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FOREWORD

This study was initiated by the Flight Control Laboratory, Wright Air
Development Division, Wright-Patterson Air Force Base, Ohio. The investi-
gations on which this final report is based were performed under Contract
No. AF33(616)-.6407. This contract was initiated under Project No. 8Z23,
Crew and Vehicle Environn-ental Data Sensing and Instrumentation, Task No.
82177, Vehicle Environmental Data Sensing and Instrumentation. Mr.
P, Polisfiuk, of the Flight Control Laboratory, acted as Project Engineer for

this work.

The results of this study are presented in three volumes.

Study of Instrumentation and Techniques for Monitoring Vehicle and Equipment

Environments at High Altitudes.

Volume I - Vehicles and Environments.

Volume II - Effects of High Altitude Environments on Vehicles and
Equipment.

Volume III - Instrumentation and Monitoring Techniques

The authors of the report are B. V. Wacholder and E. Fayer of the Airborne
Systems Division, Radio Corporation of America.

The material presented in the final report was made possible through the
W cooperation of many individuals in industry and in Government Agencies.

Those industrial and governmental facilities consulted and listed in appendix
B of Volume II of this report.
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ABSTR ACT

T instrumentation techniques available within the
state-of-the-art, a-. s an instrumentation ssterri for the monitoring
of high-altitude'environments encountered by typical vehitcles.

i au ~ma-'izes the high altitude environmental effects on typical
vehicles and equipment-a"'" a-- e e tr t-o'fthe -ma'te rials -con-
ta-4ie~d'-in Vo-lu ne-s I and i of this final repot.

Section II presents-the present airborne -instrumentation state -of-the-art for
measuring temperature, pressure, strain, vibration, acceleration, radiation,
meteorite detection, and acoustic noise.

S a feasible instrumentation system for monitoringA

these deleterious environments. In addition, recommendations are made
for an extension of this study to cover environments that are outside the
scope of the present program, such as the environments created by nuclear
and other advanced propulsion systems. Another recommendation is the
continuation of the instrumentation study to effect a complete design speci-
fication for an environmental monitoring system for a particular vehicle,

PUBLICATION REVIEW

The publication of this report does not constitute approval by the Air Force
of the findings or conclusions contained herein. It is published only for the
exchange and stimulation of ideas.

FOR THE COMMANDER:

H. W. BASHAM
Chief Control Elements
Research Branch

Flight Control Laboratory
Aerornechanics Division
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INTRODUCTION

This Technical Note contains the results of a study performed by the Radio
Corporation of America and sponsored by the Flight Control Laboratory,
Instrumentation Section, Wright Air Development Division, to determine the
environments at the fringes of the earth's atmosphere and out to the surface
of the moon and their effect on vehicles and equipment. The ultimate objective
of this study is to establish design criteria for the development of instrumen-
tation to mionitor environments deleterious to the vehicle or equipment. The
instrumentation requirements can be established only after a thorough study
of the environments and an analysis of the interaction of the environments and
the equipment. To accomplish this, the effort was therefore divided into
three phases.

During the first phase, data was obtained on the natural and induced environ-
ments as they exist in the regions of space of interest to this study. An in-
dication of the severity of these space environments is given below:

Velocity at re-entry: 3.Z to 11.3'KM/sec.

Stagnation temperature: (16500C to 22000 C)

Pressures in orbit: 10- 15 mm Hg

Solar radiation (unattenuated by atmosphere): 1400 w/m 2

Van Allen radiation: Protons with energy'up to 100 mev (inner belt)

Electrons with energy up to 1 mev (outer belt)

Solar Winds: Velocities - 1000 meters/second

Radiation intensity - 500 r/hour

These and other environments, such as dissociated and ionized gases, con-
stitute the operational regime of the future space craft.

During the second phase an analysis was made to determine, the effect of the
environments on typical vehicles and equipment based on the environmental
data and on a knowledge of materials and equipment in high altitude vehicles.
The results of this phase are summarized in Figure IA, Volume II.

During the third phase, the instrumentation techniques suitable for moni-

toring high-altitude environments and possible deleterious effects were
examined to establish the instrumentation requirements.

Flight vehicles have tended towards more automation and instrumentation as
their speed has increased. These instruments compensate for the limitations
of response to the human operator. It is safe, therefore, to assume that

WADC TN 59-307, Vol. III x



elabolatv instrumentation will be required to cope with these new space
environments. Instrumentation to .date has been mostly to aid the pilot in
his navigation, guidance, and control tasks with only a minimal amount de-

voted to safety.

The problem of monitoring instrumentation in space vehicles has been examined
thoroughly. Monitoring instrumentation may seem redundant to good design; that

is, the question might be asked, why use instruments to monitor the environ-
ments; why not design for it? However, in view of the somewhat meager
knowledge of this novel environment and its effects on the vehicle, and in
addition the complete helplessness of the pilot in empty space in the event of

failure, this "redundancy" of monitoring instrumentation is justified.

The three phases of the program comprise the three volumes of this final
report. This Volume III presents design criteria for space instrumentation.
Instruments capable of monitoring such parameters as temperature,
pressure, and radiation are examined for their suitability for the application.

The study of the state of the art is first reviewed; desirable developments are
indicated where suitable instrumentation does not exist.

A prime consideration is the unification of the instrumentation into a complete

system rather than a collection of parts, which has frequently been the case
in aircraft development. Another consideration is the relation of the monitor

istr-umentation to the Flight Control instrumentation. The study of the Flight
Control requirements for high-altitude vehicles was made by Bell Aircraft
under contract with WADD. It may be possible to use the same intelligence

source or transducer for both safety and control, thereby avoiding duplication.

xiWVADC TN 59-307, Vol. IIl



SECTION I

SUMMARY OF ENVIRONMENTAL EFFECTS

Vol-mes I and II of this study program have established the need for in-
flight instrumentation to continuously monitor hazardous environments. Only
after a thorough analysis of the environments and vehicle interaction can this
be accomplished. The following summary of hazardous effects of the environ-
ments on the vehicles provides justification for the instrumentation.

By far the most deleterious environment which a vehicle can encounter is the
aerodynamic heating generated by a hypersonic re-entry into a planetary
atmosphere. The heating rate is a function of vehicle speed, re-entry angle,
lift-to-drag ratio, and atmospheric density. Normal heating rates for theZ2
various types of re-entky profiles vary from 20 to 100 BTU/ft -sec for a

glide vehicle at varying angle of entry to 500 to 5000 BTU/ft Z-sec for a
ballistic re-entry at an angle of entry varying from 10 to 90 degrees from

the horizontal. Glide re-entry stagnation temperatures are expected to be in
the range of 3000 degrees F, Which has been chosen as the working value for
the proposed instrumentation. The need for temperature instrumentation is
justified by the fact that any variation in the vehicle flight parameters could
lead to excessive heat rates which go beyond the design limits of the vehicle

and become hazardous. Heat transfer to the interior of the vehicle because
of excessive heat rates could cause malfunction of electronic equipment

causing system failure. Effects of temperature on systems have been dis-
cussed in detail in Volume II of this study. Structural failure due to excessive
heat loads and high dynamic pressures is'the immediate hazard. (This, in
conjunction with the structural strain caused by the dynamic loading, warrants
the need for structural strain measurements. )

Another problem area to contend with during hypersonic re-entry is the dy-
namic pressure loading the vehicle will experience. The dynamic pressure
is a function of the -vehicle speed, the atmospheric density, and the ratio of
gravitational to aerodynanic forces (lift-to-drag ratio). Expected maximum
dynamic pressures to be encountered during hypersonic re-entry are in the
range of 2500 to 6000 psf (the former for the X-15 aircraft, the latter for
Dyna-Soar). Exceeding the design limits for dynamic pressure could lead to
surface panel buckling and overstressed structural nemJers. A study of
the dynamic pressure effects are presented in detail in Volume II of this
study.

Manuscript released by the authors June 1960 as a WADC Technical Note.
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Aside from the two extremely hazardous re-entry environments presented
above, there exist several less hazardous ones which may be encountered
during boost and re-entry. They are aerodynamic noise, vibration and ac-
celeration. During boost, noise from the pow; r plant will be as high as 150
db at the manned vehicle. Aerodynamic noise will be about the same magni.-
tude during re-entry. Without proper acoustic shielding and damping, noise
induced vibrations can lead to serious structural fatigue which can cause
cracks in the structural surface or failure of structural members. Trans-
missibility into the vehicle interior could cause damage to sensitive instru-
ments and to the pilot. These effects warrant the monitoring of aerodynamic-
ally induced acoustic and powerplant vibration during re-entry and boost
phases.

Accelerations during the boost phase are dependent upon the thrust buildup
of the booster engines. Excessive accelerations could overstress structural
members and be damaging to sensitive instruments and the pilot. Accelera-
tion monitoring during the boost phase could be utilized for thrust control.
Accelerations during boost are expected to be about 9 g. Re-entry accelera-
tions for a glide vehicle at a shallow angle of re-entry will be about 1 to 2 g.
However, entering at too steep an angle can lead to high g levels. A ballistic
re-entry, angle of re--entry about 90 degrees, can lead to g levels around 60
g. It is obvious what occurs if a glide vehicle designed for a shallow re-entry
enters at too steep an angle. Excessive heating, pressure loading, and ac-
celeration will cause destruction of the vehicle. (A means of continuously
monitoring acceleration during re-entry is essential to vehicle safety.)

The app-cation of a hypersonic glider to space travel will impose several
natural ..nvironments upon the vehic]e which could be hazardous to the vehicle
safety. These are the particle radiation of solar origin, the micro-meteorite
particles existing in free space, and continuous high vacuum.

The major problem presented by the radiation surrounding the earth (see
Volume I) is the shielding required to protect the pilot and equipment aboard.

The parameters of concern here are the length of exposure and the total in-
tegrated effect. At present the highest dosage to be anticipated during normal
solar activity is lOr/hr. Anticipated structural damage could be accounted
for in design; however, excessive radiation dosages (500 to 10OOr/hr during
violent solar activity) will have to be monitored. Continuous monitoring of
the radiation in space is required. Long exposures, on the order of days to
years, could accentuate fatiguing of the structure and affect its load carrying
capacity. The damage could be in the form of cracks caused by internally
induced stresses. The significance of cracks will be discussed in the next
paragraph. The effects of radiation on vehicle systems is discussed in detail
in Volume I of this study.

WADC TN 59-307, Vol. III 2



Perhaps the greatest single event which could cause the failure of a vehicle
is the impact and penetration by a hyper-velocity solid particle. If the pene-

tration is large enough, rapid decompression will occur. Smaller penetra-
tions will cause pressure leaks, the rate of which is a function of bole size

and internal-external pressure ratio. Smaller particles of lesser energy
will impinge upon the vehicle causing surface erosion. Abrasive action of

such particles can, over a period of time, alter the radiative properties of

the vehicle skin. The sputtering by impact with high velocity atoms and

molecules will also contribute to this effect. The cumulative effect of sur-

face erosion, solar radiation, and sputtering could lead to large thermal
gradients which could be hazardous to the internal components of the vehicle.

Also, the effect of radiation and meteoritic impingement hurries the onset
of cracks leading to structural failure and leaks.

