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SUMMARY

This report describes a rocket experiment designed to measure den-

s5ity and molecular scale temperature above 100 km by means of a free molecule
flow analysis of the data. In addition, pressure, temperature, and density were

measured in the lower atmosphere by conventional methods.

A theoretical analyéis ‘under conditions of .continuum and free-
molecule flow is included. The desired atmospheric parameters are given in terms
cf the quantities measured by the rocket-borne instruments.

The mechanicsl design of the payload and the electronics and
electrical system are discussed.

The data is reduced ,and the atmospheric parameters'based on the
data are presented., The experlment is discussed,and modifications are suggested

to improve the experiment and obtain better data.
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NOTATION
Mg + F
k
mg + F
k

gauge orifice area
strength of the earth's magnetic field
measured magnetic field component perpendicuiar to the rocket axis

measured magnetic field component parallel to the rocket axis

| change in the magnetic field due to the presence of the rocket

pivportivauwlity factor
most probable molecular speed

diameter of an impact pressure probe, or initial compression of
the extension system spring ‘ :

diameter of a capillary in a pressure measuring systen

unit vectors pointihg scuth, east, and vertically upward
respectively ' '

friction force
accgleration of gravity

spring constant

pressure coefficient, >

Knudser number

characteristic length in flow problems
length of a capillary

mass of parts in the extension system
local molecular weight in the atmosphere
molecular weight of air at sea level
mass of the ejected tip cone plus m

flow Mach number on the surface of a cone
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* radius of a capillary —~— ~~ ~

--molecular scale~temperature5le$l

muss of moving extension syctem parts in the test frame
flight Mach number

emitted molecule number density

stetic pressure |

steady state pressure in a measuring system

mean pressure in a capillary of a-measuring system - - - - g
- measured nose cone surface pressure

stagnation pressure

universal gas constant

specific gas constant fcr dry air

local atmospheric specific gas constant

Reynolds. number based on cénditions at the surface of a cone
Reynolds numbeér based oﬁ impact pfobe diameter

speed ratié v

speed ratio component directed into the orifice probe -

time difference

.. static temperature

body temperaturein a gas flow

. o]
flow velocity on the surface of a cone

ionization gauge volume

components of Vw in the ?x,Ey,Ez directions respectively

relative velocity of the atmosphere with respect to the rocket
volume of the capillary in a préssure measuring system

horizontal component of the rocket velocity with respect to the
ground

volume of the gauge in a pressure measuring system
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(a,b,c)
(1,3,k%)
(,Z,m,n)

erf S

maximum component of VR perpendicular to the rocket axis during a
spin cycle

rocket velocity with respect to the ground

vertical component of the rocket velocity with respect to the
grouna

atmospheric wind velocity with respect to the ground

componerts of VR in the Ex’é&’gz directions respectively

magnitudes of the corresponding vectors
displacement from a reference positiocn X,

distance of the surface pressure orifice from the vertex of the
cone

direction cosines of the rocket axis

direction cosines of VR

direction cosines of the earth's megnetic field
error function 'UE_L/S e"x2 dx
3 :
T Jo

angle between V and the rocket axis

'angle between the rocket axis and the normal to the gauge orifice

ratio of the specific heats (1.4 for dry air)
+(90° - I) defines the acceptance angle of a sun sensor

angle betwecen the sun's direction and the plane perpendicular‘to
the rocke' axis

angle between VR and the vertical
mean free path
viscosity

angle between V and the normal to the gauge orifice

density

maximum change in gauge volume density during a spin cycle

time constant

time constant at standard atmospheric pressure
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x(s)
(a,8,7)

Subscripts
1 .
2

c

max.,

phase difference

azimuth angle of the rocket trajectory

'phase shift caused by wind

angle between two planes
angle between the rocket axis and the earth's magnetic field‘

angle between the rocket axis and the earth's magnetic field ‘
far from the rocket .

change in ¢° due to distortion of the magnetic field by the
rocket

-s2 7
e S 4+ s T (1 + erf 8)
angular spin rate of the rocket

direction cosines of the sun's direction

refers to the free stream conditions
refers to ionization gauge volume conditions

refers to conditions on the surface of a cone if there is no
boundary layer

refers to gauge volume condltlons when the orifice is orlented
to collect the maximum mass flux

refers to gauge volume conditions when the orifice is orlented
to collect the minimum mass flux. '
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1. INTRODUZTION

A The past 20 years has seen the increasing use of the rocket as a
vehicle for currying experiments into the earth's atmosphere. Atmospheric para-
meters such as pressure, density, temperature and composition, to name a few,
have ull been successfully measured with rocket borne experiments. The sounding
rocket provides a means of making measurements at altitudes which, while they.
are too high to be reached by balloons, are too low to be probed by satellites
(Refs. 1, 2, 3, b, and 9). '

Early rocket measurements of -pressure, density, and temperature
provided much of the data which was used in establishing the first standard
atmosphere tables. More recently, satellites have provided new information for
extension of the standard atmosphere to higher altitudes. However, quite large
deviations from these standard values can result depending on the time of day,
the season of the year, and the degrce of solar activity. For this reason many
rocket experiments have been flown, and many more should be. flown, to emperically
determine the effect of these various factors. In this way enough data will be
accurrulated to enable the various proposed atmospheric models to be properly

eveluated.

Wnile there are many ways of measuring pressure, density and
temperature, certain standard rocket experiments have evolved for making these
reasurements. Presswe and density, up to approximately 80 to 90 km, have generally
been determined with pitot-static pressure probes,or by measurement of impact
pressure and a surface pressure on the body of the rocket. Continuum aerodynamic
theory and test data from supersonic wind tunnels provide the means for relating
the measured pressures to the ambient conditions. Since the low altitude rocket
motion is geunerally free from large angles of attack, this approach yields accept-
able velues of pressure and density (Refs. 6, 7, 8, 9, and~10).

In the falling sphere experiment, the deceleration of a sphere
. ejected from a rocket is measured as it falls freely through the atmosphere.
Sinze the dreg coefficient for a sphere is well known from wind tunnel tests,
the decelzration can be related to the atmospheric density. Sensitive accelero-
meters and accurate .radar tracking of the sphere are necessary for this type of
. experlment. Using large inflatable spheres, these density measurements have
been carried to an altitude of 130 km. (References 11, 12, and 13).

A method which has been used quite frequently for making tempera-
ture and wind velocity measurements up to approximately 100 km is the rocket grenade
technique. 1In this experiment the rocket carries a number of explosive grenades
and releazses them one at a time above 40 km. By knowing the time and position
of the explosion, and the time of arrival of the sound waves at an array of
ground microphones, it is possible to compute the temperature and wind velocity
profile in the atmosphere. This method requires knowledge of the pressure and
temperature in the lower atmosphere up tothe first grenade explosion from radio-

sonde data (Refs. 14, 15, 16, and 17).

These brief descriptions summarize the more important rocket experi-
ments wnich have been used for making atmospheric structure measurements below
90 k. t higher altitudes the mean free paths of the atmospheric particles
become of the ssme order or larger than the rocket dimensions. When this happens
the nature of the flow field around the rocket is changed considerably. Under
conditions of free molecule flow, kinetic theory must be used to analyze the motion
of the gzs pazrticles in order to interpret the readings of gauges within the rocket.

1



There are two methods which have generally been used to measure
the atmospheric density at high altitudes. A method which has produced a consider~
able amount of density information in recent years involves relating changes in the
orbit of a satellite to the aerodynamics drag on it, and hence to the atmospheric
.density. (Refs. 18,19,20,21, and 22). This method has resulted in a considerable
amount of density information sbove 200 km, which has enabled the validity of
proposed model atmospheres to be tested. However, this satellite data is generally
restricted to altitudes above 170 km. Below this altitude, the atmospheric
- structural parameters are usually determined by some type of rocket experiment.

A second method of measuring density employs free mole"ule flow
theory to relate the gauge volume conditions, of vacuum gauges mounted in a
rocket, to the ambient density (Refs. 10, 23, 24 and 25). By allowing the rocket
to spin,and orienting a gauge with its opening facing perrendicular to the rocket
axis, it is theoretically possible to derive the atmospheric density and molecular
- scale temperature from the readings of a single gauge. With accurate measure-
ments of rocket velocity and angular orientation it is even possible to oblain
the velocity and direction of upper atmosphere winds. However, this is an ideal
situation which encounters practical dirficulties in an actual rocket experiment. -
‘Previous high altitude rocket experiments of this type have encountered z common
problem in attempting to make their measurements. This has been the presence of
a gas cloud surrounding the rocket which was of higher density then the undisturbed
atmosphere. As a result the measured gauge density is much higher than the theory
predicts. Unless the effect of this gas cloud can be subtracted frem the gavge
reading, the results can not be properly interpreted. Fortunately, spinning the
rocket imposes a modulation on the gauge density which is due solely to the free
stream conditions. With this meazsuremen®, the theory permits only the atmospheric
density to be computed. This methed still permits wind velocity and direction
to be computed (Ref. 10).

This gas cloud is believed to have a number of vossible sources.
One of these may be the outgassing of rocket surfaces close to the gauge opening.
Normally, this might not be of importance if the surface was cold. However,
aerodynamic heating raises the surface temperature and hance increases the out-
gassing rate by orders of magnitude. Since the normal flight time is so short,
the surfaces do not have sufficient time to clean themselves. In som2 of the
experiments there has probably beea outgassing within the gauge volunme itself.
--The gauge has started at atmoupherlc pressure and then has been required to mea-
sure pressures between 1077 to 107° mm Hg within 2 or 3 minutes. It has generally
been found that the density of the gas cloud decreases with time during the flight.

Another possible source of the gas is leakage from pressurized
rompartments in the rocket nose cone. Unless great care is taken to seal the
nose cone, even very small leaks could be important it they happened to be close
to the gauge openings.

A third source, and possibly an important one, is the rocket motor
itself., The hot internal and external surfaces of the burnt-out motor could
generate large quantities of gas which could be scattered forward to the vicinity
of the gauges. Pfister and Ulwick in Ref. 26 indicate the importance of the
effect of motor outgassing on their electron density measurements. This indi-
cates that motor outgassing probably contributes a large part of the total gas
cloud around the rocket.




The rocket experiment designed at the Institute for Aerospace
Studies was intended to measure atmospheric pressure and density at the lower
altitudes, and density and molecular scale temperature above 100 km. During tae
lower part of the rocket trajectory, this was done by making impact and nose cone
surface pressure measurements. Above 100 km the density was determined by the
method of making measurements with a pressure gauge oriented with its orifice
facing perpendicular to the axis of a spinning rocket. While this method had
been used previously, it was proposed to extend it and measure the molecular
scale temperature by using a pressure gauge oriented with its orifice at an angle
"of 459 to the rocket axis. Free molecule flow theory indicated that this method
of measuring molecular scale temperature directly was possible. The normal
method of determining the scale temperature is to employ the hydrostatic equation
for the atmosphere and the density vs altitude information obtained from the
experiment (Ref. 27). The method used in the UTIAS experiment for measuring
molecular scale temperature still requires the use of a spinning rocket. This
is still the only way of separating the effect of the free stream from that of
the gas cloud which is certain to be present. . W

While the experiment was designed to provide density and scale tem-
perature even though a gas cloud existed, an attempt was made to try and reduce
the magnitude of the gas cloud. The high altitude ionization gauges were sealed
within the nose cone and pre-evacuated to a low pressure in order to outgas them
At 76 km the nose cone was opened and the gauges extended forward, away from the
effects of nose cone surface outgassing. Great care was also observed in sealing
‘the pressurized section of the nose cone. Little could be done about the effect
of the rocket motor since the best way to eliminate this effect would be to sepa~
rate the nose cone from the motor. As this was the first rocket experiment de-
signed by the Institute for Aerospace Studies, it was considered to present toco
‘many complications to be attempted. In order to determine the effectiveness of
the measures taken to reduce outgassing, an ionization gauge was located in the
aft portion of the nose cone. The gauge was open to the atmosphere from ground
level and hence was subjected to the maximum outgassing effect.
[
"‘\

{

2. | [THEORETICAI, BASIS

: During its flight the rocket passed through the continuum, transi-
tion, and free molecule flow regimes in turn. As the theoretical basis for the
experiment is completely dlfferent fcr the continuum and free molecule flow
" regimes, these have been treated separately in the following sections. The
transition flow regime requires corrections to be made to both the high altitude
and low altitude measurements when the Reynolds number and Knudsen number indi-
cate the presence of transition flow.

2.1 Continuum Flow Theory

Ambient pressure and density for the lower atmosphere were
determined by making measurements of impact pressure, P, and nose cone surface
pressure, pg. These two measurement. can be related to the atmospheric densily,
and temperature or pressure with compressible flow.theory.

{




2.1.1 Atnospheric Density

The density is obtained essentially from the measurement of the
impact pressure at the nose of the rocket. If the pressure probe is not inelined
‘to the free stream, and if the Reynolds number is large enough to make viscous
effects negligible, then the measured impact pressure can be considered to be the
same as the stagnation pressure behind a norrmal shock wave whose strength is

3A given by the flight Mach number, The relation between this stagnation pressure

P, the ambient static pressure Py» and the flight Mach number Ml is givern by

L L
P [(7-1) M12]7-l [ 7y +1 ] 7-1
——— = -———-—-——-‘ . 2 — -
P, 2 e, < -(7-1)
P 2] 7-1 71 b1 7-1 (o.1)
—— = l 2 . 7 ) - 2 . .
Py 27y ,

This is the Rayleigh supersonic pitot tube formula given in Ref. 28. Newell in
Ref. 1 puts Eq. 2.1 in a form which is more useful in reducing rocket data. By

replacing Miz with p V2/Yp. and expanding the term y-1 -1/e-1)
1 1 l- o=
27,
as a series, Eq. 2.1 becomes :
P = 0.92 pra $ 046 b, + eeeuy (7 = 14) o (2.2)
Teble I indicates the relative importance of the terms in the series by compar-

ing the exact solution for ‘P/p; with the first term, 0.92 plvg/pl, and alsco with
the first two terms, 0.3z p,Vz/p1 + 0.46, for a series of Mach numbers. It can

"be seen that there is no significant difference between the exact solution and

the sum of the first twc terms of tha series for Mach numbers greater than 1.5.
The second term provides & ¢orrection whose importance decreases as the Mech

number increases. As a result the expression for the embient density as ceter-
~mined with only the first two terms of Zq. 2.2 is R

1.087 (P - 0.46 pl)

An accurate value of p; can be obtained from Eq. 2.3 without knowing p, accurately.
Substitution of a value of p; from standard atmosphere tables (Ref. 29} will re-
sult in an error in P of less than l% for Mli> 2, even if the assumed Py is in
error by 10%. Since in an actuazl rocket flight the Mach number quickly reaches

a value greater than 5, the 0.46 p; term becomes insignificant.

Equation 2.3 indicates that the atmospheric density can be deter-

mined if:
(1) the impact pressure is measured,
(2) an approximate value of static pressure is known, and
(3) the free stream velocity can be measured. :

L
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Using Eq. 2.1 and the predicted rocket performance figures, the ex-
pected impact pressure: were culculated. On this basis gauges were selected to
- cover the anticipated range of impact pressures. These are described in more
detail in Section 3.2. The U.S. Standard Atmosphere (Ref. 29) provides a
sufficiently accurate value of p, for an initial determination of p,. When the
actual p, is determined (see Sec%lon 2.1.2), then this value can be used if it
is significantly different.

Radar tracking of the rocket provides velocity and position in- _
. formation with respect to the ground. However, the rocket velocity is great
enough (i.e. up to 6000 ft/sec) to be influenced very little by atmospheric wind

during the lower part of its trajectory. For this reason, the radar determlnatlon .

of rocket velocity can be used in data reduction.

Since Eq. 2.3 is only accurate for small angles of attack an indi-
- cation of the angular orientation of the rocket is desirable. For this purpose .
sun sensors were employed in the rocket to measure the angle between the rocket
spin axis and the sun's direction. This information was sufficient to indicate
- that the rocket was not yawed significantly during the lower part of the tra-

jectory. ,

These measurements w1ll all be dealt with in more detail when the
- experimental results are examined.

The validity of Eq. 2.3 depends on the magnitude of the Reynolds
number, which is a parameter describing the importance of viscosity on the flow
field. Normally in the case of measurements with an impact probe, the probe
diameter is significant and the Reynolds number is defined by

d

py Vd
Red L
where d is the probe diameter and pj is the free stream viscosity. In Refs. 30,

31, and 32 the variation of impact pressure with Reynolds number for various Mach
numbers is examined both theoretically and experimentally. Reference 30 indi-.

cates that the correction is negligible for Reynolds numbers greater than 1000,

and is only 2% or 3% for Reynolds numbers as low as 60. If the Reynolds number
computed from the flight data becomes small enough then the necessity of applying -

 these corrections must be considered.

2.1.2 Atmospheric Pressure

The theory developed by Taylor and Maccoll for the supersonic
flow around a cone at zero angle of attack can be used to relate the firee stream
static pressure to the pressure measured at the surface of a cone. Reference 33
contains tabulated values of the function

P, -P : :
KD = ._c_.éi (2.14)
p, V
1
where p. is the surface pressure on the cone, in the ideal case of no boundary
layer on the surface. The value of Kp depends on the free stream Mach number
M;, and the vertex angle of the cone. Figure 1 is the result of using Ref. 33




to evaluate Kp as a function of M; for the Black Brant II nose cone angle of
1192L4',

By making use of the normal shock relations and tabulated flow
parameters in Ref. 28, the quantity P/% p,V2 can be determined as a function of
free stream Mach number, M;. Combining t%e equation_

P __ .
2:51 vz = F(Ml)
with Eq. 2.4 the following expression results:
P

Pe

. |
o —— (2.5)
o) TP

Equation 2.5 now expresses the quantity P/p  as a function of M, alone for the
particular cone angle being considered. Figure 2 is a graph of the ratio of
the measuresd pressures, P and p., as a function of free stream Mach number,
From the value of P/pc the value of M, can be determined, and hence the value
. of RjT1, from which the temperature can be determined when R, is known, since

v .

M == ~ (2.6)
N %

free stream velocity

ratio of the specific heats
R, = specific gas constant, given by R/my

where \'
7

non

R = universal gas constant
m; = local molecular weight of the atmosphere
T, = free stream temperature

Since the value of Kp used in Eq. 2.5 is that for the cone at
zero angle of attack, the angle of attack should be checked in the actual experi-
ment to insure that Eq. 2.5 is applicable.

. When the value of RjTj is determined, the atmospheric pressure
can be calculated from the equation of state

p,=p R T (2.7)
The previous analysis is valid only when the boundary layer on

the cone surface is thin. As the Reynolds number becomes smaller during the

rocket ascent, the boundary layer thickens causing an increase in the surface

pressure over the ideal value. This necessitates applying theoretical or empirical

corrections to the measured surface pressure to enable the atmospheric temperature

to be corrzctly calculated. Many theoretical and experimental investigations of

the boundary layer effect on the surface pressure of a cone in supersonic flow

have been carried out (Refs. 32, 34, 35, and 36). Figure 3, as obtained from

Ref. 35, indicates the deviation of the surface pressure from the ideal value

in terms of a correlation factor




3/0
Mc Rec

where Mc = Mach number on the surface of the cone _
C = proportionality factor in the relation between viscosity and
temperature, uy/up = C(T1/T2 )’
Pe U, X
Rec - E—-—L—E_
He
P, = gas density on the cone surface,
Uc = gas velocity on the cone surface, ’
Mo = 8as viscosity on the cone Surface,
Xe = distance of the pressure orifice from the vertex of the cone

(measured along the surface). :

The use of this empirical data to apply corrections to the measured surface
pressure will be considered in Section 7.

2.2 Rarefied Gas Flcw Theory

As the rocket ascends to higher altitudes, the atmosphere becomes
so rarefied that the nature of the flow around the rocket is completely different
from that at low altitude. The approach of this transition flow regime is signalled
by the need to make the previously discussed corrections to the impact and cone
pressure measurements. Probstein and Kemp in Ref, 37 discuss the criterion for

determining the degree of rarefaction of the flow around a body moving at hyper- ‘ %
sonic speed. The parameter which describes the flow is the Knudsen number,
defined as A

Kn=—f- .

The mean free path A, is the average distance which the air molecules travel
between collisions with each other, and L is a characteristic length for the pro-
blem being considered. For a highly rarefied flow the value of A is generally
evaluated for the free stream conditions, and the length L is the diameter or
length of the body in the flow. Free molecule flow is generally considered to

- exist when Kn > 10. This is a condition in which the body does not affect the
free stream molecules until they strike it, and there is no significant inter-
ference between free stream molecules and molecules reflected from the surface _
after collision. In this case kinetic theory can adequately describe the flux of
molecules reaching the surface of the body. However, one should be careful in
applying this definition to the free molecule flow regime. In Ref. 37 it was
pointed out that the body temperature has an effect on the flow field. If one
calculates the mass flux of particles emitted from the body surface usig kinetic
theory, it is found to be proportional to mpwT), (Ref. 38), where ny is an effective
smitted molecule number density, and Tp is the body temperature. For a given
incident flux of molecules, ny is inversely proportional to vﬁb. If the body is
old ny will be larger than if the bedy is hot, and thus there will be more inter-
*erence with the incoming stream. As a result there may still be significant
interference between the incident and reflected molecules even though Kn has a
ralue of 10 or greater based on free stream conditions.

