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SUMMARY
This report describes a rocket experiment designed to measure density and molecular scale temperature above 100 km by means of a free molecule
.low analysis of' the data. In addition, pressure, temperature, and density were
measured in the lower atmosphere by conventional methods.
A theoretical analysis under conditions of continuum and freemolecule flow is included. The desired atmospheric parameters are given in terms
;f the quantities measured by the rocket-borne instruments.
The mechanical design of the payload, and the electronics and
electrical system are discussed.
The data is reducedand the atmospheric
parameters based on the
data are presented. The experiment is discussedand modifications are suggested
to improve the experimeiit and obtain better data.
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NOTATION
Mg +F
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a

+

a1

a1

F

k

A

gauge orifice area

B

strength of the earth's magnetic field

Ble

measured magnetic field component perpendicular to the rocket axis

B.

measured magnetic field component parallel to the rocket axis

ZB1.

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

0

C~

j~irt~.~j factor

C

most probable molecular speed

d

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

dI

diameter of a capillary in a pressure measuring systera

e

,e

x

,e

y

z

unit vectors pointing scuth, east, and vertically upward
respectively

F

friction force

g

acceleration of gravity

k

spring constant

K

D

pressure coefficient,

P -P

2

plV
Kn

Knudsen number

L

characteristic length in flow problems

L1

length of a capillary

m

mass of parts in the extension system

m1

local molecular weight in the atmosphere

m0molecular

weight of air at sea level

M

mass of the ejected tip cone plus m

M

flow Mach number on the surface of a cone

c

vi

M
g

mass of moving extension system parts in the test frame

M1

flight Mach number

nb

emitted molecule number density

p

static pressure

Pf

steady state pressure in a measuring system
mean pressure in a capillary of a-measuring system

PS

measured nose cone surface pressure

P

stagnation pressure

r

radius of a capillary

R

universal gas constant

Ro

specific gas constant for dry air

.R1

local atmospheric specific gas constant

Re c

Reynolds.number based on conditions at the surface of a cone

Red

Reynolds number based on impact probe diameter

S

speed ratio

SN

speed ratio component directed into the orifice probe

At

time difference

T

static temperature

Tb

body temperature in a gas flow

.TM

.

-

-molecular scale -temperature,

.

Ro

Uc

flow velocity on the surface of a cone

v

ionization gauge volume

v v ,
x~

components of V
y

in the e
z

,e

,7

directions respectively

xY

V

relative velocity of the atmosphere with respect to the rocket

V1

volume of the capillary in a pressure measuring system

VH

horizontal component of the rocket velocity with respect to the
ground

V

volume of the gauge in a pressure measuring system
m

vii

1

VN

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

VR

rocket velocity with respect to the ground

VV

vertical component of the rocket velocity with respect to the
ground

Vw

atmospheric wind velocity with respect to the ground

Vx ,Vy,V z

components of VR in the ex ,e

V,VR,V w

magnitudes of the corresponding vectors

x

displacement from a reference position x0

Xc

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

(a,b,c)

direction cosines of the rocket axis

(i,j,k)

direction cosines of VR

(2,m,n)

direction cosines of the earth's
magnetic field
2(8o
-x2

erf S

error function, 1-

aangle

e

,ez

directions respectively

dx

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

7

ratio of the specific heats (1.4 for dry air)

r

±(900 -

e

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

eR

angle between VR and the vertical

Amean

r) defines

the acceptance angle of a sun sensor

free path
viscosity
angle between V and the normal to the gauge orifice

p

density

I&o2

maximum change in gauge volume density during a spin cycle

T

time constant

T

0

time constant at standard atmospheric pressure

viii

qphase

difference

(PR

azimuth angle of the rocket trajectory

A9w

phase shift caused by wind

ACPS,V

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

(P

Lchange

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

rocket

in P0 due to distortion of the magnetic field by the

2

S

+SSi (1 + erf S)

x(S)

e

W

angular spin rate of the rocket

(a,B,')

direction cosines of the sun's direction

Subscripts
1

refers to the free stream conditions

2

refers to ionization gauge volume conditions

c

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

max.

refers to gauge volume conditions when the orifice is oriented
to collect the maximum mass flux

min.

refers to gauge volume conditions when The orifice is oriented
to collect the minimum mass flux.

ix.

1.

INTRODUCTION

The past 20 years has seen the increasing use of the rocket as a
vehicle for carrying experiments into the earth's atmosphere. Atmospheric parameters such as pt'essure, density, temperature and composition, to name a few,
have all 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, 4, and 5).

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 degree 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
acctunul-ited to enable the various proposed atmospheric models to be properly
evaluated.
While there are many ways of measuring pressure, density and
temperature, certain standard rocket experiments have evolved for making these
measurements. Pressur'e and density, up to approximately 80 to 90 km, have generally
been determined with pitot-static pressure probesor 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 generally free from large angles of attack, this approach yields acceptable values of pressure and density (Refs. 6, 7, 8, 9, and;-l0).
In the falling sphere experiment, the deceleration of a sphere
ejected from a rocket is measured as it falls freely through the atmosphere.
Since the drag coefficient for a sphere is well known from wind tunnel tests,
the deceleration can be related to the atmospheric density. Sensitive accelerometers and accurate radar tracking of the sphere are necessary for this-type of
experiment. 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 temperature and wind velocity measurements up to approximately 100 km is the rocket grenade
technique. in this experiment the rocket carries a number of explosive grenades
and releases 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 radiosonde data (Refs. 14, 15, 16, and 17).
These brief descriptions summarize the more important rocket experiments which have been used for making atmospheric structure measurements below
90 k=m. At higher altitudes the mean free paths of the atmospheric particles
become of the same order or larger than the rocket dimensions. When this happens
the nture 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 gas particles 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 considerable 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 above 200 kun, 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 molecule 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 perpendicular 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 measurements 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 difficulties in an actual'rocket experiment.
Previous high altitude rocket experiments of this type have encountered a 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 from the gauge
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 measurement, the theory permits only the atmospheric
density to be computed. This method still. permits wind velocity and direction
to be computed (Ref. 10).

.

This gas cloud is believed to have a number of possible 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 outgassing rate by orders of magnitude. Since the normal flight time is so short,
the surfaces do not have sufficient time to clean themselves. In some of the
experiments there has probably been outgassing within the gauge volume itself.
The gauge has started at atmospheric pressure and then has been required to measure pressures between 10- 5 to 10 b 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
copartmcnts in the rocket nose cone. Unless great care is taken to seal the
nose cone, even very small leaks could be important if 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 indicates that motor outgassing probably contributes a large part of the total gas
cloud around the rocket.

2

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 the
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 450 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 atmosphece 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 strea from that of
the gas cloud which is certain to be present.
While the experiment was designed to provide density and scale temperature 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 outgasthem
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 separate the nose cone from the motor. As this was the first rocket experiment designed by the Institute for Aerospace Studies, it was considered to present too
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
levl and hence was subjected to the maximum outgassing effect.

2.

I.

THEORETICAL BASIS

During its flight the rocket passed through the continuum, transitil, and free molecule flow regimes in turn. As the theoretical basis for the
experiment is completely dIfferent 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 indicate 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, Ps. These two measurement can be related to the atmospheric density,
and temperature or pressure with compressible flow theory.

2l

2.1.1

Atmos2heric Density

The density is obtained essentially from the measuremcnt of the
impact pressure at the nose of the rocket. If the pressure probe is not inclined
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 normal shock wave whose strength is
given by the flight Mach number. The relation between this stagnation pressure
P, the ambient static pressure pI, and the flight Mach number M, is given by
1

7

P

(Yl) M

7 +-1

1

1

7+1
=

"

M 2 [.]

(2.1)

-

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 M2 with

p1V1'/Tpl and expanding the term

[

-1

as a series, Eq. 2.1 becomes

P

=

0.92 p1V 2 + 0.46 p, + .....

(7

1.4)

(2.2)

Table I indicates the relative importance of the terms in the series by comparing the exact solution for P/pI with the first term, 0.92 plV 2/pl, and also with
the first two terms, 0.92 pIV 2 P-1 +,o.46, for a series of Mach numbers. It can
be seen that there is no significant difference between the exact solution and
the sun of the first two terms of the series for Mach numbers greater than 1.5.
The second term provides a correction whose importance decreases as the Mach
number inzreases. As a result the expression for the ambient density as etermined with only the first two terms of Eq. 2.2 is
=

1.087 (P - 0.46 p1 )

1~

V2

An accurate value of p1 can be obtainud from Eq. 2.3 without knowing p accurately.
Substitution of a value of p1 from standard atmosphere tables (Ref. 29j will result in an error in p1 of less than 1% for Mi.> 2, even if the assumed p1 is in
error by 10%. Since in an actual rocket flight the Mach number quickly reaches
a value greater than 5, the 0.46 p1 term becomes insignificant.
Equation 2.3 indicates that the atmospheric density can be determined if:
(1)
(2)
(3)

the impact pressure is measured,
an approximate value of static pres3ure is known, and
the free stream velocity can be measured.

4

Using Eq. 2.1 and the predicted rocket performance figures, the expected impact pressurez wcrc : lculated. 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 pl. When the
actual P, is determined (see Seclion 2.1.2), then this value can be used if it
is signi icantly different.
Radar tracking of the rocket provides velocity and position information 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 determination
of rocket velocity can be used in data reduction.
Since Eq. 2.3 is only accurate for small angles of attack an indication 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 trajectory.
These measurements will 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
/

Re
Red

p, Vd

=

where d is the probe diameter and l 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 indicates 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
flow around a cone
static pressure to
contains tabulated

theory developed by Taylor and Maccoll for the supersonic
at zero angle of attack can be used to relate the free stream
the pressure measured at the surface of a cone. Reference 33
values of the function

Pc - P1

(2.4)

P1 V
where pc is the surface pressure on the cone, in the ideal case of no boundary
layer on the surface. The value of KD depends on the free stream Mach number
M1, and the vertex angle of the cone. Figure 1 is the result of using Ref. 33
5

to evaluate KD as a function of M 1 for the Black Brant II nose cone angle of
11024'.
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, M1 . Combining tie equation

P

T2

=

with Eq. 2.4 the following expression results:
P
Pc

2

D

1
+

F(M1 )

1P

(2.5)

P

Equation 2.5 now expresses the quantity P/pc as a function of M1 alone for the
particular cone angle being considered. Figure 2 is a graph of the ratio of
the measured pressures, P and pc' as a function of free stream Mach number.
From the value of P/Pc the value of M1 can be determined, and hence the value
of RIT1, from which the temperature can be determined when R1 is known, since
V
-RIT
1
where

V
7
R1
R
mI
T,

=
=
=
=
=
=

(2.6)

free stream velocity
ratio of the specific heats
specific gas constant, given by R/m1
universal gas constant
local molecular weight of the atmosphere
free stream temperature

Since the value of KD 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 experiment to insure that Eq. 2.5 is applicable.
When the value of RIT1 is determined, the atmospheric pressure
can be calculated from the equation of state
(2.7)
P1 = pl R1 T1
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 correctly 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

6

Mc3
where

C
Rec
Mc = Mach number on the surface of the cone

C = proportionality factor in the relation between viscosity and
temperature, vl/42 = C Tl/T2)
Rec =

P

PC = gas density on the cone surface,
Uc = gas velocity on the cone surface,
Vc = gas viscosity on the cone surface,
X c = 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 Fliw 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 hypersonic speed. The parameter which describes the flow is the Knudsen number,
defined as
=
L
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 problem 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 interference 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 uskg kinetic
theory, it is found to be proportional to nbA/b (Ref. 38), where nb is an effective
emitted molecule number density, and Tb is the body temperature. For a given
incident flux of molecules, nb is inversely proportional to %Tb"
If the body is
:old nb will be larger than if the body is hot, and thus there will be more intererence with the incoming stream. As a result there may still be significant
Lnterference between the incident and reflected molecules even though Kn has a
ralue of 10 or greater based on free stream conditions.

7

While free molecule flow theory has been thoroughly described by
Patterson (Refs. 38, 39) and Tsien (Ref. 40), 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 problem. However, this does allow first order corrections to be made in the absence
of any experimental data.

2.2.1

Free Molecule Orifice Probe Theory

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
P1 , RiT 1 , and even obtain some information concerning wind velocity, by using a
number of gauges oriented at different angles to the free stream velocity.
Since 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 rarefied gas flow
through an opening with zero length (i.e. an orifice). The free strebm velocity
V, makes an angle, t , with the normal to the orifice. The free stream and
gauge volume density- temperature and gas constant are as shown below.

P2 ,T 2

R2
T2PT

1 ,R1

R2

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 velociries of the entering
and leaving molecules are Maxwellian.

