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ABSTRACT

‘ This report outlines the method and results of a test program
on the deflection characteristics of thin walled STEM tubes that have been

perforated with a random spiral hole pattern to produce equal absorption

of radiant power on the front and rear surface of the STEM, thereby reduc-
ing thermal bending due to temperature gradient.

A thermal source-vacuum chamber capable of testing the
bending characteristics of 16 foot perfcrated STEM samples under high
vacuum conditions was constructed. Studies were made on, perforation
patterns, the reflectivity and absorptance characteristics of the coatings
used, the straightness and diameter characteristics of perforated STEM
tubes, perforated STEM strength measurements compared to unperforated
samples, and film thickness measurements of the silver coatings used.

The test program demonstrated the feasibility of producing
"zero bending' STEMs for the chamber environment. It also demonstrated
that reproducible high reflectance (low solar absorptance) silver fﬂms can
be produced by electrodeposition. Results indicated that for the 1100° C
thermal source in the vacuum chamber an area removal of 5% results ina
“zero bending'' STEM. Under the same conditions a 12% area removed
STEM would be 'zero bending'' under solar radiation in space. Strength
tests showed that a 20% area removal reduced its strength to half that of
an unperforated STEM.

It is recommended that further testing be done on this concept
to further test suitable coatings, the effect of overlap and overlap spiral-
ing to eliminate the overlap registration problem, and finally a more detailed
study on the reﬂectzmty characteristics of outer and inner coatings under
a high vacuum space solar environment.

-ii -
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TEST PROGRAM ON THIN-WALLED TUBES

WITH ZERO THERMAL GRADIENT

This report covers the results of a testing program on the thermal
bending characteristics of thin-walled perforated STEM tubing. The object
of perforation being to reduce thermal bending to zero by egualizing the
amount of radiant power absorbed on the front outer surface and the rear

inner surface.

During SPAR's long history of development and manufacturing of
STEMs it has been well known that in space under solar illumination,
temperature gradients develop across the tube which will resulit in the
STEM bending away from the sun. Theoretical studies were made by
Messrs. Kemper and Farrell in December of 1962 (Appendix I and Refer-
ence 1) to derive theoretical formulae which could be used to predict STEM
bending under solar illumination. This latter study established those para-
meters which should be altered to reduce thermal bending, viz. small
STEM diameter, small coefficient of expansion, large STEM material
thickness, high thermal conductivity, and most important, an outer sur-
face with a low solar absorptance. This resulted in SPAR developing
silver electroplating techniques to produce low solar absorptance STEM
coatings (see Section 5.3) and thereby reduce bending. .

It was further suggested in the above study that it is possible to
reduce thermal bending to zero by putting a pattern of holes (perforations)
in the STEM to allow a small fraction of the incident radiant power to get
to the back inner shadow surface of the STEM. By a suitable balance be-
tween the percent area removed and the outer and inner surface solar -
absorptivities (Reference 14), zero temperature gradient would be feasible
and hence such a STEM would not bend under solar illurmination.

It was the purpose of this test program to manufacture and test 0.5
inch diameter STEMs 16 feet long which, under collimated illumination
would move away (positive)). towards (negative) and remain stationary (zero
bending) with respect to a source under high vacuum conditions (10'5 TORR).
The test program also studied the reflectance and absorptance of the coat-
ings used and correlated the results obtained with the theory of thermal
bending.

Since the orientation of a STEM in space with respect to the sun will
vary it is necessary that the perforation pattern used in a- STEM be such

-1 -
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that the amount of radiant power received by the inner rear suriace be
independent of this orientation. Considerations in previous studies of STEM
perforation had indicated that this would best be done by using a random
pattern of holes, varying the hole sizes and number per inch of STEM to
produce positive or negative bending. Test measurements of the rotational
symmetry of the percentage radiant power received by the rear inner sur-
face were made in this program using a special optical transmission appa-
ratus, resulting in the selection of a. random spiral pattern of holes as the
optimum configuration for rotational symmetry.

To test thermal bending a vacuum chamber, capable of handling 16
foot samples of half inch diameter STEMs was constructed containing a
line nichrome filament source running at 1, 100°C at the focus of a line of
cylindrical mirrors, tke latter producing a collimated beam in one plane,
illuminating the entire 16 foot length of the STEM. The requirement for a
high vacuum in the chamber was necessary to eliminate thermal transport
due to gaseous conduction and convection. Deflection measurements for
various percent area removed samples were made in the test chamber by
direct cbservation using a two-co-ordinate comparator, and by a photo-
graphic technique showing the end cross-sectional view of the STEM before
and after illumination by the thermal source.

Measurements were also made on the reflectance characteristics of
the outer silver plated and inner black surface of the test STEMs, the
straightness and diameter of the STEM samples, and the comparative
strength of perfo'nated STEMs compared to unperforated samples. Thick-
ness measurements on the plated samples were also performed.

1.1 Applicable Documents on Statement of Work

The complete outline of the statement of work is covered by
the Contract NAS 5-9572 and the de Havilland SPAR Proposal DHC-
SP-P.203, dated June 1964, as amended by de Havilland letter to
NASA October 19, 1964 with attachments. Temperature gradient
measurements were deleted as a requirement and were replaced by
measurements of STEM tip deflection.

The work reported herein includes the results of a test program
'"to validate the theoretical concept whereby a positive, negative, and
zero thermal gradient can be manufactured into a thin-walled STEM
device. This will be accomplished by arrangement of specific sized
holes in the tube, specific coatings on both the inside and the outside
walls of the tube and by measuring the positive, negative and zero
thermal gradient by accurate tip deflection on a 16 ft. sample. The

measurements will be conducted in a vacuum of at least 2 x 10-5 Torr'".

-2 - |
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It was further stated that thickness measurements shall be made of
the coatings tested and that comparative strength measurements
shall be performed on perforated samples.
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2.0 BRIEF OUTLINE OF THE THEORY OF THERMAL BENDING AND
PERFORATION

It is shown in Appendix I that the deflection of an unperforated STEM
is approximately given by:

x = 1/8 lzgl_e_ Hs Xs 2-1

B

= length of the STEM tube

= diameter of the STEM tube

= the coefficient of expansion

= thickness of the STEM wall

= the thermal conductivity of the STEM material

Hs = the solar irradiance

c(g = the solar absorptance of the outer surface of the STEM

(see Section 5. 3).

R I
|

It is seen from equation 1, and as mentioned previously, the import-
ance of maintaining the STEM diameter, coefficient of expansion, and solar
absorptance small; while keeping the wall thickness and thermal conduct-
ivity large to reduce thermal bending to a minimum.

In order to reduce bending to ''zero'', that is have a zero tempera-
ture gradient, it is necessary to allow a portion of the incident radiation
to pass through the outer surface of the STEM to the inner rear surface of
the tube. In this case the eguation for thermal bending is given by: (Rei-
erence 14)

2-2
x = 1/812de (1-p). Hs | X5 - p.8B s
tk 1 + (1 - p)l 'ﬁs)
where p = fractional area removed from the outside surface allow-

ing radiation into the interior of the tube.
pa the solar absorptance of the inner surface of the STEM
tube. ‘

i

The conditions for zero bending are then seen to be:

o<s = P‘Bs 2-3

en—

1 + (1 - p (1 -lBs)

and 1 - p =0 2-4
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Obviously condition 2-4 is academic but does indicate that thermal
bending is reduced if the fractional area removed is large. For the case
where the inner surface {3 value is large then to a first approximation p
is related to Oﬂ s and g as:

P = Xe 2-5
Bs

That is, the fractional area removed to produce zero bending is
approximately equal tc the sclar absorptance of the outer surface. These
latter approximations of course only apply when the inner surface ﬁ s is
approximately unity (.9 < ﬁ s < 1).

In order that equations 2-2 and 2-3 apply to a STEM in space it is
necessary that p be independent of the orientation with respect to the sun,
and somewhat less obvious that the radiant power (proportional to pHs)
reaching the rear inner surface be constant and independent of the orienta-
tion with respect to the sun. This problem is discussed more fully in
Section 3 where it is_shown that this condition is best met by using a spiral
pattern of heles, the holes being positioried along the spiral in a completely
random manner.

The above brief treatment of the theory of thermal bending generally
outlines the parameters affecting this problem, and the parameters that
one may vary to produce negligible bending. In the test program reported
here the main variable parameter is the firacticnal area removed (p) the
absorptance values°< s and Bs being kept constant by selecting silver
plating for the outer surface and a matt black paint PT401, for the inner
surface. The test program does however investigate the variability of O s
and Bs and the possibilities of alternate coating materials (see Section 5.3).

It should be pointed out that the above theory applies to a seamless
tube, and since actual samples tested are standard STEMs with an overlap
seam, some deviation from the above theory may result. This is discussed
in more detail in the latter part of the report (Section 8) after the results
of the test program have been presented, discussed, and correlated to the
solar environment. The latter is necessary since the test chamber facility
utilizes a source whose blackbody temperature (approximately 1, 1009C) is
much lower than that of the sun (5500°C).
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DESCRIPTION OF PERFORATED STEMS

3.1 Perforation Patterns

It will be shown that only a random distribution of holes in the
STEM enables the raitio,

energy absorbed by front of STEM
energy absorbed by rear of STEM

to remain constant and independent of the orientation of the STEM
with respect to the direction of incident radiation. In particular, if
the perforated STEM is placed at a known angle to a collimated beam
and rotated, the intensity of the energy transmitted through the STEM
will remain constant, if the hole distribution is completely random,
but shows a periodicity if the hele pattern is not random.

To determine an acceptable pattern, therefore, an optical test
rig, capable of taking a 0.5 inch diameter STEM up to 6 inches long,
was constructed. The apparatus, described in Section 3.2, measures
the intensity of the radiation transmitted through various perforated

samples.

Many 6 inch samples, with holes randomly distributed, were
examined on the optical test rig. Samples with a spiral distribution
of holes were also constructed and altogether, over 30 different
samples were investigated. Figure 11 shows some typical hole patt-
erns investigated. Although the holes and spirals are egually pitched
in a spiral distribution, the position of the first hole in any line is
varied in a random manner and this ensures that holes on the front
of the sample do not line up completely with the holes in the rear.

It was also discovered, while fabricating spiral samples, that such
samples are more rigid than ones with the holes distributed in a

" random manner, even though the perforated area was the same. A

typical spiral hole distribution is shown in Figure 13 together with

the light transmittance curve for this sample as obtained on the opti-
cal bench and recorded on the Sanborn chart recorder. Figure 12
shows a regular hole pattern together with a portion of the light trans-
mittance curve for 2 different sample rotation speeds. The first
curve is very faint since the recording pens are moving at high speed.
Those curves verify that, as expected, a regular hole distribution is
not acceptable as a perforated STEM pattern.

it should be noted, with the 6 inch samples, that the holes in
the overlap region are deliberately lined up so as to be coincident.

-6 -




== DHC-SP-R.168/2

Thus the overlap region gives rise to no vignetting.

3.2 Test Apparatus

The apparatus is shown schematically in Figure 4 and pictures
of the rig are shown in Figures 1, 2 and 3.

The collimator consists of a spherical mirror with a focal

length of 56 inches. It is seen, from Figure 4, that some coma
P R s bearm collimation) ie introduced since the source is

-3
{wWa4ilia Tetudes oean C arnation) introg

off -axis with respect to the collimator. However, this is negligibly
small due to the long focal length.

The source is a 0.5 inch diameter aperture covered by a diffus-
ing screen and illuminated by a tungsten-iodide lamp. It should be
ncted that the reflected beam is thus collimated to within 0.5 of an

inch in 56 inches; i.e. 30' arc (the sun subtends 32' of the arc at the
earth). The radiation from the source is chopped at 720 cps.

A short focal length concave spherical mirror is used to collect
the radiation transmitted through the perforated sample and concen-
trate it on the silicon diode detector. Although the spherical mirror
introduces spherical aberration, the width of the detector is greater
than the transverse spherical aberration introduced. Thus all the
radiant power transmitted through the 6 inch sample is collected by
the detector; e.g. the transverse spherical aberration (TAl) at the
paraxial focus is given by:

Tal = 1n3 = 0.33in.
8F2
Where F = focallengthandh = distance from axis.

It can be shown that at the circle of least confusion, the trans-
verse spherical aberration reduces to approximately 0.1 inches fi.e.
the radius of the aberration circle is 0.1 inches). The detector has
a diameter of 0.25 inches which thus allows all the radiant power to
be collected.

The perforated sample is rotated, by means of an electric
motor, with a period of approximately 3.5 seconds. The sample
mount can also be turned about an axis perpendicular to the STEM
so that the energy transmitted at any angle to the collimated beam
can be determined.
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The output from the detector is amplified and demodulated and
fed into a Sanborn chart recorder. Some typical curves ifrom the
chart recorder are included in Figures 12 and 13. ‘

3.3 Fabrication of STEMs

After selection of the hole distribution {see Section 5.1) a die
was made for perforating the STEMs. To reduce edge effects as the
STEM axis gets closer to the direction of incident radiation, and to
have adequate strength in the punch, the hole diameter should be at
least 15 times the STEM material thickness. The BeCu thickness
of 0.002 inches thus necessitates hole diameters of over 0.030 inches.

Three different dies were produced, which removed 5%, 14%
and 20% of the area by perforation. Two different hole patterns were
used (see Figures 14 and 15). The following table summarizes the
difference in dies. Fach die perforates a section of STEM approxi-
mately 1.0 inches long.

TABLE 3.1

PUNCH DIAMETER AND NUMBER OF PUNCHES FOR THE

5%, 14% AND 20% DIES

Area Hole Number of Hole Pattern
Removed Diameter Punches Diameter
By Die {excluding in Overlap

overlap area) Area
5% 0.036 69 0.046 Shown in Figure 14
14% 0.036 198 0.045 Shown in Figure 15
20% 0.043 198 0.045 Shown in Figure 15

Since perforating a STEM increases the diameter, 0.4 inch
diameter unperforated, silver plated STEM material was utilized.
It should be noted that when the 0.4 inch Be-Cu STEM (thickness
0.002 inches) was silver plated the edge of the STEM was rippled
along its entire length. These ripples, which will be apparent on
the STEMs delivered to NASA under this contract, are due to the
fact that the silver plating equipment was designed to handle 0.5 inch

-8 -
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diameter STEM. This defect would not be present for a plating mech-
anical fixture modified for 0.4 inch diameter STEM.

After Ag plating, the STEMs were cut to length, inspected, and
diameter and straightness measurements noted (see Section 5.4).

The STEMs were then wound on 12 inch diameter drums and
sprayed with PT401, which is 2 catalyzed epoxy resin, (see Section
5.3) with a very high absorption coefficient, suitable for use in space
(produced by Product Technigques Inc., Los Angeles, California).

No bake out is required.

The STEMs were then perforated, the diameter increasing in
the process {see Section 5.4). The holes in the overlap were designed
to coincide with the holes underneath when the STEM diameter is 0.5
inches. Generally, the STEM diameters increased to a value less
than 0.5 inches so that the overlap holes were blocked. Although
many deflections were observed, and recorded, on such STEMs most
results in the report refer to artificially aligned STEMs i.e. STEMs
laced up every 12 inches approximately, by means of wire.

3.4 Storage of Perforated STEMs

The 14% STEMs were the first perforated samples produced
and it quickly became apparent that the sample diameter was increas-
ing when the STEMs were stored as formed taped (i.e. unrolled).
Eventually, they opened up so much that the STEMs were no longer
closed tubes. There appears to be little doubt that the reason for
this is as follows. The 14% die (the first one produced) was not
hardened and after a few feet of STEM had been perforated, the die
quickly deteriorated. The holes were no longer being punched cleanly
but had burrs on the edges. Either the burrs on the holes or the
strain placed on the STEM material, as the holes were being punched
with an improper die, or a combination of both, was stress relieving
the Be-Cu and causing the increase in diameter.

All other perforated STEMs (20% and 5%), which were fabricated
with new dies, have shown no tendency to increase diameter when
stored as formed tape on cylindrical drums, apart from the initial
increase during the perforating process. To determine the stability
of the diameter of a stored perforated STEM, an Ag plated, PT401
painted, 20% perforated sample, 46 feet long was stored on a 9 inch
diameter drum for 10 days and the results are shown below.
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TABLE 3-2

Length from End

of Element
Initial
3 ft. 0.474%5
15 ft. 0.4635
30 ft. 0.4721
42 it. 0.47232

(in inches)

Element Diameter

Final

0.4950
0.4856
0.4775

0.4837

Increase
{inches)
0.0205
0.0221
0.0054

0.0114

The above results are encouraging but the problem warrants

further investigation and long term storage data should be determined.

