pressure by scnsing
the damping effect of the gas on the vibration of a thin metal diaphragm
(King, 1966). The diaphragm is under radial tension and is in a continuous
vibration that is maintained electrically at its mechanical r-sonant fre-
quency. Two metal plates provide a means of electrically forcing and
detecting the vibration of the diaphragm., A space between the plates and
the diaphragm is filled with the gas whose pressure is to be measured.

A loss of energy from the diaphragm is created by gas damping and this
loss is sensed by its effect on the diaphragm damping factor. Therefore,
the electrical power required for a given amplitude of vibration is a
measure of gas pressure.

The forcing plate of the transducer is supplied with
a dc potential and an ac voltage from an electronic oscillator set at the
mechanical resonant frequency of the tensioned diaphragm. A generated
electrostatic forcing function causes the diaphragm to vibrate synchronously
with the ac driving voltage and at an amplitude which is a function of the
driving signal and the diaphragm damping factor. The vibrator's amplitude
may be indicated due to a periodic vibration in the capacitance between the
diaphragm and the sensing plate caused by the diapbragm's vibration. Since
the power needed for a given amplitude of vibration is a function of the
damping »n the diaphragm, the power can be maintained *» indicate the
pressure.

The total energy lost through diaphragm vibration is
a sum of electrical energy losses, mechanical energy losses, and energy
losses caused by the gas. It is the variations in the energy losses
caused by the gas that are a reflection of the changes in pressure. The
expression for the gas energy loss is given by

vy / 1/2 2
ol _ (2RT m) % 2P

'Xl 16 A ew al o 9

where v, = initial voltage applied to the forcing plate,

<3
b
"

amplitude of the superimposed voltage applied to the
forcing plate,

gas constant,
= temperature,
ratio of specific heats,

= mclecular weight of the gas,

>3 R =W
]

= area of the diaphragm,
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e = dielectric constant,

& = resonant frequency of the diaphragm in radians/sec.

W, = analogous shear stress coefficient,

X = distance between the forcing plates and the diaphragnm,

Xl = peak displacement of the diaphragm averaged over the
’ area of the fixed plate,

Lg-)
H

equilibrium pressurc being measured by the transducer,

VoV1

In practice, = £ (P, - gas properties) + Pm-+ Pr

where P = mechanical losses,

Pr = electrical losses.

Since the mechanical and electrical losses are inde-
pendent of P , they can be calculated separately and applied as a correction
to the measurements.

5.1,3,2 INTERPRETATION OF THE MEASUREMENT

Additional information needed to interpret measurement -
A knowledge of temperature and gas composition is necessary to successfully
maintain the calibration of the instrument. However, the effect of temper-
ature and gas composition can be minimized by transducer design and selection
of materials., If the instrument is to be used over a wide range of gas
compositions and temperatures, these parameters should be known for proper
interpretation of the signal.

Method for analysis and interpretation of data - The
output is in V°/m and is linearly rclated to changes in pressure.

5.1.3.3 INSTRUMENT CHARACTERISTICS

3 Total and dynamic ranges - Pressures between 10-5 and
mm Hg cai be measured with the transducer. Thg dyngmic range_of the

10
L (10° mm Hg) vZ/m.

instrument varies between 104 (10™° mm Hg) and 10
Accuracy - The accuracy of the instrument is *1 per-
cent over most of the range of the instrument. At the ends of the total

range, the errors are somewhat higher, Other errors would be introduced
if the temperatures of the gas and the gas composition were not known.

Signal to noise - The signal is considerably stronger
than any background noise.
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Frequency response - The time constant is about
0.005 sccond at high pressures. For low pressures, special circuitry
that maintains a constant amplitude of diaphragm vibration can allow the
time constant to approach that at high pressures.

Environmental effects - None suticipated.
5.1.3.4 INSTRUMENT QUTPUT

2 Output signal =~ The calibrated output 1s in analog
form (V°/m). There is a linear relationship between v2/m and pressure.

Bits per observation - Eleven bits per observation
will be needed. Seven bits for the numerical value of the voltage
(accurate to two places) and four bits for the order of magnitude.

5,1.3.5 PAYLOAD INTEGRATION

Weight - Less than 2 lbs.

Volume - Less than 0.2 fts.

Power - Probably less than 50 watts.
Radio firequency interference - None.
Magnetic moment - Unknown.

Erection, orientation, or booms =~ No special

orientation.
Compatibility with sterilization at 145°C - The

instrument can probably withstand sterilization.
Special requirements = None.
5.1.3.6 STATE OF DEVELCPMENT

Two sensors were flown on a free~falling probe exper-
iment in the Earth's atmosphere (Sommer and Boissevain, 1967). One of the
units operated satisfactorily.
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5.1.4 CAPACITANCE-TYPE BAROMETERS

5.1.4.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

. The capacitance barometer consists of a highly stressed
metal diaphragm positioned between two fixed capacitor plates. The diaphragm
forms the separation between two gas-tight enclosures., A difference in total
pressure within the enclosures produces a force which deflects the diaphragm
and varies the capacitance of the diaphragm and the fixed capacitor plates.

A measuring circuit, usually an ac bridge, is used to determine the capaci-
tance change, which is related to the total pressure change.

Capacitance barometers are manufactured to be essentially
free from temperature effects and are useful over a wide range of pressures.

1.4.2 INTERPRETATION OF THE MEASUREMENT
Additional information needed to interpret the

measurement - None.

Method for analysis and interpretation of data - The
output of the measuring circuit is a dc signal which is analog to the pres-
sure ovér a given design range with the use of a calibration curve.

5.1.4.3 INSTRUMENT CHARACTERISTICS
Total and dynamic range - The instruments cover a total

range from 0.01 to 1000 mm Hg divided into nine dynamic ranges.

Accuracy - 0.1 to 0.25 percent of reading; linear to
0.05 percent. - v

Signal to noise - Unkhown.
Frequency response - Time constant = 3 ms at 760 mm Hg.

Environmental effects - None,
5.1.4.4 INSTRUMENT OUTPUT

Output signal - A O to 5 veclts dc signal analog to the
pressure for each range is produced by the measuring circuit.
Bits per observation - For a resolution of 1 percent
of any given dynamic range, a seven-bit word is needed.
5.1.4.5 PAYLOAD INTEGRATION

Weight - 1.75 1b.

“Volume - 12 cubic inches (sensor).
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Power - Approximately 25 watts.
Radio frequency interference - None.
Magnetic moment - Unknown.
Erection, orientation, or booms - None.
Compatibility with sterilization at 145°C -~ Yes.
Special requirements = None.

5.1.4,6 STATE OF DEVELOPMENT

Sensors are commercially available. Electronic
measuring circuit must be developed for use in space probes.




REFERENCES - DIAPHRAGM GAUGES i
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5.2 BOURDON TUBE GAUGE

To this group belong mechanical pressure-measuring instruments
employing as their sensing elements a curved or twisted tube, flattemed
in cross section. One end of the tube is closed, and the fluid pressure
to be measured is applied through the other end. As the inside pressure
is increased, the tube becomes more nearly circular in cross section, and
tends to straighten. The motion of the free (closed) end of the tube is
a measure of the internal pressure., The fundamental principle that motion
of a bourdon tube is proportional to applied pressure is credited to
Eugene Bourdon, nineteenth century French inventor. The bourdon pressure
element may be made in any one of a number of shapes. The most common
fcrms are the C tube, the spiral and the helical element.

5.2.1 INSTRUMENT

5.2.1.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

For electrical pressure transducers, the twisted tube
bourdon type is often preferred but the choice of shape depends on the
associated electrical transducer. Bourdon tube transducers are of various
types, the most common is the bonded strain gauge.

In general these 1nstruments, as well as those with
mechanical linkage readout and the high precision optical~fused quartz tube
gauges, are used for industrial and aerospace hardware pressure measure-=
ments and not . for meteorological applications. Thus an instrument spec-
i#ically designed for atmospheric studies and in particular for remote
planetary operation has not been developed. The advantage of the bourdon

 technique is its ruggedness and dependability, qualities which would

warrant such a development.
5.2,1.2 INSTRUMENT CHARACTERISTICS
Only snose characteristics will be given here which

typify existlng instrumznts and, in particular, the bourdon tube sensor;
other characteristics relevant to planetary applications will be omitted

for the above stated reason.

Additional information needed to interpret measurement-
None ' -

Method for analysis and interpretation of data -
Dependent on deflection sensing system used. Usually analog voltage pro-
portional to pressure for a strain gauge. (varlable resistance)

- 5.2.1.3 INSTRUMENTACHARACTERISTICS

Total andfdynamic range - Dependent on particular
tube used. Lowest range 0-65 torr with 0.003 torr resolution. Highest




range 0-100,000 psi with 1,0% resolution.

Accuracy - About 0.1% for the sensor itself, and
up to 0,1% of full scale for the strain gauge.

: Frequency response - Basic transducer, 10-100 Hz,
strain gauge up to 2000 Hz,

Environmental effects - None
5.2.1.4 INSTRUMENT OUTPUT
Output signal - Dependent on sensing transduction,
can be made digital. Output is calibrated and linear, proportional to

pressure,

Bits per observation - 10 for a two decade range of
pressures.

5.2.1.5 PAYLOAD INTEGRATION
Values are for basic tube sensor
Weight - 1 - 2 ibs.
Volume ; 20 in3 approx.
Power - 0.1 to 1 W (electronic amplification)
Erection, orientation, or'booﬁs‘; Non critical
Compatibility with sterilizatién at 145°C - Very high
Specialyrequirements - None
~ State of development - Industrial application, not

suitgable for planetary ise. Minor development appears to be required for
such use. - - :

REFERENCES
Bulletin 021, Texas Instruments, Inc., Hduston, Texas

McGraw-Hill Book Co.; 1960: Encyclopedia of Science and Technology, Vol.
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5.3 HYPSOMETERS

.

Physically a hypsometer consists of a chamber in which a liquid is
maintained at its boiling point. The chamber is specially designed to
minimize the presence of air diffusion and superheating of the liquid.

The temperature at which the liquid boils is a function of the atmospheric
pressure, according to the following relation ,

- (e

d(/n p) _ _L

dT R T2

g

w——

where p is the pressure; T is the temperature; L is the latent heat of
—n vaporization, a function of temperature alone; and Rg is the universal
gas congtant,

At sea level pressure, where water boils at 100°C, it is easily seen
l from this relationship that the decrease of temperature per millibar de-
K crease in pressure is about 0.0270C. To determine the pressure to 0.2 mb
we must be prepared to measure the temperature to about 0.005°C. The
sensitivity of the hypsometer increases with decreasing pressure. This
inherent characteristic of the hypsometer makes it attractive for
possible use in low pressure environments.

175




5.3.1 THERMISTOR HYPSOMETER

5.3.1.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

In order to ohtain satisfactory operation over a wide
range of atmospheric pressure or within a narrow range in the low pressure
region, it is desirable that the pressure transducer used exhibit charac-
teristics such that sensitivity increase with decreasing pressure. The
thermistor type hypsometer presents a solution for such a requirement,

If the logarithm of the resistance of a thermistor
is plotted as a function of the reciprocal of the temperature, the result-
ing curve approximates a straight line. The sensitivity of the thermistor
hypsometer is given by

where RE is the resistance of the thermistor and B is the nominal constant
of the thermistor. The negative sign indicates that a reduction in pressure
results in an increase in thermistor resistance. From the equation, it is
clear that the sensitivity of the thermistor type hypsometer increases
rapidly with decreasing pressure.

The inherent accuracy of the hypsometer may be con-
sidered independent of the type of temperature transducer selected. Since
the basic dependent variable in the hypsometer is the temperature of the
boiling fluid, the effect of the limitations of the temperature transducer
become apparent once the relationship between pressure and the temperature
of the hypsometer fluid is established. The desired relationship may be
obtained from the pressure vs. temperature curve, or the equation may be
used to determine the accuracy of the selected temperature transducer,
Another source of error introduced by the temperature transducer is the
finite thermal lag exhibited by the transducer. This error may be kept
negligibly small for most applications if a small bzad type thermistor is
used as the temperature transducer.

' A maJor and obvious factor which affects the repeat-
ab111ty of the boxlxng point temperature characteristics of any hypsometer
is the purity of the fluid. With this fact in mind, it is advantageous to
use a hypsometer design in which the liquid vaporized may be condensed so
that the purity of the fluid is not changed appreciably.

‘ A thermlstor hypsometer manufactured by Cambridge
Systems of Newton, Massachusetts is based upon the highly stable boiling
point of butyl benzene An internal reservoir furnishes fluid to a heated
glass wick assembly. The wick assembly vaporizes this fluid with the heat
required for vaporization being controlled by a precision thermistor placed
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in the saturated vapor stream in the wick. An independent proportionally
controlled thermal servo system regulates the heat required for vaporization
as a function of pressure. Another precision thermistor temperature sensor
is utilized to sense and compensate for variations in ambient temperature.
The vaporized fluid is internally condensed and returned to the reservoir,
thereby permitting long operation. The readout of the hypsometer is via a
precision thermistor thermometer,

5.3.1.2 INTERPRETATION OF THE MEASUREMENT

Additional information needed to interpret the measure~
ment - None

Method of analysis and interpretation of data - Out-
put of semnsor is a change in resistance of the thermistor thermometer.
The log pressure vs., log resistance relationship is approximately linear.
From resistance, temperature of the boiling fluid may be found from which
the pressure may be derived.

5.3.1.3 INSTRUMENT CHARACTERISTICS

Total and dynamic range - Total range 1200 to 2.0 mb.

Accuracy - 17 of measurement

Signal to noise - Dependent upon electronics

Frequency response - Not available

Environmental effects ~ Present design cannot be used
in ambient temperatures above 40°C or below -40°C.

5.3.1.4 INSTRUMENT OUTPUT
Output signal - Output of instrument is a resistance
change of a thermistor theimometer - specifications for resistance ther-
mometers apply. .
5.3.1.5 PAYLOAD INTEGRATION
Weight - .750 g + 10%
Volume - Approximately 12 cubic inches
Power - 3 watts maximum

Radio frequency interference - None

Magnetic moment - Unknown
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Erection, orientation, or booms - None

Compatability with sterilization at 145°%C - Without
liquid, yes.

Special requirements - None
5.3.1.6 STATE OF DEVELOPMENT

Commercially available, generally custom made to
specifications.

REFERENCES

Sapoff, M., '"Theory of Thermistcr Hypsometers,' Victory Engineering Corp.,
Springfield, New Jersey.

Technical Specifications Bulletin 137Bl, Cambridge Systems, Newton, Mass.

178

el




o

5.4 PIEZOELECTRIC CRYSTALS AND SEMICONDUCTORS

A variety of piezoelectric transducers has been developed making use
of various properties of crystals and semiconductors by which their
electrical behavior is affected by changes in pressure of the ambient gas.
Only their principle of operation will be presented here since they have
not been developed to the point of full operational availability especially
in terms of establishing their reliability and accuracy uUnder field
conditions.

5.4.1 PIEZOELECTRIC CRYSTALS

If a quartz crystal, which is part of an oscillator circuit,
is exposed to the environment, the acoustic impedance of this medium affects
the electrical properties of the crystal, The damping effect of the gas
modifies the amplitude of the oscillations of the crystal, and this change
becomes a function of pressure. 1In practice, one experimental gauge of this
type was operated with an amplitude stabilized amplifier. A feedback loop
maintained the crystal oscillation amplitude at a constant level to prevent
rupture, and the variable feedback bias was used as output of the circuit,
Useful operation was obtained over the pressure range of 0.1 to 1000 torr
with oscillation frequencies of the order of 50 to 200 kHz. Gas composition
affects the calibration of the circuit, and thus, has to be knowm.

5.4.2 SEMICONDUCTORS

It has been found that if the junction of a tunnel diode or the
emitter-base junction of a planar type transistor is exposed to varying
gas pressure, its current-potential characteristics are altered as a
function of the applied pressure., The tunnel diode is operated in the
amplifier or oscillator jnode, Its application to the measurement of
planetary atmospheric pressures seems remote at this point since most of
the laboratory evaluations have been made at pressures significantly above
terrestrial sea level pressures,

The pxezo-tran51stor appears to be a rather recent development,
where the emitter-base junction of a silicon planar transistor is mechanically
coupled to a small diaphragm. Sensitivities of the order of 10 volts/gr
force, or about 1 volt/inch Hy0 differential pressure, and a high degree
of linearity (1%) appear to be characteristics of this device,

Its compactness and compatihility with electronic circuit
elements could make this pressure sensing transistor a valuable tool for
the remote measurement of pressures. Other specifications for this device
(Stow Labs. Pitran) are: temperature coeff. -0.5%/°C, hysteresis 1%,
mechanical resonance frequency: 100 kHz, temperature range: -40 to + 60°C.
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5.5 LIQUID BAROMETERS

An atmosphere, by virtue of its weight, exerts a pressure on
a surface imersed within it. This atmospheric pressure is cqual to the
weight of a vertical column of the atmosfh ere, of unit area, and extending
to the outer limit of the atmosphere. The most generally used method of
measuring the pressure of the atmosphere involves balancing it against the
weight of a column of liquid. The measurement is expressed as the height
of the column of the particular liquid, such as inches of water.

5.5.1 NARRATIVE DESCRIPTION OF THE TINSTRUMENT

The atmospheric pressure may be determined using any fluid in
a liquid barometer provided the height of the column, the densi.y of the
fluid, and the value of the acceleration due to gravity is known., The
most common type of ligquid barometer is the mevcury barometer. In this
instrument, the pressure of the at:uwosphere is equated against a column of
mercury, the height of this column being accurately measured. This instru-
ment for use in an atmosphere similar to Earth's must, of neccssity, be
bulky, heavy, and rather delicate. ‘[he instrument consists of some form
of U-tube with one limb hermetically scaled. The other limb is open ty the
atmosphere, and often takes the form of a cistern. 'The tube is filled with
mercury and positioned in the vertical plane with the closed end of the
tube becoming the uppermost point of the instrument. The mercury will
stand in the closed tube at a certain distance above the level in the open
tube or cistern. This height may be determined by various means and when
reduced to standard conditions is often adopted as a measurement of the
atmospheric pressure.

There are various means of attaching transducers to the mercury
barometer for remote or automatic reading of the instrument. The instrument
discussed here is manufactured by Exactel Instrument Company of Mountain
View, California. The height of the column of mercury is determined by a
servo-mechanism which is designed to seek a float that is placed in the
tube on top of the column of mercury. A position transducer is attached
to the servo-drive and indicates the height of the mercury column electri-
cally.

5.5.2 INTERPRETATION OF THE MEASUREMENT

Additional information needed to interpret the measurement -
The temperature of the mercury must be known precisely. The gravitational
acceleration of the planet must also be known,

: Method of analysis and interpretation of data - The output of
! ' the instrument is a binary representation of the height of the mercury
column which is a direct measurement of atmospheric pressure.
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5.5.,3 INSTRUMENT CHARACTERISTICS
Total and dynamic range - For the Earth's atmosphere, a 32~
inch mercury range is used; however, special instruments have been supplied
with ranges up to 240 inches of mercury.
Accuracy = 0.002~inch mercury.
Signal to noise =~ Unknown.

Frequency response - Under 10 seconds.

Environmental effects - Subject to temperature and graviby
changes.

5.5.4 INSTRUMENT OUTPUT

Output signaly- Qutput optiéns include both analog and digital
position encoders. Digital encoders provide a direct representation of the
atmospheric pressure in inches of mercury.

Bits per observation - Dependent upon encoder selected,

Weight - Approximately 100 1lbs.

Volume - Approximately 6 cubic feet.

Power - Unknown.,

Radio frequency interference - None.

Magnetic moment - Unknown.

\

Erection, orientation or booms - Must be erected in a vertical
position.

Compatibility with sterilization at 145°C - Unknouwn.

Special requirements - The instrument is ext.emely delicate.
Extreme care must be used when installing instrument., For these reasons

and because of its physical size and weight, it is assumed that this
instrument could not be used for space exploration.

5.5.,6 STATE OF DEVELOPMENT
 The instrument is fully developed for use on Earth. For other

or special users, the techniques are fully developed; however, the actual
hardware is custom manufactured. :
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Exactel Instrument Company, Exactel Servobarometer PMS500, Mountain
View, California.

Middelton, W.E., and A.F. Spilhaus, 1958: Meteorological Instruments.

University of Toronto Press.
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5.6 KNUDSEN RADIOMETER GAUGE

This gauge iz used for the measurement of very low pressures and is
independent of gas composition (Leck, 1957). The radiometer forfe is
pressure dependent from O to 10 mm Hg and is llnearly dependent at the
lower end of the range. Consider two parallel plates A; and Ay at temper-
ature T and Tp, respectively, the separation (d cm) being small when
compared with their linear dimensions and to the molecular mear. free path.
The assumption is made that the molecules travelling towards Ap; from A
have a mean velocity C1 cm/s dependent on the temperature Tp, and a
velocity Cp cm/s exists for molecules travelling from Ay to A; dependent
on T2. Gj and Gy represent the correspogdlng rms velocities. At any
instant there are Nj and N, molecules/em” with the mean velocities Cy and
C» respectively. 1In the gas surrounding the plates the molecular mean
velocity, molecular rms veloeity, and molecular density are-given by C,

G, and N respectively.

The effective pressure Py (dyn/cm ) in the space between Al and A2
is given by

= 1/3m NG 4 1/3mN.G° - (1)

Py 11 272

where m is the mass.

Since, in equilibrium, the rate of entry is equal to the rate of
departure from the interspace

1/4 NC = 1/4 NlCl

+ 1/4 N202 (2)

and ‘
N.C., = N.C, . (3)

171 272
S&bétituting (2) and (3) into (l) giveé
T B 2 2
p, = 1/3 m.[ 1/2 N G,C/C) + 1/2 N 6, c/cz}
The pressure at'any pointf@n the gas is given by

= l/3lmrN c?