Under these conditions the expression relating the gauge volume
conditions to the free stream parameters is

p2 /R2T2

Px R_1J8

=

x

(SN)

(2.9)

where the folloaing symbols are used:
-SN2
X (SN) = e

+

-SN

&

+ erf SN)

SN (i

for

SN > 0

(2.10)

fo

SN < 0

(2.11)

2

X(SN) = e

-4

SN

ISN1 (1

V

-

T

erfISNi

cos

,

)

0

<

1800

(2.12)

and

2
erfx

x-4e y2 d
e
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dy

(2.13)

_2RIT
Since V/
1 is the definition of the speed ratio S, then SN is the component
of S directed into the gauge orifice.
p, and RIT1 as variables.
It is evident that Eq. 2.9 contains both
If measurements could be made simultaneously with a second gauge making a different angle with the free stream, then, in principle, it is possible to obtain 2
equations to be solved for p1 and RIT I . 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 ho 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 a modulation of the gauge signal caused solely by the free stream molecules. 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 Spi-nning 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 based on the validity of Eq. 2.9. For this situation,
consider the case of a gauge mounted on a rocket spinning about its longitudinal
axis.
Rocket Spin Axis

9

9

The angle between the rocket spin axis and the relative velocity
vector, V, is
given by a. The angle between the rocket spin axis and the direction
perpendicular to the plane of the gauge orifice is given by P.
As the rocket spins, the gauge volume density changes in a cyclic
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 P2, assumes a maximum
or minimum
value. This value depends on which direction the gauge orifice
is facing.
a) Gauge Oriented With 0 = 900
Let us first consider the information which can
this type of rocket experiment when the gauge is oriented with be derived from
0 having a value
of 900. In this form the experiment has been carried out several
times by a
number of different experimenters (Refs. 23 and 42). For this
case the maximum,
and minimum values of SN are
SN(max)

and

SN(min)

-

-

i

sin

sin a.

42R1 T1

-

The gauge volume densities corresponding to these two limiting
values of SN are
P 2 (max)

1

T2

(2 RTj/

4V

sin

[1 + erf (V

sin

11

"
v sina h2

and an.
P2e

)

(2.14)

,
%V

"AT

sin a

erf

V sina

(2.15)
The maximum gauge density variation, LP2 over a single spin cycle
is therefore
given by
"2

2 2-

V sin a

(2.16)

or

1-_
=

o2 - 2T2
V sin

(2.17)

where
LP2= P2(max)
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-

P2(min)

It is evident from Eq. 2.17 that a gauge oriented with 0 = 900 can be employed
to determine the free stream density if the following measurements can be made:
1)
2)

3)
4)

5)

Gauge volume density.
Gauge volume temperature.
Composition of the gas in the gauge volume.
Relative velocity of the rocket with respect to the atmosphere.
Orientation 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 P2, in principle, requires a vacuum gauge calibrated for the particular atmospheric composition to be encountered. In practice
the gauge is calibrated against a McLeod gauge for dry air of normal composition.
At altitudes above 100 km the composition does start to change, due mainly to
dissociation of molecular oxygen, resulting in an atmospheric molecular weight
Some experimenters
of 26.81 at 155 km (apogee for the UTIAS rocket) (Ref. 29).
have attempted to correct for this by measuring or calculating the gauge sensitivities 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
* to provide an estimate of the error possible in measuring P2.
considered in or
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 R2 or the gas composition within the gauge volume may be in doubt. Unless the atmospheric composition is known, along with the degree of recombination within the gauge, then
R 2 cannot be stated definitely. However, by comp, ring the value of the molecular
weight for normal dry air, and the atmospheric value given by standard atmosphere tables as the two limiting values of R 2 , an estimate of the possible
error can be made. By assuming R2 to have the sea level value, the calculated
l/mo, where m o is the molecular
value of p1 can be too small by the facto:
weight at sea level and m1 is the molecular weight at the altitude under consideration.
The determination of the rocket velocity relative to the atmosphere 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. 44) the relative rocket velocity
could be significantly different, in magnitude and direction, from the value
determined by radar. The quantities V and a can be expressed explicitly as
functions of the unknown wind velocity components.
VR = i x Vx + g y Vy + F z Vz
6x
-ey
9z
V ,V ,V

where

(2.18)

is a wi 1 vector pointing south,
is a unit v ."tor pointing east,
is a unit vectu: pointing vertically upward, and
are the correspondi.,' 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

v

v

+6

+ "v

(2.19)

.

As a result the relative velceity of the atmosphere with respect to the rocket
is

(R
If (a,b,c) are the

~=-(V
w

.(2.20)

-V)

direction cosines of the rocket axis and
Vx

Vy.

vx

V

z

Y

'V

z

v

are the direction cosines of the velocity vector, then from Ref. 45, the angle
of attack is given by
a=cos" (

V'

YV

a+

b +

V z

(2.21)

where
V =

1(Vx

" vx) 2 + (Vy

-

vy) 2 + (Vz

-

vz) 2

(2.22)

If there are no atmospheric winds, then the maximim or minimum gauge signal
must occur when the normal to the gauge orifice lies in the plane defined by the
rocket axis and the velocity vector V . 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 different 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 defined above. Using the methods of analytic
geometry (Ref. 45), the phase shift &2p. is expressed by

aYa+

CosACPX

cos~

w

where

b
V

a

X

c
V

R

VR
c
V

Xb

X

a a+i

a
V

Vz Vx
R

R

a
V

b
V

x

y
R

b+

X

YC

c c_

.

(2.23)--

/
C

a

c

bv
Yb

Vz_.__Z
-v

VyV
-v

Ya

=

V -v

ZVZ

c

av

V -v

XVX

b

a
Y

C

V -v

V -v

V

V

X

2C

y

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 atmospheric
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 horizontal, having fluctuating vertical components with root-mean-square values of
vertical speed of 1 to 2 meter/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 presence would be apparent in the calculated wind pattern.
By measuring the phase shift at a given altitude during ascent and descent, one
obtains two equations from substitution of the known parameters in Eq. 2.23.
While this illustrates th.t 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 making
measurements of the phase shift in the gauge signal, and using ascent and descent
data at the same altitude. To simplify the solution the wind isstill assumed to
be horizontal and the rockeT 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 150, which was small enough 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 question of detecting the wind
velocity will be examinedmore fully when the experimental data is considered
in Section 7.4.
The final quantity which must be determined if the data is to be
interpreted is the angular orientation of the rocket axis. In principle this
can be done if one measures the angle between the rocket axis and the known direction 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 perpendicular to the rocket axis. An analog type of sun sensor was selected to provide the means of measuring the angle between the rocket axis and the sun's direction. If tite phase relation between the sun sensor signals and the lateral
magnetometer output is also considered, then the orientation of the rocket axis
can be uniquely determined.
Each of the measuremnents necessary for the interpretation of the
flight data will be dealt with in some detail in the sections devoted to the
rocket payload and data reduction.
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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 distance 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. In 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 0
Rocket Spin Axis

V

In this general case the maximum and minimum components of the
speed ratio are given by
SN(max) = S cos (P-a)

(2.25)

SN(min) = S cos (O+a)

(2.26)

and
The corresponding gauge volume densities, obtained by substitution in Eq. 2.9 are

_2( nx)

andndP?-(min)

2
2Scs

+ %[7r S

cos (P-ce)

(i + erf S cos (P-a))

(2.27)

(1 + erf S cos (P+a)).

(2.28)

"S- s()S cos

2
=

e

(O+a)+

The gauge density difference, A

2

A/

S cos (P+rC)

, over a single spin cycle is given by
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2

=2T -S Cos 2
- e.

2 2

-S Cos
-Se 2

-)

+ % S cos (0-a) (1 + erf S cos (0-a))

+)
-

'

S cos (O+a)

(1 + erf S cos (O+t))
(2.29)

F(S,a,P
Equation 2.29 indicates that

u2

is a function of R T

T/pl

p2

4r 2e=

1.

of the form

F(S,a,)

(2.30)

I principle !t is possible o solve for R T if p1 can be determined from
kJ 2.17 which is the special case for 0 =19 O and if t4o 2 , R2 T 2, V, a, and 0
are known. In actual practice there are certain limitations to this method
of obtaining RIT I . If4RI4TjF(S,a,P) is a slowly varying function of S, it is
evident that large errors in the calculated value of RIT 1 are possible even
though the measured values of the other parameters are quite accurate. It is
therefore necessary to examine 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:
erf x a~d

ey

2

for (x << 1)

X

for (y <<)

1 + y

With these approximations, Eq. 2.29 becomes
AP4W
22
2

=

S

[cos (-a)-

cos (Ora)]

when second order terms are reglected. The expression AP2 9 2T/p I is therefore not dependent on RIT1 ad hence the method is not useful for very small
values of S no matter what values a and P are used.
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Case (b):

S >> I
For this case there are three possibilities depending on

(1)
2

a

and

:

S cos (P-a) >> 1 and S cos (O+ ) >> 1.
S cos (P-a) > 1 and S cos (P+a) << -1.
S cos (O-a) << -1 and S cos (P+a) << -1.

Using the approximations

erf (t x)

and

nde

for x >> 1

1

0

for y >>

each of the above possibilities can be examined in turn.
pressions for -p 2 % F2/(pi-ffIT1) are the following:

'6) 222

-2 vAS (cos (-a)-

The resulting ex-

cos

PI1 1

z_ 2 -i

(2)

(3)

2

22

S (cos (0-a)

I

0

is not a function of s, and hence these combinations
In each case A2_o/p
I
yield
solutions for RIT1 .
of S, a and 0 will not
In general it can be said that solutions for R1 T1 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 149T F(S,G, )
to changes in S will depend on a, and 0 and well as S. Since the values of a and
S for a rocket flight are difficult to predict in advance, it is necessary to
choose a gauge orientation whose 0 will provide a pos lbility of solution of
Eq. 2.29 for a major part of the trajectory. Of course, if the value of S becomes very small near apogee, then an accurate solution for RiT1 will not be
possible no matter what value of P is chosen.
The choice of a value of Pinvolves a certain amount of compromise.
One requirement for 0 is that it produces a large value of AP2 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 RIT 1 over a wide range of
values of S and a. These two requirements are not necessarily compatible since
_p 1 lR 1 T 1 )for a
the value of 0 which produces the largest value of ApgS2
.given S and a is not in general the one which permits a solution of Eq. 2.29
over a suitable range of values of S and a. Figure 4 compares the values of
Apo'
T /f1N1-lT1)for 0 < a < 1800 and S = 1 for P = 200, 300, 450 , 600 and 90".
The case for P = 900 is simply Eq. 2.16 which cannot be solved for RIT 1 . Hence
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it is evident that values of 0 close to 900 will not be useful even though these
would produce relatively high values of AP2 . At the other end of the range where
0 is small, the value of AP2 is also relatively small. In addition, for values
of a close to 900 Eq. 2.29 cannot be solved for R1 T1 since SN is small. As a result 0 was chosen to be 450 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 trajectory. While this is not the only value which could be used, it is certainly
within the band of useful values.
c)

Pressure Gauge Oriented at o = 450

Substitution of 0 = 45° in Eq. 2.29 results in the following expressions:
(1) For OSa s45 0
S2
2 (l+sin 2
e

p2 vR 2T2

-~

=

a)

S2

(1-sin

-2

2a)
447 S sin a

-e

11 1
S(cos a + sin a) erf (S

+

(cos a + sin a))
(2.31)

~j S(cos a(2) For 45°

+ sin 2a)
Se

+

For 135

APO22

(c Ios a- sin a))

,

-A$
2e

(1 -sin

24
+ 47 S Sin a

-

cos a) erf [ 2

a + si

(sin a

-

a))

cos a) )

(2.32)

1800

2S

2 (l + sin 2a)

2

"3 (1

sin 2a)
+%

-e

- (Cos a + sin a) erf
(sin a - cos a) erf
The expressions for

2a)

(cosa + sin a) erf [ -(cos

FrS

(sin a

a

-e
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(3)

QS-

a < 1350

T2(

2

sin a) erf

(- T
S

S sin a

(cos a + sin a))

are
17o2R2T2pi49iT-)
plotted in Fig.
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f

(sin a - cos a))

(2.33)
a function of a

for a number of values of S. To determine the range of values of a for which a
solution for RIT1 is possible, Eqs. 2.31 to 2.33 are plotted as a function of S
for the full range of values of aj(igs. 6a, b). For values of a between 00 and
T)is very nearly proportional to S and hence
1000, the quantity AogVT//tR1
solutions for RIT1 over this range will not be accurate. For values of a > 1200
(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 range 0 < a < 900 during ascent,
it is evident that solutions with a gauge oriented with 0 = 450 will only be
possible during descent.
In order to determine the values of RIT1 during the rocket's
ascent it is necessary to orient a second gauge with 0 = 1350. In this way a
comparison can be made of results obtained over most of the rocket trajectory
The symmetry of the orientations 0 = 450 and 1350 results in
above 100 km.
Eqs. 2.31 to 2.33 being applicable to the case of 0 = 1350,-if 180-a is substituted
wherever a appears.

