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ABSTRACT

The work performed under JPL Contract 955437 was for a
preliminary survey program to examine the various aspects of
achieving a low mass heat pipe radiator for the NEP spacecraft,
Specific emphasis was placed on a concept applicable to a closed
Brayton cycle power sub-system.

Three aspects of inter-related problems were examined: the
armor for meteornid protection, emissivity of the radiator surface,
and the heat pipe itself.

The study revealed several alternatives for the achievement

of the stated goal, but a final recommendation for the best design

requires further investigation.




NEW TECHNOLOGY

The following item of new technology was generated under the

contract:

1. Segmented Heat Pipe Bumper for- Protection Against Meteoroid

Colliszions - Donald M. Ernst
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SUMMARY AND CONCLUSIONS

This study program ecxamined various aspects of achieving a low
mass heat pipe radiator for the NEP spacecraft, with emphasis on a
version using a Closed Brayton Cycle power sub-system, The masa of
the radiator is a complex function of several variables. Thus three
separate items were evaluated: the meteoroid armor, the emissivity
of the surface and the heat pipe itself.

These three factors are inter-independent., However, they were

analyzed separately in this preliminary survey program. A fully
integrated analysis of a low mass heat pipe radiator would require
considerably more effort than was permissible under the scope of this
program.

The following conclusions can be drawn:

1. Small diameter pipes with the same wall thickness as larger

Dt A . S

diameter pipes will show a decreased penetration depth for a
given meteoroid.

2. Interfaces b=tween armor and underlying heat pipes are beneficial.

LA e

3. The armor must look homogeneous to the meteoroid. Taken in c¢onjunction
with the high total emissivity requirement of the surface, this
consideration rules out the use of powder metallurgy armor.

4. Chevron fin armor is at this time impossible to evaluate completely.
However, based on the comments of Southwest Research Institute it
should be pursued further.

5. Segment~d heat pipes used as bumpers on top of the radiator heat
pipes look quite attractive and need additional evaluation.

§. A total emissivity is excess of 0.9 can be obtained by the use of

geometrically produced effects in fins,




7. The masa of the CBC heat pine without protection can be substantially
reduced by going to small diameter heat pipes.
Finally one concludes that this study has just scratched the

surface of the many posaibilities for low mass radiators, and that

there is ample and urgent reason for additional work on the design

and evaluation of the variocus alternatives.
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1. METEOROID PROTECTION

The Nuclear Electric Propulsion Spacecraft being con:idered
for use in exploration and intensive study of the outer planets
and the surrounds of the solar system will be subjected to the
hazards of meteoroids during its journey through space. Accordingly,
the spacecraft design must include some type of armor which will
protect the vulnerable areas from catastrophic failure upon impact
by these meteoroids.

Armor design is crucial to the success of a mission, Without
it,missions could not be made. However, in order to achieve a
high overall probability of mission success,the armor may be so
massive that the system is no longer viable. Thus low mass armor is
highly desirable.

In the 400kWe NEP designs currently being looked at, the total
gpecific mass of the power sub-system is targeted at 20 kg/kWe, of
which up %o 35% (7 kg/kWe) may be necessary to achieve the required
degree of protection from meteoroid impact. Accordingly, a reduction
in the mass of the armor could be instrumental in the power sub-
system achieving its targeted specific mass.

In the power sub-system,the majority of the armor which is
required is for the protection of the power conversion heat rejection
system which generaliy employs a matrix of heat pipes. These heat
pipes may use a single element radiator for each conversion device:
they may be a matrix of interconnecting heat pipes where several main
heat pipes accept heat from many conversion devices for distribution
to the radiator heat pipes, or the radiator heat pipes may be fed
from a gas or liquid mctal pumped loop. Waatever the design,the armor

3
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must be an integral part of the radiatop elements which means that
it must not act as radiation shield,

To arbitrarily design armor is not possible. In addition to its
being integral to the radiator elements, armor design (and therefore
mass) is a complex function of the overall system design. This is
seen when essential criteria are established beginning with the
mission which defines the flight time and path from which a meteoroid
flux model can be generated. Additionally, an overall mission success
probability must be defined from which sub-system and component
probabilities are generated. These component probabilities are
themselves a function of unrelated probabilities based on mechanical,
thermal, electrical or meteoroid inflicted degradation or failure.

Armor is required to protect sensitive components from meteoroid
pun:ture. Prote~tion from meteoroids is a function of mission time,
meteoroid flux, vulnerable area of the smallest component to be
protected, the required probability of survival of that component

which in turn is a function of the total number of components and

the probability of survival of the collection of components.

Therefore it becomes obvious that armor design is of primary importance
to mission success,

Accordingly, in order to evaluate low mass armor, certain
assumptions must be made in order to establish a base line design.
For this purpose the CBC base line radiator heat pipe will be used.
Section 3 establishes this base line as well as exploring other
possible heat pipe designs.

This section looks at the basic phenomena of hypervelocity
impact and four different types of meteoroid armor: solid metal ,

powder metallurgy, chevron fins, and heat pipes used as bumpers,
4
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The initial basias for this study lay in concepts generated under
JPL Contr.ct 955100 (puwder metallurgy and chevron fin armor).
The intent was to ecvaluate the effectiveness of these armor deaignsa.
However, as information was received from new sources, it hecame
apparent that additional theoretical and experimental work must be
carried out to fully evaluate them.

specifically, this study showed that powder metallurgy material,
with its relatively low emissivity, is not well suited to the dual

role of armor and radiating surface. Solid armor, with an interface

between armor and heat pipe, may prove to be lower mass than originally

though and is considerably less complex. The chevren fin armor showed

promise but needs considerable additional investigation.

One new concept which was developed and showed several advuntages
as low mass armor is the idea of segmented heat pipes acting as
bumpers to protect the underlying radiator heat pipe. This concept

evolved late in the study and was not fully evaluated.

1.1 Hypervelocity Impact Phenomena

In examining hypervelocity impact, various booksl, and reports

were reviewed along with discussion with eminent professionals in

2,3,4

the f‘ield."'-8 These pointed cut the marked differences in single plate

armor, a thin shield protecting a backup plate, multiple shields,

as well as the effects of velocity, mass and density of the meteoroid,

and the effects of various materials.
Hickersong, in Kinslow's bookl, states '"The hypervelocity impact
of a projectile with a solid target results in an extremely complex

phenomenon. A complete description of this behavior would involve
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consideration of all phases of continuum mechanics theory, 1n the
initial high pressure phases of the impact, the material behaves
essentially as ap inviscid, compreasible fluid since the pressures
are high with respect to the maximum shear stresses that can be
developed within the material., A crater forms which expands rapidly
for a time, and a shock wave emanates from its surface. 4 scuge
of plastic deformation follows which apparently decays rapidly into
a spherical elastic wave which continues through the target. A
complete theory for the description of the hypervelocity impact
phenomena would involve not only the above phases but also other
situations such as melting and resolidification, vaporization and
condensation, and the kinetics of phase change .

Accordingly, the evaluation of low density armor will be carried
out by first looking at “he mass of solid armor capable of protecting
the CBC radiator followed by a narrative on several low density armors

as best evaluated by the information available,

Solid Armor
*—

The JPL supplied penetration equation for the NEP missions is

t = 0.0010144 K [ AT ] 0.2902

T Eq. 1.1

ta
i

Required armor thickness in Cm to prevant penetration of the armor
by the average meteoroid

K = Materials factor - given as 1 for Lockalloy

it
A = Component vulnerable ares - om”
T = Mission time in hours
P =

Individual component survival probability




The equation predicts the required armor thickness tc prevent
peneirotion of Lockalloy at room temperaty e by t.ac expected average

meteornid to he encountered during the NEP mission, In order to

evaluate other armor material at elevated temperatures, additional

information is required.

Examination of the various equaticns which have been theoretically
and experimentally developed reveals much similarity in the basic
equation. Accordingly, Equation 1.1 can be rewritten® in terns of

the armor properties as:

r 1
%, y=2/3 [Tal 170 , ., Al [0.2902 .

t = \6 a(¢a) (Vs) To, h.ll-m-l Eq. 1.!
Where Yo = room temperature cratering coefficient

a = rear surface damage factor

¢a = density of armor - gm/cc

vy = velocity of sound in armor .. cm/sec

Ta = temperature of armor K

To = room tempecature °K

Kl = meteoroid flux constaat

The cratering coefficient, yr and, the rear surlace danage
factor, A, vary for different materials as seen in Table 1.1. The

three modes of damage by meteoroid impact are cefined as follows:

1. Dimple - The impacted surface is physically dented but the
integrity of the rear surface is not disrupted.

2. Spall - The impacted surface may be partially penetrated and

spallation may occur from the rear surface; however,

the complete thickness of the material is not perforated.

Perforation - The complete thickness of tne impactd material is
physically perforated.

The abscnce of a rear surface damage factor for Lockalloy makes

it difficult to compare to other armor materials. llowever, since

the rear surface factors for the listed matecrials are similav except

for Nb-1% 2 r, and the fact that Lockalloy is 38% aluminum, the

et |



aluminum factor will be used for lockalloy.