________________’



While free molecule flow theory has been thoroughly described by
Patterson (Refs. 38, 39) and Tsien (Ref. LO), the near free molecule flow
regime is not as well described. For this type of flow, analyses have been
carried out which take into account single collisions between molecules of the
incoming and reflected streams (Ref. 41). The applicability of these is limited
by the simplifying assumptions made in order to permit a solution of the pro-
blem., However, this does allow first order corrections to be made in the absence
of any experimental data. -

|
/ ,ﬂ

’ The free molecule orifice pressure probe provides a means of
relating the measured conditions inside a pressure gauge mounted in the rocket, to
the flow parameters in the free stream. It is possible in principle to measure
P35 RiT1, and even obtain some information concerning wind velocity, by using &
number of gauges oriented at different angles to the free stream velocity.

2.2.1 Free Molecule Orifice Probe Theory

Slnce the basic theory behind the operation of the orifice probe
.has been adequately treated in Refs. 38, 39, only the relevant results of the
analysis will be included here.

Consider a gauge volume exposed to a uniform rurefied gas flow
through an opening with zero length {i.e. an orifice). The free streaum velocity
V, makes an angle, & , with the normal to the orifice. The free stream &nd ’
gauge volume density, temperature and gas constant are as shown below.

p2,T2 . _> g.

The free molecule analysis assumes the following:

"1) - The mean free path in the ambient stream is much gre.ter than the
gauge dimensions, implying that the incident and reflected streams of
molecules do not interfere.

2) There is an equilibrium between the mass flux of molecules entering
and leaving the gauge volume.

‘3) The distribution functions describing the veloc1r1es of the enterlng
' and leaving molecules are Maxwellian.

Under these éonditions the expression reléting the gauge volume
. conditions to the free stream parameters is

Dzvﬁigﬁ;

Py BiTy

= x (Sy) | (2.9)




where the following symbols are used:

-5..2 :
N
X (sy) = e + W Sy (1 + erf 8y) for Sy >0 (2.10)
2 , -
.SN .
x(sy) = e 7 |sy| (1 - erf|sy]) for 5y < 0 : (2.11)
v (o]
Sy = ——— cost, 0<E<180 (2.12)
¢ RiT)
and
X - .
- -y2 |
erf x = —7— fo e dy . . (213)

Since V/1/2R1Tl is the definition of the speed ratio S, then Sy is the component
of S directed into the gauge orifice.

It is evident that Eq. 2.9 contains both Py and RlTl as variables.
If measurements could be made simultaneously with a second gauge making a differ-
ent angle with the free stream, then, in principle, it is possible to obtain 2
equations to be solved for p; and RjT;. In an ideal rocket flight all of the
other parameters in the equations would be measurable., "However, this implies
that there is no gauge outgassing or atmospheric wind. If outgassing is present,
there is no way of distinguishing between the outgassing pressure and the pressure
due to the free stream molecules, unless the rocket is performing a motion which
produces & modulation of the gauge signal caused solely by the free stream mole-
cules. Similarly, if significant atmospheric winds are present, there are now too
many unknown parameters to permit a solution for the wind velocity, even if data
obtained during ascent and descent are compared.

2.2.2 Theory for a Pressure Gauge Mounted on a Spinning RocKet

The preceding discussion is only true in the ideal case of no
rocket or gauge outgassing. When this is present a different technique must be
used, although it is still besed on the validity of Eq. 2.9. For this situation,
consider the case of a gauge mounted on a rocket spinning sbout its longitudinal

axis.
Rocket Spin Axis
)




and minimum values of Sy are

The angle between the rocket spin axis and the relative velocity vector, Vv, is
given by a. The angle between the rocket spin axis and the direction perpen-

dicular to the plane of the gauge orifice is given by B.

As the rocket spins, the gauge volume density chunges in a cyeclic
manner because of the changing value of SN. When the rocket axis, the velocity
vector, and the normal to the gauge orifice all lie in the same plane, then the
function X(SN), and hence the gauge density Po, assumes a maximum or minimum
value. This value depends on which direction the gauge orifice is facing.

a) Gauge Oriented With B = 909

' Let us first consider the information which can be derived from
this type of rocket experiment when the gauge is oriented with B having a value
of 90°. 1In this form the experiment has been carried out several times by a

number of different experimenters (Refs. 23 and 4L2). For this case the maximum,

\'/
VR Ty
and
sin a.

\'A
SN( E
min) r-———

The gauge volume densities corresponding to these two limiting values of SN'are

_ Vsino 2
pg(max) VR2T2 . Qg R1T . NT V s;n a [l + erf ( V sin a J f;
p NR.T | N2 R T, V2RI
17171 171
. (2.1b)
and _ | ‘ ‘ | ¢
a | _(Vsina) b
pe(min)“/Rszzz’ 2R T, NT V sin o Vsina\] '
T = e - 1l -~ erf F _l . .
(2.15)
The maximum gauge density variation, Ap2 over a single spin cycle is therefore
given by
b0, VBT,
5 =AN27 V sina (2.16)
1
or
o= 202 oty (2.17)
1 Vor v sin @ ‘ ‘
where '




It is evident from Eq. 2.17 that a gauge oriented with B = 90° can be employed
to determine the free stream density if the following measurements can be made:

1) Gauge volume density.

2) Gauge volume temperature.

3) Composition of the gas in the gauge volume.

L) Relative velocity o' the rocket with respect to the atmospnere.
5) Crientation of the rocket spin axis.

Let us consider each of these quantities in turn and see what problems each
measurement might pose.

The measurement of pp, in principle, requires a vacuum gauge cali-
brated for the particular atmospheric composition to be encountered. In practice
the gauge is calibrated against a McLeod gauge for dry eir of normal composition.
At altitudes above 100 km the composition does start to change, due mainly to
dissociation of molecular oxygen, resulting in an etmospheric molecular weight
of 26.81 at 155 km (apogee for the UTIAS rocket) (Ref. 29). Some experimenters
have attempted to correct for this by measuring or calculating the gauge senci-
tivities for each of the atmospheric components (Refs. 42 and 43). This could
also present problems since the gas composition in the gauge volume may not be
the same as in the atmosphere due to recombination within the gauge. Depending
on the rocket al*’ ‘ude, these factors affecting the gauge calibration must be
considered in or . to provide an estimate of the error possible in measuring Poe

_ The temperature of the molecules within the gauge should be
essentially the ~cmperature of the walls of the gauge volume. This can be
easily measured with some type of thermistor temperature probe.

As mentioned previously, one's knowledge of Rp or the gas com-
position within the gauge volume may be in doubt. Unless the atmospheric com-
position is known, along with the degree of recombination within the gauge, then
Rp cannot be stated definitely. However, by comp’ring the value of the molecular
weight for normal dry air, and the atmospheric valus given by standard atmos-
phere tables as the two limiting values of Rp, an estimate of the possible
zrror can be made. By assuming Ry to have the sea level value, the calculated
value of p) can be too small by the factor dml/mo, where m, is the molecular
weight at sea level and ml»is the molecular weight at the altitude under con-

sideration.

The determination of the rocket velocity relative to the atmos-
phere presents problems because it cannot be directly measured. The only velocity
measured during the experiment is the velocity of the rocket with respect to the
ground, as determined by radar tracking. Since upper atmosphere winds greater
than 300 feet per second have been measured (Ref. 4l4) the relative rocket velocity
could be significantly different, in magnitude and direction, from the value
determined by radar. The quantities V and & can be expressed explicitly as
functions ot the unknown wind velocity components.

V,=e V_+e V +e V : (2.18)
R X X Yy vy z 2 :
‘where €y 1is a uni* vector pointing south,
€, 1is a unit ventor pointing east,
T, 1is a unit vectos vointing vertically upward, and
V_,V_,V_ are the correspondi.g rocket velocity components with respect to
the coordinate system fixed to the earth.
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In this same coordinate system the wind velocity is given by

v =€ € + € . | 20
V, =& vt v, YE, Y, ( .19)

As & result the relative velocity of the atmosphere with respect to the rocket
is ’ - - o ;
V=« (VR - Vw) . ; (2‘20) R

If (a,b,c) are the direction cosines of the rocket axis and

are the direction cosines of the velocity vector, then from Ref. 45, the angle
of attack is given by

1 V -v V -v V -v
a = COS- _E'——l . a + —L-—l '. b + —z_'—'—z’ «C (2021)
v v _ Vv
where .
Ve g - v)2 + (Vy - v))2 + (V, - v5)2 o (2.22)

If there are no atmospheric winds, then the maximum or minimum gauge signal

. must occur when the normal to the gauge orifice lies in the plane defined by the L
rocket axis and the velocity vector Vg. If winds are present, then the time of '
maximum or minimum gauge signal is shifted, because the normal to the gauge

orifice now must lie in a differest plane defined by the rocket axis and the

velocity vector V . The amount of phase shift in the signal is given by the

angle between the two planes def'ined above. Using the methods of analytic

geometry (Ref. 45), the phase shift &9, is expressed by

X Y + Y +X Y |
cos MW = — & 2 S — - ‘A;,_ﬂ,_‘,_,_%,wmP,,,(e .23) R —

oz, 2.2 \/ N
\/xa PR Yg *h Y

where

b c
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In order to make use of these general expressions containing the
wind velocity components, one must make some simplifying assumptions., First,
the wind must be assumed to be horizontal; second, the wind and other atmospherie
parameters remain constant over the horizontal range of the flight. There is
evidence to suggest that winds at an altitude of 100 km are essentially hori-
zontal, having fluctuating vertical components with rcot-mean-square values of
vertical speed of 1 to 2 meier/sec. (Ref. 46). However, the same reference
indicates the possibility of having horizontal changes in the wind due to large
wind eddies. There is a possibility that the wind conditions may not be the same
during ascent and descent. Since the wind eddies have a vertical extent of only
a few kilometers, their preserce would be apparent in the calculeted wind pattern.
By measurirg the phase shift at a given altitude during ascent and descent, one
obtains two equations from sitbstitution of the known parameters in Egq. 2.23.
While this illustrates that the wind components can be found, it is certainly
difficult to solve the equations. Ainsworth, Fox and LaGow (Ref. 10) describe
a graphical method of solution for the wind velocity which is still based on meking
measurements of the phase shift in the gauge signal, and using ascent and descent q
data at the same altitude. To simplify the solution the wind isstill assumed to
be horizontal and the rocketz axis is also considered to be vertical. In the case
of the UTIAS rocket, the angle between the rocket axis and the vertical was never
more than 15°, which was small enouzh to permit the type of solution in Ref. 10
to be used. Since errors arise in the measurement of phase shift, rocket velocity,
and orientation, the wind which can be detected by this method may be subject to
large errors in magnitude and direction. This guestion of detecting the wind
velocity will be examined mors fully when the experimental data is considered

in Section T.h4.

The final quantity which must be determined if the data is to be
interpreted is the anguiar orientation of the rocket axis. In principle this
can be done if one measures the angle between the rocket axis and the known direc-
tion of the earth's magnetic field, and also the angle between the rocket axis
and the sun's direction. The angle with respect to the magnetic field can be
measured with two single component magnetometers oriented parallel and perpen-
dicular to the rocket axis. An analog type of sun sensor was selected to pro-
vide the m=zans of measuring the angle between the rocket axis and the sun's di-
rection. If tue phase relation between the sun sensor signals and the lateral
magnetometer output is also considered, then the orientation of the rocket axis

can be uniguely determined.

Each of the mezasurements necessary for the interpretation of the
flight data will ve dealt with in some detail in the sections devoted to the
rocket payload and data reduction.




The free molecule flow analysis is based on the assumption that
the free stream parameters do not change significantly during a single spin
cycle. So long as the spin rate is sufficiently high, and the rocket motion
does not become unstable, this is a valid assumption. When the high altitude
gauges first gave useful readings at an altitude of 320,000 feet, the rocket
travelled a vertical distance of 1080 feet during a spin cycle. Over this dis-
tance the free stream density changes by only 6% (Ref. 29). At higher altitudes
the change becomes insignificant since the rocket velocity decreases and the
scale height increases. 1In addition, it will be shown that the change in the
rocket axis orientation during a spin cycle is also insignificant.

b) Gauge Oriented at an Arbitrary Angle B
' ' Rocket Spin Axis

~

. In this general case the maximum and minimum components of the
speed ratio are given by

SN(max) = S cos (B-a) ' (2.25)

and B
‘ sN(min) = 8 cos (B+a) . (2.26)

The corresponding gauge volume densities, obtained by substitution in Eq. 2.9 are
- o Y- B o
P2(max) V§2T2 -S%cos” (B-a)
= e

Py “ﬁlTl

and

P2(min) RT,

Py “ﬁlTl

-Szcosz(a Q) : .
= e ¥+ N s cos (B+a) {1 + erf S cos (p+x)}- (2.28)

The gauge density difference, Apz, over a single spin cycle is given by

1k

+ N7 S cos (B-0) (L + erf S cos (B-a)} (2.27)

it da




Op,, NR,T 2 2 . :
2 22 _ Scos B-a) N7 8 cos (B-a) {1 + erf S cos (B-a))
Py VR,T

 5Peosilpra)
L e Seos ) | mg cos (B+a) {1 + erf S cos (B+1)}

| / (2.29)
= F(S’G,B]

Equation 2.29 indicates that| Ap_ #R.T_/p., is a function of R T. of the form
2 2271 11

bo, NRT) ' ,
—2 22 _ RT. 7(s,0,B) | | (2.30)
-principle it is possible to solve for R if p, can be determined from

£ Fo a7 Thich 1s the special case for B =-90° and if Aoy, RpTp, V, 0, and B
are known. In actual practice there are certain limitations to this method
of obtaining RjT;. If deTl F(S,a,B) is a slowly varying function of S, it is
evident that large errors in the calculated value of RjT; are possible even
. though the measured values of the other parameters are quite accurate., It is
therefore necessary to examlﬁe Eq. 2.29 to determine its range of usefulness.

Consider Eq. 2.29 for the two limiting cases of values of S
which are small or very large.
Case (a): S << 1
]

For this case the following approximations can be used:

e
i erf x = 7= X for (x << 1)

and L
: Yo14+y for (y << 1) .

With these approximations, Eq. 2.29 beeomes
‘ | ,

ApZ R2T2 E
—_— = V% S [cos (B-a) - cos (B+0)]
oy MRITy '
|
when second order terms are jeglected. The expression Ap2 JﬁzTg/pl is there-
fore not dependent on RyT; and hence the method is not useful for very small
values of S no matter what values & and B are used.

]
]
é
|
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Case (b): S>> 1

For this case there are three possibilities depending on & and £:

(1) | S cos (B-a) >> 1 and S cos (p+a) > 1.
22; S cos (B-a)>> 1 and S cos (B+a) << -1.
3 S cos (B-a) << -1 and S cos (B+a) << -1.
Using the approximations
erf (¥ x)=11 for x > 1
and - )
e =0 for y >> 1

each of the above possibilities can be examined in turn. The resultiag ex-
. pressions for AAp2 J§2T2/(piJ§lTl) are the following: '

| o NR_T
(1 . Qi =247 [cos (B-0) - cos (B+a))

°1“ﬁ1T1

Ap2 2T2 '
(2) =S ~2V7 s {cos (B-a) }
VR Ty
(3) ApZ 2T2
3 — > 0
o VBT
In each case AngﬁgTz/pl is not a function of S, and hence these combinations

of S, 0 and B will not yield solutions for R1T1°

In general it can be said fhat solutions for RT3 will‘not be
possible if SN(max) and sN(min) are very small, or if they are very large.

Between these limits the sensitivity of the function ~§1Tl F(s,0,B)
" to changes in S will depend on @, and B and well as S. Since the values of ¢ and
S for a rocket flight are difficult to predict in advance, it is necessary to
choose a gauge orientation whose P will provide a pos ‘bility of solution of

Eq. 2.29 for a major part of the trajectory. Of course, if the value of S be-
comes very small near apogee, then an accurate solution for RjT; will not be
possible no matter what value of B is chosen.

The choice of a value of B involves a certain amount of compromise.

One requirement for B is that it produces a large value of Ap, since this will
allow greater accuracy in the gauge measurements if outgassing is present. The
second requirement is that Eq. 2.29 be soluble for RlTl over a wide range of
values of S and . These two requirements are not necessarily compatible since
the value of P which produces tke largest value of ApgdﬁngxprdﬁlTl)for a
.given S and o is not in general the one which permits a solution of Eq. 2.29

over a suitable range of values of S and d. Figure 4 compares the values of

Do ANRSTofoNR T ) for 0 < < 180° and S = 1 for B = 20°, 30°, 459, 60° and 90°.
The case for B = 90° is simply Eq. 2.16 which cannot be solved for Ri1T;. Hence
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it is evident that values of B close to 90° will not be useful even though these
would produce relatively high values of App. At the other end of the range where
- B is small, the value of Apo is also relatively smell. In addition, for values , 1

of ¢ close to 90° Eq. 2.29 cannot be solved for R1T; since Sy is small. As a re-

sult B was chosen to be 459 since this value gave good sensitivity, and as will be

shown, enabled Eq. 2.29 to be solved over a sufficiently large part of the tra-

Jectory. While this is not the only value which could be used, it is certainl

within the band of useful values, :

¢) Pressure Gauge Oriented at B = 45°

Substitution of B = 45° in Eq. 2.29 results in the following ex-
pressions:

(1) For 0 < a< bs®

2 - 2 ,
Lo NRT -g (1+sin 2 Q) -g (1-sin 2a)

—2.22 . e -e 2T S sin a
o VB T) ‘
' T Ll S
+ [;S(cos ‘a + sin @) erf { T (cos a + sin a)v] : .
(2.31) -

T . S o .
- J;: S(cos a - sin @) erf EVE (cos & - sin @)}

(2) For 45% a < 135°

2 2 '
2o WR T, -% (1 + sin 2) -g (1 - sin 2q)
—_— = e ' -e + EWSFina

pVRITY

” . s 'y i
— + e
+ 5 S (cos @ + sin a) erf &75— (cos a sin

- fEs (;‘{;{"’&;"‘“;;Z&’)“;gf”t%{sin a-cosa) ) (2.32)

{(3) For 135° < a < 180°

2 2
ApéJRQTQ -g (1 + sin 2a) -% (1 - sin 20)
—t L _ g » -e + N2T S sin @
pVR, Ty

-JZ 3 (cos a + sin @) erf (- S (cos a + sin a)
2 N2

..J%:s (sin a - cos @) erf { 7% (sin @ - cos a)) (2.33)

The expressions for ApeJﬁeszpldﬁlTl) are plotted in Fig. as a function of «
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for a number of values of S. To determine the range of values of & for which a
solution for RjT; is possible, Eqs. 2.31 to 2.33 are plotted as a function of S
for the full range of values of a (Figs. 6a, b). For values of O between 0° and
100°, the quantity ApgdﬁeTzﬂbl lTl)is very nearly proportional to S and hence
solutions for RyT; over this range will not be accurate. For values of a > 120° -
(Fig. 6b) the curves are no longer proportional to S except for small values of
S. Since the angle of attack is roughly in the renge 0 < & < 90° during ascent,
it is evident that solutions with a gauge oriented with B = 459 will only be
possible during descent. ' ' :

. In order to determine the values of RjT; during the rocket's
ascent it is necessary to orient a second gauge with B = 135°. In this way a
comparison can be made of results obtained over most of the rocket trajectory
above 100 km. The symmetry of the orientations B = 45° and 135° results in -
Egs. 2.31 to 2,33 being applicable to the case of B = l35°,-if 180-a is substituted
wherever ( appears. :

2.2.3 Time Response of Free Molecule CGauges

‘ Since the experiment requires the measurement of a rapidly varying

gauge volume density, it is necessary to investigate the time response of the ‘
gauge volume for a given orifice area. The time response must be fast enough to
allow the gauge volume conditions to reach essentially the values predicted for an
equilibrium condition at any ianstant of time. :

Consider the gauge volume, v, exposed to the free molecule gas
flow through en orifice of area, A.

s .
‘ - T
I, - Py» 210 1y

M2

. The free stream conditions are described by density p3, temperature T;, and
molecular weight my. The flow velocity is V and is inclined at an angle £ to
the normal to the orifice area. The gauge volume conditions are given by po,

T2 and m2.

From Ref. 39 the mass entering the gauge volume per unit time at
any time, t, is

P, Cm ' ‘
L 1 ax(sy) (2.35)
2 N .
where le = most probable molecular speed
5T
e - R Tl
1 m1 .
(2.35)
= y2 BTy

and R is the universal gas constant.
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At the time t, the mass leaving the gauge volume per unit time is

Po Cmy
2 Wi

Where Cm2 = 2 '52 T2 = J2R2T2 .

The rate of change of mass in the gauge volume v(dp /dt) can be expressed as
the difference between the mass flux entering and léaving the volume

A

oy P Cmy A Py Cmy A

+ = x(s - (2.36
V&t Ak o (sn) | (2.36)
or
dp P C
2 P2 1 my
@€t TT T pl'E;; x(y) (2.37)
where :
o Ry | (2.38)
mo

For low speed ratios (S < 2) the function x(SN) for the spinning rocket can be
approximated by a Fourier series of the form

x(sN) = k; + kp cos wt + k3 cos2ut (2.39)

where w is the angular frequency of spin.
Using this expression for x(SN), the steady state solution ior Eq. 2.37 is

R T, k, k. :
oy =Py [ Ky + =—=—— cos (wt - wl) + =2 cos (2wt- mz)]
R,T, 1y 1+bwr .
(2.540)
, ¢, = tan " wr (2.41)
and %, = tan"lour (2.42)

Equation 2.40 shows that there is attenuation and distortion of the gauge den-
sity waveform over the ideal value which is a function of wt . The magnitude of
this effect will be discussed further when the experimental data is reduced.
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2.2.4 Near-Free-Molecule Flow Corrections

The anelysis in Sections 2.2.1 and 2.2,2 have been performed
under the assumption thet the gauges are in free molecular fiow. This of’
course will depend on the relevans value of tc¢he Xnudsen number at the altitude
being considered. Reference 29 gives tue following values of mean free path -
at the altitudes ncted:

Altitude (;nQ Mean Frse Path (cm)
~85.0 1.02
~97.5 . - 10.%
li2.0 111.7

It is evidernt that the mean free path very quickiy hecomes large enough to con-
sicer that free molecular conditicas exist around the gauges in the extended
geuge packsge. For the gauge mounted fariher back on ithe body of the rocket
this condition will not be reached until & higher altitude is attained.