2.2.3

Time Response of Free Molecule Gauges

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 instant of time.
Consider the gauge volume, v, exposed to the free molecule gas
flow through an orifice of area, A.
P2
"
Tr 2
rn

Pl

TI' m,

The free stream conditions are described by density Pl, temperature T1 , and
to
molecular weight m 1 . The flow velocity is V and is inclined at an angle
the normal to the orifice area. The gauge volume conditions are given by P2 ,
T2 and m2 .
From Ref. 39 the mass entering the gauge volume per unit time at
any time, t, is
Pl cm
Mi

AX(SN)

24"

(2.34)

where Cml = most probable molecular speed
m "2R T1
(2.35)
= VE R 1
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
P2 Cm2

A

24
where Cm2

T2

=

The rate of change of mass in the gauge volume v(dP 2 /dt) can be expressed as
the difference between the mass flux entering and leaving the volume

v

dP2
-dt +

P2 C 2A

P1 Cml A
=

.

(2.36)

X(SN)

W9

or
P22+ .P2 -=
T
dt

_1

Pl

T

m
2

x(SN)
N

(2.37)

where

(2.38)

T =
Cm2A

For low speed ratios (S < 2) the function X(SN) for the spinning rocket can be
approximated by a Fourier series of the form
(2.39)

X(SN) = kI + k2 cos wt + k3 cos2wt
where w is the angular frequency of spin.
Using this expression for X(SN), the steady state solution for Eq. 2.37 is
p

=

FRIT

kl

+

Cos (wt

2

k)
3
3

+

cos (2t-

2)]

(2.40)
..
.where

and

.. -1.

wheretan-

P2

=

wT

tan- 2WT

..

.

. .. ..

.

. . ..
(2.41)
(2.42)

Equation 2.40 shows that there is attenuation and distortion of the gauge density 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 analysis in Sections 2.2,1 and 2.2.2 have been performed
under the assumption that the gauges are in free molecular flow. This of'
course will depend on the relevant value of che Knudsen number at the altitude
being considered. Reference 29 gives the following values of mean free path
at the altitudes noted:
Mean Free Path

Altitude

cn)

1.02

"r..

-97.5

10.5
111.7

112.0

It is evident that the mean free path very quickly becomes large enough to consider that free molecular conditions exist around the gauges in the extended
gauge package.
For the gauge nounted farther back on the body of the rocket
this condition will not be reached until a.higher altitude is attained,
The package zontaining bhe pressure gauges is a complicated
wi. h tie free stream. As a result
shape and makes a varying angle of atta..
it is virtually impossible to make exact c.orrections for the transition flow
regime. Erkenhus in Ref. 47 performned experi:ents with orifice probes in supersonic flows at Knudsen numbers in the near "ree molecule flow regime. An empirical relation was obtained which gCae th.e variation of orifice probe impact
pressure with Mach nurber and Knudsen nuzubor. Although Enkenhus' experiments
were performed for cylindrical orifie pr.-os placed perpendicular to the flow,
and hence do not duplicate the flow about the rocket gauges exactly, there is
enough similarity to permit an ap!.xmnt.t correction to the gauge readings to
be made. In Enkenhus' experiments the probe temperature was higher than the
stream temperature, while in thc rocket ep,...erin-nt the gautge temperatures were
As a result of the effect mentionapproximately equal to the stream temperat,.ure.
ed in Section 2.2, the corrections from En. enhus' work may be too small if the
Knudsen number is based on free strealn con,"ttions in each case. Fortunately,
Enkenus' work shows that for Kntdsen nut ber6 greater than 2 the correction may
be of the order of 10% or lesz dee-nding on the !'rh num.er and Knudsen number.
Since the mean free path incr-ases so rapidly with increasing

altitude, corrections to the measured gazge, coniticns need only be applied
over a narrow altitude rarge. The necessary corrections will be discussed later
when the data is reduced and conputations cf ths mean free path and Knudsen
number can be made.
2.2.5

Relations Between Atncspheric P'essureDensity and Temperature

As a general rule rocket experiments do not measure atmospheric
pressure, density, temperai.ure and nolecula- weight during a single flight. One,
or perhaps two of these parameters may be measured during a typical flight. Thus
a means of relating the measured parameter to the others must be found. The two
basic relations which permit an in,..zzlt~on betwe,!n the atmospheric parameters
are the equation of state for a-. ideal gas and the hydrostatic equation for a
fluid at rest (Ref. 1). The equation of state is simply Eq. 2.7.
P.,

(2.7)
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The hydrostatic equation 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,
dp1 =P

gdz

i

(2.43)

,

where dpl is the pressure change across the infinitesimal altitude change dz,
and p1 and g are the density and acceleration of gravity at that altitude. In
integral form the hydrostatic equation can be written as
,z

p1 (z) = pl(zo)

p1 g dz

-

(2.44)

,
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where p.(z) is the atmospheric pressure at some arbitrarily chosen altitude z,
and p1 (zo) is the pressure at an altitude zO 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:
m1g

dz

(2.45)

p1 (z)= pl(zo) e
-zml

Tl(Zo ml(z)
pl(z)

Tl(Z)

P1 (z 0 ) .T(Z)

Le d

p
(z)
(zo)m 1 (z)T(z
S1

m(z)

-P-(Zi-MJz°)

RZ
7PT(°

d(In p. )
dz

m(Z)

Mi dz

1 Mo

p(z 0 R

(2.46)

jz
zplg dz j

(2.47)

ml g__8

(2.48)

RTi

The quantity RTI/(Ig) has the dimensions of length and is defined as the scale
height. Since it provides an indication of how rapidly p1 and p1 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 Eqs. 2.45 to 2.48 the
remaining two can be calculated, but only as functions of m 1 . 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 experiment 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. DESCRIPTION OF THE ROCKET VEHICLE ANqD PAYLOAD
3.1

Mechanical Configuration

In the UTIAS rocket experiment, the nose cone was meant to be
more than just a covering for the payload,I as it is in most other rocket experiments. It was required to perform as a high vacuum chamber, which meant that a
number of modifications were necessary before it was suitable. The sections to
follow describe the rocket itself, the design requirements for the nose cone
and the changes which had to be made to fulfill them.
3.1.1

Black Brant IIA Rocket

The Black Brant IIA rocket Ls a Canadian designed and built, high
altitude sounding rocket. The single stag , solid propellant motor has a burning
time of approximately 15 seconds and a pea k acceleration of 15 g, which permits
the vehicle to carry a payload of 200 pounds to an altitude of 500,000 feet.
Of course, the actual peak altitude depend6 on the launcher elevation angle, the
actual payload light, and the fin design Used on the rocket. Figure 7 provides
the weights an dimensions of the vehiclelcomponents.
Although this rocket is nornally fired with the fins set for a
nominal spin rate of zero, the LTIAS experiment required a spin rate of the order
of 1 cps or higher. This spin was necessary for both the measurement of upper
atmosphere density and scale temperature, and also for the operation of the sun
sensors. The 1 cps spin rate was found to'be inadvisable due to anticipated
aerodynamic instability problems. A nominal spin rate of 3 cps was finally recommended by the rocket manufacturer. A 4-fin configuration, with fins designed
by Canadair Limited, was provided for the UTIAS rocket. Although these fins decreased the peak altitude, they were believed to provide better aerodynamic
stability of theovehicle.
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 magnesiim castings. This gives the basic nose cone a weight of approximately 130 pounds.
3.1.2

Mechanical Design Considerations

The basic obstacle to a direct rocket measurement of upper atmosphere density above 100 km has been the presence of a relatively high density gas
cloud surrounding the rocket and moving with it. For this reason the prime consideration in the mechanical design of the experiment has been an attempt to
eliminate possible sources of such a contaminating gas cloud. The sources of
contamination that could be controlled inlluded outgassing within gauge volumes,
outgassing of surfaces close to gauge orifices, and leakage of gas from
pressurized compartments. However, it was considered that the extensive modifications required to prevent outgassing from the motor were too cumbersome to
be attempted for this first experiment.
The elimination or reduction of outgassing of gauge volumes, and
surfaces close to gauge orifices was achieved by sealing the high altitude gauges
in the conical section of the nose cone, and then evacuating this compartment to
as low a pressure as possible. This required the design of a system for opening
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the nose cone at the desired altitude and exposing the gauges to the atmosphere. 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 which the gauges could
be projected. The four gauges, oriented with 0 values of 0, 45, 90 and 135
degrees, were enclosed _n a stainless steel shell. This gauge package was
mounted atop a set of spring-loaded, telescoping tubes which provided the force
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 extended 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 follow the atmospheric 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 obtained in the event that certain mechanical and electrical systems should fail
to operate properly.
3.1.3

Nose Cone Sealing

Nose cone sealing was accomplished by using the same vacuum techniques which one employs in sealing laboratory high vacuum systems. O-rings
were used in all instances since they were the most reliable, if they were properly installed. The seals on the nose cone were finally subjected to testing
with a 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 mininum. In this way, many of the joints and holes could be sealed and tested in
the laboratory without having to be taken apart again.
The nose cone, as received from the manufacturer, was not well suited
ror sealing to the required degree of leak-tightness. In normal use the nose
zones were only required to maintain the pressure within them above a certain
ninimum value. This could generally be done by sealing holes with RTV silicone
.ubber. However, this degree of sealing was not acceptable for a high vacuum
;ystem, and hence O-ring seals had to be designed for each joint and hole in
:he nose cone sections.
For sealing purposes the nose cone was divided into three compartaents. 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 10- 5 mm Hg.
second bulkhead at station 110.5 isolated the cylindrical section. This was
;o be maintained at ground level pressure since it contained the electronics
'or the experiment. The same requirements for leak tightness were demanded for
his section as for the evacuated conical section. A short cylindrical extenion body was the transition piece between the motor and the pressurized com)artment. 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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(3) Vibration:

A vibration amplitude of 0.06 inches peak-to-peak
from 10 to 50 cps; and lOg manai1um acceleration from
50 to 2000 cps on each of three :utually perpendicular axes, using a one hour cycli'g period and remaining 1 minute at each resonanc:e.

(4) Temperature :

A temperature range of -200C to + 75°C.

In practice not all of the payload ccmponentz wecre given the
environmental tests listed above. In some cases test data was supplied by the
manufacturer for his instruments. Only if there was some doubt that the component would not function in the expected environment was the appropriate test
made.
From previous measurements of upper atmosphere properties (Pef.
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 selected.
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 figures and the theory in Section 2.1, stagnation pressures from 0 to 8250 mm Hg
and cone surface pressures from 0 to 930 mm Hg. were anticipated.
The high pressure range, starting at ground level, was covered
by strain gauge pressure transducers supplied by the Fairchild Controls Corporation, Hicksville, 11.Y. In this type of transducer, diaphragn deflection from
causing a
the applied pressure produces strain in a semiconductor bridge
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 operation from unregulated supplies 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 by Hastings-Raydist Inc., Hamton, Virginia. This type of gauge operates 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 pressure and 10 millivolts at high
vacuum. 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,
mechanical test data for vacuum gauges suitable for measuring in the range 103
to 10-0 mm Hg was not available from the manufacturers of these gauges. Three
commercial gauges were selected for testing to the vibrational specifications.
These were a Balzers UMl, an Edwards Hign Vacuum Ltd. IG-2HB, and a Consolidated Vacuum Corporation GPH-001.
The first two gauges named have a triode electrode structure
consisting of a heated cathode surrounded by a wire grid, which is in turn
surrounded by a collector (Fig. 10). In the aot 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 between the grid and
the negative collector where they may collide with the gas molecules to produce
positive ions. If the electrode potentials and the grid current are kept constant, the positivs ion current drawn by the collector will be proportional to
pressure,below l- mm Hg. This type of gauge is generally considered to be an
accurate continuous indicator of pressure below 10-3 mm Hg (Ref. 48).
The third gauge has a diode structure which relies on the measurement 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 move across a magnetic field to the anode. This
spiral action increases the possibility of collisions with the gas molecules
present and produces more sensitivity by increasing the number of positive ions
formed. The magnetic field also sustains the discharge at low pressures where
the electron mean free path greatly exceed1s the distance between the electrodes.
In using this gauge, one must be careful not to contaminate the internal surfaces since they form the gauge cathode.
The vibration tests on the three gauges were performed according
to the specifications using facilities provided by the Canadian General Electric
Company. Each gauge was encapsulated for support in a 4 inch cube of epoxy
casting compound. This mounting bI'ock also provided a means of orienting the
gauge on the shaker table. Figure -l shows the Balzers and the CVC gauges
mounted in their blocks and the ty,;e of failure which occurred in each case.
The results of the tests were as follows:
(1) Balzers UW/l:
The supports for the grid. collector and filnarent failed, making
the gauge completely inoperative. Tf the electrode structure had been supported this complete failure would probably not have occurred. The failure probably
was the result of resonance in the electrodes.
(2) Edwards IG-2HB:
This ga~ge had a glass envelope and the collector and grid received some support from the glass enclosure. Although the grid and collector
remained intact! the tungsten filament cathode was found to be broken. Both
of the triode type ionization gauges failed before the testing along one axis
had been completed.
In each case the testing axis along which failure oncurred was perpendicular to
the longitudinal axis of the gauge structure.
(3)

Consolidated Vacuum Corporation GH-00!:

This gauge fared better in the test than the other two because
of its more rugged constructio-o. It survived the vibration test along one axis
perpendicular to the gauee tube axis but" hne anode broke during the test along
the second axis perpendicular to the gauge tube axis. A soft-solder joint or.
the anode was the cause of failure, but it was believed t1at this joint could
easily be strengthened to solve the problea.

t26

/
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 resultant 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 installed 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 separated 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 0 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:

-Figure12 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 RTV-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 surfaces 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
inch thickness of rubber provided sufficient thermal protection
during the short time between lift 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
in a
cylindrical
shell with
a and
inch
thickness
of silicone
rubberpositioned
cast around
them
for mechanical
support
thermal
protection.
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Both of the cast rubber plugs were removed from the nose cone,
and preconditioned to the high temperatures anticipated by baking for several
hours at 500 0F. In this way any volatile Material remaining wiLhin the rubber
would be driven off and not hamper future evacuation of the nose cone.
b) Time Response of Gauge Tubulations
The second consideration in the design of the impact and surfact pressure measuring systems was the response time of the tubing leading
to the transducers. Since the placement 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 dimensions 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 experimental configuration.
The flow in the pressure measuring capillary is assumed to
be laminar. 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 pressures where a Poiseuille flow analysis is valid.