Asseming a Maxmellian velocity distribution where




the expression for py can become
s Gl +’G
=1/2 pK > . 4)

Gy and Gy depend on the temperatures of the two plates T| and T, If ¢
represents the accommodation-coefficient of the inside surfaces of A1 and
AZ’ then '

N2
[2%)
i
@
i

a(Gy - Gy)

(]
v
@«
]

a(G) - G,)

so that after algebraic manipulation (4) can be written as

4
Gl+c,2\

The radiation pressure trying to force the plates apatt is given by
: ’ '
B 1 S t6
P=p, -p-= Pl ~— -1 ],

[ 4 e s
since G,'l-,_/G =\/T1/'r and G;/G' =T, /T

e e i

=1/2 p <~/Ti/'f +NT,/T - 2 )

/

Particular caseg of Tp = T and the temperature of A2 équal to T1 on the
inside and T on the outside gives

The above development~shows‘thatffor a constant temperature distribu-
tion and for the same accommodation coefficient at both plates the resultant
radiation pressure depehds only on the gas pressure outside the region
between the plates. For three plates the expre551on for P is glven by

12 p QJT o \/T /'1‘> (5)
j{fﬁi ? Thus, the force on the cepiral ;;&ta is independent of its temperature. The
B density can easily be cﬁ}«Atﬁ“ﬁﬁ f =l the eqlation of state (thh knowledge,
of gas COmpOSltlon) : ' . o ,
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The assumption of infinitely large surface areas and exactly equal
accommodation coefficients cannot be realized in practice. Fredlund (1937)
considered a circular vane Ay of rudius r between two larger plates A, and
e A3 and a distance d from each. The final expression for P is modified

from (5) as follows:
ay (2 )
UZPGTM NT T> +a_§a .
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5.6.1 FREDLUND GAUGE
[ 5.6.1,1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

There are many different variations of the Knudsen
- gauge. The Fredlund gauge is described here due to the relatively wide
i range of pressures and densities that can be measured with a linear rela-
" tion between p and P, The gauge consits of a moving vane between two
large metal blocks. The thermal deflecting force is balanced electro-
iR magnetically; the electrical force required to keep the vane in its

[ central position is used to measure the deflecting force, Water, supplied
. ; from two thermostats, was used to maintain the necessary temperature
£ difference between the metal blocks.

5.6.1.2 INTERPRETATION OF MEASUREMENT

Additional information needed to interpret the
measurement - None. :

b Method for analysis and interpretation of data - A
e current is passed through the coils of each of the magnets. This current

is proportional to the force on the foil of the moving vane and leads to
F the calculated pressure.

e A\ 5.6.1.3 INSTRUMENT CHARACTERISTICS

?ﬁ Total and dynamic ranges - With a d of 0.85 mm, the

i llnaar 0perat1ng range (where the mean free path of the molecules mist not
exceed d) of this gauge is between ~'0 and 3.2 x 10"3 mm Hg. Pressures

A ~ as high as ~ 6 mm Hg can be measured less precisely in the nonlinear

3 operating region where the deflecting téres *e a eomplicated function of
! gas density.

! Accuracy - Accurate determination of the accommodation
L coefficients and the reduction of "edge effects" from the practical limitation
that the surface cannot be infinitely large are necessary for accurate
measurements. The 'edge effects" errogr source can be limited by proper

ém': design of the gauge.

[
2
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Signal to noise - Unknown.

Frequency response - The general expression governing
the deflection 6 of the freely swinging vane is given by

[}

where J is the moment of inertia, B is the frictional damping coefficient,
S the stiffness of the suspension (i.c., the restoring torque per unit ,
deflection) of the moving vane and G the deflecting torque. This expres- -
sion represents a damped oscillatory motion with a natural period,

o -

T = 2t ~J/S second.

The response time of these gauges is about the time of the period and is
a few seconds.

Environmental effects - The calibration of the instru-
ment is quite delicate. Thus, the instrument should be protected from any
anticipated severe jolts.

5.6.1.4 INSTRUMENT OUTPUT

Output signal - The calibrated output would be analog.
For pressures less than 3.2 x 10"3 mm Hg, the relationship between the
observed radiation pressure and surrounding gas pressure is linear. At
hlgher pressures the radiation pressure-gas pressure relation is more

compl
5.6.1.5 PAYLOAD INTEGRATION
e Weight, - Probably less than 4 kg.
| Volume - The instrument is about 20 cm x 10 cm x 5 cm
in size.

: Power - No power is needed to operate the xnstrument
Small current is generated by the instrument itself.

Radio frequency interference - None.

Magnetic moment - The instrument contains two
magnetic coils. ' '
' Erecticn, orientation, or booms - None.
~ Compatibility with sterilization*atflhséc - Cannot
be determined. : o
Special requirements - None.
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5.6.1.6 STATE OF DEVELOPMENT

This is an old instrument developed for measurements
of pressure under near vacuum conditians in the laboratory. Considerable
development would be needed fcr planectary pressure measurements., However,
the capability of the instrument to measure extremely low pressures inde-
!l pendent of gas composition mdkes it attractive where such environmental

conditions are anticipated.

I REFERENCES - KNUDSEN RADIOMETER GAUGE

! Fredlund, E., 1937: Ann. Phys., 30, p. 99.

Leck, J.H., 1957: Pressure Mecasurement in Vacuum System, The Insticute of
! Physics, London. '
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6. TEMPERATURE

Average temperatures near the surface of Mars can be expected to vary
from a high of about 250°K at high latitudes in summer to a low of about
145°K at high latitudes in winter (House, et al., 1967). Superimposed on
these temperatures, except at high latitudes, is a diurnal variation of
about 100°K. Temperatures can be expected to decrease with altitud: at a
tate of about 5°C/km to stratospheric values between 60 percent and 90
percent of the average surface values, depending upon season and latitude.

Average temperatures near the surface of Venus are about 600°K,
according to the Earth-based and Mariner II passive microwave observations
and the recent direct observations of the Russian Venus IV spacecraft.
Surface temperatures can be expected to vary as follows (Pollack and
Sagan, 1965): subsolar point, 1000°K; antisolar point, < 660°K; poles,
470°K. Uncertainties in these estimates may be 100°K or more. The temper-
ature lapse rate is about 10°C/km in the first 25 km, according to the
observations of the Venus IV spacecraft. This lapse rate probably per-
sists up to the Venusian stratosphere, which probably has a temperature

of about 200°K.
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6.1 RESISTANCE THERMOMETERS

These thermometers employ the variation, with temperature, of the
electrical resistance of metals and metal oxides. The higher the temper-
ature coefficient of resistance, the better the material is for thermo-
metric purposes.

Resistance thermometers are made from platinum, copper, nickel, balco,
tungsten and semi conductors. Platinum is usually the preferred metal when
performance and cost both must be considered; semiconductor materials
exhibit an inverse temperature-resistance relation, and sensors of this
material, commonly called thermistors, may also be used for measurement
in a manner similar to metalic sensors. The resistance of these sensors
becomes the analog of the sensor's temperature. Measuring the temperature
of an environment can be accomplished by allowing the sensor to come to
thermal equilibrium with the environment and measuring the sensor's resis-
tance.

For precisinn resistance measurements in thermometry, some form of
potentiometer circuit is generally used. The Wheatstone bridge circuit is
the most common and is accurate enough for meteorological purposes. There
are many variations in the design and specifications for individual measur-
ing and indicating circuits available to the nuser depending upon his
requirements. :

Resistance thermometers fall into several classes:
i (L) Resistance bulbs
' | (2) Thin wires R . ) .
‘ (3) Thermo ribbons
(4) Thermistors
(5) Thin £ilm ,
(6) Junction diodes
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6.1.1 RESISTANCE BULBS

6,1.1.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

Resistance bulb thermometers generally employ platinum,
copper, or nickel elements. 'The element is wound on a bobbin which is then
installed in a housing. The actual physical and electrical properties are
dependent upon the application for which the sensor is designed. Resistance
bulb thermometers are the most commonly used type of resistance thermometers
where accuracy and rugged construction are desired.

6.1,1.2 TINTERPRETATION OF THE MEASUREMENT

Additional information needed to interpret the
measurement - None,

Method for analysis and interpretation of data - The
resistance of the thermometer is generally determined by placing the resis-
tance bulb into one leg of a Wheatstone birdge or an ac bridge circuit, The
output signal of the bridge circuit is directly related to the resistance of
the thermometer.

6.1.1.3 INSTRUMENT CHARACTERISTICS

Total and dynamic range -

Total range: Platinum -260°C tc +500°C
Copper -140°C to +120°C
Nickel -184°C to +316°C.

The dynamic range is dependent upon the specifications
and type of bridge or measuring circuit used. A dynamic range of 100°C is
common for resistance bulb thermometer systems.

Accuracy - Platinum types are generally the most accurate
'sensors. However, errors can be introduced by the measuring circuit. Platinum
sensors are accurate to 0.28PC.

Signal to noise - Dependent upon electronics.

Frequency response - The frequency response is dependent
upon the physical size and shape of the sensor. Sensors are available with
time constants of from approximately one second to several minutes.

‘ ‘Environmental effects - The sensor must be shielded
from radiation to insure proper measurement of the ambient temperature.

6.1.1.,4 INSTRUMENT OUTPUT

Output signal - The sensor output consists of a resistance
change. This is measured by a bridge circuit which is most cases produces a
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de voltage analog tothe resistance of the sensor. This voltage is a linear
representation of the temperature.

Bits per observation - 8 or 9 bits per observation.
6.1.1,5 PAYLOAD INTEGRATION

Weight - Sensor 1 oz to several pounds,
Bridge approximately one pound,

Volume - Sepsor approximately 1 to 10 inches3,
Bri(dge approximately 20 inches3,

Power - Approximatel- two watts.
Radio frequency interference - None,
Magnetic moment - Unknown.

Erection, orientation, or booms - Sensor must be
shielded from radiation.

Compatibility with sterilization at 145°C - Yes.
Special requirements - Sensor should be aspirated.
6,1.1.6 STATE OF DEVELOPMENT

Resistance bulb thermometer systems are available as
off-the-shelf items from commercial manufacturers and are in routine use
in temperature measuring systems.
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6.1.2 THERMO RIBBONS :

Thermo ribbons provide & fast response conversion of surface
temperatures to accurate electrical signals. They are available for direct .
application to any surface. The unit employs a nickel iron element which i
provides a relatively high impedance thermometer. Thermo ribbons have the -
same features as resistance bulbs with the exception of frequency response
and space requirements. 'The response time of these sensors, when used to ;
determine environmental temperatures, is a function of the time required RE
for the surface on which they are mounted to reach thermal equilibrium.
It is very important that, for measurements of environmental temperature,
the sensor not be mounted on a surface whose temperature is determined by
factors other than the ambient temperature of the atmosphere,

6.1.3 THIN-WIRE RESISTANCE THERMOMETERS

Thin wire resistance thermometers employ the same principles
and most of the features of the resistance bulb thermometer. 'The main 3
differences are in their physical design and response characteristics. ;E
The thin wire thermometers are used primarily as laboratory instruments.,
They are constructed of thin platinum wires; 0.00l-inch diameter, mounted
in an open frame and are extremely fragile as compared to the resistance
bulb thermemeter. The response time of thin wire thermometers is well
under one second. Contamination of the actual resistance element with
dust and other materials presents some problems in accuracy when used in
an environment outside the laboratory. With the exception of response
times and the need for protection, the thin-wire resistance thermometer
performance and use are identical with the resistance bulb thezrmometer.
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6.1.4 THERMISTORS

The thermistor is one member of the family of electrical
thermometers. It operates on the simple principle that the electrical
resistance of the material varies inversely with temperature. 'The equa-
tion for the change in resistance with temperature is somewhat different
for eazh type of thermistor and depends on the characteristics of the
material used ior the sensor, 1Its sensitivity is of the oxder of -4 per-
cent per °C, ”

There are two types of thermistors currently in use in the
Earth's atmosphere. The rod thermistor is the standard temperature measur~
ing device for radiosonde flights which take place below 30 km. Its time
constant 1s rather slow when compared to the bead thermistor that is used
for temperature measurcments in the stratosphere, Many of the character-
istics of the two thermistor types are similar. Since the bead thermistorx
has more potential for use in thin atmospheres, such as Mars', it will
be described in full below.

6.1.4.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

There are many materials that can be used as the sen-
sing element. Also, the thermistor has been made in different sizes. The
thermistor clement described below is part of a rocketsonde and the
description refers to the complete package. The instrument descends by
parachute from an altitude of about 80 lm, The thermistor is exposed to
the incident air flow as the instrumented package descends. The parachute
has a fall rate of about 100 m/s at 60 km. The fall rate drops to about
20 m/s in the lower stratosphere. A typical flight recording is time
versus pulse frequency in a manner similar to that.used for radiosonde
flights. The pulse frequency is a function of resistance which is linearly
related to temperature.

The variation of thermistor tempcrature T with height
can be expressed as follows:

’1 ¥ ’ ' .’2 1
4t QAT‘*_(,L 2K ), L T+_1..Y..+E>+JAL

dz cV rv xcV vy e 2cp S 4 cV

, 2 K BT

gA 4 4 s

== ST, T+ " To o

+ e 0 STbe 0. O6I ) + 0.44 e T v
where Te = temperature of enviromment (K),

T = temperature of bead (K),

A = surface area of sensor (ecm2), . ,

J = solar radiation flux (cal em~2 571y,
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=

: Stefan-Boltzmann constant,

effective blackbody temperature of environment below (K),
effective blackbody temperature of environment above (K),
effective blackbody temperature of instrument above (K),
current through sensor (uW),

== power dissipation of sensor (LW K ),
thermal recovery factor

fall velocity (km s~1),

= temperature of support (K),

thermal conductivity of lead wires (cal cm
cross-sectional area of wire cm2),

heat capacity of bead (cal K %),

= length of lead wires (cm),

altitude (km),

= time constant of sensor, 2 .
= specific heat capacity at constant pressure for air (km s K ).

H =
(VI R o
H o o
|} ww nun

n

sl kD,

il

%o MR <H 0 e
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The expression shows that the temperature variation is principally influenced
by the air temperature, radiation effects from the environment and the instru-
mentation, the fall velocity, and the configuratlon of the bead itself.
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6. 1 4.2 INTERPRETATION OF THE MEASUREMENT

Additional information needed to interpret the.
measurement - None. '

Method for analysis and interpretation of data - A
continuous record of pulse frequency is obtained. The pulse frequency is
related to the resistance and the resistance is a linear function of
temperature. Thus, temperature is related to the pulse frequency

6.1.4.3 INSTRUMENT CHARACTERISTICS

Total and dynamic ranges - The pulse frequency varies
between 10 and 200 c/s. This would correspond to a temperature range of
approximately 60°C to -80°C.

Accuracy - A set of corrections has been prepared
for the thermistor data. The corrections consider forced convection,
infrared and solar radiation,compressional heating, lead wire conduction, ]E
and internal heating effects. These corrections vary with altitude with
the corrections increasing with altitude. After the corrections are
applied, temperature measurements are accurate within * 2 percent below

60 km and *3.8 percent at 65 km.

Signal to noise - ngh

: Frequency respounse = The radio frequency range of the E
monitored signal is between 1660 to 1700 mc and the data pulse frequency

varies between 10 and 200 p/s. Variation of tle time constant with altitude :
has been found to be from 1 s at 40 km to 100 s at 80 km. S g
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Environmental effects - This is a reasonably rugged
instrument that has withstood the shock of rocket launching. Radiation
effects have been estimated and the necessary corrections applied to the
measurements.

6.1.4.4  INSTRUMENT OUTPUT

Output signal - The calibrated output can be either
digital or analog and the relationship between the pulse frequency and
resistance is nonlinear and has to be determined empirically.

| Bits per observation - A total of 8 bits per
observation is required.

6.1.4.5 PAYLOAD INTEGRATION

Weight - Less than 3 1lbs for the entire package
that contains the bead and related equipment.

Volume - Less than 1/2 cubic foot.
Power - Less than 10 W (transmitter).

; Radio frequency interference - In Earth atmosphere
applications, there is interference from radiosonde data retrieval which
also occurs in the 1680 mc band.

Magnetic moment - Not applicabie.'

Erection, orientation, or booms - No important
requirements.

Compatibility with sterilization at 145°C - The
instrument is compatible with sterilization.

Special requirements - The bead should be shielded
from direct solar radiation. ‘
{ .

6.1.4.6 STATE OF DEVELOPMENT -

, The bead thermistor is the standard instrument for
stratospheric measurement. It has already been thoroughly flight tested.
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6.1.5 THIN FIILM SENSORS

The development of the thin film sensor evolved from problems
encountered with the bead thermistor at altitudes above 55 km, These
problems were caused by the smzll size of the bead in an atmosphere where
the molecular mean free path is long with respect tothe size of the sensor.
Convective coupling with the air is not efficient and slower response times
result.

Thin film sensors have been found superior to bead thermistors
for the measurement of rarefied air because of their inherently enhanced
convective coupling.

6.1.5.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

There are two different types of thin film sensors
currently in use. The first is simply a bead thermistor imtedded in a
1/2-inch mylar sheet with a 400 i coating of aluminum (McKenuedy, 1967).
This arrangement has the effect of giving the bead a larger surface area.
Thus the molecular mean free path ig no longer large compared to the size
of the sensor.

The second sensor is a germanium thin film with a 1-
inch thickness mica (muscovite) substrate. The surface area of the sensor
is'1/4 in. by 1/4 in. while the area of the substrate is 1/2 in. by 1 in.

Both types of sensors are part of a radionsonde
package ejected from a rocket in the neighborhood of 75 to 85 km and use
the same type of telemetry system. This instrument descends by parachute
sending pulse signals back to be monitored. The calibrated pulse signals
are then interpreted in terms of temperature.

6.1.5.2 INTERPRETATION OF THE MEASUREMENT

_ - Additional information needed to interpret the
measurement -  None. -

Method for analysis and interpretation of data -
The pulse output is in cycles per second. This output is related to the
resistance of the instrument system logarithmically. The resistance is,
in turn, related to temperature.

6.1.5.3 INSTRUMENT CHARACTERISTICS

Total and dynqmlc ranges - The ranga of the instru-
ment 1is from 0 to 200 ¢/s which corresponds to a temperature range between
30°C and -55°C. Resistance varies between 10 K and 10 M ohms for the
beaded sensor and 100 K and 10 M ohms for the germanium sensor.




Accuracy - The same factors that affect the bead
thermistor measurements also contribute Yo errors in the¢se measurements.
For the thermistor mounted in the film, the estimated (rot scientifically
determined) errors are *2°C and *1°C below 45 km. No accurate error esti-
mate can be made for the germanium sensor.

Signal to noisc - High.

Frequency response - The time constant of the bead
sensor is less than 2 s at 85 km. No time constant has not yet been
determined for the germaanium sensor although tlhieory indicates a time
constant similar to the bead sepsor.

Environmental effects - Both types of sensors are.
rugged and should be able to withstand considerable shock. The necessary
corrections have been estimated for radiation effects.

6.1.5.4 INSTRUMENT OUTPUT

Output sigral - The calibrated output is in pulse

form (c/s). Resistance is related logarithmically  the pulse output

and temperature is related to the resistance.

Bits per observation - Eight bits per observation
are required.

6.1.5.5 PAYLOAD INTEGRATION
Weight - Less than 5 1bs.

1
Volume - The instrument package is 32 inches in
diameter and 10-inches high,

Power - The radiosonde input power approx. 3 W.

Radio frequency interference - On the present data
recovery frequency of 1680 Mc, there is interference from radiosonde data
recovery operating in the same frequency.

Magnetic moment - Not known.

Erection, orientation, or booms - No unusual orientation
of the instrument must be made.

Compatibility with sterilization at 145°C - ynknown.

Special requirements - No special requircments are
anticipated. ‘ : '
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6.1.5.6 STATE OF DEVELOPMENT

The bead in mylar sensor is considered operational
while more testing is required before the germanium sensor acquires the
the same status.
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6.1.6 JUNCTION DIODES

The following relations for 2 junction diode come from
elemencary semiconductor theory:

i = is[exp(ev/KT) - 1]
i = AT® exp (-aEg/KT)

where v and i are the diode junction voltage and current, i_ is the reverse
saturation current, e is the electronic charge, K is the Boft/manr‘b constant,
T is the temperature in °K, ¥, is the gap energy expressed in volts, A is a
constant for a given diode, and n = 3 for simple diffusion theory.

S The temperature sensitivity of a P-N junction volt-ampere
characteristic is due principally to the variation of reverse saturation
current. The temperature sensitivity depends dominantly on the energy gap
of the material. A linear junction voltage versus temperature relation is
produced from basically exponential dependencies of reverse current on temper-
ature and of forward current on junction voltage. ‘

6.1.6.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

This instrument operates from a fairly simple electric
circuit. The circuit consists of a series resistance, a source, and two
diodes in a bridge. This instrument's basic circuit can be represented by
the following expression

D o (14 (B-v) ]

* * .
where -a = (Qv/JT)i and v. = @v/3'n i)p. The term in brackets can be made
essentially independent of T by making E >> v thus

dV — e . 7’( 3”1

6.1.6.2 TINTERPRETATION OF THE MEASUREMENT

Additional information needed to interpret the
measurement -~ None.

Method for analysis and interpretation of data - The
output of this instrument is linear junction voltage, which is related to
the temperature. This voltage can be directly metcred from the circuit.
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6.1.6.3 INSTRUMENT CHARACTERISITICS

Total and dynamic ranges - The absolute value of
the junction voltage of the temperature compensation diode is typically
130 mV at | mA and 20°C, varying about 60 mV per current decade. The
nearly linear voltage-temperature characteristic is (Ov/3T) = -2.3 nV/C°
Temperature below 60°C can be measured.

Accuracy - The chief factor affecting the accuracy
of th» circuit is the uniformity of the diodes. A spread of 20 mV was
observed in a sample of 20 diodes and the slope (sensitivities) were within
a few percent. Usually, a pair of dicdes selected that had junction voltages
within a few mV had slopes within two percent.

Signal to noise - Information not available.

Frequency response - The time constant is about 80
seconds in still air, based on responsc to a temperature step of 10°C,

Environmental effects - This should be a reasonably
rugged instrument and should not be affected by the environnent.

6.1.6.4 INSTRUMENT OUTPUT

ODutput sienal - The voltage-temperature relationship
is nearly linear. Most likely, the calibrated instrument output would he
in analog form. However, it could be digitized.

Bits per observation - [he number of mV for a complete
range of observations will most likely be between 1 and 1000. Theretore, 10
bits per observation are needed.

6.1.6.5 PAYLOAD INTEGRATION

Weight = Probably less the 10 lbs.

Volume - Probably less than 1/2 flz.

Power - Probably less the 10 W.

Rodio frequency interference - None expected.
Magnetic moment - Not known.

Erection, orientation, or booms - None.

Compan tibility with sterilization at 145°C -

Unknown.

Special requirements - None.




6,1.6.6 STATE OF DEVELOPMENT

This instrument has beern thoroughly tested and
should be ready for immediate use.
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Barton, L.E., 1962: Measuring temperature with diodes and transistors.
Electronics, 35, 38-40.

Dimrick, R.C., and G.J Trezek, 1963: Photodiode as a sensitive temperature
probe. Rev. Sci. Instru., 34, 981-983.

McNamara, A.G., 1962: Semiconductor diodes and transistors and electrical
thermometers. Rev. Sci. Instru., 33, 330-333.