From Equation 1.2 and Table 1.1, the materials factor K in
Equation 1.1 can be calculated. Several values are seen in Table 1.2.
The value of 0.67 for 3165S ia higher than the 0.53 value as suggested
by JPL. This discrepancy should be resolved in order o be able to

! fully evaluate S5 as a possible armor.

Depending on the final design of the radiator heat pipes it

Rkl b aleade i i A0S

is difficult to estimate whether dimpling or spallation will render

the heat pipe inoperable. Thus, it was decided to use the perforation

rear surface factor in order to evaluate the mass of the armor.

Table 1.3 shows the perforation factor for the selected material at

L . ©

temperatures of interest for the NEP radiator.

Since Lockalloy and aluminum can not be used throughout the entire
temperature range over which the CBC radiator must operate and are
definitely not suitable for use in conjunction with the thermionic
system, only the higher temperature materials will be evaluated and
only at 700°K, the upper end of the CBC radiator temperature.

In discussing the required armor thickness, the thickness of

DY e At ace. AL R A A

the heat pipe wall must also be taken into consideration,as must

e

the diameter of the heat pipe which defines the vulnerable area,

and whether there are fins which can be utilized as armor. In order

NIV ey

to reduce the number of variables so that the effects of the armor
design could be evaluated, a base line heat pipe was established as

seen in Table 1.4,




Table 1.1

CRATERING COEFFICIENT AND REAR SURFACE DAMAGE FACTOR
FOR SELECTED MATERIALS

Material Cratering Coefficient Rear Surface D e Factor "a"
_ﬂ Du_nEIe SEIII Perforation

2024 AL 1.07 2.5 2.3 1.7
Lockalloy 2,06 - - 1.7+
316 SS 2.19 2.4 1.9 1.4
A-286 1.77 2.4 1.9 1.4
Nb-1% 21 1.81 4.8 4.0 1.7

*Estinmated Value

Table 1.

MATERIALS FACTOR K FOR SELECTED MATERIALS
AT ROOM TEMPERATURE

Material Dimple Spall Perforation
2024 Al 1.68 1.54 l1.14
Lockalloy - - -
3i6 58 1.15 0.91 0.67
A=286 0.93 0.73 0.34
Nb=1%2r 2.22 1.98 0.54

3
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Material

2024 Al
Lockalloy
316 8S
A=-286

Nb=1% Zr

Table 1.3
MATERIALS FACTOR K FOR PERFORATION OF SELECTED

MATERIALS AND TEMPERATURES

K
soo%  s00%  700% g0
1.14 1.24 1.31 1.37
1.00 1.09 1.15 1.20
0.67 0.73 0.77 0.80
0.54 0.59 0.62 0.65
0.84 0.91 0.97 1.00

Table 1.4

BASE LINE HEAT PIPE

0.D. - .54 (1)

Wall - 0.0254 cm (0,01")

Length ~ 262 cm (103")

Vulnerable area - 665 om° (103 inz)

Mass of SS heat pipe - 1.75%g

10




Based on a mission time of 87,600 hours and a no-puncture

probability of 6.3 for each heat Pipe, the required armor thickness

and sass for the selected matcrials at TOOOK is seen in Table 1.8,

Table 1.5

REQUIRED ARMOR THICKNESS AND MASS @ 700%

Material Thickness Mass

316 S8 0.27 cm 2.26 kg

A-286 0.22 cm 1.83 kg
;

Nb=1% Zp 0.34 cm 3.05 kg

g

The mass of the armor was taken to be:

a n NN Eq: 1.3

M

Mass of the armor - grams

o
]

Heat pipe diameter - 2.54 cnm

-t
L}

Armor thickness - cm

B " e

-
.
]

Heat pipe length - 262 on

i,
)
]

Density of the armor - gnm/cc

When solid armor is employed, there can be some advantage to

having an interface between the armor and heat pipe. 3allistic tests

11
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of stainless tubes in aluminum armor show marked improvement over

single aluminum tubes.3

That is, in general,the integrity of the
inner tube was not lost nor did spalling of the inner tube take place,
even when the inner tube was completely closed. The rear surface
thickness factor was found to decrease as a function of H/D. H is the
inner tube dimple height and D is the tube diameter. Specific values

are seen in Table 1.6,

Table 1.6
REAR SURFACE DAMAGE FACTOR A FQR ALUMINUM OVER STAINLESS STEEL

FOR VARIOUS RATIO OF DIMPLE HEIGHT TO TUBE DIAMETER

A /D
2.5 0.0 (No Dimple)

2.0 0.13

1.7 0.22

1.5 0.32

1.4 0.34

1.0 0.60

0.9 0.7%

0.8 1.0 (Inner Tube Closed)

By comparing the "A" factor for aluminum in Table 1 and 6,
it is interesting to note that for an H/D of 0.22 or greater, the
rear surface damage factor is less than that required to prevent

12




perforation. If this same relationship holds for stainless on stainless,
then the armor thickness required could possibly be reduced below that
given in Table 1.5. However, the effects of the dimple on heat pipe
operation would have to be taken into consideration.

A dimpled heat pipe can be affected in two ways, First, the
liquid flow path could be interrupted or blocked. Second, the vapor
flow path could be partially or totally blocked. However, since the
armor thicknesses of Table 5 were based on the penetration rear surface
damage factor, the heat pipes would have suffered some dimpling and
spallation damage by those meteoroids which did not cause penetration.
Thus the use of armor over a liner will have a definite advantage
over a solid tube. However, this does imply that the armor thickness
stands alone, i.e. the thickness of the heat pipe can not be used to

reduce the armor thickness.

T T,

In order to make use of this interface effect, the validity of

g it with the materials of construction would have to be proven by tests,
as well as establishing what effect a dimple in the heat pipe wall

has on the heat pipe's performance. The reduction in heat pipe
performance with dimples has to be considered anyway unless the armor

is increased in thickness to prevent dimpling.

1.3 Low Mass Armor

Two types of low mass armor were investigated. They are powder
metallurgy foam metal and a collection of thin plates. The investigation
or evaluation of these armor types raised as many questions as were

answered, which leads to the conclusion that additional work needs to be

done in this area.




1.3.1

Powder Metallupgy Armor

In order to have a low ma.s armor either the real density or
apparent density of the armor must be reduced. Materials of low
density such as aluminum, beryllium, and Lockalloy are not useful at
the higher temperatures of interest and they also present a bonding
problem to a stainless heat pipe. Thus one look at low apparent
density materials such as powder metallurgy foam metal.

From Equation 1.2, it is seen that the required armor thickness
is proportional to the reciprocal of the square root of the density
of the armor. Since mass is equal to the thickness times the density,
the armor mass is proportional to the square root of the density.

Thus 25% dense armor will be twice as thick and have 30% of the mass

of solid armor. On the surface, this appears to be a good method by
which to reduce the mass of the armor. However, for this method to

be viable, the other physical properties of the armor cannot change with
the apparent density. Also, the armor must appear to be a "solid" to
the impinging meteoroids. That is, the diameter of the meteoroids must
be at least 10 times the diameter of the particles making up the armor.

For a 30% dense armor made from 2 xlo-3 cm particles, the meteoroid
must be at least 2x 10 cm in diameter for the armor to behave as though
it were solid. A particle of 2 x10™%cm diameter with a 0.5 gm/cc density
will have a mass of 2.09 x 10-dgm. JPL considers only those meteoroids
with a mass in excess of 10_6gm as being of concern to the radiator
heat pipes. Therefore, if 50% dense armor is to be used it must be made
wiulaleo_scm or less diameter particles.

For densities less than 50%, non-spherical particles must be used

to make up the armor, and the meteoroid size which will see the
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armor a8’ being solid will increase accordingly.

The reduction in mass of armor by the use of porous material
is based on the other physical properties of the armor being invariant
of the density, which is not the case. For instance, the velocity
of sound is equal to the square root of the modulus of elasticity divided
by the density. The actual velocity of sound of the individual
particles will remain the same. However, since the effective path
length will be a tortuous one, and increases with decreasing density,
the effective velocity of sound should be lower. Thus the required
armor thickness and mass will increase as the sonic velocity decreases
with decreasing density.

One physical property which definitely changes with the apparent
density is the thermal conductivity. A high thermal conductivity is
necessary for the armor so that the AT through it is low, thus
keeping the radiating surface temperature as high as possible., At
first one might think that the thermal conductivity is inversely
proportional to the apparent density. However, for perfectly square
packed spheres of the same diameter the theoretical packing density
is 52% and the spheres are tangent to each other. Thus the thermal
conductivity can not be 52% of the solid material since the particles
only have point contact.

A theoretical treatment of the thermal conductivity of porous
material should be carried out in a manner similar to that by which
the permeability of porous material has been determined. This model
should also take radiation into account, and be followed by experimental

determination of the thermal conductivity of various porous materials.