T

256 i L1 (Vm + I V)

(3.1)

d' Pf
where

g = viscosity of the air in the system
L1 = length of the tube
Vm = gauge volume
VI = volume of the tube

..

dI = diameter of the tube

Pf = final or steady state pressure.
The percentage error in any measurement falls to ?

after time

3T

has elapsed.

The time constants for the impact and surface pressure probes
were evaluated at standard atmospheric pressure using Equation 3.1.
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a) Impact pressure probe response:

in Eq. 3.1:

The gauge dimensions provide the following parameters for use
15 in.

L

dI = 0.150 in.
Vm = 0.065 in3 .
1V1 = 0.1325 in3 .
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2
2116 lbs/ft
pf
= 4.7 x 10- 7 slug/ft-sec at 212°F
With these values, T is 1.06 x 10- 4 seconds which certainly provides adequate
time response at high pressures.
b) Surface pressure probe response:
In this case the gauge dimensions are the

ollowing:

LI = 3.0 in.
d = 0.085 in.
13
V = 0.035 in3 .
v = 0.0085 in3.
f
in
Using the same values of pf and P, T has a value of 4.54 x 10- 5 seconds. At
the surface of the nose cone the surface pressure capillary ends in an 0.040
inch diameter hole. However, Ref. 51 concludes that an or fice has little
effect on the response time when its diameter is
meter of the capillary to which it is attached. greater tnan - of the diaAs the value
increases. Davis (Ref. 49)
takes into account rarefied
of the time constant at low
given by

of pf decreases, the response time correspondingly
derives an expression for theltime constant which
gas effects. According to this theory the ratio
pressure to th,: value at atmospheric pressure is
T

T0

_

2116 r(32

PM r + .00278 '

T

= time constant at low pressures
= time constant at atmospheric pressure

pm

= mean pressure in the capillary (lbs/ft2 )

where

T

r

(3.2)

= 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 pressuiies 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 in 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 Ionization Gaues

a) Gauge Package
The gauge package design was dictated by the requirement of
having cleaned, outgassed surfces clos to' the gauge orifices. Since attachment points for the separation
Lcbanisn
(to be described in Section 3,2.4)
were located close to the upper end of the aft cone, the opening through
which the gauges could be projected was restricted. The size and shape
of the opening dictated the conf-gurati,:on of the gauge package shown in Fig.

15.
The gauge tubes were shortened to an overall length of 5 inches .
to enable them to fit within the space availab'Le for the gauge package. Reducing the length also reduced the gauge volume and hence improved the time
response for the gauge. The design values cf v, A and Cm, were the following:
v= ±.°

i
50id

A
C,:-1

0.1255i:~

1360 ft/sec (corresponding to T

0 ),
= 80 C

-3
With these values in Eq. 2.38 the ti!Le constant for the system is 2.6 x 10
seconds. If the nominal soin rate for the fo ket is 3 cps, then the signal'

attenuation factor l/V1I+Q(T) 2

is 0.9988.

Teflon insulated coaxial cable carried the high voltage to the
gauge anode. The surface of the Teflon insuLation waE treated with a solution
produced by Chemplast Inc., E'a.t 1-wark, N.J., which fiermitted expoxy adhesives
to adhere to it.
After soldering the cenTre conductor to the gauge anode, a
coating of epoxy resin'(Emerson and Cui.'Zigs,Stycast 1264) was put on the
anode to provide electrical insulation. in addition the anode was strengthened
with the same epoxy at the joint which the vibrazion tests had demonstrated to
be weak. In order to measure the gauge voiu2 ter:peratiure, bead thermistors
were cemented to the steel barrel of each gauge tube. it was necessary to
shield the gauge magnets to prevent in terference with the magnetometers by
enclosing them in thin-wall Yild steel cont-iners, These comp.etely enclosed
the magnet but had openings for the ends of the gauge tube to protrude. This
was found to be sufficient to redu ie the fLuz, leakage outside the shields to
a level which was undetectable by the magnetometers when the gauge package
was in its extended position. Figure 16 illustrates the details cf the final
gauge configuration.
After all electri.za.l cuunections to the gauges had been made,
they were fitted into the stainless steel mountings which formed the ends of
the gauge package. These pieces had the gauge orifices machined into them,
and they determined the angular orientai or! of the gauges with respect to
the rocket axis (Fig. 17). Leakage fro .ithe interior of the gauge package
into the gauge volume was prevented by an O.-ring seal between the barrel of
the gauge tube and the steel mounting plates. The shell of the gauge package was formed from 0.025 inch thick stainless steel sheet. 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 gauge 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 24 hours being allowed for hardening before the next layer was poured. By working at temperatures
of 450 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.
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 a 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 not given an
insulating layer of epoxy. A different type of silicone rubber was poured
into the package at ore pouring, and as a result, it was difficult to properly de-air the liquid rubber before it hardened. it was intended that
the rubber alone would provide 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 cylindrical section. Figures 18a, and b give details of the
contruction and sealing method. The orifice into the gauge volume was of
the same dimensions as for the gauge package.

3.2.4

Separation Mechanism

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 devised. 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 BA31K2). These actuators provided a powerful linear
stroke and also kept the combustion products sealed within themselves. Circular guides in the cam and the actuator supports translated the essentially
linear motion of the bellows actuators into a rotary motion of the cam.
Figures 20a,b and c 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 the ball-and-race fasteners to lock again, the cam motion was stopped,
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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 a 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 fitted
to the cam.
Considerable effort was expended before the ball and race
fasteners were made to release reliatly under tensile loads. Tests were
performed on a 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 measured 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 frcm 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 quite an important factor in determining 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 forward 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 sliding inner tube. These pads provided the friction which dissipated the energy
of the spring and held the gauge package in an extended position. An adjustable 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 for 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 which 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 a 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
2
(d-a) 2 (aal
2F = F

where

braking friction force
spring constant of the spring in the extension system
mass of the moving parts which remain with the rocket
mass of the ejected tip section plus m
initial compression of the spring from its neutral position with
no external forces acting on it
+ F)/k
a =
F
k
m
M
d

=
=
=
=

and
a,= (ng+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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(3.3)

a, +.

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 reliability 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. 24a, 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
system.
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 concorning the friction force appliud 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 calculate an effective braking force for the system. Equation A.2 gives the magnitude of the compression plus extension as"

~k

2(d-a)

=

2(d

-

Mg. g+F

(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 package, the fastener was released by depressing the plunger with a bellows actuator which was controlled from outside the
tunnel. With the tunnel pressure at 3 x 10-4 mm Hg, the calculated friction
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force was 201 higher than previously measured at atmospheric pressure. This
amount of variation was not 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 fraze, a series of
test firings were conducted to verify the reliability of the complete system.
In general 6nly one bellows actuator was used in the separation mechanism,
rather than the four which could have been installed. in order to observe
tne action at the instant of separation and the subzequent motion of the cone,
all tests were photographed with a Fastex camera at framing rates of approximately 3000 frames per second. It was observed that the gauge package always
pushed the tip cone straight up, with no observed tendency for it to tip sideways. Since the rocket would be spinning in flight, this condition was also
simulated for one test. The frame was mounted on P turntable spinning at
21 cycles per second and the separation mechanism was fired. Under these
conditions'the operation of the complete system was not noticeably different
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 close to the spring it was necessary to select
this non-magnetic material for the spring. Increases in the expected weight
of parts such -as the gauge package and tip cone necessitated making some increase in the strength of the spring. The specifications for this final
spring were as follows
Free length
Possible compression
Wire diameter
Outside diameter
Spring constant

57.38 in.
25.50 in.
0.315 in.
1.846 in.
27.9 lb/in.

100 turns with 5 close wound turns at each end.
A nominal.spring constant of 25 lb/in, had been specified, as for the steel
test spring, but the actual measured value was 27.9 lb/in. The purpose of
the close wound turns at each end was to permit the spring tc be threaded
onto a machined plug, which could then be fastened in the telescoping tubes.
The parts were again assembled in the test frame to allow the
friction force to be adjusted with the spring in the braking system. When
this had been set at a value as close as possible to that indicated by Eq.
A.12 the parts were then installed in the nose cone. Figures 25a, 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
to the actual tip section. If the friction force had been set at the optimum
value of 173 pounds, then the spring compression of 24.5 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 approximately 1 inch. This experimental value of the length 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 system were performed
successfully in this configuration.
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Since the nose cone would become heated 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 temperatures
of up to 300 0 F. These pointed out some potential problem areas in the separation system which had to be corrected to ensure reliable 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 replaced by caps 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 mechanism
was fitted into the forward section of the actual nose cone-.

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 tree to tear lcos-e 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 Fwas
extended, the wires would be broken, causing the output from the three event
oscillators to fall to zero.

3.2.8

imping System

i

Since evacuation of the nose cone was required before the
launchi
a high vacuum pumping system was designed. The system was intended
..,to provi e 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 seconds 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 thermoelectric 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 3.1 inches. An adaptor chamber was sealed
against the outer surface of the nose cone around the pumping hole inithe
cone surface. The flexible hose was sealed to the chamber on one end, and a
curved 0-ring seal on the other end was sealed against the nose cone. Atmospheric pressure forces were not sufficient to keep the pumping line sealed
to the nose 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

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 pumping 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 c). A modified ball and race device was used to
keep 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 sunface.
It was found that the pressure in the nose cone could be reduced to almost 10 5 mm Hg after pumping for a week. No attempt was made to
accelerate the outgassing 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 ahd.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 750 F for the heat exchanger, the interior
surface temperature of the valve was 50 F.
For use in the nose cone preparation area, an auxiliary mechanical backing pump and air blowers for the diffhsion pump and thermoelectric
baffle valve were provided. This equipment was also used while the nose cone
was transported from the preparation area to the launcher building.
In the launcher room, a second mechanical pump was located.
backing manifold was installed. This consisted of two
pre-evacuated
Here,a
inch and l1 inch inside diameter PVC plastic pipe.
3/4
of
lengths
foot
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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,
line after the
pumping
the
let into
tended to
which
forces
the pressure
operations
of
sequence
The
rocket.

air admittance valve allowed air to be
nose cone valve was shut. This removed
keep the pumping system attached to the
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. 41b,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 and 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 unstable then a large acceptance angle
would be necessary to permit the sensor to vieev the sun; if the motion was
stable then the narrow angle sensor would be adequate and would also have
better sensitivity. These sensors were similar to those previously used by
NASA for orientation information of spinning .vebicles.
Figure 32 illustrates the principle behind the construction
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 planes formed by the other slits both take an angle r with the first
plane. The acceptance angle of the sensor is governed by the angle F. Light
sensors are placed behind the back set of slit3 at A, B, and C. On a spinning
rocket the sun's direction will lie in each plane at different times and
hence light pulses will be received by tjh,.& light sensors at different instants
For the sensor positions shown, seasor B would receive light only when 0 was
positive, sensor C only when 6 was neg-ative , _t scnscr A would receive light
for the fUll range of angles. For a gicen value of F, the angle 0 can be
calculated in terms of the time difference between the pulse outputs of the
light sensors.
In the analysis it may be assuied that the angle 0 does not
change appreciably while the rocket rotates through 360 degrees and also that
If the tine difference between pulses
the spin rate is essentially constant.
,w, then the angle' th'rough
is
At and the angular frequency of rocket spin is
which the rocket must rotate between th. tile the central slit views the sun
and the time an angled slit vi wz the sun is given by

(3.5)