- 10 -
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4.0 DESCRIPTION OF THERMAL SOURCE - VACUUM CHAMBER

The vacuum test chamber was built for perforated STEM studies and
approximately simulates the total level of solar irradiance in space but not
the spectral distribution. Pressures as low as 9 x 10-6 torr are obtainable.

4.1 Vacuum Chamber

The chamber shown in Figures 5, 6, 7, and 8 consists of a 16
foot high, 12.0 inch diameter, cylindrical section of steel piping.
The inner walls are coated with a special matt black, absorptive,
epoxy paint (''Cat-a-lac' black, part No. 463-3/8B) designed for use
in low vacuum systems and produced by the Finch Paint and Chemical
Co., Torrance, California. The absorption coefficient in the visible
is approximately 95%. A 12 inch diameter elbow, connected to the
diffusion pump, enters the chamber about Z feet from the bottom face.
A 7 inch diameter viewing port {(0.75 inch thick pyrex) is located in
the bottom plate, and the top plate supporis the heater assembly
{described in Section 4.3). The top plate is bolted to the chamber
and sealed with a VITON 'O’ ring. An aluminum angle, containing a
pair of water coolant pipes and painted matt black, runs the length
of the chamber, opposite the heater, and serves as an absorptive
target to absorb radiation escaping past the STEM sample and pre-
vent reradiation into the chamber.

The STEM sample (15 ft. 9 ins. long) is mounted on a 0.5 inch
diameter rotary seal, supplied by Edwarde High Vacuum, which is
screwed into the top plate in the chamber and is sealed by an 'O’ ring.
A small circular plate is mounted over the seal and is attached to the
top plate by means of 4 threaded bolts. By adjusting the screws
independently the compression in the 'O’ ring could be varied enabling
the rotary seal shaft to be tilted. Any slight bows in the STEM,
which caused the tip to be outside the collimated beam could thus be
compensated for by tilting the rotary seal shaft. The STEM tip could
be made to swing through at least + 2 inches.

By rotating the shaft, the STEM, could of course, be oriented
with the overlap in any desired position with respect to the incident
radiation.

The bottom of the chamber is supported about 2 feet above

floor level to enable an observer to measure tip deflections using the
travelling microscope or the photographic recording system.

- 15 -
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4.2 Vacuum Pumping Equipment

The pump assembly is shown in position in Figures 5 and 6.
A two stage gas ballasted rotary pump, supplied by Edwards High
Vacuum Litd., ('Speedivac'' model ED500), with a displacement of
500 litres/minute and an ultimate vacuum of better than 10-% torr,
was used in conjunction with a 9 inch diameter oil vapour fractionat-
ing diffusion pump (Edwards model F903) with a capability of 5 x 10-7
torr, and a displacement of 1600 litres/sec. A 12 inch baffle valve
and a 9 inch liquid nitrogen cooled vapour irap compiete the pumnping
equipment.

Pirani gauges read the pressures in the roughing line and back-
ing line while the chamber pressure is monitored by means of an ion-

ization gauge head mounted in the chamber wall above the elbow.

4.2.1 Evacuatin&Chamber

The rotary pump evacuates the chamber to less than
0.35 torr. (the maximum pressure at which the diffusion pump
can be operated) in 7 minutes. The baffle valve is then opened
and a pressure of 5 x 10-5 torr is normally obtained within 30
minutes. The pressure then drops slowly and continuously
while the pump is operating, another hour usually being required
to reach 2 x 10-3 torr. As the system slowly outgasses, lower
pressures are being obtained during deflection measurements;
the lowest pressure obtained so far was B.6 x 10-6 torr. If
the vapour trap is not charged with liquid nitrogen the pressure
levels off at 2 x 10-5 torr.

4.3 Thermal Source Unit

The heater assembly is illustrated in Figures 5 and 8.

The radiant power is supplied by a 15 foot length of tophet 'A'
wire {B0% Ni, 20% Cr.) running at approximately 1, 100°C and the
wire diameter (B.S. gauge 20, 0.032 inch diameter) has been chosen
to ensure that the irradiance at the STEM is approximately 140 milli-
watts per sgq.cm.

The energy radiated from the source is collected by 12 cylind-
rical, aluminum mirrors, each 14.4 inches long, with a radius of
0.75 inches and a width of 1.2 inches. Some of the energy from the
heater wire is absorbed by the aluminum mirrors (aborption coeffici-
ent 0.20 approximately), some is collected by the cooling pipes, and

- 16 -
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some escapes past the pipes into the chamber {(where the intensity
from this radiation, obeying a 1/d2 law, will be negligible}). The
required wattage to be dissipated in the filament to give an irradiance
of 140 milliwatts per sq.cm. (i.e. 132 watts per sq.foot) is therefore
calculated as follows:

Mirror radius = 0.75 inches
Mirror width -= 1,2 inches
Heater filament - mirror separation = 3/8 inch

The radiant power from the source is collected by the
mirrors over 166°.

Ignoring errors introduced due to spherical aberration in the

collimated beam, then the bearm area = 15 x 1.2 sq.ft.
iz
= 1.5 sq. ft.
Approximate reflection coefficient of mirrors = 0.8.

Required irradiance in beam = 132 watts/sq.ft. If W is the
wattage in the wire then,

W = 132 x360x 1.5 watts
166 x 0.8

= 540 watts.

In practice, B00 watts was dissipated in the filament since the
beam width tends to be wider than 1.2 inches due to out of focus
effects, mirror aberrations, vibrations in the filament, etc.

The heater assembly is designed to permit rapid replacement
of the filament by various gauges of wire thus permitting the irradi-
ance to be varied but keeping the filament temperature constant
(1100°C). Thus the STEM could be made to absorb the same total
radiant power as in a solar environment, and the improvement in Ag
reflectance with increasing )\ compensated for {see Section 7.0).
The power dissipated in the filament was read on a wattmeter.

A weight is attached to the bottom of the wire and runs ina

guide tube allowing the wire to expand through approximately 4 inches
when heated from ambient temperature to operating temperature.

- 17 -
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If 2 heat source is to accurately simulate solar radiation in
space it must: - (Reference 6) .
1) have the same blackbody spectrum as the sun.

2) produce a total integrated irradiance of 450 BTU's /hours per
8q.foot (or 140 milliwatts per sq.cm.) at the target and,

3) the incident radiation must be collimated within 32 minutes of
arc. : :

Practical limitations made it impossible to fuifili ail conditions
simultaneously over as large an area as that covered in the chamber
(15 ft. by 1.2 inches) and the thermal source can only satisfy condi-
tion 2. Consequently it can in no way be considered to be 2 ''solar
simulator' but a thermal source producing the same total irradiance
as that which exist in space due to the sun. Figure 31 shows the
blackbody spectrum of a source at 1100°C peaking at 2.1 microns
compared to the solar spectrum in space. The correlation between
chamber thermal deflections and those for a solar environment is
considered in Section 7.0.

The reflected power from the chamber source is collimated in
the horizontal plane only. The effect of non-vertical collimation on
a perforated STEM is to cause a slightly more even distribution in
the irradiance on the rear face {(i.e. radiant power which has travelled
through the holes) than the distribution which would be obtained by a
near collimated source such as the sun.

Since the energy from the source is collimated in one plane
only, the intensity is thus a function of 1/d where d is the source -

STEM separation. The STEM diameter is 0.5 inches and the STEM
centre is approximately 6 inches from the source; thus the irradi-
ance at the front of the STEM is K/5.75 and the irradiance at a posi-
tion on the rear of the STEM is K/6.25 where K is a constant. Since
K/5.75 and X/6.25 are equal to within 8%, then the errors introduced -
in assuming constant irradiance can be neglected. -

As shown in Figure 5, the heater wire and source are surrounded
by water cooled matt black painted pipes which prevent stray radia-
tion reaching the chamber walls and also serve to cool the mirrors
and prevent expansion buckling under the heat from the source. The
whole thermal source assembly is attached to the top plate. When
in the chamber, a yoke is used to hold the bottom of the unit rigidly
in place.

e
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1)
2)

Deflection Measuring System

STEM deflections were measured using 2 different methods:

Directly using a two co-ordinate comparator, and
Photographically.

4.4.1 Two Co-ordinate Comparator Microscope System

A two co-ordinate comparator was mounied below the
viewing port, with the microscope held inverted in the chassis
and focussed on the STEM tip. The tip was illuminated by
means of a lamp outside the chamber and deflections as small
as +.0005 inch could be measured.

4.4.2 Photographic System

The microscope measuring system could be replaced by
a 35 mm camera, with a 50 mm lens, mounted below the window
on an aluminum frame bolted to the chamber. By using exten-
sion rings on the lens, the ratio of image size to object size is
very close to unity. The camera is capable of making multi-
exposures on the same frame. Typical double exposed pictures
are shown in Figures 17, 18, 19 and 20.

Deflection Measurement Procedure

Deflection measurements were obtained on a typical STEM

(perforated or unperforated) as follows:

1)

z)

3)

4)

The sample, of which the straightness, diameter and reflect-
ance parameters had previously been determined, was mounted
on the rotary seal and cut to a length of 15 £ft. 9 ins.

The STEM was then mounted in the chamber and the shaft
rotated to get the overlap in the desired position (see Section
5.2). The twist in the overlap of the STEM was noted. The
rotary seal shaft was tilted slightly, as necessary, until the
STEM tip was in the centre of the observation port, i.e. verti-
cally below the rotary seal.

The chamber was then evacuated.

When the pressure reached approximately 3 x 10-5 torr the
cooling water supply was turned on and the heater checked for
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operation and adjusted to dissipate 800 watts.

Several tentative runs were then made to ensure consistency
in STEM deflections before recording measurements were taken.

a) Microscope Readings

The microscope was alternately focussed on 3 points on
the STEM tip and readings taken with the source off. The
source was then switched on and readings again taken on the
same 3 points. It is necessary to take readings on 3 points to
determine any change in STEM diameter and any twisting as
the STEM is deflected.

This procedure was repeated a minimum of 3 times for
each STEM ocrientation and often results were also taken with

the source running at 600 and 700 watts.

b) Photographic Procedure

The camera was mounted in position below the window and
focussed on the STEM tip by adjusting the tip - camera lens
separation. An exposure of 1/2 sec. at 2.8 was then made
with the source off. The source was then switched on, the
shutter mechanism recocked and a double exposure made by
photographing the STEM after the heater had been on precisely
1 minute. This procedure was repeated several times. The
light from the source always appears on the film.

It should be noted that, after the source is switched on,
the STEM swings through approximately 75% of its travel in
20 seconds. After 1 minute it has travelled through about 95%
of its maximum deflection and appears to take several minutes
to reach its final position.

The STEM was then rotated so that the overlap was in a new

position (see Section 5.2.1 for STEM positions) and the proced -
ure repeated.

- 20 -
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RESULTS

5.1 Hole Pattern - Intensity Modulation

After completion of tests on many 6 inch samples onthe optical
test rig {see Section 3.1 and 3.2} it became cbvicue that those samples
with a spiral distribution of holes were yielding the best results (i.e.

‘the light transmittance curves were fairly uniform). Although many

different sptral patterns were investigated, all gave better results
than aay of the random hole patterns without a spiral. A spiral dis-
tribution of holes was therefore selected for the die patterns. Cir-
cumstances limited the restriction of the pattern punching die to a
length of approximately 1.0 inch. Obviously, a 6 inch long die would
probably yield better results since there would be fewer repititions
along the STEM and would probably be used in a production process.
t appears.to be 2 general property of spiral patterns that, if they
have a uniform hole - hole and line - line separation but with the pos-
ition of the first hole in every line varied in a random manner, then
they yield a good rotational distribution for a perforated STEM. The
2 patterns used to perforate the STEMs tested in the chamber are
shown in Figures 14 and 15.

The intensity modulation curve for a typical spiral distribution
is shown in Figure 13. To prove that a regular distribution of holes
is unacceptable as a STEM pattern, a regular pattern was investigated
on the optical test rig and the results, which are quite conclusive,
are shown in Figure 12. '

5.2 Deflection Measurements

5.2.1 Nomenclature and Presentation of Data

a) STEM Number

The tube number will indicate the length, perforation
type, and sample number. Perioration type will be
indicated by the % area removed, and sample number
will be indicated by a suffix. Thus 20-1 indicates first
sample, 20% area removed. Lacing will be indicated
by an L suiffixed to the tube number, thus we may have
20-2L to indicate second sample, 20% removed, laced.

Length will be indicated by a prefix thus 45-5-1 refers
to the first 45 foot length with 5% area removed.

- 27 -
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Orientation of STEM in Chamber

Four orientations at 90 degree intervals, designated by
numbers 1, 2, 3, and 4, indicating the relative position of
the overlap region with respect to the source. Looking at
the tip of the STEM towards the mounted end we have:

Source Tip of
Position STEM

*

c)

orientation No. 1, overlap towards the
source.

orientation No. 2, overlap rotated 90°
clockwise.

orientation No. 3, overlap away from
source.

orientation No. 4, overlap rotated 270°
clockwise from orientation No. 1.

OO0 O

Axis Definition

A right handed cartesian axis system will be used, with the
origin at the point of mounting the STEM {rotary seal). We
shall further define that the STEM will lie along the positive
Z axis, and the incident radiation is along the positive

X axis. This then specifies the positive Y axis when looking
at the tip of the STEM (see Figure 16). This co-ordinate
axis system results in a deflection away from the source as
being positive. CHAMBER

— o —x Sauace ¥r—o- 2t
: / Coarmen i
| - /
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- 28 -

1

H




5.2.2 Chamber Deflection Data

For each STEM, measurements were repeated three
times for each orientation, and in the case of reasonable agree-
ment between the readings a mean was taken. Measurements
were made of AX and AY, and their direction, where AX and

AY are the small distances moved along the X and Y axis when
the STEM is illuminated by the source (see Figure 17). Graphs
are presented for the value of AX vs. % area removed for each
orientation.

Only the mean values of 3 runs for each orientation for
AX and AY are shown in the deflection tables. But there
was little spread in AX and AY in the photographic data and
results for several runs with the same orientation were guite
consistent. There was, however, a larger spread in the micro-
scope readings for reasons given in Section 4.5 paragraph 6(b).

Deflection data obtained is shown in Tables 5-1 and 5-2.
Table 5-1 gives AX and AY data obtained from microscope
readings only. Table 5-2 gives AX and AY data obtained from
photographic measurements only. Figure 21 was drawn from
the data in Table 5-1 and Figure 22 drawn from the data in
Table 5-2. In Figures 2] and 22 only AX data is plotted (i.e.
deflections along the direction of incident radiation) and AY
values are ignored, it being assumed that AY deflections are
mainly due to overlap effect. Every AX point given in Tables
5-1 and 5-2 is plotted in Figures 21 and 22 but when drawing
the best fit through the points, data from unlaced STEMs have
been ignored due to their large scatter. Some of the unusual
caees are considered below.

a) Sample 16-5-1 SL, which was one of the samples from
which data was obtained for Table 5-2, (the subscript SL denotes
semi-laced ‘i.e. although the STEM was laced, a large per-
centage of the holes still do not line up). When 16-5-1 is in
orientation 3 (overlap away from the source), and assuming .
that no holes line up, let the absorption coefficient of the inside

surface beﬁ and H be the irradiance on the rear surface. As

long as B is large, the following argument holds. Since no
holes hne up, the power absorbed by the rear surface is ﬁ H.
If the holes line up perfectly the power absorbed by the rear
surface is 0.95ﬁ H since 5% is transmitted. Thus, in this
orientation, the power absorbed by the rear surface is but little

effected by hole alignment. We would thus expect STEM 16-5-1 SL

to give good results in this orientation. This is supported by the
results in Table 5-2. 29 -
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TABLE 5-1

DHC-SP-R.168/2

VACUUM CHAMBER THERMAL DEFLECTION DATA

{Microscope Measurements)

Orientation 2

1 x
s
2 *
[
3 ¥
s
4 N
S
NOTES

OO 00

——
.

16-14-1L
16-0-2
16-0-1

16-14-1L
16-0-2
16-0-1

16-14-1L
16-0-2
16-0-1

AX {mean of at least
3 runs) mm

-3;4
+1.8
+0.75

-2.4
+2.8
+1.4
-2.7

+4.25
not available.

not available
+2.94
not available

CODE 16-14-1L indicates 16 foot sample, 14% area

removed, sample 1, overlap laced. Sample numbers
without L are unlaced.