15




A8 part of the determination of the effective emissivity of porous
material (covered in Section 2) several tests were perfcrmed from which
an effective thermal conductivity of 50% dense nickel at 1100 was
calculated to be about 18% of that of solid nickel., These tests were
not designed to measure thernal conductivity. Therefore, the accuracy
is at best +25% but it does indicate that indeed the thermal conductivity
of porous metal is considerably less than the apparent density times
the thermal conductivity of the base metal. Based on this marked
reduction in the therma] conductivity of porous metal, its use as g
low mass armor may be limited. The combined effect of reduced thermal
conductivity and increased armor thickness for porous Armor may increase
the AT through the armor by an order of magnitude. at 700% the AT
through solid 38 armor is 2.2°K, thus the AT through porous armop may
be as high as 22°K, which at 700% would require an increase in
radiating surface area of 13.6% in order to dissipate the same amount
of heat as compared to a 1.3% increase for the solid armor. Table 1,7
compares the mass of a 700°K §s heat pipe with solid armor and 50%
dense porous armor. The armor mass is assumed to be proportional to
the square root of the apparent density (optimistic) and the thermal
conductivivy is 10% of the base material.

From Table 1.7, it appears that the 50% dense armor will have
an overall lower mass than solid armor if the assumption about the
porous armor material is correct. Further reduction in mass may be
possible by going to 25% dense material, However, the effective
thermal conductivity will probably decrease by another order of magnitude
and the armor will start to look less like a solid surface to the

impinging meteoroids,
16
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Additionally, if the interface effect can be utilized, as

discussed in 1.2, than the solid armop may be reduced in thickness

such that its mass becomes comparable to that of the 50% dense armor.

Table 1.7
MASS COMPARISON

SOLID ARMOR VS, 50% DENSE ARMOR

Solid Armor 50% Dense Armor

Heat Pipe 1.75 kg Heat Pipe 1.75 kg
Solid Armor 2.26 kg Armor (.707 x solid) 1.60 kg
Total 4.01 kg Total 3.35 kg
1.3% increase in 13.6% increase in

mass due to 229K mass due to 220K

armor AT armor A T

Total mass 4.06 kg Total mass 3.81 kg

1.3.2 Thin Plate Armor

The evaluation of armor to this point has only considered
stopping the meteoroid from puncturing the heat pipe wall with the use
of solid or porous armor. This section will look at the use of
single or multiple thin sheets as a possible means of achieving low
mass armor,

Most of the thin shield work has been aimed at the concept
of bumpers protecting an underlying armor. In this concept, the
impinging meteoroids strike the thin shield causing the meteoroid
to break up and spread radially over a large area such that the

17




force per unit area which is observed at the underlying armor is
substantially paducedf’ This type of armor has from 3% to 50% of
the mass of solid armor. The shield is approximately 10% as thick
a8 30lid armor and placed at least five solid armor thickness away
from the underiying armor, which is from 25 to 40% of the thickness
of solid armor. Thus the total thickness of a bumper and underlying
armer is at least six times that of the solid armor and has 50% of
the mass of the solid Armor. Bumpers are not attractive for radiator
service because they will act as radiation shields, However, in
examining ttin shields several interesting things were brought to
light which were instrumental in arriving at the chevron armor design.

Gehring? in Kinslow's book} states for thin shields "the damage
mechanisms to be considered are the breakup and dispersion of the
projectile and shield debris at high velocities and the gross defor-~
mation, tensile failure, and spallation of the rear sheet,"

"Upon striking a thin sheet, a particle or pProjectile may
undergo a variety of Processes depending upon impact conditions
such as the particle velocity, the particle material and composition,
the angle of impact, the material strength, and the thickness of the
thin sheet. (A thin .heet a8 used herein will be defined as a
sheet whose thickness is equal to orless than the diameter of the
Projectile). The particle may be stopped by the sheet, may pass
through the sheet essentially undamaged, or may pass through the
sheet fractured, molten, or vaporized. The last two cases are the
cause of interest for meteoroid impacts as the velocities are

sufficiently high to cause melting or vaporization.!

18
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"If the thin sheet is penetrated, the debris from the projectile
and the shield then travel across the space between the sheets

and strike a second sheet, Upon striking the second sheet a shook

wave is generated within, and traverses, the second sheet. Depending

upon che intensity and the structure of this shock an internal fracture

or spall may form, resulting in some cases in complete detachment of
some material from the surface of the sheet,"
"In addition the second sheet will be given an impulsive load

by the impact of the particle-shiela debris. This load is applied

ovVer a very short period of time (a few microseconds) and results

in a second sheet moving with some velocity. The sheet can then fajl

from this load by tensile failure or shear failure,."

"The whole process of fracture of a projectile and a thin shield
can be i.terpreted as a multiple spalling phenomenon that starts

at the free -urfaces. Hence, the significance of a shield is that

it can fragmeni the projectile, spread the fragments radially and

significantly reluce the velocity of many of the fragments below the

velocity of the original projectile,t
Summarizing, the following can be said about thin shield pProtecting
backup plates.

1. For a shield to be effective, it must break up the particle into
small pieces or cause melting to insure that no significant
penetration of the second sheet will occup.

«+ A8 the shield thickness is increased, the debris is spread out more.

3. The thickness of the backup shield to prevent failupe is proportional

to the mass of the projectile for high projectile velocity

which assures that the projectile is sufficiently broken up and/or

19
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6.

vaporized.

The thickness of the backup shield to prevent failure is
proportional to the projectile diameter for low velocity impacts,
The lower the melting temperature of the shield material, the

lower the velocity of the meteoroid required t, cause complete

fragmentation of the particle and vaporization of the shield
material, (°: é km/sec for aluminum)

Based on thin shields and backup targets, the thickness of a

shield to prevent fracture of the back plate for aluminum particles

at 30O km/sec is:

t, = M (5_.03) 2 [0.0103 * 0.079] Eq. 1.4
.45 |75 Tt /bj2
ty = Backup target thickness = cm
Mp = Mass of projectile - gram
S = Shield to target spacing - cm
t, = Thickness of shield - cm
D = Particle diameter - cm

This equation is valid for:

S 2 8D and

0.1 £ t /0 £ 1

To use this equation with projectiles of materials other than aluminum,

the t%/D ratio must be computed nn an equivalent mass of aluminum

20
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particle, i,e, D =D ‘p

’ cal

7. The L,/D ratio should be an lurge as possible,

8. The inter-sheet spacing should be an large as possible,

9. The shield thickness scales with the projectile diameter,

10. The thickness of a single sheet armor scales with the projectile
diameter.

11. All things taken into consideration, two sheets are better than cne
on an equal mass basis because any high velocity impact upon a shield
results in the spread of the projectile - shield debris, the loss

of energy and at most a slight increase in momentum per unit area

are less,

12, Experiments with aluminum - aluminum and cadmium -~ cadmium impacts,

supported the theoretical conclusion that two sheets provide more

0 T T TR T TEETTRTTT ead T BRI TT O T T TR T TR

protection than a greater number sheets. These tests were at
r 7.4 km/sec for the aluminum and 6.4 km/sec for the cadmium,
; 13. Experimental results for an aluminum - aluminum system showed that
f if the back up shield could survive an impact of 10 km/sec, which
causes the shield-projectile debris to be molten and/or vaporized,
the same size shields could resist failure for all low velocity
impacts. For aluminum below 7 km/sec the debris still contains
; fragments which inflict severe damage on the second sheet, In fact,
the damage at 2.5 km/sec is the same as at 20 km/sec.
However, since the average velocity of meteoroids is 20 km/sec
the low velocity impact damage will not be eritical.
14, The above statements about thin shiclds are for impac<s which are

normal to the shield. This is not the casc with meteoroids. Thuy

will hit av all angles. The tests whicis have been carried out wit'.
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aluminum -~ aluminum impacts and cadmium ~ aluminum impacts

show that as the angle from the normal is increased the particle-
debris becomes more fragmentary and less molten or vaporized thus
having the tendency to increase the damage inflicted on the roear
sheet. However, the conclusion is that if & two-sheet structure
can resist a low-velocity normal impact it can resist the fragment
damage due Lo an oblique impact.

The significance of oblique impacts is in the fact that the
shizld debris comes off normal to the shield, while the particle
debris appears to be spread in the angle between the direction of
initial flight and the normal of the shield. It is this concentration
of the particle debris that inflicts fragment damage to the second
sheet. However, the important thing is that the integrated center
of the debris emanating from the back side of the shield has
experienced a shift in the direction of motion towards the normal

to the shield. It is this change in direction which may be the key

to low density chevron armor.
The optimum shield thickness to projectile diameter ratio is
ts/D = 0.15 and the total thickness of the shield and back up plate
divided by the particle diameter is between1 and 1.5. i.e.
1S (t, + t,)/D £ 1.5
These are the optimum values to prevent failure for high velocity
oblique impact and low velocity normal impact.
For aluminum ~ aluminum impacts at 7.4 km/sec with a 5,08 cm

spacing the following equation hold for non-optimum shields,

"
1
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t o+t t »t >
s b 4 8 + 1 5 £°5 £ 0,15
Eq. 1.5
t + t t
—S—le.::5—25.7—s _350.15

17. The depth of penetration of glass spheres into aluminum tubes,
where the tube wall sas held constant at 4.75 times the diameter
of the projectile, decreased as the tube diameter decreased. The
decrease in penetration as compared to that of an infinite diameter
tube (flat plate) was 21.5% for a 2" 1D, 32.7% for a 0.5" op,

and 41.7% for a 0.125" D,

As can be seen from the above summary the amount of information
directly applicable to the protection of the NEP radiator is limjted,
thus any conclusions which are drawn should be further examined by
4 more comprehensive review of the literature, discussion with
current workers in the field and experimental verification of the
design.