The package zontaining the pressurs gauges is a complicated .
shape and makes a varying ngle of sthask with the free stream. As a result
it is virtually impossible to make exaczt corrections for the transition flow
regime. Enkenhus in Ref. 47 performed experizents with orifice probes in super-
sonic flows at Xnudsen numbers in the neor free molecule flcw regime. An empir-
ical relation was ob%tained which gavre the variation cf orifice prove impact
pressure with Mach nuxber and Knudsen nusib2r., Although Enkenhus' experiments
were performed for cylindriczl orifize probzs placed perpendicular to the flow,
and hence do not duplicate the flow 2bous the rocket gauges exactly, there is
enough similarity to permit an approximate correction to the gauge readings to
be made. In Enkenhus' experiments tha2 probe temperature was higher than the
stream temperature, while in the rockat sxperinent the gauvge temperatures were
approximately equal to the stieam tsm}e-aque, As a result of the effect mention-
ed in Seection 2.2, the corrections {rom fnkennus' work may be ton small if the
Xnudsen number is based on free stream condlitions in each case. Fortunately,
Enkenus' work shows that for Xntdsen numbers greater than 2 the correction may
be of the order of 10% or les:z depending on the Mach numver and Knudsen number,

Since the mean free path iancrzases so rapidly with increasing
eltitude, corrections to the measuvred gauge. confiticns need only be applied
over a narrow 2ititude range. The necessary corracticns will be discussed later
when the data is reduced and computationsg cf thz mean free path and Xnudsen

number can be made.

2.2.5 Relations Between Atacspheric Pressure , Density and Temperahure

As a general rule rocket ervperiments do not measure atmospheric
pressure, density, temperature and molecular weight during a single flight. One,
or perhaps two of these paramstsrs may be neasured during a typical flight., Thus
a means of relating the measured varsmeter %o the others must be found. The two
basic relations which pesrmit an interrazlation hetween the atmospheric parameters
are the equation of state for ax ideal gas and the hydrostatic equation for a
fluid at rest (Ref. 1). The eguation of state is simply Eq. 2.7.

: L L o

p, = £ R.T. (2.7)




The hydrostatic equatidn makes use of the fact that in an atmosphere at rest
the pressure at a specific altitude is equal to the weight of the air in a
vertical cylinder of unit cross section above that altitude. Thus,

dp, =p, 8 dz , (2.43)

where dp; is the pressure change across the infinitesimal altitude change dz,
and Py and g are the density and acceleration of gravity at that altitude. 1In
integral form the hydrostatic equation can be written as

NOEEXCVRY BRI | (2.44)

¢}

-where p,(z) is the atmospheric pressure at some arbitrarily chosen altitude z,
and p (zo) is the pressure at an altitude 2q chosen at a reference altitude where

.the properties are known.

Combining the equation of state with either Eq. 2.43 or 2.44, the
following relations between pressure, density, and temperature result:

mg :
-u£: RTE dz - o
, 2.L5)

p,(2) =p,(z ) e

VA
- mls
Tl(zo) ml(Z) L RT dz .
pl(z) = pl(zo) " T, (2) ml(zof © . (2.46)

p,(z )m (2) m(z)) (2 |
O e LXCRIEE Gt [ ose ] e

Q

& TRT (2.48)

The quantity RTl/@lg)has the dimensions of length and is defined as the scale
height. Since it provides an indication of how rapidly 12 and Py change as
a function of altitude, the scale height is a fundamental parameter in upper

atmosphere study.

Atmospheric pressure, temperature, and density have all been
determined by different types of rocket experiments. If one of these quantities
has been determined as a function of altitude then from Egs. 2.45 to 2.48 the
remaining two can be calculated, but only as functions of mj. If two of the
parameters can be determined then the relations between the quantities can be
used to check the consistency of the measurements. Since the UTIAS rocket experi-
ment permits two of the parameters to be measured, the equations will be used
to ensure that the measurements are self-consistent.
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3. DESCRIFPTION OF THE ROCKET VEHICLE AND

‘PAYLOAD

3.1 Mechanical Configuration

In the UTIAS rocket experiment, tne nose cone was meant to be

more than just a covering for the payloadj
ments.,

number of modifications were necessary berfore it was sultable.
Epn requirements for the nose cone
nfill them.

follow describe the rocket itself, the des
and the changes which had to be made to fu

3.1.1 Black Brant IIA Rocket

_ The Black Brant IIA rocket
altitude sounding rocket, The single stag
time of approximately 15 seconds and a pea
the vehicle to carry a payload of 200 pcun
Of course, the mctual peak altitude depend
actual payload gight and the fin design
the weights and/ dimensions of the vehicle

Although this rocket is nor

is a Canadian designed and built,
e, solid propellant motor has a burning
k acceleration of 15 g, which permits
ds to an altitude of 500,000 feet.

as it is in most other rocket experi-

It was required to perform as a high vacuum chamber, which meant that a

The sections to

high

s on the launcher elevation angle, the
used on the rocket. Figure 7 provides
components.

mally fired with the fins set for a

nominal spin rate of zero, the UTIAS experiment required a spin rate of the order

of 1 cps or higher.

This spin was necessafv for both the measurement of upper

atmosphere density and scale *:amperature, and also for the operation of the sun

sensors.
aerodynamic instability problems.
commended by the rocket manufacturer.

The 1 cps spin rate was found tc'
A nominal spin rate of 3 cps was finally ree
A be
by Canadair Limited, was provided for the UTIAS rocket.

be inadvisable due to anticipated

fin configuration, with fins designed
Although these fins de-

creased the peak altltude, they were b°llEVEd to provide better aerodynamic

stability of thef?vehicle.

i
|

|
!

Figure 8 illustrates the payload space provided by the standard

Black Brant II nose cone.

With the exception of the steel cone for the tip,

the forward cone, the aft cone, the cylindrical section, and the extension body,

are all magnesilm castings.
mately 130 pounds.

3.1.2 Mechanical Design Considerations

This gives the basic nose coqe a welght of approxi-

|

|
|

The basic obstacle to a dlréct rocket measurement of upper atmos-
phere density above 100 km has been the presence of a relatively high density gas

-cloud surrounding the rocket and moving w1th it.

sideration in the mechanical design of the

eliminate possible sources of such a contamlnatlng gas cloud.

contamination that could be controlled in

For this reason the prime con-
lexperiment has been an attempt to

The sources of
luded outgass1ng within gauge volumes ,

outgassing of surfaces close to gauge orifices, and leakage of gas from

pressurized compartments. However, it was

considered that the extensive modi-

fications required to prevent outgassing from the motor were too cumbersome to

be attempted for this first experiment.

l
'

t

The elimination or reductlon of outgas51ng of gauge volumes, and
surfaces close to gauge orifices was achieved by seuling the high altitude gauges
in the conical section of the nose cone, and then evacuating this compartment to

as low a pressure as pcessible.

This required the design of a system for opening




the nose cone at the desired altitude and exposing the gauges to the atmos-
phere. It was decided to separate and eject the forward section of the nose cone
at station 30.0 (Fig. 8) to provide an opening through wnich the gauges could
be projected. The four gauges, oriented with B values of 0, 45, 90 and 135
degrees, were enclosed _n & vtainless steel shell. This gauge package was
mounted atop a set of spring-loaded, telescoping tubes which provided the fnrce
for pushing the nose cone away when it was separated, as well as extending the
gauges forward through the opening. This system also required a friction brake
to dissipate the energy in the spring and hold the gauge package in the extend-

~ed position. Finally, a portable vacuum system was designed to evacuate the
nose cone even while the rocket was on the launcher. Each part of the system
is described in some detail in Section 3.2.

By evacuating the high altitude gauges in this way it was believed
that the internal gauge surfaces as well as the gauge package surfaces could be
outgassed sufficiently to allow the gauges to follox the atmospherlc pressure
changes with minimized outgassing problems.

Since only one rocket was being instrumented, an effort was made to
duplicate untried equipment whenever possible. For example, two sun sensors
were constructed even though only one was required to provide the necessary
orientation information. In addition the high altitude gauge outputs were
arranged in such a way that some quantitative information could still be ob-
tained in the event that certain mechanlcal and electrical systems should fail
to operate properly. .

3.1.3 Nose Cone Sealing .

Nose cone sealing was accomplished by using the same vacuum tech-
niques which one employs 1in sealing laboratory high vacuum systems. O-rings
were used in all instances since they were the most reliable, if they were pro-
perly installed. The seasls on the nose cone were finally subjected to testing
with & mass spectrometer, helium leak detector before they were acceptable.
Since the final assembly at the rocket range could not be tested for leaks, it
was important that the number of seals made on final assembly be kept to a mini-
mum. In this way, many of the joints and holes could be sealed and tested in
the laboratory without having to be taken apart agaln.

The nose cone, as recelved from the manufacturer, was not well suited
for sealing to the required degre=z of leak-tightness., In normal use the nose
rones wern only required to maintain the pressure within them above a certain
pinimum wvalue. This could generally be done by sealing holes with RTV silicone
~ubber. However, this degree of sealing was not acceptable for a high vacuum
system, and hence O-ring seals had to be designed for each joint and hole in
she nose cone sections.

For sealing purposes the nose cone was divided into three compart-
sents. A bulkhead at station 86.0 (see Fig. 9) provided a compartment forward
»f this station which was required to be capable of evacuation to 1072 mm Hg.

{ second bulkhead at station 110.5 isolated the cylindrical section. This was
;0 be maintained at ground level pressure since it contained the electronics
‘or the experiment. The same requirements for leak tightness were demanded ifor
his section as for the evacuated conical section. A short cylindrical exten-
ion body was the transition piece between the motor and the pressurized com-
iartment. Holes in the outer surface of this section provided rapid escape of
he air within as the ambient pressure decreased during the flight.
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One of the firof tests performed on the large aft cone section, which
was to be =zvacuated, wes a chzck for porousity or cracks in the casting. The
castings had been psinted by the menufacturer, and this was first stripped from
the casting by chemical means, It wes then thoroughly washed with water and
rised with acetone., Sveel plates vere Wu"hfﬂcd 0 cap the ends of the castirg
and all threaded ncles were »luzged with “"Seslskrews". These ars machine screws
with O-rinzs wunder the heads manufacbured by the LP4-Hexseal Corporation of
Englewood, N.J. The casting wvas then mcunted on a high vaciuun pumping stand
to determinz the ultisate prassire vaileh could be attaaued Wzth & DUNPIng
speed of approrimately PO litrefsecosd it was found that an ultimate pressurs of
b x 10°° um Hy was possible arfier a wesk o7 punmj
4 -y

o
-~
~

0leg, if o a,Uhhpq vas made to

eccelerate the culgussing by heati the cone. By measnrlng the rate of pressure
rice in the con2 seetion when the punmpiar lir: was closed, the leak rate or
internal outgassing ratz was caliculated (o Se 3.8 x 1072 mme-iitzz/s second.  This
ce responded to an ef’ectlvc surfaze outgzssing rate of 5.5 x 10’9 el 1 e/
sec/~m2, which wes quite ancedtsblo {rox Lig standpoint of rate of pre sure rise
in the sealed cone. The ultimabe rressire auhainsd was an ideal value wihich
could nos he ubtained -n practice penausze bhe nos2 cone was latir filled with
nuxerous other parts and wirss which all incresased the irterpal scurces of oul-
gassing. '

The e evacuated %o a
low pressure if vween sections and
if th:z numerous Here than 10J nules

aalskrevs” fn awl
uh% O-rlugs wore in

were eventually
cages Vison O-cin
contact with the

Figire aC viaw of the lavecut of the us
payload compcnsnts mors invelved in de-
sign of the payload % Ju shromentz withi) e
nose c¢cne., rfor the experinznt 4o ulfill oxpuctations a nuiher of ag mechie
anical systenms had to operste prowsrly. Cosgidsmrable ef‘crts was expgnded in ithe
design and cevolepinent of these systens tc on: U“a their cperaticn in g reliadle
menner, _inis scchid je: & theine trlm“ﬁdd iou apd Lhe

avelopnent of ths o1s3,

Since ©whe exnpevinent dessnded on the reasuredent cf orws,lmﬂc and
densities, the szleciion of the guvges was of priwary img orv?"xcrc inen the
rocket flight 1mooses some rarsh envirowwaniel cond*'lons on thre trumen,s,
the gauvges wzre mainly selectze fur Lhe sbility to withstand the .o:4ct environ-
meint. The envirveoagsnital t=asts 3necili the National Researcii Council as
being zdecuate for equipnent in thse 3lacik IJrant LI Lockets vers the following:

(1) Shoci: A Snozh o7 257 in esch of three wutnally pergen-

Afculel funn Tor & duration of 10 milliseconis.

(2) Acceleration: Ao Yorward ac2zlaration ard 105 rearward acceleras
Lion for Lominute eaoh,

g BEST AVAILAB| E COPY




(3) Vibration: A vibration amplitude of 0,05 *nches peak-to-peak
from 10 to 50 eps; and 10g maxinum acceleration from
50 to 2000 ¢ps on each of three :wtually perpendicu-
lar axes, using a one hour cycling period and re-
maining 1 minute at each resonance,

(4) Temperature : A temperature range of -20C to + 75°C.

In practice not e2ll of the payloed componentc were given the

_environmental tests listed sbove. In some cases test data was supplied by the

menufacturer for his instruments. Only if there was some doubt that the com-
ponent would not function in the exyected env1ronment was the appropriate test

made.

From previous measurements of upper atmosphere properties (Fef,
29) it was kgown that the ambient pressure would vary from approximately 760
mm Hg to 10°° mm Hg. In order to cover this pressure range adequately, three
" types of pressure gauges were seclected.

Preliminary rocket performance data supplied by Canadian Bristol
Aerojet Ltd., provided the information for calculation of the stagnation and
cone surface pressures to be expected. On the basis of these performance fig-
ures and the theory in Section 2.1, stagnation pressures from O tc 8250 mm Hg
and cone surface pressures from O to 93C mm Hg. were anticipated. :

The high pressure range, starting at ground level, was covered
by strain gauge pressure %ransducers suppiied by the Fairchild Corntrols Corpora-
tion, Hicksville, N.V. 1In this type of transducer, diaphragnm deflection from
the appiied pressure produces strain in a semiconductor bridge causing a
linear voltage unbalance at the bridge output. The full scale output of the
transducer was 250 millivolts. A supply regulation module built into the
transucer allowed operaticn from unrﬁgulated supvlles with variation from 26

to 32 volts D.C.

The medium pressure range from 20 mm to 0.1 mm Hg was covered

"by subminiature thermocouple gauges manufactured vy Hastings-Raydist Inc., Hame
ton, Virginia. This type of gauge cperates on the principle that at low pressure,
the equilibrium temperature of a heated wire depends on the pressure, since the

- heat transfer from the wire depends on the pressure. A power supply provided

" a regulated heating current for the gauge elements. This power supply could

be operated from an unregulated 28 volt D.C. supply. The gauge output varied
between 1.5 millivolts at atmospheric przssure and 10 millivolts et high

“ yvacuum. These outputs could be changed slightly by making adjustments in the

gauge heating current

The manufacturers supplied environmental specifications for both
the strain gauge pressure transducers and the thermocouple gauges. However,
mechanécal test data for vacuum gauges suitable for measuring in the range 10'3
to 10°° mm Hg was not available from the manufacturers of these gauges. Threz
commercial gauges were selected for testing to the vibrational specifications.
These were a Balzers UMRL, an Edwards Hign Vacuum Ltd. IG-ZHB, and a Consoli-

dated Vacuum Corporation GFH-00l.

The first two gauges named have a triode electrode structure
con51st1ng of a heated ﬂathode surrounded by a wire grid, which is in turn
surrounded by a collector {(Fig. 10). In the unot cathode gauges, electrons
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emitted from a hot tungsten filament are accelerated toward the positive wire
grid. Some of the electrons are accelerated into the space betwean the grid and
the negative collector where they may collide with the gas moulecules to produce
positive ions. If the electrode potentiels and the grid current are kept con-
stant, the positive ion current drawn by the collector will be proportional to
pressure, below 107~ mm Hg. This type of gauge is generally considered to be an
accurate continuous indicator of pressure below 1073 mm Hg (Ref. 48).

The third gauge has a dicde structure which relies on the mea-
surement of the ion current produced by a high voltage glow discharge (Fig. 10).
The electrons emanating from the cathode, which is the body of the gauge tube,
are caused to spiral as they nove across a magnetic field to the anode. This
spiral action increases the posszibility cof collisions with the gas molecules
present and produces more sensitivity by increasing the number of vositive ions
formed. The magnetic field also sustains the discharge at low pressures where
the electron mean free path greatly exczeds the distance between the electrodes.
In using this gauge, one must be careful not to contaminate the internal sur-
faces since they form the gauge cathode.

The vibration tcsts on the three gauges were performed according
to the specifications using facilities provided by the Cenadian General Electric
Company. Each gauge was encapsulated for suppcrt in a 4 inch cube of epoxy
casting compound. This mounting bl.sck 2lso provided a means of orienting the
gauge on the shaker table. TFigure _1 shows the Balzers and the CVC gauges ‘
mounted in their blocks ané the tyxze of failure which occurregd in each case.

The results of the +25%s were as follows:

(1) Balzers UMRi:

The supports for the grid_ collector and filament failed, making
the gauge completely inoperative, If the electrode structure had been support-
ed this complete failure would probably nsct have cceurred. The failure probably
was the result of resonance in the elsctircdes.

(2) Edwards IG-2HB:

- , ... _This gauge had a giass emvelope and the collector and grid re-

ceived some support from the glass enclosure. Although the grid and collector
remained intact, the tungsten filament cathode was fcund to be broken. BEoth
of the triode type ionization gaugss faiied vefore the testing along one axis
had bteen completed.

In each case the testing axis along which failure oncurred was perpendicular to
the longitudinal axis of the gauge stiucture,

(3) Consolidated Vacuum Corporation GPH-001:

This gauge fared “etter in the test than the other two because
of its more rugged construction. It survived the vibration test along cne axis
perpendicular to the gauge tube axis bul tne anode broke during the test along
the second axis perpendicular to th2 gauge tube axis. A soft-solder joint on
the anode was the cause of failure, bui it was beiieved tlat this joint could
easily be strengthened to solve the problem,

z
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Since both of the hot cathode ionization gauges had failed in
a way which would have made them completely inoperative, it was decided to use
‘the cold cathode gauge because of its inherently more rugged construction.
This type of gauge has the advantage of having a higher current output at the
same pressure, and also it requires only a single high voltage power supply
for its operation. While its current vs pressure character&stic is essentially
linear at low pressure, it becomes non-linear above 3 x 10~* mm Hg with a re-
“sultant loss in sensitivity. If the gauge surfaces are not contaminated by
exposure to hydrocarbons in the vacuum system, adequate reproducibility of
the calibration results, Some of the gauges exhibited two stable modes of
operation for the glow discharge with sudden Jumps from one mode to the other
depending on the pressure. This operation was believed to be due to small
changes in the internal magnetic field caused by the magnetic shields install-
ed around the gauge magnets. - More will be said about the two mode operation
in Section 5 when gauge calibration is discussed. '

‘3.2.2 Stagnation and Cone Surface Pressure Transducers

The transducers for measuring stagnation and cone surface
pressures were located in the tip section of the cone which was to be separat-
ed and ejected. Two problems arose in connection with the high and medium
pressure transducers. Since the skin temperature in this section had been
found to exceed 200°C insulating the transducers was necessary. In addition,
the passage between the gauge volume and the pressure orifice had to be large
enough to provide adequate time response.

a) Mounting of Transducers:

Figure 12 illustrates the location and mounting method employed
"with the thermocouple and strain gauge transducers. A single thermocouple
and strain gauge transducer were connected to a common pressure manifold
for each of the stagnation and cone surface pressure measurements. Figure 13
indicates. the size and the interconnection of the two transducers. Thin wall
stainless steel tubing formed the connecting passage between the gauge volume
and the opening in the nose cone surface. Little heat could be transferred
to the gauges through the tubing. The stagnation pressure gauges were
positioned in the tip section and then Dow Corning RIV-601 silicone rubber
was poured around them, filling the space between the gauges and the inner
wall. The liquid rubber was vacuum de-aired both before and after pouring
to remove gas mixed into the rubber. After the rubber had hardened the gauges
were held firmly in position. The use of mold release on the internal sur-
faces of the nose cone and the gauges meant that the gauges could be removed
from the rubber, and the cast rubber plug could be removed from the nose
cone. This 1 inch thickness of rubber provided sufficient thermal protection
during the short time between 1ift off or the rocket and ejection of the tip
section, The rubber plug was held in place by a circular shelf fastened to

the nose cone,

The surface pressure transducers were mounted in a similar
manner on a circular shelf within the tip section (Fig. 14). The gauges
were positioned in a c¢ylindrical shell with a % inch thickness of silicone
rubber cast around them for mechanical support and thermal protection.
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Both of the cast rubbér plugs were removed from the nose cone,
and preconditioned to the high temperatures anticipated by baking for several

hours at SOOOF. In this way any volatile material remaining within the rubber -

would be driven off and not hamper futureevacuation of the nose cone.
b) Time Response of Gauge Tubulations

The second consideration in the design of the impact and sur-
fact pressure measuring systems was the response time of the tubing leading
to the transducers. Since the placemeat of the gauges was dictated by the
space available, the length of the tubvlation was fixed but the diameter
- could be varied to find an acceptable response time. Figure 12 illustrates.
the configuration of the impact and surface pressure orifices and the dimen-
sions of the tubing leading to the gauge volumes. References 49, 50 and 51
. provide a theoretical and experimental study of time response in pressure
measuring systems which was used in the analysis of the experiuental configura-
- tion. o ‘

. The flow in the pressure measuring capillary is assumed to
be leminar. In the practical case of the changing pressure in a measuring
system, this is generally true, since the capillary walls are smooth and
the flow velocities are low enough to prevent transition to a turbulent flow.
For pressures above approximately 5 mm Hg (at which rarefied gas effects
begin to appear) an analysis of the system based on the assumption of
Poiseuille flow permits the time response to be calculated. Reference 50
derives the following expression for the time constant of a system at pre-
ssures where a Poiseuille flow analysis is valid.