Another environmental condition which affects the vehicle is the presence of
continuous high vacuum. While the high vacuum may affect the material
properties and perhaps hasten the evaporation or sublimation of certain al-
loying elements of materials or could lead to increased friction and tend to

dry weld bearing surfaces, the main source of hazard stems from the re-

quirement to insure a habitable atmosphere for manned flight. Any leak

caused by combined spatial environments can be aggravated by the pressure
differential across the vehicle pressure shell. This pressure differential re-
quires continuous monitoring in order to assess leak rate hazards.

The above analysis indicates that the following parameters should be moni-

tored to insure vehicle safety:

(1) Aerodynamic temperature rates

(Z) Pressure - dynamic and ambient

(3) Structural strain

(4) Structural vibration and acceleration

(5) Radiation dose rates and integrated doses

(6) Micro-meteorite erosion rates and/or momentum and flux rates

(7) Acoustic noise

The present state of the art of instruxnentation to monitor the above para-

meters is presented in the following section.

WADC TN 59-307, Vol. II 3



SECTION II

INSTRUMENTATION STATE OF THE ART

I

A. Temperature Measurement

It has been established that temperature is one of the most significant en-
vironments. This is particularly true during re-entry where elaborate
measures in both material selection and construction have to be taken to

assure the survival of the vehicle.

Figure 1 shows normal temperature ranges of transducers which will provide
proportional signals to remote instrumentation. The transducers most com-

monly used are:

(1) Radiation pyrometers

(2) Thermocouples

(3) Resistance thermometers

(4) Filled thermometers

(5) Thermal sensitive coatings

Radiation pyrometers require major development for airborne use. They are
used primarily for ground installation.

Filled thermometers are not applicable for surface measurements. Thermal
sensitive coatings are attractive for surface measurements, but at present
do not have the required temperature range.

The transducers found most applicable for the measurement of vehicle sur-
face temperatures are thermocouples and resistance thermometers. This
discussion of the state of the art will be limited to them.

1. Resistance Thermometers

A point of departure for the investigation of suitable heat flux measuring de-

vices is the instrumentation used in the simulation of hypersonic re-entry
conditions in shock tubes. These instruments are characterized by fast re-
sponse to the transient flow of the shock tube.

WADC TN 59-307, Vol. II



In other respects, too, such as range, sensitivity, and ruggedness they
would meet the requirement of space flight. One such instrument is a re-
sistance thermometer with a rise time of less than a microsecond consisting
of a thin metallic film (a few microis thick) mounted on glass for the meas-
urement of transient surface temperatures on models in a hypeisonic shock

tunnel (Ref. 46). Furthermore, by mounting the film on an insulator such as
glass instead of metal, high sensitivity to heat transfer at a sacrifice of rise

time is achieved. Conventional heat transfer instruments consist of two
temperature sensors separated by an insulator with known thermal properties.

By measuring the two temperatures, the heat transfer rate can be calculated
using Newton's Law of cooling. This method is not practical for transient

measurements since the heat has to penetrate a finite distance into the

material.

A more direct method of measurement is to make the instrument of homo-

geneous material and to measure the surface temperature of the material.
The film resistance change is a function of surface temperature and is re-
lated to the heat transfer rate.

These relations based on heat transfer theory are:

q 77 KPC (2t) for constant heat rate (1)

q(t) = I KP C d T d' for varying heat rate. (2)

where

q = heat transfer rate

T = surface temperature

t = time

KPCp properties of the material conductivity, density, and heat capacity

= a computational quantity

As these expressions show, the transient surface temperature is related to

heat transfer rate and the properties of the material. The miniature thin-

film resistance thermometer gages have been used at Cornell Aeronautical

Laboratory to determine experimentally heat transfer rates in shock tubes.

These results correlate well with theoretical predictions.

WADC TN 59-307, Vol. III



Similar instruments are used to measure temperature fluctuations in the
inlet of jet aircraft. They have the following characteristics.

Instrument diameter - 1/5 inch.

range from -65 to 1000°F

0
accuracy - +Z F throughout range.

The uppe.r limit of temperature could be extended by choice of better bond-
ing material of metal film to glass. This instrument could be adopted to
measuring transient radiation heat transfer. A possible technique would
be to mount the thermometer between two layers of glass to prevent other
modes of heat transfer. As a further refinement, the spectral distribution
of the radiant heat can be analyzed by selecting various type glasses with
selective passbands.

2. Thermocouples

There are numerous thermocouples available for different high temperature0
ranges. Copper-Constantan couples are usable up to 500 F. Iron-Constantan
couples are applicable to 1500 F. Chromel-Alumel couples are used to

0 02300 F. Platinum-vs-platinum plus rhodium couples are usable to 3000 F,
and super-temperature couples used to 4000 F are under development.

A complete study of the state-of-the-.art of temperature transducers has
been carried out by Knorr of Bell Aircraft (Ref. 11.) and by Lampert, et al
o1 Aeronautronic Division of Ford (Ref. 48). Another description of these
devices at this time would be repetitive and therefore will not be presented;
the reader is referred to the two references mentioned above. Table 1 and
Figure 2 will serve as a guide in the selection of proper thermocouples.

For the measurement of heat flux from the external to internal surfaces of
a hyper-velocity vehicle, thermocouples can be placed on parallel surfaces

dT
and j- can be determined (T=temp, t = thickness). (The thermal flux over

a surface can be determined by strategically locating the sensors in a set
pattern in the direction of flow. )

The biggest problem in the application of thermocouples to surface measure-
ments is the method of contact. The presence of the thermocouple in a fluid
flow gives rise to mass and surface discontinuities occasioned by the sensing
element which upset the convective flow, and transfer heat away from or into
the contact area at a greater rate than may be experienced in cases where
the discontinuity does not exist.

WADC TN 59-.307, Vol. I1 6
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If the sensing element is brought into the flow from the unheated side of the
surface material, the temperature gradient along the sensing element lead
wires is excessive. If the rate of surface temperature rise is several
hundred degrees per second, this temperature gradient results in faster
cooling than would be experienced under lower rise rates. Disturbance of
the surface heat sink material can change the heat conductive properties at
the poilit of contact (Ref. 59).

The most logical solution is to arrange the temperature sensing device in
an isothermal field on the exposed surface. It is then necessary to insure
that the sensing element is not exposed directly to thermal flux unless it
is an integral part of the surface and has the same thermal characteristics
as the surface material. 2his seems to be beyond the present state of the

art and requires further development. There are ceramic insulators and
ceramic cements which have properties close enough to that of the surface

material which can be used to attach the device to the surface. It is neces-
sary to peen or mount the device flush with the surface in order not to dis-
turb the fluid flow.

3. Others

Table Z is a summary of commercially available temperature-measuring
instruments or systems (Ref. 76)'.

B. Pressure Measurement

When considering the safety of a high-altitude vehicle operating in the
vacuum of space and the dense atmosphere during high-speed re-entry,

the following pressure inastriumentation is necessary.

The internal pressure of the vehicle must be maintained at safe levels for
both the pilot and the equipment. However, events may occur which will alter
the internal pressure. Particle puncture in space will cause a pressure leak,
the rate of which is a function of puncture hole size and the internal-external

pressure ratio. ln this instance it is absolutely imperative that the leak
rate of cabin air be monitored continuously for pilot and equipment safety.

This will require internal pressure gages or leak-rate gages.

As the vehicle descends at hypersonic velocity into the dense atmosphere of
the earth or another planet, forces build up on the external structures which

are a function of the air density and speed of the vehicle. These forces are
due to the dynamic pressure which any high-speed vehicle will experience.
If these loads are excessive as a result of too fast a descent into the atmos-

phere, the structural integrity of the vehicle may be opardized. It is

therefore essential to continuously monitor the dynamic pressure distribution
over the critical surfaces of the vehicle.

WADC TN 59-307, Vol. III 8
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1. Leak-Rate and Internal Pressure Transducers

Internal cabin environmental pressure conditions can be determined con-
tinuously by either measuring the change in pressure of the cabin air or the
leak rate of cabin air. The effectiveness of measuring pressure changes within

the cabin is limited by the fact that to detect any pressure change in a large
cabin, a large loss of air will be required. Thus, there may be an appre-
ciable loss of air before any pressure drop is detected. This problem re-
quires pressure gages of high sensitivity.

However, it may be more practicable to monitor the leakage Uf the cabin air
continuously. Leak-rates will be more easily detected than will a slight
change in pressure. But, leak rates from fatigue cracks and minute meteoroid

penetrations will be quite small and exceedingly difficult to detect and locate
from the inside of the cabin during flight. Leakage of this nature would be
significant primarily because of this loss of gas which must necessarily be
replenished from reserve supplies of oxygen and nitrogen.

Internal pressures will vary from sea level, 760 mm (14. 7 psia) which is
ideal, to 30, 000 ft, 280 mm Hg, (4. 36 psia) which is the critical altitude for
decompression sickness. To avoid hypoxia, the partial pressure of oxygen
should not fall below 110 mm Hg and should preferably be at 160 to 180 mm
Hg.

The range which the .instruments must nLunitor is from sea level (760 mm
Hg) to 110 mm Hg. The main factors which determine the instrument re-
quirements are sensitivity and speed of response. The following example
will illustrate the problem of determining sensitivity and response time. *

Meteorite penetrations of a sealed space cabin probably offer the greatest
hazard to manned space flight. Whipple (Ref. 45) has calculated the prob-

ability of penetration by meteoroids of various sizes. Konecci (Ref. 44)
has derived the basic equations for satellite decompression. The problem
which concerns us is the detection of a leak within the cabin and the measure-
ment of leak-rate and/or pressure drop. To attack the problem in a prac-
tical way, certain assumptions can be made of a hypothetical space mission.
A mission of one year's duration is assumed in which the cabin of 500 cubic
feet volume is pressurized to 14. 7 psi; the cabin skin thickness is 0. i25 inch.

According to Whipple, the largest meteoroid to expect during a one-year
mission is 0. 129 diameter (the probability of penetration is one in Z34 days).
For decompression limits 4. 36 psi is selected as the lower'pressure limit.

It is at this pressure that decompression sickness occurs. Based on flow
equations, Konecci derived the equation for the escape of air from a
satellite.
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dW/dt =-K W'A C/V 144 pps (3)

where W = instantaneous weight of the enclosed air (lbs).

K = orifice coefficient which is assumed to be 1.

A = orifice area in square inches.

C = speed of the escape air, which equals the speed of sound.

V - volume of the enclosed air in cubic feet.

Separating the variables,

dW/W = -ACdt/144 V (4)

Assuming an isothermal change, the thermodynamic equation of state

gives:

dPc/P c = dW/W (5)

wherePis the instantaneous cabin pressure.

Eauation (4) can be written as:

dP c/PC = -ACdt/144V (6)

Integrating Equation (6),

t =(144V/AC) in co (7)

These derivations are based on two assumptions.

(1) The cabin exhausts to an infinite volume, or a vacuum.

(2) The flow through the orifice is sonic. Therefore, the outside

pressure (Pa) must be lo enough that the ratio P /P_ exceeds

i17 Jjn/n-i 1
the critical pressure, or I(n + 1) , where n is the
exporent which varies from 1 for i sothermal expansion to 1. 4

for adiabatic expansion. The decompression time from 14.7 psi

to 4. 36 psi can be calculated. From Equation (7),
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t = (144V/AC) II

in the hypothetical case,

V =500cu ft A- ( 129)2

V 500 cu. ft; A sq in, C = 1130 fps

Pco = 14. 7 psi and PC = 4. 36 psi

substituting,

144 x 500 / 14.7

129) Z x 1130 ln\
4

solving,

t = 5950 secs.