Having summarized the pertinent work in the field of thin shield
pratection, vhat can be said for Protection of the NEP radiators
First, as mentioned earlier, the concept of the bumper can not be

employed due to the radiation shielding effect, However, the use

of aultiple thin shieldsin a configuration shown ip Section 2 to
have a high intrinsic emissivity, may have some merit. For ease of
l4 analysis the shield was agsumed to be protecting a flat plate rather

than a tube and is seen in Figure 1.1, It is hard to say whether or not

¥ protecting a flat surface will be iess massive than a curved surface,

12
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Thin Chevron=Shaped Meteoroid
Shielding Forming Black Body
Hadiat ion furfice

Flat*Plate to be Protected from Meteoroid
Collisions

Figure 1.1

Chevron Armor Design f'or Flat Plate
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As seen in 17 above, the smaller diameter tubes showed considerably
less vulnerability than a flat plate. However, in order to contour
the armor to a heat pipe additional mass may be required. It may
also be possible to construct a heat pipe with one surface flat, such
as a "D" shape, thus allowing for the use of the shield design, as
shown in Figure 1.1.

The idea behind the armor design of Figure1d is that in all
probability most meteoroids will not be normal to the surface. Thus,
the impact will be oblique to the outer portion of the shield and
according to item 14 above, the debris should stapt to align itself
into a path which is normal to the shield i.e. it will be parallel to
the plate that the shield is protecting. Likewise, the offset in the
shield will protect the underlying heat pipe from normal impacts and
if the impact is such that debris gets close to the heat pipe wall, the
portion of the shield which is perpendicular to the heat pipe should
change its direction of flight to be parallel to the heat pipe wall,

An initial analysis of thin type of armor was carried out under
JPL Contract 955100. This analysis was similar to that one in
Section 1.3.1 where the mass of the armor was assumed to be equal to
the apparent density of the armor to the one half power. There the
apparent density is equal to the mass of the armor divided by the
total of the volume of the fins plus the volume of the space between
the fins.

This analysis is not valid since the density of this volume

will not be homogeneous to an incoming meteoroid. Accordingly, the

following analysis utilizes the thin shield approach summarized above.
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From Table 1.5, the solid armor thickness for 316 §s was shown
to be 0.27 cm with a mass of 2.26 kg. Therefore, this ig obviously
the upper limit for any low mass armor design. Accordingly, a
50% mass reduction was chosen as the target. Thus, the mass of
the armor should not exceed 1.13 kg.

In order to evaluate the effectiveness of the armor certain
assumptions must be made. First of all, if a 3-section shield is
used, then the last third must exhibit a black body cavity effecé as
discussed in Section 2. For an emissivity of 0.9 to be achieved for
a surface emissivity of 0.7 the minimum depth to width ratio is
2:1. (See Figure 2.1). However, the physical dimensions of the fins
preclude the use of Equation 1.4 as they do not fall within the
contraints of the equation. Accordingly, the critical mass can not be
calculated for chevron armor.

Thus, the coneclusion is that since the shield to shield spacing
is small with respect to the shield thickness (See number 8 above)
it is impossible without additional theoretical and experimental work
to determine the effectiveness of chevron type armor. However, its
Potential is high as seen by the comments of James Rand of the

Southwest Research Institue in his letter of August 2, 1979, following,
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SOUTHWEST RESEARCH INSTITUTE \

POBT OFFICE DRAWER 20810 ¢+ §220 CULERAA ROAD SAN ANTONIO, TEXAS 10204« (S121804-6111

Department of Ballistics
and Explosives Sciences
August 2, 1679 i

Mr. Donald M. Ernst
Thermacoze, Inc.

P. 0, Box 135

Leola, Pennsylvania 17540

Dear Mr. Ernst:

This is in response to your letter of June 12 to Alex Wenzel
and our conversation of July 31 pertaining to your proposed heat
refection system. The meteoroid protection system which you propose
13 quite unique and has definite promise. However, before a rational
trade-off study can be performed on the advantages of the chevron armor
over the solid armor, research will be necessary to establish the
assuuptions inherent in the design.

Although much work has been done on the penetration of thin plates
at velocities of interest to the ballistics industry, only limited
data exist in the hypervelocity regime which is necessary to simulate
the meteoroid environment. The advantage of the chevron armor design
is dependent on the assumption that the debris and ejecta will occur
barpendicular to the fin. Unfortunately, this is only a qualitative
observation since data exist which indicate that the projectile will
continue on its original flight path while the spall or debris cloud
is ejected perpendicular to the target. An experimental program will
be necessary to define the limits of this mode of faflure. A subsequent
program to obgerve the synergistic effects of your particular design
would then be necessary.

The Southwest Research Institute has a highly competent professional
staff with experience in defining certain meteoroid impact effects for
NASA. However, an estimate of the cost of a pProgram in this area will
naturally be dependent on the nature and scope of the work to be performed.
I hope that you will plan to visit us when the time comes to prepare a
formal proposal for this work.

Again, I would like to encourage you to pursue this concept. The
criticism that you wiil undoubtedly receive regarding the inefficiency
of spaced bumper shields is based on normal ‘mpact theory, Should the

SAN ANTONIO HOUSTON TEXAS. AND WASHINGTON D C
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Mr. Donald M. Ernat
Thermacore, Inc. -2~ August 2, 1979

projectile be completely arrested by the fin and if the debris cloud
is normal to the fin, it does in fact seem possible to divert the cloud

to a direction parallel to the pipe. Only a well defined ballistics
program will confirm this.

If 1 can be of any further assistance, please do not hesitate to

call.
Sincerely yours,
ames L. Rand
Staff Engineer
JLR:jc

ce: A. B. Wenzel
J. 8. Wilbeck
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Heat Pipe — lleat Pipe Armor

One concept which grew out of the evaluation of the different
types of armor is that of using a thin walled heat pipe Lo protect Lhe
underlying radiator heat pipe. Several possible design configurations
are seen in Figure 2 1. These heat pipe designs could employ confipuration
pumping rather than conventional wicks,

The radiator heat pipe must be capable of axially transferring
all of the required power, chegfr. the bumper heat pipe requirement
is u radial one with only enough axial capability to even out non-
uniformities. Thus, the bumper heat pibe will not require as much wick
structure as the radiator heat pipe and will therefore have less mass.
In fact, the bumper heat pipe could have a knuprled inside surface

(x's) thus providing radial and axial grooves for liquid flow paths.

Segmented
Bumper lieat Pipes

o //<
Radiator
lleat Pipe

Segmented Bumper Heat Pipe
(D=-Shaped and Configuration
Pumped)

o
E;J ij'”‘j“"f"iﬁ“‘“““~RudinLur
N T Heat Pipc
{D-Shaped)
Figure 2.1

Segmented Bumper Heat Pipe
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If the liquid inventory is small then a stainless steel circular
bumper heat pipe could have a wall thickness of 0.135 cm and have 50%
of the mass of the solid armor of Table 5.

Likewise, "D" shaped heat pipes with the bumper heat pipe having
a thicker flat section, could make use of the interface effect as
discussed in 1.2, 1In addition, the mass of a "D' shape is less than
a complete circle of equal wall thickness and diameter.

One thing which has to be considered is what happens when the
bumper heat pipe is punctured and the radiator heat pipe remains
intact. The remains of the bumper h2at pipe will act as a radiation
shield and reduce the radiant heat transfer by up to 50%. However,
the radiator heat pipe will remain intact. Thus, there arises a trade=-
off in the bumper heat pipe wall thickness and the radiation shield
factor.

It may be possible to make the bumper heat pipe out of ten individal
compartments. Thus, if one of the bumper heat pipes is penetrated,
then the other nine can still dissipate the heat at a slightly higher
overall temperature. For the CBC radiator, if the small diameter heat
pipes evaluated in Section 3 were to be protected by large diameter
bumper heat pipes with ten segments,the total mass of the system will
be considerably reduced. 1In fact, the bumper heat pipe mass should be
much less than that which would be required i £ a "T" bar bumper
was used.

A complete evaluation of the bumper-heat pipe concept was not
possible as its evolution as an idea came at the conclusion of the
study. However, it does have enough merit to be considered along with

the chevron fins to be studied in more detail.
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2. HIGH EMISSIVITY SURFACES

The mass of a space vehicle's radiator is directly proportional
to the effective total hemispherical emittance of the radiating surface.
Additionally, the emitting surface must be thermally stable in the
environs of space; i,e. it must not evaporate into the vacuum of
space nor be affected by the slow but continucus ero sion by the
micrometeoroids of 10~° grams or less which will not otherwise
damage the spacecraft. For minimum mass, the radiating surface
should have an emissivity of 1. Thus, a minimunm goal of 0.9 should
be established for the radiating surfaces of a spacecraft radiatop.

There are several ways in which an emissivity of 0.9 can be
achieved. They include:

1. Use a material which has an emissivity of 0.9,

2. Chemically treat the surface to oxidize it or produce a compound
of the base material which has a high emissivity.

3. Apply a coating which has a high emissivity.

4. Geometrically produced effects.

When one looks at each of these four possibilities, it becomes evident

that most high emissivity materials are non-metals of poor thermal

conductivity such as ceramics, porcelain, glass, marble, water, ice,

and wood, and usually exhibit these properties below 200°c.