,st

=

/

The relationship between 9 and rp can be shown to be
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Thi3 gives an indication of the sens:tivity of the two sensors for smallvalues of
For the values of F used the sensitivity is
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This means that the sensor with r = 45 will have approximately twice the
sensitivity of the other sensor. Figure 33 plots the theoretical relation
between e and p for r = 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 a 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 have been obtained 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 dul
black surface coating (Ref. 52).
In order to resolve the pulses at small values of e, 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 1 degree
of arc, a pulse width of 1 degree was chosen as 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 receive the sun sensor mounting blocks. This allowed the sensors to be placed
to within L degree of their calculated angular positions. Fairings fore and aft
removed the sharp corners projecting into the flow. Figures 41b and f illustrate the mounting in the extension body.
Type JN2175 photo-diodes were used to respond to the light
pulses. These photo-diodes have a very directional response to light, their
sensitivity being reduced by a factor of 2 if the light direction is 20 degrees 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 mounted 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 insulation (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 photodiode mounting block by leaving a narrow space between the two parts and keeping the number of contact points to a minimum.
The theoretical calibration for the sun sensors was verified
by mounting the extension body, with tne sun sensors in place, on an outdoor
deturntable. It was found that the turntable could be levelled to within
gree even while rotating. Knowing the latitude, longitude, and the time, the
sun's elevation could be accurately calculated. By measuring the rotational
speed of the turntable and the time difference between pulses, the angle q
was calculated for various values of e . 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 produced 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 e was positive or
negative. The agreement between the theoretical calibration curves and the
experimental points was within 10. 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 determining the orientation of the rocket axis, a second independent reference
was necessary to uniquely determine the direction of the rocket axis. The second 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 measare the magnetic
field components parallel and perpendicular to the rocket axis. These magnetometers iere 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 fer forward as possible in order to minimize the effect of
the rocket motor casing on the magnetic field direction. If D is the angle
between the rocket axis and the magnetic field direction, then the magnitude
of 0 is given by
BA,
tan (P= T

(3.8)

where B± is the magnitude c' the maximum magnetic field components perpendicular to the rocket axis over a single spin cycle (see Section 7.0) and B,, is
the magnitude of the magnetic field component parallel to the rocket axis.
4.

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 constructed at UTIAS specifically for this experiment. The electronic circuits developed by UTIAS personnel were of the following types:
1)
2)
3)
4)

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 switching circuitry for all
of the AC
and DC
amplifiers.

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

Fig. 38.
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The design and development of the circuits required the efforts
of a number of people. Once the rocket instrumentation had been specified,
the initial layout of the electrical system was performed by Mr. W.B. F1yrtr,
who also constructed prototypes of the high voltage power supply, DC amplifier,
and automatic range switching for the ionization gauges. Further development
of these circuits as carried on by Messrs. G. Martens, H. Treial and B. Sherman. Final development and testing of all the circuits was performed by Mr.
J. Burt. The wiriIg of instrumentation in the nose cone was done by Mr. J.
Hager, who also assisted i.n the construction of the final circuits for the
payload. Figure 3S illustrates some of the circuits which comprised the payload.
4.1

Telemetry

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 rocket experiments being performed by Canadian universities. It contained 10 subcarrier oscillators with frequencies covered by the IRIG channels 9 to 18 inclusive (Fig. 41a)l The outputs of the subcarrier oscillators were combined
and transmitted by a crystal-stabilized FM transmitter with a 5 watt output.
An in-flight calib ator applied short duration pulses of 0 and 5 volts amplitude 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 sampling of slowly varying signals at a
rate of 10 times per second.
In order to monitor 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
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 Voltage steps between 0.0 and 2.0 volts in 0.1 volt increments.
Main power for the telemetry system was provided by 18 silverzinc 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. 41a) was 15 inches
in diameter, 4 inches high, and weighed 34 pounds with its batteries installed.

4.2

Radar Beacon

Sine accurate velocity and position data for the rocket was
required throughou its entire trajectory, a radar beacon was provided by the
Churchill Research Range. A beacon was necessary for continuous radar tracking because skin tracking of the rocket was only possibly to an altitude of
200,000 feet. Range personnel had control of the beacon installation, checkout and operation.

41

4.3

Ionization Gauge Circuits

The primary part of the experiment involved the density measurements 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 voltagesensing and switching circuit drove two relays which switched one of fo'r gain
control resistors into the circuit.
Rocket spin caused both DC and AC components to be present in
the ionization 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 amplifier 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 amplifier 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 0 and 4.5 volts,
with 0 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 designed to magnify the modulation of the
DC amplifier output caused by the rocket spin. The AC amplifiers were necessary for two reasons. If no outgassing effect existed, then the AC component
of the DC amplifier output became difficult to measure accurately when the voltage 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 numbers 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 available. The same type of range switching
circuitry was used for both the AC and DC amplifiers. The only difference was
that the AC axulifier 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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4.4

H.P. and M.P. Gaue_.Lifiers
The outputs of the strain gauge pressure transducers, which

have full range outputs cf 250 millivolts, were amplified using Burr-Brown,

type L503 pperational =ip].ifie:s. Gains employed varied between 620 and 20
depending on the gauge output. Range switching circuitry, the same as was built
for the AC and DC &zrovided
for gain ratios of 3 between ranges.
Each Lransducer was prcvided with a separate 30 volt mercury battery supply.
Regulation ,;az not nece.',t.r:-v siuce the gauges had been ordered from the
manufacturer with a built-in supply voltage regulator.
The thermocouple gauge signals were also amplified using the
Same operational xa.plifiers and gain switching circuitry. However, the gauge
output varied between I.) millivolts at atmLaospheric pressure, and 1.0 millivolts
at high vacuum. This r.quired a maximiza gain of 1100 in the most sensitive
amplifier raige. At th.cce high gaine;, the amplifier temperature drift becain
significant. For 'this reason, u therrmdstor was mounted on the amplifier circuit bo:a-d to monitor the temperature,, and enable ccrrections to be made if
nec: s sary.
AJ.1 of the circuits which were constructed for the experixent
were tested over a tenperature range from 50°F to 160 0 F to verify their performarci.
WIth the launch facilities available at the Churchill Research
RnL.ria

there was little

chance that thP.

payload temperature would fall

below

50OF, since the electronics dissipated over 1.50 watts of heat when it was
ope'iatiirig.
The effact6 of t. -mprat' 'e on amplifier gain, switching voltage
level stability, 9mplifier
zero drift, and frequcncy response of both AC and
DC
aplifiers
were
recorded.
was done for each circuit in the payload
Iand provided a basis for makin.Thi
tcm-zerature corrections to the data in the
event that it should be found necessary.

4.5

Timers ani.' Firing Cirouit

In order to
the
,civte
system, the bellows actuaTdo, acceleration actuattors had to be fired a certain time after lift-of.
ed, mechanical timers were sei for a time of 58 sc onds. At this time the
switching contacts in the timers closed the firing circuit for the bellows
actuators.
Power to fire the bellows actuators w s obtained by tapping off 12
volts fro.: the main UTIAS 2F. volt battery supply. Each pair of actuators was
connactad to a separate fi-ing circuit for reliability reasons. Resistors in
the circuit limited the current to each actuator to 1 ampere.
Even if a short
circuit developcd, the current drawn would not discharge the batteries within
the flight time involved.
4.6

Bat-t
ies

Silver-zinc cellj welre used to provide power for all of the
equipment.
The telemetry systemv bad its own batteries and three battery
supplies were assembled for the ITAS experiment.
Nineteen, 5 ampere-hour cells
provided a nominal 26 volt supply for the high voltage power supplies and the
thermocouple gaugres. Twe'nty, 1 _mpere-hour cells provided the
'14.6 volts
required for the anmplifiers anI the range switching circuits. The operational
a&fplifiers required close maatchi.g of the ± 14.6 volt supplies. After charging,
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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 wrapped 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 250 C were employed for
the temperature measurements. A 1200 ohm resistor in parallel with the thermistor tended to linearize the voltage output across the resistor-thermistor combination as the temperature varied over the region of interest. A typical
thermistor calibration curve is seen in Fig. 40.
To aid in the data reduction,thermistors were located as follows:
1)
2)
3)

4.8

Stagnation and cone surface pressure gauges
Ionization gauge volumes
Burr-Brown amplifier circuit board.

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 45
degree sun sensor were combined, and the longitudinal (or Z-axis)magnetometer
and the 65 degree sun sensor were combined.

4.9

Miscellaneous Instrumentation

The payload contained instruments and circuits which did not
provide primary information for data reduction, but rather monitored performance of instruments or provided information of engineering interest. In this
category were two crossed, lateral accelerometers and a longitudinal accelerometer. The latter also 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 voltage 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 4 1a, b, c, d, e, and f illustrate 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 limit of the pressurized electronics
compartment (Fig. 9). The electronics frame was then mounted on top of the

44

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 thi k aluminum, this type of construction formed a very stiff structure. Since the electronics frame weighed 12
pounds, an adequate heat sink was also provided to absorb the heat dissipated
by the electronics.

5.

RESSURE GAUGE CALIBRATION

5.1

Strain Gauge and Thermocouple Pressure Transducer Calibration

An attempt was made to calibrate the gauges using the electronic
circuits and nose cone wiring in its final. configuration. The transducers were
assembled 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 separating 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
vacuum manifold which could be fastened to the tip section of the cone. The
impact and surface pressure gauges opened into this common manifold permitting
each gauge volume to be evacuated to the same pressure. Employing a mechanical vacuui pump, it was possible to attain a pressure of 5 x 10- 3 mm Hg in
the manifold. This pressure was easily adjusted by leaking air into the
pumping 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 transducer signal, the amplifier output, and the amplifier gain (range indication)
were recorded for each of the strain gauge and thermocouple pressure transducers. Electrical heating tapes were then wrapped around the nose cone and
and 140 0 F. Over this temthe calibrations repeated at temperatures of 114
perazure range the deviation from the 750 F calibration was found to be within
In the most sensitive amplifier ranges,
1% of the full scale output (Fig. 42).
the deviation appears to be very large for the strain gauge transducers because of the high amplifier gain employed. The thermocouple gauges indicated
very little temperature sensitivity. The strain gauge transducers also exhibited a time dependent drift when first switched on, requiring an hour to
stabilize completely. However, this amounted to less than 1-1 of full scale
output, and could only cause significant error when the amplifier was in its.
most sensitive (highest gain) range.

5.2

Ionizatiog Gauge Calibration

The amplifiers and range switching circuitry were designed
for the measurement of pressures as low as 10- 7 -m 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 10"" mm Hg was considered adequate for calibration purposes.

45

A stainless steel 'calibration, chamber was constructed with in-~
side di~mensions of 7 inches square by 183 inches high.
This char-ber was Jarge
erlou6h to hold the complete gauqe package and its wiring. The high voltage
feedthrough which supplied power to the gauges was mounted on the'end of the
chamber in the same manner as it was in the nose cone (one side at high vacuumi
and the other side at atmospheric pressuie).
Pamping for the chaamber was
supplied by a 2 inch diffusion pulinp trapped with a liquid air tzap.
The
pump and the trap could be isolated from t;he chamber by a water cooled baffle
valve, which made rapid cycling of the system possible.
When the comnplete gauge package with. its wires was pl aced In
the chamber, the ultimate pressure attained was only 10-5 rim Hg. Olutgassing
from the lengths of w.ire or from the silicone rubber poured into the gauge
package was probably the reason for not being able to evacuate the chamrber
to a lower presoure. This meant that the gauges would have to be calibrated
individually by pumping on each gauge volume in turn.
Although t14hc gau..ge package was not calibrated inside the ch~umber,it was tested to ensure that a high voltage breakdown wou.icV not occur in
either the gauge package or the feedthrough. The mrinimlun pressure of lo-5 mmq
lie was maintained for more than a week, during which tire the gau~ges were
operated periodically. The pressure was also cycled to a value as high as 1.
mm Fig to ensure that a high voltage breakdlown would not occudr at any of the
possi:)le operating conditi' ns.
The actual calibration was carried out by ptunping on eanh
gauge vol
In turn through the oiice
in the surface of the gauge package..
This was done by holding the gauge pack1-age in a fi xture which allowed each
gauge opening tro be sealed over a 'nole in the calilration cha-mber. The fifth
J.zrzation gauoe, in its mountA~nhg, was s-imilarly attached to the Cia."bzr -to
perynit it to be evacuated.
It. was poj:sible to vary the uressure in the calbrEtion chamber over a wide rarge by leaking air into it thro-igh a rieedl : valve
from a second chamber. A mechan-ical vacuum pump maintained a Low vressire in
the zecond chamber, whose press'ure was- also ccontrolled by bleeding air into
it through a needle valve. This arrcwi.emeit, -was necessary becaus.e the needle
valve oni the calibration chamber pern.1tted too high a leak rate into the chamnber if air was bled in at atmospheric presszure.
It was noDt possible to~ ccn.tr.o'l the cha.TIer pressure accLurately in. the 10) to 10-5 mm Hg pressure range
unless -the a-ir was bled in at reduce'd pressure. The maximum pressure at which
the second cAkan-ber waz operated was 1 mm Ea. Dry air was prcvided for the
calibrIation chamber by paSsing itthroughn a small diamreter copper tube im-rersed in liquid air before it was leaked into the chamber through the needle Valve.
Care was taken tc ensure that the -air was bled ito the c'hamber f ar away from
both the gauge being calibrated and the refer2-nce gauge being used for calinratlin
Pr'essures in the calibration chamiber were meazured with- a
Bayard-Alpoert type of ionization gauge, which was later calibrated against a
McLeod gauge. The MceLeod gauige was a Consolidated Vacuum Corps rat i x typeCM.-LL which has hiE-.' sensiti*Tity to press;ures as low as 1.0-'- =~ Hg. The
stated ac-cur~cy for this gauge is ± 4.4 x lo-7 mm Hq at a pressure of' .io-L
mm, Fg. After calibr-ation had bee-n como .- 'ed the samte ionization gauge was
mounted in the nooe cone to m,: asure th.( nose cone! pressure when it was
evacuated.