This indicates that emergency procedures and repairs must be initiated and
completed in less than 5950 sec (1. 65 hours).

In order to select an instrument to detect a tolerable pressure drop and
determine the required response time of the instrument, a pressure drop
of 0. 10 psi is selected as a tolerable drop. Using equation (7) and solving
for t, t = 34. 2 sec.

In effect, this indicates that a suitable pressure gage should have a response
time of less than 34 secs. However, allowing for errors in the assumptions
and the fact the C changes as a function of pressure and temperature, a
safety factor of 2 is incorporated. This means that the pressure gage has a
response time of 17 secs. Many commercial instruments are available to
satisfy this requirement. Sensitivity of 0. 10 psi full scale (15 psi to less

than 4. 36 psi) may be more difficult.

The following gages and their pressure ranges are currently available:

(1) Precision dial-type instruments.

(2) Stacked diaphragm gages.

(3) Pirani gages (thermal) 100 mm Hg to 10 - 3 Hg.
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(4) Ionization gages 0. 50 mm Hg to 10 mm Hg.

(5) Aneroids - referenced to outside vacuum.

(6) Haven's cycle gage 760 mm Hg to 10- 5 mm Hg.

The conventional pressure gages listed below have been described in detail
in the literature (Refs. 9, 10, 11, 12, 13, 14, 15, 18) and will therefore not
be repeated here. However, those instruments which play a direct role in the
monitoring system are presented here. The descriptions include special
features -which qualify the instrument to measure internal pressure changes.
Figure 3 shows the useful pressure ranges of vacuum measuring instrumenta-

tion.

Standard instruments are used to cover the pressure range from atmospheric
to 1 mm Hg absolute. These units are comparable to the precision dial type in-
dicators, which cover essentially the same range. Precision dial type instru-
ments are generally available in two types, one of which has an accuracy of 1
part in 300, another longer scale unit having an accuracy of 1 part in 1000.

All of these instruments have reasonably good repeatability and can measure
pressures effectively down to about Z mm without introducing serious errors.

All of them have the disadvantage that they are direct indicating devices and
should be, for accurate readings, close coupled to the vacuum system in-
volved.

The pressure range from atmosphere to 1 mm can also be covered by the
mechanical type transducer which usually consists of a stacked diaphragm-

type movement. The diaphragm moves an electrical element, which can give
a remote indication of system pressure. Elements generally consist of a
variable resistance winding or parallel plates to provide a variable capacity.
In either case, sensitivity of reading is of the order of 1 part in 1500. Read-
ability, however, is determined entirely by the sensitivity of the read-out
equipment. Generally speaking, thd mechanical transducer element when
properly made has good resolution and repeatability and presents very little
hysteresis error. It is believed that 2 mm is their effective limit of reading
with any degree of accuracy, although some indication can be obtained to
approximately 0. 5 mm.

Still another system is available for pressure measurement between atmos-
phere and 1 micron. This consists of the radium activated ionization gage which

covers the full scale between 1000 mm and 10- 3 mm. This pressure scale is
covered in six ranges, all of which are linear. The instrument is suitable for
direct indication or recording and provides a most convenient means of pres-
sure measurement. As the scale ratio used in this instrument is based on
powers of 10, tVie readability becomes greater on the lower scales. The mini-

mum readable increment on the top scale equals 10 mm; on the lowest scale,

the minimum readable increment is 0. 0001 mm. The instrument therefore provides
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its greatest readability in the range from 100 mm to 1 micron. A drawback,
however, is the fact that the d-c amplifier utilized in the instrument must be

zero balanced after each range change to provide accurate readings. Without

this adjustment, serious errors can occur as the zero shift can be considerable,
presenting a problem if it is desired to use recording equipment. Instrumen-
tation can be provided, however, which will give automatic correction to this

zero shift problem, thereby allowing the use of automatic range changing if

desired. This instrument, like thermal conductivity type units, is also affected
by the gases present in a system. However, it will give reasonably accurate
readings in a system containing essentially air. Over-all equipment accuracy
is of the order of 3%.

2. Dynamic Pressure Measurement

A hypersonic vehicle maneuvering within the atmosphere will be subjected to
dynamic surface pressures which are a function of the vehicle speed, shape,

angle of attack and the atmospheric density. Conventional methods of surface
pressure measurement are limited in altitude capability to heights less than
approximately 90 to 100 KM, since at this level tl e mean free path of the gas
particles becomes long with respect to sensing device's dimensions.

There are many high pressure transducers available today. However, certain

physical characteristics of the boundary layer surrounding the vehicle impose
limitations on the gages. To make accurate measurements of the dynamic

pressure profile on fhe surface, it will be necessary to mount the pressure
transducers flush with the vehicle surface to avoid disturbance of the flow.

For measuring nose cone pressures during hypersonic re-entry a device called
the Q-ball has been designed by the Nortronics Division of Northrop Aircraft

Cornpany.

For measuring surface impact pressures, a diaphragm-type pressure trans-

ducer has been designed by the Lockheed Aircraft Company. This gage meas-
ures the impact pressures external to a re-entering vehicle-without ports
through the vehicle shell. Each of the above devices are considered a major
advance in the state of the art of dynamic pressure measurements. Details of

other dynamic pressure gages may be found in the literature (Ref. 11, 18, 19,
22, Z4, 25) and will not be discussed here. For purposes of presenting the
latest in the state of the art, the Q-ball and diaphragm transducer gages are
discussed next.

a. Q-ball

The Q-ball, desigried for use on the K-15 re-entry vehicle, measures angle of
attack, sideslip angle, and aynamic pressure during re-entry. Figure 4 shows
a functional diagram of the device. Pitot pressure is picked up on the
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differential pres;re transducer. The 400-cps output signal of the transducer
is amplified in both the preamp and the gain changing amplifier. Changes in

dynamic pressure of 15-2500 psf are measured. This change in dynamic

pressure is transferred to a resistance change within the circuit. The
sphere's orifice layout is designed to give dynamic pressure information over
a wide range of Mach numbers. A control and a displaced orifice sense the
sphere pressure gradient.

The performance of the Q-ball sensor is tabulated below.

Positional Accuracy - + 0. 25 deg (nominal).

System Threshold - 0. 001 psi (max).

Frequency Response - 3 db at 7 cps.

Velocity - 240 deg/sec.

Velocity Error - 1 deg at 60 deg/sec.

Q-compensation - Gain-compensated for dynamic pressure range of
15-2.500 psf.

Stagnation Temperature - 4000 0 F (max).

Altitude - Sea level to 300, 000 ft.

Mach Number - 1-10.

Gimbaling and conventional actuator linkages, with their usual friction prob-
lems, are avoided by using rotary actuators that are coaxial with the sphere's
axes of rotation. Direct coupling to the sphere completely eliminates back-
lash.

b. Diaphragm Pressure Transducer

In a closed pressurized vehicle it may not be permissible to use pressure
ports on the surface. This restriction eliminates a great many commercial

pressure transducers for consideration. Commercial flush cell diaphragms
are very thin and extreme care to avoid over-pressure must be taken. Again
commercial transducers are not satisfactory for this purpose.

On re-entry vehicles, neither of the above methods can be used because of the
aerothermodynamically-smooth, mechanically-rigid surface required and be-
cause of the high input heat rates over the surface during re-entry. Wrathall
of Lockheed (Ref. 2.1) has devised a diaphragm type pressure transducer
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where the diaphragm of the gage is made an integral part of the surface
coating. If a surface hole is located at the point where the pressure is to be

measured and if, before surface coating, a tailored plug is inserted in the
hole and coated simultaneously with the rest of the surface, except for a thin
annular ring around the outside edge of the plug end, a rigid-center fixed-edge
diaphragm is produced kFigure 5). The plug must be in good thermal contact
with the diaphragm; this is done by plating the diaphragm on the plug. Any

resulting deformation is distributed over the total plug area, which is helpful
in preventing flow separation. Any applied force will deflect fhe diaphragm
and stress the measuring transducer.

c. Magnetostrictive Pressure Transducer

Wrathall also has developed variations of the above method which differ only
in the measuring transducer. Figure 6 shows a magnetostrictive device.
The device shown was not justified for surface pressure applications because
of the large deflections involved (Ref. 21). However, under certain conditions
this device is rigid enough and can be produced mechanically rugged with de-

sirable electrical characteristics. Magnetostrictive materi is are temper-
ature sensitive and therefore temperature compensation is imperative.

d. Strain-Gage Pressure Transducer

There are two types of strain-gage transducers, the unbonded and the bonded.
The bonded gage shows better temperature compensation but the unbonded-

strain-gage transducer is very sensitive to temperature effects and, in partic-
ular, to temperature gradient (Ref. 22). This type of gage has a simple dia-
phragm as the structural member and a strain gage mounted behind the dia-
phragm to detect the deflection due to the applied pressure. A temp(-ature
compensating arrangement used in unbonded-type transducers make them
better suited for high-temperature application than the bonded type.

A strain-gage sensing-element with a set of four active arms arranged in a
Wheatstone bridge is a well-known compensating configuration. This arrange-
ment gives effective transient-error compensation if the temperature gradient
between each of the four arms and the heat source remained the same during
the temperature transient period. Figure 7 shows a compensated and standard-
ized unbonded strain-gage pressure transducer. This type of gage can be used
in pressure ranges from 10 psi to 7000 psi at temperatures to 300 0 F.

For higher-temperatures and flush-mounted operati.on, a water-cooled dia-

phragm must be used. The basic principle is to design a diaphragm with ample
cooling, high strength; and high flexibility.

A catenary type diaphragm gage can be used at temperatures as high as 3000°F
for a few minutes and 1000 F for sustained periods. A catenary type diaphragm
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gives a more accurate pressure distribution than the conventional flat diaphragms.
The motion of the diaphragm moves two arms of a Wheatstone bridge that are

wound perpendicular and parallel to the movement of the diaphragm.

A unique method for providing even diaphragm cooling has been developed by

Dr. Li (Ref. ZZ). Figure 8 shows the unique configuration. In thi, arrange-
ment a double spiral cooling passage cools the diaphragm evenly and elininates
any hot spots. There are two diaphragms involved. The outer diaphragm,
facing the fluid flow, is supported by the double spiral ribbon, which is, in
turn, supported by the inner diaphragm. This inner diaphragm has a rigid
center-disk and a thin V-groove to receive the wider portion of the spiral
ribbon.

A water jacket exists between the two layers of the shell structure. The outer
diaphragm covers both layers so that any thermal stress generated in the
outer shell will not be transmitted to the inner shell. A gage of this type with
water jacket and double spiral diaphragm has been used in rocket tests and
has withstood temperatures up to 5000°F (Ref. 19). Even without water cooling
and using a compensating arrangement this gage is very stable at high tempera-
tures.

For complete details on these type of pressure transducers the reader is referred
to Reference 19 and 22 which cover some of the most recent advances in dynamic
pressure measurement techniques.

C. Strain Measurement

Strain has been established as one of the structural parameters to be continu-
ously monitored for vehicle safety. Strain is one of the most basic measure-

ment values in the analysis of a structure. Currently, strain measurements
are made with bonded, variable-resistance wire gages and their room-tempera-
ture properties are well known.