Likewise, if a metal such as 316 85, A-286 or Nb-1% Zr is to be
used as the heat pipe - armor material, the chemical treatment of
these surfaces to produce a high emissivity compound or oxide is
possible. However, reactive layers usually have sufficient vapor

pressure in the range of interest such that they are not stable for

ten years,
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The remaining concepts are coatings and Reometrically produced
effects. Coatings are seces to he capable of producing emissivities
of 0.9. Geometrically produced effects are shown to be a function

of the geometry and surface emissivity with effective emissivities

greater than 0,9 poasible.

Coatings

Two coatings of interest have been shown to be thermally stable
at 1000°K fop 10,000 hours in a vacuyum by Pratt and Whitney Company.lo
These were calcium titanate and iron titanate on 310 SS tubing, both
of which exhibited emissivities of 0.9,

The extrapolation of 10,000 hours to 87,600 hours is not
unreasonable. However, it is not known whether these coatings will
be able to survive the ten or so thermal cycles which will be required
for the multiple fabrication steps and ground level system check out,
and then survive the shock and vibration of launch, plus the continuous
erosion by the cosmic dust.

The high emissivity of these coatings is a function of at least
two things: the normal high emittance of the titanates and the fact
that the coatings are granular in composition which produces a high
emissivity by geometric effects as is discussed in 2.2 below.

Coatings such as these are required if solid armor is to be
used to protect the radiator heat pipe from meteoroids. However,
the use of high emissivity coatings on the surface of low mass armor
which also produces n geometric effect may provide emissivity grester

than 0.9 which in turn will allow for further radiator muss reduction.
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Black Body Effect

The artif _.cal roughening of a surface is a known means of
increasing its emissivity. This enhancement of emissivity by surface
or geometric effects has been treated quite thoroughly hy Sparrow.11
The basis for this enhancement is the multi-reflsctions between surfaces
which "see" cach other, and is a function of the angular separation
of a Vee.shaped cavity, the depth to width ratio for rectangular groove
cavities and depth to radius ratio for cylindrical cavities.
Additionally, the absolute value of the emissivity of the enclosing
surfaces is important, as is the type of surface involved, which in
turn defines the type of reflection, i.e., specular or diffuse.

Sparrow mathematically derived the effective emissivity of
parallel plate or rectangular groove cavities for specular and
diffuse reflecting surfaces., Figure 2.2 shows Sparrow's results
from which one sees that emissivity enhancement is most dramatic
for surfaces of low specular emissivity and low depth to width ratio.

This emissivity enhancement assumes that the enclosing surfaces
are isothermal, of uniform emissivity and applies only to the projected
surface area bound by the cavity and does not include the surfaces
of the edges forming the cavity, i.e. fin tips for chevron armor in
Figure 1.

Diffuse radiation denotes directional uniformity, i.e. the
intensity of the radiation leaving a diffusely emitting and diffusely
reflecting surface is uniform in all angular directions. Likewise,
radiation arriving with uniform intensity at a surface is diffusely
distributed. 1In other words, regardless of whether the incident

radiation arrives as a beam directed along the surface normal, or as
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2.2.1

a beam grazing the surface, or is uniformly distributed over the
hemisphere, the radiation reflected from a diffuse surface is always
of uniform intensity.

Specular cr mirrorlike reflection maintains directional dependence,
and a beam of radiation contained in a solid angle inclined at some
angle to the normal of the surface will be reflected in the same solid
angle on the opposite side of the normal at the same inclination.

Although a black body is a diffuse emmitter of energy it is
obvious from Figure 2 that the surfaces of a rectangular cavity can
not be diffuse reflectors in order to achieve a high emissivity
which is desired.

There is no known material which is a perfectly diftuse reflector.
However, it is interesting to note that the nonmetallic materials
which have a high emissivity such as A1203, paper, wood, glass, and
ice, also have a uniform emittance for inclination angles between 0
and 60° before falling off to zero.

Conversely the emittance of the metals typically shows a very
high degree of directional dependence with a peak around 80°. Thus
one concludes that metallic surfaces will behave more like a specular

reflector and that nonmetallic surfaces will be more closely described

as diffuse reflectors.

Powder_ﬂetailurg? Material

In an attempt to understand the properties of powder metallurgy
material, Thermacore utilized some of its IR & D funds to construct a
potassium heat pipe which had an annulus of sintered nickel puwdoer

around a portion of its condenser. This powder had eight holes in
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it. Four were 1 mm in diameter, four were 6 mm in diameter. Each
set of holes had depth to diameter ratios of 3:1, 6:1, 7.5:1 and 10:1,

The results of the experiment were quite inconclusive with respect
to measuring the effective emissivity of the material since it was
observed that the thermal conductivity of the 50% nickel powder was
S0 poor that the matrix could not be kept at a uniform temperature
eéven with the application of radiation shields.

Qualitatively the following can be said of the experimert:

1. The smaller diameter holes appeared to have a lower effective
enissivity then the larger holes.

2, The larger the depth to diameter ratio the higher the effective
enisgivity.

From 1, it can be concluded that there is a relationship between
the diameter of the cavity and the roughness of the cavity walls which
affects the effective emissivity of the cavity. (In the experiment,
the cavity walls were both of identical material, 50% porous nickel).

Quantitatively it was concluded that the effective emrissivity of
the 50% nickel fell between 0.4 to 0,7, This is nof at all unexpected,
for if one looks at the actual emitting surface of the 50° dense
material one sces that the surface is 80% nickel and 20% voids. Thus
even if the 20% voids have an emissivity of 1, and the 80 nickel has
an emissivity of 0.5 (oxidized nickel), and total effective emissivity
of the surface would then be 0.9,

It can be conciuded that for powder metallurgy to be used to
achieve an emissivity of 0.9 or greater, the following is required.
The density will have t» be less than 50% so the projected surface

area of the cavities is increased, and the daterial which makes up *he
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powder metallurgy should have a high emissivity to begin with.

Fins

The evaluation of fins such as the chevron design of Figure 1.1
is considerably more straight forward. Based on the results of 2.2.1,
& conservative approach is to assume that the surfaces of the fins do
not have any roughness factor by which to enhance the surface
emissivity. Also, based on the apparent high specular nature of
metals, the surfaces will be assumed to be specular reflecting.

From Figure 2.1, it is seen that a depth/width ratio of 10:1
produces an effective enissivity of 0.9 for a material with a specular
emissivity as low as 0.3. If the fins have an emissivity of 0.5 a
ratio of only 4:1 is required to achieve 0.9.

1f one assumes the use of iron titanate on the fin with an
eaissivity of 0.9, then at a ratio of 2:1 the effective emissivity
will be in excess of 0.98. However, this may be risky based on the
results of the powder metallurgy tests.

One thing that must be considered is what the total emissivity
of the final structure is. If the fins represent 23% of the surface

area the cavity represents 75% and the following equation can be

written for the effective emissivity:

eeﬂ.zfn.\a«nfc(.\-:\n)
A

€cff = Total effective emissivity of the radiator surface

™
B
n

Emissivity of the edges of the fins
€c 1 Effective emissivity of the caviry
Am = Area of the edges of the fin

-
L3

Total area of radiator
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Thus if we have 25% fin area and €eff = 0.9 then
0.6<€m< 0.9 while 1> €c > 0.9

Therefore, a high emissivity fin material is required to increase
the effective emissivity of the cavity as well as the edges of the
fins,

Additionally, if the AT through the fin is taken into consideration
it is seen that short stubby fins will perform thermally the best, but
may not provide the required amount of meteoroid protection.

It is concluded that fins can produce a total surface emissivity
in excess of 0.9, To achieve these high emissivities the surface
area of the fin tips should be as low as possible and the surface
emissivity as high as possible.

Additionally, it is seen that there will be a delicate balance
in the protection afforded by the fins, achevron armor, the AT in
the fins and the associated mass increase and the effective emissivity
of the radiating surface. Additional work is necessary to fully
evaluate the total effectiveness of ¢ hevron fins to produce an

effective

low mass armor with a total effective emissivity in excess of 0.9.
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3. HEAT PIPE DESIGN FOR CBC RADIATOR

The 400 kwe Closed Brayton Cycle power system for the Nuclear

Electric Propulstion Spacecraft has been designed by Garrett AirResearch12

to use heat pipes to achieve a thermally effective radiator which has a
high survival probability. It is also anticipated that the heat pipe
design will lead to a low specific mass. The heat pipe design evaluated
in this work is for use in a cylindrical array as seen in Figure 3.1.
This design has eight dual gas-to-radiator heat pipe heat exchangers fed
from a dual central duct. The heat pipes are attached to both gas ducts
over a length of 43 cm on each duct. Thus, the heat pipes provide armor
protection for the gas ducts.

In normal operation, the total 86 cm length attachment over the
heat pipes to the gas ducts will be used as heat pipe evapomtors. The
condenser is 176 cm long. If either gas duct or engine should fail,
then the whole power load will be transferred to the heat pipes through
only one of the 43 cm attachments. Accordingly, for design consider-
ations, the heat pipe must be sized as though it had a 43 cm evaporator,
43 cm adiabatic and 176 cm condenser.