256 u L, (V_ + 2 V) ‘
1 2 71
T = = (3.1)
dh
1 P
- where M = viscosity of the air in the system
Ll = length of the tube
) Vm = gauge volume
7771 = volume of the tube . . .. .. .
dl = diameter of the tube
Pp = final or steady state pressure.

The percentage error in any measuremsnt falls to %% after time 37 has elapsed.

The time constants for the impact and surface pressure probes
were evaluated at standard atmospheric pressure using Squation 3.1.
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time response at high pressures.

a) Impact pressure probe response:

The gauge dimensions provide the following parameters for use
in Eq. 3.1:

Ll = 15 in.
d; = 0.150 in.
Vp = 0.065 in3.
v, = 0.1325 1n3,
p, = 2116 1bs/ft%
o= 4.7 x 077 slug/ft-sec at 212°F

With these values, T is 1.06 x lO'h seconds which certain}y‘provides adequate

b) Surface pressure probe response:
L

In this case the gauge dimensions are the following:
Ll = 3.0 in.
d, = 0.085 in.
. 3
Vm = 0,035 in”,.
%vl = 0.0085 inS.

Using the same values of py and p, T has a value of 4.5k x 10 -5 seconds. At
the surface of the nose cone the surface pressure caplllary ends in an 0.04O
inch diameter hole. However, Ref. 51 concludes that an orjfice has little
effect on the response time when its diameter is greater than i of the dia-
meter of the capillary to which it is attached.

As the value of p, decreases, the response time correspondingly
increases. Davis (Ref. 49) derives an expression for the! time constant which
takes into account rarefied gas effects. According to th&s theory the ratio
of the time constant at low pressure to thn value at atmospherlc pressure is

~ given by
” T 2116 r ' I
— s . (3'2)
To Py T + ,00278
where T = time constant at low pressures
To = time constant at atmospheric pressure
P, = mean pressure in the capillary (1bs/ft2)

r = radius of the capillary (ft).

The minimum pressures measured by the impact and surface pressure gauges were '
1.25 mm Hg and 0.06 mm Hg respectively. Using Eq. 3.2, the time constants
corresponding to these pressures are 0.0571 seconds and 0.101 seconds respect.-
ively. At an altitude of 240,000 feet where these pressures were measured,
the rocket velocity was 4100 feet per second. In a time of 0.3 seconds or

3 times the maximum value of T the rocket has moved 1230 feet vertically.

The ambient pressure change over this altitude interval is only 6% (Ref. 29).
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Thus irn the very worst case the error in the gauge pressure due to time lag-in
the system would be 6%.

3.2.3 Mounting of the Cold Cathode Innization Gauges

a) Gauge Package

The gauge pﬁrkage design was dictated by the requirement of ‘
having cleaned, outgassed surfaces clouc to the gauge orifices. Since attach-
. ment points for the separation mechanisn (to be described in Section 3.2.L4)
were located close to the upper end of thz aft core, the orening through

ich the gauges could he projected was restricted. The size and shape
of the opening dictated the configuration of the gauge package shown in Fig.

15.

- The gauge tubes were shortened to an overall lergth of 5 inches

to enable them to fit within the space availeble for the gauge package. Re-
ducing the length also reduced the gauge volume and hence improved the time
response for the gauge. The design values cf v, A and Cp, were the foliowing:

3‘
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With these values in Eq. 2.38 the time constant for the sysiem is 2.5 x 10-3
seconds. If the nominal svin rate for the rocket is 3 eps, then the signal’
attenuation factor l/Vl+(wT)4 is ©.9938.
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Teflon insulated coaxial cable carried the high voltage to the
gauge anode. The surface of the Teflon insillation was treated with a solution
produced by Chemplast Inc., Bast MNewark, .J., which permitted expoxy adhesives
to adhere to it. After soldering the cantre conductor tn the gauge arnode, a
coating of epoxy resin (Emerson and Cummings,Stycast 126%) was put on the
anode to provide electrical insvlation, In addition the anode was strengthened
with the same epoxy at the join% which the vibration tests had demonstrated to
be weak. In order to measurs the gauge voiuwsn2 terperature, bead thermistors

were cemented to the stesl harrel of each gauge tube. It was necessary to -~~~ "~

shield the gauge magnets to prevent interferenc2 with the magnetcometers by
enclosing them in thin-wall mild stesl contairers. These completely enclosed
the magnet but had openings for the ends of the gauge tube te protrude. This
was found to bhe sufficient to reduce the filux leakege outside the shields to
a level which was undetectabhle by the r2gn toimeters when the gauge package
was in its extended position. Figure 1% illustrates the details cf the final
gauge configuration. '

After all electrizsl counechions LO the gauges had be=n made,
they were Titted into the stainless steel mountings which formed the ends of
vhe gauge package. These pieces had the gauge orifices machined into them,
ard they determined the angular orientation of tha gauges with respect to
the rocket axis (Fig. 17). Le=akage trom the interior of the gauge package
into the gauge volume was prevented by an U-ring seal veitween the tarrel of
the gauge tube and the steel mounting plates. The shell of the gauge pack-
age was formed from 0.025 inch thick stainless steel shest. This shell was
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~ welded to the steel gauge mountings. The completed assembly was tested

with a helium leak detector to ensure that each gauge volume was free from
leakage from within the gavge package. The interior of the package was then
filled with Dow Corning Silastic RTV-601 in order to provide mechanical
support and electrical insulation for the gauges. The silicone rubber was
poured into the package in 3 layers with approximately 2L hours being allow-
ed for hardening before the next layer was poured. By working at temperatures’
of 45°F, the viscosity of the rubber remained low enough to allow complete
vacuum de-airing of the rubber after it was poured into the gauge package.
After this had been completed, the gauges were given a final test with the
leak detector. ' : , S

y The method of “potting" the gauges within the gauge package

was found to be of prime importance. It was necessary to completely rebuild
the gauge package after it was constructed for the first time when it was
found that & high voltage breakdown occurred inside the package after it had .
been under high vacuum for approximately 3 days. When the first gauge package - -
was constructed, the electrical connection at the anode was nct given an
insulating layer of epoxy. A different type of silicone rubber was poured
into the package at one pouring, and as a result, it was difficult to pro-
perly de-air the liquid rubber before it hardened. It was intended that
the rubber alone would prcvide ‘the high voltage insulation. When the high
voltage breakdown occurred and the package was dismantled, many gas bubbles
were found in the rubber. In the second, and successful design, the epoxy
coating provided the necessary high voltage insulation and any electrical
~insultation supplied by the silicone rubber merely provided a larger margin .
of safety. ;

b) Outgassing Comparison Gauge

As a check on how effective the outgassing reduction measures
had been, a fifth ionization gauge was located in the cylindrical section.
The gauge was fitted into a mounting, which was then fastened to the inner
wall of the cylindrlcal section. Figures 18a, and b give details of the
contruction snd sealing method. The orifice into the gauge volume was of
the same dimensions as for the gauge package. ’

3.2.4 Separation Mechanism e

In order to allow the package containing the vacuum gauges to
be exposed to the atmosphere at high altitude, a method of removing the tip
section of the nose cone forward of station 30.0 (see Fig. 9) had to be de-
vised. A system was designed which employed four ball-and-race quick-release
" fasteners (Fig. 19). In its use in the rocket, the races were fastened to
a collar in the aft cone close to Station 30 and the ball guides were fitted
into the separation mechanism, which was fastened to the cone section to be
separated. The four fasteners were released simultaneously by depressing
the plungers with a rotating cam, driven by four bellows actuators (hercules
Powder Company, Type BA31KZ2). These actuators provided a powerful linear
stroke and also kept the combustion products sealed within themselves. Cir-
cular guides in the cam and the actuator supports translated the essentially
linear motion of the bellows actuators into a rotary motien of the cam.
Figures 20a,b and ¢ illustrate the parts of the system and the mounting in
the nose cone. In order to prevent the cam from rotating too far and possibly
causing tne ball-and-race fasteners to lock again, the cam motion was stopped,
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‘ to the cam.

with the plungers depressed, by projecting scoops which gouged into diametrally
situated Teflon blocks. Ease of rotation for the cam was assured by the use
of & ball bearing on the central shaft and a circular Teflon pad beneath the

"~ cam. Construction of the separation mechanism parts was mainly from aluminum

since it closely matched the expansion of the magnesium cone but had a
higher thermal heat capacity. It was expected that the mass of aluminum
used would provide a sufficiently large heat sink to prevent the temperature
of the separation mechanism and the bellows actuators from reaching an -
unacceptable level. Stainless steel was used for the central shaft for the
cam, and hardened tool steel was used for the fasteners and the ramps fltted

Considerable effort was expended before the ball and race
fasteners were made to release reliatly under tensile loads. Tests were
performed on 2 number of designs and materials before the proper combination
was discovered. For test purposes the quick-release fasteners were mounted

in a fixture in the UTIAS tensile testing machine. This fixture made possible

the release of the fastener in the same way that the cam would release it in
the separation mechanism. The release force normal to the plunger was mea-
sured by adding weights to the test rig until the plunger was depressed (Fig.
21). The four fasteners finally made for the separation mechanism were each
tested under a tensile load of 500 pounds, and gave release forces varying
from 10 to 18 pounds. This was considered to be adequate since a single
bellows actuator was able to drive the cam in the system tests which were
performed later.

The tests showed that the hardness and surface finish of the
plunger were very important. Atlas Keewatin steel was finally used for the
plunger. The surface on which the ball bearings would slide was case
hardened and all sliding surfaces were highly polished. Both the race and
the ball guide were constructed from Atlas Nutherm steel. After hardening,
the race was still soft enough for the ball bearings to leave an impression
when the fastener was under load. It was found that the radius of the channel
cut into the inner surface of the race was qulte an important factor in deter-
mining the release force.

It was realized that differences in thermal expansion of the
various components could subject the fasteners to bending as well as tensile
loads. Provision for this was made by tapering the ball guide by 1 degree’

‘to enable it to pivot slightly in the race. Release forces were measured

for combined bending and tensile loads and found to be not significantly
different from those for tensile loads alone.

The action of the cam and fasteners after the bellows actuators
were fired was observed with a high framing rate Fastex camera., With framing
rates of the order of 3000 frames per second it was possible to observe the

‘cam motion, the depression of the plungers and the stopping of the cam motion

with the plungers depressed. The complete sequence required only approximately
10 milliseconds, -
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3.2.5 Extension and Braking System

The purpose of this system was to provide a means of pushing
the separated nose cone free of the rocket, extending the gauge package for-
ward through the opening, and then stopping the extension stroke after a
suitable length of stroke. Figures 22a, and b give details of the various
components. The extension system consists of two telescoping aluminum tubes,
the outer one fixed to the aft cone and the inner one sliding on two Teflon
bushings. A beryllium copper coil spring, with one end fixed to the base of
the outer tube and the other end fixed in the inner tube, provided the thrust
to push off the nose cone and extend the gauges. The force exerted by the
fully compressed spring was approximately 650 pounds. A large spring force
was chosen to push the cone apart since it was considered possible that
differential thermal expansion might cause some of the parts to bind. Later
high temperature tests allayed these fears.

The braking system (Fig. 23) consisted of an aluminum plate
pivoted at one end. The inner tube slid through a hole cut into this plate.
Two nylon pads fitted to the inner edge of the hole pressed against the slid-
ing inner tube. These pads provided the friction which dissipated the energy
of the spring and held the gauge package in an extended position. An adjust-
able spring which depressed one end of the aluminum plate allowed the friction
force to be varied to yield optimum extension.

The circular plate on which the braking system was constructed

" provided lateral support Tor the tubes. A Viton O-ring around the outer edge
of the plate cushioned the plate against the inner surface of the nose cone.

A short cylindrical section was machined into the inner surface of the cone

on vhich the O-ring could seat and also to centre the tubes in the nose cone.
This arrangement provided lateral support for the tubes but permitted them to
float in the longitudinal direction as the nose cone expanded during the flight.

Appendix A provides an analysis of the motion of the gauge
package and the ejected nose cone when the separation mechanism is activated.
The analysis indicates that there is & relation between the amount of spring
compression and the braking force which will permit the gauge package to be
stopped and held at the peak of its extension stroke. This relation as

given by Eq. A.12 is
' 2F m 2 2
R—' = ‘/;'; . /(d"’a) —(a*al)

where F = braking friction force

k = spring constant of the spring in the extension system

m = mass of the moving parts which remain with the rocket

M = mass of the ejected tip section plus m

d = .initial compression of the spring from its neutral position with

- no external forces acting on it

a= (Mg +F)/k
and :

a = (mg + F)/k .

Once the relation between d and F has been determined for the actual values of
k, m, and M, then from Eq. A.10 the length of the compression plus extension
stroke can be calculated. This is given by
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d -a * v/%{ . v&d-a)2-(a-al)2 ' (3.3)

One can then selectthe value of d which gives a compression plus extension
stroke which is safely below the maximum stroke of 33.4 inches, which is
determined by the position of the Teflon bushings.

- 3.2,6 Testing of the Separation, Extension, and Braking Systems

The best way to verify the reliab&lity and operation of the
mechanical systems was to test them under the same conditions that they would
experience in ‘the rocket. For this purpose, a mock-up of the nose cone was
constructed and the parts fitted into it as they would be in the actual nose
cone.

This mock-up consisted of an aluminum angle frame, topped by
an aluminum casting machined to the internal dimensions of the nose cone
(Figs. 2ba, b). The tip section of the cone was simulated by using an aluminum
casting at the base of the cone, a steel tip, and a wooden section between -
the two. This combination produced the proper weight and centre of gravity. -

" The aluminum casting was machined to permit the separation mechanism to be

fitted into it. In addition, a mock-up of the gauge package, constructed

~ from wood ‘and weighted with lead, was mounted on the tubes of the extension

systen.

Initial tests were performed on the extension system using a

' steel coil spring which had a spring constant of 23.5 pounds per inch and

which permitted a total compression of 21 inches. It was intended that this
spring would provide the data concerning the friction force applicd by the
braking system, which could then be used to determine the specifications for
the spring to be used in the rocket. The tests performed to determine the
friction force were done without the tip section in place. The gauge package
was compressed in the test frame and then allowed to be extended forward by
the force of the spring. By measuring the length of the initial compression
and the subsequent position of maximum extension, it was possible to calcu-
late an effective braking force for the system. Equation A.2 gives the magni-
tude of the compression plus extension as- :

2(d-;a) = 2(d - }—dﬁll{;gi) y (3.4)

where Mg is the effective mass of the moving parts in the test frame (i.e.,
the mock-up of the gauge package, the tube, and the extension spring). The
remaining symbols are defined in Appendix A. With tests of this type it was
possible to determine the variation of F as the strength of the adjustable
spring in the braking system was varied.

In order to determine the effect of vacuum conditions on the

. braking friction, the test frame was mounted horizontally in the UTIAS low

density wind tunnel. The gauge package was compressed in the test frame and
held in position by a cable which was held at one end with a ball-and-race:

fastener. To extend the gauge pacxage, the fastener was released by depress-
ing the plunger with a bellows actuator which was controlled from outside the
tunnel. With the tunnel pressure at 3 x 10-% mm Hg, the calculated friction
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force was 20% higher than previously measured at atmospheric pressure. This
ramount of variation was rnot considered to be significant since the tests at
atmospheric pressure had shown variations of this order.

With the separation mechanism mounted in the cone mock-up,

and the extension and braking systems mounted in the test frame, a series of
test firings were conducted to -verify the reliability of the complete systen.
In gereral only one bellows sctuator wa:s used in the separation mechanism,
rather than the four which could have been installed. 1In order to observe

tne action at the instant of separation and the subcequant motion of the cone,
all tests were photographed with 2 Fastex camera at framing rates of approxi-
mately 3000 frames per second. It was observed that the gauge package always
pushed the tip cone straight up, with no observed terndency for it to tip side-
ways. Since the rocket would be spinning in flight, this condition was also
51mulated for one test. The frame was mounted on & turrtavble spinning at

22 cycles per second and the separation mechanism was fired. Under these
conditions the operation of the complete system was nob nOulPeabl" dlfferent
from the case with no spin. '

On the basis of the informatior obtained from the preliminary
tests with the steel spring, a new beryllium copper spring was installed in
the extension system. Since the magnetometers were mounted on the outer
tube of the extension system clouse to the spring it wao necessary to select

~this non-magnetic material for the spring. lncrpa €s in the expected weight
of parts such as the gauge package and tip cone ne 351t ated making some in-
crease in tne strerngth of the spring. The spec1f1ca ions for this final
spring were as follows

¥ree length 57.38 in.
Possivle compression 25.50 in.
Wire diameter 0.315 in.
Outside dizmeter 1.846 in.
Spring corstant 27.9 1lb/in.

100 turns with 5 close wound turns st each end.

A nominal spring constanf of 25 ¢b/1a. had been speciiied, as for the steel
test spring, but the actual mzasured vaiue was 27.9 lb/ln. The purpose of
the close wound turns a% each end was to permit the spring tc be thr:aded
_onto a machined plug, which could then be fastened in the telescoping tubes.

The parts were again assembled in the test frame %o allow the
friction force to be adjusted with the spring in the braking system. When
this had been set 2t a value as close as possible 4o that indicated by Eg.
A.12 the parts were then installed in the nose cone. Figures 2%a, and b
illustrate a typical test of the completed system, although the mock-up of
the tip cone was still used for these experiments to prevent possible damage
to0 the actual tip section. If the friction force had been set at the optimum
value of 173 pounds, then the spring compression of 4.5 inches should have
produced a compression plus extension stroke of 30.5 inches. The test
illustrated in Fig. 25b indicates that the length was 29 inches which shows
satisfactory agreement. Under the free fall conditions experienced during
the flight, the length of the stroke should have been lengthened by approxi-
mately 1 inch. This experimental value of the 'ength of the extension stroke
was close to the limit of 33.4 inches determined by the length of the
telescoping tubes. In all, three tests of the complete sysiem were performed
successfully in this configuration.




‘ Since the nose cone would become hested during the flight, this
condition was simulated by wrapping the nose cone near the separation joint
with electrical heating tapes. Three tests were performed at Lemperatures

of up to 300°F. These pointed out soine potential problem areas in the separa-
tion system which had to be corrected to ensure reliesble operation. Teflon
caps were originally used on the plungers for the ball-and-race fasteners
(Fig. 19). While these were suitable at room temperature, they seemed to
soften at high temperature and become deformed when subjected to the action
of the ramps on the cam. Since this prevented the fasteners from releasing
properly, -the Teflon caps were repriaced by c¢aps made from hardened tool steel.
This softening of the Teflon also resulted in larger blocks of Teflon being
used to stop the rotation of the cam at the proper position.

When the necessary changes had been made, the separation mgchanism

was fitted into the forward section of the actual nose cone. e

i
* |=|‘

3.2.7 Cable Holder

A certain amount of slack had to be left in the electrical
cables from the ionization gauges to allow for the gauge package extension.
This excess cable was laced into a single bundle, and then tied with thread
to a sheet aluminum frame. The cable was thus secured during the powered
portion of the flight, but was free to tear lcose when the gauge package was
extended (Fig. 26). Event oscillators in the telemetry link were employed
* to tell whether the extension had actually taken place. If the input to the
event oscillator was short circuited, a continuous signal was relayed by the
telemetry. This short circuit was provided by lengths of 36 gauge magnet

"wire tied to the laced cable at Three points. When the gauge package mwas
extended, the wires would be broken, causing the output from the three event
oscillators to fall to zero. :

. “:
umping System ' : B

!

3.2.8

f
lf Since evacuation of the nose cone was reguired before the
launchinﬁ, a high vacuum pumping system was designed. The system was intended

..to provide pumping for the nose cone in the preparation area, while the nose
cone was transported to the launcher, and also after the rocket was mounted
on the launcher. This pumping action had to continue until 90 seccnds before
launch, at which time, the nose cone wassealed and the vacuum system detached
from the rocket. Figures 27a and 27b provide details of the pumping system.

The diffusion pump used was an Edwards air cooled pump with a
rated pumping speed of 150 litres per second. To reduce backstreaming of oil
vapour, the diffusion pump was topped by a baffle valve cooled by thermo-
electric cooling modules. Three D.C. power supplies rated at 3 volts D.C. and
20 amperes provided the power for the thermoelectriccooling units. The vacuum
line to the nose cone consisted of a 3 foot length of stainless steel flexible
hose with an inside diameter of 3} inches. An adaptor chamber was sealed
against the outer surface of the nonse cone around the pumping hole in (the
cone surface. The flexible hose was sealed to the chamber on one end, and a
curved C-ring seal on the other end was sealed against the nose cone. Atmos-
pheric pressure forces were not suificient to kesp the pumping line sealed '
to the ngse cone. A nylon strap with turnbuckles on the ends allowed the
adaptor chamber to be secured to the nose cone to prevent it from jarring
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loose and causing leaks. This nylon strap was held together at one point
with one of the ball-and-race fasteners designed for the separation system.