After the McLeod gauge had been outgassed, the chamber pressure
was measured, with the McLeod gauge and the calibration gauge, at two pressure
levels with the following results:
McLeod Gauge
P /P
Calibration Gauge
CM
Pressure FM(mm.Hg.)
Pressure PC (mm.Hg.)
4.7 x 10- 5

4.4 x 10- 5

1.29

10-4

10-4

1.30

4.1 x

3.2 x

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 to 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 a maximum value of 10-3 mm Hg. The pressure was then reduced in steps to
the ultimate pressure, with readings Df pressure and gauge output again being
recorded. Results of the calibration are illustrated in Fig. 43 for a typical
gauge. The calibration revealed that gauge number 4 had two stable modes of
operation. If the pressure was increased from 10-6 mm, one calibration curve
resulted; if the pressure was'decreased from a value above lO J mm, a different calibration curve resulted. This gauge calibration is shown in Fig. 44.
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 magnets. The other four gauges did not exhibit this type of behaviour.
Three months elapsed between the time that the gauges were calibrated andthe time that the rocket was fired. During this time the gauge
package was wrapped in pnlyethylene 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 1964.
There is apparently no significant difference between the two calibrations.
Since the gauges in the package were not operated after their final calibration,
the internal surfaces could not become contaminated and change the calibration.

6. THE ROCKET 1AUNCHING
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 National
Research Council, 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 Churchill, Manitoba. Figures 46 a and b indicate the size and location of the range
and the facilities at the launch site. Launch 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 outdoor Black Brant launcher.
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tin n'g, prir-a:'y :Ieretry, neteoooy, a raiar 'beacc*:,
;'.b-ato:y, o~eatio".;
office,
a fire sta..'on, ard a ca:'te-ria. Space is also pr,-vIed fcr Range
users for nose cone assembly and ge:eral payload prepartign (Re!. 54",
6.2

Payload .rzparati,.n

and Rocket >aznchi1,

Assecly of the no-,e co,n

and payload was co n.enced on March

9. By March 12, the electro)nics and the gauges had be-zn cbe,ked, and the
nose cone (less the extension body arid the electronics frarme) was asser.bled to
allow pumping to begin. The Range contractor provided a card whizh permitted
the nose cone to be supported horizontally at a height of 5 feet. This
allowed the Pumping system to be attached t,! the nose cone, and hang freely
beneath it. Figure.47 records the time variation of the nose cone pressure
measured by the monitor ionization gauge. Leak rate tests on the nose cone
were conducted by shutting the manual valve over the diffusion pump, and
measuring the rate of pressure rise. On the day before the firing, the
pressiure attained in the nose con.! was 8.5 x lO"- mrm. Hg. At this tige, the
rate of pressure rise, when the pumping line was closed was 1.5 x 10
mm Hg
per second. This pressure was considered low enough to meet the requirements
of the experiment. The leak rate was also sufficiently small to prevent the
nose cone pressure from rising excessively wheri power was turned off to allow
arming of the rocket.

i0-4
When the presstue in the nose cone was below 5 x 10
ri;a. Hg.

the ionization gauges were turned on, and the remaining checks on the operation of the gauges and associated circuitry were then completed...
On March16, the nose cone and payload were prepared for transporting to the Universal launcher. The battery packs for the instrments and
telemetry were installed, and the equipment operated briefly on internal battery power in order to verify power connections and operation of the instruments. The extension body and the electronics frame were then mated with the
cylindrical section of the nose cone. Final electrical connections to the
high voltage power supplies, and the bulkhead 50 pin connecto,, were made
through the access door in the cylindrizal section.
When the time came to move the payload from the operations
building to the launcher, a portable generator) mounted on a truck, was available. This provided power for the pu:ping system, to enable it.to keep operating, while the nose cone was moved, The nose cone cart was then towed slowly
behind the vehicle to avoid breaking the vacuum seal between the nose cone
and the pumping system (Fig. 48).
During the trip between the 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 pump was then turned off until the trouble could
be remedied. The pumping system could not be operated again until the rocket
was mounted on the launcher, and t.he air blowers previously installed on the
launcher were connected to the system. Approximately 2 hours elapsed before
the nose cone was mated with the motor and the assembled rocket was put on
the launcher rails. Only then could the blowers be connected. In addition,
the power supply for the thermoelectric baffle had to be mounted on the
launcher, and the previously installed mechanical backing pump connected to
the diffusion pump. Crly when all this had been done could evacuation of
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the nose cone proceed. Because of the iergth of time the FL~ping system tad
been inoperative, it was decided to allow the pumping to continue overnight
in order to reduce the pressure to an acceptable value.
On March 17, at 1200:00 CST, the count was picked up at T-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 horizontal check. The countdown was resumed after it was decided that the current
increase corresponded to a pressure increase in the nose cone, since the high
voltage power supplies drew more current in that case. This pressure rise as
verified by the telemetered data from ionization gauge number 4. This indicated that the -120 F ambient temperature had cooled the diffusion pump sufficientyly to virtually stop the pumping actior. Since the mechanical backing
pump was still operating, the nose cone pressure could 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 holding 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, carrying 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 package extension were observed at 1514:27.3 CST from the signals transmitted by the
Rocket impact
event oscillator inputs on the ionization gauge cable holder.

occurred at 1519:46.8CST.
7.

DATA REDUCTION AND DISCUSSION

Vehicle performance during the flight was excellent and telemetry 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 provided an indication thatthe instruments were functioning and that the experiment was proceeding in a satisfactory manner. At a later time paper records
were produced for all the channels of information 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 magnetometer signals were easily observed on the paper telemetry records (Fig. 51).
Using the pulse6 from the sun sensor slits parallel to the rocket axis, it
was possible to obtain a very accurate record of spin rate vs time (Fig. 52).
The angle between the rocket axis and the sun's direction was calculated using the pulses from the 45 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 separations 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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illustrab.d Li Fi;.. 51.. iccket spi. cLased the sinusoidal
variation in che sign3l from the laterai magnetomet,.r. The peak-to-peak
amplitlde of the signal represents twice the value of the magnetic field Component perpendicular to the rocket spin axis. By referring to the calilbration curves supplivd by the magnetometer manufacturer, the value of the meanetic field componen'l was determined. The output from the Z-axis magnelometer
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 to calculate the tangent of the angle
, which was the angle between the spin axis and the earth's magnetic field
direction. Figure 54 also plots the calculated values of D after the rocket
spin rate had stabilized. It thould have been possible to fit the same sine
wave to these points as was fitted to Lhe sun sensor points. The calculated
values of 0 had the same periodic variation, but they did not fit
on a sine
wave. The peak-to-peak arplitude was also 1.4 degrees less thun for the sun
sensor angles. This would indicate that the magnetic field direction was
altered by the presence of the rocket. As a result the true values of -0
should have been larger than thcse calculated,
At any time, the rocket axis must lie on the surface of a circular cone whose axis is the sun's direction, and whose semi-vertex angle is
(90-0). It must also lie on the surface of a circular cone whcse axis is the
earth's magnetic field direction, and whose semi-vertex angle is D . Thus
the solution for the orientation of the rocket axis in space involved the
solution for the intersection of two 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 (90-0) and D are given by

(Ref. 45).
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where (v,0,7)

are direction cosines of the sun vector, and
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where (1,m,n) are direction cosines of the earth's magnetic field.
The intersection of the cones with the horizontal plane z = 1 results in
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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 eand P . The direction cosines for the sun's direction were calculated for a time near rocket apogee and hence represent an average value for
the 321 minutes 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 horizontal 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 e and P 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 4 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
perpendicular and parallel to the rocket axis (Fig. 57). As the point being
considered approaches the motor along the axis, the perpendicular field component (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
approximately given by
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B

0

where

¢

0

=

the undistorted field direction

0 - "the change in the angle
and

ALB
B0

= the change in the perpendicular fi id component
= the magnitude of the undistorted field.

Since AB. is proportional to Bosin'o, it is alsc approximately proportional
to (o if (o is small. Therefore it can be said 1hat LO is proportional to
0o if (O is smtll.
The first step in making the correct on was to fit the sine wave
obtained from the sun sensor data to the 0 vs time plot as in Fig. 54, keeping the minimum value of 0 the same. Then the values of P were increased by
a constant, determined by the difference between the maximum calculated
value of 0 and the maimum value of the sine wav.
As a result of this,
.min was increased by 1.4-degrees and O max was i creased by 2.8 degrees.
With these corrections, it was possible to obtaiL a solution for the rocket
axis orientation at all 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 direction of the rocket axis
began to deviate from its essentially fixed orientation in space after 30
seconds. This would indicate that the rocket fiAs began to lose their
stabilizing influence but that the aerodynamic forces were still of sufficient strength to cause the rocket axis orientation to change. After 60 seconds the variation of 8 had become extremely regular indicating that all aerodynamic 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 a right clicular cone (Ref. 58). Th sinusoidal variation of a
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 pointslobtained from the graphical
solution. In spite of the corrections, the final solution was still considered to give the t ue orientation of the rocket axis to within 3 degrees
in the worst case.
It can be seen that in general there will 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 calculate the time difference between the positive sun sensor pulse and a maximum or minimum value of
lateral field component for corresponding points ion the two possible solutions.
This time difference can be compared with the observed value from the telemetry records to reject one of the mathematical olutions. 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(xR,YR,l) then the direction cosines (a,b,c) are
2+

y2 + 1

' x2 +yR
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magnitude and directior, of the rock.et velocity could be calculatei as a function cf timne.
Th.e Space Electronics 'section of the National Research Council
performed the initial reduction of the radar plots. Range and height were
read from the radar records at intervals of one seconu for most of the ascent
and descer.t portions of the traje,_torj, and at 5 second intervals near apogee.
Average vertical and horizontal velocity 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 enabled the velocity to be determined. This accelerometer had a range of
20g in the forward direction and 3e 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 compute 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 vertical velocity VV under conditions of free fall from apogee with no air drag.
The variation o' the acceleration of gravity was taken into accotunt in the
ealculation. These values are also plotted with the values obtained from radar
for comparison (Fig. 61). The velocities calculated from the accelerometer
records agreed very well with the values from radar, when these became available 10 seconds after lift-off. The vertical velocity components obtained from
radar data agreed with the calculated values above 150,000 feet, indicating
negligible air drag above this altitude.
The horizontal velocity component was determined by calculating the average velocity over a 50 second time interval. With this long time
interval, the error in the range mreasurements-was insignificant. By using
this method it was possible to observe a slow variation with time in the
horizontal velocity compo-ilent VH (Fig. 62).
Figure 63 shows the rocket velocity vector direction in the
caordinate system used for the calculations, where
tanta R

=

VH
VV

The azimuth angle, .R'was measured from the radar plot and found to be 30481.
The direction cosines (i,.j,k) of the velocity vector are (-0.06627 sinGR,
0.99780 sin@R) coseR).
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Analysi. of the telcmetered data from the stagnation 4nd surface pressure gauges, indicated tha%.the gauge outputs were shifted from the
original calibrations. In the case of the s~rain 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 calibr.tion. The ground
level pressure at launch time was 769.7 m Hg and the air temperature was
-120 F. By dividing the difference in readings by the appropriate amplifier
gain, the deviation can be compared to the nominal full scale output of 250
millivolts.
Deviation

Gauge

Atmos. Press.