2. At tip of sample.

CONDITIONS:

SOURCE TEMPERATURE: 1100°C
CHAMBER PRESSURES LESS THAN

4 x 107> TORR

SOURCE WATTAGE: 800 WATTS.
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TABLE 5-2

VACUUM CHAMBER THERMAIL DEFLECTION DATA
(Photographié Data)

SOURCE 800 WATTS AT 1100°C: CHAMBER PRESSURE LESS THAN
4 x 10-5 TORR

Orientation 4 Sample 3 AX (mean  AY (mean STEM Over-
of 3 runs) of 3 runs) lap Twist5
mm mm
1 X @ 16-20-2L 7.7 -3.6 gooc12
s 16-5-1SL, +1.8 +1.66 9g0acl
16-20-1 (unlaced) +3.2 +12.34 180°-
16-0-2 +3.4 -0.80 90°AC
2 X C ) 16-20-2L -1.45 -3.85 80°CL
S 16-5-1SL +1.4 +1.44 90°AC
16-20-1 (unlaced) -9.8 -12.45 180° -
16-0-2 +2.7 +0.7 90%AC
16-5-4SL, 0.2 2.9 90°CL
3 X @ 16-20-2L -4.6 -6.4 80°CL
s 16-5-1SL +0.3 -2.3 900AC
16-20-1 (uniaced} ---- ———- 180° -
16-0-2 +2.0 0 90°AC
16-5-4SL +0.6 +1.75 90°CL
4 X Q 16-20-2L -8.9 -3.7 80°CL
S 16-5-1SL +1.3 -2.35 90°AC
16-20-1 (unlaced) -3.5 -12.2 180° -
16-0-2 +2.5 -4,7 90°AC
NOTES 1. AC - Anti-clockwise twist along entire length of STEM

2. CL - Clock-wise twist along entire length of STEM

3 16-20-2L indicates 16 foot length, 20% area removed,
sample 2, overlap laced. Sample numbers without L
are unlaced. SL indicates partial lacing.

4, At tip of sample.

5. Overlap position at top mounting point determined by
rotating orientation figure indicated angle.
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b) However, consider STEM 16-5-1 SL in orientation i
(overlap facing source) and again let H be the power incident
on the overlap. If the holes line up completely, then the power
absorbed by the rear surface is 0.055. H. I only 50% of the
holes line up, then the power absorbed by the rear surface is
0.025f.H. If no holes line up then no energy reaches the rear
surface and the STEM appears like an unperforated STEM to
the incident radiation. We would thus expect STEM 16-5-15L
to be deflected away from the source in this orientation, which

is again supporied by the data.

It is clear that hole alignment is critical in orientation
1 but is of little importance in orientation 3.

It should be noted that, when observations were made
on uniaced {therefore misaligned) perforated STEMs, the
deflections were always in the expected directions.

It should also be noted that the 14% STEM was originally
intended to give zero deflection but the calculation of required
perforated area was based on erroneous reflectance data. The
determination of required perforated area for the new zero
bending STEM (i.e. 5%) was based on Figure 21. K it is borne
in mingd that the reflectance of Ag plated STEM approaches 95%
at about 2 microns, the 2 methods, deflection graphs and
Equation 2-3, of determining the perforated area for a zero
gradient STEM, are compatible. Further discussions of the
results are given in Section 6.

Results shown in Tables 5-1 and 5-2 are not corrected
for the effects of a lg gravity field on measured STEM deflec-
tions as this effect was investigated and the reduction in deflec-
tion due to gravity was found to be less than 4% with a 16 foot

sample.

Reflectance Measurements

5.3.1 General

In conjunction with this test program and other programs
much work has been done on reflectance of silver plated STEM
samples. Measurements have been made using an integrating
sphere attachment on a Bausch & Lomb Spectronic 505 spectro-
photometer. We have made minor modifications to this instru-
ment to improve the accuracy, however we cannot extend the
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range beyond 650 mp into the infrared. We have therefore
made certain assumptions as to the shape of the spectral
reflectance curve over the region .650 pto 2.5 p, and will

show how these results compare with a run made on a sample
supplied by SPAR and run on a Beckman DK2A spectrophoto-
meter at NASA -Goddard Space Flight Centre. This is an area
where considerable work can be done in setting up a standard-
ized method of measurement, using specified reference samples
made under known conditions. There is much doubt as to the
veracity of any method of measurement of absolute reflectance,
as there is no primary standard of reflectance, and indeed we
have been informed by one of the larger manufacturers of
spectroscopic equipment that ''we will not furnish any devices
with the claim that it will make absolute reflectance measure-~
ments''. Several double beam systems are available which

will measure the difference in reflectivity between two samples,
however this then brings us back to the problem of an absolute
standard. Possgible methods of tackling this problem have been
suggested by Hass (Reference 5), Bennett (Reference 9) and
Gier (Reference 10).

In this particular case our requirement is the more
stringent as we are concerned primarily with absorptance,
and this we wish to know to a high accuracy. The only conveni-
ent way of measuring absorptance atSPAR at the present is
through reflectance (Reference 7), and one must remember
that 1% error in reflectance at 95% reflectance represents a
20% error in absorptance.

We define absorptance for the purpose of this work as

1 - Ry for solar absorptance 5-1

&

1 - R for chamber absorptance 5-2

L

Hg (N) R (\) dA
YHa(MdA 5-3

o)
]
"

where Hs()x) is the solar spectral irradiance in space.Similarly

Rc = _ch(x)R(x)dx
JHe (N)dX 5-4
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for the chamber (source temperature approximately 1100°C).
R (M) is the spectral reflectance of the sample measured on
the spectrophotometer.

We are also concerned with the absorptance of the black
paint used on the interior of the tube, however this is of the
order of 0.95 and consequently we can ignore large percent
errors in reflectance compared to the errors possible in the
absorptance of the silver.

5.3.2 Method of Measurement

As mentioned earlier, reflectance measurements are
made using an integrating sphere attachment to a Bausch &
Lomb Spectronic 505 spectrophotometer. (Figure 23). Measure-
ments made are total reflectance, with the specularly reflected
beam from the silver sample being diffused by a freshly made
pressed Barium Sulphate surface. The reference surface is
also Barium Sulphate, and care is taken to ensure that these
two surfaces are identical. On all chart records of spectral
reflectance will be found a 100% line marked ''BaS04 reference'
and this is the reflectivity of the light trap, see Figure 23,
compared with a ''standard' BaS04 surface. Both of these sur-
faces are freshly made at the start of a series of measurements,
and precautions are taken to ensure that they are equal in
reflectance before this reference run is made. The light trap
is then placed in its correct position, and the reflectance of
the sample measured. A special BaS04 holder was designed
and made to fit in place of the light traps supplied by Bausch &
Lomb to improve the instrument accuracy.

5.3.3 SPAR-NASA Reflectance Comparison

As a further check on the absolute accuracy of the SPAR
Bausch & Lomb reflectance attachment. measurements were
made on a sample by the NASA DK2ZA equipment and the SPAR
equipment. The results of this run are shown in Figure 24.
The comparison indicated that the NASA reflectance values
were consistently higher than those produced with the B & L
instrument at SPAR and also showed a steady increase in the
reflectance of the silver sample between .65 to 2.5 microns.
The lower values for the SPAR data may be due to the BaS04
light trap target (see Figure 23) limitation when measuring
specular reflectance. Using the data of Figure 24 the solar
reflectance and absorptance of the sample were computed using
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Equations 5-3 and 5-4 and are shown in Table 5-3.
TABLE 5-3

INTEGRATED REFLECTANCE AND ABSORPTANCE

{one sample)
REFLECTANCE ABSORPTANCE
SOLAR CHAMBER SOLAR CHAMBER
R‘ Rc i‘x{i ‘ dc
. BB9 .975 .111 .025
.857 .925 .143 .075
1.04 1.06 L7775 .33

Beckman DK2A with reﬂecta;nce attachment - Aluminum refer-
ence 0.30 to 2.5,1.

B & L Spectronic 505 - BaS04 reference, integrating sphers,
0.22 to 66,; T

Assuming reflectance constant for A >.65}1.

It would appear from these results, assuming the NASA
jnstrumentation to be more accurate in absolute reflectance
measurements, that all SPARs values computed from the B & L
reflectance measurements should be increased by a factor of
1.04.

5.3.4 Typical Reflectance Data for Electro-Deposited Silver
Films

An analysis was made of 19 typical reflectance runs of
silver plated STEMs. These runs are characteristic of the
state-of-the -art at the beginning of 1966 and more recent runs
(April 66, and the sample discussed in Section 5.3.3) indicate
higher average reflectances. The results of the 19 samples
are presented in Table 5-4 as the computed solar reflectance
and absorptance using Equation 5-3, with the assumption that
the reflectance is constant for all wavelengths greater than
0.65 microns.
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TABLE 5-4

SOLAR REFLECTANCE AND ABSORPTANCE OF TYPICAL SPAR

Sample No.
~1

2

10
11
12
13
14
15

16

18

19

ELECTRODEPOSITED FILMS

Solar Reflectance

RB
.843

.839
.799
.783
.835
.812
.861
. 820
.B59
.871
. 854
. 844
. 885
.812
.868
. 838
. 849
.B78

.848

- ".‘ 36 -

Solar Absorptance

s
. 157
.i61
.201

.217

.188
.139
.180
. 141
.129
. 146
.156
.115
.188
.132
.161
.151
121

.151

Mean Value 0
Std. Dev. =

.158
.027

pr—
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The results indicated a mean value for the solar aborp-
tance of 0.158 with a standard deviation of 0.027 {(17%).

Correcting these results by the factor 0.775 noted in
Table 5-3, we get for a corrected mean value 0.122 for the
solar absorptance. As mentioned above, we would expect this
mean value to be lower in more recent runs and would expect
that values of 0. 12 for solar absorptance be more representa-
tive of current state-of-the-art for our silver films. Future
work may lower this further, as is evident in the one sampile
used in the NASA-SPAR comparison (Table 5-3) where X
.111 was obtained. For the chamber a mean value for X, =
.045 can be considered typical of current state-of-the-art Ag
films.

5.3.5 Reflectance Data for the STEM Samples Placed in the
Chamber

Earlier reflectance measurements, not shown, indicated
that the reflectance of silver for wavelengths greater than 0. 5)1
was 0.87 on the average. It was on the basis of these early
reflectance measurements that the 14% area removed STEM
was selected as the ''zero bending'' STEM for the chamber. It
has been shown in Section 5.2 that the 14% samples exhibited
negative bending characteristics, indicating that too much area
had been removed; this was expected at the time of the deflec~
tion measurements since more recent reflectance data indicated
much higher values than the .87 value originally used. The
original low value for reflectance has been attributed to inferior
plating processes at that time, as discussed in detail in Section
5.3.4.

Reflectance data for the STEM samples run in the
chamber are shown in Table 5-5, reflectance data is not avail-
able for all samples. As discussed in Section 5.3.3 these
results are felt to be low by a factor of 1.04 around . 6}1, and
that they will increase further as A\ increases.

K
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TABLE 5-5

REFLECTANCE DATA FOR STEM SAMPLES USED IN VACUUM
CHAMBER
{B & L. SPECTRONIC 505 - PRESSED BaS04 REFERENCE)

WAVELENGTH  16-0-2 ' 16-5-1 16-5-4
UNPOLISHED! UNPOLISHED2 POLISHED UNPOLISHED!
.30 .08 .06 .07 .09
.35 .43 .40 .42 .43
.40 .63 .51 .57 .64
.45 .72 .65 .71 .76
.50 .78 .75 .79 .84
.55 .81 .79 .83 .86
.60 .83 .82 .85 .89
.65 .86 .86 | .89 .92

NOTES 1. SAMPLE CLEAN - FREE OF FINGERPRINTS
2. SAMPLE SHOWED EVIDENCE OF FINGERPRINTS.

5.3.6 PT 401 Paint

This paint has a very low total reflectance, and its
spectral reflectance is flat in the visible region. No informa -
tion is available, even from the manufacturers, for reflectivity
in the infrared, and consequently the assumption was made that
it was spectrally flat out to 2.5u. Since its absorptance is so
high, however, the integrated solar and chamber absorptance
will be relatively unaffected by a moderate change in spectral
reflectance. Figure 26 shows the reflectance as measured by
the usual technique on the Bausch & Lomb.

5.3,7 Oxidized Beryllium Copper

Because of the doubt as to the feasibility of using PT401
in a space application, preliminary investigations were conducted
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into the feasibility of using the natural oxidation of the Be-Cu
tape during the STEM forming operation. Figure 26 shows a
comparison of the reflectance of this oxidized layer and the
PT401, and shows the beginning of the rather rapid rise in
reflectance in the near infrared. These preliminary results
indicate that this is probably a feasible technique. WADC
Technical Report No. 56-222 P.163 (Reference 7) indicates
that a s of 0.5 - 0.6 for the inner surface of the STEM
should possible. More work is needed in this area, as indi-
cated by Mr. H.S. Kerr in DHC-SP-R.168/1 Section 8.1 {Ref-
erence 11) before any definite conclusions are made.

Straightness and Diameter of Test Samples

5.4.1 Methods of Measurement

The straightness of the STEM samples was measured
in a water tank using the technique laid down in DHC-SP-SP. 86
(Appendix II). The diameter was measured using a micrometer,
at many positions along the sample.

5.4.2 Results

Tables 5-6 to 5-9 show results of diameter measure-
ments of samples which were measured in the chamber.

The following samples were investigated in the chamber:
16-0-1; 16-0-2; 16-5-1SL; 16-5-4SL; 16-14-1L; 16-20-1 and
16-20-2.

It will be noted that 2 of the above samples were also
sent down to NASA i.e. 16-0-2 and 16-20-2 and the data for
these samples is included in the straightness, diameter and
reflectance data for the 6 samples sent to NASA.

The diameter measurements for the remaining samples
are shown in Tables 5-6 to 5-9. Straightness of the chamber
test samples were checked qualitatively by suspending the STEM
by its tip and looking along the STEM to check the bow. 1t is
simple to detect the bow in the STEM by this method and badly
bowed STEMs were not put in the chamber. The diameters
were normally measured in 2 perpendicular directions at each
point as shown in the sketch. ‘

-39 -
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TABLE 5-6

DIAMETER MEASUREMENTS

Distance from
End {ft.)

~
v

2

10
12
14

15.75

STEM 16-0-1

Diameter AB
{inches)

0.4%6
0.488
0.486
0.485
0.493
0.500
0.505
0.518

0.497

TABLE 5-7

DIAMETER MEASUREMENTS

STEM 16-5-4 SL

Distance from

End (ft.)
0
8 2
4

D
6

Distance AB
(inches)

0.482
0.492
0.499

0.494

Diameter CD
{inches)

[ ]
o
D
-J

0.490
0.491
0.480
0.479
0.483
0.498
0.494

0.479

Distance CD
{inches)

0.489
0.496
0.500

0.495
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TABLE 5'7 Comim‘d. . e 0

Distance from Distance AB Distance CD
End (ft.) {inches) {inches)

8 0.498 0.504

10 0.488 0.502

iz .492 2.502

14 0.487 0.498

15.75 0.497 0.499

TABLE 5-8

DIAMETER MEASUREMENTS

STEM 16-14-1L

Distance from Diameter AB Diameter CD
End (ft.) {inches) {inches)
0 0.514 0.516
2 0.497 . 0.509
4 0.496 0.508
6 0.498 0.514
8 0.504 0.508
10 0.499 0.506
12 0.499 0.509
14 0.500 0.506
15.75 0.498 0.504
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TABLE 5-9

DIAMETER MEASUREMENTS

Distance from
End (ft.)

U

2

fe )

10

12

14

15.75

STEM 16-20-1

Diameter AB
{inches)

0.472
0.477
0.482
.503
0.495
0.504
0.503
0.499

0.499

STEM Str englh Tests

5.5.1 Introduction

DHC-SP-R.168/2

Diameter CD
{inches)

0.472
0.502
0.497
0.498
0.499
0.497
0.507
0.490

0.508

The purpose of these tests was to obtain experimental
values for the minimum bending stiffness and strength of silver
plated STEMs of varying percentage of perforation. Tests
were conducted and results analyzed as described in DHC-SP-
R.158 (Reference 12).