A single bellows actuator caused the release of the fastener when the release
of the pumping system from the nose cone was required (Fig. 28).

Ninety seconds before the rocket was launched, the pumpirg hole
in the nose cone was to be sealed to allow the pumping system to be released.
In order to achieve this, a valve was designed which was operated by a bellows
actuator (Figs. 29a,b, and ¢). A modified ball and race device was used to
reep a spring-loaded cover plate extended in front of the pumping hole. When
the actuator was fired the cover plate was retracted and sealed the pumping
hole flush with the nose cone surface.

It was found that the pressure in the nose cone could be re-
duced to almost 10"5 mm Hg after pumping for a week. No-attempt was made to
accelerate the outgacsing by moderate heating of the nose cone. -This pressure
level was considered to be satisfactory for the experiment. The nose cone
pumped down very slowly because of the long lengths of stranded wire inside
the cone. More than 200 feet of teflon insulated stranded wire and 60 feet
of teflon insulated coaxial cable contributed to the outgassing.

The thermoelectrically cooled baffle valve performed very well.
With a cooling air temperature of 759F for the heat exchanger, the interior
surface temperature of the valve was 5°F.

For uce in tine nose cone preparation area, an auxiliary mechani-
cal backing pump and air blowers for the diffusion pump and thermoelectric
baffle valve were provided. This equipment was also used while the nose cone’
was transported from the preparation area o the launcher building. '

In the launcher room, a second mechanical pump was located.
Here,a pre-evacuated backing manifold was installed. This consisted of two
4O foot lengths of 3/& inch eand l% inch inside diameter WC plastic pipe.
The end of the pipe was capped with a valve, and it was kept evacuated for
a day before the launch. During the arming of the rocket all power had to
be turned off. This meant installing manual or solenoid operated valves in
the pumping line at a number of places. Figure 30 is a schematic drawing
of the pumping system for the rocket mounted on the launcher. Figure 31
shows the actual equipment during the launch operation.

A solenoid actuated, air admittance valve allowed air to be
let into the pumping line after the nose cone valve was shut. This removed
the pressure forces which tended to keep the pumping system attached to the
rocket. The sequence of operations just before launch was as follows:

1) Close valve inside nose cone.

2) Open the air admittance valve and release the nylon strap
holding the pumping system.
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3.2.9 Sun Sensors

Two sun sensors were constructed and mounted in the extension
body (see Figs. L41b,d) to measure the angle between the sun's direction and
the rocket spin axis. Although these were both of similar construction, one
had a nominal angular field of view of 130 degrees und the other had a field
of view of 90 degrees. Specification of the angular field of view of the
sensors was made on the basis of angular orientation information from other -
flights., If the rocket motion was uunstable then a large acceptance angle
would be necessary tc permit the sensor to view the sun; if the motion was
stable then the narrow argle sensor would o2 adequate and would also have
better sensitivity. These sensors were similar to those previously used by
NASA for orientation information of spinning vehicles.

Figure 32 illustrates the principle behind the construection . ... . ...
and operation of the sun sensor. Six narrow slits form 3 planes oriented as
shown. The plane formed by slits 1 and 2 passes through the rocket spin axis.
The planzs formed by the other sliis both make an angle I' with the first
plane, The acceptance angle of the sensor is governed by the angle ['. Light
sensors are placed behind the back set of slits at A, B, and C. On a spinning
rocket the sun's direction will lie in each plenez at different times and
- hence light pulses will be received by thé light seasors at different insiants
For the sensor positions shown, seasor B would receive light only when 9 was
positive, sensor C only when 6 was negative, but senscr A would receive light
for the full range of angles., For a giveu valve of I, the angle © can be
calculated in terms of the time differ=nce between the pulse outputs of the
ligh*t sensors. In the analysis it may be asswied that the angle © does not
change appreciably while the rocket.rotabtes through 360 degrees and also that ’
the spin rate is essentially cunstant. If the time difference between pulses
is At and the angular frequency of rocket spin is w, then the angle through
which the rocket must rotate between ths tims the centrzl slit views the sun
and the time an angled slit views the sun is given by

P =0 A% ' (3.5

The relationship between § and ® can he shown to be

i . iiﬁké>tanf
@ = tan~L 5 5 ——1 (3.6)
: (cos“® - sin“® zvan<l)?
For small values of 6 _
9 ~ tanr (3.7)

This gives an indication of the sensitivity of the iwc sensors for smallvalues of 6.
For the values of I' used the sensitivity i '

E3 ~ ¢.466
L45] popso
and
aP .
[gg] S 1,000 .
. 1314)
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This means that tﬁe sensor with I ='h5° will have approximately twice the
sensitivity of the other sensor. Figure 33 plots the theoretical relation
between 6 and ¢ for I' = 25 and 45 degrees.

: , Figures 34 and 35 show the type of construction which was used
for both sun sensors. The body of the sensor was machined from & magnesium
block to minimize any problem of differential thermal expansion between it
and the magnesium extension body. To this block were fastened the plates
which formed the slits on the surface of the rocket, and also on the back of
the mounting block. These slit plates were constructed from 0.078 inch thick
stainless steel sheet, with sharply ground edges forming the slits. This
gave a uniform slit width with little chance of damage from normal handling.

By making the mounting block tent shaped, it was possible to achieve a more
compact design with the same resolution that would heve been ottained with a
larger flat-topped block. In order to reduce internal reflection, the magnesium
mounting block was given an alkaline dichromate treatment which produced a dull

black surface coating (Ref. 52).

~In order to resolve the pulses at small values of 6, it was

" desirable to design the slits in such a way that the pulse obtained would be
as narrow as possible. Since the sun itself subtends an angle of % degree

of arc, a pulse width of 1 degree was chosen &s a practical limit. This means
that the slit width must be quite narrow. A slit width of 0.010 inches was
selected to provide enough light for the light sensors, and a reasonably

small sun sensor.

The extension body was accurately machined with cutouts to re-
ceive the sun sensor mcunting blocks. This allowed the sensors to be placed
to within % degree of their calculated angular positions. Fairings fore and aft
removed the sharp corners projecting into the flow. Figures 41b and f illus-
trate the mounting in the extension body. N

Type 1N2175 photo-diodes were used to respond to the light
pulses. These photc-diodes have a very directional response to light, their
sensitivity being reduced by a factor of 2 if the light direction is 20 de-
grees off the sensor axis. This necessitated using more than one photo-diode
'to cover the full acceptance angle of each set of slits. ‘

The photo-diodes were mocunted in a magnesium block in holes
which had been drilled at the proper angle to allow each photo-diode to cover
part of the total acceptance angle of the sensor slits. The diodes were held
in place by a clear epoxy resin which provided electrical and thermal insula-
tion (Fig. 36). Since it was expected that the slit block would become heated
during the flight, care was taken to minimize the heat transfer to the photo-
diode mounting block by leaving a narrow space between the two parts and keep-
ing the number of contact points to & minimum.

The theoretical calibration for the sun sensors was verified
by mounting the extension body, with the sun sensors in place, on an outdoor
turntable. It was found that the turntable could be levelled to within 5 de-
gree even while rotating. Knowing the latitude, longitude, and the time, the
sun's elevation could bhe accurately calculated. By measuring the rotational
speed of the turntable and the time difference between pulses, the angle ¢
was calculated for various values of & . Some experimental points are shown
in Fig. 33. Figure 37 is a typical oscilloscope trace of the light sensor
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outputs. The light sensors were connected electrically in a way which pro-
duced positive pulses from the centre slit and negative pulses from the angled
slits. By observing whether the negative pulse was leading or trailing the
positive pulse, it was possible to tell whether the value of 6 was positive or
negative. The agreement between the theoretical calibration curves and the
experimental points was within 1°. 'Since the construction of the sensors

and the mounting in the extension body was considered to be very accurate, it
is believed that most of the observed disagreement was due to such things as
errors in levelling the turntable and measuring the time difference between
pulses. .

3.2.10 Magnetometers

While the sun's direction provided one reference for use in de-
termining the orientation of the rocket axis, a second independent reference
was necessary to uniquely determine the direction of the rocket axis. The se-
cond reference was the direction of the earth's magnetic field over Churchill,
Manitoba. From measurements made by the Defence Research Northern Laboratories
at Fort Churchill, the direction was known with sufficient accuracy. Two single
component magnetometers were installed in the rocket to measure the magnetic
'field components parallel and perpendicular to the rocket axis. These magneto-
meters were type RAM-3 manufactured by the Schonstedt Instrument Company of
Silver Spring, Maryland. The field sensing units were mounted in teflon blocks
on a shelf fastened to the outer tube of the extension system (Fig. 23). They
were positioned as far forward as possible in order to minimize the effect of
. the rocket motor casing on the magnetic field direction. If ¢ is the angle
between the rocket axis and the magnetic field direction, then the magnitude
of ¢ is given by B

tan ¢ = ﬁi : (3.8)
]
where B, is the magnitude ¢* the maximum magnetic field components perpendicu-
lar to the rocket axis over a singic spin cycle (see Section 7.0) and B, is
the magnitude of the magnetic field component parallel to the rocket axis.

L, ELECTRICAL AND ELECTRONIC SYSTEMS

The electronics required for the experiment could be divided
into two categories. The first of these included the components which the
- National Research Council had developed or supplied for the Black Brant II
rockets; the second comprised the components which were designed and construct-
ed at UTIAS specifically for this experiment. The electronic circuits develop-
ed by UTIAS personnel were of the following types:

1) DC amplifiers for the outputs of the high and medium pressure

(HP and MP) gauges.

High voltage power supplies for the cold cathode ionization gauges.
AC and DC . amplifiers for the outputs of the ionization gauges.
Automatic voltage-level sensing, and gain switchlng circuitry for all
of the AC . and DC = amplifiers.

£ W
Nt s ?

In addition to this the wiring of the equipment in the nose cone was done at

- UTIAS. NRC advice on wiring and construction techniques proved to be extremely
valuable in this work. A block diagram of the electrical system is shown in
Figo 38. ’ ’ ’
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| L,1 Telemetry

. ments.

required throughou

The ;design and development'ofﬂthe circuits required the efforts
of a number of people. Once the rocket instrumentation had been specified,

~the initial layout4of the electricdl system was performed by Mr. W.B. Feyrer,

who also constructnd prototypes of the high voltage power supply, DC amplifier,:
and automatic rang= switching for the ionization gauges. Further development

of these circuits das carried on by Messrs. G. Martens, H. Treial and B. Sher-
man., Final development and testing of all the circuits was performed by Mr.

J. Burt. The wiring of instrumentation in the nose cone was done by Mr. J.

Hager, who also assisted in the construction of the final circuits for the /
payload. Figure 3? illustrates some of the circuits which comprised the pay-

The |[Space Electronics Section of the National Research Council

_..supplied the telemetry system for the experiment. This telemetry system,

~which was of the FM/FM type, was provided by NRC for all of the Black Brant rock-

- et experiments being performed by Canadian universities. It contained 10 sub-
carrier oscillators with frequencies covered by the IRIG channels 9 to 18 in-

clusive (Fig. bla). The outputs of the subcarrier oscillators were combined
and transmitted by a crystal-stabilized FM transmitter with a 5 watt output.

~An in-flight calibrator applied short duration pulses of O and 5 volts ampli-
~tude to the input of the subcarrier oscillators, with the amplitude alternating

every 10 seconds. |One of the subcarrier oscillators carried the signal from a

~ 30 channel commutator which permitted sampllng of slowly varying signals at a

rate of 10 times per second.

In order to moaitor all of the signals, a subcommutator was
found to be necessary. This permitted each of 20 very slowly varying signals
to be monitored every 2 seconds. One of the commutator channels carried the ' 1
sub commutator signal, and a second channel carried an indicator voltage to tell
which sub commutator channel was being read out. The indicator voltage was
in the form of 20 Ooltage steps between 0.0 and 2.0 volts in 0.1 volt incre-

i
Main power for the telemetry system was provided by 18 silver-

‘zine cells of 5 ampere-hour capacity. This provided a nominal 26 volt supply

which was then transformed by DC-DC converters to the voltage levels required
for the equipment.  The standard telemetry package (Fig. 4la) was 15 inches

in diameter, b inches high, and weighed 34 pounds with its batteries installed.

. |
"L4,2 Radar Beacon 5

i :
Sinde accurate velocity and position data fcr the rocket was
j its entire trajectory, a radar beacon was provided by the

Churchill Research Range. A beacon was necessary for continuous radar track-
ing because skin tracking of the rocket was only possibly to an altitude of
200,000 feet. Range personnel had control of the beacon 1nstallat10n, check-

out and operatlon.:
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4.3 Ionization Gauge Circuits

, The primary part of the experiment involved the density mea-
surements by the five cold cathode ionization gauges. A DC-DC converter was
developed to provide a 4000 volt regulated supply from a 28 volt battery
supply. The maximum current drawn from the high voltage supply was limited to
2 milliamperes by resistors in series with the ionization gauges. The amount
of ripple on the 4 kilovolt supply was 20 volts rms. For reasons of reliability
separate power supplies were constructed for each of the five gauges.

A DC amplifier was developed which converted a gauge current of
. 2.5 microamperes to a 5 volt output in its most sensitive gain configuration.
Since the maximum gauge current was 2 milliamperes, a means. of switching the
amplifier gain was necessary. The gain was controlled by switching resistors
into the circuit between the amplifier input and ground. An automatic voltage-
sensing and switching circuit drove two relays which switched one of four gain
control resistors into the circuit.

Rocket spin caused both DC and AC components to be present in
the ionizaticn gauge output. It was necessary that amplifier gain switching
be performed on the basis of the peak value of the combined AC and DC signal.
In this way the input waveform to the telemetry was not clipped. This range
switching was performed by applying a peak follower to the amplifier output.
The peak follower output was compared to an upper voltage level of 5 volts,
and a lower voltage of nominally 0.5 volts since the gain factor between ampli-
fier ranges was nominally 10. The outputs of the two level comparators were
directed to logic circuitry. If the amplifier output was outside the range of
the two voltage levels, different gain resistors were switched into the ampli-
fier circuit in sequence until the value which put the amplifier output between
0.5 and 5 volts was found. The gain or range indication was provided to the
telemetry in the form of 4 equally spaced voltage levels between O and 4.5 volts,
with O volts indicating the most sensitive range. The ranges are defined as
Range 1, Range 2, Range 3, and Range 4, with Range 1 having the highest gain.

An AC amplifier was desjgned to magnify the modulation of the
DC amplifier output caused by the rocket spin. The AC amplifiers were necess-
ary for two reasons. If no outgassing effect existed, then the AC component
--of the DC amplifier output became difficult to measure accurately when the volt-
age was close to the lower switching voltage. If the outgassing pressure was
significant, then the ratio of the AC signal amplitude to the DC signal would
become too small to permit accurate measurement of the AC component. For these
reasons AC amplifiers were applied to the DC amplifier outputs of gauge num-
bers 2 and 5 (see Appendix B for the numbering system used for the cold cathode
ionization gauges). It would have been desirable to put AC amplifiers on the
outputs of gauges 3 and 4, which also had signal modulation, but the telemetry
channels to permit these were not availeble. The same type of range switching
circuitry was used for both the AC and DC amplifiers. The only difference was
that the AC amplifier gains were switched by factors of 3 instead of 10 as with
the DC amplifiers. The maximum AC amplifier gain factor was 70. A DC bias of
2.5 volts was applied to the AC signal before input to the telemetry in order
to allow the maximum peak-to-peak AC signal to be transmitted.
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L.b h P. and M.P. Guuge frplifiers

The outputs of the strein gauge pressure transducers, which
have full range outputs of 250 millivolts, were emplified using Burr-Brown,
type 19503 operational umplifiers, Gains employed varied between 620 and 20
depending on vhe gavge output. Range switchirg circuitry, the same as was built
for the AC &nd DC emplifiers, provide for gain ratios of 5 Dbetween ranges.
fach Lransducer was picvided with a separate 30 volt mercury battery suvply.
- Regulation w2t not necesuurv siuce the gaugecs had been orcdered frem the
mznufacturer with a built-in supply voluage regulator.

Tre th e“mocouple gavge signals were also amplitisd using the .
same operational axplifiers and gain switching circuitry. However, the gauge
output varied between 1.9 millivolts et atinospheric pressure, and 10 millivolts
at high vacuum. This required a maxiruvm gain of 1100 in the most sensitive
camplifier range. ' At thace ngh geins, the amplifier temperature drift Lecame
sigaificant. TFor this reason, tuern‘wto was mounted on the amplifier cir-
cuit bourd to monitor the uempc“ature, end enable ccrrections to be made 11

necessary.,

A2l of the circuits which were constructed for the experiment
¢ tested over o temperature range from 50°F to 160°F to verify their per-
. With the launch facilities available at the Churchill Research
here was little chancz ithat the payload temperature would fall velow
530F, since the elecironics dissipate d ovar 150 watts of heat when it was
orerating. The effects of tamperatiure on amplifier gain, switching voltage
level stability, emplifier zero drift, and fregucncy rasponse of both AC and
D“ amrlitiers were recorded. This was done for each circuit in the payload
‘and provided a basis for making tenperature corrections to the data in the

event, that it should be founa nece 38YY.

L5 Timers aund Firing Circuit

In order to zchivste the separati Lof system, the bellows actua-
tors had %o be fired a certoir time after 1ift- of l« Two, accelerziion actuat-
ed, mechenical timers were set for a time of 58 segonds. At this time the
_switching contacts in the tiuers closed the firing| circuit for the bellows
actuators. Fower to fire the bellows actuators was obiained by tapping off 12
volts from the mein UTIAS 22 volt battery supply. BEaca p2ir of actuators was
connectad to a separate firing circuit for reliability rcasons. Resistors in
the circuit limited the current to cach actuator to 1 anpers. Xven if a short
circuitv developed, the current drawn would not discharge the batteries within
the flight time involved

4.6 Batieries

‘ i ver-zinc cz2lls were used to provide power for all of the
equipment. The telemeiry systew had its own batteries and three battery
supplies were asgeﬂoled for the UTIAS experiment. Nineteen, 5 ampere-hour cells
provided a nominal 23 vclt °u301j for the high voltage power supplies and the v
thermocouplz gauges, Twanty, 1 ampere-hour cells provided the 14,6 volts
required for tas amplifiers and th2 range cwitching circuvits. The operation:l
gmiplifiers required close matching of the ¥ 14.6 voit supplies. After crarging,




an attempt was made to match the voltages within 0.1 volt by selecting the
cells carefully when they were combined into a battery. Battery charging

was performed by NRC personnel using the methods which they had found to give
reliable performance (Ref. 53). After charging, the battery packs were wrapp-
ed in thin vinyl sheet to insulate them from the metal battery case. This
minimized the possibility of discharging the cells in the event that the
electrolyte should leak from them.

4.7 Temperature Sensors

Component temperatures were necessary at a number of locations,
both for reduction of the data, and also as a matter of engineering interest.
Thermistors with a resistance of 10,000 ohm % 1% at 25°C were employed for
the temperature measurements. A 1200 ohm resistor in parallel with the thermis-
tor tended to linearize the voltage output across the resistor-thermistor com-
bination as the temperature varied over the region of interest. A typical
thermistor calibration curve is seen in Fig. L4O.

To aid in the data reduction;thermistors were located as follows:
1) Stagnation and cone surface Pressure gauges

2) Ionization gauge volumes
3) Burr-Brown amplifier circuit board.

4.8 Magnetometers

These units have been described in Section 3.2.10. The pulse
outputs from the sun sensors were superimposed on the magnetometer outputs in
order to conserve telemetry channels. The lateral magnetometer and the Ys
degree sun sensor were combined, and the longitudinal (or Z-axls)magnetometer
and the 65 degree sun sensor were combined. ‘

k.9 Miscellaneous Instrumentation

The payload contained instruments and circuits which did not
provide primary information for data reduction, but rather monitored perfor-
manice of instruments or provided information of engineering interest. 1In this
category were two crossed, lateral accelerometers and a longitudinal accelero-
meter, The latter alsoc proved to be useful in determining the rocket velocity
at low altitude. A number of voltage monitors were built into the circuits
to ensure that supply voltages remained at an acceptable value. These volt-
age monitors are indicated in Appendix B.

4,10 Electronics Frame

The electrical equipment and circuit boards were mounted on
frame constructed from aluminum sheet. Figures 4la, b, ¢, d, e, and f illus-
trate the type of construction and the mounting of equipment in the frame.
The telemetry package was mounted on the extension body with the bulkhead on
which it was constructed forming the aft liimit of the pressurized electronics
compartment (Fig. 9). The electronics frame was then mounted on top of the

Lh




telemetry package. Vertical panels from 0.091 inch thick aluminum sheet form
compartments into which the various components can be fitted. Using circular
end plates of 1/8 inch and 3/16 inch thizk aluminum, this type of construc-
tion formed & very stiff structure., Since the electronics frame weighed 12
pounds, un adequate heat sink was also provided to absorb the heat dissipated

by the electronics.