However, at the increasingly high-flight temperatures that a hyper-velocity
vehicle encounters, changes occur in strain gage behavior that pose difficult
new problems. The most important of these changes are (Ref. 61):

(1) The electric resistance of the gage wire changes.

(Z) The wire, the structure, and the bonding cement undergo
thermal expansion.

(3) The electric insulating value of the cement changes.

(4) The strain sensitivity of the wire changes.
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(5) The gage and the structure oxidize and corrode more readily.

(6) The organic cements begin to lose their strength and decompose.

Among the suitable gage materials are the copper-nickel (Advance), nickel-
chromium (Nichrome V), and nickel-chromium-aluminum (Karma) alloys.
Another class of materials that is under development as strain-sensitive
elements is the iron-chromium -aluminum series. Among these, alloy D has
received the greatest attention. (Ref. 60).

For temperatures below 5500F, the copper-nickel alloys are most commonly
used because of superior cost, stability, gage factor, and resistivity character-
istics. Above 550 0 F, this material suffers from intergranular corrosion.
Karma is competitive with Advance below 550 0 F, and greatly superior in the
temperature range up to 800 0 F. Above 800 0 F, Karma undergoes a metal-
lurgical transformation and becomes unsuitable.

Nichrome V is metallurgically stable up to 1000 0 F. It has been used as high
as 1200 0 F, but its high-temperature coefficient of resistance makes it very
sensitive to small inaccuracies in temperature determination.

Armour alloy D has been tested for strain measurements to 16000 F. Although
it does not undergo phase changes, it has a large apparent temperature co-

efficient of resistivity when mounted as a strain gage.

Strain gage transducers are classified into two categories: bonded and unbonded.
In the bonded type, a grid or helix of fine strain gage wires is bonded to a
member which is subject to strain upon application of the force being measured.
In the unbonded type, a specially designed structure is used to impose a strain
on the wires proportional to the load. The strain wires are usually arranged
in the form of a Wheatstone bridge. The active elements are arranged so that
opposite legs of the bridge increase (or decrease) their resistance at the same
rate for a given direction of displa'cer,-2nt.

Bonded strain gages have the following advantages:

(1) Excellent linearity and hysteresis may be obtained.

(2) Low sensitivity to temperature effects.

(3) Low sensitivity to shock and vibration.

(4) May be excited by a-c or d-c.

(5) Continuous resolution.

(6) Static or dynamic response.
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Some of the disadvantages are:

(1) Low sensitivity.

(Z) Limited temperature range.

(3) Lower range limitations.

In the unbonded strain gage, a group of fine strain-sensitive filaments are
wired betwveen a fixed frame and the force-summing member. The filaments
are arranged in the form of a Wheatstone bridge. When the force-summing
member is displaced, the bridge is unbalanced to produce an electrical output
which is directly proportional to the applied force.

The advantages of unbonded gages are:

(1) Excellent frequency response.

(Z) Low sensitivity to vibration and shock.

(3) May be used to measure static or dynamic phenomena.

(4) May be excited by a-c or d-c.

(5) Small volumetric displacement.

(6) Continuous resolution.

(7) Requires simple resLslive balance.

(8) Not effected by electromnagnetic fields.

(9) Temperature effects can be easily compensated.

Some of the disadvantages are:

(1) Low output.

(2) Manufacturing complexity.

For use in space vehicles, strain gages should have the following character-
istics (Ref. 48):

Operating upper temperature limit: 2000 °F.

Strain Ranges: 0-1000 to 0-20000 microinches per inch.
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Resolution: 5 microinches per inch.

Accuracy: 1% of full scale output.

In addition the gage should be:

(1) Easily cementable or weldable to any desired surface. Low

temperature curing is preferable, but not essential.

(2) Insensitive to, or compensated for, pressure fluctuations, salt,
or acid corrosion, magnetic and electric fields, humidity, and

acceleration.

(3) Able to survive repeated temperature cycling without deterioration

in performance.

There is no gage presently available which will satisfactorily fulfill all of these
requirements.

D. Vibration and Acceleration Measurements

It has been established that vibration caused either mechanically and acous-
tically by the rocket engines, or aerodynamically by the boundary layer sur-

rounding the vehicle has a deleterious effect on the vehicle and its structure.
The most critical periods of vibration occur during the boost and re-entry

phases of the vehicle trajectory. Vibration is to be monitored during these

phases for vehicle safety and reliability.

Many types of vibration transducers are available. Systems have been designed
to measure directly either displacement,. velocity, or acceleration, and to
differentiate or integrate the result to obtain the other two quantities.

The most practical parameter to measure for vibration is usually acceleration
(Ref. 69). The more common type vibration transducers are the ceramic
crystal accelerometer, strain-gage accelerometer, strain-gage angular acceler-
ometer, and the rotating pendulum accelerometer.

The accelerometer employs an elastically suspended mass as part of its sensing
system. The mass is mounted on springs, and the system (springs and mass) has

a high natural frequency. This natural frequency must be well above the fre-
quency of the vibrating object. A sensing element within the pickup detects the
force exerted on the suspended mass and converts it into an electrical signal.

Since transmissibility between the suspended mass and case is, for practical
purposes, one, andforce is proportional to acceleration, the electrical signal

(when properly calibrated) is a measure of case (and vibrating object) acceleration.
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1. Crystal Accelerometers

PI.'zoelectric 'crystals generate electric charges on their surfaces when placed
under stress. In the crystal accelerometer one or more crystals are mounted
so that accleration forces produce the stress. The quantity of the charge
induced is proportional to the applied stress, which, in turn, is proportional

to the acceleration.

There are two types of crystal accelerometers, the compression and the bi-

morph (bender) types (Ref. 72). Figure 9 shows the cross-section of the com-

pression-type crystal accelerometer. This type consists essentially of a
cylindrical assembly in which a mass, under acceleration, compresses one or

more disc-shaped crystals. The crystal faces are coated with a conducting

material and are connected either in series or parallel. These accelerometers

generally have relatively high impedances, high natural frequencies, and high

ranges, and can be designed for high-temperature operation.

The bimorph-type accelerometer shown in Figure 10 contains two thin crystal

slabs each fastened to either side of a metallic shim. Both sides of both
crystals are coated with a conducting material. The crystals are oriented

so as to be connected in series or parallel. The crystal slabs may be center-

supported or end-supported. This type has a smaller "g" range than the

compression type.

There are many types of crystals, the most important being quartz, Rochelle
salt, ammonium dihydrogen phosphate (ADP), and barium titanate. Barium

titanate is the most versatile, being artifically produced in any size and shape

for differenent pickup designs. It has good high-frequency response and is less

subject to changes in sensitivity due to aging. It is less temperature sensitive

t~ian the others. Starting at 80 0 F, the output typically drops only 0. 1 percent

for each degree of temperature change, either increasing or decreasing. For

temperatures encountered ]Ly a vehicle during boost and re-entry, the output

drop could be substantial unless adequate thermal protection of the accelero-

meter is provided.

2. Strain-Gage Accelerometers

Strain-gage accelerometers use resistance-wire strain gages as the sensing

elements. A mass, suspended by either the resistance-wire gages directly

or by cantilevers to which the resistance-wire gages are cemented, provides

the force which changes the wire resistance. The resistance change is usually

measured by a Wheatstone bridge circuit. Natural frequencies range from

40 cps to 200 cps. This type of accelerometer is also subject to static ac-

celerations, and in choosing the proper instrument, the required range is de-
termined by the sum of the static and dynamic accelerations.
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Wire strain gages are temperature sensitive and must be thermally shielded
to yield accurate results.

3. Strain-Gage Angular Accelerometers

Unlike the previous accelerometers which have been linear accelerometers,
this type uses the strain-gage principle to measure the angular acceleration
on a rotating or revolving body. These devices can be used to measure roll,
pitch, and yaw angular accelerations. These accelerometers are used in the

very low frequency range. of 0 to Z0 cps.

4. Rotating Pendulum Accelerometers

This device is unique in that it measures with extreme accuracy, very low
levels of acceleration on the order of 10 - 4 to 10 - 1 0 g (Ref. 70). This type of
accelerometer may find use in low-thrust space vehicles which use solar
radiation pressure as the propulsion source. The accelerations encountered
by this type of vehicle, the photon rocket and the ion rocket, are of the same

magnitude of those above. A complete treatise on the pendulum accelerometer.
may be found in Reference 70. A possible rotating pendulum accelerometer
configuration is shown in Figure 11.

The pendulum mass is in the form of an unbalanced cylinder. To overcome
losses due to drag and friction in the bearing, a driving torque in the form of
an air jet is provided to sustain the rotation of the unbalanced mass. The
quantity measured with this device is time (A t) . The period of mass rotation
is a function of the applied acceleration. Neglecting damping, the equation of

motion is

d + marsino = 0
dtz

where

I = moment of inertia

m = mass of pendulum

a = acceleration of center of suspension

r = displacement of center of gravity (CG) from center of displace-

ment

t = time

- - angular acceleration
dt

0 angular displacement
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E. Radiation Measurement

The radiation of concern is that found in the inner Van Allen belt emanating

from the sun and trapped in the eairth's magnetic field. This radiation con-

sists of protons and electrons, which have sufficient energy to penetrate the

shell of a space vehicle at altitudes above 1000 KM. The problem arising

here is the formation of secondary particles caused by a primary colliding

with the vehicle. By far the most energetic particles to contend with re the

high energy protons known to exist in an area of 400 of latitude centered about

1900 KM above the geomagnetic equator. These particles have been found to

have energies between 75 mev and 700 mev with an average at about 100 rnev.

It is these "hard" particles which will penetrate a vehicle shell.

The radiation dosages found in space varies from 10 to 100 roentgens per hour

depending upon whether electrons or protons are considered. However, during

increased solar flares, radiation levels exceeding 500 to 1000 roentgens per

hour are to be anticipated.

Since the launching of the first earth satellites, numerous radiation detection

experiments have been carried out. Innumerable radiation instruments have

been employed. These consist of geiger tubes, scintillation counters,

Cerenkov counters, ionization chambers, photoyraph ' emulsions, and many

others. Numerous radiation detectors are currently available for use in high-

altitude vehicles for 'moni.toring both external and internal environments.

1. External Radiation Detectors

Ionization chambers (Ref. 18, 27, 28, 29, 31, 32, 38, 41) measure the ion-

ization produced within a gas-filled chambr by a flux of radiation. They do

not measure lhe number, energy, or composition of the radiation directly

but sometimes can furnish some of this information by other means. Ion-

ization chambers can be made quite reliable, have extremely long useful life-

times and can be designed for almost any kind of radiation environment.

Besides responding to primary radiation, the chamber will respond to second-

ary particles resulting from the interaction of the primary particles with the

chamber walls and with the material surrounding the chamber. This could

lead to increased ionization within thr, chamber. Thus, the ionization chamber

can at most yield a qualitative idea of the nature of the radiation present.