Sargeant, D H., 1965: Note on the use of junction diodes as temperature
sensors. J. of Appl. Meteor.,4,(5), 644-646.
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6.2 THERMOCOUPLES

Thermocouples are devices used for the measurement of temperature
differences. Their operation is based on the Seebeck effect, a phenom-
enon whereby an electric currvent will flow in a circuit formed by two
dissimilar metallic conductory, joined at two points, when the temperature
at these junctions is different, The magnitude of this current is a func-
tion of the temperature difference, for a given pair of metals. If tha
circuit is left open a thermoelectric potenkial is developed across the
open leads which again is a function of the temperature difference between
the two junctions. The pelarity of this potential depends on which junc-
tion has the higher tempervature, The thermoelectric potential E follows
approximately the parabolic eqiation of the form: E = a + bt + ct? + ...
4+ where t is the temperature difference between the two junctions and a,
b, ¢ are constants characteristics of cach metal pair. For absolute
temperature measurements, cne junction, called the reference junction, has
to be at a known cemperature, while the measuring junction will be exposed
to the unknown environment., In general thermocouples are preferred for
difference measurements unless a reliable and well controlled reference
temperature can be established, or if the unknown temperature is much
lower or much higher than the reference, in which case errors of temper-
ature of the latter junction have a reduced effect on the measurement.

For planetary surface measurements, thermocouples may be useful in the
determination of vertical profiles which require the accurate measure-
ment of small temperature differencer. However, if a reliably controlled
reference temperature can be maintained, thermocouples can be used for
fast and accurate ambient temperature determinaZions.

6.2,1 THERMOCOUPLE GAUGES

6.2.1.1 NARRATYVE DESCRIPTION OF THE INSTRUMENT

A large variety of thermocouple gauges has been de~
veloped and used in many different applications. Their main differences
reside in the choice of metal pairs for the junctions, which is often
based on the characteristics of the environment to be evaluated (stability
at high temperatures, resistance to corrosion, etc.). '

Typical thermocouple pairs are: iron/constantan,
copper/constantan, platinum/platinum-rhodium, chremel/alumel, carbon/silicon
carbide, etc. Typical thermoelectric potentials for a 100°C difference
{¥eference junction at 0°C) are between 0.6 and 6 millivolts, for the above
combinations of metals. Most of them can be used to temperatures above
1000°C and down to =-200°C, thus covering the ranges of planetary interest.

In general, for absolute temperature measurements a
thermocouple thermometer for remote planetary applications would consists
of a measuring junction, exposed to the ambient air, with appropriate
radiation shielding, a reierence junction maintained at constant tempera-
ture or with automatic temperature compensation, a stable d-c amplifier
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with a voltage gain of the order of 104 to provide an output compatible
with telemetry. The constant temperature environment for the reference
junction may already be part of other associated equipment which may
require a tight temperature contrcl, and thus no separate provisions of
this type may be needed. '

6.2.1.2 INTERPRETATION OF MEASUREMENT

Additional information needed to interpret measure-
ment - None

Method of analysis and interpretation of data - The
amplified thermoelectric potential is directly related to temperature
through known calibration curves established for the particular junction
metals.

6.2.1.3 INSTRUMENT CHARACTERISTICS

Total and dynamic range - Dependent on reference junc-
tion temperature and on the choice of junction metals. In general any
interval between about 10 and 1500°K.

Accuracy - With careful calibration and tight refer-
ence control accuracies, better than 0.1°C can be achieved. (For industrial
applications the usual accuracy is of the order of 3°C).

Signal to noise - The signal to noise, in this case,
depends on the thermoelectric potential generated, and on the inherent
noise characteristics of the d-c amplifier.

Frequency response - Time constants as low as 1 second
are feasible.

Environmental effects - Proper choice of metals is
required in corrosive atmospheres, for cryogenic temperatures, etc. Very
high magnetic fields (several thousand gauss) may affect the accuracy

of a thermocouple thermometer.

6.2.1.4 INSTRUMENT OUTPUT

, Output signal - Analog, calibrated, approximately lin-
ear with temperature, ‘

‘Bits per observation - Typically 10 for better than
1°C resolution. ‘ '

6.2.1.5  PAYLOSD INTEGRATION

These parameters will be estimated on the basis of
state of the -art, and assuming that the temperature control for the
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reference can be obtained elsewhere in the system; a complete flyable
instrument is not readily available but could easily be developed with
existing hardware.

——

Weight - 0.5 lbs (including amplifier and probe,
excluding shield).

Volume - 10 in3 (including amplifier and probe,
excluding shield).

Power - Typically 0.2 watts (d-c amplifier).

*

Radio frequency interference - None

Magnetic moment - None

Erxection, orientation, or booms - Non-critical,
should be mounted to expose it to free ambient air,

il

i

Compatibility with sterilization at 145% - Very
high.

Special requirements - None
6.2.1.6 STATE OF DEVELOPMENT

L Industrial and laboratory instruments; mincr develop-
ment required for planetary measurements and package integration.

REFERENCES
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Herzfeld, C, M., 1962: Editor, Temperature, its Measurement and Control
in Science and Industry, Vol. 3, Reinhold Publishing Corporaticn,
New York. } ,

b (This book contains a long list of relevant references)

McGraw-Hill Encyclopedia of S¢ience and Technology, Vol. 13, pp 562-577.
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6.3 DEFORMATION THERMOMETERS

The deformation thermometer is a thermometer using transducing elements
that deform with temperature. The twe most used instruments of this group
are the bimetallic and Bourdon tube thermometers.

6.3.1 BIMETALLIC THERMOMETER

6.3.1.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

Bimetal thermometers have as their sensing element a
compound strip of metal (usually invar and brass or invar and steel) formed
by welding. This strip of metal bends as the temperature changes, because
of the difference in expansion of the two metals.

Let us take a welded strip of unit length wherce the
thicknesses of the two metals are h; and hz; Youags moduli Ey and Ep,
respectively: and &1 and O, their 1linear coefficients of expansion. Also,
let I; and I, be the moments of inertia of the two cross-sections, whichk are
given by

I. =h 3/12 and 12 = h23/12

At temperature 9, the curvature of the strips is 1/pg
and at some higher temperature 6 the curvature changes from L/», to 1/p.
It is assumed that 1/p-1/p, is large compared to hy+ hp and that curavture
across the width of the strip can be neglected.

, The forces acting on a segment of unit length are two
axial tensions Py, Pp and two bending moments M), My. Since there are no
external forces we have

1. _
and M+ M, +5 By +hy) =0

From elementary elastic theory

., \ : : \

11 L1
M=E1’<".* ) , M, = E,I <-—-~,—-~)
1 171\ p Py 2 7272 p..po

so that
1 1\ _ P
(E111+E212)<p-ﬁ0/— ) (hl+h2)
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After some substitution and algebraic manipulation

11 @, - @) (-6,
s h h2‘+ 2(E, 1, + E,1L,) ( L, 1 ) ‘
5 hy + by b, T EM,

This can be simplified by substituting

- 1 _ _ 3, 3
8=h, +h,, m ‘hl/hz , n= EllE2 y I —hl /12 , and I, = h,2 /12
such that
' 2
11 6, - cgl)(o - 6.)(1 + m)
o Py 5[3 a+m?+ 1 + mn) (m> + 1)/mn]

and the sbove expression may be written

) .

o L

D =

]_ Y, 3 ' _
- . = (A/B) (@, ozl.) CR]

where A is a constant. This equation shows the dependence of the change
in curvature on the thickness of the two metal strips, the difference in
their coefficients of expansion (linear), and the temperature change.

Now let dS represent the distance the movable end of
a bimetal strip (which is rigidly held at the other end) would move with
a small change in temperature (from 6 to 6 + d6). The final expression
for the geometrical problem, with appropriate substitution from the above
developments, is given by

_2BW) A
ds = 17 5% 355 (@ - o))

where L is a linear function of p and ¢, a central angle for the strip at
curvature p; ¥ is the angle between the chord connecting the two ends of the
bent strip and a line tangent to the bimetal at the damped end at curvature
p; and B(y) is a complicated function of the above angle and ¥,, an angle
similar to ¥ only at curvature p,. Movement is greatest for a straight bi-
metal and varies inversely as tthtotal‘thidkenss of the strip.
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6.3.1.2 INTERPRETATION OF THE MEASUREMENT

Additional information needed to interpret the
measurement -  None,

Method for analysis and interpretation of data ~ Most
data from this instrument are continuously recorded on a calibrated graph
with temperature indicated. The only variable remaining is temperature
once the specifications of a particular instrument are indicoted. Can be
adapted for remote operation with clectrical output.

6.3.1,3 TINSTRUMENT CHARACTERISTICS

Total and dynamic ranges - The vange of the bimetal
covers the entire range of meteorological temperatures (both surface and
upper-air) and the instrument is used to measure higher temperature for
industrial purposes.

Accuracy - The bimetal exhibits elastic hysteresis.
The zero of the bimetal is inclined to drift, especially after a rapid
change in temperature or when the strip has been newly bent or formed.
After subjecting the bimetal to several cycles of temperature the hyster-
esis is less of a problem., The measurement errors are within tolerable
limits for meteorological measurements, prcbably within £ 3°C.

Signal to noise - Unknown for remote application,
Frequency response - 21 sec,

Environmental effects - The bimetal and its immediate
surroundings would be affected by absorption of direct solar radiation,

6.3.1.4 INSTRUMENT OUTPUT, PAYLOAD INTEGRATION, AND STATE OF
DEVELOPMENT

No practical instrument has been developed for remote
operation. °'Such a device could be designed if necessary. However, for
such purposes resistance thermometers have monopolized the field.

6.3.2 BOURDON THERMOMETER

The Bourdon thermometer consists of a curve tube of elliptical
cross section, completely filled with some organic liquid. As the temper-
ature changes the shape of the metal changes in response to differences in
the cubical expansion coefficients of the liquid (7s) and the metal (7).
The theory of the Bourdon thermometer is quite similar to that of the bi-
metallic thermometer and the basie equation is as follows:

ds ~ LBO) (7, - 7,046
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/ The notation other than the cubical expansion coefficients is the same
as that for the bimetal thermometer,

( T

Excess internal pressure caused by high temperatures can lead
to inaccuracies in determining high temperatures. Low tempé¢ratures present
no difficulties. The time constant is greater than the bimetal thermometer.
Also, the Bourdon thermometer is less rugged than the bimetal. No overall
greater difference in accuracy or range (except at high temperatures) exists
between the Bourdon and bimetallic thermometers,

Y
'X‘

REFERENCES - DEFORMATION THERMOMETERS

4 Middleton, W.E.K., and A.F, Spilhaus, 1953: Meteorological Instruments,
i Univ. of Toronto Press, 286pp.

Timoshenko, S., 1925: Analysis of Bi-metal Thermostats., J. of Opt. So..
of Amer. and Rev. of Sci. Instru., 11, 233-255.
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6.4 ACOUSTICAL TECHNIQUES

Acoustical techniques are based upon the principle that for sound
propagation in an ideal gas, the sound velocity, C, is related to the
Ke¢lvin temperature, T, by

where ? is the specific heat ratio, R Lhe upiversal gas constant. and m
the molecular weight of the gas. The relationship provides a means of
determining temperature through sound velocity measurements.

6.4.1 SONIC THERMOMETER

oy

The system considered bere for measuring the sound velocity
consists of two transducers, spaced at a known distance, the circuitry
for continucusly measuring the delay time of an ultrasonic wave generated
by one, and received by the other., The delay time is measured by a phase
comparison of the received signal with a reference. The radian phase shift
is related to temperature by
Qﬂz de fz
T= - 5
7R ¢

where T is the temperature of the gas, m is the molecular weight of the gas,
d is the spacing distance, £ is the frequency, R is the universal gas con-
stand, ? is the specific heat ratio of the gas, and ¢ is the radian phase
shift.

The principles of the sonic thermometer are employed in the
sonic anemometer and the same specifications are valid. The temperature
determined by use of the sonic thermometer is available as an output in
many sonic anemometers. ' |

6.4.2 ROCKET GRENADE

-

In a thermally stratified medium such as the Earth's atmosphere
a series of discrete sounds can be generated in the vertical at known height
intervals. The difference between the arrival times at a ground-level detector
of the sound pulses from the upper and lower explosions which define an atmos-
pheric layer of known thickness can then be used to compute average sound speed
and therefore average temperature for the layer provided, or course, that 7/m
(i.e., composition) is known. This is essentially how grenadc explosicns are
used to determine temperature profiles in the Earth's atmosphere. For a
detailed discussion of the instrumentation used in the measurcment of temper-
ature in the Earth's atmosphere by the grenade technique, refer to the write-
up of the grenade technique under wind velocity.
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6.5 RADIATION THERMOMETRY
A. Bolometers

B. Intexferometer

gw
@]

Spectrometer
D. Optical Pyrometer
E. Pyranometer

These instruments and techniques are generally used for the measure-
ment of surface temperatures, incident radiation from heated sources, hot
gaseous effluents and rocket exhaust and plume temperatures, Except for
the infrared bolometer, which will be described in detail, the application
of the above listed instruments to planetary aeronomy is restricted to
remote measurements from satellites and fly-by craft,

The measurement of atmospheric temperatures by means of infrared radi-
ation is based on the measurement of emission of radiation by certain char-
- acteristic constituents of the air, selecting a narrow spectral region defined
by a strong absorbtivity of the selected gas. For this application CO2 has
been found to be a convenient gas since it has strong absorption bands at 15p
and 4.3p. For terrestrial applications, the 15y band is preferred since it
contains a much larger fraction of the total energy radiated than that asso-
ciated with the 4.3y band; this would be more so in the case of the lower
temperature Martian atmosphere. However, it appears that the shorter wave
emission would be far superior for surface temperature measurements on Venus,
on the basis of the latest information (550°K approx. for Venus IV readings).
Furthermore, CO2 appears to be the main constituent of the atmosphere of both
= planets, thus essentially assuring the operation of this type of infrared tem-
perature measurement on their surfaces. The depth of penetration into the
atmosphere is a function of CO2 concentration and atmospheric pressure, at
terrestrial surface conditions this length is of the order of hundreds of feet.
On the Martian surface this penetration would be of the same order of magnitude.
On Venus this depth would probably be reduced to less than 100 feet.

. i

f
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'g 6.5.1 INFRARED BOLOMETER

6.5.1.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

The instrument consists of a radiometer head whose
interior is maintained at.a constant reference temperature. The field
of view is a rectangle of 10° by 40°. The optical complement includes
focusing and folding mirrors, spectral filter (15 p band pass) and a
gold plate rotating chopper which alternatively allows the target radia-

- tion to fall on the detector, or to block it, exposing the detector to
E ‘ the reference radiation level associated with the controlled cavity
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temperature. The detector is a germanium~immersed thermistor bolometer.
These optical elements, for the particular instrument developed by Barnes
Engr., are shown in Figure 6-1., Its cavity reference temperature is held
at 50°C £ 1°C. Phase demodulation of the square wave signal from the
detector is obtained by a separate light-detector pickup synchronized with
the radiati on chopping frequency. The clectronic civcuitry includes ampli-
fication, synchronous rectification and filtering.

6.5.1.2 INTERPRETATION OF THE MEASUREMENT

Additional information needed to interpret measurement -
Pressure and COg density for the determination of penetration depth, If
depth of penectration is to be varied, this can be accomplished by wavelength
selection.

Method for analysis and interpretation of data - The
output of the instrument is a function of the difference of temperature
with respect to the internal reference temperature; it is thus necessary
to transmit both pieces of information for proper evaluation.

6.5.1.3 INSTRUMENT CHARACTERISTICS

Total and dynamic ranges - The available instrument
covers the range of -60°C to +30°C but this can be extended cither way
depending on the application.

Accuracy - Resolution is of the order of %0.25°C.
The overall accuracy depends on huw closely the instrument can be maintained
at its original calibration, and on the accuracy of the refercnce temperature

measurement .

Signal to noise - Better than 52 dB at =60°C and 63 dB

at + 20°C.
Frequency response - Typical time constant is 0.5 sec.
Environmental effects - Nonme in particular.
6.5.1.4 INSTRUMENT OUTPUT
Oﬁtput signal - Analog, calibrated,‘approximately
linear. ‘

" Bits per observation - 7 for reference and 7 to 10

for air temperature (reference signal may be eliminated).
6.5.1.5 PAYLOAD INTEGRATION
| No instrument has been developed for planetary remote

operation. The subsequent information will be given for the existing

212

Prr—

\
i
i




o

¢

OIGAIST ~10

40° - lk' CHOPPER

;1 i0® ,
ra / oramonn <

FIELD OF Vle MIRROR PRISM

v v 6

2x2mm

APERTURE ISy FILTER

THERMISTOR
BOLOMETER
/4

O
Lo 4

B SPHERICAL
MIRRORN

EY
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radiometer head but in combination with a ministurized e¢lectronic comple-
ment whose characteristics are estimated,

Weight ~ 10 lbs (estimated).

Volume - 306( ing.

Power ~ 10 W (estimated).

Radio frequency interference ~ None.
Magnetic moment - None,

Erection, orientation, or booms - Radiometer head
should be pointed horizontally to measure ambient temperatures, If
information on vertical profiles is desired, the head could be scanned
in the vertical plane, Scanning in the horizontar plane may be desirable
for averaging measuremernts.

Compatibility with stevilization at 145°C - Proper
design of the system would be required.

Special requirements - Unobstructed field of view.
6.5.1.6 STATE OF DEVELOPMENT

Operational for field applications. Would require
redesign for planetary applications.
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6.6 LIQUID THERMOMETER

The great majority of all thermometers used to measure the near-surface
temperature are of the type that depends on the expansion of a liquid in a
glass envelope., The excess of the expansion of the liquid over that of the
glass is measured by the changes in length of the liquid column in a narrow
tube which is part of the container for the liquid.

6.6.1 MERCURY-IN-GLASS THERMOMETER

6.6.1.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

The temperature is indicated by virtue of the differ-
ential expansion of mercury and glass. The volume coefficient of expansion
of mercury is 182 x 10 per °C while the coefficient of most glass is from
18 x 1076 to 27 x 10°%, As the temperature rises, a greater portion of the
glass tube above the bulb is filled, and the temperature is read directly
from a calibrated scale on the instrument.

6.6.1,2 INTERPRETATION OF THE MEASUREMENT

Additional information needed to interpret measurement -
The ventilating speed should be known for computing the time constant.

Method for analysis and interpretation of data - The
temperature is read dizectly from the scale posted on the instrument.

6.6.1.3 INSTRUMENT CHARACTERISTICS

; Total and dynamic ranges - Mercury freezes at -38.9°C
and boils at 356.9°C. Therefore, these thermometers are restricted for
temperatures‘between those two extremes.

Accuracy - There are three sources of error with this
instrument. 7Two are of very minor importance {correction for emergence of
stem and parallax reading) and the third (irreversible elastic errors) can
be controlled by proper manufacture of the bulb. The accuracy of these
instruments is quite good when they are shielded from direct solar radia-
tion, generally within % 2°C.

Signal to noise - Not determined.

- Frequency response - For a ventilating speed of 4.6 m/sec
and with a spherical bulb diameter of 1.12 cm, the time constant is 56 sec.

Environmental effects - The thermometer must be shielded

from direct solar radiation or else the reading will be influecnced by heat
absorbed by the instrument and the measurement will be two high.
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6.6.1.4 INSTRUMENT OUTPUT, PAYLOAD INTEGRATION, AND STATE
OF DEVELOPMENT

No practical instrument has been developed for remote
cperation with an adequate electrical output. Such a device cpuld be
designed if necessary. However; for such purposes resistance thermometers
have monopolized the field, and liquid thermometers remain the most useful
direct reading temperature transducers,

6.6.2 SPIRIT-IN-GLASS THERMOMETER

The operation and general characteristics of this thermometer
are the same as for the mercury thermometer except that the liquid is some
organic substance. Ethyl alcohol (CyH50H) is the most common substance;
however, pentane (CsHj2) and toluol (06H50H3), among other compounds, are
sometimes used. The freezing points of the above are below -100°C, and
it is because of the low freezing points that they are used. These
thermometers are not nearly as accurate as the mercury thermometer. The
correction for the emergent stem is several times that for the mercury
instrument. Unlike mercury, the spirit wets the glass; therefore, if
the temperature falls rapidly a certain amount of the liquid remains on
the walls causing the thermometer to read too low. Further, the organic
substances polymerize somewhat when exposed to - light and this leads to a
diminution of the volume of the liquid, lowering the zero of the instru-
ment.

' Like the mercury thermometer, the spirit thermometer has been
in use for many years and its characteristics are well understood.

REFERENCES - LIQUID THERMOMETER

Middleton, W.E.K., and A.F. Spilhaus, 1953: Meteorological Instruments.
Univ. of Toronto Press, 286pp. ‘
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6.7 CRYSTALS

Crystals are classified according to the way in which they are cut
from the original crystal. Temperature has different effects upon the
various types of cuts, The X-cut crystal has a negative temperature
coefficient and the Y-cut crystal has a pogitive temperature cocfficient.
Both of these cuts are not used in the normal crystal controlled oscilla-
tor where temperature stability is desirable., 1In using the crystal to
measure temperature, either the X or Y cut is selected for use in a
crystal controlled oscillator. The material of the crystal is also selec- '
ted to yield a large temperature coecfficient such as that exhibited by
rochelle salt. The frequency of the oscillator containing a crystal of
this type is highly temperature dependent. Measurements of the frequency
at various temperatures of the crystal are made to determine the sensor
calibration, The instrument has been used with some experimental success;
however, pressure also effects the resonant frequency of the crystal and
development of usable systems has not been completed.
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6.8 LASER PR(BING

A polychromatic light detection system (PLIDAR) is theoretically
capable of yielding temperature profiles in the troposphere (White,
Nugent, and Carrier, 1965) Actually the PLIDAR technique is a combina-

tion of the LIDAR (light detecting and ranging) with the giant pulse
Raman laser.

The LIDAR technique transmits into the atmosphere a large 30 n sec
pulse from a ground-based ruby laser operating at 6943 8 . vVarious refrac-
tive index discontinuities scatter the pulse as jit passes through the air.
The backscattered part of the pulse is measured as a function of time by
the photodetectors placed near the transmitter, and the distance of the
scatterers from the trdnsmitter can be calculated from the backscattered
intensity versus time relationship. A pulse can be '"tuned" to a desired
atmosphere absorption band by the use of a Raman laser which shifts the
frequency of the ruby laser pulse. The ruby radiation is shifted in
energy by various multiples of the totally symmetric vibrational energies
of the molecules of the Raman shifter by passing the optical radiation
through a Raman shifter, either a liquid or high pressure gas, before
being transmitted to the atmosphere. Further, the pulse may be passed
in parallel through several Raman materials to produce one wavelength
matching an atmospheric absorption line and another effectively in the
clear of absorption.