5. FPRESSURE GAUGE CALIBRATION

5.1 Strain Geuge and Thermocouple Pressure Transducer Caiibration

An attempt was mude to calibrate the gauges using the electronic
circuits and nose cone wiring in its final configuration. The transducers were
ussembled in the tip cone in their final configuration. Fitting the tip cone
to the aft cone completed the electrical circuits as far as the bulkhead sepa-
rating the conical section from the cylindrical section of the nose cone.
Jumper wires then had to be attached to complete the connections between the
bulkhead connector and the electronics frame, since the electronics was not
placed inside the cylindrical section for reasons of convenience in handling.
However, it was found that the use of the jumper wires did not affect the
calibration. The pressure in each gauge volume. was varied by the use of a
vacuurn manifold which could be fastened to the tip section of the cone. The
impact and surface pressure gauges opened into this common manifold permitiing
each gauge volume to be evacuszted to the same pressure. Employing a mechani-
cal vacuunm pump, it was possible to attain a pressure of 5 x 107- mm Hg in
“he menifold. This pressure was easily adjusted by leaking air into the
purping line through a needle valve. Depending on the pressure range involved,
the pressure was measured with a McLeod gauge, a calibrated bourdon gauge, or
a mercury manometer. '

For a particular pressure setting in the manifold, the trans-
ducer signal, the amplifier output, and the amplifier gain (range indication) -
were recorded for each of the strain gauge and thermocouple pressure trans-
ducers. Electrical® heating tapes ‘were then wrapggd around the nose cone and
the calibrations repeated at temperatures of 114 and 140°F. Over this tem-
peravure range the deviation from the 75°F calibration was found to Ye within
1% of the full scale output (Fig. 42). In the most sensitive amplifier ranges,
_the deviation appears to be very large for the strain gauge transducers be- e
cause of the high amplifier gain employed. The thermocouple gauges indicated
very little temperature sersitivity. The strain gauge transducers also exhi-

bited a time dependent drift when flrst switched on, requiring an hour to
stabilize completely. However, this amounted to less than 1J% of full scale
output, and could only cause 51gn1flcant error when the amplifier was in its
most sensitive (highest gain) range.

5.2 Ionization Gauge Calibration

The amplifiers and range switching circuitry were designed
for the measurement of pressures as low as 107! mm Hg. However, the rocket
apogee was only 96 miles instead of the 120 miles which had been anticipated
at the timg the circuits were designed. For this reason, an ultimate pressure
of 5 x 107! mm Hg was considered adequate for calibration purposes.
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‘ A stainless steel ‘calibration chamber was consiructed with in-
side dimensions of 7 inches square by 18 inches high. This chanber was large
enough %o hold the complete gauge package and its wiring. The high voltage
feedthrough which supplied power to the gauges was mounted on the end of the
chanber in the same manner as it was in the nose cone (one side at high vacuun
and the other side at atmosgheric pressure). Pumping for the chamber was
supplied by a 2 inch diffusion pump trapped with a liquid air trap. The
pump and the trap could be isoleted from the chamber by & water cooled bafF”
valve, whizh made ranid -ycllng of the system possible

When th° complete gauge peckage with its wires was placed in
the chamber, the ultimate preszsure attained was only 107 2 mn Hg. Ontgassing
from tre lengths of wire or from the silicore rubber poured into the gauge
package was probabtly the reascn for not being able to evacuate the chamber
to & lower pressure, This meant that the gauges would have to be calibrated
individuelly by pumping on each gauge velume in turn.

Although the gauge package was not calibrated inside the cham-
ber,i% was tested tc ensure that a high voltage breakdewn wouid’not czcur in
-elthier the gauge package or the feedtihrough. The minimum pressure of 1072 mm
Hg was maintained for more than a week, during which time the gauges were
operated pericdically. The pressure was also cycied to a value as high as 1
mm Hg to ensure that a high voltags breakdown would not occur at any of the

possidle operating conditions.

: The actual calibration was carried out by pumping on ea:
gauge volume in turn through the oriflice in the surface of the gauge packageq
This was done by holding the gauge paclage in a fixture whkich allowed each

gaug2 opening t2 be sealed over 2 nole in the calitration chamber, The f£ift
ionizetlon gauge, in its mounting, was similarly attached to the Chiamber %o
perrit it tc be evacuated. It was possible te vary the pressure in the cali-

bration chamber over a wide rarge by leaking air into it through a needle valve
from a second chambar, A mechanical vazuum punp maintained a low pressure in
the second chamber, whose pressure was also cogptrolled by bleeding azir into

it through a nsedle valve. This arrangement was necessary because the nesdle
valve on the calibration chamber permitited too high a leak rate irto the chame
der if eir was bled in at atmospneric pressure. It was _no% possible to cen-
trol the chaamber pressure accurately in the 107 7 £o 10~2 mm Hg pressure range
unless the air was bled in at reducad pressure. The meximum pressure at which
the second chamber wa:z cperated was 1 mr Fg. Dry air was prcvided for the
celibraticn chamber by pazsing i% through a small diarmeter copper tube irmers-
ed in liquid air Lefore it was l=aked irto Lhe chamoer through the needle valve
Cere was taken tc ensure tha® the air was bled into the chamber far avay {rom
both the gauge being calibrated and the referanece gauge being used for cali-
bration.

Preszsures in the calivration chamber were measured with a
Bayard-£Alpert type of ionization gauge, which was later calibrated ageinst a

~
.

¥cleod gauge. The McLeod gauge was & COUSOlldot“d Vacuun Corperatian type

CM-120 which has high SCHglblVluJ uO Fressures as low as 1075 ma Hg. The
stated eccuracy for this gauge is 4L ?

@ the same ionization gauge was

10=7 jem Hg at a pressure of 107"
e
3¢ ccne pressure when it was

e
mm Hz. After callu"a*lon had been compiet
mounted in the noze cone bto measure %whe no
evacuvated.
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-After the McLeod gauge had bezn outgassed, the chamber pressure
was measured, with the McLeod gauge and the calibration gauge, at two pressure
levels with the following resultis

Calibration Gauge McLeod Gauge Pb/Ph
Pressure Py (mm.Hg.) Pressure By(mm.Hg.)

4.7 x 10~ 4.4 x 1072 1.29
4.1 x 10-4 3.2 x 10~k 1.30

The cold cathode ionization gauges were first evacuated to the
ultimate pressure of the system. The high voltage supply for the gauge being
calibrated was turned on, and the gauge allowed tc operate for 5 minutes until
it had stabilized. Readings of DC amplifier output, amplifier range, and
corresponding calibration gauge pressure were recorded for a number of pressures,
to & maximum value of 10-3 mm Hg. The pressure was then reduced in steps to
the ultimate pressure, with readings of pressure and gauge output agsin being
recorded. Results of the calibration are illustrated in Fig. 43 for a typical
gauge. The calibration revealed that gauge number L had two stable modes of
operation. If the pressure was increased from 10°°® mm, one calibration curve -
resulted; if the pressure was decreased from a value above 1075 mm, a differ-
ent calibration curve resulted. This gauge calibration is shown in Fig. Lk,

It is believed that this double mode operation was the result of decreasing
the magnetic field within the gauge by the shields put around the gauge mag-
nets. The other four gauges did not exhibit this type of behaviour.

Three months elapsed between the time that the gauges were cali-
brated and. the time that the rocket was fired. During this time the gauge
package was wrapped in polyethylene sheet and crated to await shipment to the
rocket range. This raised the question of whether the calibration might
change during this time. Figure 45 compares calibrations for gauge number 5
obtained in May 1964 and the final calibration performed in December 195L.

There is aprarently no significant difference between the two calibrations.
Since the gauges in the package were not operated after their final calibravion,
the internal surfaces could not become contaminated and change the calibration.

6. THE ROCKET TAUNCHING

6.1 Churchill Research Range

The launching of the University of Toronto rocket experiment
in March, 1965 was one of a series of four firings coordinated by the Natlonal
Research Councll Space Electronics Section, at the same time. The facilities
of the Churchill Research Range were under the direction of the Office of
Aerospace Research, United States Air Force. Pan American World Airways,
Inc., operated and maintained the range under prime contract to the Office

of Aerospace Research.

The launch site is 12 miles east of the base camp of Fort Chur-
chill, Manitoba. Figures 46a and b indicate the size and location of the range
and the facilities at the launch site. Lzunch complexes specifically designed
for Nike Cajun, Aerobee, and Black Brant rockets are located at the launch site.
A fourth complex, the Universal launcher, can be adapted for launching most
solid propellant research rockets. Since this is a completely enclosed facility,
most of the Black Brant rockets are fired from it, rather than from the out-
door Black Brant launcher.
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The cperutlons builiing houles centrs anintiing, ratge
tiring, p.$raryu-;-ne ry, metecrology, & relar teacon i b.r&tuu., srerations
oftices, a fire station, and a cuafereria, Space is also provided for Runge

users for nose cone asserbly and general payload prepartinn (Ref. 54},

£.2 Payload Preparation and Rocket Launching

Assertly of the nose cons and pavlfud was comnenced on March
G, By March 12, the electrmnics and the gauges had bheon checked, and the
rose cone (less the extension bedy and the electronics frame) was assertled o
allow pumping to begin. 7The Range con*ractor provided a card whizh permitted
the nosa cone to be supported horicortally at a height of 5 feet, This
allowed the pumping system to be atteched t. the nose cone, and hang freely
beneath it. Figure 47 records the time variation of the nose cone pressure
reasured by the monitor ionization gauge. Leak rate tests on the nose cone
were ccnducted by shutting the marual valve over the diffusion pump, ard
measvring the rate of pressure rise. On the ﬂay hefore the firing, the
pressure attained in the nose conz was 8.9 x 1075 m=, Hg. A%t this tipe, the
rate of pressure rise, when the pumping line was closed was 1.5 x 107~ mm Hg
per sccond., This prescure was considered lov enough to mest the requirements
of the experimeht. The leak rate was also sufficiently small to prevent the
nose cone pressure from rising excessively whéen power was turned off to allow
arning of the rocket. : :

When the pressure in the ncse cone was helow § x 10.1+ ma. Hdg.
the ionization gauges were turned on, and the remaining checks on the opera-
tion of the gauges and assoziated cirec uxtrv were then completed.

On March 16, the nosz cone and payload were prepared for trans-
porting to the Universal laun her, The battery patks for the instruments and
teleretry were installed, and the equivment operated briefly on internal bat-
tery power in order to verify power c¢ounecliions and operation of the instru-
ments., The extension body and the electronics frame were then mated with the
cylindrical section of the nose conz. Final electrical connections to the
high vcltage power supplies, and the bulkhead 50 pin connector, were made
through the access door in the ¢cylirdrizal section.

When the time came to
building to the launcher, a porta»l

o move the payload from the operations
e generator, mounted on a truck, was avail-
able. This provided power for the purring system, to enable it to keap operat-
ing, while the nose cone was moved. The nos2 cone cart was then towed slowly
behind the vehicle to avoid breazing the vacuum seal between the nose cone
and the pumping system (Fig. L8).

During the trip tewween thc operations building and the launcher,
the fan on the air cooled diffusion pump stopped. When this was discovered at
the launcher, the diffusion pump was isolated from the nose cone with the
baffle valve. The diffusion pumr was then turned off until the trouble could
ve remedied. The pumping system could not be operated again until the rocket
was mounted on the launcher, and the air blowers previously installed on the
launcher were connecved (o the system. Approximately 2 hours elapsed tefore
the rnose cone was mated with the mobor and the assembled rocket was put on
the launcher rails. Only then could the blowers be connected. In addition,
the power supply for the thermoeclectric baffie had to be mounted on the
launcher, and the previously installed mechenical backing pump connected to
the diffusion pnmp. Crly when all this had been done could evacuation of
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the nose cone proceed. Because of the length of time the pumping éystem Lad
been inoperative, it was decided to allow the pumping to continue overnight
in order to reduce the pressure to an icceptable value.

On March 17, at 1200:00 CST, the count was picked up at v-180
minutes. The countdown proceeded smoothly through the horizontal checks,
vehicle arming, and the launcher elevation (Fig. 49). During the vertical
check, a hold was called when it was noted that the current drawn from the
UTIAS 28 volt battery supply was much higher than recorded during the hori-
zental check. Thecountdown was resumed after it was decided that the current
increase corresponded to a pressure increase in the nose cone, since the high

volitage powef supplies drew more current in that case. This pressure rise w~as
verified by the telemetered data from ionization gauge number 4. This indi-
cated that the -12°F ambient temperature had cooled the diffusion pump suffic-
ientyly to virtually stop the pumping actior. Since the mechanical backing
pump was still operating, the nose cone pressure couvld not rise higher than

20 or 30 microns. This was still considered adequate to proceed with the

launch. At T-90 seconds the valve in the nose cone was shut, the strap hold---- — --omoe

ing the pump to the nose cone released, and air let into the pumping line to
break the suction. The heat shield surrounding the rocket was opened, carry-
ing the pumping system clear of the vehicle. The rocket lifted off the

launcher at 1513:29.5 CST. (Fig. 50). Nose cone separation and gauge pack-

age extension were observed at 1514:27. 3 CST from the signals transmitted by the
event oscillator inputs on the ionization gauge cable hoider. Rocket impact
occurred at 1519:46.8CST. :

7. DATA REDUCTION AND DiSCUSSION

Vehicle performance during the flight was excellent and tele-
metry signals were received for the full duration of the flight. During the
. flight, the information was recorded on magnetic tape for future playback,
and certain channels of information were displayed on paper recorders for
viewing as the flight progressed. The real time paper records merely provid-
ed an indication that the instruments were functioning and that the experi-
ment was proceeding in a satisfactory manner. At a later time paper records
. were produced for all the channels of ianformation recorded on magnetic tape.
. This work was done by the Space Electronics Section with their equipment in

Ottawa.

7.1 Rocket Orientation Measurements

The pulses which the sur sensors superimposed on the magneto-
meter signals were easily observed on the paper telemetry records (Fig. 51).
Using the pulses from the sun sensor slits parallel to the rocket axis, it
was possible to ocbtain a very accurate record of spin rate vs time (Fig. 52).
The angle between the rocket axis and the sun's direction was calculated us-
ing the pulses from the L45 degree sun sensor for almost the entire flight.
The rocket motion was such that the sun stayed within the acceptance angle of
this sensor for the ascent and most of the descent portions of the trajectory.
Since the angles measured were small, the 45 degree sensor gave pulse separa-
tions twice as large as the 65 degree sensor. The time difference between the
positive and negative pulses was measured from the paper telemetry records which
had timing marks superimposed along each edge of the chart. By this method the
time difference between pulses, and the time per spin cycle, could be deter-
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0% € 5 zopronimately 1 dogree. The variation of € with Lire betwren 1iftesi?
and imrecet 3¢ shown o Fig. 53. After the :pin rate had st ciilzed atlu vialue
of 3,15 ep3, the yaristion of 8 becams sinusoisul. Figure o shows Lhe veriu-
tion »f 9 after the spin rate had stabiliczeldl. T4 wi; toun? that u sine wave
wiwll 3 peak-*.-y28k amp71tudn 07 10.4 Zegrees, a.dazeriol ot 0 seconds,
cou*d be fi**e? to tue caiculated values of I, '

/ The outputs from the Z-axis umgnetomoter and the lzteral nagre-
tometer are alse illustrelad ia Fiz. 51. Recket spin ceuased the sinusoidal
variation in the signil from the literal magnetomet.r. The peak-to-poak

~amplitucde of the sigral represents twice the value of the magrétic field com-

ponent perperdicular to the rocket spin axis. By referring to the calibra-
tion curves supplied by the magnetometer manufacthurer, the value of the maz-
netic field comporen:. was determired. The output from the Z-zxis magnevcmeter
was nearly constant since it indicated the magnetic field component parallel
to the rocket spin axis, whose orientation did not change greatly. These two
magnetic field components could be used tc calculate the tangent of the angle
® , which was the angle hetween the spin axis and the earth's magnetic field
direction. Figure 54 also plots the calculated values of ¢ after the rocket
spin rate had stabilized. It should have been possible to fit the same sine
wave to these points as was fitted to Lhe sun sensor points. The caleculated
values of ® had the same periodic varisztion, but they did not fit on & sine
wave. The peak-to-peak amplitude was alzo 1.4 degrees less tnun for the sun
sensor angles., This would indicate that “he magnetic field direction was
eltered by the presence of the rocket. As a result the true values of 9
should have beern larger than thcse calculated,

At any time, the rocket axis must lie on the surface of a cir-
cular cone whose axis is the sun's direction, and whose snnl-vertex angle is
(90-e). It must also lie on the suriace of a circular cone wheose axis is the
earth's magnetic field direction, and whose semi-vertex angle is ¢ . Thus
the solution for the orientation of the rocket axis in space involved the
solution for the intersection of twc cones with a common apex (Fig. 55). The
solution was performed graphically by drawing the intersections of the two
cones with a horizontal plane, The equations of the two cones in terms of
the direction cosines of the axis and the angles (90-9) and ¢ are given by

(Rer. 45).

oo PP o o2y 2 w2
(B2 72 azco+ e)x + ( BB - Bzcot ?)b ( - 72cotéa 22
\ B+ 7

2 BC+ 7... » / .
- 2 o 1 -0 2
~ 208(1+ cot“6)xy - Zay(l + cot“6)xz - 2By —;-;5— + cot'e)yz =C

(7.1)

where (0,B,7) are direction cosines of the sun vector. and
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where (£,m,n) are direction cosines of the earth's magnetic field.

The intersection of the cones with the horizontal plane z = 1 results in

22 2 '
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with a similar expression from Eq.‘7.2 being
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Equations 7.3 and 7.4 are plotted in Fig. 56 for a range of
values of 6and ¢ . The direction cosines for the sun's direction were cal-
culated for a time near rocket apogee and hence represent an average value for
the 3} minute: which the ionization gauges were operating (Ref. 55 and 56).
This results in a maximum angular error of less than 1/3 degree. The magnetic
field direction was obtained from measurements made by the Defence Research
Northern Laboratories at Fort Churchill. No attempt was made to correct for
the variation in the field direction over the short flight path involved.

- -For the case of the sun angle, the intersection of the cone with the hori- -
zontal plane gave rise to a family of hyperbolae; in the case of the magnetic
field angle, the intersection produced a family of ellipses.

It was found that if the angles 6 and ¢ were used as calculated,
the two curves did not intersect in all cases. Since the sun sensor data was
believed to be reliable, an attempt was made to apply logical corrections to
the magnetic field data. It can be shown that the correction to the measured
value of ¢ due to distortion of the uniform magnetic field by the steel motor
casing is approximately proportional to the angle itself. Consider that the
external field around the motor is the result of superimposing magnetic fields
perperdicular and parallel to the rocket axis (Fig. 57). As the point being
considered approaches the motor along the axis, the perpendicular field com-
ponent (B,) decreases, and the parallel component (B,) increases (Ref. 57).
For small values of ¢o the change in the angle caused by the motor is

approximutely given by
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@ = g

shere  ¢_ = the undistorted field direction S o
&0 = the change in the angle

and AB; = the change in the perpendictlar field component
Bo = the magnitude of the undistorted field.

Since AB, is proportional to B osind,, it is alsc|approximately proportional
to ¢ if ¢, is small. Therefore it can be said that Ad, is proportional to
do if &y is smell. » " :

The first step in making the correction was to fit the sine wave
obtalned from the sun sensor data to the ¢ vs time plot as in Fig. 54, keep-
ing the minimum value of ¢ the same. Then the values of ¢ were increased by
a constant, determined by the difference between|the maximum calculated
value of ¢ and the maximum value of the sine wave. As a result of this,

‘®min was increased by|l.4 degrees and $pax was increased by 2.8 degrees.
With these cecrrection >, it was possible to obtaig a solution for the rocket
axis ortentation at a l times. The projection of the solution in the' x-y
plane, resembled an elongated ellipse (Fig. 56).

In Fig. 53 it is apparent that the d1rect10n of the rocket axis
began to deviate from its essentially fixed orientation. in space after 30
seconds., This would indicate that the rocket fins began to lose their
stabilizing influence but that the aerodynamic férces were still of suffic-
ient strength to cause the rocket axis orlentatlon to change. After 60 sec-
onds the variation of 8 had become extremely regular indicating that all aero-
dynamic forces were now negligible. Under these conditions the solution of the
equation of motion for the force-free motion of a rigid body with an axis of
‘symmetry is e right circular cone (Ref. 58). The sinusoidal variation of ©
with time indicated that the rocket axis was generating a right circular cone
with a vertex angle of 10.4 degrees. With this information, an ellipse with
the proper eccentricity was fitted to the points iobtained from the graphical
solution. In spite of the corrections, the final solution was still con-
sidered to give the true orientation of the rocket axis to within 3 degrees

in the worst case. i1

It can be seen that in general there jwill be two mathematically
- possible solutions for the intersection of the two cones. One of these
must be rejected on physical grounds. Figure 58 |shows the angular orientation
of the sun sensors and the lateral magnetometers in the nose cone. With this
information and the spin rate, it is possible to icalculate the time differ-
ence between the positive sun sensor pulse and a maximum or minimum value of
lateral field component for corresponding points on the two possible solutions.
This time difference can be compared with the observed value from the tele-
metry records to reject one of the mathematical solutions.  Once the correct
solution has been determined, the intersection of the rocket axis vector with
the z = 1 plane can be determined as function of time. If the intercepts are
given by the coordinates(xg,yg,1) then the direction cosines (a,b,c) are

( R | . >
s . .
Vxg2 + yp2 + 1  fxg2 + yg° + 1¥xg + yg° + 1
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5 viied the rader (nformstion in the form of anxisgue
records from poottiig womrdo. This information was platted ir. the form
5roheigrt v (F E- $4), and the coorzinates of the rocket projected on
& horicontal plune pursiag tarough the lawncher., With this information the
nagnitude and direciion =8 the rocket velocity could be culculated as a func-

tion of time.