5.5.2 Details of STEM Specimens

Details of the three 10 feet length silver plates STEM
specimens were as follows:
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TABLE 5-10

DATA ON STRENGTH TEST SPECIMENS

SPECIMENT PERCENTAGE STRIP UNPLATED FORMED
PERFORATION WIDTH THICKNESS DIAMETER
% s (IN) t (IN) d (IN)
0 Z .0C02 0.42
5 2 0.002 0.45
20 2 0.002 0.48

MATERIAL Belu 25

The root ends of all three specimens were encased in
2 inches of cerrobend to give fully fixed end conditions.

5.5.3 Test Rig and Testing Procedures

Each specimen was clamped vertically to the bending
test rig shown in Figure 27 and rotated until its free edge was
located in the weakest bending position. The free end was re-
strained, such that twist was prevented during bending. Hori-
zontal tip loads were applied incrementally by means of a cord
and adjustable pulley arrangement. Measurements of the
corresponding horizontal tip deflection were noted and observa-
tions made on the mode of buckling and failure.

5.5.4 Results and Discussion

The results of the bending tests corrected for self
weight influence are given in Figure 29. The fellowing table is
a summary of the STEM specimen bending strengths.

——

-43-




TABLE 5-11

BENDING STRENGTH OF STEM IN WEAKEST POSITION

SFECIMEN P crit. o crit. ir 1l crit M crit BATIO
TIPILOAD DEFLECTION FAILURE {IN) BEND- O
{LBS) {IN) LOCATION ING 1
FROM ROOT MOMENT
(M) (LB IN)

1 0.19 62 14 86 16.4 1

2 0.12 52 4 101 12.1 0.74

3 0.063 39 2 114 7.2 0.44

where 1 crit is the vertical distance from tip to point of fail-
ure given by

(1 =77 (Yo/1)?) - Ir

1 crit

and M crit P crit. 1 crit.

where 1 is length of specimen (unloaded).

5.5.5 OQObservations

All STEM specimens had a pronounced free edge rippling
caused by the plating operation. This is due to the fact that
the plating system has been designed for 0.5' tubing, whereas
the tube used here is 0.4' diameter. It will not occur ina
plating machine designed for 0.4'" diameter. This effect is
undesirable in that it prematurely sets off free edge buckling
in the early bending stages. '

The modes of failure for the two perforated STEMs are
shown in Figure 28. It is interesting to note that the 0.48 inch
diameter 20% perforated specimen having little overlap, fails
with pronounced free edge buckling, whereas the 0.45 inch dia-
meter, 5% perforated specimen having 30% more overlap than
the latter, fails in much the same manner as a seamless tube.
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5.5.6 Conclusion

It is stated on Figure 29 that the critical bending
moment for the unperforated STEM is proportional to its
cross-sectional circumferential length S (E = Youngs Modu-
lus, O = poisson’s ratio}. It can be shown that the
corresponding effective value S for the perforated STEM is

‘given by S(1 - 10. 4/4/evr x (% perforation)). Using this

expression the bending strength of perforated STEMs relative -

io that for the unperforated STEM has been plotted in Figure

30. Superimposed are the experimental results, using as a
reference the unperforated test specimen resuit.

In the above KRy, the experimental bending constant,
was assumed constant. In actual practice it is greatly influ-
enced by the degree of STEM cverlap. From experience it
is known to have its maximum value for a STEM having an
overlap factor between 1.4 - 1.5 (i.e. for a diameter between
0.45 - 0.42 inches in the case of the present specimens).

The drop in Kp for increasing diameters is due to the increas-
ing degree of instability of the overlap as it decreases.

AN

Silver Film Thickness Measurements

5.6.1 General

We have made a number of attempts to measure the
silver film thickness, but without any conclusive resuits.
Three methods were used to make these measurements, and
these are described below. This is an area where much work
can be done, both from the point of view of measurement and
a nurnber of suggestions have come up during the course of
this aspect of the program.

It should be emphasized, however, that considerable
study and work has been done to optimize the plating process
parameter to maximize the spectral reflectance of the silver
film, as is evident from recent reflectance runs on plated
samples.

5.6.2 Methods of Measurement

Two techniques of measurement were used:

{a) The first is the only non-destructive technique

p—_—
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attempted. The STEM wall thickness was measured before
cleaning, after cleaning, and after plating. This gave a set of
figures for the nominal thickness of the STEM after forming.
The cleaning process removes a thin layer from the surface,
and this thickness is determined by the second measurement.
The third measurement gives the final thickness of the STEM,
and from the three measurements a figure for the thickness of
silver is determined. This method gave the highest of the
values obtained (see Section 5.6.3). ‘ '

{b) The second method involves the electrolytic removal of the
silver film using a controlled current and known quantity of
electrolyte. The time taken for the silver to be removed is a
measure of the thickness. This method will ocbviously give a
low value since the apparent end of the electrolytic removal is
taken as a discontinuity in the current flow as the sgilver is re-
moved, exposing the gold flash. However, it is probable that
not all the silver has been removed at this stage, but further
electrolysis would begin to remove the gold.

(c) The third, and probably most accurate method was to use a ~
selective chemical etch to remove the silver, and measure the
base thickness before and after etching.

5.6.3 Results

None of the methods outlined in Section 5.6.2 are
entirely satisfactory, and accuracy for each is probably only
of the order of _-i:SO%, since 10 micro~inches is the smallest

division on mechanical measurement equipment.

Method (a} indicates a value between 60 micro-inches and 140
micro inches.

(b) gives values of approximately 15 micro-inches.
However, as mentioned previously this is probably a low figure.

(c) this is probably the most accurate, and indicates a
value between 60 and 100 micro-inches.
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The results of the deflections of the various percent area removed
STEMs are summarized in Figures 21 and 22. It is obvious from the curves
that a zero deflection condition exists for a specific % area removed since
both positive and negative bendings have been measured on the samples
tested. For the chamber both the 14% and 20% STEMs yield, with minor
exceptions, negative bending, while the unperforated samples have all
shown a positive deflection. A correlation of these deflections on a quanti-
tative basis using Equation Z-2 is not possible since the precise value for
the irradiance level at the STEM in the chamber is not known. However,
assuming that the total irradiance level for the 1100°C source is approxi-
mately 140 milliwatts per sq.cm., one would expect for an X of the
outer surface of.045 a deflection of approximately 4 mm for an unperfor-
ated STEM. @I is expected, however, that due to spherical aberration
caused by the cylindrical mirrors and a possible slight out-of-focus con-
dition for the filament, that the irradiance level could be down by a factor
of Z from the design value quoted above. This would then bring the observed
zero perforation deflection in line with that predicted by Equation 2-2. Also
overlap (which will be discussed at greater length below) may be affecting
the results so that the equation derived for the seamless tube would not
apply for the overlap configuration.

To examine the results in a relative manner one can consider the
term (see Section 2 for definition of terms)

Xt = (1 - piee - p, S0 6-1

as an effective absorptance value for the STEM sample, positive to give
positive {unperforated) deflections, and negative when deflections are nega-
tive. Let us consider STEM samples with the following characteristics:

= 0.045

g

Then Table 6-1 shows the effective OXeff for the p values studied in this
test program.
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EFFECTIVE STEM ABSORPTANCE O<EFF AND THERMAL
DEFLECTIONS COMPARED TO THE UNFERFORATED STEM

STEM O(EFF DEFLECTION RATIO THERMAL
TO UNPERFORATED DEFLECTION
STEM :

0 +0.045 1.0 +2 mm

4.7% 0. ——- ——-

{Nominally 5%)

14% -D0.076 1.7 - 3.4 mm

20% -0.116 2.6 - 5.2 mm

Comparing the deflection values of the 14% and 20% STEM for a ‘zero
bending' STEM deflection of +2 mm, with the actual results shown in Fig-
ures 21 and 22, indicate that they lie within the scatter of deflections
obtained in the test program. Thus, within the scatter present in the tech-
nique, the results appear to agree with those predicted by the theoretical
equations.

The scatter in results, which are clearly evident in the curves, are
in the main due to the fact that hole registration in the overlap regions is
not as good as it should be, and alsc because of the existence of the over-
lap seam and its effect on the equations derived for seamless tubes. This
latter pointis stronglysupported by examining the more consistent results
obtained whern the overlap is facing away from the source, a condition most
in agreement with the assumptions made in the theory of bending of perior-
ated tubes.

It is also felt that this general overlap problem is the main factor
causing the deflections observed in the y direction (transverse to the source
direction).

The data (see Section 5.2) for the finally selected 'zero bending"
STEM (5%) strengthens further the problem currently present due to the
overlap. It will be noted that for only those cases where the overlap is
not facing the source at some portion of length down the chamber were the
extremely small deflections noted (see Figure 20).

Additional factors that may be contributing to the scatter in the results
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but ones which could not be quantitatively assessed in this test program,
are as follows:

a) Possible deflection distortion introduced at the rotary seal mount due
to method of clamping and/or excessive temperature gradients in

this region of the STEM.

b) residual baw in the STEM along its length may result in irregular
illumination of the STEM along its length.

c) The twist in the overlap position along its length.
None of the above conditions could be examined quantitatively since

only one viewing port is available in the chamber, this being located at
the bottom or free end of the suspended STEM.
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7.0 CORRELATION TO SPACE SOLAR

o,
4

The equation for zero bending (Equation 2-3) was presented in Section
2. It can be seen from this equation that the only parameters that are
changed when one compares chamber results with the space solar environ-
ment are:

(1) the total absorptance of the outer surface.
(2) the total absorptance of the inner surface.

The latter factor being changed only very slightly, if at all. Thus a
"zero bending' STEM in space will require a different percent area re-
moved than that of the '"'zero bending'  STEM for the chamber, due mainly
to the change in the total absorptance of the silver film (see Section 5. 3).

Using Equation 2-3, and taking values for o(s from 0.10 to 0.15
and s = -95, then the fractional area removed will be as shown in

Table 7.1.

TABLE 7.1

FRACTIONAL AREA REMOVED FOR "ZERO BENDING" STEM IN SPACE
SOLAR ENVIRONMENT OUTSIDE SILVER PLATED (Xs) '

INSIDE PT401 P = 0.95
O<s P
.10 .11
.11 | .122
.12 .132
.13 | .142
.14 .154

It was shown in Section 5.5 that 20% area removal resuits in a bend-
ing moment strength of 7.2 inch pounds. If such an area removal was used
with an excellent outside surface absorptance ﬁ s could be as low as 0.64.
This introduces the possibilities of using oxidized Be-Cu inside (see Section
5.3.7), avoiding a painted coating as the inside surface.
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8.0

CAmEAA

CONCLUSIONS AND REC AMENDATIONS

8.1 Conclusions

From the presentation of deflection results (Section 5.2) as
shown in Figures 17, 18, 19, 20, 21 and 22 and the discussion of
results (Section 6) it is clear that the test program has clearly
demonstrated the feasibility of the perforation technique to produce
"zero bending'' STEMs for the chamber. The data which most
strongly supports the above is the results obtained for the 5% STEM
{Figure 22, Orientation 3) where the overlap is away from the source,
and the twist along its length at most moves the overlap to the side,

. but never towards the source. In this latier case X - deflections
were + .3 and + .6 mm for the two samples tested. It would appear
from these results that a siightly higher percentage (6-7%) removal
would result in a closer approximation tc the 'zero bending" STEM
for the chamber.

It is also evident from the deflection results that the overlap
orientation with respect to the source greatly affects the results for
any % area removed STEM. Varying the overlap orientation causes
considerable scatter in the deflection measurements and also intro-
duces a displacement perpendicular (Y) to the direction of the source.
Two basic problems exist with the overlap:

(1) it is difficult to get periect hole registration between the over-
lap and underlap sections.

(2) the overlap region represents 2 discontinuity in the thermal
conduction path, which causes bending distortion, as evidenced by
the random results obtained with the unperiorated samples. No
theory has been derived for this condition, but the problem has been
considered and is discussed briefly in Appendix I.

The test program has demonstrated that reproducible high
reflectance, electrodeposited, silver coatings can be made but that
proper precautions in handling this material must be carried out to
maintain high reflectance.

Measurements on the reflectance characteristics of oxidized
Be-Cu have indicated that it is feasible to get gufficiently high solar
absorptance values for this material {(0.64) to use it in the space
application, with 20% are2 removal,
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The results and conclusion of this test program have indicated
certain areas which require further study to implement the technique
into a final production item having "zero bending'' characteristics in
space. The present study has shown that, with straight seam overiap
STEM with 12% area removed, greatly reduced thermal bending would
result in space. It is questionable because of the overlap problem,
whether this reduction would be adequate for the more exacting appli-
cations where bending tolerances are exiremely small., For the
latter case further reduction of the residual bending would require
studies in the areas outlined in the following sections.

-
ot

8.2.1 Alternate Internzl Surfaces

Problems may exist in the use of a pairted inside sur-
face, such as PT401. These arise not from the aspect of dura-
bility in epace, but from the aspect that repeated handling and
extension in the STEM devices may cause deterioration of the
surface characteristic, thereby reducing its solar absorptance
value. Tests should be conducted to see if alternate surface
treatments, such as oxidized Be-Cu, oxidized Ni or oxidized
Tantalum, could be used. All these surface treatments exhibit
low reflectznce in the visible and infrared.

8.2.2 Overlap Test Program

Further testing and experimental work should be per-
formed to improve overlap regifiration and reduce its deflec-
tion distortion affect in thermal bending. A spiral technique
should be tested ,where & combinztion of spiral pitch {say 360°
twist every 3 ft.) and a hole patisrn along the length of the STEM
are used to eliminate the variation in STEM thermal bending
with its orientation with respect to the source.

8.2.3 Reflectance in Space

As shown in Equation 2-3 the equalization of the radi-
ant power absorbed inside and outzide for a given fractional
area removed {1) depends cn the g(s and B s values. Measure-
ments to date have been made under rnormal ztmospheric labor-
atory conditions where oxides, and sulphides may be lowering
the reflectance of the silver films. In space under intense
jrradiation, low pressure and the presence of minute quantities
of ozone, these oxides, sulphides, etc., may be ''‘cleaned'' away

-
{
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resulting in lower o<s values compared to those measured in

the laboratory. As mentioned in Section 8.2.1 various inter

surface treatments can be used to obtain the desiredﬁs, again
1154

however, careful consideration should be made on their stabili¢
and alteration in ﬁ s under the space environment.

For the above reasons work should be done to study
the effect of high vacuum and solar irradiation on materials
selected for this application.
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9.0 NEW TECHNOLOGY

The object of this program was to test, analyze and recerd results
of elements, the technology for which was previously produced against
private company funds. The result of such records and analysis was to
be used by NASA in assessing long-boom techniques, and such results
have been previously decumented in prior progress reports and in the
bedy of this final report. As the documentation of testing and evaluation
was the end preduct in this program it naturally follows that no new tech-

nology was developed under this specific contract NAS 5-9572.
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APPENDIX 1

PART I & II

TEMPERATURE GRADIENTS AND PROFILE
CHANGES IN LONG TUBULAR ELEMENTS

DUE TO INCIDENT RADIATION

by

A. Kemper - K. Farreu.

(From DHC-SP-TN. 164, Reference 1}
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 SUMMARY

The temperature difference between the bright and dark side of the -
specified 800 - ft., half inch diameter, Beryllium Copper element,
when exposed to sun radiation, will reach 12°F, This difference will
cause the element to bend away from the radiation source in an asymptotic
form. The tip deflection will be about 550 ft., with & minimum radius of
curvature of 333 ft. ’ ‘

The location of the point of minimum radius of curvature can be
anywhere along the axis of the element from the root to the tip, depending

~ on the element's initial direction with respect to the radiation source.

The point of minimum radius of curvature coincides with the point

. of maximum element temperature, which will be about 850°R with sun and

earth radiation, and 7859 R in outer space.

The temperature difference along the cross section, and the re-
sulting profile change, are determined by the material and its surface

absorptivity only and are independent of the emissivity; while the maximum

temperature depends on the ratio of absorptivity to emissivity only.

The magnitude of the time constant of the specified element with .
respect to step changes in radiation is about 3 minutes. The final profile -
(96%) will be established in about 7 minutes after a sudden extension of ’
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PART 1

' EVALUATION AND DISCUSSION
 OF ANALYTICAL RESULTS

1.0 INTRODUCTION

. This study of the effect of radiant energy impinging on long tubular
elements in space investigates the temperature distribution along the
perimeter and the axis of the element and the resulting profile changes.
The results are condensed into equations and into a Profile Chart, allowing
.examinatiod of the particular profile of an element in puter space, or in

an orbit around the earth. The time constant of the element is also in-

‘ "lﬂ-tted analytically. o
R Bpo;ciﬁcation‘oi the Elament

The apecified slement is considered as a closed tube for most of the
investigations. A correction factor is diacussed and proposed for an open
tube with 180° overlap. Numerical values of temperatures along the per-
imeter and the axis, and values for the minimum radii of curvature and
$ip deflections are calculated for an slement with the following specifications!