The principle, the temperature structure, as well as pressure and
density, can be determined by measuring the rate of change with height
and the ratio of the intensities of backscattered radiation at the center
of the absorption band and the backscattered radiation at the center of
the adjacent window. One of the difficulties with the PLIDAR method is
that the frequency of the giant pulsed laser be precisely matched with the
spectral lines. In order to achieve the required frequency stabily the
temperature of the ruby must be controlled with 0.1°C. Research is
currently being conducted to see if this is possible. 1In addition,
rﬁsearch is needed to select the materials for the Raman shifter that
will not excessively broaden the frequency bandwidth of the output pulse.

REFERENCES - LASER PROBING

'Harris, E.D., L.J. Nugent, and G.A. Cato, 1965: Laser Meteorological Radar

Study. Electro-Optical Systems, Inc., Final Report, Rpt. No. 5990,
AF 19(628)-4309, AFCRL-65-177, 93pp. '

White, G.R., LQJ. Nugent, and'L.W. Carrier, 1965: Laser Atmosphéric.Pfobesg
‘Inst. Soc. A., Preprint No. 40.1-1-65, 20th Annual ISA Conference and
Exhibit, Los Angeles, llpp. . ‘

219




6.9 MICROWAVE REFRACTOMETER

Refractive index of an atmosphers may be used to determine any one
of several of its properties if all others are known. Density, pressure,
temperature, and water vapor density as well as composition affect the
refractive index. The instrument has been used experimentally as a method
of measuring atmospheric properties and is discussed under water vapor
sensors.
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6.10 MELTING-POINT THERMOMETER

The melting-point thermometer operates on the principle of closing
ann electric circuit when the melting temperature of a metallie compound
is reached. Since the composition of the compound and thus its melting
temperature are known, the temperature at the moment of the closing of
the circuit is known. A given thermometer can be comprised of several
compounds such that several temperatures can be measured. This device can
measure a wide range of temperatures and is best suited for high tempera-
ture measurements. Once the compounds have melted, the instrument is no
longer usable; therefore, only one set of measurements is possible. This
instrument would be most applicable on Venus where high temperatures are
expected. The output from the instrument is digital, th« measurements
occurring at discrete temperatures coincident with the melting of a par-
ticular compound. It is rugged and no additional parameters are necessary
to interpret the measurement. Proper exposure of the compounds would be
necessary to prevent solar radiation effects.
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7. PARTICULATE SUSPENSIONS

Photometric and polarization studies suggest that the Martian yellow
clouds are composed of particles whose diameters have been variously
estimated to he between one and more than 20u (sce Ryan, 1964 for a
review of available information on Martian yellow clouds). Presently
available information does not allow reliable estimates of particle con-

centrations.

Deirmendjian (1966) has stated that the Cytherean atmosphere appears
to contain large amounts of particulate matter which seems to be perman-
ently in suspension. Quantitative data on particle sizes and concentra-
tions are difficult to obtain. Polarimetric studies discussed by Dollfus
(1966) suggest particles 2 to 3 microns in diameter. ‘There is still a
possibility that the clouds themselves may be composed of suspended
particles rather than ice crystals or other condensates. And if the
aeolosphere explanation of the high surface temperature is correct, there
should be large amounts of dust in the lower atmosphere.
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7.1 LIGHT TRANSMISSION MEASUREMENT

The extinction or attenuation of light transmitted through a volume
of gas containing particles in suspension is related to particle concen-
tration and size. The same is true of particles deposited on transparent
substances. The phenomenon of light attenuation is due to the combined
effeets of total scattering and absorption of the incident radiation.

For a homogeneously concentrated aerosol of small particles the light
transmitted decreases exponentially as a function of pathlength and
particle concentration.

For particle sizes above one micron extinction measurements yield
information on particle~area concentration. Concentration and mean size
can be determined for submicron spherical particles by attenuation
measurements at various wavelengths. The simplicity of'attenuation
measurements makes it superior to scattering analysis; however, the
latter is more sensitive, permitting measurement under lower concentra-
tion.

7.1.1 COLLECTED AEROSOL ANALYZER

7.1.1.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

These instruments are based on the collection of
aerosol particles on transparent or translucent substrates and the analysis
is performed by measuring the increase in light attenuation through the
substrate. Collection of particles is performed either by flow impaction,
or by filtering, using a filter material as substrate. In both cases
the substrate can be either fixed or indexed. Light transmission is
measured by placing a light source on one side and a detector on the
other, of the collection substrate.

7.1.1.2 TINTERPRETATION OF THE MEASUREMENT

ﬂ Additional information needed to interpret Measurement-
For accurate aerosol evaluation, its composition should be known for the
determination of its optical extinction.

Method for analysis and interpretation of data -
Analog signal related to particle-area concentration.

7.1.1.3 TINSTRUMENT CHARACTERISTICS
Total and dynamic‘ranges - Range 1is flexible in terms
of particle concentration depending on air sampling rate and duration.
Particle size range depends on collection mechanisms (no spec1fic informa-

tion on size is obtained from this technique).

Accuracy - Dependent on type of aerosol.
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Signal to noise - Dependent on type of aecrosol.
Frequency response - Practically unlimited.
7.1.1.4 INSTRUMENT OUTPUT
Output signal - Analog, calibrated.
Bits per observation - About 10,
7.1.1.5 PAYLOAD INTEGRA'TION

The characteristics can only be estimated since
an instrument for planetary missions has not been developed.

Weight - About 5 lbg.
Volume - Abour 1/2 ft°.
Power - About 30 W.
Radio frequency interference - Nonc.
Magnetic moment - Not known.

Erection, orientation, or booms - Not critical.

Compatibility with sterilization at 145°C - Tnstrument
has to be designed to withstand it.

Special requirements - Proper enclosure to prevent
substrate contamination before and during operation.

7.1.1.6 STATE OF DEVELOPMENT

Several commercially available instruments are
available for terrestrial air pollution work. These instruments would
have to be modified significantly for use on Mars or Venus.




7.1.2 ATMOSPHERIC ATTENUATION ANALYZER

Instruments of this type have been used on an experimental
basis, especially for the evaluation of smokes emerging from stacks and
other concentrated sources. For general measurcments of air pollution
the pathlengths required are subgtantial {c¢f the order of 1 km), thus
limiting the usefulness of this technique.

7.1.2,1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

The essential elements of a typical light extinction
instrument ave shown in Figure 7-1. Many variations have been considered
in the literature, some of there are: (1) using the sun as light source
and several reflecting spheres placed at various distances from a deflector,
deviations from the inverse square law of radiation are detected and trans-
lated into light attenuation; (2) contrast measurements of natural or
artificial black and white targets are made by photoelectric scanning.
Instruments like the Slope-O-Meter will not be considered here since they
are restricted to the measurement of dense smokzs. » ithough this instrument
uses a principle which could be applied over ‘.= paiilengths, namely the
measurement of light attenuation as a Euncti@g w0 ey e fength,

Atmospheric turbidity instrogevisse have been made where the
solar radiation incident on a photo cell is measured | the reading is
corrected for sun elevation.

7.1.2.2 TNTERPRETATION OF THE MEASUREMENT

Additional information needed to interpret measurement -
It is necessary to know either the unattenuated light intensity or the
absolute source intensity. For contrast measurements, unattenuated contrast
has to be known for reference.

Method for analysis and interpretation of data -
Dependent on particular measurement approach In general the analog output
would be related to particle-area concentration ¢ by the equation of the
form I = I, exp(-kc). I_ is the known unattenuated light intensity and

I is the measured intensity.
7.1.2.3 INSTRUMENT CHARACTERISTICS

Total and dynamic ramnges - Particle diameters above
one micron for single wavelength measurements and below one micron for
multiple wavelength measurements. Lower .concentration limit for a 100-m

_ path is of the order of 100 particles of 1 micron diameter per cubic

centimeter. High limit would be of the order of 104 to 10° ¢

AcCuracy - 10 to 30 percent depending on method and
range. ,
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Signal to noise -~ Mainly dependent on intensity of
W light source, geometry of optics;and presence of spurious sources.

o : Frequency response = Practically unlimited,
Environmental effects - None in particular.
7.1.2.4 INSTRUMENT OUTPUT
Qutput signal - Analog.
Bits per observation - About 10.
7.1.2,5 PAYLOAD INTEGRATION
Since no practical instrument has been developed

for this purpose no attempt will be made to estimate the relevant
parameters.

Ty

Special requirements - Remote positioning of light
source, mirror or contrast target. Sun could be used as source but would
require continuous tracking.

Ty
. R

7.1.2.6 STATE OF DEVELOPMENT

b Experimental, far from operational for planetary
missions.
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7.2 LIGHT SCATTERING ANALYSIS

In general the amount of light scattered by airborne particles is a
function of particle size and thus a variety of instruments has been built
based on this principle.

For particles with a diameter smal;er than one~tenth the wavelength
of the illuminating radiation, the scattering obeys Rayleigh's theory. As
a consequence the angular distribution of the scattered light is sym-
metrical around the axis of illumination and independent of particle size
and shape. The total intensity scattered for these small particles is
proportional to the 6th power of their diameter.

Scattering by particles with a diameter larger than one-tenth of the
incident radiation follows Mie's theory. In this size range, which covers
most of the particles of interest suspended in the atmosphere as aerosol,
the scattering law is more complicated. The total intensity for Mie scat-
tering does not increase as fast with particle size as for Rayleigh
scattering. For particle diameters greater than about twice the incident
wavelength, the total scattered intensity is approximately proportional
to the 2nd power of the diametor. The angular scattering characteristics
also become increasingly complex with increasing particle size, and for-
ward scattering becomes overwhelmingly predominant. 1In this range both
particle refractive index and shape acquire an ‘increasing role in the
scattering characteristics. Polarization ratios also vary as a function
of size.

The practical range of particle sizes covered by the light scattering
technique lies between about 0.2 microns and 100 microns. The lower limit
is defined by insufficient signal to noise ratio for the detection of
rapidly decreasing scattering which follows the 6th power law mentioned
above. The upper limit is given by increasing deviations from the Mie
theory and increasing dependence on particle surface characteristics.

Vv Light scattering instruments can be classified by a number of different

¢riteria. An almost infimite number of variations of this technique can be
found in the literature. The present study considered two main approaches:
(a) measurement of bulk scattering of aerosols, and (b) measurement of single

particle scattering.

7.2.1 DISCRETE PARTICLE COUNTER

7.2.1.} NARRATIVQVQESCRIPTION OF THE INSTRUMENT

This instrument is based on the measurements of the
11ght scattered by‘ind1v1dual particles at a given angle or group of angles
with respect to the axis of incident light flux. Forward scattering measure-
ments are preferable because of decreased sensitivity to particle retractlve
index and significantly higher scattering flux 1evels




©

The essential elements of a typical instrument of
this type are depicted in Figure 7-2, The instrument operates as follows:
The atmosphere is sampled by a flow system whereby the suspended aerosol
particles are made to flow through a small (about one-cubic millimeter)
volume illuminated by a light source with convergent beam optics. Detection
of the forward scattering lobe is frequently accomplished by an annular
reflecting or refracting area centered around the forward scattering axis,
which concentrates tha scattered light onto one or more photomultiplier
tubes for single or multiple angle detection. The size of the optically
sensitive voluine defines the upper limit of particle number concentration
which can be counted without excessive coincidence error produced when
more than one particle is detected at a given time.

Individual particle counting provides information on
particle size distribution and number concentration.

7.2.1.2 INTERPRETATION OF THE MEASUREMENT

‘ Additional information needed to interpret measurement -
The only additional parameter required to derive the above information is the
volumetric flow rate of the air sampled.

Method for analysis and interpretation of data - The
output of the photomultiplier tube or tubes consists of a train of pulses
of varying amplitude. The pulse amplitude is proportional to particle
size as explained above. FOr multiple angle detection, particle size is
obtained from the ratio of the intensities along each angle, Total parti-
cle number concentration is obtained by counting the number of pulses and
relating this total count to the air volume sampled. Particle size distri-
bution is obtained by subjecting the pulse train to pulse height analysis
by means of amplitude discriminators (pulse ratio analysis for multiple
angle detection). This pulse height discrimination can be accomplished
either sequentially or simultaneously in time.

7.2.1.3 INSTRUMENT CHARACTERISTICS

Total and dynamic ranges - Particle diameters: 0.2
or 0.3 microns to about 100 microns for single angle detection, and only
0.2 to 1.0 microns for multiple angle detection. Particle number concen-
tration up to 103 cm™3 without flow dilution, up to 10° cm”3 with flow |
dilution. Low limit of concentation given by sampling duration (statistical
confidence).

Accuracy - Depends primarily on aerosol to be measured.
Significant deviations from sphericity and index of refraction will affect
sizing accuracy. Overall accuracies better than *20 percent of actual
size are difficult to achieve over the entire size range for-a 'practical"
- aerosol. Errors are defined by the probability of coincidence detection
at excessive concentrations. ‘ ‘
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Instrument calibration is per formed initially by
means of a known aerosol. Subsequent spot calibration can be effected
by built-in secondary calibration schemes (optical fibers, etc.).

Signal to noise - This ratio defines the smallest
detectable particle size, and it increases approximately as the square
of the particle diameter above 1 micron for illumination with visible
light. Typically s/n ratios are of the order of 20 for 1 micron diameter
particle with photomultiplier at 25°C, and conventional incandescent lamp
as source.

Frequency response - Response time esséntially dependent
on flow velocity and flow channel length between inlet and detection volume,
typically one second.

Environmental effects’ - Laxge concentrations of parti-
cles below O 1 micron can introduce counting errors

7.2.1.4 INSTRUMENT OUTPUT
Output signal - The output pulse frequency is related
to number concentration. Telemetry channel defines particie size range.
Flow rate could be predetermined and fixed. Otherwise, flow measurement

would have either analog or digital output, depending on type of sensor.

Bits per observation - 1In addition to direct pulse
counting, four to seven bits for particle size identification.

7.2.1.5 PAYLOAD INTEGRATION
The Qharagteristics;for payload integration can only

be estimated, at best, since a light scattering instrument for remote
- extraterrestrial operation is not currently available.
Weight ~ Not les: than 10 1lbs (approx.).
Volume - Not less than 1/2 ft3 (approx.).
Power - About 50 wattéu
Radio frequency'intérfefence - None.
‘Magnetic momeni - Not knowﬁ.

Erection, orientation, or booms -~ Not critical,
free air access should be provided.

Compatibility with sterilization at. 145°C = Instrument
has to be desigred using parts and components which can withstand this temper-
ature under nonoperating conditions.
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Special requirements - None.

7.2.1.6 STATE OF DEVELOPMENT

Several experimental as well as commercial instruments
have been developed in the past decade and are used routinely in laboratories,
industry and field research. None of these instruments is appropriate nor
designed for use under extraterrestrial conditiszns, nor are they designed
for remote operation including telemetry. Such an instrument would have to
be developed.

7.2,2 BULK SCATTERING ANALYZER

This instrument is based on the measurement of light scattered
at one or more angles with respect to the direction of incident light by
a group or cloud of particles. Only characteristics differing from the
discrete particle scattering instrument will no¥ be mentioned. Single
angle scattering measurements provide aerosol concentration information
only if average particle size is known. Multiple angle detection results
g in average particle size information as well as concentration. This
5 method is far less accurate than single particle counting, especially if
' the aerosol is significantly heterodispersed. The output signal consists
. of one or more analog signals (one or more angle detection), each a func-
Er tion of the light scattered at a particular angle. Time constants are
U of the order of microseconds or less. In terms of data handling this

method is inferior to the discrete particle counting method in that it
7 requires of the order of 10 bits per observation (single angle scattering)
and more for the multiple angle system.
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7.3 TELEVISION PARTICLE ANALYSIS

The direct visual analysis of aerosols has been the main tool in
the investigation of particle characterisitics, Optical, ultra, and
elec tro n microscopy are standard techniques used for the evaluation of
collected or of suspended particles. The use of photography and tele-
vision techniques has facilitated particle analysis, and more recently
experiments have been performed using holographic techniques for the
direct evaluation of airborne particles and fogs.

The television technique consists in essence of the remote transmis-
sion of visual information. This information can be either the field of
observation of a microscope, or a hologram of a particle-laden air volume.
-3 The signal derived from the electro-optical scanning of the image can
‘i either be transmitted directly for remote interpretation or can be locally
processed such that direct information on particle size distribution and
number would be available for subsequent transmission.

If a microscope field of view is to be scanned by the television
] system, the particulate matter has to be collected by a suitable mech-

%? anism, i.e.; filter collector, impactor, electrostatic precipitator, etc,
G For holographic analysis, a hologram of the volume of air has to be made
prior to its television analysis, which in this case, in addition to
scanning, requires programmed variation of focus for three-dimensional
cloud analysis. This technique will not be detailed here since it is
judged to be too complex and undeveloped at this point.

g 7.3.1 MICROSCOPE-TV ANALYZER
Vo 7.3.1.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

&
%s Analyzers of this type are available for laboratory
use, and they include a television viewing monitor and a microscope for

3 direct observation of a sample, in addition to the associated electronic

g circuitry and readout devices. The television tube, some of the elements
of the microscope and the readout elements are irrelevant to this study.
. On the other hand, as expressed above, a particle collector would have
i to be integrated with this system. A block diagram of a possible instru-
L ment suitable for remote surface planetary particle analysis is shown in

Figure 7-3. Remote processing of the video transmission appears preferable

@i in terms of package complexity and telemetry. The received signal can be
.3 computer processed, furnishing direct information on particle size distri-
bution and concentration if concurrent sampling flow rate information is
transmitted.

7.3.1.2 INTERPRETATION OF THE MEASUREMENT

Addithﬂal information needed to interpret measurement -
Ihe flow rate of the collection device, to determine aerosol concentratlon
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Method for analysis and interpretation of data - The
output of the video camera is to be transmitted, either in real time or
through delayed recording as any other type of picture transmission. The
received signal can either be displayed for visual monitoring or processed
for automated analysis.

7.3.1.3 INSTRUMENT CHARACTERISTICS

Total and dynamic ranges - Particle diameiers: about
0.5 microns and above (upper limit depsnding on microscope optics). Number
concentration range only dependent on sampling periods.

Accuracy -~ Individual particle size and shape can be
measured to essentially any degree of accuracy for solid particles, especi-
ally if celibration markers are included on the collection surface. Overall
accuracy in terms of concentration and size distribution is in general
limited to size discrimination of the collection mechanism.

Signal to noise - Dependent essentially on the optical
contrast of the collected particles against the background.

Frequency response - Time constants are dependent on
sampling flow rate and to a lesser extent on video scanning speed. Typical
reaction times are less than one second.

7.3.1.4 INSTRUMENT OUTPUT

The output is a video signal containing the informa-
tion on the particles scanned on a given field of view. Flow rate could
be predetermined or transmitted; the sensor signal would define the type
of conditioning required for telemetry.

Bits per observation - Typical video transmission.
7.3.1.5 PAYLOAD INTEGRATION and STATE OF DEVELOPMENT

No specifics can be stated at this point since no
instrument of this type is available for remote operatlon Existing
instruments are for laboratory use.

REFERENCES - TELEVISION PARTICLE ANALYSIS

- Jarrell-Ash Bulletin No. 2.

“Shuck, J., TV-Analyzing Computer Expands Scope of MlCtOSCOplC Studies,

Jarrell-Ash Reprint No. 18.
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7.4 MICROPHONIC IMPACT DETECTION

Aervsol particles can be detected by impacting them on a pressure
sensing detector. Particles striking such a detector transfer their
momentum to the impacting surface. This transient pressure generates an
electric pulse by means of the transducing action of the detector. These
sensors in essence are piezoelectric, electromagnetic, capacitive, ectc.
microphones which have been used on various rockets, satellites and space
probes for the detection of micrometeorite impacts. The magnitude of the
pulse generated appears to be a function of the particle momentum (some
disagreement exists on this point) and not its kinetic energy. Particle
mass can be determined if the impact velocity is known. Wind blown parti-
cles can, in principle, be detected by utilizing their air flow imparted
velocity. Acrosol particles, in general, can be accelerated artificially
by means of forced air flow, electrostatic forces, ctc. The limitation
of this technique for aerosol measurements lies in the low signal to noise
ratios which can be obtained. Noise is originated not only in the electric
elements of the system, but also in the detection phase itself, due to wind
or artificially induced air stream impingement flow past the detector, This
air induced noise severcly limits this technique to the detection of fast
and large (massive) particles. Its usec seems to be more adaptable tc the
Martian low air density enviromment than to the thick Venusian atmosphere,
both in terms of noise and with respect to impaction size discrimination,

7.4.1 PIEZOELECTRIC PARTICLE IMPACT DETECTOR SYSTEM

7:4.1,1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

Instruments of this type have been developed for
micrometeorite detection and also for experimental aerosol laboratory
studies. No instrument exists at present which include an artificial
impaction mechanism. Any system of this type consists of a detector or
detector array, a pulse amplifier and pulse height discriminator for the
determination of particle mass through an independent velocity measurement
(anemometer, flow meter, etc.).

7-4,1.2 INTERPRETATION OF THE MEASUREMENT

Additional information needed to interpret measurement -
Wind speed for blown particles. Particle impact velocity for artificial
acceleration,

Method for analysis and interpretation of data -
Pulse count indicates number density and pulse height indicates particle
mass .

7.4.1.3 INSTRUMENT CHARACTERISTICS

Total and dynamic ranges - The minimum particle diameter
(specific gravity = 1), dependent on impact velocity and noise, cannot be
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specified at this point, probably not less than 10 microns under optimum,
conditions. The minimum detectable particle momentum is of the order of
1072 dyu~sec, on the basis of recent laboratory experiments.

Accuracy - Mass value of the order of %10 to *15
percent for known particle velocities.

Signal to noise - Dependent on particle momentum and
enpvironmental noise. Minimum size would be noise limited.

Frequency responge = Virtually zero time constant for
wind blown particles, and of the order of 0.1 sec for artificial sampling

7.4.1.4 INSTRUMENT OUTPUT

Output signal - The output for telemetry consists of
a pulse train with telemetry channel mass identification. For wind blown
particle detection, already available anemometer measurements would provide
velocity information. TFor artificially induced impaction, flow velocity
is measured and telemetered.

Bits per observation - In addition to direct pulse
pounting, 4 to 7 bits for particle mass ‘information, and 7 bits for flow
velocity information (not required for blown particles for which anemometry
would already be available).

7.4.1.5 PAYLOAD INTEGRATION and STATE OF DEVELOPMENT

This type of instrument has not yet been developed
for airborne particle evaluation; however, micrometeorite detection
instruments are available and could be adapted for this particular appli»
cation, their design being suitable for space environments.
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7.5 ACOUSTIC ATTENUATION ANALYSIS

- The description of this technique will be brief since it has not

b been cdarried beyond isolated laboratory experiments, and will be restricted
to the physical principle and the possible applicability for remote plan~

etary operation.