Therefore, the ion chamber yields a direct measure of the number of roentgens

equivalent man (REM) in the region where the chamber is loc, ted. This device

is applicable for radiation dose mefasurements both internal and external to the

vehicle.
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Z. Scintillation Counter

A scintillation counter is used to measure the energy of a particle incident
on a scintillating coating. When an energetic charged particle penetrates the
coating, the coating emits a flash of light. The light, trapped by a'reflector,
is converted into a pulse of current by a photomultiplier tube. The minimum

energy detectable is determined by the coating thickness. This device can be

used for measuring the energy of the incident primary particles external to
the vehicle. Typical scintillators are described in detail in the literature

(Ref. 36, Z7) and are reviewed here briefly.

a. Electron Detector

Dr. L. Davis of NASA has proposed a scintillation type electron detector for
use in a space probe. A schematic drawing of the electron detector is shown
in Figure 1Z. The detector consists of an aperture to define the beam of
electrons, a gold scatter disc which fills the solid angle defined by the aperture,
and a powder phosphor mounted on the face of a photomultiplier positioned so
that the phosphor will intercept a large fraction of any rajiation reflected from
the gold disc. The multiplier output is a linear function of the incident energy
flux for electrons of energy between 10 key and ZOO key.

b. Ion Detector

A schematic of the ion detector is shown in Figure 13. The detector is a
pulse scintillation device. Ions pass through the aperture, strike a thin
aluminized powder phosphor, and produce light pulses in the phosphor, the
brightness of which are proportional to the ion energy loss in the phosphor.
The photomultiplier converts the light pulses to electrical pulses which are
then amplified. One rate circuit is set to trigger on pulses corresponding
to energy losses greater than 100 kev and a second rate circuit to pulses
greater than 1 mev.

The ion detector is insensitive to electrons and x-rays because of the thin-
ness and the particular characteristics of the phosphor used. The decay time
of light pulses produced in this phosphor is not constant but is inversely

proportional to the square of the energy loss density or ionization density in
the phosphor.

c. Total Energy Flux Detector

The geometry of the total flux detector is identical to that of the ion detector.

An aperture defires a beam of radiation which directly illuminates an alumi-
num coated phosphor mounted on a photomultiplier tube. The d-c output of
the tube is then proportional to the total energy flux of x-rays, electrons, and
ions which can penetrate 0. 00005 cn of aluminum and are absorbed in 0. 005
cm of aluminum.
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d. Electroni and Proton Detector

Space rechnology Laboratories have designed a scintillation counter to meas-

ure the total flux of electrons of energy greater than 225 key and protons of

energy greater than 2 mev. This device is similar to the one proposed by

Dr. Davis. The only difference is the thickness of phosphor coating which
determines the minimum penetration energy.

e. Geiger-Mueller Tube

A Geiger counter is an ionization chamber in which the applied voltage is high
enough for the gas multiplication of the initial ions to produce a discharge that

spreads along the length of the center electrode. This discharge quenches
itself when the positive ions around the anode lower the field below the multi-
plication threshold. Such a counter can produce a count when a single electron
is produced in the active volume. An excellent description of Geiger counters

may be found in the literature (Ref. 43). Figure 14 shows the cross-section
of a typical Geiger-Mueller tube.

f. Proportional Counter

A proportional counter is an ionization chamber in which the initial ions are

multiplied by collision in a region of high electric field. Such counters are
applicable when the initial ionization is lower than 1hat which can be measured

using an ionization counter, or where it is desirable for simplicity to elimi -

ate all or part of the amplifier circuit.

g. Proportional Counter Telescope

A proportional counter telescope is used to detect particles more penetrating

than those measured by scintillation detectors. A cross sectional view of a
proportional counLer telescope is shown in Figure 15. Two counters are
formed by dividing a tube (1 inch I. D.) in half with a stainless steel partition.

Except for an entrance aperture, the counters are shielded by a 10 g/cm2

thick lead cylinder. Particles entering through the aperture will pass through
both counters if they have sufficient energy to penetrate the window on P, and
the partition separating P 1 and PZ. The energy loss measured in the counter
P1 and the range determined by the presence or absence of an accompanying

pulse in P 2 is used to determine what portion of the radiation are electrons and

what portion are protons or heavier particles.

Another variation of the proportional counter telescope has been devised by the
University of Chicago. The counter consistsof a 1-in tube, 2 inches on a

side, surrounded by six others of the same size in a concentric arrangement
about the center tube. The counters are filled with a 40-percent-mnethane-60-

percent-argon gas combination under 60-cm pressure. The whole assembly
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is contained in a lead shield of thickness 5 gm/cm2 . The center counter is
connected to a pulse amplifier, in turn feeding a scaler chain. The other

counters are connected in two triples to identical amplifiers. In addition to

the single events counter by the certer tube, triple events occurring in the

center tube and any two others diametrically opposite are counted by having

the three outputs connected to a triple coincidence circuit. The device will

measure electrons and protons of energies greater than 12 mev and 70 mev,

respectively.

The central counter may be used independently to determine the single count

rate for charged particles inside the lead shielding. Thus the single counter

provides a measure of the bremsstrahlung and is used as a monitor of this

radiation. Figure 16 shows a schematic representation of the University of

Chicago Proportional Counter Telescope.

h. Cerenkov Detectors

When a high-energy charged particle enters a medium of index of refraction

greater than one, it is moving faster than the speed of light in that medium.

Under these conditions radiation is produced at all wavelengths for which

1n> 1 (0 r V/C). This radiation is known as Cerenkov radiation. It is

possible to make use of this effect to distinguish between electrons and protons

in the radiation zones.

The main limitations on the choice of a detector is that it be a poor scintill-

ator, be transparent in the wavelength region in which radiation is produced,

and that the photomultiplier used to detect it is sensitive. Due to the different

mass of electrons and protons, there is a large difference in the energy

threshold for Cerenkov radiation. It is also possible to adjust to some extent

the low energy threshold for electrons by biasing the output circuit to record

only pulses above a certain minimumr'height.

The most likely configuration would use two or more detectors with different

proton thresholds but biased so as to have the same electron threshold. The

outputs of these detectors coupled with a counter would give a rough energy

distribution for protons as well as the electron-proton abundance ratio if

the proton threshold for one of the Cerenkov counters is higher than about

500 to 700 Mev, since it is not very likely that there are a large number of

protons above this ,nergy in space.

3. Internal Radiation Dete-ctors

High-energy electrons incident on the vehicle shell will give rise to second-

ary radiation which penetrates to the inside of the vehicle. X-rays are gen-

erated by accelerati.nc electrons to an appropriate energy and then allowing

them to stop in material of high-atomic num t er. Electrons of sufficient
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energy will collide with atoms of the material and release secondary electrons.
A fraction of the electron energy appears as electromagnetic radiation, gamma
and x-rays, called bremsstrahlung, with photon energies distributed between
zero and the full energy of the electrons striking the target.

It is this secondary radiation which concerns the occupants and equipment
inside the vehicle. The exposure rate in roentgens per unit time can be 1meas-
ured by various instruments. Among those more commonly used are cavity
chambers, Geiger counters, scintillation counters, and photographic films.

a. Cavity Chamber

The most commonly used cavity chamoer detector is the Victoreen condenser
roentgen meter. This device consists of an air-filled nylon or bakelite
chamber, coated on the inside with a conducting graphite mixture and fitted
with an aluminum central electrode.

The chamber proper is mounted on a cylindrical stern which acts as a capaci-
tor. Ionization in the air in the chamber allows charge to leak off the capacitor,
and the amount of this loss, as measured by the change in voltage across the
capacitor, provides a measure of the radiation exposure.

For measuring x-rays, the chamber walls are made roughly air-equivalent
and the filling gas is' air, so that the response is generally proportional to
the exposure dose. The Victoreen chamber calibrated for conventional x-ray
energies gives too low a reading on high-energy x-rays or on gamma-rays of
greater than ZOO key, and a separate calibration must be carried out for this
energy region. When radiations of very low intensity must be measured, the
more sensitive Geiger and scintillation counters have an advantage.

b. Geiger Counter

rhe response of a Geiger counter to x-rays is due mainly to secondary elec-
trons generated in the walls and crossing the sensitive volume. The output
of the counter is one pulse for each electron. See references 43 and 51 for

more details of Geiger counters.

c. Scintillation Counter

The scintillation counters already discussed may be used to detect secondary
electrons inside the vehicle. See the section on external radiation detectors.

d. Photographic Film

A charged particle passing through a grain of photographic emulsion causes
changes in the emulsion when the film is developed. A blackening of the
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emulsion occurs which can be measured as an increase in photographic
density. In this way it is possible to detect electrons and heavy particles

and, through the effects of their secondary electrons, x-rays. However,

due to the time consuming procedure required to analyze emulsion plates,
this method will not be discussed further in connection with the instrument
requirements.

F. Meteorite Detection

It has been previously mentioned that meteorite penetration of a sealed space
vehicle poses the most hazardous event which can occur in space flight. Other
meteorite events of a less hazardous nature are the constant erosion of a ve-

hicle surface skin and the possible impact on external optical surfaces which
may render these ineffective. Volumes I and II of this study cover in detail
the meteorite ewivironment and the effects of this environment on vehicles and
equipment. The reader is referred to them for background on the problem.

There are many ways by whic.i meteorites can be detected impinging upon
the vehicle. It may not be required to monitor meteorite impacts but perhaps
also the effects caused by these impacts. Such effects are pressure leaks

caused by penetration (already covered in detail) and changes in spectral
characteristics of the surface (the most important of these is the a/c ratio).

Then again, it may be important to monitor oncoming meteorites prior to im-
pact on the vehicle. Radio and radar detection may pose a solution along with
a knowledge of the occurence of definite meteoric phenomena such as showers

and comets which repeat themselves year after year. At present, meteorite
detection consists of radar and astronomical ground observations and detection

from rockets and satellites. The material that follows describes these rocket
and satellite detection devices. The most commonly used detectors employ

acoustic microphone devices, scintillation devices, and wire gages.

1. Acoustic Detector

Airborne components of the micrometeorite detection system (Ref. Z7, 41)
consist of (1) a detector (diaphragm and microphone); (Z) a bandpass amplifier;
and (3) two logic circuits (each with a trigger, flip-flop, and emitter follower).

The micrometeorite system is momentum sensitive, i. e. , the output of the
amplifier is proportional to the mass times the velocity of the impacting

particle. A micrometeorite striking the diaphragm. will transfer its entire

momentuni inelastically to the diaphragm.. An acoustic pulse results which
travels to the microphone. The 100-KC component of the resulting pulse is

picked up by a piezoelectric crystal which rings et this frequency; the 100 KC

pulse is then amplified and the envelope detected. A two-channel pulse height
analyzer classifies the pulse according to whether it is produced by a low
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momentum (> - 5 x 10 - 4 gm cm/sec)or - high momentum (> - 5 x W 3 gm cm/

sec) particle.

The diaphragm is made of aluminum (7075-ST6) painted black on the vehicle

side and polished on the outer face. The microphone is attached to the

black side of the diaphragm and centrally located. The size and thickness

of the diaphragm depends upon the range of particle momenta to be measured

to obtain a well defined acoustic pulse.

2. Scintillation Detector

Berg (Ref. 55) described in detail a scintilling type of meteorite detector.

The device consists of a photo-tube (Dumont 6363) covered with two 800 A

opaque aluminum coatings separated by a thin coating of silicone monoxide

(SiO). The SiO coating between the aluminum coatings acts as a dielectric

forming a condenser. A particle impacting the coating and not penetrating

completely will convey its kinetic energy to the SiO in the form of heat. This

heat will cause a change in the dielectric which in turn causes a momentary

voltage drop pulse which is telemetered. A unique feature is the recovery
action of the dielectric. After the heat has been dissipated the dielectric

attains its normal value and is again available for use.