Element Material Beryllium coppsr

Element Diameter 'd = 0.04167 feet (0.50 inches)
Element Length - 1 = 800 fest ; : , _
Wall Thickness 't = 0.000167 fest (0.002 inches)
Material Density . 4o =500 b/t 3 B
Thermal Conductivity k =44 BTU/ft - OF - br
Thermal Expansion Coefficient . o = 1.04 % 10-8 S
Absorptivity Ratio ' o= 4% - -
Emissivity Ratio €=.10 | '
Specific Heat ¢« .10 BTU/Ib - °F

Overlap Factor P=1.8

}.a2 Bpecification of the Radlant Enezrgy

' Sun and earth radiation, and reflection of sun radiation by the earth
and the atmosphere, are taken into account. These are assumed to have
the following intensities | - o
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Sun Radiation ' I5 = 450 BYU/HR F1?
Earth Radiation Jz = 70 BTU/HR FT?
Earth Reflection Jg =160 BTU/HR FT?

Sun radiation is considered to be constant in the scope of this analy-
sis. Earth radiation and reflection are subject to correction for altitude;
the values applied, referring to the upper layers of the ma-onphar-. ‘
which is assumed to be 500 miles abova the surface of the earth,

The amount of heat entering the element is also a function of the
incident angle. This angle is defined in the analysis as the angle between
the radiation direction and the axis of the element as ‘seen !rom the root
of the element.(See diagram below.) -

2,0 THE ELEMENT IN OUTER SPACE

2.1 The Maximum Temperature Difference Along the Element Perirhe&r

The ’maximﬁm"temperature difference between the bright and dark

- by the equation: |
| ATS Q:k aSJSS‘“eS . (1)

It is independent of the emmissivity ratio £.T
specified element.

s (s !h 12° l-‘fortha

side of the element occurs when the incident angle @ 90°. It is obtained

I-3
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‘2.2 The Temperature Profile Along the Element Perimeter

The Temperature Profile is shown in Figure 2. It is symmetrical on
both sides of the diameter from the bright side to the dark. It is obtained
irom the equations:

AT5(0)=ATSM[ (A)+cos-!---45] @

F
W
L

ATs (2, = ATs m [_i‘{_'.( -—-) - .45}

Equation 2 gives the profile in the first and fourth quadrants, and equation
3 the profile in the second and third quadrants. In both cases, X is a point
on the perimeter expressed in terms of I" X T

2.3 Element Profile Change )

The temperature difference between the bright and dark sides of the
‘element will cause the element to bend away from the radiation source.
The profile of the bent element, the tip deflection, and the radii of cur-
vature along the slement axis, are determined by a '"Profile Number"
which is defined as

Profile Number: Ng = -g—ﬁTs(m)'*-‘— _ﬁ.jsu‘ (4)
It has a value of 3 x 10~3 for the speciiied element.

Ueing this profile number, the element shape can be darivod by the
aquation. ,

X-‘-“f‘-“;-l.ncos(\’xﬂs) - g

This profile has been plotted in Figure 2 for the specified element
and a radiation incident angle §g = 90°. The X and Y axes are in feet;
and the length of the element has been traced on the plotted profile.
Figure 3 shows the same element for a radiation incident angle Bg = 1359,
Figure 4 shows the proiﬂes of a dipole element with incident angles from
0 to 1809,

2.4 Explanation of the Profile Chart

The profile curves of Figures 2, 3 and 4 are extracted from the
ProfiloChm shown in Figure 5, Any 800 foot length traced on the curve

1
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~with the Profile Number 3 x 10-3, can be a profile of the specified element.

The root of the element is located at the intersection point of the incident
angle line with the profile curve, and the tip of the element is found by

‘tracing the length of the element (800 feet} clockwise on the profile curve.

- The Profile'Chart and equation 4 for the Profile Number, imply that

Qlementn with different design parameters can have the same profile change

a

particylar design parameter, by comparing the profile curves with the
apprapriate numbers.

2.5 Several Fiements on One Satellite

As long as the design ensures that the incident radiation angle is the
sam< for all the elements, several elements on one satellite will have the

‘sz:ne profile. A crossed dipole of elements as specified, will have a con-

figuration as shown in Figure 6. The configuration will be maintained in

" the orbit around the sun as shown in Figure 7. The elements have the
tendency to align themselves and the satellite radially with respect to the
_ 9rbit, so that the same side of the satellite surface always faces the gun,

The backward-bent elements which are exposed to the sun's pressure, will
create a correcting torque as soon as the satellite deviates from the equilib-.

- .as long as the design parameters in squation 4 yield the same Profile ' ‘e
- Number. Hence one can examine the change of profile for a change of a

rium either in the pitch or yaw axis. The dynamic properties of the elements;

- their damping effects, and time lags, have to be included in the oriontation '

and stabilization system of the satellite.

" 2.6 Tip Deflection

The value X in Equation 5 repregents the tip deflection from the
{nitial straight profile. It can be obtained only by tracing the profile.
However, for very small Profile Numbers, or for short elements, Y can

be ropb,cod by the element length l, and Equation 5 can be simplified to:

Thus the deflection for a 100 foot length would be 18 ft. , when ex-
posed to gunradiation only.

2.7 Minimum Radius of Curvature

The greater the temperature difference on the cross section, the
more the element will bend at that section, and the smaller will be the

- -radius of the curvature. The location of the minimum radius of cuirvature

L I —
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will be at the point where the incident angle is 90°. In Figure 2 the
Jocation is at the root of the element and in Figure 3 where the tangent on
the element is normal to the radiation direction. The radius at any point

is given by . : _ "

R(az) =  Sin 9(&) | M

where Oryyis the angle between the tangent and the initial direction. The

. minimum radius of curvature for the specified element is 333 feet., when
exposed to gun radiation. Angle B(x)can be obtained from the graph or

computed from the equation'

oo =(}-- Yw“) 0 S ®

2.8 Maximum Element Temperature

The alement temperature depends on the absorptivity and emissivity

-ratios, and the incident radiation angle, and is otherwise independent of = -

the -element design parameters. At any point X along the axis the average
element temperature is given by ‘ A

A : % (9)
Ttx)‘( EST “Jss'“em)

where 8(yq)is again the angle between the tangent on the element and the
-radiation direction. The location of the point of maximum temperature

_coincides with the location of the point of minimum radius of curvature.

Figure 8 shows maximum element temperature versus. the ratio &

and Figure 9 depicts the temperature along the axis of one element in two
different positions with respect to the sun. The maximum temperature of
‘the specified element is 785°R when exposed to sun radiation only. o

2.9 Element Reaponse Time

It has been . assumed that the element will have found structural and
thermal equilibrium when the region of higheet temperature has been
reached. For this condition, the time constant Coq , which is defined as

- the time in minutes necessary to reach 63.2% of maximum temperature

rise dter a amall step increase in radiant energy, is: -

I- 6
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~ However. the actual temperature TEsponss CUrve for ‘a lavge step
increase involving sudden extension of the element into the agnlight. must

‘ be derived from the equation: SRS
& 4 1 o :
AT(step) = %(Tsmau““f )“ (step) (1

The transient temperature profile is shown for the specified element
4n Figure 10. The eloment needs 7 minutes to reach 96% of the final profile.

3,0 THE ELEMENT EXPOSED TO RADIANT ENERGY FROM BUNAND

"EARTH |

3,1 Analysis and Dcfinition of Earth Rndiint Energy

A satellite in orbit around the Earth will be equally exposed to sarth
radiation due to the earth temperature at all positions of its orbit. The .
earth radiation constant has to be corrected for the distance of the satellite

from the esarth.

Reflected radiant energy can reach the satellite only as long as the
gun and earth are in opposition with respect to the satellite. However,

' since the reflected sunlight {s diffused in the atmosphere, it has been
assumad that the reflection approaches nero. when the angle ] between
- gun, Earth and tellite reaches 120°, (See diagram below.) The variation
of reflected radiation with N+ between 0 and 12 degrees, can be repre=
gented by & complicated expres sion derived in Reference 1. However, it

has been found that the variation cait be Teasonably ;pyrnsimwl by the

function cod {.757{). A
, =,

N

-

R — I-T
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Both radiant energy sources - earth radiation and earth reflection -
are -ubjgct to correction for altitude with the factor

Fo=( B30 oz

‘since radiation ~intensity ﬁxies inversely with the square of the distance. i

" R is the radius of the earth, and A is the altitude of the satellite above '

 the earth surface. .

The effect of radiant energy from the earth, also depends on the
magnitude of the angle between the sun and earth radiation with respect .
to the element cross section. This angle is illistrated in the diagram
below and should not be confused with the angle 1} ,although both may
have the same value in particular positiens. ‘

L .

-~ - . 5)..‘:—@',

3.2 The Maximum Temperature Difference Mbngihe Perimeter -

The maximum temperature difference and the profile along the
perimeter is obtained by multiplying the apprapriate equations L't 3 by

. the factor B to get: :

2 . |
ATope=ApotsdesingsxB 03

wherein B represents the effect of earth reflection of sunlight and earth

radiation. B is developed as follows: the total amount of impringing vadia-
tion which will cause the temperature rise consists of: ' .

Sun radiation:  ©@Js5inBg . a
Earth reflection: oL Jgcos AST)x SinBex Facos®8
Earth radiation: €Ele sin Bg X Fa cos §

The angles Og and Oy were defined in 1.2 and the angle .75T as well as

the Iuctotf F A in 3, 1. Thus the total amount of tmpfinglng radiation is: =

= DHC-SP-R.168/2 '
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below. The orbit be

% J= 0, sins TfaJgcos WSN+Ee) sin O 1 Fa cost§ 114)

23 mLshas[tz(-%i-mjsm. 2 8%5%’5}1& ’ |

Sinbs

where the sign + applies for. a8< E and the sign — - -for P9 X
The term in brackets is called B thus: ‘

B, =%:(.355r.os 3571*.155:&;)% Facos*d  416)

and when reflection approaches ur& with M > 120°

AR Bzag:.\ssé-%ﬂcos‘é | o m

Inspection of the terms for B reveala that the magnitude of B depands

‘mainly on the magnitude of the four angles which define the position of the

element with respect to the sun and earth. This is because the ratio %

is very small, and is constapt for the specified element.

The extreme values for ‘B occur in the ‘positions in the ‘diig'rum

ing assumed to be 500 miles above the earth's itho}

B¢ = 90°
95- 165°®

. M= 108*
§=0°

05=0, = 30°
M=0"
b= 180

L




)

e

(

DHC-SP-R.168/2 '

3.3 The Temperature Profile Along the Perimeter

The temperature profiles for the above defined positions are shown
in Figure 11. They represent the borderlines for all possible conditions.
They are computed from the equation: ‘

ATsergATs"B" | s o ,(155

Since Bpyjn will increase, and B, will decrease with orbits at
higher altitudes, both will approach Unit1 at an altitude of about 20,000
miles. This means that the influence of earth radiation and reflection will
become virtually negligible at this altitude and above. The temperature
prefile then will be that.indicated by the dotted line. This is the same as
shown in Fig. 1. \

3.4 Effect on Earth Radiant Energy on the Hlement Profile

The Profile Number of the element will be changed in the same ratie’
.‘as the temperature gradient along the perimeter is changed. Thus equatien .
4 becomes: : o ' S,

Nger =Ng xB ‘ - a9

Because B, was found to be .62 for the specified element with
= .22 the minimum Profile Number for the specified element when
‘exposed to sun and earth radiant energy will be: ,

Nser(min) =186 x107

The appropriate profile for this Profile Number is marked in
Figure 12 on the Profile Lhayt, for comparison with the prefile for the
number 3 x 10°3, It is the lowest Profiie Number which can occur inthe.
most favourable position with sun and earth in opposition, with respect te.
‘the satellite. For all other positions particularly for all higher altitudes
the Profile Number will increase until it approachés the valus 3 x 10°3 ag
an altitude of about 20,600 ft. ' ‘ -

3.5 The Elements in Orbits Around the Earth

Unless the satollite travels acrou‘tha shadow of the earth, where
the efements will have almost a straight profile - the alements have the
tendency to align themselves to the direction of the sun radiation. This

I-16 ' : — N |
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applies for all orbits, polar orhiis as well as for equatorial or semi-
equatorial orbits.

In a polar orbit (Figure 13), with the satellite orientated to the
sarth sc that always the same surface will face the earth, the elements
will keep their configuration with respect to the earth and to the sun.
They will not influence the orientation and stabilizing system of the
satellite. ‘ oo

In a semi-equatorial orbit however as shown in Figure i4 the ciements
will try to align themselves and the satellite to the sun radiation, so the
satellite will perform one revolution around its axis while performing
one orbit cycle. Thus when the satellite would have an orientation control
to face the earth always with the same side of the surface the orientation
control has to cater for the disturbance caused by the elements.

In such cases the elements would take profiles as shown in Figure
15 and 16. In Figure 15 only one element is assumed, pointing to the
earth in its initial position. For Figure 16 a dipole of two elements is
assumed in the plane of the orbit, as tangents on the orbit path in their
initial position. This configuration assumes that the orientation control

'keeps the satellite always in the position facing the earth with the same

side of the surface.

3.6 Maximum Element Temperature Along the Element Axis

The temperature of the element on the point of Minimum Radius of
Curvature is a function of the total radiant energy impinging on the
element. Thus ’

Jsd sin Os in equation 9 is replaced by:
T J=s0 SinBs +{Jnk €OS 15T+ JcE)Fa i Bg cos s
which yields ,

Teer =Ts x BY - -

but with always the sign + after 1. (Equation 16 in 3.2.)

I-11




O

L W § VA s Sewl

Thus the maximum temperature occurs for

Fa=| and 8,36, =90° and N=0° and 5 =180%
when sun anﬂ sarth ar#vin opposition with respect to the satellite.
‘In this case the maximum temperaturé for the specified element is:

f = *R.
e-ﬂm_ggi} 880°R

Rt i 11

3.7 WYiement Response Time

Replacing T, ., in equation 10 by Ty, = Ty ma, B~3/4 ylelds
the response time of the element when exposed to sun and earth radiant
energy simultaneously. It would be about 2.35 minutes instead of about
3 minutes so that the overall pattern of the transient curve in this case

will be similar to the curve as shown in Figure 10,

4.0 DISCUSSIONS OF BASIC ASSUMPTIONS

4.1 Average Temperature ahd Internal Radiation

The derivation of equation 1 to 3 assume an average element tem-
perature along the perimeter of the tube for element surface radiation into
space. More rigorous analysis has shown that for the specified element,
the computed numerical values can be regarded as 2% higher than the true
values. It was also found that inclusion of the internal radiation between
the inside surface of the element would decrease the computed values in
the same order. Both assumptions suggest, therefore, the introduction of
a correction factor of 0.96 for average temperature.

4.2 Neglecting the Overlap

A closed tube of equal wall thickness has been assumed for this
analysis. (i-e. - equal conductivity along the cross section.) The over-
lapped tube however has cross sections of varying thickness and undeter-
mined thermal content. Difficulties arise when the overlap is included in
the equations, due to the fact that the overlapped sections can have muitiple .
positions with respect to the radiation source. They will change their
position continuously, due to twisting effect of very long elements.

The evaluation of four distinct configurations suggest that a 180°
overlap will decrease the temperature gradient in the order of 25%,

~ calling for a further correction factor of 0.75.

I-12
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4,3 Suggestion of a Tolerance'Band for the Results

If the correction factors are included, all the computed numerical
values of this analysis, would be about 30% to high. However, a number
of other assumptions may call for corrections in the other direction. For
instance, all the assumed numerical values of the absorptivity and
emissivity ratios, as well as the values of the thermal conductivity, and"

the thermal expansion coefficient, may be larger or smaller than assumed.
In view of tliis it is felt that the actuak profiles will be withina + 30% band

about the computed values, This ioclerancs can be significantly reduced.

when O~ and & values for the material are more accurately determined.