The attenuation of sound waves over a given air path is a function of
the particulate concentration in the gas. Furthermore, the particle diam-
i eter defines the acoustic frequency of maximum attentuation, or in more
i general terms, a mean diameter of a polidispersed aerosol determines a
- characteristic frequency at which the attenuation is maximum. The discrep-
P « ancy between various distribution functions has been found to be remarkably
low (Tempkin and Dobbins, 1966). The attenuation equation for a polidispersed
aerosol, which has beenconfirmed experimentally, is:
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speed of sound in gas,

coefficient of energy attenuation (cm-l),

o)
n

o = mean gas density,

= mass concentration of aerosol,.

circular frequency,

w £ 38 0
N

= particle radius,

a \ N_(R) = particle size distribution function, 20 R2

S T, = dynamic relsxation time of particles = ~—%E— ,

o

% | p_ = particle density,

coefficient of gas viscosity,

= ratio of specific heats of gas,

i
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= specific heat of particle,

= specific heat of gas at constant pressure,

C
= thermal relaxation time of particle = , ﬂg, ,
, Y o ““p
.= Prandtl number of gas = "-EE*‘ ’
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The particle diameter Do at which the maximum attenuation occurs is:

Do = (18u/uvp)l/2 .

The sensitivity of this technique depends on numerous factors as
can be seen from the above equations. A typical example will be given
to illustrate the range of applicability. Assuming a path length of
one meter, a frequency of 100 kHz (u= 6.28 x 103 sec'l), a relative
attenuation of 1 percent, the minimum detectable aerosol concentration
on the surface of Mars would be of the order of 1 mgr/m3, while on Venus
\ﬁhe sensitivity would be degraded to about 1 gr/m3 due to the high
Venusian surface air density. The level of the minimum detectable aero-
sol concentration can be reduced by increasing the path length and the
sound frequency.

REFERENCES - ACOUSTIC ATTENUATION ANALYSIS
Dobbins, R.A., and 8. Temkin, 1964: Measurements of particulate acoustic
attenuation. J. AIAA 2, 1106.

Temkin, §., and R.A. Dobbins, 19266: Attenuation and dispersion of sound |
by particulate relaxation processes. J. Acous. Soc. Am., 40, 317. |

.+ 1966: Measurement of attenuation and dispersion of sound by
an aerosol. J. Acous. So¢. Am., 40, 1016.

Additional references are pravided at the end of the above papers.
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7.6 -+ BETA RADIATION ABSORPTION

A mass evaluation of aerosols can be obtained by measuring the
attenuation of P radiation as it traverses a layer of collected particles.
The collection substrate can either be a filter medium or a thin impaction
film. The attenuation of the B radiation is only a function vwf the mass
density and is independent of the chemical composition of the collected
particles, their shape, density, optical properties, physical phase, etc.
Thus this technique provides direct information on mass concentration of
airborne material.

7.6.1 B _ABSORPTION TMPACTOR MASS MONITOR

7.6.1,1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

This fnstrument is being developed for air pollution
studies and a schematic of a prototype is shown in Figure 7-4. A 60 1/min
pump provides the flow for the device which samples at 30 1/min ambient
air, The 2 to 1 pressure ratio establishes sonic flow at the impaction
nozzle thus providing a constant flow control. Lower flow rates can be
accommodated by using a smaller diameter nozzle (present size is 1.5 mm
diameter). The impaction substrate is a 6.3 micron thick mylar f£ilm resting
on a G4 beta source with an activity of 2 microcurie (higher activities
will be used in subsequent models). The detector is an end window Geiger
Miller tube which operates at about 600 V, with unlimited lifetime and
75 psec dead time,

The collection-detection geometry is such that essen-
tially all the particulate collection is concentrated in a very small area
(about the size of the impaction nozzle orifice) and all the detected B
radiation is constrained to pass through the mass collected. The G-M
tube requires a regulated 600 V supply at negligible current. For prolonged,
unattended vperation an indexing mechanism for periodic advancement of the
mylar f£ilm would be requirsu.

7.6.1.2 INTERPRETATION OF THE MEASUREMENT

Additional information needed to interpret measurement-
Flow rate, if not predetermined and constant. Air density to determine cut-
off particle size.

Method for analysis and interpretation of data - The
output of the G-M tube consists of a train of pulses of constant amplitude,
The pulse rate is related to the total mass collected in a given sampling
period, which, related to volumetric sampling rate, indicates the mass
concentration of aerosol, o '

7.6.1.3 INSTRUMENT CHARACTERISTICS

o : ~ Total and dynamic ranges - Particle diameters from
about 0.1 microns up {dependent on air density). Minimum particle mass
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Figure 7-4. Beta absorption-impactor combination.
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concentration dependent on sampling period. Minimum detectable mass of
the order of 1 pg.

Accuracy - Better than 10 percent for particles
above 0.5 microns and for integrated collections of less than about 10 ug.
Accuracy is also dependent on number of pulses counted per data point,
the counting error being equal to the square root of the number counted.

Signal to noise - Dependent on shielding against,
and intensity of extraneous ionizing radiation sources. This aspect may
be more serious on Mars. '

Frequency response - The response time of this
device is a function of count rate (typically of the order of a few counts
per second per microcurie) and aerosol concentration.

Environmental effects - Accuracy and actual operation
can seriously be affected by ambient ionizing radiation levels if improperly
shielded.

7.6.1.4 TINSTRUMENT OUTPUT

Output signal - Pulse train of the order of 1-V
amplitude. |
Bits per observation - Not applicable for direct
pulse transmission; for analog rate output, 10 bits.

7.6.1.5 PAYLOAD INTEGRATION

Instrument would have to be designed specifically
for planetary surface operation., Power would depend on sampling rate since
pump is the major consumer.

Specialkrequirements - Sensor shielding against
unwanted radiation.

7.6.1.6 STATE OF DEVELOPMENT

Experimental, see above.
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REFERENCES -~ BETA RADIATION ABSORPTION

Bulba, E., and W.P. McShane, Automatic Stack Monitoring of a Basic Oxygen
Furnace. Paper presented at 60th Annual Meeting of the APCA.

‘Bulba, E., and L, Silverman, A Mass Recording Stack Monitoring System for

Particulates. Paper presented at 58th Annual Megting of the APCA.

GCA Corporation, Ninth Quarterly Report, Contract DA-18-035-AMC-376(A),
GCA-TR-67-25~-G, Bedford, Mass.

Izmailov, G.A., 1961: Measuring the Gravimetric Concentration of Dust in
the Air Using Beta-Radiation. Industrial Laboratory (USSR), 27, 1,
40-43.
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7.7  CHARGED-PARTICLE MOBILITY ANALYZER

By imparting a known electric charge to aerosol particles, as a
function of particle size, it is possible to infer this size by the
measurement of total charge. The degree of electric charging which a
particle acquires when exposed to an ionized gas environment, in the
absence of an externally applied electric field, is a function of the
particle residence time and the gaseous ion concentration. By control-
ling these two charging parameters, the mobility of a particle of a given
size can be predicted, These charged particles can then be sized by means
of an electric field. The aerosol concentration or the size distribution
can be determined by selective current measurement.

7.7.1 WHITBY AEROSOL ANALYZER

7.7.1.1 NARRATIVE DESCRIPTION OF THE INSTRUMENT

A schematic of this instrument is shown in Figure 7-5.
This instrument has been designed for air pollution studies, aerosol analysis,
etc. and some of its features could be omitted or simplified for remote oper-
ation. Particles are charged in the aerosol charging chamber by means of a
sonic ionizer. The charged aerosol is injected into the mobility analyzer,
which in essence consists of a concentric electrode pair across which a
variable controlled potential is applied., Particles with a mobility below
a minimum value, defined by the applied potential, are merely deflected by
the field and escape the analyzer and are collected at the current collecting
filter, their charge being transferred to ground through a current sensing
electyometer. Particle size distribution and concentration are obtained by
programmed step adjustment of the analyzer potential to govern the threshold
of particle mobility required for collection on the axial analyzer rod., The
variation of applied potential results in & corresponding varlatloﬁ of elec-
trometer current.

7.7.1.2 INTERPRETATION OF THE MEASUREMENT
t
Additional information needed to interpret measurement -
Charged aerosol flow rate. Ionizer current can be internally regulated, and
analyzer potential can be internally programmed and regulated.

Method for analysis and interpretation of data -
Particle size distribution is inferred from the relationship between applied
potential and ‘detected current, and concentration is derived from the magni-
tude of the detected current.

7.7.1.3 INSTRUMENT CHARACTERISTICS

: Total and dynamic range -~ Particle diaméters: 0.015 to
1.2 microns for a typical product of charger ion concentration times particle
residence period of about 107 sec cm.3 Minimum particle rates of the order

247




“ Y -

-19z4]eUurR [Osoxd® AQITYM °G-/ 2In31g

AL

§
)

,,.\..\«\~A. -

Wmvyv\w qus_u
d7-M04 :
0SOH3V G3INVHI

YETE
—-0¥19313
Wwﬂ
, o ,
P —
YETRIE) ! :
j 9NI123TI0D ;
- 1s0rqv 1 ANIHENOAD %
O mo1s ot A . H =
‘ , 1snrav ‘ T
-
, , 39Nvd i 1
JUOIVEIINIL i1 waiow motd \ ; I ~ 1
I \ ANINBND B .
wnnd TA HIZAIWNY ¥3ZINOI : ‘ i
NOMVA H
¥3IZXIVNY 1 '
= ) i
ay- T h
IR MO14 viol 7
¢33 7
HIY V10L
ﬁ a . \/ 0
! LR : , IGAVHD 3
O ; NI H ;
WIZXIVNY & M ~ ONI9UYHD
Aqgon —; R° / M ] ‘ e—— 105043V
H . 3}
| 3 : —
e Ty
.. .
4 — — /] ala»u!_ q0s083V
. . ¥
: _M..ma»w_ H ~ ¢ H _ o
L3N HIV N3 - - 1 L) ——— ] )
ot 3 L T — 1
164 . | |
isaray i g
T _ ¥3L3N 9ISd~
10SOM3Y GIOUVHD g3l ! “ .IG 3UNSS3e AlddNS.
! {. isnrgy H3ZINOI-
i 1" 370338
1 isnrav 3oNvyy AV g H3ZINOI sisaray
! ¥313n mod T \LJ ! A1ddNnS W3zINO)
1 N } Sy ;
1 L i
1 @l [
1 1
1 {
L 1

K1ddNS. Alddns .
AN OS ANG— !O.h‘tnrch
HOSSIUANGD
HIZNOI

Q2- LGIv9l0 :




-

of 103 sec'l,'which at a sampling flow rate of 10 1/min corresponds to

6 x 103 particles per liter,
Accuracy - Sizing accuracy approximately 10 percent.

Signal to noise ~ Increases linearly with particle
rate (S/N ~ 1 for minimum detectable rate).

Frequency response - Response time is of the order
2f  tens of seconds. .

i
i

Envivonmental effects - Natural ionization of parti-
¢les would affeet the measurements. However, this background condition
can itself be measured by alternately operating and shutting off the jet
ionizer, Natural charge on particles could thus be measured,

7.7.1.4 INSTRUMENT OUTPUT

i Qutput signal - Analog signal following changes
i) produced by programmed analyzer potential changes. Logarithmic amplifi-
w cation would be required before telemetry. .

; Bits per observation - Total of about 11(7 for log
v of signal and 4 for voltage step identification) Tour bits for flow rate,
if required (the two mentioned flow rate measurements could be required).

= 7.7.1.5 PAYLOAD INTEGRATION
| i This type of instrument would have to be designed
% and developed for a planetary surface application. The existing device
in its present design is totally unsuitable for such purpose.
éi Special requirements - Absence of strong ionizing
- sources.,
gf 7.7.1.6 STATE OF DEVELOPMENT
See above.
é; REFERENCES ~ CHARGED-PAKEICLE MOBILITY ANALYZER

‘Whitby, K.T., 1961: Generator for producing high concentrations of small
ions. Rev. of Sci, Instru., 32, 351-355. '

Whitby, K.T., and W.E. Clark, 1966: Electric aggésoiyparticle counting and
size distribution measuring system for thd 0.015 tv Ip size range.
Tellus XVIII, 2, 573-580. ‘

Whitby, K.T., B.Y. Liu, and C.M. Peterson, 1965: {harging and decay of Mono-
dispersed aerosols in the presence of unipolar ion sources. J Coll.
Sci., 20, p. 585. .




7.8 HEATED FILAMENT DETECTOR

The deseription of this technique will be restricted to its funda-
mentals and no instrument details will be furnished since this approach j
has received only limited experimental laboratory use. Furthermore, its
application is limited to liquid particles which precludes its use on
most natural aerosols with the notable exception of fogs (liquid droplet
suspensions). In this context the heated wire detector can serve to dis~
criminate between solid and liquid aerosols. Furthermore, its use may be
extended to the detection of liquid precipitation. Particle detection by
this technique is based on the cooling effect of the impinging droplet on
a heated wire, filament or wire grid. The basic principle of operation is
identical to that ot a constant current hot wire anemometer, where each
particle generates a voltage pulse due to the transient decrease in wire
resistance as the temperature decreases at the point of impact. Discrim-~
ination against wind induced signal is accomplished through firequency
selective filtering. Particle mass (for a given specific heat) determines
the voltage pulse height for a given filament current; thus, information
on particle size can be inferred through pulse height discrimination. The
instantaneous output voltage e is equal to:

3/2 , 1/2

!
awS R

0 s a2

where Rw = mean value of wire resistance,

m = particle mass,

e = induced signal,

Cé = particle specific heat,

¢ = (R -R /R, |

RO = resistance of wire at ambient temperature,

Q@ = wire tempergture coefficient of electric resistivity,

A = constant proportional to wire length and inversely
proportional to &,

B = constant proportional to the square root of the wire
diameter, and inversely proportional to <,

U = mean air stream velocity,

t = time,

The signal to noise ratio is
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Particles with diameters as low as 1 micron have been detected by this
method, The low limit of detectilon is determined by the signal to noise
ratio, which depends on the specific heat of the particle as well as on
the turbulence of the medium,

REFERENCES ~ HEATED FILAMENT DETECTOR

Goldschmidt, V.W., 1965: Measurement of Aerosol Concentrations with a Hob
Wire Anemometer, Tr. Col, Science, 20, 617-634,

Reist, P.C., and W.A., Burgess, 1967: A Comparative Evaluation of Three
Aerosol Sensing Methods. Paper presented at Amer. Industrial Hygn.
Conference, Chicago.

Vonnegut, B., 1955: Means of Measuring Individual Aerosol Particles.
U.S, Patent No. 2,702,47]“
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7.9 COULTER COUNTER

The Coulter counter bases its operation on the measurement of changes
of electrical conductivity of a liquid electrolyte, flowing through a small
orifice, due to the presence of suspended particles. Each particle, as it
passes through the orifice incrcases the resistance of the path between two
clectrodes submerged in the electrolyte, one at each side of the orifice.

For aerosol measurements this instrument is combined with a means of
suspending the airborne particles in the liquid electrolyte. This operation
can be accomplished by an impinger or bubbler associated with the Coulter
counter, This method will not be dicussed in detail because it has a very
limited applization to aerosol evaluations, Its particle size range is of
the order of 20 to 1, the actual range given by the orifice size. Particles
down to one micron in diameter have been detected. Sizing is accomplished
by the measurement of the magnitude of the change of resistance as each
particle traverses the sensing orifice.

REFERENCES

The manufacturer, Coulter Counter Industrial DiviSion, Franklin Park,
Tllinois, supplies a complete reference list on request.
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8. REMOTE SENSING FROM ORBITERS OR FLYBYS

The inclusion of remote observation techniques in the present study
throws open a wide range of possible experimentz for both orbiters and
£lybys. Successful remote observations depend not only upon an acrurate
instrumental observation, but also on the validity of the inference tech-
nique used to deduce the particular meteorclogical or thermodyanamic
parameter one is attempting to measure, Thus, as opposed to in-situ obser-
vations, where, having made the observation, one can usually interpret it
without great difficulty, remote observations must be processed with some
sort of inversion technique, which depends upon the radiative transfer
characteristics of the atmosphere, to derive the atmospheric parameter one
is after. Hence, %0 analyze possible remote experiments that can be used
for the measurement of meieorological and thermodynamic properties of Mars
and Venus, one must first know something of the radiative transfer char-
acteristics of these atmospheres. It is only then that a logical list of
candidate experiments can be suggested. In the following pages are
indicated some of the possible techniques that, based on our current
knowledge of the radiative transfer characteristics of the atmospheres
of Mars and Venus, seem appropriate. Since the major thrust of the present
study was on in-situ observations, the discussions of the remote sensing
techniques and instyuments are not as detailed as those for the in-situ
observations. The emphasis in these discussions is on the technique, and

‘instrumentation details are kept to a minimum.
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8.1 WALER VAPOR

8.1.1 ABSORPTION AND EMiSSION RADIOMETRY

Water vapor has absorption bands in the near-infrared, infrared,
and microwave regions of the spectrum. Observations of the intensities of
reflected or transmitted solar radiation in these bands can be used ¢o
determine the amount of water vapor in the absorbing path. The vertical
profile of water vapor could be determined from slant path observations of
the absorption of solar radiation as the planet occults the sun, The
absorption bands are pressure sensitive and a knowledge of the pressure
distribution would be required for water vapor inferences to be made.

The basic equation is of the form

I = IO exp <}‘/hk o} d%)

where I is the observed intensity of radiation, I, is the intensity of
radiation outside the atmosphere, k is the absorption coefficient, p is
the water vapor density, and ds is an incremental length of path.

_ The water vapor absorption bands in the infrared and micro-

{ wave regions can be used to determine the amount of water vapor in a
5 planetary atmosphere from thermal emission observations. The observed
intensity of vadiation from the planet-atmosphere system in a water vapor
band depends upon the smount of water vapor, the temperature distribution,
and the pressure distribution. Thus, to determine the water vapor content
with this technique, a knowledge of temperature and pressure profiles is
required. In addition, if a mictowave bhand is used, the emissivity of the
_ surface would have to be known since microwave emisgivities depart from

. unity for many naturally occurring surfaces.

The basic equation is of the form

where T is the observed lnten31ty, € is the surface emissivity, B is
blackbody intensity, a function of temperature, and 7 is transm1ssxv1ty,
a function of water vapor content and pressure. The subscrlpt s Lefers
to the surface.

A radiometer similar to that flown on Mariner II (Schwarz
and Ziolkowski,,1964),could,be'ggﬁ&:{ﬁﬁxringtgn.et al., 1967) for the
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6.311 band and would have a spectral range of 5.5 to 6.5u. Other candidate
bands lie in the near-infrared region of the spectrum. The characteristics
of a proposed radiometer system are discussed in Barrington et al. (1967).
A single-channel superheterodyne Dicke radiometer operating near 1.35-cm
wavelength would be suitable for the microwave experiment.

E infrared observations. The instrument would observe the radiation in the

REFERENCES

Barrington, A., A Caruso, and G. Manella, 1967: NASA TN D 4115, 13pp.

Schwarz, F., anth. 7iolkowski, 1964: Infrared Physics, 4, 113-126.
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8.2  WIND VELOCITY

8.2.1 TPHOTOGRAPHS OF CLOUDS AND TRACERS

Unfortunately, there is no satisfactory teclinique for remote
determination of wind velocity. Sequential television photographs of
cloud systems or cloud details from an orbiter would furnish information
on cloud displacement, from which winds could be inferred. For Mars, pic-
tures in the visible portion of the spectrum could be utilized for this
purpose. For Venus, where no cloud structure is apparent in the visible
region, analysis of UV photographs using techniques similar tv the ground-
based techniques employed by Smith (1967) is a possibility. There is also
the possibility of releasing a tracer into the atmosphere from a descending
capsule. Sequential photographs of the tracer cloud could then be analyzed
to infer wind velocities. Possible tracers include the alkali metal vapors,
which are discussed in the section on in-situ observations of wind velo-
cities.