If a particle has sufficient mass and velocity to penetrate the dielectric

coating and strikes the photo tube, the remaining kinetic energy (total minus

the energy lost as heat in the dielectric) is transformed into visible light.
This light is reflected to the photo-tube where the pulse is amplified. This

detection method is 100 to 1000 times more sensitive than acoustic type

detectors. An acoustic microphone is mounted on the side of the photo-tubt
and picks up the particle momentum which is correlated to the output of the

dielectric and/or the photo-tube.

.A cutaway view of a similar device used previously on rocket flights is shown
in Figure 17. With exception of the exit window at the apex, the polished

lucite cone is completely coated with an opaque layer of alunrinum 800 A thick.

The window is adjacent to the photo-tube. The method of operation is similar

to that described above. However, due to the long light path (in the lucite

cone), Cerenkov radiation is encountered. The method described above does

not encounter this problem.

3. Micrometeorite Erosion Gage

Another approach to the micrometeorite problem has been proposed by

Secretan of NASA (Ref. 55). The gage is based on photoelectric principles.

The penetration of an aluminized layer by the meteorites and the resulting
increase in light transmitted to on especially designed cadmium sulfide

photoelectric cell are related quantitatively to the number of particles and
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energy. The gage is shown in Figure 18. The resistance of the cadmium
sulfide cell varies exponentially with light. The advantage of this gage is
that besides measuring individual impacts as pulses, it also measures the

cumulative effort of the meteorite impacts. As more of the opaque surface
is eroded more light is intercepted and consequently the d--c level of the

voltage is increased.

4. Wire Gage

A device- consisting of twelve gages has been developed by the Air Force
Cambridge Research Center (Ref. 56, 57). These gages present a total of
about two square inches of sensitive area and each of the twelve is sensitive

to the impact of a single micrometeorite of 5 to 10 microns in diameter. The

individual gages are 1 square centimeter in area and wound with two layers of

enamelled wire of 17-micron diameter. This insures that the entire area is
covered and is sensitive to impacts. An impact upon one of the gages destroys
its electrical continuity and this is reported back by telemetry.

5. Radioactive Erosion Gage

Another method of erosion measurement utilizes the number of beta particles

that are backscattered from a thin target as a direct indication of the material

thickness. By observing the change in number of backscattered particles
which results from the change in target thickness, it is possible to determine
the rate at which a physical process is removing material from the target
surface (Ref. 59). This method is extremely sensitive and most convenient

for satellite application. The method is accu-ate, involving a digital counting
operation (number of counts/second), rather than a delicate measurement of

the surface property of the satellite. Figures 19 and 20 show the system and
circuitry, Some of the advantages of such a device are listed below.

(1) Data is monitored periodically.

(Z) No data storage is necessary.

(3) Minimum amount of information needs to be Transmitted.

(4) Compatible with any telemetering system.

(5) Amount of power is extremely small (10 d-c volts at 2 ma).

(6) 1 to 2 ounces weight.
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Four considerations i.n the choice of the radioactive emitter are:

(1) With a p -ray emitter of high energy, ;se a rugged counter behind

the skin, because y rays will not be able to penetrate skin, and a y
enitter may effect other instrunents. P -particles have a limited
range and would therefore only effect the counter which they are
designed to operate.

(a) The half-life should not be too short, otherwise activity will

decay away quite appreciably while the satellite is still in orbit
(at least several days).

(3) Activity (inversely proportional to the half-life) should not be too
weak; that is, half-life should not be too long otherwise too much
material is required to give an appreciable counting rate. Since
the cosmic ray background acting on the counter may be 10 counts per
second, the (? -activity should give a higher counting rate.

(4) The radioactive nucleus chosen should be compatible with the skin
naterLal and should not lead to any undesirable chemical or metal-

lurgical problems.

Methods for incorporati.ng the radioactive nuclei in the skin:

(].) Paint on a thin coating.

(a) Evaporation in a vacuum.

(3) Diflusion--radioactive atoms penetrate skin thickness.

(4) ]P repare radioactive skin and overlay it on the base metal by
rolling miethods.

(5) Activate a portion of the satellite skin directly in a nuclear
reactor where neutron bonbardment produces radioactive atoms
throughout the skin.

G. Acoustic Noise Measurement

Acoustic noise has been determined as a deleterious environment for manned
space vehicles. Boundary layer noise during boost and re-entry may be as
high as 140-150 db at the manned capsule. This intensity is sufficient to
fatigue metals, cause malfunction of electronic components, interfere with
heari.ng, and cause nausea and dizziness.
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The devices used(_ tod(ay for me-.asuring such high sound pressure levels are

condenser-typeirjophiones (Ref. 67). One such device which seemns applic-

able to the problem) at hand will. be discussed. Other devices incorporating

semn-conductor microphones are not applicable because of thei~r low intensity

ranges (Ref. 68).

Coll elSe v-type mic ro)phones aire currently used to meaure high sound pres -

sures of' jet engine, and rocket exaLias us. Th es e devic es are capable of

measringLevels to ? L, 11)l The device ermploys a clamped plate as a

din 1 hragm. IThe inieroplione is 0. 6 inch in diameter and 0. 4 inch thick making

it highly ittra-ctivye kor fbolldlary layer mieasuremenmts. The microphone its elf

is lii united to q leinporntfur, range to 300OF continuously. For boundary layer

temTperature( Of the' odrof (-),)00 to 3000()F during re-entry, a probe tube

which threa(ds onthe end of the microphone may be used. This configuration

can )e' used to 71000; without c(oing, For higher temperatures a water

cooled jacket s urroundinp the tube can be employed.
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SECTION III

RECOMMENDED INSTRUMENTATION

The instruments presented below have been selected because of their special

features which make themr, attractive for use in all vehicles.

The instruments have the required ranges, accuracies, and sensitivities for
monitoring vehicle safety. Many of the devices presented here are still in the

developnent stage, while others have proven themselves satisfactory in high-
speed flight. Each sensor presented is discussed in some detail with emphasis
on range, speed of response, accuracy, sensitivity, and construction.

A. Temperature Measurement

The high temperatures to be measured eliminates many of the present con-
ventional devices. The sensors selected here meet certain requirements for
use in re-entry vehicles. For stagnation temperature measurements the
Tungsten-Iridium thexmocouple will provide the necessary means. For surface

temperature measurements other than stagnation, a thin metal resistance
thermometer has been selected.

1. Tungsten-Iridium Thermocouple

Tungsten-Iridium thermocouples are capable of satisfactory performance in

the 3000 to 4000°F temperature range. The only linitation of the gage is the
temperature extremes of the base metals. The only significant drawback in
comparison to more conventional thermocoup]es is their relative instability in
an oxygen environment. However, with proper insulation and protection these
gages can be designed to function for lengthy periods in the re-entry environments.

The gages have been used in the steel industry for measuring the temperature
of liquid steel. Temperature response of 2000 degrees in a few seconds have
been obtained with the bare thermocouple. The requirements for insulation

from the oxidative atmosphere will reduce the response time somewhat. It is
in this area that Tungsten-Iridiumn thermocouples have the advantage (Ref 48).
A typical output curve for this gage is shown on Figure 21. From the slope of

this curve a sensitivity of 1.25 x 10 - 2 mv/deg°F is obtained.

The response time required is based on the temperature rise rate of the stagnation
point. Rise rates of the order of 60°F/sec. for stainless steel skins are
anticipated for a glide re-entry. However, the response time will depend upon

the gage shielding.
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Several methods are available to protect the gage from corrosion and oxidation.
The usual methods include gas-tight metallic or ceramic wells or tubes. In
order to minimize response time the ideaL method would be to make the gage
an integral part of the surface material located below the surface. However,
with the present state of the art this is difficult. An alternate method would be
to groove the surface sufficiently, such that the gage would be just below the
surface, and then cover the gage with a thin sheet of surface material, either
bonded or plated. Bonding may be difficult for the temperature regimes in-
volved. The development of suitable bonds is now in progress. Typical of
currently available ceramic cements are: Corcast (Corning Glass), Ecco
Ceram (Emerson Cumning), Saureisen (Saureisen Co. ). These are good to
20000F.

Another method of attachment currently under development (73), makes use
of a small disk of the skin metal as one half of thermocouple junction. The
disk is electrically insulated from the surrounding material by a ceramic
insulator.

The accuracies of these gages is of the order of + -5 percent, with good
repeatability characteristics. Platinum gages currently have repeatability
accuracies of the order of 1/2 percent. For safety instrumentation,
accuracies of + 5 percent are adequate; however, to be used as flight control.

sensors greater accuracy would be required.

There are many refractory materials available for thermocouple protection.
The most common types are alumina (ALZ2OZ);beryllia (BeO), magnesia (MgO),
thoria (ThOZ), zirconia (ZrO2 ), Degussit AL23, and sapphire (monocrystalline
alumina). Bell Aircraft reports that a Tungsten-Iridium thermocouple using
a sapphire protector was operated for 75 hours in a 1. 5 percent free oxygen
atmosphere at 3452°F(Ref 11).

The problem of maintaining a reference junction temperature is another dis-
advantage of the thermocouple; however, this does not pose a difficult
problem.

2. Thin Film Resistance Thermometer

For monitoring temperatures at critical structural regions, thin film re-

sistance thermometers are selected because of their rapid response (on the
order of microseconds), size (in the order of 1/10 micron thick), and
sensitivity (temperature fluctuations of less than 10 F).

The resistance thermometer is about 75 times more sensitive than the thermo-
couple and the sensitivity can be varied by varying the energizing current in

the film. The resistance therrnoneter is easier to install and does not require

a reference junction or reference tempcrature nm:asurement.
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There are many ways to fabricate a resistance thermometer. The evaporation
technique consists of mounting a metal filament between two electrodes and
passing a sufficiently high current to vaporize the filament on the part to be
plated. This process is performed in a near vacuum. The thickness of the
coating is controlled by the distance between the filament and the part and
the time interval used. Another technique employs the use of metal foil
soldered to lead wires and bonded to the insulator. The advantage of this
method is that the instrument can be mounted on any material and lead
wires can be easily installed and ground flush with the surface before the

element i's installed.

A summary of construction techniques and characteristics can be seen in the
Table 3. This data was obtained from the Cornell Aeronautical Laboratory

(Ref 46). Platinum paint on a glass insulator proved to be the most sat-
isfactory combination for the instrument. Temperatures in the range of
2000 to 3000°F have been measured.

The main problem to contend with in resistance thermometry is to provide
a suitable bond between the insulator and the surface to be measured. Glass
insulators soften above 1250OF and it is therefore necessary to obtain a
suitable high temperature insulator. Fuzed quartz and pyrex glass have good
working properties up to 2000 0 F (Ref 75).

B. Pressure Measurement

1. Dynamic Pressure Loading

The impact pressure sensor under development at Lockheed Aircraft Company
(Ref 21) offers an attractive means for monitoring surface pressures on a
hyper-velocity re-entry vehicle. The significant difference between this device
and those commercially available is that the diaphragm is an integral part of
the vehicle surface.

If a surface hole is located at the point where the pressure is to be measured
and if before plating a tailored plug is inserted in the hole and plated

simultaneously with the rest of the st.rface, except for a thin annular ring
around the outside edge of the plug end, a rigid-center fixed-edge diaphragm
is produced.