The Spuce Elect ronics Section of the National Recearch Council
perforimed the initial reduction of the radar plots. Range and height were
‘rezd from the radar records at intervals of one seconu for most of the ascent
and descent portiions of the trajertory, and at 5 second intervals near apogee.
Average vertical and horizontal velccity components could then be calculated

over short time intervals.

The plotting board data did not provide sufficient accuracy for
the powered portion of the flight since the velocity was changing rapidly. An
accelerometer which measured acceleration components parallel to the rocket
axis ensbled the velocity to be determined., This accelerometer had a range of .
20g in the forward direction and 3¢ in the rearward direction. By integrating
the acceleration record with respect to time, the resultant velocity in the
direction of the rocket axis was obtained. From the radar plot of height vs
range, the angle of elevation of the rocket axis was measured and used to com-
pute the vertical component of velocity. The velocity VR is plotted from
both the radar records and the accelerometer calculations for comparison
(Fig. 60). A second check on the radar data was made by computing the ver-
tical velocity Vy uncer conditions of free fall from apogee with no air dreag.
The variation of the accelzsration of gravity was taken into account in the
calculation. These values are also plotted with the values obtained from radar
for compariscn (Tig. €1). The velocities calculated from the accelerometer
records agreed very well with the values from radar, when these became avail-
able 10 seconds after lift-off. The vertical velocity components obtained from
radar data agreed with “he calculaced values above 150,000 feet, indicating
negligible air drag above this altitude.

The horizontal velocity component was determined by calculat-
ing the average velocity over a 50 second time interval. With this long time
interval, the error in the range measurements was insignificant. By using
this method it was possible to observe a slow variation with time in the

horizontal velocity compouent Vi (rig. 62).
VFigure Gﬁiéhoﬁs>theriockét veiééiﬁ& vector direction in the
coordinate system used for the calculations, where :
VH
tan 6, = o .

R Vy
The azimuth angle, §. was measured from the radar plot and found to be 3948,
The direction cos’nns (i,3,%) of the velocity vector are (-0.06627 51n9R,
o 99780 sinfg, cosbp).
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Analysis of the telcmetered data from the stagnation and sur-
face pressure gauges, indicated thac the gauge ouitputs were shifted from the
original calibrations. In the case of the scrain gauge transducers, the
gauge output was compared at atmospheric pressure at ground level, and also
at the low pressures experienced at high altitude. These two readings give
an indication of the deviation from the original calibr2tion. The ground
level pressure at launch time was 769.7 mm Hg and the air temperature was
-12°F. By dividing the difference in readings by the sppropriate amplifier
gain, the deviation can be compared to the nominal full scale output of 250

millivolts.

Gauge : Deviation -
7 7777 7 Atmos. Press.  Vacuum o
H.P. 1 (Impact Pressure) . 5.48 mv 242 mv
H.P. 2 (Surface Pressure) = 8.57 mv 1.64 mv

~Figures 6l4a and b show the deviation for H.P. 2 in range 2 and range 4. An
attempt was made to compensate for the deviation by introducing a linearly
varying time dependent shift to the calibration curves based on the ouserved
deviations. During laboratory calibration, the gauges were found to be high-
1y repeatable, with any deviations being well within the:1% of full scale out-

put stated in the specifications. The calibration change observed during the
flight was of the order of 3%, and thus was much higher than the specified
accuracy. This suggested that it might be caused by the amplifiers. Since
the deviation decreased greatly over a period of 53 seconds, this suggested
that employing a much longer warm-up time for the gauges and amplifiers
might have greatly reduced or eliminated the observed calibration change.

In the case of the thermocouple gauges it was only possible
to obtain a high pressure reading to compare with .the calibration. The cali-
bration at high vacuum could not be compared because the gauge signals were
no longer available when the tip section of the nose cone was ejected. For
this reason, a constant displacement was applied to the calibration to correct
for the observed deviation at atmospheric pressure (Fig. 65).

When the corrections to the calibration had been madé, the
amplifier outputs were converted to values of impact and surface pressure
for use in computing density and temperature. The initial calculations

employed Eq. 2.6 and values of p; from Ref. 29 to enable the ambient den- .. . ||

“§ity to be determined. In order to ascertain whether a correction to the
measured impact pressure was necessary at higher altitudes, the Reynolds
number was computed using viscosity data from Ref. 29 and the computed am-
bient density. Using the diameter of the flat tip of the impact probe as the
reference length, the Reynolds number at 240,000 feet was 67.8 and 100 at
220,000 feet. The experimental data in Ref. 30 indicates that the measured
impact pressure depends on both Reynolds number and Mach number. .For Mach
numbers in the range 5.4 to 5.7 the correction to the impact precsure is
only of the order of 2% for Reynolds numbers as low as 60. It appears that
viscous effects were negligible and hence no correction for them was made.
Figure 66 shows the density profile calculated from the flight data.
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Commviirotte rrmralt preriive Poard tre coefuce praroire oo, tis
Flighs Maoi ey, mron onerce Lte wenic v femrepsture, oould b trterrired
from Fig. ¢o Before snill ewllid se 49 e 14 was necercery o exariie Yhe
ef'feo, ol bowidary lay-r croeth or the cone cince this would cauze an increuse
I e poesture over the '11ué coervted scsuming no ooundary lay-=r-, Taluos,
¥ora, and Sterman (Pef, 50} aorpelsted thne availazhle enperimenta. data in %erms
ot whe parameser MaWC/keo (Fiz. 5). This experimental data was used to estie
mata e currectxﬁntuthr ‘a"uxedsurfare rressure to reduce 14y to the value

if’ Lhore were no hourdary Lzycr growth on the cone.  In crder wo calovlate
NC/n» it wag necessavy Lo argune an strosther.e hemzerature profiie 4o

g@ ch-z?ﬁ tiie fligh% Muct nemver, This was chosen to he thuetl given by 4he

U.5. Standard Atmosphere (Ref. 29). By interpolaticn in Koonaul's tables of

the flow around cones (Ref. 33) the Mech number Mg, “ens1uy fe; and tempera-

ture Ta (hence viscosity pa ) were calculatecd for alti* .:diz arore 150,000 feet,

The lengmh on which ths Re, was based was 19 'inches, 1he 4t stance of the sur-

face vreszure onrifice from the Aul” of ~he core, Using -re previocusly computed

values of pp the parameter b WU ke was calculated ar & Tunction of altitude

an¢ the corresponding corrections to pg have the :1ollo.iig values:

Aititude (feet) ps/pn
15C,000 .03
180,00¢ _ 1.05 ‘
10,000 1.07 :
240,000 1.31

Af*er making the appropriatz corrections %o Py» the fiight Mach number and
free stream temperalure were nalcuiated., ‘The atmospher c tempara,uée Dro-
fije determined by this meinuiod is illusirated in Fig. 57, whick also indica®es
hallooun nmeasirements rads before the Slight and previous rocket grenade mea-

surements made under similar conditicns (Zef. 14). PFigure 68 illustrates

the atmospheris pressure profule obtaineld hy using the equation ¢f stale.

If one ace2pts the grenade wnd valloon measurznmerts of temp-
erature as being reasonadbly accurate, then i% is apparent that the temperature
conputed froum the measuved preossures ls considerably lower than it should o=,
Jt is believed that the major =ource of this error can be traced to ii: =ppar-
ent chif% in the pressure calibra*tior for all of the gauges. Up 4o a .eight
of “O xm the temperaturs dabta apn2arss o agree within 10 %o 157, Over this
altituds range the temperatice was :al;uianed using the data from the
gauge transcéucers. fince 1t was p‘f*l- ie Lo obtain an in-flight calibration
check at ooth high and low pressura, Lhe asthod of coreszating the calibvra-
tion petween these extremzs s oellevel t9 Le accurate to within 1C to 15%.
Above L0 km, the temperature was obtained frur the therwmocouple gauges. In
this case only the single calibratinn check a4 high pressvre was avajilable.

As a result the caliwrat:on curves coutd not be accurately corrected at a
later time in the flighi when the pressure bheszame very low., If the snift

were raall)y due to insufficient warmup vime for thz electronics then one would
expect that the deviatinn from the original calibration would Jacrease as

the flight progressed. The obutputs from the amplifiers on the strain gauge
transducers verify this tyre 2f tire dependent correction. Az a resulh

the corrected calivration should poscivly have approached the original
calibration as the flight progressed. However unless the magnitude of the
correction is known at very Jow pressure there is no basis for makingz a

better approximation to the true culibration cw-ve,
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nzity {3 nearly propo”t‘ur,l to ¥, .nd . the impant
pressiire transiduce: ? ieast callbretion shift, iv can be said thet
the density profiie {s rore curate than either the tenipeirature or pressure
profiles. The percentage error in the denaily is almost the same as the
~error in the measured impact pressure. This error is greatest at altitudes
around 46 km where the thermocouple gauge is relatively insensitive to the
pressure changes. In this range the error could possibly be 50%. However
over most o the trajectory the error should not exceed 15%. The ambient
temperature measurements and also the ambient pressure measurements are more
sensitive to errors in the measured nressures. In their case, an error of
10% in the value of P/p at M; = 5 results in an error of almost 15% in T,
and p;. Since the callbration shlft for the surface pressure trancucers was
larger than for the impact pressure transducers one would expect the possible
~© error in T; and p; to be much larger. The temperature profile appears to bear
" this out. At 75 km the error in T} could be as much as 100°K, while the
-error below 40 km appears to be in the range between 20° and 30%K.
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7.4 Upper Atmosphere Properties

7.4.1 ggper Atmosphere Wind

After the orientation of the rocket axis (Section 7.1) and the
direction and magnitude of the rocket velocity with respect to the ground
(Section 7.2) had been determined, it was possible to examine the telemetered
signals from the ionization gauges for evidence of upper atmosphere winds.
Figure 69 illustrates the modulated signal from the ionization gauges. In
order to determine whether significant w1ndo wore present, it was first neces-
sary to compute the time at which a maximum gauge signal would have been ob-
served if no winds were present. During a spin cycle, the zero-time reference
was chosen to be the time at which the 45° sun sensor produced a pulse from
its central slit. If there were no wind then the gauges would produce their
maximum or minimum signal then the rocket velocity vector, the rocket axis
orientation, and the normal to the gauge orifice were all coplanar. Therefore,
it was necessary to calculate the angle between the planes formed by the rocket
axis and the sun's direction, and the rocket axis and the ve1001fy vector. '
The angle between the two planes is given by

bec b e c a cal,  (a b ab
ki* |B Ik i 7a 3? a B8
8 v J .
b
ce T bec
: V/( J k i J )

where Ams v is the arzle between the planes defined by the rocket axis and
: ? the sun vector, and the rocket axis and the rocket velocity
. vector,
(a,b,c) are the direction cosines of the rocket axis
(a,B,7) are the direction cosines of the sun's direction
and (i,j,k) are the direction cosines of the rocket velocity with respect
to the ground.
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Froeo provious mesourerents of the orientation of the gauge package in the
crarery, the pucsition of the gauges with respect to the sun sensor was

.

Hose
determined and i« shown in Fié. 58 . heriay this information and the rocket
spin rate, It wa. poscible tp‘calcula*e the time of maximum ga.ge signal,
assurming there worn ro atrogpheric winds. If the rmaximum gauge signal did

rot occur at thic time, taen the phace shift musy have beer due to atmospheric
wind or phuce shift caused by the electronics. Since the JC smplifiers caused
a phuse chift of 11° in the gain ruanges erployed, this correction vas applied
t.o obtzin the true phuse shift, due to wind., The ﬂompu‘a*iﬁns were carried

sul, tur a seriec of altitudes betwseen 33,.06’ fert and 408,000 feet usirng
accent and descent daty

After the angular phase shift caused by wind had heen calculeated,

. the graphical method deccribed by Ainsworth, Fox and LaCow (Rﬂf.vlo) was used
Lo outuin the wind ”l“?”tl)n and magnitude., Figure 70 illustrates the method,
it wus necessary to culsulate the direction and magnit.de of the rocke* veloc-
1ry comparent perpendicular to the rocket axis Vy, at the same altitude during.
weset and descent, Tt hename appar°r+ during the calculationsz that! sizable
rrore n e wind veoctor were possiole deperdling on the angle between the
conret axis oand the rochen, velo-tty vector. When the angle wes gmall, “hen
tto wnesrtuinty in the vaiue of (a,b,¢) was magniried and resulted in ronsid-
erable rossinle error in th: calculated phase shift. A% best, the measured
phue shirt was orly conviderad %o be accurate %o within 5%, 7o obtain
ancurate ward messurexentc, rozket sttitude reasurements tc hetter than 1 de-
gree would he pecessary. Ln addition, the angle hetween the rocke® ax.s and
ttie relocity vector should he lrrger as it would be rear apogee, or if the

-~

» e A

precessinn cone had a larger wvertex dng]e. Ixcept for a small portion of the

trajectory, the phase reasurenents all indicated that the wind vectcr was

from a norwherly direction. IHowever a‘ an altitude of 375,000 feet,.during
ascent, the phase reas avansrto irdicated a strong wind from a southerly di-
recuinn, During deccen®, . tre came altitude, the phase shift was indicative

of a relatively low wind vr‘ﬂri;y frrm the north., However, this type of

atmospheric wind pattern is porsinle. Greerhow and Neuf Ld {(Ref. U5). ny
chbeerving meteor trails in the region fron 80 to 100 km, found wind edcies’
having vertical scales of 7 kr and a horizontal size of 15C km. The observ-
ed wind change had a ver*ical vccale of roughly 12 km. ’

re was considerable cdoubt concerning the accudracy of
rrined hy the graphical method it was decided +o re-
‘ge da%a ucder the asswmption that the wind velocity
2.01 nnd 2,722 1t was then possible to es*;rafe the

ing zero wind velocity.

the wind veloed
duce the ionriza

was zero. ‘eing Eug
error Laused by S

£ ¢

7.4.2 Upper Atmosphere Density

, Reduction of the telemetered data from the two gauges oriented
with B - 90% provided iLhe atmospheric density and the magnitude of the out-
gascging eftect observed by pre-evacuated and unprepared gauges.

In additisn 4o the gaige signal {Tig. 69), the thermis%or
voltages and the amplifier range indicator voltages were reasured. The
corresponding ionization gauge temperatures were calculated and are display-
ed in Fig. 71. A typicai DC amplifier range irdication is nlotted in Pig. 72.
Due %o the precence of the outgassing clonud, the NS amplifiers operated in
only .their two low gain ranges durlng the illght. Tn the case of the unpre-
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-pared gauge in the cylindrical section, the gauge pressure never became low
enough to permit the amplifier to switch out of its least sensitive range.

In the case of ionization gauge 4 (in the gauge package), the
peak-to-peak amplifier signal was read from the telemetry records and a corre-
sponding value of gauge density variation obtained from the relevant calibra-
tion curve. The angle of attack a in Eq.(2.17) was given by ‘

a=cost (a4 +b.j+ck) o (7. 2) -

Since the wind velocity was assumed to be zero, the value of V in Eq. 2.17 is
simply given by Vg (the rocket velocity determined by radar), : '

v = WP+ R T  25)

With this information 1t was possible to compute a value of p; from Eq. 2.17,

i.e.
_ 8o, “ﬁzTe

o} S e————
1 VQW V sin o

It was also necessarj to assume a value of R and this was taken to be the
value for dry air.

At approximately 100 km,. it was necessary to examine the atmos-
pheric mean free path to determine whether the gauge package was truly in free
molecule flow. Due to the levelling out of the gauge output at pressures above
10-3 mm Hg, it was not possible to make accurate determinations of Appy below
102 km, At this altitude the atmospheric properties do not generally deviate
greatly from the standard atmosphere values. The following are values of
mean free path taken from the standard atmosphere tables:

. Altitude (km) Mean Free Path (cm)
102 23.2
S107 5202 -
112 111.7
- 117 223.9

The Knudsen number for the gauges in the package was based on a mean value of
the cross secticon dimensions of the package. This mean dimension was taken to
be 9.5 cm. In the case of gauge 5 which was located in the cylindrical section,
the nose cone diameter of 43.7 cm was taken as the representative length. The
Knudsen numbers based on these lengths are given below:

Altitude (km) Kn (gauge 4) Kn (gauge 5)
102 2.4 53
107 . 5.50 1,20
112 11.75 2.56
117 23.6 5.13

Enkenhus (Ref. 47) gives the ratio of measured impact pressure to free stream
static pressure as a function of Knudsen number tor a range of subsonic and
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supersonic Mach rumbers. Over the altitude range being considered the Mach
numbar of the flow perpeadicular to the rocket axis reanged batween 0.9 and

1.5, ¢t is only necesad}y to consider the correction to the maximum prescsure
circe the correction whed the gaugze is measuring the minimum pressure is only
of secondary-import&ncc‘r Using Enkenhus' experimental r=sults as a guide, the

 tollewirg correction faciors were applied to the measured values of Apz.

Altitude ‘Eﬁl Gauge 4 Correction Gauge 5 Correction
loe - : 1.10 - e o 1,39
o7 : 1.03 1.21
1iz 1.00 1.10
117 7 1.00 - : 1.03

Except for the case of giuge S at the lower altitudes, the corrections are

-not, ‘great and rapidly be¢ome unimportant.

Applying the appropriate corrections, the gauge 4 readings
were reduced and the czlculated values of py are indicated ir Fig. 73.

For a gauge with this orientation there are two positions dur-
ing a spin CJCL° where there will be no velocity component directed into the
gauge. These two positions are indicated on Fig. 69. The relatlon between

Py erd the measured quan ultleu aht this time is

i
! by VBT,

S

: q'\
o e BT

By meazuring the value cf Py, at this position and using the previously cal-
culated wvalue of p,, a va¢ue of RlTl can be obtained. If there were no out-
gassing of the gauges o"f*h rocket, this value of RT; would be the true
value for the ztmosphere. If outgassing exists then it gives a measure of
the outgassing, since it is a. indication of the ‘ambient cornditions required
tc produce the observed gauge reading. An effective ambient pressure can
te calculated from Co
(Pl)eof =. (R T )eff

luea of (Jn)eff calcvlatad during rocket ascent and descent are
ad in Fig. Th. !
l
The =1gna-“ from the DC amplifier on gauge 5 were treated in
the suane way as those fro gauge 4, with valuves of pj.and (p,) ¢ beirg
calculated during ascent|and ie‘ceﬂt For gauge 5, the DC signal level re-
mained relatively high cpusing the amplifier to remain in its lowest gain
rarge during the whole flight. The signal slowly dropped to a value close to
the lower amplifier switching voltage and remained there for most of the flight.
As z result, the measurzmert of the AC component of the signal from the DC
anrplifier was impossible for a large part of the time due to the low ratin of
AC to DC in the amplifier output. However, this gauge was equipped with an
AC amplifier on the output of the DC amplifier. As a result, the AC component
f the sigrel could be measured accurately, even though it was barely observ-
eble on the DC amplifier signal. Figure 15 shows the form of the AC amplifier
signal cn gauge 5. Tne AC amplifier record was not continuous since it was

ID )\3
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obtained by using the commuitator to zamrple the signal atv a rate of 30 times
per second. As the record shews this sampling rave was adequave Lo accurate-
ly define the wavefornm since only the peak-ito-peak amplitude was required.
To calculate the gauge volume density variation, one requires the AC signal
ampiitude, the AC emplifier voltege gzin. and the slope of the density vs.
voltage calibration curve for the iorization gauge at the density value
indicated by the DC amplifier. If th2ce quantities are known, then

AC sigual volitage (peak-to-peak) . Gea
AC anpliillizr voltege gain "\ TeEr ‘)

A‘fz

where (dpe/dV)S is the clopes of Lhe caliviaticr curve for gauge 5.

~n, vhe den-
secert of the

After applying the appropriate Xnudsen aurber corrections to o

3 D .
sity P, was calculated at regular ianlervaic during ascent and de
rocket (Fig. 73).

A question which may arise is whﬂthér ore is Jjustifi
irg a pressure calibration which was nofa¢nc der static "“n(¢ti3ns to &
case in which the gauge conditicns are chan Prevricus
experimenters (Ref., 23) have subjected sim:

charges and found that the gauge sigral var
the statie calibration curve., Using the D
an eftective pressure was calcwliatel Tfor 44
in Fig. 74 along with the calcvlatod values o
nebles a comparison to be made ¢ '

iJ

erirdlc pxesuure
F2y

v
ifier readings or gahge 5,
2, The values arse plotted
0 )epp for gauge 4. This
L ve tre cvﬂﬂ**wonu was in
reduc‘ng outgassing. It is evide: s from gauge M that sorme
outgassing was still present, hvu . reasirg rapidly in the
case of gauge U, while i% »emzined aimost corstart for gaugs 5. The ratic
of (p,/efo to (tl)ep¢ , reachsd a waluz of 5 during the descent portion
of the lecﬁ Fre-evacuatior of the gavges oid reduce the outgecsing level
observed by them. )

le in ~1 . T3 ird
ment between the ascent and descexnt dal bei
in the worst case, This is in the range
the possidble sources of error.  jurin
scatter of ¥ 5%, The specified acourazy for
Then if one considers that the orizutation accuras

grees, then the observed agzeemeni is good 'Thére is no syuuen atic d1ifereﬁce
between ascent and descent. caiculibad dengity for zsauges b or 5. This would
irdicate that any winds whizh may have been present were not sufficient %o
over-ricde thz measurenani errors whaich were present., Calculations done to
consider the magaitude of the wind efiect, conciuded that winds much higher
than 300 feet per second wonld nave baain nececsary to cause an appreciable
difference betwvecn &
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she ascent &nd deseent data; especizlly if they were from
the north 2s the phase irnformation indicated.