REFERENCES

Smith, B.A., 1967: Science, 158, 114-116.
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{ 8.3  PRESSURE AND DENSITY

8.3.1 NEAR-INFRARED SPECTROSCOPY

Surface pressure on Mars may be determined with the use of
techniques similar to t he Farth-based spectroscopic techniques (see, for
example, Belton and Hunten, 1966). TFor very weak carbon dioxide absorption
bands (such as 0.874 and 1.05u), the amount of absorption of solar radiation
by the Martian atmosphere depends upon the COy9 amount and is essentially
independent of atmospheric pressure. For the stronger COp bands (such as
at 1.6u and 2.0y), the absorption is a function of both the COp amount and
the pressure. Thus, by spectrometric observations of both weak and strong
bands, the surface pressure as well as the CO, amount can be inferred. The
- experiment can be performed in two possible modes - looking down at Mars
- from an orbiter and measuring reflected radiation or looking at the sun
through the atmosphere of Mars as Mars occults the source. The second mode
allows the vertical distribution of pressure to be inferred. The required
~ instrument is a near-infrared spectrometer.

o

An experiment similar in concept to the second mode of the experi-
ment discussed above has been described by Coogan (1967). Rather than using
the sun as a source of radiation, Coogan suggests a split trajectory dual
planetary fly-by mode. If one of the fly-bys carries a suitable light source,
such as a solar mirror, and the other a spectrophotometer, absorption versus
altitude profiles can be obtained as the line of sight between the two fly-
bys sweeps through the planetary atmosphere,

c Poe e { g

8.3.2 RADIO OCCULTATION

Radio occultation experiments for an orbiter or fly-by similar
to the ones conducted by Mariner IV and Mariner V, can be used to infer
atmospheric density and pressure. Such experiments require observations of
perturbations to the amplitude and frequency of radio signals transmitted
through the planetary atmosphere to the Earth by a spacecraft. The observed
phase and amplitude changes depend upon the density distribution and composi-
tion of the planetatry atmosphere, and are used to infer the refractivity
versus altitude profile of the planetary atmosphere. From the refractivity
profile, scale height, surface density and pressure can be deduced. This
type of experiment can be tonducted for both Mars and Venus. However, since
the surface pressure on Venus is very high, the radius of curvature of the
propagation path is smaller than the planet's radius. Under such conditions,
the radio link between the spacecraft and the Earth never becomes tangential
to the planet. Thus, the observed refractivity profile does not extend to
the surface but to a level of critical refraction. This level depends not

~only on the surface pressure but alsd on the atmospheric composition. A
possible way of extending the occultation technique to probe the atmosphere.
below the level of cypitical refraction is a bistatic radar experiment of the
type discussed by Fjeldbo (1967). 1In such an experiment, scattering by the

 surface of the planet provides the radio link between the spacecraft and the

" Barth.
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A beam of electromagnetic radiation is affected in two ways -
when passing through a neutral atmosphere having a higher index of
refraction: the signal is retarded and the path of the radiant energy
deviates from a straight line if the index of refraction is nonuniform.,
The total change in the observed Doppler velocity of the spacecraft is
given by:

. d
oL = 7= (A + AR)

where A4 and AR are the differential phase path lengths due to bending
and retardation of the ray. The path length due to ray bending isrelated
to the angle of refractive bending, €(h), where h is height, by the

expression -
2

g &)

where RA is the distance of the spacecraft from the planet and -
A h , n

w  fi(h) exp {-b/\f(h) dh] -

.  0u1n0 o 7 - ‘o - -

R [1 - ®/r)7] | s

where Ny is the refractivity near the surface of the planet, R is the :
distance from the center of the planet to the closest approach point of o
the ray, r = r +h - RAe, where r, is the radius of the planet and

, __ 1
f(h} 5

T8

where p is atmospheric density. The expression for 'the differential phase
path length, AR(h), is similar to that for e(h) except that f(h), where

it appears before the exponential fupction,is absent. By matching the -
signals that would be produced by atmospheres of different compositions,

surface pressures, and density profiles, with the observedDoppler velocity oy
chianges, it is possible to deduce these parameters for a planetary atmos- ~
phere. v

==

A

7 The Mariner IV - Mars and Mariner V - Venus bccultatidn experi-
ments used S-band telemetry frequencies. Information on instrumental details
may be found in Kliore et al. (1965) and Fjeldbo (1967). o

*
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8.3.3 GAMMA RAY SPECTROSCOPY

From measurcments of gamma rays emerging from a planet-
atmosphere system,it should be possible to deduce variations in surface
pressure and, possibly, the magnitude of the surface pressure itself
(Asaf and Kruger, 1966). The sources of gamma radi Sion ggez élg natural
radioactivity produced by radioactive substances (Kﬁ , Th”4, U 38 ang U235
and their daughters) at the surface of the planet and (2) cosmic rays.
which upon striking an atmosphere, initiate reactions that result in the
production of gamma rays. The natural radiation received by a detector
on a spacecraft orbiting Mars can be written as (Asaf and Kruger, 1965)

R =£SA Aexp [~ px¥]

where £ is a geometrical factor approximately equal to 1/2, S is the
concentration of natural radioactivity in the surface in dpm per em?,
OHA is the detector area, p is the atmospheric absorption coefficient in
this energy range in cmé g"l, ¥% is the average distance the radiation
passes through the atmosphere in g cm™2. In the energy range of inter-
est (0.5 to 3.0 MeV), the absorption coefficients are nearly independent
nf atmospheric composition. Since X is related to the total pressure, -
changes in the observed signal can bée used to obtain surface pressure
variations. Asaf and Kruger (1965) indicate that surface pressure vari-
ations of about 0.3 mb could be detected on Mars. In theory, total
pressure can be measured by comparing the intensities of speectral lines of
different energies whose percentage yields are known. One must also be
able to substract out the cosmic ray background in order to deduce the
magnitude of the total pressure.

The instrument would be a C,I(Ty) crystal surrounded by a
plastic scintillator and anticoincidence circuitry to discriminate against
charged particles. Ebeogly (1966) presents detailed information on instru-
ment characterisitics for this type of observation.

8.3.4 LASER BACKSCATTER

Because the amount of Rayleigh scattering is a functim of
atmezpheric density and composition, laser observations of the light
scattered back by a planetary atmosphere can be used to infer the atmo-
spheric density profile if the composition is known. From the atmospheric
density profile, a pressure profile could be constructed with the use of
the hydrostatic equation. Instrumentation details for some ground-based
laser systems intended for remote atmospheric semsing are given in the
discussions of laser techniques for in-situ observations. -
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8.3.5 STELLAR REFRACTION

fhe stellar refraction technique relates the refraction angle
of a star whose light has passed through some of a planet's atmosphere to
atmospheric density., Refraction measurements are made from a satellite
platform in orbit. The satellite provides the mrasurement of refraction
angle of a known star as a function of time and the satellite ephemeris
gives position as a function of time. This information gives the radius
to the satellite, rg, as measured from the center of the planet. With the
knowledge of the true zenith of the star and the refraction angle, the
zenlth angle of the refracted ray is known. Snell's law yields an important
constant: anywhere on the ray the product of refractive index, radius, and
sine of zenith angle is constant. This constant is called the impact param-
eter. The refractive index is unity at the satellite, and rg sin 2 =y r_,
where the subsaript o indicates the point where the ray is tangent to the
planet's atmosphere. Therefore, the basic measurement is refraction angle
as a function of the impact parameter Ho¥pr &3 the ray path changes.,

Integrating snell's law along the ray path gives the following

R =2 Tolo 1/2 °
2 2]

1 plp?e? - kS

expression:

This expression gives the refraction angle as a function of
the impact parameter. An inversion of this equation gives the index of
refraction |, as a function of height r. The inversion of the last equa-
tion is given by

R(u r ) d(uoro)
ML = exp {} = d[‘ 2 > }'
r

ner

‘he effects of this equation are as follows:
(1) It proves the existence of a unique inversion from refraction

angles to densities.
(2) It permits aprecise evaluation of the function including the

ability to computerize the reduction of refraction data to density,

temperature, and pressure.
(3) It permits a complete, deflnltlve error analysis.

Since p is proportional to density, it is a simple matter to determine
density as a function of height if the composition of the atmosphere is
known.

The basic observing equipment is a star~tracking'télesc0pe. A
complete system for Earth-atmosphers uppllcatlon is described by Fischbach
(1965). '
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8.4 TEMPERATURE

8.4,1 INFRARED AND MICROWAVE RADTOMETRY

Surface temperature on Mars can be conveniently mapped from
an orbiter with the use of an infrared radiometer observing in the 8-12p
water vapor window. The basic principle upon which such an expariment
depends is that the intensity of radiation emitted by the surface is
proportional to some power of the surface temperature. In an atmospheric
window, there is negligible absorption of this radiation by the atmosphere.
Thus, the measured intensity can be converted to a surface temperature,
The proportionality factor depends upon the emissivity of the surface,
For most common surface materials, infrared emissivities are close to
unity, Clouds would hamper such an experiment; however, clouds on Mars
are rare, A similar experiment has been flown on the TIROS weather
satellites, and the radiometer characteristics are well described in the
literature (see, for example, Bandeen et al., 1961).

Because of the cloud cover, surface temperature mapping of
Venus presents a problem. Infrared radiation from the surface will be
absorbed by the cloud layer. Microwave radiation, however, can penetrate
the cloud layer, and surface temperature mapping of Venus could be
accomplished from an orbiter with a microwave radiomzater operating at cm
wavelengths. A Dicke type radiometer, similar to the one flown on Mariner
II (Jones, 1966), is indicative of the type of inctrumentation required.
Temperatures near the cloud level on Venus could be determined from
infrared 8 to 12y window observations. '

If the carbon dioxide mixing ratio is known, the vertical
temperature profile of Mars or Venus could be determined from horizon
radiance observations in the 15u COp band. Measurements of the horizon
radiance as a function of tangent height obtained from a zenith angle scan
of the planet and its atmosphere can be inverted to obtain temperatures.
The relevant instrumentation is a 15y band radiometer with a narrow field
of view and instrumentation to determine the pointing angle of the radio-
meter with respect to the nadir,

8.4.2 INFRARED SPECTROSCOPY

The vertical distribution of temperature above the surface of
Mars and above the clouds of Venus could be inferred from intensity versus
wavelength scans of the infrared thermszl emission in a carbon dioxide
absorption band, such as the 15y band or 4.3u band, A successful inversion
of the observations depends upon a knowledge of the carbon dioxide amount.
The techniques make use of the variation of absorption coefficient with
wavelength in the band. At the center of the band, where the absorption
coefficient is high, the measured radiation intemsities originate in the
upper layers of the atmosphere. At the edges of the band, where the
absorption coefficient is low, the measured radiation intensisites originate
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in the lower part of the atmosphere. Thus, a wavelength scan of the
intensities essentially allows one to probe different levels of the atmo~
sphere., And since the radiation intensities depend upon atmospheric
temperature, it is possible to deduce the temperature structure.

Several spectrometers for performing similar observations in
the Earth's atmosphere are under development, These include the satellite
infrared spectrometer (SIRS) of ESSA (Hilleary et al., 1966) and the
infrared interferometer spectrometer (IRIS) of the Goddard Space Flight
Center (Chaney et al., 1967).
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8.5 PARTICULATE SUSPENSTIONE

8.5.1 POLARIZATION AND SCATTERING OBSERVATIONS

Observations of the polarization of the radiation emjrging
from the top of a planetary atmosphere can be used to infer aerosol
content, aerosol sizes, and possible, vertical distribution of aerosc¢ls.
The inference of these parameters from such observations requires an
understanding of the relevant scattering (Rayleigh and Mie)and absorption
processes. Atmospheric aerosols affect the ambient radiation field.

Kano (1964) has theoretically investigated the situation in which a con-
centrated aerosol layer is situated either at the top or bottom of a
planetary atmosphere. It is found that the polarization features are

very sensitively dependent upon the physical location of the aerosol layer.
Polarization and scattering observations during twilight can yield aevosol
information with good altitude resolution; such observations have been
conducted for many years from ground-based sites on Earth to obtain infor-
mation on stratospheric aerosols.

- The observations should include the degree of linear polar-
ization, the orientation of the plane of polarization in a predetermined
coordinate system, and relative intensity variations of the emergent
radiation in several spectral intervals (band width ~ 100 X) in the
visible region. The required instrumentation is a photopolarimeter of
the type described in Ohring (1966).

A scattering experiment in the near infrared spectral region
has been suggested for the detection of particulate matter in the atmo-
sphere of Mars (Barrington, et al., 1967). At near-infrared wavelengths,
Rayleigh scattering is negligible and, thus, aerosol scattering would
be easy to detect. Barrington, et al. (1967) suggest a wavelength of
3.54, an atmospheric window, for the observations. The measurements of
the scattering of the solar beam by the atmosphere would be made during
periods immediately prior to or iollowing occultation of the sun by the
planet. A filter radiometer sensitive to the spectral region 3.4 to 3.6p
is the required instrument and is discussed by Barrington et al. (1967).

8.5.2 LASER OBSERVATIONS

Measurements of the 1mten51t1es of light scattered back by a
planetary atmosphere yield information on the atmospheric constituyents
causing the scattering. Atmospheric particulates participate in a Mie
scattering process, which is sufficiently different from the Rayleigh
scattering process due to atmospheric. gases to permit deductions about
the presence of the particulates. Height discrimination is obtained
by the time delay of the laser pulse. Such a technique has been ;
used to observe upper atmosphere particulates in the Earth's atmosphere
from ground-based observations (see, for example, Fiocco, and Smullin,
1963). A high power,short pulse type of laser radar system is required.
The operating characteristics of laser systems for atmospheric observatlons
are dlscussed in the secticns on in-situ observations.
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9. SUMMARY LISTS OF TECHNIQUES AND INSTRUMENTS

This section contains summary lists of all the techniques and instru-
ment types that have been discussed in the preceding pages of the report.
The numbering scheme follows that used im the previous sections of the

report.
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2. LIST OF WATER VAPOR MEASUREMENT TECHNIQUE?
AND ASSOCIATED INSTRUMENT TYPES

2.1 CONDUCTIVITY HYGROMETERS
2.1.1 Phosphorous Pentoxide
2.1.2 Aluminum Oxide
2,1.3 Barium Fluoride
2.1.4 Lithium Chloride
2,1.5 Lithium Bromide
2.1,6 Lead Iodide
2.1.7 Darbon Strip
2.1.8 Ceramic Sensors

2.2 DEW/FROST POINT HYGROMETERS

.2.2.1 Peltier
2.2.2‘ Gasepus Coolant

2.3 CAPACITIVE HYGROMETER

2.4 SPECTROSCOPIC HYGROMETR‘;’
2,4.1 UV/Lyman Alpha
2.4.2 Infrared
2.4.3 Laser Scattering

2.5 PSYCHROMETER

2.6 THERMAL HYGROMETER

2.7 COOLED VAPOR TRAP

2.8 HAIR HYGROMETER

2.9 MICROWAVE REFRACTOMETER

2.10 COATED CRYSTALS

i
i
£
§
i
i
i
i
i
i
i
i
|
i
1
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3. LIST OF WIND VELOCITY MEASUREMENT TECHNIQUES
AND ASSOCIATED INSTRUMENT TYPES

o

3.1 THERMAL (HEAT LOSS) ANEMOMETERS

Py

3.1,1 Hot Wire -~ Resistance Anemometers
3.1.2 Heated Thermocouple Anemometers
3.1.3 Wake Detector

3.1.4 Kata Thermometer

3.2 ACOUSTICAL TECHNIQUES

3.2.1 Sonic Anemometer

SN

3.2.2 Grenade Soundings
3.3 ION~TRACER ANEMOMETER
s 3.4 PRESSURE ANEMOMETRY
3.4.1 Pressure-Tube Anemometer

3.4.2 Pressure-Plate Anemometer

éfiz 3.4.3 Bridled Anemometer
il“? 3.4.4 W-Prime Anemometer
?3;22 3.4.5 Wind Vane
& 3.4.6 Sphere Anemometer
- 3.5 ROTATING ANEMOMETERS
k-% 3.5.1 Windmill
. 3.5.2 Rotating Cﬁps
S e 3.6 TRACERS
g 3.6.1 Balloons
f | 3.6.2 Parachutes
| f%é 3.6.3 Dipole Chaff
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3.6.4 herosols
3.6.5 Electromagnetic Acougtic Probe

3.6.6 Chemicals

3.7 ACTIVE FALLING OBJECIS
3.7.1 Gyroscopic Sensor

3.7.2 Angle of Attack Sensor
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Ly
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LA =XY |

LR

4.1
b,2
4.3
boh
4.5
4,6

4.7

4.8

4'9

4.10

4,11

4,12

4. LIST OF DENSITY MEASUREMENI TECHNIQUES
AND ASSOCTIATED INSTRUMENT TYPES
DECELERATTION OF FALLING BODIES
LOW DENSITY IONIZATION GAUGES
CORONA DISCHARGE DENSITOMETER
VOLTAGE BREAKDOWN GAUGE
ACOUSTIC TECHNIQUE
THERMAL CONDUCTIVITY GAUGES
4,6.,1 Pirani
4,6.2 Havens
SCATTERING TECHNIQUES
4.7.1 X-Ray
4.7.2 7y-Ray
EXCITATION TECHNIQUES
4.8.1 uv
4,8,2 Electron Beam
4,8.3 Bremsstrahiung
VISCOSITY GAUGES
4,9.1 Quartz Fiber Gauge
4,9.2 Molecular Gauge
ABSORPTION TECHNIQUES
4.10,1 ’Filter Photometer
4.10,2 Beté and Alpha Particle Absorption
MICROWAVE REFRACTOMETER

VIBRATING REED
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5.1

5.2

5.3

5.4

5.6

5. TIST OF PRESSURE MEASUREMENT TECHNIQUES
AND ASSOCIATED INSTRUMENT TYPES

DIAPHRAGM GAUGES

5.1.1 Aneroid

5.1.2 Hellows Type

5.1,3 Vibreting Diaphragm

5.1.4 Capacitance Type

BOURDON TUBE GAUGE

HYPSOMETERS

PIEZOELECTRIC CRYSTALS AND SEMI-CONDUCTORS
LIQUID BAROMETERS

KNUDSEN RADIOMETER GAUGE
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6. LIST OF TEMPERATURE MEASUREMENT TECHNIQUES
AND ASSOCIATED INSTRUMENI TYPES

6.1 RESISTANCE THERMOMETERS
6.1.1 Resistance Bulbs
6.1,2 Thermoc Ribbons
6.1.3 Thin Wires
6.1.4 Thermistors
6.,1.5 Thin Films

6,1.6 Junction Diodes

6.2  THERMOCOUPLES

6,3 DEFORMATION THERMOMETERS
i 6.3.1 Bimetallic

6.3.2 Bourdon

6.4  ACOUSTICAL TECHNIQUES

6.4.1 Sonic Thermometer

pessy

€.4.2 Rocket Girenade
{ 6.5 RADIATION THERMOMETRY
i 6.6 LIQUID THERMOMETERS
6.7  CRYSTALS
6.8 LASER PROBING
6.9 MICROWAVE REFRACTOMETER

i 6.10 MELTING POINT THERMOMETER
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7. LISYT OF PARTICULATE SUSPENSIONS MEASUREMENT TECHNIQUES
AND ASSOCIATED INSTRUMENT TYPES

7.1  TIGHT TRANSMISSION MEASUREMENT
7.1.1 Collected Aerosol Analyzer

7.1.,2 Atmospheric Attenuation Analyzer

7.2 LIGHT SCATTERING ANALYSIS
7.2,1 Discrete Particle Counter

7.2.2 Bulk Scattering Analyzer

7.3  TELEVISION PARTICLE ANALYSIS

7.3.1 Microscope-TV Analyzer

7.4 MICROPHONIC IMPACT DETECTION
7.4.1 Wind Blown Particle Detection

7.4.2 Artificially Accelerated Particle Detection
7.5 ACOUSTIC ATTENUATION ANALYSIS

7.6  BETA RADIATION ABSORPTION

7.6.1 P Absorption - Impa¢tor Mass Monitor

L 7.7  CHARGED PARTICLE MOBILITY ANALYZER

7.7.1 Whitby Aerosol Analyzer

7.8 HEATED FILAMENT DETECTOR

7.9 COULTER COUNTER
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8. TLIST OF REMOTE SENSING TECHNIQUES

8.1 WATER VAPOR

8.1.1 Absorption and Emission Radiometry

8.2 WIND VELOCITY

8.2.1 Photographs of Zlouds and Tracers

8.3 PRESSURE AND DENSITY

LM,

8.3.1 Near Infrared Spectroscopy

8.3.2 Radio Occultation

[ 5

8.3.3 Gamma Ray Spectroscopy

' 8.3.4 Laser Backscatter

8.3.5 Stellar Refraction

8.4  TEMPERATURE

{

8.4.1 Infrared und Micraowave Radiometry

8.4.2 Infrared Spectroscopy

8.5 PARTICUILATE SUSPENSIONS

8.5.1 Polarization and Scattering Observations

35 ! 8.5.2 Laser Observations

—
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APPENDIX A

SURVEY OF SIGNIFICANT METEOROLOGICAL
INSTRUMENT DEVELOPMENTS SINCE 1956

ABSTRACT

This report summarizes some of the recent (post 1956) innovations
in meteorological instrument development. Included are discussions of
instruments and techniques for the measurement of pressure, density,
temperature, humidity, and wind speed and direction of the atmosphere.
Extensive bibliographies of papers on meteorological instrumentation,

arranged according to atmospheric parameter, comprise a major portion
of the report.
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A.l. INTRODUCTION

As part of the effort on JPL Contract No. 951954, Aerometry Instrumentation
Study, a concise survey of recent develupments in meteorolog1cal observations
of the Earth's atmosphere was performed. Recent developments have included
new innovations as well as the refinement of standard techniques. Both types
of Jevelopments are summarized in this report, which covers the post 1956
period. ‘

Descriptive information is presented on the operating principle of each
instrument category; the altitude range of operation, sources and magnitudes
of instrument errors, response times, and other details pertinent to particular
instrument types oxr techniques. Following the discussion of recent instrumen-
tation developments for each atmospheéric parameter, a pertinent and comprehen-
sive bibliography on post 1956 instrumentation development is presented.

Three survey-type publications on recent tnstrument development proved tr
be extremely useful in the preparation of this report. These publications were
by C.W. Thornthwaite Associates (Mather, et al., 1965 and 1967) and were con-
cerned primarily with upper-air meteorological sensors to an altitude of 50 km,
although some discussion was included of instruments designed to measure above
this level. The bibliograpiiies in the present report were compiled from the
above publications, the Meteorological and Geoastrophysical Abstracts, and
MA Bibliography of Meso- and Micro-Environmental Instrumentation' (Griffiths
and Griffiths, 1966).

Mather, John R. et al, Recent Developments in Meteorological Sensors and
Measuring Techniquesto 150,000 Feet, Pt. 1, Analysis. C.W. Thornthwaite
Associates, Laboratory of Climatology,Centerton, N.J., Contract No.
DA-28~043-AMC-00001(E) Final Report April 20, 1965; Recent Developments
in Meteorological Sensors and Measuring Techniques to 150,000 Feet, Pt. 2,
Bibliography. C. W.Thornthyaite Associates, Laboratory of Climatology,
Elmer, N.J., Publications in Climatology, 18(1), Pt. 2, 1965, 296 p.,
Contract DA-28-043- AMC-OOOOl(E)

Mather, John R. et al, Developments in Meteorologlcal Sensors and Measuring
Techniques to 150 000 Feet, 1966. C. W. Thornthwaite Associates,
Elmer, N.J., Climatology Lab Final Report, 1 March 66-28 February 1967,
June 1967 183 p. > Contract DA-28 043-AMC- 00001(E)

Griffiths, John F. and Griffiths, M. Joan, A Bibllography of Meso~- and Micro-
Environmental Instrumentation. U. S. Weather Bureau, Technlcal Note
43-EDS, 2 July 1966, 352 p.
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A.2 TEMPERATURE

Most of the recent development in temperature measuring instruments
has been directed toward upper air measurements. The sensitivity range and
response times for these devices generally exceed those required for surface
temperature measurements. Soundings have been performed using a variety of
sensor techniques including: grenade rockets, sonic thermometers, thermo-
couples, bimetal units, electrical resistance elements, and indirect methods.
0f these, only the electrical resistance thermometers or thermistorg are
employed routinely as sounding devices.

A.2.1 THERMISTORS

Rod and bead thermistors represent the standard temperature sensing
elements used aboard the radiosonde and rocketsonde, respectively. Rod
thermistors measure temperature with an accuracy of *1 C° up to 25 km. Aboa“
this altitude, radiation errors contaminate the observations (Armstrong, 19
The bead thermistor is employed on rocketsondes to 60 km. Wagner (1964)
examined possible errors in the measurements in the 30-60 km layer. His
analysis included initial temperature of the sonde after nose-cone ejertion,
altitude at ejection, fall velocity dnd forced convection, viscous digfiipation
and aerodynamic heating, radiant heating, self-heating, and heat cond.sition
along the lead from the instrument package. He found that the error increased
from 4.5C° at 45 km to 19.0C° at 60 km.