= ' DHC-SP-R.168/2
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PART II

MATHEMATICAL ANALYSIS

EY

1.0 INTRODUCTION

The purpose of this part of the report is to show the mathematical
development of the formulas and equations needed to calculate distorted
shapes of long thin-walled tubes subjécted to heat radiation in space. For
the most part, the equations are developed in general form, but in certain
cases where complexities warrant it, numerical values are used to arrive
at working equations. In these cases the equations are made to apply to a
0.5 inch diameter beryllium copper tube, 0.002 inches thick, subjected
to radiation in space just outside the earth's atmosphere. Thus the prin-

- ciple sources of radiation considered are the sun, which delivers heat *

at an intensity of 450 BTU/HR-FTZ, and the earth, which delivers its own

" heat at an intensity of 70 BTU/HR -FT? and reflected sun heat at an intensity

of 160 BTU/HR-FTZ.

The method of obtaining the required equations is to developg temper-
ature profiles on the tube cross-section by consideration of the various
radiation and conduction heat flows. The temperature profiles are then used
to determine the thermal distortion of the tube. '

Since the elements are made of flat metal strips formed into circular
cross-section tubes with approximately 180 degrees of overlap, it is
assumed that there is always some area of contact in the overlapped
section. Because of the forming method used in producing the tubes, the
most probable place for contact to occur is at the outer free edge of the
formed strip. This type of contact makes the overlapped tube similar to
a seamless tube from a heat transfer point of view, and for this reason
the temperature profile development in section 2.0 deals only with seamless
tubes. The effect of increased area of contact in the overlapped section on
temperature profiles is discussed in section 5.0. :

Equations for the distorted shape of tubular elements are developed
in section 3.0. These equations are of interest mainly because they show
clearly what factors will increase or decrease element deflections. Actual
magnitudes of deflections obtained from these equations are only approxi
mate because of the assumptions used in the mathematical development.

1-15
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2.0 DERIVATION OF TEMPERATURE PROFILES FOR THIN-WALLED
CYLINDRICAL TUBES

2.1 Heat Balance

. The temperature profile of a thin-walled cylindrical tube can be
determined by equating the heat absorbed to the heat rejected for a dif-
ferential element of the tube. Since the thickness t is much s#maller than
the radius r, (less than 0.01 r) iemperaiure gradisnts in the radial
direction will be negligible compared to temperature gradients around the
perimeter, and the differential element shown in Figure 1 (a) can be
changed to a rectangular element of length dx = rd@ , as shown in
Figure 1 (b). The heat flows indicated in Figure 1 (b) are defined as
follows: /

VL

(a) | (b)
Figure 1

Radijant heat from sun or other source
absorbed at the surface of the tube.

Qs

q, = Heat radiated to space.

I-_lut flow around tube due to'conductici:n.

. | 4
qi = Heat radiation across interior of tube.

Heat flow along the length of the tube is assumed to be zero, thus
allowing all further calculations to be based on a unit length of tube. This
assumption is valid as long as the heat source remains constant over long
lengths of the tube. '

I-16
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Equating heat into heat out yields
| .
st Fe= -t 7 f-(gt + -gf-“-h)
- ~fk=grprg, W

The temperature profile can be obtained from equation (1) by'aub-
stituting for the indicated heat flows.

2.2 Heat Flow From Source Absorbed at Surface

If the source of radiant heat ig’tﬁ; sun, the heat flow i -

Fs - ‘ZS.“: b w(%‘) ‘ @)

where J is the radiation intensity and o(j is the solar absorptivity of the
material. . : , :

If the source of radiant heat is the earth, the heat flow iss

p i ddhes) o

where J;; is the intensity of sunlight reflected by the earth, J E!a the

- intensity of infra-red earth radiation and € is the emmissivity of the tube

material. It is assumed the absorptivity of any material for earth reflected

~ sunlight is the samie as that for direct sunlight. §

‘2.3 Heat Radiated to Spac@

Ifa nirfaco radiates to black body (space) surroundings, the heat
flow is:. ‘ v . .

?F-TET‘.& o {4)
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2.4 Heat Flow Due to Conduction

cg_‘ét'%
”=—-kt% .

2.5 Heat Radiated Across Interior Of Tube

froxja which:

Consider the interior surface of a tube divided into n -elements of
length AX , as shown in Figure 2. The amount of radiation leaving
element 1 and arriving at any element p is:

i’" = J €035, c;rfy 42

Figure 2

where J; is the surface radiosity of element 1. Since the elements lie on
a circle, 4, -/ﬂf “» pnd raia;.q . Therefore, .

’7 JT <ces/3, a\]"%

— Ax
foot = T2

Thus the net hQut flow from 1 to p is:
- (Ax):
}'lf = (‘]'- 4 mL

1-18 .
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And the total heat flow from 1 to all the other elements is:

"'ﬁ"p— 5‘: 'nt‘

Another exprqcsion for the heat 1eaving element 1 can be deﬂvcd‘

from the fact that it must be equal to the: pegative sum of ihe naat flows
leaving the other elements. I,E.:

30 o
F= -3 % )

{7

Using the general expression for heat leaving the surface of element p

o E-7) e
where E;, iath

e black body emissive power of the element and ¥ is
the reflecfvity, equation (8) becomes

# =~ (5, 3) <42

Combining equations (7) {9), (10), and rea.lizing thttEb = €T ".
givol the iollowing tuukx : , ) : P

o)

| ax)re T‘Ax o
31"[ mZE-f-anx @x) an

9
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If the number of elenients is large such that Ax approaches zero, then

ﬁ-ym = nde = 7d

20 el T el
I’E%,M-_“[;“F“’r Ve,

- where T__ is the mean heat transfei' temperature of the tube. Thn- the

required expression for radiation across the interior of the tube becomes:

?":, €d + ¥ +y(r4 ) (12) |

2.6 General Heat Flow Equation .

Substitution for the various heat flows in equation (1) gives the

‘ ~gtmero.l heat balance in terms of temperatures, from which the temperature

profile may be obtained. Considering only sun radiaﬁon for the moment.
equation (1) becomes:

‘étq‘l“ = 0eT %+ e (T Tk I"&“"@“‘

from which

~E AR [ Ao

Since it is expected that the mean tube temperature will be around
800° R, and that the actual temperature will have a maxim mym range of
T=T, + 10%, it can be seen that the function of (T/T,,) * will range
from 1.05 to 1 while cos {x/r) ranges from 1 to 0. Theraforo to simplify
equation (13) so that m analytic solution may be obtained, it will be
assumed that (T/ Tm) is a constant numerically equl to 1, The heat
balance therefore becomes: - ‘

I- 20
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~ Stated in another way, equation (14) neglects the heat flow acroas the
interior of the tube, and assumes that the heat radiated to space from the

~tube surface does not vary from point to pomt around the perimeter.

2.7 “Temperature Profile with Sun Radiation Only

If the sun is the only source of radiation impinging on the tube sur-
face, the profile may be obtained from two differential equations. One
equation gives the profile in the first quadrant, the other gives the pro-
file in the second quadrant. Figure 3 shows that by symmetry the profiles
in the third and fourth quadrants are identical to those in the second and

first quadtanta respectively,

-

& '

1 —

2 X

[ Va—

nwr- 0 - Is
affffm—
4_ .
3 -—
Figure 3

The two equations may be written directly from equation (14)
realizing that the source is zero in the second quadrant.

ﬁz"" '?t;—%?‘”@ [o<x<F] s

L= Lo [E e <rr]
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Equations {15) can be integrated directly to give: |

et )i ef
ﬂ -?{rei:.?’,J-fCJ

7?[—2%" +I=<:w(>‘/fcfr—)+€g]
AR +f.:(‘f-‘)+f¢_7

(16)

The constants of integration in equations (16) can be solved for by
applying the boundary conditions of continuous heat flow and temperature
atx = 4 r/2, and zero heat flow at x = 0 and x 3 “r, Stated math-

ematicallys - o U
| %A-o)r—é{‘:{x«r)w;‘
G- B =4~ T
TP = L F)

from which: f |

| T = s [EE P S]] O
+ - -

I o (e A

The unknown constant C can be seen by Inspection to be the lowest ‘
temperature on the cross section. It can be evaluated in terms of the ‘
meéan heat transfer temparature by means of the following axpruntom

'rr7;""=f 7,"14 +4;7;2=

1-22 . ' —
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Because the variation of T, and T is small compared to the value of
Tm , this can be approxima%ed by:

%“‘#{fg‘&g;%&], s

Udng oqmﬁon (18) to evaluate C, and uubatitutlng C back into
equations (17) gives the desired temperatire profile. A further substi-

t-x:t;;n can be made from an overall heit balanca of heat abnorbad to heat
radiated:

<+
Tty = mrE ™
The equations for temperature therefore become:
- T Lo L fx)x
T =T+ 2 vesf®)-o.45]
- 2 2 L
L = Tm t 5 /zA7- £f-045

Inspection shows that the maximum temperatm-a always occurs at
x = 0, and the minimum at x = T r. The equation for maximum temperature
difference is therefore:

(19)

2 ,
T = AT = 72’%-.2; ol (20)

max  Lin max

2.8 Temperature Profile with Sun and Earth Radiation Directly Opposed

If sun and earth radiation are dirpctly qppo-ed. the- probhm may be

: solved by two differential equations, -inco’ the profile wﬂl lﬁll be cym- -

metrical as shown by Figure 4.
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Figure 4

The two equations may be written directly from equation (14) as
follows:

M %5‘ S e Tess)  [Fu<m]

Replacing J'S ol by S«L-,' and (JRo(s + JE € ) by SZ'

S
the temperature profile may be obtained by direct integration of equations
{15}, the boundary conditions being exactly the same as with sun radiation
only, The desired profile is therefore: ‘ : :

A - W +ﬁ;.’s¢s‘ )Z;—}-[rﬁf ’éj‘f‘f‘s{'"‘lé)‘ 0.4.57

7= T B3 )t s 0t]

It is not obvious from equations (16) where the maximum and min-
imum temperatures occur in the profile, the positions depending to a large
extend on the relative values of S, and $2 « To determine the maxima
and minima, equations (16) must &:e differentiated and set equal to neros
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%‘- =0= #ﬁ-#ﬁg}ﬂﬂ@ , &

Bro=- B
fromjwh;cht | .

_ / = % B

B Corm3y ) YR A % "

Z=[ronEf)-1= 35w

‘Using the values of Jg, J and J.. which occur at the outer edgos
of the earth's atmosphere, valdbs of &5 /€ can be obtained from
equations a) and b) for various values of (x/r). -

(Fmo; E=w7 R
{;}-’)-%5 -‘_?';'_'=/ R =oz42 a) b)

_6{-")"77’ ) g-w-: -"-e‘*.‘-'- 139 »

The significance of these results is that they give the range of values
of o;/€ for which the minimum temperature lies in a certain guadrant.

. From the boundary conditions of the problem, it is known that the maximum
_temperature must be at either x =0 or x = ¥ r. The result of equation b)

at x = W r shows that the minimum temperature will be at x = ¥r for
values of &g /E » 1.39, which is the range that covers most polished

'metal surfaces; It can be seen, therefore, that the maximum tomperahu"o”
difference across a tube for directly opposed sun and earth radiation will -

be: -

e

1.25.
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ATry = T=9) - & (c=77)
%_ [:Z"S (..JEag-f-J;E‘)] _(23)

™~
€

Temperature Profile With Sun and Earth Radiation Not Directly
Opposed - :

'If the tube is oriented such that the sun and earth radiation directions
have an angle ¢ between, the problem of deriving the temperature profile
becomes more complicated, Four differential equations are required,
corresponding to the four segments shown in Figure 5.

Figure 5
The ionr -equations may be written directly from equstion (14) as
followls :
LT BTt 5 A B
k=T - g es(? ) Efﬁ?’g (2h)

£_r{_= kT"-_ “‘(r—)- ca.sJ--"‘) B‘-fﬁ‘-‘(f]

I- 26 — ‘ 1
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- prea

Equations {18) may be integrated directly to give the temperature
profile, the boundary conditions being continuity of temperature and
heat flow between the segments.

T F [ sule sl fsi-sE ] o

T "fgfi‘%ﬁwﬁ-"‘)@ col-)~5F1E 5 3)-5(3) 45]
sl s 30D
%[—%’%)-w stedfyec]

To obtain the maximum temperature difference acrosse the croes

.@ection of the tube, the positions of maximum and minimum temperature

must firet be established by differentiating equation- (19) and ootting the.
derivatives equl to zero.

%-atﬁ-ﬁfﬁ) -szn(")*‘-i("!y (26
e -%’—’*(—ﬁ)--%n'»«‘ﬁ)ffzf*ﬁ'ﬁ'%t’#)
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-%- 0= 2alX): s .sm(.(-,-:) (.§+.§,,.)
L2 - 0= 32 ()-5-5(1+4)

It can be seen from equations (20) that the values of x/r to give
maxima or minima depend on the angle § and the ratios S /S +S, and
Sz/S + S, . These two ratios may be considered constant xfl the ratm oy /E
is greater than 3, which is the case that will be considered here. It can also
be seen from Figure 5 and the results of Sections 2.8 that the maximum
temperature must occur in segment 1 or 2, and the minimum in segment
3 or 4. Figure 6 shows the functions (x/‘r)w. and (x/r)min plotted
against § , and also shows the segments in which they occur.

(Pl ':7/ Ty R

: 210
| | 1A j
(%Ln f:‘ ' /, I"'f“-"; '

)

l N
O 3 0 30 120 I50 180

Figure 6 S g

By substituting values of (x/r) and (x/r) back into equations
(20), the maximum temperature difference across ihe fube can be obtained

for any value of ¢ . In general, an expression for this temperature '
diﬁarencc would be of the form:

Aoy =45 F(5: %5 9). (27)

128 — - J
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where f indicates an unknown functional relationship. Taking 5, and S,
to be constant in this analysis, A T.,.x, can be plotted as a function of
4 . Figure 7 shows that the functional relationship approaches a cosine
v squared curve, such that temperature difference across the tubs can be
‘appro by the ‘sr'vmla

 mmae@lrse)  [sE] em
M= f2(a-swy) [

é
- -

For an element on a satellite orbiting the earth, the assumption
that S, is a constant is not correct, since it will change with distance
from the earth's surface and with position relative to the earth's bright
side. However, numerical computations for differing values of S2 show
that equation (22) is" reasonably accurate regardless of the value ot Sz‘
in the region $> 90 . ,

24 o — _
22 \§J ACTUAL C‘RVE‘
S N )’ APPROXIMAT |ON
AT, - \
14 - X‘
\\~.
10

o 30 O wmmw'
-Figﬂre?

3.8 DERI.VATION OF THERMAL DISTORTION

| 3.1 Thermal Distortion Due to Sun and Directly Opposed Sun- and Earth
Radiation ‘

It has Bean shown that a thin-walled tube in space will &evelopo a
temperature difference acroas its cross-section due to radiation incident
on ite surface. Because of this temperature difference, longitudinal strips

1-29
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of the tube will expand to different lengths, causing distortion of the tube,
Consider a short length of such a tube, as shown in Figure 8. If the tem-
perature gradient across the tube is linear with respect to a diameter
passing through the points of maximum and minimum temperature, the
distortion will be uniform bending about a radius of curvature R < and

there will be no distortion of the cross-section.

/ Figure 8

From the geometry of Figure 8

Rl = Aé +é§dlz

From which

—-R!: = -j-xlﬁu' = f_f';.’AT : (29)

where o is the coefficient of thermal expansion of the tube material and
AT is the temperature difference across the diameter.

Fa i

Bi Gl Gigit  vg W LMY LAGU GlU) HE BLUWA L s aguisd T
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If heat flow along the length of-the tube is neglected,. the temperature
difference across the tube at any angle @ is:

AT = A7;,, sin 6 (30)

where AT, . , is the temperature difference at the fixed end, )

Considering an element of length dl1 at any angle 8

-.-Rcla'ﬂ

‘ -’é—-—f--j‘?shb

(31)

" Substituting equtton (24) into (23) and equating ﬁo '(25)‘ gives the follawingt ‘

- %a‘né = -2A77‘_“" siné

&:—Nﬁ .‘ ‘ (32) .

Ol
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where N = e ATma /i Integrating equation (26) and applying the con-
dition that at y = 0: =&, ; .