Good thermal contact between the plug and the diaphragm is obtained by

plating. This method insures - mechanically stiff and rigid combination,

resulting in small surface deflections with corresponding deformations

distributed over the entire plug area.
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The resulting rigid diaphragm makes necessary a correspondingly rigid
measuring device. This is required in order to minimize the energy lost
in straining the diaphragm rather than the force transducer.

If the spring constant of the diaphragm is Kid and that of the driving plug
KT, the ratio of KT/KD should be large for maximum transducer stress and
minimum dependence on diaphragm elastic properties. From Figure 22, K D
can be reduced either by decreasing the plug diameter or by increasing the
annular ring width. Figure 23 indicates plug deflection plotted against diameter
for several annular ring widths (d).

The annular ring is a potential hot spot because the thermal conductivity at
this point is small as compared to the plated areas. The wider the ring, the
higher the probable temperature.

This d,-vi.u is capable of a sensing impact pressures to several hundred psi.

Before selecting an adequate transducer to operate with the diaphragm, the
frequency of the alternating pressures must be determined. Wrathall of
Lockheed has calculated the equivalent frequency from a pressure-time-history
of a typical re-entry vehicle as 0. 126 cps. In order to have a response error of
less than 1 percent, a resonant frequency Z0 times the frequency being
measured is required on the basis of classical one degree of freedom system
analysis or approxirpately a resonant frequency of 2. 5 cps.

Several transducers have been studied for use with this device. Strain gages
were considered inadequate because of the intolerably low spring constant
and of the large deflection required by strain gages. Other devices are
magnetostrictive, servo- self-balance, piezo-electric and pressure- controlled

crystal oscillators.

Of all the above, the piezo-electric transducer appeared the most attractive
because of the required stiffness. However, one drawback is the high shunt
resistance requirements necessitating an electrometer tube which is subject
to the effects of shock and vibration.

Development of more rugged tubes and possible use of transistors would lessen
this problem.

The characteristics of this device are:

Range - 0 to several hundred psi.

Frequency Response - 2. 25 cps.

Accuracy - 1 percent.
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Sensitivity - expressed in MV per lb of force on the transducer. The

higher the output the less stringent requirements for amplification.

Temperature Range - limited by the temperature of the annular ring.

Usually in the range of 1000 to 2000°F. The selection of high temperature

material for the diaphragm surface will ease the problem.

2. Internal-External Pressure Ratio

Internal pressures ranging from 14. 7 psi down to 4. 0 psi are to be monitored
in conjunction with external pressures of less than 10-11 mm Hg at great
distances from the earth. Pressure ratios on the order of 1012 or more are

to be experienced.

a. Internal-Pressure Sensor

In order to detect leak-rates an extremely sensitive gage is required. In
order to detect an internal pressure drop of 0. 10 psi a response time of 63. 2

percent of 34. 2 sec is required. This amounts to 21. 6 sec or 0. 005 psi/sec
(0. 254 mm Hg/sec).

The Haven's Cyclic Pressure Gage will satisfy the requirements for internal
pressure monitoring. This gage is attractive for several reasons. The gage
not only covers the complete range of pressures from atmospheric down to

less than 10 - mm Hg, but is rugged, has a small volume, and requires little
attention for high accuracy of measurement.

The gage works on the principle that an a-c signal can be obtained from a

normally d-c pressure gauge by cyclically changing the pressure at a given

frequency. An a-c signal is developed which is primarily a function of pressure
alone, as long as the electrical signal from the gage is appreciably above

thermal and microphonic noise (Ref 14).

Figure 24 is a schematic diagram of the cyclic gage. Resistance wires are used
as detecting elements and bellows are employed to change the pressure. The

detecting elements in the gage are each placed inside a sylphon brass bellows,

6 cc in volume. The eccentric shaft of a small motor drives both bellows,

changing their volumes by about Z0 percent. With this double bellows

arrangement, the shaft is working against the same pressure in each of the

bellows independently of the pressure surrounding the gage. The pressure is
communicated to the element inside the bellows through small holes, one of
1-mm diameter and the other of I/Z-mm diameter, which restrict the flow

of gas.

At pressures higher than 50 mm Hg, the tungsten wire acts as a simple

thermal element. At these pre.ssures the temperature, and correspondingly
the resistance, of the wire inc--eases when the gas in the bellows gives up
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heat under compression, and decreases when the gas expands. The temper-
ature change of the wire is a function of the mass of gas in the bellows and
hence of the pressure.

This gage measures pressure changes directly and is independent of gas
composition. It has a range of 10 - 5 to 103 mm Hg with an accuracy of 5
percent. The device weighs one lb., has a volume of 20 cubic inches, and
requires 50 watts of power (Ref 11).

b. External Pressure Gage

To continuously monitor space vacuum there are numerous devices which

will satisfy the requirements of range, response, accuracy and sensitivity.
Such gages as the radioactive ionization gage (alphatron) and the Bayard-
Alpert ionization gage are capable of pressure readings below 10 - 8 mm Hg
with the latter capable of attaining 10-11 mm Ig. Each of these gages is
described in detail in the literature. Each is dependent upon the gas composition
for pressure measurement.

A modified cyclic gage, using a Bayard-Alpert ionization gage as the pressure-

sensitive element in the bellows, permits measurements of pressures down
to 10-11 mm Hg.

The ionization gagehas an accuracy of Zjo and requires 20 to 30 watts power.

Ionization gages weigh about one-half pound and occupy from 10 to 20 cubic
inches. These have been successfully used in high-altitude rockets.

C. Strain Measurement

The idea of continuously monitoring the state of strain of critical structural

members seems very attractive. 8train gages could be used to obtain the
combined structural strain due to several factors such as aerodynamic loads,

thermal gradients, acceleration and vibration.

Although the state of the art of strain gage instrumentation is fairly advanced

there are important reasons that have limited their use almost exclusively to
laboratory and research type applications. These reasons are as follows.

Installations problems are present, such as bonding to the structure to insure
that there is no slippage between gage and the material so that the strain is

transferred exactly in both magnitude and direction to the gage. In addition,
the electrical insulation qualities of the bond must not change significantly
with humidity and temperature.

Although the circuit problems due in the main to the small electrical signals
and d-c circuitry have been solved quiti: successfully for laboratory and
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limited flight tests, the application t - field type testing requires further
development.

The application to indeterminate structures requires complex analysis to

determine the maximum strain from the indication of several gages. The

use of computers is indicated for in-flight strain monitoring.

By far the most serious problem is temperature sensitivity which is very

difficult to compensate for in the case of transient temperatures.

Despite the above disadvantages strain gages should be used on a limited

basis, such as verification of design of some structural part or in an area

shielded from the extreme temperature. In addition, the member to which

the strain gage is attached can be m-ade statically determinate to reduce the
complexity of analysis.

These modifications both in shie [dinig and method of attachment can be related

either by analysis or test to the stress at an exposed point on the structure.

It is therefore recommended that strain gages be considered for in-flight
monitoring on a limited basis, for design verification, and possible

operational use.

D. Vibration and Acceleration M~easurement

Vibratory accelerations caused by boundary layer and power 'lant noise can
be monitored by using any of the linear accelerometers presented in the state

of the art. Continuously applied acceleration during the boost or re-entry
phases can be continuously monitored by the vehicle guidance system. There-

fore, vehicle acceleration instrumentation will not be required.

The versatility of design and application indicate that the compression type

piezo-electric crystal accelerometers are most attractive for use in vehicles.

Vibration frequencies up to 4000 cps demand an instrument which has a

natural frequency of at least 10 KC. These types of accelerometers satisfy this

requirement in small size and mass. Sensitivity of crystal accelerometers is

expressed in millivolts per g (mv/g) and will vary with the impedance of the

connecting cable between the instrument and its cathode follower. Sensitivities

of the order of 1 to 50 mv/g are common with an accuracy of + 5 percent.

Acceleration ranges varying from . 02 to 40, 000 g are available with natural

frequencies to 150 KC. Frequency response of one cps to 15 KC is typical.

The application of high-temperature materials make the crystal accelerometer

capab]e of operating at temperatures about 500OF continuously. Special

cooling methods such as water jackets increase the range to well above 500OF

which is the requirement for structural vibration measurements with temperature

sensitivities below + 10 percent.
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These devices vary in weight from 1 gram to 60 grams and occupy a volume of

a fraction of a cubic inch to several ,ibic inches. No external power is

required for the sensor due to its seif-generating voltage characteristics

(piezo-electric); however, power requirements for the associated electronics

(cathode follower and amplifier) is of the order of 1 watt or less.

A typical sub-miniature piezo-electric accelerometer commercially available

uses a Lead Zirconate Crystal and has a weight of 1 gram, sensitivity of 2

mv/g, and range . 5 to 40, 000 g, output impedance 1600 megohms shunted by

. 004 mfd.

E. Radiation Measurement

The vehicle should have radiation detectors and integrators which will indicate

the total dose received inside the vehicle. A battery of detectors will be

necessary for various types of particles and various energy ranges of the

particles. The battery of detectors will be made up of scintillation counters,

ionization chambers, Geiger counters, and proportional counter telescopes.

The scintillation counter measures the total flux of electrons of energy

greater than ZZ5 key and protons of energy greater than 2 mev. The detector

is a plastic cylinder 2. 5 centimeters in diameter and 0. 64 centimeters thick.

Light pulses are detected with a photomultiplier tube. The detector is

surrounded by 10 mg/cm2 of aluminum. There is a 5-centimeter aluminum

window in the side of the vehicle, also 10 mg/cm2 thick. To decrease noise

in the output, the scaling circuit is biased to accept pulses equivalent to an

energy loss in the plastic of at least 200 key. The alumium window subtends

a solid angle of about 0. 5 steradian at the detector. Data are recorded and

transmitted in both analog and digital form.

An integrating type ionization chamber and a Geiger counter are used to

measure 1.25 mev electrons or 25 mev protons or greater. The ion chamber

consists of a 3-inch sphere filled with argon gas to an absolute pressure of

approximately 6 atmospheres. The ions are collected by a quartz rod, the

upper end of which is coated. The central rod coll cts electrons formed by

ionizing radiation in the argon gas of the chamber.

The second detector is a small halogen geiger counter. The counting rate is

recorded in digital and analog form. Neither the ion chamber nor the geiger

counter are deliberately shielded. The shields encountered by the incident

radiation are the vehicle walls, and aluminum can surrounding the detectors,

the walls of the detectors, and the other apparatus present in the vehicle.

The proportional counter telescope measures high energy charged particles in

the presence of strong bremsstrahlung. The apparatus is composed of a triple

coincidence counter system surrounded by 5 gm/cm2 of lead.
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The apparatus consists of seven cylidrical proportional counters, six in
a concentric ring around the seventh, with the outer counters connected

in two adjacent groups of three. The pulses from each group of counters
are first amplified before entering the triple coincidence circuit. The

central counter, which forms the second counter of the triple coincidence,
is also used to determine the single counter count rate for charged particles

inside the lead shielding. Thus the single counter provides a measure of the

bremsstrahlung and is used as a monitor of this radiation, in addition to
providing the single count rate needed for corrections of accidentals at very
high levels of flux. The output of the single counter is also fed to a scaling
circuit.

The minimum energy required to penetrate the coincidence counter with

shielding is 70 mev for protons and 1Z mev for electrons. Thus only
relativistic electrons will be measured as triple coincidence events and only

protons in excess of 70 mev will be registered.