A.2.2 THIN FIIM SENSORS

Thin film sensors are valuable where the molecular mean free path is
long compared to the size of cthe sensor. Convective coupling of the air and
the bead thermistor is less efficient above 55 km, It was felt that this
difficulty might be resolved with a larger semsor which is transparent to
solar and infrared radiation. For this purpose, thin film sensors have been
developed. Films of the desired material are deposited on a transparent
substrate. However, temperatures derived from a thin film sensor and a bead

thermistor showed mapy discrepancies on a series of flights in 1965 conducted
by Scallenger Research Institute. Efforts were continuing at that time to

ascertain the causes.

A.2.3 ROCKET GRENADE TECHNIQUE

The rocket grenade technique involves the explosion of a series of
charges along a known rocket trajectory for determining the temperature profile
between 30 and 90 km. Knowing the position and time of each explosion from
optical or radar tracking and the times of arrival of the acoustic wave at an
array of mlcrophones on the oround it is posslble to determine the high- level
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~ wind and temperature profile between adjacent bursts. From the known co-

} ordinates of the grenade explosions and the measured incidence angles of the
" sonic wave at the ground, one can determine the wind drift between consecu-
tive explosions. Subtracting the wind effect from the total propagation
velocity leaves the local sonic velocity, which is related to the local

average temperature in the layer between the grenade explosions,

The greatest source of error is due to the uncertainty in determining
the arrival time of the acoustic burst at the ground (Nordberg and Smith, 1964).
Maximum temperature errors ranged between about 3°C at the first layer (between
30 and 40 km) to about 14°C at the highest layer, around 80 to 90 km.

A.2.4 SONIC THERMOMETERS

The principle of acoustic measurement of temperature relies on
the relation between the local speed of sound in the atmosphere and the
~ambient temperature. With the sonic thermometer it is not necessary to
‘make assumptions that the thermometer is in thermal equilibrium with the
“environment since the measured temperature is determined by the measured
. sperd of sound in air. As such the response times are high. In addition,
radiation errors are not encountered since the intrinsic temperature of
. the transducer does not affect the measured speed of sound (except that
' the heat from the transducer influences the temperature of the air along
the acoustical path).

. Bl S

There are two primary sources of error that are difficult to deal with.
The first occurs when there is a wind component normal to the acoustical path.
" As a result, the acoustic wave follows a distorted pathway, thereby increasing
the path by an unknown amount. The other major source of error is variability
in atmospheric water vapor. This is a serious problem for sonic thermometry
at the surface or low atmospheric levels where the error may be as large as
7°C.

A.2.5 RADIATION THERMOMETERS

This instrument operates on the fact that in certain electromagnetic
wave bands where atmospheric gases are strongly absorbent, the radiant emis-
sion of the gas is essentially equivalent to the emission in that wave band
of a blackbody having the same temperature as the gas,

An infrared thermometer operating at 15 microns has been developed by
Asthermier (1963). This instrument, for use in subsonic aircraft, passes the
incoming radiation through a narrow pass~-band filter and chops it to produce E
an ac signal proportional to the difference between the temperature of the E
atmospheric CO, and the regulared 50°C neferenégmﬁemperature of the optical-
cavity. The measured temperature represents a spatial average over the solid
angle of the field-of-view and along a depth-of-view which depends on the
absorptivity of the atmosphere in the wave band of operation. The best accur-
acy claimed for the system is 0.25°C achieved at 30°C.
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Kanzler (1964) has developed a frequency scanning device between 13
and 15 microns that can detect temperatures up to 20 miles from the instrument.
This device is being tested for possible detection of clear air turbulence.

A pyronometer measures the combined intensity of incoming direct solar
radiation and diffuse sky radiation, The instrument consists of a recorder
and a radiation sensing element which is mounted so that it views the entire
sky. A specific design (called ARDONOX) for measuring low temperatures has
been developed by Lorenz(1960)., It consists of 2 cylindrical case in which i
a thermocouple of nickel construction senses the received radiation. TFor
meteorological purposes, the instrument is provided with a filter which
reflects short-wave radiation and is transparent to long wave radiation.

High altitude measurements (at the nightglow and aurora levels) have
been performed by Hilliard and Shepherd (1966) with a modified (wider angle)
Michelson interferometer viewing the Doppler width of atomic oxygen lines,
The wide angle instrument has a 5-degrees field-of-view as compared to 0.2
degree for a Fabry-Perot spectrometer which made measurements with *50°K
accuracy for moderately bright auroras. The luminosity of this instrument
may be of the oxder of a thousand times greater than the spectrometer at the
same effective resolution. Hilliard and Shepherd found that a systematic
relationship between the auroral brightness and observed temperature i often
obtained over periods of a few hours. Brightness and temperature are inversely
related., This inverse relation is ¢rudely interpreted as following the atmo-
spheric density curve: that is, that a uniform excitation per atom exists
down to some cutoff line determined by the particle energy. Auroral bright-
ness (and temperature) changes result primarily from changes in the particle
energy spectrum.

Temperature errors for nightglow were estimated at #50°K when the time
for each measurement was 15 to 20 sec, However, since nightglow is a fairly
stable phenomenon, averages over a latge number »f temperature points can be
made and this error reduced significantly. The aurora errors are estimated
at *15°K at 200°K to %30°K at 700°K.

A.2.6 ITASER PROBING

The Raman laser measurement technique involves shifting the frequency
of the ruby laser pulse thereby "tuning' the optical pulse to a desired atmo-
spheric absorption band. The optical radiation is passed through a Raman
shifter, either a liquid or high pressure gas, before being transmitted through
the atmosphere. Thus, the radiation is shifted in energy by different multi-
ples of the totally symmetric vibrational energies of the molecules of the
Raman shifter. The measurement of the rate of change with height of the ratio
of the intensities of backscattered radiation at the center of the absorption
band and the backscattered radiation at the center of the adjacent window ]
will, in principle, permit the determination of the temperature structure, as ‘ Y
well as that of density and pressure. White, Nugent, and Cornier (1965) o
state that :
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",.,,, this method for the determination of temperature, density,
and pressure could be very dependent on the absorption line
strength, the line half-width, the number and extent of over-
lapping lines, the laser frequency stability and control, and

the accuracy and precision with which the intensity and frequency
measurements can be made,"

It is necessary that the frequency of the giant pulsed laser be matched
precisely with the spectral line before PLIDAR (polychromatic light detection
and ranging) temperature soundings can be considered feasible. The required
frequency stability is achieved by controlling the temperature of the ruby
to within 0,.1°C. Effort is also needed to select materials for the Raman
shifter that will not excessively broaden the frequency bandwidth of the ‘
output pulse.

A.2.7 1INDEX OF REFRACTION

Fischbach (1965) devised a method for determining the atmospheric
density below 40 km by measuring the stellar refraction from an orbiting
satellite. The fundamental mathematics for the method is an inversion of
the integration of Snell's law along the ray path. This is an inversion
from refraction angles to densities. The initial pressure can be estimated
and the densities iniegrated downward to yield pressure and temperature, A
temperature accuracy of 5 percent at high altitudes would improve to about
0.1 percent near the surface.

A.2.8 POTASSIUM AND SODIUM CILOUDS

Blamont (1961) studied the variations of the width of the resonance
line of potassium with temperature at twilight. Earlier, he had conducted
a similar study with sodium clouds above 100 km., The potassium study led
to an experimental model of the temperature structure between 100 and 200
km,

A.2.9 JUNCTION DIODES

Temperature sensitivity of a P-N junction volt-ampere characteristic
is due principally to the variation of reverse saturation current (Sargeant,
1965). The basically exponential dependencies of reverse current on temper-
ature and forward current on junction voltage interact to yield a linear
junction voltage versus temperature relation. Also, the temperature sensi-
tivity depends primarily on the energy gap of the material ‘and excellent
uniformity of the diodes is possiple with present manufacturxng processes,
The time constant for still air is 80 seconds based on a temperature step
of 10°C. The most useful range of the instrument is from -30°C to 60°C.
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A.3 PRESSURE

No really new pressure measuring techniques have been developed in
the past several years, The research efforts have been directed toward
improving existing instruments,

Atmospheric pressure measurements at high altitudes have been ob-
tained in the following three ways: 1) calculation with the equation of
state and the hydrostatic equation, 2) by an instrument on board a vehicle
moving slowly with respected to the air, and 3) by measurement of the
aerodynamic pressures exerted at selected points on the surface of a high
speed vehicle, such as a high performance aircraft or rocket,

A.3,1 HY?SOMETERS

The hypsometer measures pressure by determining the boiling point
of a liquid, The pressure is computed from the temperature-pressure
relationship (Clapeyron-Clausius equation) for the particular liquid.
Increasing sensitivity of the instrument occurs with decreasing pressure,
so that its optimum utility is at high altitudes. Different designs are
neceasary for descending and ascending hypsometers as descending hypsom-
eters require a heating unit to maintain boiling.

Hypsometers have been tested to 70-75 km with plans to extend their
capability to 90 km. The Weather Bureau and Bendix Corporation have devel-
oped instruments for use above 20 km while full atmospheric range hypsometers
have been built by Victory-Engineering Corporation and Cambridge Systems.

The Bendix instrument (Wolber, 1964) avoids many of the difficulties
regarding the location of the thermometer to measure the boiling liquid
(safrole) by: '".... moving the liquid vapor equilibrium interface com-
pletely out of the liquid. This is accomplished by 'pumping' the super-
heated liquid up onto a thermometer suspended in the vapor. In this manner
a liquid-vapor interface is formed on the thermometer itself. The super-
heated liquid effectively 'boils off' the thermometer into the surrounding
vapor."

The following repeatability characteristics were found with a group
of 25 test model hypsometers:

1 percent of pressure from 35 mm to 15 mm Hg
2 percent of pressure from 15 mm to 1.5 mm Hg
2 percent of pressure from 1.5 mm Hg to

15 percent of pressure at 0.075 mm Hg.

WO

The Weather Bureau hypsometer employes Freon 11 and operates below
60 mb. A small bead thermistor on a straight glass rod serves as the
temperature sensor, fitted with a tight wick which is lmmersed in foam
polyethylene that flllS a dewar flask.
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Tt is hoped that the full-range hypsometer may replace the baroswitch
for low altitude pressure measurements. An interesting feature of the
Cambridge Systems instrument is the capability to operate for long periods
at fairly high altitudes (minimum of 7 days at 2 mb). Measurements with
this instrument are possible down to 0.5 mb,

ol e B

A.3.2 DIAPHRAGM GAUGES

This group of pressure sensors consists of the aneroid barometer,
bellows-type gauge, the barosw',tch, and capacitance-type diaphragm.

The aneroid barometer consists of two thin membranes usually of metal,
forming the walls of a closed, evacuated chamber., One¢ of the membranes is
fixed at its center while the second membrane is free to move as the thick-
ness of the chamber varies due to atmospheric pressure changes. The chamber
wall is maintained at a given pressure by a spring element. A system of
levers senses the small movement of the membrane. Constant level balloon-
sonde measurements have indicated errors of *3 mb up to 16 km,

-
The bellows-type pressure gauge (Wenzel, 1964) consists of several ,i
aneroid barometer chambers stacked on top of each other, This instrument 3.
was designed to measure pressure below the region where early hypsometers

were sensitive on rocketsonde flights. As the chamber contracts during T
descent, this contraction adjusts a potentiometer connected to the radio- i
sonde circuit.

The baroswitch is similar to the aneroid barometer with a lever 1
system connected to a switch. The switch is set to trip at a preset pres- -
sure or several pressures. , -

The capacitance-type diaphragm gauge has one membrane which seals a oL
closed chamber. This membrane acts 4s one plate of a capacitor and as the
pressure changes, the diaphragm deforms changing the capacitance of the “%
system. The sensor has been employed for measurement purposes up to 120 km. )
A.3.3 IONIZATION GAUGES | ’"}"

‘ “

Tonization gauges operate on the principle that when a sample of air
is ionized, the ionization current, or the relation between the voltage at
which the sample begins to conduct and the voltage at which ionization ceases,
is proportional to the density or pressure of the sample.

The most common ionization gauge is the Alphatron that contains a
radioactive source which emits particles which ionize the gas. These ions
~are collected at an electrode and, in conjunction with a voltage source,
- produce a small current. The pressure range of the gauge is such that it
can be used up to 120 km with errors of 2 to 5 percent.
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A high voltage gauge (Philips~Penning) applies 1000 volts or more
between two clectrically connected electrode plates mounted on both sides
of a ring electrode, A magnetic field of 300-8000 oersteds is passed
through the electrodes., The gas pressure is related to the current output.

The Jower limit of application is determined by a decrease in the
ion discharge current to a value comparable with the background current of
electrons cmitted from the cathode under the effect of a strdng electric
field. The minimum measurable pressure is 1077 to 1076 mm Hg (220-340 km).
Generally, the maximum pressures measured are between 107! and 1 mm Hg
(68-80 km),

The errors of measurement of gas discharge gauges are mainly due
to instability of the discharge. At pressures of 10™* to 1070 Hg they
reach #10 percent,which is somewhat higher than for other ionization
gauges,

The thermionic ionization gauge is similar to a glass triode radio
tube containing a heated cathode,a grid, and a plate. On the plate, a posi-
tive potential of 100 to 250 volts is maintained. Ionization is caused by
the heated cathode emitting electrons which are accelerated by the grid and
collide with the gas molecules in the gauge chamber. The grid collects the
electrons and negative ions while the positive ions are collected by the nega-
tive plate. Gas pressure is related to the ratio of plate to grid current. The
range of pressures for best use of this device is between 10~3 to 10-Y mb.
At pressures above 1072 mb cathode disintegration occurs. The electron
impact on the grid causes a soft X-ray radiation which liberates electrons
from the plate at pressures below 10-8 mb. When the plate is in the form
of a small wire suspended in a helical grid element, the range of the gauge
is extended to 10710 mb (Bayard-Alpert ionization gauge). :

A.3.4 THERMAL CONDUCTIVITY CAUGES

These gauges measure density and pressure by determining the heat
transfer coefficient from a heated element to the atmosphere. At pressures
below 13 mb, the heat transfer coefficient is a sensitive, virtually linear
function of density, and hence pressure. 1In order to derive the heat trans-
fer coefficient, it is only necessary to know the heat input to the thermal
element and its temperature. These instruments are accurate but delicate.
Also, the measurement is dependent on the atmospheric constituents.

The Pirani gauge is a thermal conductivity gauge where a fine wire
element is heated to between 75 and 400°C and can be used for pressure
between 107 and 10°" mb, The temperature of the wire is measured by
thermistors or by determining the resistance of a heated element in a bridge
circuit. A Havens gauge is essentially a Pirani gauge mounted inside a
bellows which is alternately compressed and released by a geared electric
motor. This results in fluctuations of the output voltage which can be amp- -
lified and rectified to determine the ambient pressure. This modification
of the Pirani gauge can be used up to 135 km (~ 10-3 mb). '
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A.3.5 PITOT~-STATIC TUBE

This is a device for measuring pressures in a moving fluid to
determine the velocity. 1In this case, the velocity of the research
vehicle is measured and it is density and temperature that are derived
from the tube pressure measurements. The pitot-static tube consists of
a concentric pipe arrangement in which the inner pipe is open at one
end (pointing upstream) and the outer pipe is perforated along a circum-
ference and closed at both ends. Each pipe is cornected to a pressure
measuring device. The inner pipe measures the total pressure and the
outer pipe measures the static pressure. The difference in these two
pressures is proportional to the density of the fluid and the square
of the velocity. When the velocity of the vehicle is known, tl.e density
can be determined from the Rayleigh pitot-static tube @quation,

Errors in the angle of attack, aerodynamic effects at supersonic
speeds, and the particular configuration of the openings lead to correc-
tions to the measured pressures. Deviations from the proper alignment
of the pressure ports can introduce serious uncertainties in interpretation
of the data. The possibility of losing the proper alignment is greatest
at high speeds. Density errors of 5 to 15 percent are estimated on flights
between 20 and 60 km of the X-15 aircraft. A rocket experiment using a pitot-
static tube with diaphragm capacitance sensors had density errors of
5 to 10 percent between 45-90 km,

A.3.6 1ASER PROBES

Pressure could be calculated from laser-determined temperature and
density profiles (White, Nugent, and Cornier, 1965). Remote measurements
of pressure appear to be feasible but are beyond the present state-of-the-
art (Harris, Nugent and Cato, 1965).
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A.4 DENSITY

Until this past decade, nearly all density profiles were calculated

from readily available pressure and temperature profiles through the ideal
gas law and the hydrostatic equation., Missile and satellite programs have
required information on the densities of the upper atmosphere. Therefore,
greater development of direct density measurements has resulted.

A4,

due
the
o nd
the

1 FALLING SPHERE METHOD

This method is based on the measurcment of the decleration of a sphere
to aerodynamic drag. The drag force depends on several factors including:
shape of the object, drag area, mass, fall velocity relative to the air
the density of air. At present, the difficulty of accurately determining
drag coefficient represents the weakest link in finding density by this

method. For spheres, the drag coefficient is a function of the Reynolds and
Mach numbers, 'The drag coefficient varies slowly with Mach number except in

the

transonic zone (M ~ 1), 1In this region the drag coefficient changes very

rapidly with Mach number ant has not been well defined empirically.

A.4,1.3 The Inflatable Sphere

A standard density measuring system is the ROBIN (ROcket

Balloon INstrument) inflatable sphere with a corner reflector. Upon
rocket ejection at altitude, the 100 gram, 0,5-mil mylar plastic balloon
is inflated to a superpressure of 12 wmb. Assuming proper inflation, the
balloon yields useful data between 30 and 70 km with errors of 2 to 3
percent between 30 and 60 km. At 70 km the balloon is passing throuph

the

transonic region so that an error assessment is difficult within this

immediate region., With a new metallized sphere (Carten,1906) the altitude
rapge is extended to 100 km.

Another inflatable sphere was developed by the University

of Michigan (Peterson, et al., 1965). This 50-g instrument was used for
measurements in the region from 32 to 120 km.

A.4.1.2 The Rigid Sphere

The University of Michigan has performed density measure-

ments with a 7-inch, 5-kg aluminum shell sphere with the accelerometer in
a fixed position at the center surrounded by telemetry equipment. With
this large mass-to-area ratio, the fall velocity remains supersonic, and

the

above transonic drag coefficient difficulties are not encountered,

A.4.1.3 The Active Sphere

The drag acceleration data are acquired by telemetering

‘the output from the accelerometer to a ground tracking station. The first
~of the two types of accelerometers that have been employed is called the
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transit-time accelerometer. The time required for a freely falling mass
to drop a fixed distance is measured and the drag acceleration is equal to
the distance divided by the square of the time elapsed. This method is
not satisfactory when there are rotations or abrupt changes 4n the wind
(which often occur below 50 km) thus producing spurious accelerations.

The second acceleration dewice involves a system of three
mutually perpendicular linear accelerometers which comprise a seismic
system and associated position-error detector, a restoring mechanism, and
a servo error-signal amplifier. This arrangement allows the transmission
i of continuous data along three orthogonal axes. Any rotatiomal or wind
N accelerations can be separated and corrected for in the data.

A.4.2 PRESSURE-DENSITY GAUGES

The diaphragm gauge, the ionization gauge, and the thermal con-
ductivity gauges used in the pitot-static tube configuration measure
pressure, although the density can be calculated. These instruments were
described in the previous section on pressure measurements. Diaphragm
L gauges can measure the density directly from balloonsondes. With rocket
probes, all three instruments can be used in pitgfisstatic tubes to measure
pressure. Then, the density can be calculated from the Rayleigh pitot
formula for a diatomic gas when the ambient pressure, the impact pressure,
P and the velocity of the rocket are known. A modified form of the Rayleigh
' equation is used at high supersonic speeds. In this case, the ambient
; pressure is estimated. A correction must be made for the rocket acceler-
; ation when diaphragm gauges are used.

e

P T

‘ The accuracy of the diaphragm gauges ranged betwen 2 to 10 percent
Ll from 20 to 100 km for data obtained by Ainsworth. The accuracy of the
S Spencer radioactive ionization gauge w:s 5 percent from 30 to 100 km. A
| 5-to 1l0-percent error is expected for tHe‘DENPRO (Density Probe Program)
for altitudes between 40 and 90 km (Masterson, 19%4; and Nordberg, et al.,
1964).

PN

A.4.3 REMOTE SENSING TECHNIQUES

it g

From high velocity rockets and boosters, the ambient density must
be measured beyond the region of thermal shock, and boundary layer effects.
As a result, remote sensing devices have been developed, all of which are
suitable for rocket.probes. B

A.4.3.1'Forward Scattering Teuhnique

o ‘ The forward scattering of beta rays for density measurements was
: developed by Parametric, Inc. The main sources of errors, which are estlma-
‘ted to be about 15 percent, are the short penetration distances of the beta
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rays at low altitudes, cosmic ray interference at high altitudes, and the
interaction of the beta rays with the Earth's magnetic and electric fields.
Mounted in a rocket probe on the wing of the X 15, this method can be used
between 30 and 75 km.

A.4.3.2 Backscattering Technique

This technique is based on the same principle as forward
scattering. The only diifference is that the particles are reflected back
in a direction that will return them to the detector located near the
scurce. The number of backscattered pdrticles is related to the density
of the air as long as the source strength is strong enough to penetrate
the region where the scattered particles will be deflected into the
detector.

A.4,.3,2,1 Beta Particle

This type of backscatter is caused by Rutherford scattering
in which the beta particles interact with the electric field of the nucleus
and the orbital electrons. A proposed method (Cato, 1964) indicates that
densities up to 30 km can be measured by averaging the counting rate over
a 2-sec period. Statistical stability is achieved at 30 km by a backscat:
ter pulse count of 1600,

A.4.3.2.2 X-ray Backscatttering
Ideally, this method has an accuracy of 3 to 5 percent at
60 km according to laboratory tests conducted by NASA-Langley. The instru-

ment is intended for operational use in a re-entry space vehicle.

A.4.3.3 TFilter Photometer Air Density Gauge

This is a proposed system for density measurements ahtove 75
km that would measure the absorption of the sun's ultraviolet energy at
selected wavelengths to derive a vertical profile on an ascending rocket.
Changes in density are sensed as a filter photometer measures the changes
in the absorption between two levels based on a known air composition,
Shock waves of the ascending rocket have no effect on the system and rocket
contaminants constitute only a very small portion of the total air column.
It is estimated that densities can be calculated between 40 and 200 km with
10- percent accuracy. Complex electronics are needed to telemeter the data
and it is required that measurements be made in four wavelengths in order
to cover the altitude range. S

A.4.3.4 Electron Beam Density Gauge
An electron beam with an energy of 10jkev or higher is "shot"

into space and causes fluorescence. This is a method for density measure-
ments above 75 km. : , '
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A.4.3.5 Ultraviolet Air Density Gauge

! This is another fluorescence method that is feasihble above
'g 75 km. Molecular nitrogen will glow in the visible if the emitted wave-
lengths are between 500A and 700A. The density of the nitrogen molecules
is a function of the intensity of the fluorescence. When the proportion
of nitrogen in the air is known at a given height, the density of the air
g! can be calculated. The estimated error for the initial tests ranged
between 10 and 20 percent; errors of 1 to 2 percent are anticipated for a
i final operational system.