The density profile is unusual in that it tends to iwdicate a

minimun in the temparature provile in Lhe atxcaphere at approximately lHO km,
Standard atmosphzre tables do Lot indizaie an inversion ag such a low altitude
although they do indicate a decreasz in the temperature grdjken The exig-

tence of a temperature winimum in the ztro 2 petwezn 200 and 250 km has

spher
- P Voon .
been noted by 2 number of aushors (Reis. 39.54) from qfudv1a avmospheric
Z
density determined from satellite drag daba. Since most of their published
e i
data was taken during a period of high solar activity this may account for




" ___R1T; was put in the

- ‘/’

the minimum temperature occurring at a higher altitude. It is difficult to
compare results since most previous rocket data was also obtained during the

- 1IGY, and the satellite data for periods of minimum solar activity is not avail-
able at low enough altitudes. The exact cause of the minimum temperature is
not known, but it has been hypothesized that the concentration of molecular
species such as Op and NO may be high enough to radiate sufficient energy and
cause a local temperature minimum (Ref. 59,61).

7.&.3 Atmospheric Molecular Scale Temperature

It was shown in Sections 2.2.2b and 2.2.2c ‘that in practice,
solutions for RlTl could be attained only for certain angles of attack of
the rocket. On calculating the angle of attack it is apparent that gauge 3
(pointing rearward) is only useful during ascent and gauge 2 (pointing for-
ward) is only useful during descent. _

Equétioné'2ﬂ3l>£b 2.33 have the general form
poNET, |
2 22 . Vﬁ"l'rl F(s,a)

After first computing ApzdﬁgTz/pl from the gauge outputs and other known
data, the value of F(S,x) was then determined for a range of values of S at
the proper value @. Since S =VﬁJ2RlTl, the corresponding values of JﬁlTl
were calculated and a plot of 4RjT; . F(S,a) vs S was made. The value of S
for which ~RiT;.F(S,a) was equal to &p RpTp/py was the one which enables the
true value of R;T; to be calculated.

The preceding method was used to determine R)T; during rocket
descent using gauge 2. Since this gauge signal was amplified with both AC
and DC amplifiers, a useful signal amplitude was obtained throughout the flight.
This gauge signal was treated in the same way as described in the analysis
of gauges 4 and 5 to determine the value of £¥b at regulaI intervals. The"
' quantities V, a and Py were those calculated previously for gauges 4 and 5.
Values of RyT; were calculated from both the AC and DC amj‘ifier signals but
the AC amplifier permitted more accurate determination of |&88. The quantity
7 form of a temperature by dividing by the gas constant
for dry air Ry, thus I L -
. o = Bf1
M
o]

The DC amplifier output from gauge 3 permitted values of RlTl
to be calculated for only a limited number of points during the rocket ascent.
For much of the time, the ratio of AC to DC signal was so small that Ap2 could
not be calculated. No correction to the readings was applied at lower alti-
tude to compensate for near-free-molecule flow effects. Since the ratio of 2
- gauge readings was involved in Apo/p1, the use of uncorrected readings in
determining Apy and p; should cause little error as the correction for either
value was only 10% in the worst case. The calculated values of TM are plotted

in Fig. T76.

= molecular scale temperature.

' There was & considerable scatter in the calculated value of T
near apcgee due to the value of S becoming small, and the function VﬁlTl.F(g,a)
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becoming relatively insensitive to changes in S for the zngles of attack occurr-
ing near apogee. Figure 77 illustrates the solution for one of the points
close to apogee and indicates how errors in the gauge readings can be greatly
megnified. If one considers a % 10% error in ApANRoT,/py, then the corresp-
onding error in RyTy is 32% and 37%. At lower altituﬁes where the speed ratio
is greater the value of ApgdﬁgTz/pl is more sensitive to changes in S and the
errors are comparsble. In the second example illustrated in Fig. 78, an error
of ¥ 10% in Apgdﬁng/p1 results in corresponding errors of 8% and 11% in RjTy.
If one wishes to make accurate determinations of RjT; at higher altitudes,
then it is necessary to have very accurate gauge calibrations and orientation
measurements. The effects of wind would also be more important than in the
case of the density determinations. Thus it is important that the orientation
" measurements be accurate enough to allow the wind velocities to be measured.

, Having the values of pl and RT;, the ambient pressure p) was
calculated and is plotted in Fig. 74 for comparison with the effective out-

gassing pressures for the gauges. This illustrates once more that, although

the outgassing was reduced by pre-evacuating the gauges, it was not eliminated.

For comparison purposes and to check the self-consistency of
the measurements, Eq. 2.46 was used to calculate the density profile using the
calculated temperatures. It was found that the temperatures measured using
.gauge 2 were tco small at the lower altitudes. In order to determine the
amount of the error, a temperature profile was fitted to the density profile
also using the hydrostatic equation, and this is also plotted in Fig. 76. It
is believed that the discrepancy in the temperatures determined using gauge 2
were due to a sudden jump in the gauge calibration. This was observed to have
occurred during ascent and resulted in a decrease of approximately 25% in the
‘gauge signal used to calculate Ap,. This could explain the large difference
and again points out the need for accurate, repeatable gauges in making the
temperature measurements. .

8. RECOMMFNDATIONS

Although the experiment achieved its objectives, certain aspects
of it should be improved to yield better infor.nation. .

(1) One problem which arose concerned the pumping system. The cold
air temperature apparently cooled the diffusion pump sufficiently to cause the
pumping action to be greatly reduced. As a result the pressure in the nose
cone rose above 10-3 mm. For winter firings the pumping system could be modi-
fied in two ways. The complete pumping system could be enclosed in a thin
polyethylene envelope so that the warm air being pumped through the heat shield
would also warm the diffusion pump. A second solution would be to wrap insula-
tion around the diffusion pump before it was exposed to the cold weather and
also to control the power input to the diffusion pump heaters., For summer fir-
ings the pumping system could be used as it was. The possibility should also
be considered of installing an auxiliary pump in the nose cone to maintain a
low pressure in the cone during the flight. An ion pump or a zeolite pump
- with a speed of 20 litres per second would probably be sufficient for this pur-
pose. With this auxiliary system, the diffusion pump system could be detached
while the launcher was horizontal, thus eliminating the possibility of its
failing to release properly when the launcher was vertical.




(2) Determination of the rocket axis orientation was complicated by
the distortion of the earth's megnetic field by the presence of the rocket.
While the correction applied to the data to account for the field distortion
is not large, it still means that the orientation is not known accurately
erough to yield accurate wind information. If the magnetic field and the sun's
direction must be used as references, then the position of the sun could be se~
lected to make the mathemeztical solution for orientation less sensitive to
errors in the data. By choosing a sun azimuth angle 90° greater or less than
the magnetic field azimuth, the intersection of the two families of curves (Fig.
56) would bz almost orthogonal. For this experiment the two sets of curves
were almost tangent for some of the incersection points, making the solution very
sensitive to small angular errors. A primary reason for firing the rocket
eastward with the sun low in the we¢ st was to make the sun's direction close to
perpendicular to the rocket axis. This would allow the sun sensors to observe
the sun even if the precession cone of the rocket axis became large. There are
a number of factors which complicate the selection of a firing time. The inter-
secting curves in the graphical solution depend on the precession cone angle,
which cannot be accurately predicted. Since the sun's positions at sunrise and
sunset limit the choice of a firing time, it may not always be possible to time
the firing for a more accurate graphical solution. As & result, the firing time
chosen will usually be a compromise reached by aotachlng varying importance to
the complicating factors.

(3) The experiment indicates the feasibility of measuring RlT or
the molecular scale temperature with gauges oriented in the way that gauges 2
and 3 were positioned. It is also obvious that AC amplifiers as well as DC
amplifiers should be provided for all gauges which have an AC component in ,
their signal. In this way solutions could ve attained during ascent and des-
cent for comparison. The orlentatlon of the gauges at angles of 45° and 135°
makes solutions for K.I-. possitle over a large part of the trajectory but not
near apogee. Since this is due to the angle of attack being in an insensitive
range, it may be possible to produce a more suitable range of angles by increas~
ing the angle of the precession cone. The UTIAS rocket experienced only & small
coning motion compared to the much larger coning which the Black Brant rockets
usually experienced. Since the rockets are usually fired with spin rates te-
low 1 cps, it may be possible to increase the coning by using & spin rate be-
low 3 cycies per second, although stability problems may be encountered at
low &ltltdde. ‘

(W) The use of cold cathode ionization gauges had both advantages
and disadvantages. These gauges were extremely rugged and gave higher current
~output than hot cathode ionization gauges. Although the hot cathode gauges
may be more accurate and give better repeatability in making pressure measure-
ments, they present greater electrical and mechanical problems if they are used.
From the density data obtained with gauges b and 5, it is seen that thne results
from the different gauges agree within 10 to 20%. This agreement is more re-~
marksble if one considers that gauge 4 was operating in one stable mode during
ascent and another during descent. In addition gauge 5 was operating at a mucu
higher tackground pressure level. Calibration data indicates that if the inter-
nal gauge surfaces are kept free of cont&mlnatlon, the calibration remains un-

changed for long periods of time.

One of the major disadvantages of the cold cathode ionization
gauge is the presence of instabilities in the glow discharge. This can be
tolerated if it is discovered during the gauge calibration, as gauge 4 demon-
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. strated. However, small instabilities can occur which may not be evident during
the gauge calibration. If cold cathode gauges were to be used agein, then a
study of the effects of voltage and magnetic field should be carried out to try
to eliminate the instabilities in the discharge.

. (5) While the method of pre-evacuating the gauges does reduce the out-
gassing level considersbly, much improvement is still possible. Perhaps the
best way of reducing the outgassing significantly would be to completely sepa=-
rate the nose cone or the gauges from the motor. A second alternative would
be to enclose all the equipment in a package which was contained within the
nose cone. If the complete package were pre-evacuated and then ejected from
the nose cone, then all the surfaces would also be outgassed. However, this
could entail considerable effort in miniaturizing the equipment if a number
of gauges were required. ' R . '

9. CONCLUSIONS

The deta obtained from the ionization gauges indicated that the
method of pre-evacuation of the gauges was successful in reducing the background
density around the gauges. Comparison of the effective pressure measured by
gauges L4 and 5, shows a reduction by a factor of 5 in the effective pressure
of the gas cloud. With some minor modifications to the pumping system, an
even greater reduction could probably be achieved.

Above 100 km, the density profiles measured during ascent and
descent show good agreement. While the phase measurements indicate the pre«
sence of winds, these were not of sufficient velocity to affect the density
measurements appreciably. The measured density indicates the presence of a
local temperature maximum at approximately 140 kmw. The experimental errors
do not appear to be sufficiently large to account for all of this apparent
inversion. The temperature profile calculated on the basis of the density
profile exhibits this inversion, although it is not of large magnitude.

. The experiment demonstrated the feasibility of measuring the
quantity RjT; under conditions of free molecule flow with suitably oriented
gauges. It was also apparent that accurate, repeatable gauges are a necessity,
and rocket attitude measurements must be accurate to within 1° or better if
the wind velocity was to be determined. The accuracy of the measurements
near apogee was not sufficient t» verify the slight temperature inversion

. indicated by the den51ty profile.




APPENDIX A
Analysis of the Action of the Extension and Braking System

A simple analysis of the extension and braking system describ-
ed in Section 3.2.5 was carried out assuming a constant friction force (Ref.
65). The system can be represented by the following spring-mass system:

| s

Xo

: TTTT T
The following symbols describe the system:

mass of the tip section which is separated and ejected

m =
m = mass of the gauge package, tubes, etc, which remains with the rocket !
g = acceleration of gravity
- F = retarding friction force whose direction is opposite to'the motion
X = reference position of the system with no external forces acting on it.
x = displacemeht of the masses from the referehce pésition
k = spring conétant of the coil spring. |

When the spring is compressed and then released, the following equation of
motion applies:

MX + kx + k <M5—§%§> =0 for x>0 ' (A.1)
| where M = m + o . -
This has the solution , ' :
: "x = -a + (a - d) cos wt (A.2)
% = (d-8)w sin «t | | (A.3)
where a=(Mg+F)/k
X = =d = the initial compression of the spring
W = ‘\/k;M
and
t = time from the release of the compressed spring.

This solution describes the motion up until the time when the nose cone and
the gauge package separate., After this time the gauge package is decelerated
by the spring. The equation of motion for the gauge package after separation is
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m¢ + kx + k(mg + F)/k = 0 (A.4)

The general solutiun ¢f this 1s

s - i - Ao
x a, + B sin (wlt n) ( 5)
X = Bu, cos (wlt -1) (A.6)
where
% and n arc arcitrary constents
8, = (mg + F)/k
und.

w, = Nk/m .

~ Determination of B ard q reoulre" ‘the time of separa**on, ty, and the velocity
at separation, Vg, tc be calculated from kgs. A.2 and A.3. “The position when
separation occurs is x + -2;. The time and velceity at separation ure given by

2+ (g-gq)? o
l\a-d) (a-27) Y W TS
- (a-q)

&nd ‘ . w

.2
V. = w 1Qa-d)‘ + (a-al)2 l (A.8)

S

Using these as boundary conditicns for Egs. A.5 and A.6, the position of the
gauge package after separation is

3] 2 SN2 . '
K=om ot { (-2 (a-a1)? sin (0y8)  (A.9)
where t' = t-tl.
From Eq. A.9 the maximum extension of the gauge package is given by _ b
m 2 2 :
= wa. + Af= - - (a- ,
x a, * VM ‘/(d a) (a al) , .(.ﬂ 10)
The,equation ol mot% the pa ckagé after the point of maximum extension is u
) [t
J m%+ kx +k ( EEL:—£> - (A.11)
w76 ils desirable that the wcceleration con the return stroke be -

zero at the pcint of maximum extension. From Egs. A.10 and A.11l this require-
ment results in the following relation tetween 4 and F

2 f?: : | (@-2)%(a-a))’ (A.12)

-BEquation A.12 permits the relation between @ and F to be determined and hence
the extension giver inr Eg. A.10 can be calculated as a function of d.
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APPENDIX B

Telemetry Channel Allocations for the Experiment

a) Subcarrier Oscillators:

The main telemetry channels for the experiment were allocated
as shown in the following table:

Channel Frequency Function

‘ L4OO cps ’ Gauge Package Extension (EventOscillator)
. 560 cps Gauge Package Extension (Event Oscillator)
730 cps Gauge Package Extension (Event Oscillator)
3.9 ke HP1l (Stagnation Pressure),DC amplifier
‘ o output '
: ‘ * CCGl (B = 0°) DC amplifier output
S5.4 ke HP2 (Cone Surface Pressure)DC amplifier
output .
* ¢cG2 (B = 45°) DC amplifier output
7.35 ke M.P.1(Stagnation Pressure)DC amplifier
output
* CCG3 (B = 135°) DC amplifier output
10.5 ke © MP2 (Cone Surface Pressure)DC amplifier
output
. % CCG4 (B = 90°) DC amplifier output
14.5 ke " CCGS5 (B = 90°) DC amplifier output
22.0 ke CCG4 (B = 90°) DC amplifier output
30.0 kc 459 sun seasor/lateral magnetometer
40.0 ke 65° sun sensor/Z-axis magnetometer
52.5 ke Z-axis linear accelerometer, + 20g to-3g
70.0 ke , Commutator, 30 channels at 10 cps

*  The SCO inputs were transferred from the stagnation &nd conesurface
pressure gauges to the cold cathode ionization gauges when the nose cone was
ejected. CCGl to L are located in the gauge package.

The event oscillators do not provide quantitative informa- '
tion but merely given an on-off indication. Their method of connection was
described in Section 3.2.7. T S ,




b) Commutator

Chanrel - Function
1l 0 volt calibration pulse
2 5 volt calibration pulse
3 Lateral accelerometer 1
* CCG2 AC amplifier output
L Lateral acceleroneter 2

* CCG5 AC amplifier output

5 HP2, DC amplifier range

6 HP1, DC amplifier range

T Nose Cone thnermistor

8 CCG4, DC amplifier range

9 CCG5, DC amplifier range
10 ) ’ CCGl, DC amplifier range

11 ' _ CCG2, DC amplifier range
12 CCG3, DC amplifier range

13 CCG2, AC amplifier output

1k CCG5, AC amplifier output

15 : Nose cone thermlstor 2

16 CCGl, thermistor

17 CCG2, thermistor

18 CCG3, thermistor

19 -, CCGL, thermistor

20 CCG5, thermistor

21 Subcommutator channel indicator
22 CCG2, AC amplifier range

23 CCG2, AC amplifier output

2L CCG5, AC amplifier output

25 CCG5, AC amplifier range

c6 - : Subcommutator output

27 ’ Timer and separation mechanism firing

) indicator

28 Separation mechanism thermistor
29 Master

30 . Master

*  The inputs to channels 3 and 4 were switched from the lateral accelero-
meters to the AC amplitfier outputs when the nose cone was ejected. The three.
channels sllocated to sample each AC amplifier were spaced to sample the AC
signal at equal time intervals. This sampling rate of 30 times per second
was fast enough to adequately define the 3 cps waveform.

Nose cone thermistors l and 2 measured the tempelatures of
‘the stagnation and surface pressure gauges respectlvely.

The timer and firing indication was provided by voltage sig-

nals of different magnitudes, corresponding to various possible states of the
firing system.

68

T R L = SN PRI R N L D S . o g e . . - gt —— s w




Channel

OV O~ 0NV Fwn -

-t

t

0 1 b -
SR rGFLERE

Function

MP2, DC amplifier range

Nose cone thermistor 1

Nose cone thermistor 2

Amplifier board thermistor

Electrrnics frame thermistor

Telemetry 26 volt monitor

UTIAS Internal power, 28 volt monitor
UTIAS Internal power,+ 14.6 volt monitor
UTIAS Internal power, -14.6 volt monitor
Beacon -6.5 volt monitor

CCGl, High voltage supply monitor

- CCG2, High voltage supply monitor

CCG3, High voltage supply monitor
cCGh, High voltage supply monitor
CCG5, High voltage supply monitor
Telemetry 250 volt monitor
Battery box thermistor

H.P.1, DC amplifier range

H.P,2, DC amplifier range

MPl, DC amplifier range
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InBIE I

pyv2 p V2

M p/p, 0.92 o— 0.92 - + 0.L46
1 1.89 1.29 1.75
1.5 3.4 2.90 3.36
2 5.64 5.15 5.61
3 12.06 11.59 12.05
4 21.06 20.6 21.06
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FIG. 25a

FINAL TESTS OF SEPARATION SYSTEM MOUNTED IN THE NOSE CONE
(BEFORE SEFARATION).



“t FIG. 25b  FINAL TESTS OF SEPARATION SYSTEM MOUNTED IN THE NOSE CONE
. (AFTER SEPARATION)




i

A Y A

CABLE HOLDER

FIG. 26




ADAPTOR

VR @ b e T I

3%2IN.1.D. FLEXIBLE STEEL HOSE

THERMOELECTRICALLY COOLED H_____

‘——-——.
BAFFLE VALVE : o VCQQL,'NG,,,A'.',‘.,,

AIR COOLED DIFFUSION PUMP

==~ 10 MECHANICAL PUMP

FIG. 27a  SCHEMATIC VIEW OF THE PORTABLE HIGH VACUUM FUMPING SYSTEM

.t e




dNOD FSON FHI O URHOVLIIV WHISAS DNIJWN  al2 *DId

H H
! i
H i
i

-t i P - - _ . R . {
: H
H t
: N
{ i
i !
: " i




i
i

SYSTEM FOR QUICK RELEASE OF THE PUMPING SYSTEM FROM THE NOSE CONE

FIG, 28




j— 3NOJ 3ISON

SINWVHI ¥OLdvav

---------
------------------
DDDDD

/luo—s.:u« PYYREL)

FONME




.

CLOSURE VALVE BEFORE MOUNTING IN THE NOSE CONE

FIG. 29




CLOSURE VALVE BEFORE MOUNTING IN THE NOSE CONE

FIG. 29c




{- DC POWER SUFPLY
N—ILOWERS

LAUNCHER

&

" SOLENOID

1

VALVE \ '

AIR DUCTS

(— L] DIFFUSION PUMP

40 FT., Y4 IN. PLASTIC PIPE
’ 40 FT., 14 IN. PLASTIC PIPE

r

SOLENGCID VALVE

MECHANICAL PUMP

B,

FIG. 30 SCHEMATIC LAYOUT OF THE AUXILIARY PUMPING SY3
LAUNCHER

L e e e s T Ty

TEM EQUIPMENT AT THE

T W s g e e




ddHONNVT FHL NO QEINNOW WALSAS ONIJWNd TS °OI4




SHOSNES NNS EHL Y04 N¥ILIVE IITS FHI JO INOAVI OILVWIHOS et *p1d

-y -

LD |k YA -




06

SHOSNIS NS omw Ny om: dHL 404 NCIILVEEITYD TVOILIYOTHI

08 0s 09

($33¥934) ¢
os

or

€t *D14

ot

0z

ot

SINIOd NOILVUEIIVD ©

A¥OIHL —

ol

0z

ot

or

o¢

09

[+ V4

($33¥934) 8

N




HOSNTS NNS .59 L ¥Od SIIVIA IITS

ANV Y5074 OHNIINNOW

HE D14

o -

o SO o IO —y.




FIG. 35  ASSEMBLED 45° SUN SENSOR
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FIG. 37 OSCILLOSCOPE TRACE OF THE PULSE OUTPUTS FROM THE SUN SENSOR
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TEMPERATURE (°F)

FIG, 4O THERMISTOR CIRCUIT AND TYPICAL TEMPERATURE CALIBRATION
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