Vacuum

H.P. 1 (Impact Pressure)

5.48 my

2.42 my

H.P. 2 (Surface Pressure)

8.57 my

1.64 my

Figures 64a 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 observed
deviations. During laboratory calibration, the gauges were found to be highly repeatable, with any deviations being well within the:l% of full scale output 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 58 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 calibration at high vacuum could not be compared becausp 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 made, 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 density 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 ambient 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 pressure 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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After making the approp i-at:2 coriccti-ons to p., the flight Yvach nuilber a~d.
fre-e streari temperature were calculCiatedj. The atmospheric temperature pro.file determrined by this ruetlhod is illustrated in Fig. 67, which als3o indicates
valloun measarement~s r dl before th,. f-ih
anL
'revious rocket grenade icad-n
(Rcf. 14). F'igure 68 illustrates
surerrents made under sizsldlar
the atmospherio pressure jprct'.Le obtained by using the equation of State.
If one accepts the g.renade -ud bjalloon -measurenierts of temnoeraturce as being reasonanly accuuate. then it iJ. apparent that the temperature
computed '~ the mc-asu-red pre.-sures -11 considerably lower than it sho:ueLr be.
It is believed that the m-:t*,c- 7-)ice of this error can be tra:ced to t,., ,ppa.-ent shiift in the prezssu-ie cal-i~ratic': fr
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In
this ease only the single calibrat'-- check a*, high pressvxQ was availaible.
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wic ii '.he pressu re became very, 12w.
late-r time in the fli. :;bK.
were rpa3Jly due to insuffi~icant. wrmnip tim.e for tha electronics then one would
expect that the deviation from the original calibration would de-crease as
the flight progressed.
The Dtutputs f-ort the, amplifiers on- the str-ain gauge
transducers ircrify tl%-.is type of ti~r.e Ceyp' ndent ccorrection.
AEs a result
the corrected calibralion should
o! il
have approached the original
cailbsation as the flihit progressed.
however unle ss the magniturle of~ the
correction is kn.owr, at very low pressure there is no basis for making2 a
better appr,:xiration to the true czklibration cu;rve.
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rnd thv i,:a-&t
n.
S=e h !4:.tyta nao-ly proportional to
the: least callbrati.on shift, i. can be said that
presv'ire t-a-.s :e " .:
the density ;rofile is rore azcurate than either the tempei'atre or pressure
profiles. The percentage error in the den ily 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
pressurp changes. In this range the error could possibly be 50%. However
over most n'" 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 pressures. In their case, an error of
10% in the value of P/p5 at M 1 = 5 results in an error of almost 15% in T 1
and pl. Since the calibration shift for the surface pressure tran'ucers was
larger than for the impact pressure transducers one would expect the possible
error in T1 and P, to be much larger. The temperature profile appears to bear
this out. At 75 km the error in T1 could be as much as 1000 K, while the
error below 40 km appears to be in the range between 200 and 300 K.

7.4

Upper Atmosphere Properties

7.4.1

Uer 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 winds.'w2re present, it was first necessary to compute the time at which a maximum gauge signal would have been observed if no winds were present. During a spin cycle, the zero-time reference
was chosen to be the time at which the 450 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 velocity vector.
The angle between the two planes is given by

0 +:,
jk;
b J'bc

c

al.I

t ij G

al + la

a

CosLi

is the argle between the planes defined by the rocket axis and
the sun vector, and the rocket axis and the rocket velocity
vector,
(ab,c) are the direction cosines of the rocket axis
are the direction cosines of the sun's direction
(aPY)
(ij,k) are the direction cosines of the rocket velocity with respect
to the ground.

where Ls

and
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.. . ,u .', Ir'
r ,...
of' the orientatior of the gauge package in the
1 ,)3e
e, thse p.:iti0:, of the gauee. "WKLh respect, to the sun sensor was
determlz. i and i,7 shown in Fiw. 58 . ha'ring this information and the rocket
spin rat,,, it wa, possible tP calculate the time of maximum ga-.ge signal,
asswr.i.ng there were no atnozpheric winds.
If the maximum gauge signal did
not o.ccur at this time, then the phase shift must ha.re beer due to atmospheric
wind or phace shift caused by the electronics.
Since the DO amplifiers caused
a phase ,hift of 110 in the gain ranges employed, this correction was applied
to ohtmu:n the true phase shift due to wind. The coputati,.ns dere carried
out, 'ur a series of altitudes bt..tdcen 3! 5 OC1', feet and 49£(0C0 'eet usin
accent an"d descent data.
Aftemr the angular phase shift caused by wind had been calCLt]_ated,
the graphicA method described by Ainzworth, Fox and LaGow (Ref. 1O) was used
tu o:tL,
an the wind direction and magnitude.
Figure 70 illustrates the nethorl.
it, wa,. neze::;ary to eal:ulate the direction and magnitu.de of the rocket velocit,y orporne:tdiuar
to the rocket axis VN, at
sa-e altitude dsring.
'L
r T, ii'd desc:,r.t.
t btrXr.e apparent during the calculation= that sizable
1
wi
ve.tor were rt,).s:iAle depending on the angle betweern the
-:?
..Xi.: ar]( ty:e rozke, velocity vector.
When th6 angle was snall, then
" ,~i' ,rt' j ,my in thn value A' (a'b,) 'Owasmagnified ani resulted in r.onsid,.abh,
0.
e err.r in th calculated phase shift. At best, the measured
pa.:,1 h',
wa." owly con:'id-red to be accurate to within 51. To otar
a.,uur;t
,
rer.nt'
rjok'zt attitude .easurements to better than 1 de,
v:,)ud
lerecessary.
J.n adclitijn. the angle bet.w r.n the rocket ax.s and
the ,eluca(ty vector should e lrrger as it wolld be near apogee, or if the
pre:e sion .. had a iarg-r v!rtex angle. _xept
.one
for a small portion of the
phase .ea<,.re.ients
.the
all indicated that the wind ve!tcr was
from a n.r-herly Aire2:tion. However a' an altitude of 375,000 feet, -during
ascent., the, phase .reasur.rnetsidicated a strong wind from a southerly direct,i -,n. During desant at t-c same altitude, the phase shift was indicative
of a relati.vely low wind veloc:i y fro:., the north. However, this type of
46) by
Greerhow and Neufeld (Re.
s.vnible.
atm.pheric wind pattern is
o.bserving meteor trail inn tne region from 80 to 1C kin! foand wind ed.ies
having vertical scales of 7 k.: and a horizontal size of 150 kn.
The observed wind change had a vertical s-cale of roughly 12 kn.
Since there was r:nsiderable doubt concerning the icclracy of
t~h: wind velocities dte r..ined by the graphical method it was decided -,o reduce the ionization gauge data udIer the assurption that the wand velocity
was zero. Uving Eus. 2.21 and ,.22 it was then possible to estimate the
error caused by assuming zero wind velocity.
7.4.2

Upper Atmophere D,-ns.it X

Reduction of the telemetered data from the two gauges oriented
with 0
SW' provided the atmospheric density and the magnitude nf the outgassirg effect observed by pre-evacuated and unprepared gauges.
In. additlin to the gauge signal (ig.
69), the therJnistor
voltages and the aplifier range indicator voltages were measured. The
,oriesponding ionization gauge temperatures were calculated and are displayed in Fig. 71.
A typicai DO amplifier range irdication is plotted in Fig. 72.
Due to the presence of the outgas-,ing cloud, the DC amplifiers operated in
only .their two low gain' ranges during the flight. 'n the case of the unp:-e-

CU(

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 corresponding value of gauge density variation obtained from the relevant calibration curve. The angle of attack a in Eq.(2.17) was given by

a

=

cos 1 (a.i + b.j + c.k)

(7.2)

Since the wind velocitywas assumed to be zero, the value of V in Eq. 2.17 is
simply given by VR (the rocket velocity determined by radar),
VR = VVv2 + VH2

(7.3)

With this information it was possible to compute a value of Pl from Eq. 2.17,
i.e.
P1 -

&

V sin a

It was also necessary to assume a value of R 2 and this was taken' to be the
value for dry air.
At approximately 100 km,.it was necessary to examine the atmospheric 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 LP2 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

k

Mean Free path (cm)

102

23.2

107

-.
52.2

112
117

111.7
223.9

The Knudsen number for the gauges in the package was based on a mean value of
the cross section 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)
102
107
112
117

Kn (gauge 4)

Kn (gauge 5)

2.44
5.50
11.75
23.6

.53
1.20
2.56
5.13

Enkenhus (Ref. 47) gives the ratio of measured impact pressure to free stream
static pressure as a function of Knudsen number for a range of subsonic and
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supersonic Mach nwibers
Over the altitude range being considered the Mach
number of the flow perpe! dicular to the rocket axis ranged between 0.9 and
1.5.
It is only ruecessaiy to consider the correction to the maximum pressure
since the correction whe: the gauge is measuring the minimum pressure is only
of secondary importance. Using Enkenhus' experimental results as a guide, the
following correction fac ors were applied to the measured values of AP2:
Altitude

!L..

Gauge 4 Correction

Gauge

5 Correction
1.39

102
107

1.10

112

1.00

1.10

111

1.00

1.03

1.03

1.21

Except for the case of , .uge 5 at the lower altitudes, the corrections are
not great and rapidly be

Applying

rome
unimportant.

he appropriate corrections, the gauge-4 readings

were reduced and the cal ulated values of P1 are indicated ir. Fig.

73.

For a gauge with this orientation there are two positions during a spin cycle where there will be no velocity component directed into the
gauge. These two positi&ons are indicated or, Fig. 69. The relation between
P! and the measured quan1tities at this time is

22

P2

_

=ll
wP
By rieazurina the value of p,., at t,,is position and using the previously calIf there were no out('ulated value of p1 , a value of R1 T1 can be obtained.
gassing of the gauges on! the rocket, this value of RIT I would be the true
value for the atmosphere. If outgassing exists then it gives a measure of
the outgassing, since itl is a.. indication of the ambient conditions required
to produce the observed gauge realding.
An effective ambient pressure can
be calculated from
)~eff.
Pl(RiT1 )eff
-_

Te -values of (p')eff
plotted in Fig. 74.

calculated duing rocket ascent and descent are

The signals from -he DC amplifier on gauge 5 were treated in
the sWie way as those from gauge 4, with values of Pl and
e
being
calculated during ascent and dc-cent.
For gauge 5, the DC signaf level remained relatively high c using the amplifier to remain in its lowest gain
range 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 a result, the measur .Pent of the AC component of the signal from the DC
anplifier was impossible' for a large part of the time due to the low ratio of
AC to DC in the amplifier output.
However, this gauge was equipped with an
AC amilifier on the output of the DC amplifier.
As a result, the AC component
of the signal could 'e measured accurately, even though it was barely observable on the DC amplifier signal. Figure 15 shows the form of the AC amplifier
signal on gauge 5.
The AC a.plifier record was not continuous since it was
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obtained by using the corutator to -amnrrpe the signal az a rate of 30 times
per second. As the record shows this ,sap ing rate was adequate to accurately define the waveforn since only the peak-to-peak anplitude was reqaired.
T-deniy variation, one requires the AC signal
amplitude, the AC amplifier voltage gain, and the slope of the density vs.,
voltage calibration curve for the ionization gauge at the density value
indicated by the DC amplifier. if the, quantities are known, then
t .C
.....
u-nze
arinonZte
AC an-. ifi*

vo..tage ga-n

d'.,

where (dP2 /dv) 5 is the slope of the ca-ibiatiori curve for gauge 5.
the dennunber c.rrections
appropriate nu'.lsen
After applying thewasat.j~,~ralsdur~n,.ascent to
and Pr,
desccxt
of the
"o a
sity P was calculated at regular iutrLn.
rocket (Fig. 73).
-

A auestionwhich rrjiy ar,:s,. Is vhether one is justified in applying a pressure calibration which was
.btal.ncunder static cori(.itions to a
case in which the gauge condt (in: are cnaing ai; the spin rate. Previ'ous
experimenters (Ref. 25) have suI,.iected siil-3r gauges to periodic pre.Sure
changes and found that the gauge signal varied in the t'ianner predicted by
the static

calibration cur-ie•

Using the DC a,plifer

readings for gauge 5,

an effective pressure was c
.:
for the gane, The values are plotted
caIcvIlat!.d
values of (pi)eff for gauge !4. -'_,is
in Fig. 74 along with the
enables a coz,%parison to be madte to se ho'" effEcti.... the e
" ..
was in
reducing outgassing.
It is tviden; fro: the values from gauge h that sor'e
outgas.ing was still
present.. h ;:', ..
it was decreasing rapidly ir. the
case of gauge 4, while it. ,aine.
almost co.ostant for gauge 5o T.,_ic
'
of (P)eff.5 to (Pj)eff. 4 rsac-:
a
olu.f 5 dui2rg the descent portion
of the flight. Pre-evacuation of the gau;4es c.d reduce the outgass.ing level
observed by chem.
Exa,.indtion of the de,.itypvo.-y.,of"4 i in 'ig. 73 iLrl.'icates agreement between the ascent and descen:r data to within 10,6 in most caz-.s and 20%
in the worst case. This is in the ra.,c thea -e might, expect C:,)nsiderin
the possible sources of error. During cal bration the gauges indicated a
scatter of + 5%. The specified acc,a.:y for the
Then if one considers that ,he orie;
aat."on ac

een--+-y systcm.was i 2%.
yacy
was between 1 and 3 de-

grees, then the observed.-a"eemen
isg-,..
There is no systeTr.a;.c difference
between ascent ana descent co..culit.!d density f'r gauges 4 or 5.
2his woul
indicate that any wind.3 wh.ih ray ha-e been present Pere not sufficient to
over-ride thc easuremente
which were
t Calcuatios don-: to
consider the magnitude of the wi.nd ef ect, cnudcd that winds .- uCh higher
than 300 feet Der secod woud have been ecesary to cause an appreciabl
difference bet'een the a-et
ead. de'scentdata, especially if they were from
the north as the phase informat:.on indica.ed.
The density p-ofle is unusual in that it tends to indicate a
minimuin in the temperature pruUi.e in- the atsxsphere at approximate2.y 140 kr.
Standard atmosphere tables do ,..ot indirate an inersion at suc..h a low altitude
although they do indicate a decreas e- in the temperature gradient.
The existence of a temperature .ir:ic.n' in the at.rosphcre, betwe-n 200 and 250 km has
been noted by a number of authors (Res.
frcm studying atriospheric
density determined from satellite drag- data. Since most of their .ubl'shed
data was taken during a period of hig" s
act4ity this. may accoun)t for
qt:,j

the minimum temperature occurring at a higher altitude. It is difficult to
the
compare results since most previous rocket data was also obtained during
availnot
IGY, and the satellite data for periods of minimum solar activity is
is
able at low enough altitudes. The exact cause of the minimum temperature
not known, but it has been hypothesized that the concentration of molecular
and
species such as 02 and NO may be high enough to radiate sufficient energy
cause a local temperature minimum (Ref. 59,61).