6=6, -N} (33)

Taking the chent of cqu‘itibn (27) gives:

col Q= -Eilfc- = cai‘(ﬂ,-/\/})

&?
bx = f.'qz‘(B,-Ny)%/ (3)

Integrating equation (28) and applyizig the condition that at y =0, x = 0;

— szg[awz)
x"" 'N‘ [St.ﬂ,] (35)

Equation (29) is the equation for the shape a tube will take when radiation
causes a linear temperature gradient along a diameter. Since &, can
have any value from 0 to 180 degrees, it is useful to take §, = o /2

in which case equation (29) becomes

X = "W"z” ‘”ﬁv}’) (36)

| Equation (30) can then be plotted as shown in Figure 5, Part I of this
‘report, with the y axis positive in either direction from sero, and the

angles # indicated at thé appropriate points on the curve. In this way,
the factor N ia calculated from the value of AT, . obtained by con-
sidering the radiation to be at right angles to the tube, '
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Distance along the curve in unit lengths of tube is also plotted in
Figure 5, Part I. This is obtained by combining equations (24) and (25)
in a slightly different manner to give

;R‘:;--iﬁ.:‘ Nsin 6

2L -—-‘é-;.j.-cscﬂ LH 37)

Integrating equation (31) and applying the condition (from Figure 5, Part I}
thatatl=0, &= 7/2 . '
Vd

—

["'ﬁ-lﬂa”?@" |  (38)

Fon; short tubes, Figure 5, Part I, shows that deflections are small com-
pared to the tube length. Thus the ordinate y in equation (30) may be
replaced by distance 1 along the tube, giving the deflection x as

b's ='-"NL‘lﬂ COS(A/[) ' " (39)

In particui;r if N1 <,0.3, equation (33) simplifies to

- N2
x Zl (10)

with a deviation of less than 2%.

Equation (34) or Figure 5, Part I, may be used to give the distortion shape
of a tube with a temperature difference across its cross-section induced
either by sun radiation or by directly opposed earth and sun radiation.
However, it muet be remembered that the shape is only approximatse,

I-33
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since actual temperature gradients with respect to a diameter are not
linear as was first stipulated.

Figure 11 shows some typical temperature profiles plotted against
tube diametier. It is expected that the small deviations from a linear
gradient will cause distortion of the cross-section, thus changing somewhat
the bending shape of the tube. To calcnlate the final bending shape would’

reqmre the

1D,

'8\\<{\“‘$MJ_W &4 \\?/“Sljg#"

T O NN — N =
AT, ¢ AN ~ 1
, s N N
, N SO\

0 o2 04 6, 08 )0 0 o2 44 oL 08 40
4 d .

Figure 11

minimiging of lengthwise and cross-sectional strain energies to determine

the shape of least energy. However, this final shape would not be markedly
different from that already derived. Therefore the task of deriving it will -

not be undertaken in this report.

3.2 Thermal Distortion Due to Sun and Earth Radiation Not Directly
Opposed
If the sun and earth radiations are not directly opposed, the problem

of determining the distortion shape becomes more complicated. Not only
is the temperature gradient non-linear along a diameter, the points of

 maximum and minimum temperature do not lie on a diameter. However,

the problem can be simplified somewhat by assuming that the temperature

gradient due to a single source is linear along a diameter. Since temperature

profiles are solutions of linear differential equations, the profile due to

two sources with an angle § between is the sum of two profiles due to

the sources acting separately. Also, since the separate profiles are
assumed linear, the temperature difference across the tube in the direction
of the sun radxation is proportional to S} + S, cos d - (see figure 12) and
the temperature difference at right angles to the d;rection of sun radiation.
is proportional to S, sin § . >




Canama i

In this manner any problem involving two radiation sources can be
transformed into a problem of two different sources acting at right angles
to each other.

15,

R
P! / K

Figur e/l’Z/

Consider now a differential length 1dl of the tube in space, as shown .
in Figure 13. The effective source 53 will cause 'bending of the tnbo about a

&
—r—

% 5,5t esd

Z.Sr -5,5ind

7]

Figure 13

radius of curvature Rg 3 in the direction of S3 sma . Similarly 5, will
cause bending about a radius R, in the direction of 84 sin @ 4. Using \
equations previouuly developed:

\ _ ) i AT ‘ | j
i—;s - 2—2-'-'6‘056: —jﬂl—smﬁs B (1) x

- - L -8l o
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where

BT = 7 (54 50055)

Integrating equationa {35) and applying the conditions that at y =% =0,

6 = 6451,-120

Z=- "A'zjl” {n_sin Oy
| (12)

]«'—""NI:Z”S\L'”@

- where

No=L ATz vax
3 d

Mgﬁ%?;m_

'Equations (35) may be integrated in terms of the length 1, and then

solved for in'terms of &, and 9 to give:

6 Zdrcl‘anZé _] )
detdﬂz::M] o

Equations {(36) and (37) may be used to solve for the components of deﬂocdoxi_ -

(y and £) at any distance 1 along a tube which is being deformed by two
sources of radiation with an angle d between, each initially at right
angles to the tube. The shape of the deformed tube is shown in Figure 14,
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4

" Figure 14 «

Again it must be pointed out that the equations £6r y and z give
approximate deflections because of the assumptions stipulated in the
derivation.

4.0 DERIVATION OF ELEMENT RESPONSE TIME

An estimate of the length of time required for an element to build up
a temperature gradient across its cross-section can be obtained by inves-
tigating the response of the mean tube temperature to sudden exposure of
the tube to sun radiation, Tilis assumes that the temperature gradients cal-
culated in Sectian 2.0 will be realized when the element is in thermal
equilibrium.

Consider .an element initially at a upiform temperature T If it
is suddenly placed in sunlight, a balance of tlie heat flows can br:?n.do as
follows: _ . o

Heat Radiation In* — Heat radiated out = Heat absorbed.
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Substituting for the heat flows gives the following:

- , L7
d e, - TdreT;t = c/o¢7m/r2—zz )

" where ¢ is the specific heat of the materul. ¢ is the overlap factor and

is time,

Equation {38) can be re-arranged to allow numerical integfa.tion. Sub-
stituting for the sun radiation in terms of the final equilibrium mean
temperature Tmf. gives the required expression:

X ',;-/ ~ |
AT, =§§—E(z,,; -j;jAt w5)

The temperature T, plotted as a function of time 7 is shown in
‘Figure 10, Part I, of this report, for a temperature increase ‘ng mo)
of 285°F, |

It tha step increase in temperature is small such that T,
ATm. where A Tm ‘is very small compared to Tmo' then
equation {(39) can be sunphﬁed to:

%_ AT' _£'7_ [(7— *AZ;.) +A7‘)] (L6)

Since ﬂ'l‘ is amall,

(7"1-.47;)‘ ¢ (7-' +AT‘) = 47 ﬂs -AZ.’,')

and equation (40) reduces to:

M+‘%@E)=%@@J - @75

l'ao*
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The solution to equation (41} is:

a7, = AT i~

whera"' , , S 1

and is referred to as the time constant of the element.

The value of the time constant Ca  is of interest since it represents
the time required for the element to reach 63.2% of its maximum temper-
ature rise, and can be used in a stability analysis of an antenna which
undergoes a small change in orientation with respect to the radiation heat
source.

5.0 DISCUSSION OF ASSUMPTIONS

5,1 Interior Radiation and Surface Radiation to Space

Two assumptions made in the derivations of the temperature profiles

‘were that the interior radiation could be neglected and that the tube would

radiate to space at its mean temperature. To determine the validity of
these assumptions, the heat flow equation will be solved again for the
simple case of sun radiation only, taking all heat flows into account.
Equation (13) may be rewritten in the following way:

LBl T ) @
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Since the difference between T and Ty, is very small, the followmg
simplification may be used, with an error of less than 2%.

T[T )] Tt = 4T 1)

Tharefare ‘iﬁquation (43) becomes:

ZF [%Elé £+ 277= [%*&mﬂ C“(L) (50)

Replaclng the constants in equation (44) by a%, b and d, the two
equations of heat flow for sua radiation only acting on the tube may be-
written as follows: -

- --£ dm((—) [o<x<£7
%- L4 - [Fecn]

The solution to equations (45) is:

777:%@7?&%* ‘éf'*;mw cosf) -
A %ﬁﬁ’] —Z sinh “ﬁ'%?]‘f‘ff

The maximaum temperature difference across tﬁe»t@c is therefore:

Thed-lhom) = Ay = 752

AT = T 63

I1-40
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where

=1 _ = /
Jc 1+ a%r? /,«.‘@ *ﬁﬁf‘)}%ﬁfe 7

It can be seen that the factor f is always slightly smaller than unity.

 For the particular case of a one-half inch beryllium copper tnba 0.002 -

incrhaza thick. f has a value of 0,94,

hew se ey wwe —== g3

A -

It is therefore to be expected that neglecting interior radiation in the
tube and assuming radiation to space at the mean temperature of the tube
will give temperature differences across the tube which are approximately
4% too high. -

~

5.2 Heat Flow Along the Tube Length

Anether assumption made in the derivation of the temperature profile
was that the heat flow along the length of the tube is zero. However, it can
be seen that because of the distorted tube shape, the mean temperature  °
varies along the tube length according to the formula:

4

Tt =T, sine (54)

where T, _ is the mean temperature at the fixed end, and 6 1is the angle at
any point on the tube, as shown in Figure 9.

To obtain the average heat flux, equation {48) must be differentiated
with respect to length 1 and multiplied by the conductivity k :

"kjﬂ': -f— .suz&) 955% - '(55)_
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Substituting for d 8/dl from equation (31) gives:
ANTofei o) |
kL = Al Te(sin g cos6 (56)

 Equation (50) can be differentiated with respect to 8 and set equal to
" 'zero to find the point of maximum heat flux along the length. I this is
done, it is found that & ____ equals 26.6 degrees, and the expression for

maximum heat flux becomes:

F*%)m = a-lgik/vz:o | (sv)

Ped

The average heat flux around the perimeter of the tube at & equals

26.6 degrees is:
b - M)

Taking a ratio of equation {51) to (52}, and substituting for N, gives, for
the beryllium copper tube;

flux along tube length- 0.6
.64
flux around tube perimeter B ‘ e Tmo

= ,005

This result indicates that the heat flux along the length of the tube is
less than one-half percent of the average heat flux around the perimeter of
the tube, and will therefore have a negligible eifect on the temperature
distributions calculated in section 2.

5.3 Overlapped Tubes

In deriving temperature profiles in Section 2, it was assumed that
the tube was seamless and of constant thickness. If the tube is overlapped
180 degrees, this assumption implies that there ia enough contact in the
overlapped section to give a conduction heat flow area equivalent to the
constant area of the seamless tube. The amount of contact required in this
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case would be small, as illustrated in Figure 15 (a). If the contact area
were larger, as shown in Figure 15 (b}, the problem would be similar to
a seamless tube having one side twice the thickness of the other. For this
case, the temperature difference

lan =l

(a)

Figure 15

~

across the tube will be derived with sun radiation at x = 0, Ti/Z and Tr.

When the sun radiation is at x = 0, the problem is aMtricd and’
the two equations of heat flow can be written as follows!:

4
L5 - L Fecaf?) po<E] 9
£E- L5 [Fcr]

Equations (53) can be integrated as in Section Z \vith the same bonnd&ry
conditions, to give:

T = e[l r ) |

T =2 T [ -E e ]

I 43 ]
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The maximum temperature difference across the tube is therefore:

Tlur)-awr) = Ay =2 T (£ 475
o ~ : {61)

AL= 0.49;—;%2\['&

Similarly it can be shown that when the sun radiation is at x = Tri2,
the maximum temperature difference is:

K
7

-

Wy = (- TN T = 080 T, @

When the sun radiation is at x = 9'r/2, the problem is no longer

' symmetrical, and four equations of heat flow are required for the four

quadrants of the tube. The heat flow equations are:

LT L Tz i) o]

(63)
) |
s = L~ Jeasinf) [F<xcar]
e “%f : L [ ]
- _
E-gE . [Fee]
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‘The solutions to equations (57) are:
T = Tt [ FsinfE )—d/ﬁ?ﬂ.)w:fahc]
7_5 ;":“é ag/:l-/)l-f'szﬂé:,—)—a?%/,_)*ﬁ] & @)“‘

2 T (210 394(,_ )+/.57 + c]
& 5% [;,r(,. -7) —0/97/,.)+oa4 rCf

By observation, it can be seen that the maximum temperature must
occur in T,, and the minimum in T3. By differentation, the maximum
temperature is found to occur at xlr = 0.557 and the minimum at x/r =

1.394 " . Using these values of x/r, the maximum temperature difference
is:

2
Tolerossw)- T fexi347)= AT, = O TEEde ()

Thus it can be seen that complete contact between layers in an overlapped
tube decreases the maximum temperature difference across the tube by
approximately 25%, for sun radiation only.

Further cases have not been considered because of the complexity of
the equations involved, but it is felt that complete contact in the overlap

will reduce temperature differences by the same order of magnitude for
all cases.
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LIST OF SYMBOLS

Satellite altitude above earth surface

Earth radiant energy factor (sée 3.2, Part )
Altitnde correction factor {see 3.1, Part )
Radiant é#ergy | |
Element profile number (see 2.3, Part I)
Earth radius

Radius of curvature

Temperature

Index S,s Refers to sun radiation

Index E,e Refers to earth radiation'

Index R,r Refers to earth reflection

c

d

Specific heat

Element diameter

Thermal expansion coefficient
Thermal conductivity
Element length

Element thickness

Element radius

Axes of co-ordinate system
Absorptivity - outer surface

Absorptivity - inner surface
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List of Symbols (cont'd)

Reflectivity ratio

Angle betveen sun and earth radiation
direction with respect to the crossection

" of the elament

Emissivity ratio .

Angle between perpendiculars from earth
to satellite and earth to sun

s/

Radiation incident angle” - ‘angle between

the element axi- .snd the radiation
direction seen from the root of the
element. N

Ovcrhp factor

‘Mataria‘l den‘sit.y‘ |
Stefan-Boltzmann constant
Time

Element time constant
Heat flow

Black body emissive power

’C'.onstant of infegratioa

s 80 88 400

 degrees

29 0 ¢ &N

degrees

degrees

b/ee3 |
BTU/it?br.(°F)*4
minutes

minutes.
BTU/hr.

BTU /br-ft#

L 2R L B O BN

1-47

| Jii




!
!
a
I
i

REFERENCES

LEVIN, E.: Reflected Radiation Received by an Earth
Satellite; ARS Journal, Vol, 32, No. 9, Sept., 1962.

KREITH, FRANK: Principles of Heat Transfer; Inter-
national Textbook Company, Aug., 1960.

BETZ, OLSON, SCHURIN, MORRIS: Determination of
Emissivity and Reflectivity Data on Aircraft Structural
Materials, Part II; WADC Technical Report 56-222,
Armor Research Foundation, October, 1958.

1-48



3!
SEC1a5 MWONCTS § LFPLIED VENBSACE: SITISI

A
lanton-

APPENDIX 1I
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'TITLEs Procedurs for Determining Boom Straightness

3.0

40

o 3.4.2  Measuring mn.y

sheoida mmmu:mnarmmtmmwami”"‘""‘-:

2.1 mmmmmsmmmhmmmm
msilrmosaammnmmr(mormm)
boom elaments, (

Test Equipment R 4

i
3.1, vater Tank 150 Pt) L 1

3,11  Support Floata . ;

3.3 Bu mmg
3.1, Datua Line

32 ~ Boom Element Handling Fixture

Procedure |

4,1 = Remove the covers from the water tank,

ke2  Mount handling fixture, on which the formed element has been

rolled, to the water tank end fitting so t&at. the slement will
extend down the length of the water tank,

74

$

~—- »

N

Tl AMJust the end ﬁtﬁng s0 that the under-surface of the M |

' 48 at the sams level as the support surface of the floats, and

" the amtwmmmmmzmo:mmmmm¢ A
plane parallel to the horisontal. e .

" hols  Readings shall be taken in two planes,  The spool atum
- for the two planes shall be as shown below. e
, uom = Use plastic gloves Mhandnngtha element,
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4.0 Procedure (Cont'd)

be5

4.6

 keB

410 -

4.11

4.12

bodly

hed5

Lo16

As the element extends over the water, place the support floats

~ under the elemsnt at 36" intervals.

then the slsment 43 fully sxtended and supported, adjust the
uﬂﬁttinguthatthsalmnthmmcﬂydjmdﬂmm

;-nuulndinmt. touchingmudu of the water tank,

Cwr
,_:gfmuctrmm uahmulw,mdupo&d:mtmm

um“msmmmpmmupnmwtmumtn
keb.

. .

R # ’

-~ = :
‘

mwmmmmmwmmmm

_y__for thc ehumt. to t.ako-up ite natural pod.uoa.
b9

m«mmmtmuqmthorm:mtnpotmm
tank,

The first station (0) shall be at the extended tip of the
element,

" Move the measuring trolley to the first (0) station (stations

at 6 ft. intervals) and take a reading on the datum line and
the element as illustrated in Fignro 1, BRecord.readings and tm

Obtain the position of the element with respect to dntu by
subtracting the datum reading from the elsmant
Dsooxdandplotongraph,umuatntdtnnmﬂo

Bapeatﬁ.nauk.nforachsmiaatotho“otm
element,

Draw a curve through the platted %g)lamsnt politionl with
respect to datum® and join the emis of the ourve mn ('Y

. straight line (see figure 2).