A.4.4 TINDEX OF REFRACTION

This stellar refraction method for measuring the density profiles
below 40 km has been described under temperature sensors.

f A.4.5 LASER TECHNIQUES

P Using lasers the density profile can be inferred from the measure-
' ment of oxygen concentration using a pulsed device. The density is pro-

L portional to the oxygen concentration since the percentage of the oxygen
o in the atmosphere is essentially constant at lower levels.

[URTAES |

A.4.6 OTHER METHODS

N Two other methods for measuring density are the tracking of ionized
: trails of meteors (above 50 km) and satellite drag perturbations (above
. 120 km).

The meteor trail technique basically involves the serial photography
of meteor- trails and the theoretical relation between density and the accel-
eration and luminescence of the trails (Kramer, 1962; Babadzhanov, 1966).

.<
LIS I J

Atmospheric drag is one of several perturbing forces acting on a

B B satellite in motion. Other forces include the irregular shape of the Earth,
the pressure of solar radiation, and the attraction of the nearest celestial
“bodies. The drag force is related to density and is mathematically separated
from the other forces. Sl ‘
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A.5 HUMIDITY

Attempts to accurately determine the moisture profile above 7 km
have motivated nearly all of the research on moisture sensing devices during
the past decade. Cold temperatures and low water vapor contents cause
failure of the standard radiosonde electric hygrometer above this level,
Most of the recently developed instruments could be applied for surface
measurements in situations where extreme conditions dre encountered. Of
the recently developed instruments, the frost-point hygrometer is the
only device available for measuring the small amounts of moisture found
in the stratosphere. Other techniques require further development. Of
these, several types of electric hygrometers have shown the most promise
for the immediate future.

A.5.1 DEW/FROST POINT HYGROMETERS

In the dew point technique, an air stream impinges against a small
thermostated mirrored surface and the mirror is cooled until dew or frost
‘forms. Stable dew formation is maintained by controlling the mirror temper-
ature through the use of a sensing and control circuit, The dew point is
the temperature of the mirrored surface. Dew/frost formation is sensed
by an optical system. This optical, system plus the mirror refrigeration
system lead to relatively large instruments. Recent models have been
compacted by taking advantage of improved thermoelectric techniques to
regulate the mirror temperature. Since careful shielding of the optics
is necessary, air samples must be aspirated. As a result, moisture con-
tamination of the samples might occur. At low humidities, any moisture
carried from lower levels presents major difficulties in obtaining repre-
sentative samples. Honeywell has developed a technique to determine
frost layer thickness using alpha particle absorption by the moisture
film. This device has the advantage of not requiring optical shielding,
and it is claimed to be free of errors due to uncertainty in film thick-
ness. This instrument will measure frost points as low as -100°C.

Generally, theseohygrometers have an accuracy of *0.5°C under sea
level conditions and £2°C at frost points below - 60 C undfr laboratory ;
conditions. The response speed is approximately 2°C sec although it is
directly proportional to relative humidity. The instruments have the
capability of detect1n§ dewpoint- temperature spreads up to 70°C for dew-
points higher than -80°C.

Below temperatures of -90% watervmolecules tend to lose their
"mobility and frost formation is slow. Thus, it is difficult for the dew/
frost point hygrometer to accurately determine frost points below this
level.

An instrument which can measure dewpoints below -86°C with a slow

response time is a temperature controlled gaseous coolant (nitrogen) tech-
‘nique that has been described by Fraser and Weart (1961). This instrument
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is capable of measuring dewpoints as low as -190°¢. The gauge itself con-
sists of a "cold finger" of gaseous coolant projecting into a chamber. The
gas whose dewpoint is to bz measured is directed onto a cold surface whose
temperature has been lowered by the coolant. The surface of the cold
finger is highly polished stainless steel to facilitate the observation
of the frost formation. A 30-minute response time is required for dew-
points at -160°C.

A.5.2 ELECTRIC HYGROMETERS

An electric hygrometer works on the principle of a change in the
conductivity of an electrolytic strip in response to changes in relative
humidity. The standard U.S. radiosonde contains a strip with a hygroscopic
lithium chloride coating. An increase in the resistance indicates a decrease
in relative humidity. Moisture absorbed by the soluble hygroscopic salt
changes the ionic mobility.

The lithium chloride element has a high lag coefficient at low temper-
atures so that it is relatively inefficient at the higher levels reached by
the radiosonde balloon. In addition, 1f the element picks up water droplets
it suffers from a washout effect. Also, in a direct current circuit, caution
must be exercized to protect the element from polarization effects, The
instrument has an operating range of 11 to 100 percent relative humidity.
Substitution of lithium bromide extends the operating range down to a
relative humidity of 5 percent (Asheson, 1965).

The carbon strip sensor is the standard element in the Army-Navy
sounding systems. In the carbon humidity element, absorption of moisture
alters the dimensions of the insoluble matrix containing dispersed carbon.
particles which constitute the conductor. Changing separation of the
particles varies the resistance. Some improvement in response time is
noted. Also the carbon film does not seem to be damaged by passage through
rain clouds.

A barium fluoride sensor was developed as a result of a continuing
investigation of materials for use in evaporated-film electric hygrometer
elements. Absorption of moisture affects the surface electrical conductivity
of several materials. Thin films of these materials have a short diffusion
path for water molecules which yields a rapid response to changes in ambient
humidity. Barium fluoride and lead iodide films produced by evaporation
under vacuum have resistance changes of 3 or 4 decades for a relative humidity
change from 100 to 10 percent. The time constant for 90 percent response at
-20 C for the barium fluoride sensor is around 2 seconds, as compared with
more than 100 seconds for lithium chloride. The median value of hysteresis
for the film was about 1.5 percent RH with a maximum of &4 percent. Recently,
considerable improvement in storage stability has been achieved thus offer-
ing a partial solution to a serious calibration drift problem with age.
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An cquivalent resistance-capacitance circuit constitutes the
basics of operation of the aluminum oxide sensor, Moisture absorbed by
the sensor leads to changes in both resistmce and capacitance. Changes
in circult resistance occur as moisture is absorbed along the side walls
of the pores in the oxide layer., Moisture absorbed by the base of the
pores changes the capacitance. Hysteresis appears to be negligible for
both resistance and capacitance. These instruments measure down to the
-80 to -90°¢C range, The response is about one second for a 1l0-percent
change in relative humidity.

The electrolytic hygrometer with the application of phosphorous
pentoxide is described by MacCready and Lake (:965):
"  The phosphorous pentoxide moisture sensor is, in theory, & chemical
moisture trap and electrolytic cell., The trapping agent, P05, maintains
a very low water vapor pressure and equilibrates quite rapidly. The
electrolytic cell has two platinum electrodes wound as a very tight double
helix on the inside of a small glass tube. The electrolyte, the P205+ H,O0,
is introduced as a 1l0-percent solution in acetone. When the acetone has
evaporated, a potential is applied across the two electrodes to drive off
the moisture which is present in the hydrate. The sensor is then prepared
to pick up moisture from the atmosphere, electrolyze it, and pass the
current necessary to read.'

Response times are on the order of 1 to 10 seconds, depending on the
cell, The cell will operate at temperatures down to -20°C but it is not
certain whether low temperatures affect the response time. The operating
range is from 0.0l to 30 g/kg mixing ratio. Accuracte sensing of the mass
flow rate is critical to the mixing ratio determination. The mass flow
sensor can detect changes of less than 0,05 cc/min.

A.5.3 SPECTROSCOPIC HYGROMETRY

These instruments are more experimental than those discusgsed above.
Basically the technique is to sense radiation in a water-vapor absorption
band to determine the water-vapor concentration in the atmosphere. Exper-
iments have been performed at Lyman-alpha (1215.68), and water~-vapor
absorption bands in the infrared. Moisture determinations for layers can
be made by incremental changes in the absorption by the atmosphere as a
rocket or balloon passes through the atmosphere. Other experiments have
scanned the infrared spectrum to deduce a water-vapor profile.

One instrument (which senses in the water-vapor band at 1.3425p)
has a sensitivity of 1 to 2 ppm at low humidities and several ppm at very
high humidities. Stability of the calibration is good up to one week and
varies somewhat between instruments a month after calibration. '
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A.5.4 CAPACITIVE HYGROMETER

This device employs the change in capacitance following changes in
the absorbed moisture in a thin hygroscopic liquid layer. The hygroscopic
liquid is thinly coated on granules of Fluorapak, an inert fluoracarbon
prepared for chromatographic columns. If the equilibrium between the
layer of hygroscopic fluid and water vapor in the ambient air is ideal,
then it is possible to apply Raoult's law, This law states xhat the
partial pressure of water vapor over the hygroscopic fluid is proportional
to the fractional molecular weight of water absorbed in the film, Also,
the diclectric constant is a function of the quantity of water in the

liguid phase. Thus, changes in capacitance are related to changes in the
relative humidity,

J
i
1
i

Laboratory tests have shown that this instrument can measure partial
pressures of water vapor of 1 mb with l0-percent accuracy. The instrument

appears to have a lower limit of 0.1 mb which corresponds to a frost point
of "40 C- »

The PLIDAR technique has been proposed to determine the molecular
number density of water vapor up to 10 km by Harrig, Nugent, and Cato (1965),
and White, Nugent, and Carrier (1965). This technique employs two pulsed ruby
lasers (or a sxngle laser providing two simultaneous pulses at different
frequencies by Raman shifting). One of the pulses would be tuned to 6933, SR,

the wavelength of a strong water vapor absorption band while the other would
be tuned to an adjacent atmospheric 'window'".

The molecular number density of the water vapor can be determined
from measurements of the height derivative of the ratio of the intensities
of light backscattered from the two pulses provided that the water-vapor
absorption is known. This coefficient is related to temperature and pres-
sure. Therefore, the temperature profile must be known. It has been sug-
gested that the temperature profile be determined from the relation between

absorption line structure and temperature, but the functional relation is
not weli known.

¥
I
H

Another approach involves the time history of the spectral distri-
bution of the backscattered energy. This energy is interpreted in terms
of the spatial distribution of water vapor. :

A.5.6  MICROWAVE REFRACTOMETER,RADIOMETER

Microwave hygrometers work on the principle that the resonance
frequency of a cavity at microwave frequencies depends upon the refractive
index of air, which is a function of water vapor comtent. Also, it has been
proposed that ‘microwave radiometers could be used to determlne the total

a—
4 Y
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procipitable liquid water in clouds and precipitation, since the absowption
of microwave radiation depends upon the amount of 1,0,

A.5.7 ICE SPHERE

Measurement of the rate of mass change of a ventilated ice spherec
enables the relative humidity in its environment to be determined. The
sphere is suspended from a sensitive quartz spring and the vertical move-
ments accompanying the mass changes are indicated, by means of an optical
device, by pulses recorded on an electromagnetic counter., Muasured rela-
tive humidities are accurate to &5 percent over the temperature range 0 to
-607C,

A.5.8 COBALT METHOD

Benzina (1966) describes a colorimetric method for determining the
relative humidity of the atmosphere based upon variations in the color of
a cobalt salt solut.ion with absorption of moisture and on the fact that
water solutions of HySO, are characterized by a definite amount of water
vapor above their surfaces depending upon their concentration. Using
filter paper moistened by a lé-pércent solution of COCl, a color scale
was established for relative humidities between 15 and %00 percent. Corre-
spondence was established between relative humidities measured colorimetric-
ally and psychometrically.

This method freezes out the water vapor and carbon dioxide from the
air directly, by drawing the air through a vapor trap cooled in liquid
nitrogen (Barclay, et al., 1960). The amount of carbon dioxide collected
is then used as a measure of the total amount of air sampled, assuming the
ratio of carbon dioxide to air to be constant. This apparatus was flown
once at a mean altitude of 27 km, /

A.5.10 THERMAL(ULYRA-DRY BULB) HYGROMETER

A flow of air is passed through a hygroscopic porous bed. In transit,

the temperature of the air rises (temperature of adiabatic drying). The
temperature rise of the air is a measure of absolute humidity. This method
seems primarily designed for measuring humidity over a fairly wide range as
the instrument retains its sensitivity at low humidity values.
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A.6 WIND DIRECTION AND SPEED

Three general techniques for upper air wind measurement have been
developed or refined during the past decade. These are 1) passive tracking
of a target, 2) acoustic (grenade) technique, and 3) measurement of the wind
sensitive aspect of a rocket. The passive tracking technique is the most
widely used and extensively developed, Tracking is accomplished with both
optical and radar techniques with rising and falling spheres, balloons,
parachutes, and chaff as well as vapor and meteor trails. These techniques
have provided some wind informationm up to 300 km.

Developments in surface wind instrumentation have focussed cn measuring
very light and very strong winds (primarily with hot wire anemometers). In
addition, increased interest in atmospheric turbulence and diffusion studies
has resulted in the development of more responsive anemometers and wind
vanes. Further, these micrometeorological efforts have brought about
instruments for measuring the vertical component of the wind.

A.6.1 PASSIVE TRACKING OF A TARGET

In this technique a ground-based instrument is utilized to view
the movements of a sensor passing through the atmosphere. The assumption
is made that the sensof is responding in a known fashim to the ambient
winds. It is obvious that this assumption is not completely valid and
that the degree of responsiveness is dependent on the characteristics of
the individual sensors.

Passive tracking of the radiosonde balloon was first performed by
theodolite but in the past decade sophisticated radar has permitted tracking
of the sensor over long distances. The development of radar has coincided
with an increasing need to learn about the fine scale structure of the
upper altitude wind field.

A.6.1.1 Balloons

Most of the balloon effort has concentrated on the development
of sensors that are independent of Reynolds number. Operation of a balloon
at a Reynolds number which is supercritical gives random lateral balloon
motions which obscure all but the gross features of the sounding. Also,
flight in the subcritical regime gives satisfactory balloon-wind measurements
because the self-induced spiral or zigzag movements tend to be regular and
average out over a vertical distance commonly used for wind calculatlons
(MacCready, 1965).

Balloons that are currently used for detailed wind sounding
purposes include 1) ROSE (a metalized superpressure rising balloon), 2) ROBIN
(a small mylar descending balloon with integral radar target), 3) Jimsphere
(a superpressure ROSE balloon roughened with the addition of a number of
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conical cups pointed outward from the surface of the balloon). Scoggins

(1965) has reported that the drag coefficient for the Jimsphere is essen-
tially independent of Reynolds number. The roughness elements satisfac~-

torily reduce the induced motion of smoother spheres. The Jimsphere and

ROSE balloons are generally used from the surface to 30 km while the

e ROBIN is cmployed from 30 to 70 km.

i
|

ﬁ* The rms errors for the ROBIN balloon sphere are as follows
i (Lenhard and Wright, 1963): 1) 4.4 kts between 60 and 70 km, 2) 1.8 kts
between 50 and 60 km, 3) 1.1 kts between 40 and 50 km.

A.6.1,2 Other Passive Sensors

- Radar-reflective parachutes and dipole chaff are two fre-
i quently used sensors. The parachute is ejected from a rocket at about
i 65 to 70 km and is useful down to about 30 km, Chaff is effective from
15 to 90 km. Light chaff gives the best results above 40 km due to the
slower descent rate.

The total wind error for the 15-foot parachute used with
the ARCAS launch vehicle is about 3 m/sec for l-minute average winds.

: Errors for the chaff depend on the altitude and the type of
- material. Estimates differ widely, ranging from #4 kts (Aufm Kampe and
Lowenthal 1963) to a 30-kt difference for simultaneous chaff and parachute
L ¥ observations at 65 km (Jenkins, 1962). 1In the 30-to 40-km range, Bruch

and Morgan (1961) estimated the error to be between 12 and 14 kts,

A.6.2 ACOUSTIC-GRENADE SOUNDING

o Shock waves from rocket-grenade explosions have been used to deter-
mine the wind structure of the upper atmosphere from measurements of the
travel time to microphones at ground level. The wind for the layer between
b grenade explosions (usually 1.5 to 3 km) can be determined by analysis of

3 the generated acoustic waves reaching the ground-based recorder. These

wind profiles lack the detail that is available from other methods. Most

of the recent work on the acoustical technique has primarily involved
improvements in the acoustic recording system, especially the microphone.
The acoustic technique requires careful calibration and handling of sizeable

amounts of equipment and is not practical for experiments where size is a
factor. ‘

y »

A.6.3  RESISTANCE FIIM

 This is an aircraft-borne heated device for detecting the jet stream.
O The system was designed to detect wind velocity differences of 0.0l miles per
{ hour with a time averaging ability such that the period of averaging of the
instantaneous wind is only long enough to allow the jet stream velocity
gradients along the wing of an airplane to become clear.
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Temperature differcnces are measured between thermal probes (heated
platipum £ilms) mounted on each wing-tip of an aircraft. Each sensor oper-
ates as an arm of halfl of a four-arm resistance bridge. Sensitivity is
increased by heating the film to high temperatures.

A.6.4  LASER 'CECHNIQUES

The wind is sensed by the application of optical Doppler techniques
to PLIDAK signals from atmospheric aerosols moving with the wind,

For successful measurement of winds by PLIDAR, the Doppler frequency
shift must be greater than the output pulse frequency bandwidth., The Doppler-
velocity measurements are satisfactory for particle velocities to about 500
m/sec. At higher velocities, the laser beam must be subcarrier modulated.
White, Nugent, and Carrier (1965) state: '"... it is readily apparent that
transmiltter characteristics are critical factors in any laser system designed T
to measure wind velocity by Doppler techniques. Direct optical Doppler will E
require excessive receiver bandwidth; however, it will allow better range
resolution. Subcarrier Doppler, on the other hand, while requiring receiver
bandwidths of only tens of kilocycles, will require absolute transmitter
frequency stability on the order of kilocycles, and range resolution can
be seriously degraded."

A.6.5 PRESSURE DIFFERENCE TRANSDUCER

There are two techniques that are described by Morrissey (1965) of
AFCRL for wind measurements from sensors released from aircraft: (1) The
first instrument is a transducer which is able to determine pressure differ-
ences on opposite sides of the rotating sensor. Gyroscopic action is used
to rigidly orient the sonde in the vertical direction and the angle of
attack is sensed. The sensor is rotated at one revolution per second which
provides sampling in all directions every 100 feet of altitude for fall
rates as high as 350 ft/sec. (2) The sonde is sensitive to the angle of |
attack and its inclination to the vertical is sensed. Further, the sonde -
is designed to seek a zero angle of attack. A rotating accelerometer is

&
T

the sensor whose sensitive '"plane'" (plane instead of axis due to rotation) fE
is normal to the aerodynamic axis of the sonde. The angle between the plane i
and the vertical is the output of the sonde which is related to the wind
at any level. : ; g
A.6.6  DISPIACEMENT OF THE OZONOSPHERE'

Wurtz and Nelswander (1963) have developed a technique for the ‘ :!

measurement of upper level winds by using the ozonosphere as a target. If
structure could be observed, the pattern could be followed as it moves by
a fixed-field ozonosphere radiometér.v This gas target is more responsive
to wind movement than any introduced sensor (balloons, chaff, etc.) and
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continucus observations would be possible. This technique would be most
fruitful in the 15-to 22-km layer. Early studies have been generally
inconclusive.

A.6.7  LONOSPHERIC DRIFT

Fraser (1965) describes a method where the horizontal wind is
measured by ground-based radio equipment by the Mitra (spaced receiver)
technique. This technique measures ionospheric drift velocities. The
motion of the electron density fluctuations in the upper atmosphere is
detected by a radio wave diffraction technique. The elctron cloud velo-
city thus determined can be interpreted as movement of the neutral air if
the collision frequency between the electrons and the neutral air mole-
cules is high enough so that the anisotropy introduced by the Earth's
magnetic field can be neglected. This assumption seems valid to 120 km.
Solar control of the ionization processes does not allow continuous
measurements all day (with a single radio frequency). Observations can
be made down to 75 km in the summer and 65 km in the winter.

Approximations introduced in the technique can cause the calculated
velocity to be 50-percent higher than the true velocity and vector direc-
tion errors of 20° to 30° are possible. The height of observation is
accurate to about 3 km below 100 km, and between 5 and 8 km at heights of
120 km.

A.6.8 LIFTING SENSORS

The vertical wind profile can be measured from the surface to 30 km
in 10 to 15 minutes by a missile-like body with a large cruciform or
annular wing (Stengel, 1966). Using the linearized equations of motion
to determine the wind response transfer, a sample configuration is shown
to have a maximum resolution more than an order of magnitude better than
a drag wind sensor (balloon, chaff, etc.) with the same fall velocity.

By employing an iterative technique, the accuracy of the wind-profile
estimate can be increased by at least an order of magnitude.

A.6.9  CHEMICAL RELEASE

There are two types of chemical clouds that have been used for wind
measurement. One is composed of trimethyl aluminum (TMA) and the other of
alkali metals. The combination of both techniques has permitted wind deter-
minations through thz night from twilight to twilight in the high atmosphere.

A.6.9.1 Trimethyl Aluminum (TMA) Clouds

The liquid is ejected from a rocket and subsequently vaporized
at the low pressures. It then chemically combines with one or the other of
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the oxygen allotropes and emits visible radiation. Spectra of the radia-
tion have been analyzed to show both line and continuum emissions
(Rosenberg, et al., 1963a). The lower end of the usable light range is
about 100 km due to the failure of the compound to produce an excited
state because of a diminished percentage of the TMA~oxygen reaction at
lower heights (Rosenberg, et al., 1963b).

The cloud is visible against the sky background both at
twilight and at night. Triangulation photographs of the visible cloud
ailow a determination of the wind. Identified slopes on the cloud photo-
graphs permit height determinations to within 100 meters and wind velo-
cities within 3 m/sec (Rosenberg, el al., 1966),

A.6.9.2 Alkali Metal Clouds

The vaporization of metallic sodium, cesium, and lithium and
their subsequent celease from a rocket have been u-ed to form photograph-
able trails from about 85 km up to 200 km., The radiation from these clouds
is a resonance scattering phenomena. Therefore, they are limites o twi-
light situations when the solar-illuminated clouds can be photographed
against reduced sky background intensities. Typical sodium vapor trail
photographs have been analyzed to give wind velocities every kilometer,
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