Four different sets of heat pipe designs were analyzed with
respect to mass and performance. However, no consideration was given
to the required heat pipe armor and tradeoffs in the heat pipe diameter
versus T-bar fins for total mass. The overall heat pipe cell dimension
as designed by Garrett is 3.175 cm {1.25") and includes heat pipe and
fins. All heat pipes discussed in the Sections 3.1 and 3.2 have

computer printouts of their performance tabulated in Appendix 1.
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3.1

Baseline Desig&

The total power to be dissipated is 1.1 x 106 watts. From the
gas side of the radiator heat exchanger, heat pipe temperatures were
calculated by Garrett AiResearch to range from 707°k down to 492°K.
The power levels are 720 watts per heat pipe at 707%K and 169 watts
per heat pipe at 492°¢. Thus, CFA€ can be computed to be 2882 x 10712

watts/°K4 from:

where
P = Power radiated - watts

¢ = Stefan Boltzman Constant = 5.67 x 10-12 watts

20,4
° cm - K
T = Heat pipe temperature - K

A = Individual heat pipe radiating area - cm2

€ = Effective thermal emissivity

Table 3.1 shows the required heat pipe power for each of the end
temperatures and each temperature divisible by 25°K.

Garrett AiResearch's baseline design is a 2.54 cm (1") 0.D. heat
pipe with a 0.0762 cm {.03") wall., The initial heat pipe designs under
these conditions are seen in Table 3,2, Rubidium is the preferred heat
pipe fluid from 707°K down to 650°K. Below 650°K Dowtherm A (DTA)
is the preferred fluid. 1In both cases, a screen covered groove design
is found to be the lowest mass system of those investigated. The

rubidium heat pipes have a 1.75 kg mass. The DTA heat pipes have a

1.74 kg mass.,
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TABLE 3.1

Req.
Temperature Power
'S °c Watts
707 | 434 720
700 | 427 692
675 | 402 598
650 | 377 514
625 | 3%2 440
L 600 | 327 373
s7s | 302 315
550 | 277 264
s25 | 282 | 219
s00 | 227 | 180
492 | 219 | 169

REQUIRED POWER PER HEAT PIPE AT ELEVEN

DIFFERENT TEMPERATURES




-
DT -
R e

SY0°0 it 012 £L°E 691 612 o) i
oRr1 e 00%

61 &S T

1414 L7 LMY

Sig <0t T A

£LE ice 009

S90°0 | vi°1 H ] 4 68°¢c orr 2st G229
50°0 T S-809 ¥V 9 vig L1£ 0%3

B6S Z0or Sl9

269 L2v 00

S0°0 GL°t S-0GL1 96°2 0z 4% 4 0L

wy b)) s33eM 92, o) an s1j3eM % 5} 1eM a, €,
yidaq Irmry AIMOJ yydag SSeN Jtmry Jdamng JIM0Y aanjeaadusg

4025.5 SseN Jamog ‘bay & AV 3A0045 JAIMOJ *bay @ iy *bay

Tmry Lawpridey - g

1101 dTUNg = g

Z°0:YIPIM aronay L2 idaooag g M) Z2°0 IPIM DADOUA) GZ :saaonap ¥ Y gL1 - JdARUApUN)

3 2910°0 T8 oo pg 2z :°q'o0 Wy 29.0°0 ITeM ur S :*aco w3y £ -~ ar1yeqeipy
Tm 411 ‘19ssan yuq pngy SS voe 17assay qu pingg WD £ - Jojeradeaqy

SNDISAA ANTTASVE HOd FINVNHOIUAL 7 SSYI AdTd LVHN

't avy

43



b

Table 3.3 shows the same heat Pipes, which have been, for the most

part, optimized with respect to the number of grooves and theip aspect

ratio, The rubidium heat pipes have a 1,48 kg mass. The DTA heat pipes

have a 1.585 kg mass.

The average mass reduction is 14%., Further Broove optimization

may result in an additional 1 or 2% mass reduction. However, far

greater mass reduction can be realized by 0.D. and/or wall thickness

reduction.

Table 3.4 shows the 2.54 cm (1") heat pipe with a 0.025 em (.01")
wall., This wall thickness is 0.01 times the diameter and has been

shown to be acceptable for use as a heat pipe containment vessel where

external buckling is the ultimate constraint, i.e., the internal

pressure of the heat pipe was less than 14.7 psi, thus long term creep

due to hoop stress was low.

The use of a wall thickness 0,01 times the diameter was developed
for niobium, which has a modulus of elasticity of 15 x 10° psi. This
includes a safety factor of 2. Stainless steels have moduli of about

28 x 106 psi which reduces the thickness/diameter ratio of about 0.008

with a safety factor of 2, However, the use of 0.01 as a thickness to

diameter ratio will be used to assure success.

Examination of DTA at 625% shows a fluid pressure of 85 psi

which develops a hoop stress of 4250 psi. This stress is acceptable,

since 316 SS will only creep 0.1% in 105 hours at 1100°F under a stress

of 6000 psi.

The rubidium heat pipes have a mass of 0.69 kg and the DTA heat

pipes have a mass of 0,78k 3,
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Design Optimization

Examination of Tables 3.2, 3.3 and 3.4 reveals that A reduction

in diameter of the rubidium heat Pipes would soon result in the heat '

pipe becoming limited by sonic shock wave development in the vapor,

However, the DTA pipes are capillary limited, thus a reduction in 0.D.

is possible. Accordingly, a higher pressure fluid, mercury, was used

in small diameter pipes in place of rubidium. These results ape

seen in Table 3.5,

The mercury heat pipes are 0.635 cm (.250") in diameter with a

wall to diameter ratio of 0.01. The mass of the mercury heat pipes

are 0.45 kg and have a hoop stress of 625 psi at 707°%k.

The DTA heat pipes are 0,9525 com (.37"} in diameter with a wall

to diameter ratio of 0:01. They have 12 grooves 0.275 cm wide by a

depth that varies from 0.075 cm down to 0.05 cm. Accordingly, their

mass varies from 0.31 kg down to 0.27 kg. The DTA heat pipes at

625°K will have a hoop stress of 1600 psi.

The mercury heat pipes of Table 3.5 have eight grooves 0.2 cm

wide by 0.02 cm deep. Optimizing the number of 0.275 cm wide by .02 cm

deep grooves for different power levels results in a reduction in

mass. At 707°K. a five~groove heat Pipe has a mass of 0.29 kg. At

675°K, four grooves have a mass of 0,28 kg and at 550°K, three grooves

have a mass of 0.27 kg. These results are seen in Table 3.6. Also

shown in Table 3.6 is the thermal performance of two of the mercury
heat pipes with 86 cm evaporators, which shows an increase in maximum

power capability and a reduction in total AT,

Both the DTA heat pipes of Table 3.5 and the mercury heat pipes

of Table 3.6 have a performance AT, Accordingly, it is important

to assess the effect of this temperature loss in terms of increased
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NS

mass (length of condenser) to be able to radiate the required power.
Appendix 2 develops Equation 3.2 which is the increase in mass of

heat pipe due to its AT,

1
dn = m =2 [('r /T)4-1] Eq. 3.2
1t o]
Where

dm =~ Increase in mass

m = Initial mass of heat pipe

1, = Length of heat pipe condenser

1, = Total length of heat pipes

T0 = Desired operating temperature

T = Actual operating temperature

T-T = A T down heat pipe

From Table 3.5 and 3.6, using the lowest mass heat pipes, the
increase in mass was calculated using Equation 3.2 and is tabulated
in Table 3.7. Therefore, to a first approximation, one can say that
the heat pipes for the CBC radiator will have a mass of 0.3 k'g each.
The performance of the mercury heat pipes is based on perfect wet-
ting, that is, the wetting angle is zero (0). For lung term stability,
this may not be the case. Wetting angles from 0-60 degrees have been
observed, with 30-60 degree angles the most common. Since the capillary
force iz a function of the cosine of the wetting angle, the mercury
heat pipes may have a reduction of capillary force of up to 50%
(cos 60 = .5). This reduction in performance will then require a

reoptimization of the heac¢ pipes with a small increase in mass.
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3.3

3.3.1

Development work may be required to establish a reproducible wetting

angle for mercury in heat pipe service,

Advanced Heat Pipe Concept

The grooved heat pipe designs of Sections 3.1 and 3.2 were
optimized to an approximate mass of 0.3 kg per heat pipe, exclusive
of fins and armor. This mass is quite low and may be acceptable in
the overall system. However, there are several heat pipe design
concepts which may offer further reduced mass with increased performance.
These include but are not limited to arterial wick heat pipes and
configuration pumped heat pipes. These wick structures were not

available in Thermacore's computer library and were, therefore,

not included in the analysis.