NOTEs - Use tho same greph sheet for 0° and for 90°
positiom.

Remove the cwautrmthewaturtankandmtmwohmt
90° clockwise by adjusting the end tm.m‘. .

Bopeat, adjustments per. hed, &.6 and h.?

;km b8y 4e9 md: e300 f g

sl s
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4L.18
shall be used.
4.19 mwewmim-mmmmum
E : mwmmmnwm ‘ _
A.za‘ mtthmtwsmmsmmwjomuthlm.y
he2l !hecmaperh.mshallbowithinth.nnhlpod.ﬂodinﬂn’
applicable specification or drawing.
4.22 BRewind the element. ',f
5,0 Records '
5.1  The data shest (Page 7) /and the graph shall be stamped and
: datadbythewitnminginupcotorandlmlboﬂld\dththl
\ applicable inspection records,
. 52 ,mmmmyam-mzmummutbm
G tuhoromngmm. : 5 _ _ 4

4,0 Procedure (Comt'd)

~® DISTANCE "A" and "B" at each station.as shown op Pi;uro 2.

Rapsat 4,11 through 414 except that datum readings first taken

4 Al bbbt el L Rl

mmmvi
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dom manner.

TYPICAL SPIRAL PATTERN WITH LIGHT TRANSMITTANCE CURVE

Figure 13




DHC-SP—-R.168/2

® . 69 HOLES
(EXCLUDING
o ¢ ° OVERLAP)

HOLE DIA. -036"

HOLE
° ° SEPARATION
140"

° ° OVERLAP
. ° HOLE DIA. -046
®

OVERLAP °
REGION

FIGURE 14

HOLE PATTERN 5% STEM




®
. °
° e *
. ®
® ¢ ¢ ° )
° ° hd *
™ d °
° °
° ¢ :
. . . ™ . °
. . ] . o . 198 HOLES
. . . . ® (EXCLUDING
. . o OVERLAP)
° b * )
. °
° e * )
' ® ° ¢ *
° ° *
. . . . ° HOLE DIA.
. ™ 20% ~ - "
. o L . L4 ° 14:: 043"
. . . . -+:-036
° ™
™ hd :
° ° ° * ) *
[ J ) 1 * °
° °
° * ¢ ’
® ° L * :
° b ° *
® b * )
° . ) * )
. . . o HOLE
. . . . SEPARATION
. . ° -080"
° e *
. L4 *
° ® :
. . . ) ° ®
° * :
. . OVERLAP
. . . ® ° HOLE
. . ° Py DIA. 045"
™ ¢ *
® o b *
° o ° *
° e ° )
°
° o * )
o ° ® * . *
. °
° g *
™ . -
. °
° o *
. ¢ °
° d * ) ° *
OVERLAP ° d ’ ) )
REGION ° b * ) *
° ® L] ° ° *
°
. . ° d ° ° *
. L4 ° b ™
® ® ¢ ¢ *
[ o ® *
FIGURE IS

HOLE PATTERN 14% & 20% STEM




Contract No. NAS5-9572

WATIAL FROACTS & AFFLUD WRSEARCH DAV ERT ou

CTANADA
=

DHC-SP-R.168/2

L

—> Before-—""]

+x
Source Source ——————————
ty
Orientation 1! Orientation 2
| _» After e
~—a Before <«
Source Source
Orientation 3 Orientation 4
UNPERFORATED SAMPLE: DEFLECTION . PHOTOGRAPHS
SAMPLE 16-0-2
Figure 17

J




Contract No. NAS5-9572

@Y Eal PMMECTS & APPLIER BEWEAATH PIVIRIOR
CANADA

_» Before -e—_} |

T After « ||

Source Source P E—

Orientation 1 Orientation 2

Source Source

Orientation 3 Orientation 4

20% AREA REMOVED DEFLECTION PHOTOGRAPHS
SAMPLE 16-20-2 L

v/
oy
@
1

w
g
]

e
™
o
~

Figure 18 N




Contract No. NAS5-9572

NP IAL PWOKITS & MPLIED WEEANH BIYIStOR 1
CANADA
T

— DHC-SP-R.168/2 !

/After \ \

Source

Orientation 1

Source ——

Orientation 2

Source

Orientation 3

Source

Orientation 4

5% AREA REMOVED DEFLECTION PHOTOGRAPHS

SAMPLE 16-5-1 SL

Figure 19 |




Contract No. NAS5-9572

MATIN PRRCTE b MPLUED
CANADA

, oo
DHC-SP-R.1068/2 '

""ZERO BENDING'' STEM

~~a Before <

Source Source ——
+y
Orientation 3 Orientation 2

5% AREA REMOVED DEFLECTION PHOTOGRAPHS
SAMPLE 16-5-4 SL

Figure 20
g N




DHC-SP-R.168/72

Q0 Wﬁfﬁ““‘

-FIGURE 21

o0
.

Py
'3

VoY
o

o

L)
o




DHC-SP-R.168/2

4

1

o~

i

11

) ; _r : 1T [ 1]

i : j

Sl {eRAEEd

" “FEA
. T

JRC

-

RAFH

20%

LO

-

10

A

.

I3 IR

FIGURE 22



DHC-SP-R.168/2 |

ko huing

SPIT14L FROMCTR & AFPLITE ARSTARCH DIVISiON
CANADA

H313WO1lO0HdON123dS B8WO1 8 HOSNvE ¥dHOd
AN3IANHIOVLILY 3 UIHAS ONILVHOILNI — JILVWIHOIS

,8, dv¥l 1HON
N0 8 HOsNve—_ )

/

A 1¥0d
S\ 3VdWVYS
—>- > =
=
HOLVWONHOONOW
WONd
SWV3E8 LH9I
7 (*osva)
» =
> 77  140d

\ 7 30N3N3IIN

VY, dVHL 1H9I1
Yos ¥g

FIGURE 23 |




Contract No. NAS5-9572

WP 1Al PAGRSICTS § AFPLIVD REWPARCH DIVISION
<A

DHC-SP-R.168/2 1

L LLLLLLYLLLLLLLL L

SAFETY CAGE—J///

FIXTURE TO
CEILING CROSS BEAMS

BACKBOARD WITH

GRID LINES\ ADJUSTABLE PULLEY
| \

L

O A . Y L L N .

A

WEIGHT

FLOOR
//////////////////////////////////////

1 3
07 5) =
/.

| S 3

PLAN VIEW |OF RIG

STEM BENDING RIG

FIGURE 27




Contract No, NAS

008

=3
e

IN3D¥3d

AONVIDITITY .

006 00¥% 00¢€ 0
T T T
0 ] 4M 1T M m T
bd N At At it 4
Hw‘.v‘! SN I ~
| O bt - v
— Lyt o]
1T 3]
H # 1- PL6" 0061 ]
ol oA 1 11 \ [
] :.u L . 1111
o T e £v6” 008 [
oA n T T T
b3 T LI R GE6” 0§9 : T )
M T T A
m 1T 1] 1€6 009 gass L
z 1 r 626" 056 advaaod 3 UvdsS LV dIENSVEINW
o R FrTTt ATAWVS HIATIS WO STA¥ND FONVIDATIA™
T T L06° 006 . b
> " sauEs AT
P T . + "
z HAHTH T S88 0S¥y 11 R 11 1
o ! i ;
m I 928° 00¥ IO E A e
™ T T30 I ] P
S 8LL® 08€
« 1T 969° 09¢€ TR INSERARS S
© ot fot 4 4 S N A
INENENENES NS I
3 99¢6° obe BNk - . e [ 1
¥
- I 1€0° 02¢ T 1
- 1 ! : ST I
o } TITTE /
! . I4
N T 621 00t BREA -
m : _ i HRERS i ]
z uEnS Tanoerey B v o Ty r FBRERARRERNERES
® H SITNSAE VSN T+
o B ‘.1‘ T § -4 -
m A an _ i | ] ]
¥ . IO 5 0 SRERERSE
ﬂ T WG*? - G9*0 3UBIFUOD pIWMSBEE T
a H azuejdayjey ‘*asaydg BuigeaBajul Jded- L
ﬂ 0T gnm ¢gg owoajoadg quwor § yosneg Busn 07 TR N
2 ! i T HH HAF .
m L *20UaIAFIY WNUTUNY
T tquswuyoeyy evueIdB[IAY YIM Y2 M ueunpeyg Buwsn oy LI VT - ]
o \
oo A0 000000 00 0 0 0 0 0 O O ‘ Yosed Ba  83MESU UVAS .
4] i srdweg pejeld IAAIS
mEm w %L'G8  =<===  MVdS 1T B s ql
=t i %88  ---=-  VSYN b
" =auprd
m 1 (g2 - Wwgpg) @douedaay IBIOS pajeafojur 1 L] L m THH
g bt et o RREC2e 11 .
JH PR = sinsay VSVN
8 ' i s A« ) 1 @ bt - 1
SEAGASARSEERR Busus 7 PR AT e
pptt S AN T TP D TN 0 5. S 0 1 G SR SO 000 B
8 B INNEREEY = T ] i i
i ERNRMEN BasEdaninSuREY RN N NAERE v '
T c5eu v sA simeay ¥vds—Y asue 1949y POSEH T L
o0t Tl ﬁ::_3,:,_:::::__3_:< bk 1




Contract No. NAS5-9572

| ADONVIDIATIZY IN3IDY¥3d o w g9 - 022 IONVYE HIDONITIAVM

*31va
14WYS
‘¥401vi3ddo

008 00l 009 004 oo¥ 00€

o \laﬁw\‘ - 411 MW A A‘ﬁ » R » T 1
N SRR ENRES RN RERESRES R - -+ -4 @
~ _1I7 BEE | S ]
R. BESAN RN EN ananunn b * 17T anus 111 L 1T T 1 ] ma
 _ i FH NEE ] ] BERREE 1T i +H =
o e T TTTF T TTTHE NTTH B 100
n L3t L] BRBRERE - i ] 1 +H
Co gERESERe T 1 ) AnE THITTTEN
b= T -+ - — - =TT mi T < I 3 . -
..‘wlf T e USSR RRNERERRENE TTH =
Bau T TH nugl nges T ] T T .
T T T ] T1 111 11 ] B ]
“HIT CIT I 1 [ RS - 1 ] HHIHTH LA I
e ~+ +1 — + - - 1 114 +++ 1 +
-+ - T T T 11 FT 11T 11 r LTI R 11111
i - ) 1T ] t H . . . L [ i

0€

H
i

" TN AONTYTIAY POSed SESAS .‘-.U.M : .w... . } T
; IERAERRSRaSS U ‘WELS QIIVIOJIUId %S L B e ams .
IR ESERNERERASRARE s nuNs RRAS ATAWNYS QILYVId WIATIS 0 FONVIOATITY T T

ENE 17 T3S i . BRNE B T T
Hg ot -+ i b1 - e 1T
-4 b fEREAs 4 ! -+ RIS BB b+
SENSSSE g AHTHI T m\ T [
1 1 ] vl NnESNnasRanE 1:
11 0%
-t + it .
T T f T i
1T r - T T
RENE 1
L. $ bt -
L L ~+ -
- - 09
; IHEREE r
TS TTH T TR T ] T T
LT 44 1 1 [ ]
0L [ T e ENRSNREN r 0L
CT rr - T
. [1 N ing
T - ] AT
I T - EENANEERABRRNES "
(4] H:,f RN T | 4,
o8 I T T r T T ] 08
ERASAERNNE SR T
jasss sEpass : 8!
T T !
HHET |
IARESERARENE] ; " T
i 1 i ! !
06 s ! I I 1 e 06
S ﬁ, ﬂ, ﬁ % A4 4 4 - -
DI R I B e T L L i A ot ] 4 4+
SHE AN T , HH :
+ o o B T Tt -t B [ s + f LA = =
1] o 1 ] 17 LSS0 S0 (1 00 0 ok § = jm= ] 11 =

001 001

IN3D¥3d

ADONVIDITAFY



100

Contract No. NAS§5-9572

*31va
‘31dWVS ADNVILOITAZTY IN3ID¥3d ww 059 - 022 IONVYE HIONITIAVM
MOLIVI3IdO
2 =3 2 2 2 2 2 8 =1 .
T T I I I 3
+ DHC-SP-R.168/2 11
i : ' =
i 1 T H e
1 i ; ! 1 1B B T
T 1 i3 } i | 1 1 ”
1 T K ]
one ; e s
HS T ]
i : 2HH
a ElT o
- pans
2 AR
A — 11
kS =Bans
e [Jpnn
et 8
. 8
8
o \
ol
[
et H
A T
-4 t
o)
n
2 i
M =3
) o
": 1 \Y D
AN 1§
t
o
o
n
: I
i = T
i H 2 ‘ t bl
N RSN g ] A f t = +
I 1 It : H S =
; — & t B i
+ 4 B i | !
Ao« .
1 [
1 8 R
; = 0 % °
—— o & t [~
i + -i [75) M m 1 -
' £k !
x| H
BE"
Q hy LA
x O
00 9
20"
P4
0 <
H)
]
[ +
= :
‘1 g " ? A 2
SEsEEss 5
! Y
il
A\
A
! ]
Figure 26 o
L1 WIS Wt 4 [=)
8 13 B 154 3 2 =3 8 1< =] @ N

FONVIDIATATY IN3ID¥3d



' Contract No. NAS5-9572

NOISSHIdWOD

\
Omm.

AR
G

G1¥°1 1030BJ dejraaQ
nsh 0 I8PwEL(q
100y wol g 0y danyreq
srdwreg 9,g

NOISSHYIdAWOD

NOISNA L

mwm *1 1030® g deriaaQ
8% "0 I933Wer(q

jooyg woxq 02 2Inieyq

ardwes 9,07

ROOT FAILURES OF PERFORATED STEMS

]

Figure 28




Contract No. NAS5-9572

DHC-SP-R.168/2 |

SW31S Q31vi¥0443d 40 NOILD31430 SA QvOoldil

o8 0L 09

<« ('NI) °A NOI1J237430 dil

oS oY

o¢

02 Ol

‘Ni‘gI 2:2 = LW
‘NS -O= ‘VIQ -
d31vH04¥3d *ou\

WPITIAL FRONTS & SVLIED WENEMCE BIVIKIN
CANADA

dVTN3A0 W3LS

‘NI'gl |21 = L0y
NIGY0 = VIO _\ \
a31VHO3Y¥3d %S \_

—
-

/

— 40 NOILONNG =8y -

(2112 g, 118y
A3S &

/

/]

+¥0-0

)

91-0

20

‘gl b9l = 118N
NIZb-O= VIO
Q31VHO4Y¥IANN

|

¥2-0

FIGURE 29 |

-— ('87) 4 4AVOIldil




Contract No. NAS5-9572
DHC—SP—R.I68/2 |

1D mEmYIare mivieres

CANADA

i PROTTITE 4 &Ll

SITIA

W31lS d31lVvHO04H3IdNN 3JHL
01 3AILVI3IY SW3ILS G3LVvHO4H3Id 40 HLON3IHIS ONION3IS

-—— NOIlVHO04¥3d 3I9VIN3O¥3d
ov ‘ o] 02 ol

FIGURE 30 1

‘NI2SH- 0= H3LINVIQ W3ILS Ol
ONIONOJdS YN0 8y NO a3sve

39VINIOYId

hzo_Ezomzmmvx A ? -
v ALINIGVLSNI 3IN3IH GNV
_ dVI¥3A0 9NISY3¥I3Q
_ 0L 3NA NOILVIA3IG

/

//

o
o

m

%0 = OIlVY ~

<
S

4
©

‘NI 8b-0 = 'VIQ R ﬂ
NOILVYO4¥3d %02 /%
-0 = OILVY
‘NI S0 = 'VIQ —L _/

Q3.VH03¥3d %S~

— JON3Y343Y

‘NI 2y-0="VIad
031Vy03¥3dNN

)
()

Q

H1O9N3N¥LS ONION38 W3L1S (3LVHOIYH3INN ANV G31VHO3I¥3d 40 OLLVvY




4

L
R

e

SERASE &
T T -
e l+\ — v
[ le T
3 3 r.w .
1T IR O o o .
0 : .
T i o e
] = .f W.%f -1

¥,
T

v

i