Each of the detectors measures the integrated flui of particles above its
energy cutoff. However, due to the different shielding used, each has a different

cutoff as shown below.

Detector Detection Threshold (mev)

Electrons Protons

Scintillation Counter 0. Z25 Z.0

Geiger Counter-Ionization Chamber 1. Z5 25.0

Proportional Counter-Telescope 12. 0 70.0

The first detector has a weight of about 4. 5 pounds including the auxiliary
scaling, counting and indicating equipment. The detector itself weighs about

1 pound and requires 500 to 1000 volts d-c power.

The second detector set weighs about 2 pounds and requires 300 volts or more
for the ionization chamber and 500 volts or more for the geiger counter.

The third detector weighs about 5 1/4 pounds and requires about 1000 volts
d-c power.

The counters will be able to indicate accurately the radiation rate contributed
by protons and electrons of various energies. The various radiation rates
are summed and continuously integrated, giving the total dose received inside

the vehicle at any tirae since the beginning of the space voyage.
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F. Meteorite Detection Instrument tion

The problem of monitoring the effects of the meteoritic particles involves
the measurement of particle size and speed, damage caused, and location
of damage on vehicle surface.

A method for detection and identification of individual particle sizes and
velocities is under development. At present, only the momentum (mass
velocity) of meteoritic particles can be detected. This is accomplished by
acoustic microphone devices mounted on the vehicle surface. Further develop-
ment of the scintillation type detector coupled to an acoustic detector will
result in a device which will yield particle mass and velocity. The output
of the scintillator is proportional to Mv.2 whereas the acoustic detector
output is proportional to Mv. Having these two values, M and v zan be obtained

for each particle impact.

The scintillating detector proposed by Berg at NRL incorporates an acoustic
microphone and gives simultaneous readings of particle energy and momentum.
An unique advantage of this device is the recovery of the scintillating surface
allowing the device to be used over and over. One drawback is that for a
fairly large particle, i. e. one capable of penetrating the vehicle, the device
may be shattered and rendered useless.

For the larger particles a combination of acoustic microphone and pressure
gage detector will be used to locate a penetration into a pressurized vehicle.
Compartmenti-ing of vehicles with strategically located acoustic detectors
and leak detectors wili ease the problem.

The acoustic detection method has great sensitivity and measures a large area
when the crystal is placed in contact with a metal surface. Sensitivity
decreases with impact distance from the microphone. Signal strength is
proportional to particle momentum. The constant of proportionality is
determined for each individual microphone.

The transducer consists of a single piezo-electric crystal of cylindrical shape
and mounted in a machined support such that the overall vibration resonances
are tuned to an ultrasonic frequency at 100 KC/sec. The electrical pulse from
the transducer passes through three stages of amplification. The output pulse
is rectified and matched to the telemetry system. A sub-carrier oscillator is
modulated at a rate dependent only on the rate of impacts.

In this manner vibrations due to particle impact are transmitted along and
through the vehicle surface to the crystal detector. Impacting momentum
triggers a multivibrator. The greater the distance from the microphone the
greater the momentum necessary to trigger the vibrator.

The total power requirements ior such a device is low, on the order of a watt
or so. The weight 's less than a pound with sizes determined by the
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sensitivity required. Typical size o . the diaphragm is 12 inches long 4 inches
wide which was used on the Pioneer space probes. The diaphragm can be

curved to fit the vehicle surface cottour.

The use of meteorite detectors for vehicle safety is impractical within the
present state of the art. This is due to the vast uncertainty in the meteorite
environment and the infancy of detector development. What is needed is a
system integrated with the vehicle structure which will locate an impact,
determine the properties of the impacting particle and assess the damage
caused. At present in order to fulfill these requirements an impractical
number of detectors of various sizes, shapes, sensitivities, etc. would be
required. Therefore, the recommendations for meteorite detection devices is
left open pending further development in the state of the art.

Surface erosion caused by particle impacts can be monitored continuously
with an erosion gauge such as described in the state-of-the art.

G. Acoustic Noise Measurement

The device most appealing for measurement of boundary layer and booster
noise is the condenser microphone. A complete analysis and description can
be found in Reference 67. This device has been designed to provide a rugged
instrument to measure high sound pressures. The application of condenser
microphones dictates low distortion, stable construction, use of materials
having special physical properties, appropriate electrical circuits, and

accurate individual calibration.

A detailed drawing of the microphone is shown in Figure 25. In brief, the

microphone is 0. 6 in. in diameter and 0. 40 in. thick. It is constructed of
stainless steel and glass compounds. The device is unique in the fact that
it employs a clamped glass plate as a diaphragm. Thicknesses of the
diaphragm varies between 0. 0004 to 0. 013 inch depending on required
sensitivity. The device works on the principle of conversion of mechanical
to electrical energy via an electrostatic field.

As the voltage developed by the condenser microphone is proportional to the
amplitude of motion of the diaphragm, it is required that the diaphragm be
stiffness-controlled to produce an output independent of frequency.
Diaphragm resonance is damped by the resistance of the thin air space between

the diaphragm and back plate, the space between diaphragm and sintered
bronze sound entrance, and the resistance of the sintered bronze filter itself.

The device has a range up to 214 db with four interchangeable microphones.
Sensitivity varies 1 volt depending upon the microphone. Figure 26 shows open
circuit sensitivity curves for four types of microphones (Ref 67).
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Axial acceleration of the mass of tht, diaphragm causes it to deflect to an
extent proportional to the density and inversely proportional to the square
of the diaphragm thickness. Expressed in equivalent sound pressure level,
the sensitivity of the microphone to axial sinusoidal acceleration having a
peak value of Ig is 99 db for range up to 164 db and 109 db for range up to
214 db.

Distortion is less than 5 percent up to 15 KC. The microphones have been
founi to withstand shock waves 20 db above their rated linear output.

Temperature limitations of the devices are imposed by the physical properties
of the cable insulation. The long-time temperature exposure is limited to
300 0 F. For use at continuous high temperatures a probe tube which threads
on the end of the microphone may be used to provide a point source pickup.
By using a heat shield between the source and the microphone, temperatures
as high as 1400°F have been withstood. By surrounding the probe tube with a
cooling jacket, higher temperatures may be tolerated.

The associated electronics consists of a cathode follower serving as an
impedance transformer due to the high impedance of the condenser microphone,
a power supply, and amplifier.

WADC TN 59-307, Vol. III 45



SEC TION IV

CONC LUSIONS

The work done so far leads to the conclusion that more elaborate instrumen-

tation will be required in the future to safeguard the space vehicles against

extreme environmental hazards such as excessive loadings, vibration, temper-
ature, r;'diation doses, and micrometeorite impacts. It is therefore suggested

that those recommended sensors having the required ranges, sensitivity and

accuracy be used to monitor the above environments.

However, merely adding a few transducers will not solve the problem. What
is required is a system which will continuously monitor the safety of the
vehicle. This will consist of appropriate transducers integrated with the

structure in such a manner that the effects of the environment can be readily
sensed and that extraneous and spurious effects are minimized and have
electrical outputs that are compztible with required computation.

A computer as shown inFigure 27, will performthe necessary operations onthe

electrical outputs of the transducers such as differentiation to determine the
rate of change of a variable to predict tendencies, integration to determine the

cumulative effects, signal conditioning, and comparison against predetermined
values to determine safe levels. The output of the computer could be either
displayed to the pilot or telemetered to the ground stations as required.

The computer can also initiate escape procedures directly in case of extreme

emergency such as decompression by meteorite impact. The escape system
can also be activated by the pilot when the situation is not too serious.

The relationship between safety instrumentation and control instrumentation

has to be considered next.

By control instrumentation we mean such sensors as gyros, accelerometers,

air data transducers and the associate computers. The safety instrumentation

will form a separate system although there will be a certain amount of overlap,
e. g. , a single transducer can furnish data that can be used both for control and
safety and can supply inputs to both systems. At the output end of the two
systems the computers will also be linked, so that under certain conditions

the safety computer can override the control computer. With the exception of

the above, the work on the environmental safety system can procede inde-
pendently.
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This program is quite realistic and .- ost of the problems can be solved by the
application of state of the art techniq,.'es. Some problems can be simplified
by using a systems approach. An ez..ample of this is strain measurement by
incorporating appropriate design of some members of the structure as part of
the instrumentation system, so that strain can be easily determined.

Table 4 shows the environmental parameters that will be monitored during the
various mission phases. These include radiation, pressure, vibration, tem-
perature, strains and rmicrorneteorite impacts. A simplified block diagram
of the proposed system is shown in Figure 27. The output of the computer is
fed to the displays for the pilot's information and to the automatic control sys-
tem to initiate corrective actions in situations that do not require the pilot's
action and to the ground station through a telemetering link.

FUTURE WORK

Some fruitful areas of future work would be the following:

(1) Continuation of the study of the effects of the environments on space
vehicles to those environments generated by novel propulsion units
such as nuclear fission rockets, thermonuclear engines, plasma jets,
etc. The effect that these environments may have on the vehicle and
subsystems as well as possible means of monitoring these environ-
ments should also be investigated.

(2) In the area of monitoring instrumentation a fruitful area would be to
continue the study to the point of generating design specifications in
conjunction with a vehicle projected for the near future, such as
Dyna-Soar, where requirements are better defined.

(3) Study of environments created by defensive measures in space and
high altitude vehicles employing conventional and nuclear weapons.

(4) Instrumentation for (a) space environment simulation facilities and
(b) flight testing of space vehicles and satellites.
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TABLE 4

ENVIRONMENTAL PARAMETERS MEASURED DURING MISSION PHASES

Environmental
Mission Phase Concern Parameter Measured Quantity Controlled

Blast off' Pilot Safety Acoustic Noise, Exhaust Deflection
Vibration

Boost Pilot Safety Vibration, Acceler- Thrust, acoustic

ation Temp. , Shock, absorption and
Aerodynamic Noise. vibration, damping

and/or isolation

Orbit Pilot & System Temp. , press., Flight path. Internal

Safety radiation, micro- press, and cooling
meteorites system.

Re-entry Pilot Safety Aerodynamic heat- Speed, angle of attack
ing, dynamic press.
vibration, acoustic
noise,

Landing pilot Safety Shock

Luner Pilot & Vehicle Atmospheric gases
Safety and pressure;Landing

shock; Lunar dust con-

sistency & Depth,
Radiation, etc.
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Figure 3. U~eful Pressure R~anges of Vacuum Measuring Instrumentation
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PLUG CLEARtA*CE
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(2a = surfs-.e hole diamn.; d
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W , t-plug deflection due to pressure q.)

Figure 5.Pressure Diaphragm Formed of the Nose Cone Plating
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A, compensation
resistor binding post;, 0, compenha-
tior resisters; C, strain gage sensing
element; D, sa"ei stop; E, Jiaphragm.

Figure 7.Sectional View of a Compensated and Standardized
Strain-Gage Pres3ure Transducer
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Figure 9. Cro3:3-Section of Compression Type Crystal Accelerometer
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Figure 10. End Supported Bimorph Crystal Accelerometer
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Figure 12. Electron Detector
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Figure 3.3. Ion Detector
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Figure 14. Typical Geiger Mueller Counter
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Figure 17. Cutaway View of Berg Scintilla*,-on Detector
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Figure 19. Radioactive Method (singer)
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Figure 20. Circuit Arrangement for Increasing Sensitivity and
Excluding Cosmic Background (Goettelman)
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