Artery/Wick Heat Pipes

There is a natural division in heat pipe fluids which takes place
at approximately 600°K, Above 600°K. the liquid metals are useful
working fluids. Below GOOOK, one generally deals with non-metallic
fluids and devises structures which compensate for their inferior
physical properties. The low temperature fluids, taken as a class,
have relatively low latent heats of vaporization, low surface tension,
and low thermal conductivity. The consequences are that for a given
heat transfer rate, heat pipes using these fluids must move relatively
large quantities of liquid with unusually low pressure losses, yet
must maintain very thin liquid films in the heat flow path, The
arterial wick structures of Figure 3.2 have been used to offset these

property limitations. The artery provides the primary liquid return
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to the evaporator. This passage has a large hydraulic radius and
provides a very low drag path. In the evaporator and condenser, a thin
film of liquid is distributed circumferentially. The distribution
wick is often a thin layer of screen or circumferential grooves.

The artery is removed from the evaporator and condenser heat
flow paths. The thin films provided by the circumferential wick prevent
the development of excessive temperature gradients. Arterial wicks
provide very high performance, sometimes even approaching that obtain-
able with liquid metals in more conventional wicks. Lengths in
excess of ten meters have been reported. The primary limitations of
arterial wicks lie in their difficulty of fabrication and their con-
sequent lack of reprrducible performance. The wick structures are
quite difficult to form and to insert into the heat pipe vessel so
as to maintain uniform close fit to the wall. There has been repeated
difficulty with the priming of arteries, that is, the ability to fill
an artery with fluid and keep it filled.

Two methods of priming are in use. Capillary priming, as the
name implies, depends on capillary forces to maintain the fluid
within the artery. The basic condition for capillary priming is that
the largest single pore at the artery surface in the evaporator must
provide sufficient capillary pressure to offset all counter forces
including accelerations. Conseguently, the evaporator ends of the
arteries must be closed and there must be no single inadvertently large
pore on the entire periphery of the enclosing surface. Due to the
adverse effect of accelerations, capillary primed arteries can be
more fractious during ground testing than in subsequent zerv g

operation., Yet ground testing is essential to establish the operability
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of the heat pipe,

If the artery is so located in the heat pipe temperature gradient
that it always is the coldest spot, it will operate at a lower vapor
pressure than the balance of the heat Pipe. If the magnitude of the
vapor pressure difference is sufficient, it will cause priming to
take place. This is known as vapor pressure or Clapeyron priming.

The process is highly temperature dependent. The pressure difference
caused by a given temperature difference varies enormously with
temperature. Thus, a heat pipe which primes reliably and quickly

at high temperature (i,e. high pressure) may fail to prime at all

at low temperature. It has also been reported that vibration has
caused arteries to lose their prime and that subsequent re-priming
can be unreliable,

In spite of their apparent drawbacks, the performance of arterial
heat pipes is sufficiently high to Justify further work to improve
their reliability and reproducibility. In general, arterial wicks
require less total mass of wicking material, and may also require less
fluid inventory than conventional heat pipes, They are, therefore,

serious candidates for use in space radiators.

Wickless (Configuration Pumped) Heat Pipes

A crevice has capillary properties, Therefore, if the wall of
& non-round heat pipe is formed so as to produce longitudinal Crevices,
these may serve the purpose of wicks. That is, the configuration of
the wall provides the capillary pumping force. Several potential
configuration pumped heat pipe geometries are shown in Figure 3.3,
Configuratic1 pumped heat pipes have been built (Figure 3.4) and have
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Photograph of a configuration Pumped Heat Pipe
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been shown to operate, However, there has been very little work in

the field, and the mathematical prediction of performance is incomplete.
The driving pressure difference which causes liquid flow in a

heat pipe is determined by the surface tension and the difference in

the radius of the liquid meniscus in the condenser and evaporator,

Evaporation in the heat ‘nput section tends to depress the liquid

level while condensation at the heat output end tends to increase

the level. Thus, during operation, the liquid level in the evaporator

of a configuration pumped heat pipe recedes into the crevice, increasing

the pumping pressure but decreasing the flow area. The inverse occurs

in the condenser. This makes for a delicate tradeoff of liquid

fill versus power handling capability. The problem is somewhat

alleviated in the configuration/artery geometry of Figure 3.3d and 3.3f.
Configuration pumped hea: pipes tend by their nature to have

relatively low capillary pumping forces and low liquid drag. They

therefore lend themselves well to consideration as elements in low

temperature space radiators where large radiating areas require long

heat pipes. The liquid inventory requirementof configuration pumped

heat pipes appears to be comparable to that of the arterial structures

discussed previously. The complete absence of conventional wicks

is a substantial mass reduction. However, the non-round shapes are

relatively poor pressure vessels so that the gain in mass due to

elimination of the wick may be at least partially offset by a thicker

wall requirement unless fluid vapor pressures are kept relatively low.

Thus the operating temperature range for a configuration pumped heat pipe

of low mass may be narrower than that for other geometries,

The ability of configuration pumped heat pipes to hold their
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3.3.3

shape is a function of the creep strength of the heat pipe envelope.
Thomacore12 previously identified the iron alloy, A-286, which
exhibits an exceptionally high creep strength, and may well serve
as a containment for configuration pumped heat pipes. (A=286 has

a 0.1% creep at 1100°F in 105 hours under a 38,000 psi stress load).

Hybrid Wick/Pumped Heat Pipes

Since the dissipating capacity of a space radiator declines as the
fourth power of any temperature loss, there is a strong incentive to
minimize losses. One of the principal advantages of the heat pipe
is the low temperature loss it incurs while moving large amounts of
heat. This low (_T operation is characteristic of vapor heat transfer.
There may, therefore, be reason to make use of vapor heat transfer
even at power levels which cannot be sustained by capillary pumping
alone. Alternative or hybrid pumping means are possible and deserve
consideration. This may be true not only for the radiators them-
selves, but also for the primary loops feeding them. A practical
hybrid system may use an alternative pumping means for liquid transport
over appreciable distances with capillary pumping for local distri-
bution and collection.

The heat transfer capabiiity of a conventional heat pipe can be
limited by entrainment of liquid from the walls by the high velocity,
counterflowing vapor. Separation of the l;quid and vapor passages
will permit greater heat flow under these conditions. Figure 3.5
is a hybrid system where the liquid and vapor flow are in the same

direction. Therefore, the vapor shear forces may aid rather than

inhibit liquid flow.
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Hybrid heat pipes are directly analagous to two-pipe steam
heating systems for buildings which use condensate pumps for liquid
return. The principle has been extended to liquid metals by Philips
Laboratories for use in Stirling engines.

The main disadvantages .of the hybrid system are the increased
probability of a leak at Pump seals and joints and the dependence of
operation on an external power scurce. For maximum redundancy, there
should be a pump for each heat Pipe, a serious Penalty in complexity
for a space radiator, making the approach seem more applicable to
primary loops.

It may be possible to make use of the "heat of the radiator" to
pump the liquid, much the same way that a capillary pump makes use
of the "heat of the radiator."

Thermacore has recently begun the exploration of a "liquid piston
pump" as part of its internal R & D effort. This pump uses a localized
high heat flux, into the fluid, to develop a vapor bubble of sufficient
pPressure to push the liquid forward, Backward flow is prevented by
the use of a check valve. A forward spring loaded valve permits
regulation of the pressure at which the pump is activated.

Initial work to date has concentrated on gravity feed liquid
systems with encouraging results. The extension of this concept to
two phase systems with freedom from gravity will pose challenging

work but may be worth a cursory investigation.

3.3.4 Cther Concepts

There arc numerous concepts which have been suggested as possible

fluid pumping mechanisms for heat pipes and includes electro-magnetic,
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electrolytic, electrohydrodynamic and electrophoretic pumping. All of
these are not suited for individual spacecraft radiator heat pipes.,
However, osmotic pumped heat pipes and artificial gravity are two
possible mechanisms which are suited for spacecraft use.

If a spinning spacecraft can be so arranged that its centrifugal
force will aid liquid return in heat pipes, it may be possible to
eliminate pumping and depend entirely or predominantly on artificial
gravity for this function. The result may be mass reduction (by wick
elimination and, possibly, reduced fluid inventory} and an added degree
of freedom in fluid selection (fluid need not have high surface tension),

Osmotic pressures can exceed capillary pressures by a factor of
100 to 1,000. An osmotically pumped heat pipe is feasible in principle.
Several designs have been proposed, but only one hardware program has
been reported. The proposed designs all make use of gravity in one
way or another: to keep liquid in place, to redistribute salt by
natural convection, etc. It may be possible to devise a geometry which
will function in gravity-free space. If so, osmotic heat pipes may
avoid entirely the capillary limitations on available pumping pressure.

Flow rates through semi-permeable membranes are low; i.e.,
large areas are required to permit useful heat flow. There is, how-
ever, an interesting factor which may favor further consideration for
low temperature space radiators. These radiators also require large
areas becuase of the low radiant power densities. The osmotic
process is such that the membrane must be located at the condenser
(heat dissipating) end of the system, which is the radiating surface
of a radiator. At temperatures below about 900°K, the power density

from a black body radiator is less than the power density sustainable
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hy flow of the best fluids (e.g. water) through membranes.  That

11,
helow this temperature the unit Ligquid {low rate through a membrane
is more than sufficient to support the unit radiant heat load from o
radiator of equal area, and » basic condition of successful operation
has been satisfied,

The geometries considered to date are relatively massive, having
two walls and a lapge liquid inventory, Mcmbranes do not exist for

operation above about 400°K, However, since an osmotic heat pipe

would need no auxiliary power (comparable to a capillary heat pipe),

it deserves further censideration,
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APPENDIX 1

This appendix has complete performance Printouts of all the heat pipes

tabulated in Section 3.1 and 3.2, The heat Pipe program used i. Thermacore's

GROOVE27. Figure A.1 depicts the placement and definitions of many of the

symbols in the printout.