7.4.3

Atmospheric Molecular Scale Temperature

It was shown
solutions for RIT 1 could be
On calculating
the rocket.
(pointing rearward) is only
ward) is only useful during

in Sections 2.2.2b and 2.2.€2c that in-practice,.
attained only for certain angles of attack of
the angle of attack it is apparent that gauge 3
useful during ascent and gauge 2 (pointing fordescent.

Equations 2.31 to 2.33 have the general form
2 P2

-

11

(Sa

/Pl from the gauge outputs and other known
After first computing AP2%
of S at
data, the value of F(SA) was then determined for a range of values
the proper value a. Since S =V!/12R 1 l, the corresponding values of A1T,
vs S was made. The value of S
F(S
were calculated and a plot of $71
enables the
for which 4RITI.F(S,a) was equal to op2fRT 2 /p I was the one which
true value of RIT1 to be calculated.
The preceding method was used to determine RIT 1 during rocket
with both AC
descent using gauge 2. Since this gauge signal was amplified
the flight.
throughout
and DC amplifiers, a useful signal amplitude was obtained
analysis
the
in
This gauge signal was treated in the same way as describe
The
of gauges 4 and 5 to determine the value of 4c at regula' intervals.
5.
and
4
gauges
quantities V, a and P1 were tho:se calculated previously f ,,
but
signals
.ifier
aml
DC
and
AC
Values of RIT 1 were calculated from both the
The quantity
the AC amplifier permitted more accurate determination of"&P2 .
constant
gas
i4he
by
dividing
by
RIT1 was put in the form of a temperature
for dry air Ro, thus
TM = RiT
Ro

= molecular scale temperature.

The DC amplifier output from gauge 3 permitted values of RIT1
the rocket ascent.
to be calculated for only a limited number of points during
that Ap 2 could
small
so
was
signal
For much of the time, the ratio of AC to DC
lower altiat
applied
was
not be calculated. No correction to the readings
ratio of 2
the
Since
effects.
tude to compensate for near-free-molecule flow
in
readings
uncorrected
of
use
gauge readings was in'volved in tAp 2 /pl , the
either
for
correction
the
as
determining 6P 2 and p1 should cause little error
plotted
are
TM
of
values
calculated
value was only 10% in the worst case. The

in Fig. 76.
There was a considerable scatter in the calculated value of T
F(9,a)
near apogee due to the value of S becoming small, and the function
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becoming relatively insensitive to changes in S for the &ngles o1 attack occurring near apogee. Figure 77 illustrates the solution for one of the points
close to apogee and indicates how errors in the gaEge readings can be greatly

magnified. If one considers a ± 10% error in AP2% 2T2/p I , then the corresponding error in RlT 1 is 32% and 37%. At lower altitudes where the speed ratio
is greater the value of p42T2/p
1 is more sensitive to changes in S,and the
errors are comparable. In the second example illustrated in Fig. 78, an error
- - 10% in Ako
/p]. results in corresponding errorz of 8% and 11% in RIT I .
If one wishes to make accurate determinations of R1 T1 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 P, and RITI, the ambient pressure p, was
calculated and is plotted in Fig. 74 for comparison with the effective outgassing 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 too 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 AP2 . This could explain the large difference
and again points out the need for accurate, repeatable gauges in making the
temperature measurements.
8. RECOMMENDATIONS
Although the experiment achieved its objectives, certain aspects
of it should be improved to yield better information.
(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 modified 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 insulation 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 firings 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 purpose. 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.
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(2)
Determination of the rocket axis orientation was complicated by
the distortion of the earth's magnetic 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
enough 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 selected to make the mathem&tical solution for orientation less sensitive to
errors in the data. By choosing a sun azimuth angle 900 greater or less than
the magnetic field azimuth, the intersection of the two families of curves (Fig.
56) would be almost orthogonal. For this experiment the two sets of curves
were almost tangent for some of the inoersection points, making the solution very
sensitive to small angular errors. A primary reason for firing the rocket
eastward with the sun low in the west 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 intersecting 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 a result, the firing time
chosen will usually be a compromise reached by attaching varying importance to
the complicating factors.
(3)
The experiment indicates the feasibility of measuring RIT1 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 be attained during ascent and descent for comparison. The orientation of the gauges at angles of 450 and 1350
makes solutions for RIT- possible over a large part of the trajectory but not
near apogee. Since this is due to the 'ngle of attack being in an insensitive
range, it may be possible to produce a more suitable range of angles by increasing the angle of the precession cone. The UTIAS rocket experienced only a 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 below 1 cps, it may be possible to increase the coning by using a spin rate below 3 cycles per second, although stability problems may be encountered at
low altitude.
(4)
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 measurements, they present greater electrical and mechhnical problems if they are used.
From the density data obtained with gauges 4 and 5, it ia seen that the results
from the different gauges agree within 10 to 20%. This agreement is more remarkable 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 much
higher background pressure level. Calibration data indicates that if the internal gauge surfaces are kept free of contamination, the calibration remains unchanged 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

tLe gauge calibration. If cold cathode gauges were to be used again, then a
study of the effects of voltage and magnetic field should be carried out to try
to eliminate the instabilities in the discharge.
While the method of pre-evacuating the gauges does reduce the out(5)
gassing level considerably, much improvement is still possible. Perhaps the
best way of reducing the outgassing significantly would be to completely separate 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.

9. CONCLUSIONS
The data 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 4 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 presence 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 km, 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 RIT1 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 10 or better if
the wind velocity was to be determined. The accuracy of the measurements
near apogee was not sufficient t-ve'rify the slight temperature inversion
indicated by the density profile.
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APPNDIX A
Analysis of the Action of the Extension and Braking System
A simple analysis of the extension and braking system described 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:

iJr

k

xo

The following symbols describe the system:
= mass of the tip section which is separated and ejected
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

x0

= reference position of the system with no external forces acting on it

x

= displacement of the masses from the reference position

k

=

spring constant of the coil spring.

When the spring iL; compressed and then released, the following equation of
motion applies:
M
where M

=

+ kx+ k

+

=0

for k> 0

(A.1)

m + mi1 .

This has the solution
x = -a + (a -d)

cos (t

= (d-a)w sin wt
where

(A.2)
(A.3)

a = (Mg + F)/k
x = ,d

=

the initial compression of the spring

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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(A.4)

2 + kx+k(mg + F)/k= 0
The general solutiun of this is
x = -aI + B sin (Wlt -y)
= B';

(A.5)
(A.6)

cos (w1 t - )

where
Y and I are arbitrary constants
and.

(

mg
(al=
1 = %kT-/I"

+

F)/k

Determination of B and r require, the time of separation, tj, and the velocity
at separation, Vs, to be calculated from Eqs. A.2 and A.3. -The position when
separation occurs is x
-a1 . The time and ,relccityat separation are given by

(a-al) 2

a-)i
-

(A
.7)

(a-d)

,

t nd

V s =w

a-d)

+

(a-al)2

(A.8)

Using these as boundary conditions for Eqs. A.5 and A.6, the position of the
gauge package after separation.is
a-

x = -a 1 +
where t'

(a-d) 2 -(a-al)2 sin (Wlt')

(A.9)

t-t1 .

From Eq. A.9 the maximum extension of the gauge package is given by
x = -a

+

(d-a) 2 - (a-al) 2

m

(A,10)

The equation of mo Ion of the package after the point of maximun extension is
m~+kx

ikg - F=

(A.11)

t ...
desirable that the ,.ccelpration on the return stroke bezero at the pcint of maximum exterision. From Eqs. A.1O and A.11 this requirement results in the following relation between d and F:

da2-aa)

kF

1

(A.12)

Equation A.12 permits the relation between d and F to be determined and hence
the extension given in Eq. A.1O 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:
Function

Channel Frequency
400
560
730
3.9

Gauge Package Extension (EventOscillator)
Gauge Package Extension (Event Oscillator)
Gbuge Package Extension (Event Oscillator)
4
HP1 (Stagnation Pressure),DC ampl fier

cps
cps
cps
kc

output
*

*
7.35 kc
*
10.5 kc
*

kc
kc
kc
kc
kc
kc

(0

=

00) DC amplifier output

HP2 (Cone Surface Pressure)DC amplifier
output

5.4 kc

14.5
22.0
30.0
4o O
52.5
70.0

CCGI

CCG2 (p = 450)YDC amplifier output
M.P.l(Stagnation Pressure)DC amplifier
output
CCG3 (0 = 1350) DC amplifier output
MF2 (Cone Surface Pressure)DC amplifier
output
CCG4 (p = 900) DC amplifier output
CCG5 (p = 900) DC amplifier output
CCG4 (P = 900) DC amplifier output
450 sun sensor/lateral magnetometer
650 sun sensor/Z-axis magnetometer
Z-axis linear accelerometer, + 20g to-3g
Commutator, 30 channels at 10 cps

The SCO inputs were transferred from the stagnation and conesurface
pressure gauges to the cold cathode ionization gauges when the nose cone was
ejected. CCG1 to 4 are located in the gauge package.

*

The event oscillators do not provide quantitative information but merely given an on-off indication. Their method of connection was

described in Section 3.2.7.
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b) Commutator
Function

Channel

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

0 volt calibration ,ulse
5 volt calibration pulse
Lateral accelerometer 1
* CCG2 AC amplifier output
Lateral accelerometer 2
* CCG5 AC amplifier output
HP2, DC amplifier range
HP1, DC amplifier range
Nose Cone thermistor
CCG4, DC amplifier range
CCG5, DC amplifier range
CCG1, DC amplifier range
CCG2, DC amplifier range
CCG3, DC amplifier range
CCG2, AC amplifier output
CCG5, AC amplifier output
Nose cone thermistor 2
CCG1, thermistor
CCG2, thermistor
CCG3, thermistor
CCG4, thermistor
CCG5, thermistor
Subcommutator channel indicator
CCG2, AC-amplifier range
CCG2, AC amplifier output
CCG5, AC amplifier output
CCG5, AC amplifier range
Subcommutator output
Timer and separation mechanism firing
indicator
Separation mechanism thermistor
Master
Master

The inputs to channels 3 and 4 were switched from the lateral accelerometers to the AC amplifier outputs when the nose cone was ejected. The three
channels allocated 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 1 and 2 measured the temperatures of
the stagnation and surface pressure gauges respectively.
The timer and firing indication was provided by voltage signals of different magnitudes, corresponding to various possible states of the
firing system.
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Channel

Function

1
2

MP2, DC amplifier range
Nose cone thermistor 1

3

Nose cone thermistor 2

4
5

Amplifier board thermistor
Electrrnics frame thermistor

6

Telemetry 26 volt monitor

7

UTIAS Internal power, 28 volt monitor

8
9
2O
11

UTIAS Internal power,+ 14.6 volt monitor
UTIAS Internal power, -14.6 volt monitor
Beacon -6.5 volt monitor
CCG1, High voltage supply monitor

12
13
14

CCG2, High voltage supply monitor
CCG3, High voltage supply monitor
CCG4, High voltage supply monitor

15
16
17

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

18
19
20

H.P.l, DC amplifier range
H.P.2, DC amplifier range
MP, DC amplifier range
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DETAILS AND ASSEMBLY OF A BALL-AND-RACE FASTENER
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THERMIST0R CIRCUIT AN~D TYPICAL TEMPERATURE CALIBRATION
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DISTORTION OF THE MAGNETIC FIELD BY THE ROCKET
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COORDINATE SYSTEM USED FOR THE DATA IREDUCTION
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