‘. .

Evaporator Adiabatic Condenser

[ ]

TE TEI‘-A TA=C TC

® (vapor) ® ®

PE PJ-A PJ—C PC
I

EQMMMMR €=LIQUID=-) OO COOO0O R K

| |

Evaporator Temp. %f Outside Wall )*9 Condenser Temp.

DPVE = Pressure drop in vapor in evaporator

DPLEG = Pressure drop in iiquid in evaporator grooves

DPUA Pressure drop in vapor in adiabatic

DPLAG = Pressure drop in liquid in adiabatic grooves

DPVC = Pressure drop in vapor in condenser - (+) peans drop, (=~} means

recovery or increase
DPLGG = Pressupe drop in liquid in condenser grooves
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0s 0207 I
0+ 0004 IN

4340000 X
430000 0K
1760000 0K
2020000 CX

240400 O
QsQTeR OM
0s2000 CM
00000 Ox
0878 ON

25 GOVIS (CLOSED) COVERED VIZE 200 MiSX

30 LINIT IRCOURZERED A%

514 vaT23

wrtreeemees TTAL DELRAT = Gdd 0B C

REPRONUGCIBILITY OF THE
ORIGINAL PAGE IS POOR

—— OTAL DL TA=F = 7.34 1K ¢
10T XASE . 1.7 L3

L)

Vare FRRRODUNGS SrTs (¥ o8 81 T

n Pi=d =G » /0

900831 B2 s 8836.33

= =k =0 n o -

wmz  sram seeaw Foew

VAR RP cID TRy D22

m Mosw oz

0= 10141 = ¢ Mo+ll= 19141 ITARIVON2

wv me M e

1613 32 a7 an

0 rLes "

=1313 - - )

S0RIC LINITS: Ar= T8 ADD= 763 WAMS

/A" = STAP comd AX1AL VATTO/C2

1 Q 101

3 1 OE%» L A 1IN0 LIC AEYs ¢ A ARX# ¢ & ARYs

10 2043 - T 3

207 TLUID CEAMZ 132.019 J3AK3

MGH TIXPs 0LOME 0F 30T RUID CHANIR l',i?“ -~

COLD TLUIR CIANEE 15L.838 4MAND

. “!m on
L]

EZAT PIPE, (MESd) & 2 NEDCAPS m.l.' 2308

JXLTA=T VALUES:

ETAR WALL STAP Ll IVAP NBEA STATORMATIXX

510004 TADCIGT  SITEGE 4000085 2 0
TAMOA (1) TANOR tA) YAFOR (C)

203 230382 0002

CHIDDISATION COET AESK comh L COZD VAt

YT S  1708000-G2  .18118¢ 3
xnn 72 606 VATYS GUPIIE =emmremmewwes AN JORIC LIXI®

LAST JOE-LINITED MO/ER GALCTLATICE M43 AT 008 ¥ATtS

1




RN CONDITIONSS

4118 ’-.l:

FIUID @ DOVPEERN A VAL NATLa3OASE
I TR = 362 VANOR DRLPA-T = 00 DR C
GLAT AN = Q00 ¥ AN = 0,00 DR

P LEGT 10,0801 IX
AD) LWGTR 16681 IX
CoID LENTE  (9:3913 IX
ORL LIS 1031000 1

Osls 140000 IX
4iLL TAIESS Q<0300 Ix
GROOVR ¥IDZTR OOt IN
¢EOVR ERIAAT 0.0306 IR
LAKD YIDTE Os0der 13

430000 ON
430600 0N
176:0000 oM
ﬂﬂc:m ox

2.0600 O)

0sCTER CN
G2000 CN
00080 Ci

G007 CN

&  ONOTRS (GIOSED) COVERED VITE 200 MESE

50 LINIT SKCOURTERED A% 0 TurTs
VUL MM~ 300 I O
0TAL MASS 170 B

WAKT FIRFURMARCE DETAILS it

”z i PG ”n
+BAOLIZNT JSAG00IMOT SSAGI0EMIP OAAL0CBHO7
n -4 2U~g -3
Se.are 34878 348.878 8970
AP TR ooxD TRMP DELTA~?
382 811 S«0090%
IPCe 3180 e 0 DPOsDIG= 3160 DIEES/CHR
1 - 4 ] mLE DITA L
19 233 ? 1530
i Yo . s '
} 8 g8s
‘ SORIC LINITa: VA= 106020  ADDm 188977  VATTS
/A 0a VAP conD ATTAL
1 0 88
3 B AETH | g LIQ 2XT# ¢ A 1XT#
’ 5 foO8 FY) 808
E0T FLULD CRAIGE 116087 CRAMS

i DOOX THMPs VOLUNE 0T 20T JLUID CRANGZ 107.837 QN3

GOLD JLUID CEAWE 133.001 GRANS
128001 Cx3

dXT P12 uum 4 2 IXDCAPS 1610.42 QRANS

DELTA=T TALUES:
| VAP YALL 1A L0
i «030063 ledddnd
AR (21 TAROL (A)

H4IS2LE-03  ASZ8LE~03

CONDERSATIOR COED NEY.
O'MHI . 187483

PWER OF 580 WATIE CLU3I3
SAST NOR=-LINITED POYIR CALCULLATION 748 AT -
TOTAL DEL%A-T w

| - 1074% 11485

EYAP MESR ITAPORATION
=+ 54413 -}m

TAIOR (0}
-_MMI—O:

COED Lio GORD JALL
«ABORG2 0_131“

479 I ¢
1764 13

68

vz

i N

AT /O

Q2 2ITH

e C

CAPILLAET LIKITs DPL » DPY
333 1ATTS

s A G —




RUX CONDITIONS: 3141 Aeke a3

TLUID = DOVTRZMN & VALL HATL=30483
ETAP TENP w D213 VATOR DELTA~? = 50 DB ¢
IUT A3 = 0,00 i MG = Q.00 DD

IAP LIDTE  16.9201 Ix 43.000¢ Cx
ADM  LIEGTH 16931 Iy 430000 CN
COND LINTE &0.2vis It A76.0000 oM
TO?AL LEGTE  103.1500 Ix 262.0000 On

OeDe 1.0000 Ix 2: 5400 O
TALL TRE1SS 0.0300 Ix Qe(Q?8% O
GR00VE ¥1DM C.07a7 Iy 0:2000 Cx
JR00TE ARIGAT 0.0288 I 0+ 0080 Cx

7 o (28 B 0.002 oy REPRODUCI Y Ol Tk
. PAGE 15-POUR

& GR00VES (CLOSXD) GOVELSD WIfm 200 ARSH GLIGTS AL
shviasvina

50 LIMI? ENCOONTERED A7 ~~vwem——mae- 169 -JATT8

—te—aeees NTAL DELTi-T = 1.73 DB ¢
eemnesenes TTAL NASS - 174 B

1AR? PXRIDRMARCR DZTAILS (Y OR L #0834

7 . MeA ples re T /cn2
402817 02062 02602 402432
2] TRed, Th~0 c )
a7.618 ar.e8 ar.a2 217.600
ETAP 242 conD TENP DRLTA-P
219 ar.en 1.72900
D= 7203 . “DNe O DFCHIN= 7261 DTEBS/CN2
oY me YA WL
% 181 - R P
1Y orcs
2 a9 _ _
SORIC LINITS: ITAPe 15075 ADBe 17120 warey
Q/A'S» FL7Y) - coMd AXIAL YATTS/ONR
0 a 33
L% 22T 34N 110 RETe ¢ A XET8 ¢ R RIS
2 . 328 < aas 0
10T FLOID CRANSR 112,07 onag

ROON TENP. TOLOMR 47 BO? FLOUID CRANE 108.784 (M3
COLD TLUID CRANE 133.871 GRaus

120-000 O3

IRAT PIPR, (MROE) & 2 BDCAPE 1510.42 GaAMS
DELTA=T VALUBS:
EVAP ¥ALL EVAR La3 TTAP uESX EVATORATION

+ 328504, 780653 «272907 « 100098 IR ¢
YAPOR (3) TAPOR (A) TANOR (C)

«321902=02 » S92909E~02 +392900R-02

CONDEISATION CoNMD NASE COKD L4 CORD wALL

«2440072-01 000003 3+01 «190804 +088818 '} -

POYER OF 715 ¥ATTS CAUSES ee—woeeccea CAPILLALT LIXIT) DPL » DBy
LAST RON-LINCTED POVIR CALGULATION VA3 AT ~evwrmumenen 710 wiTTS

——eemeees WPAL DELTAST = 6.47 Im ¢

A9



R B ar s

P M ol i B o e A

h

RUK CORDITIONS:

10287 Aule /268770
TLOID = AUNIDION VALL MATL=308SS
VAP TDF » A3 VAPOR DELZa-¢ » 350 DEG ¢
JMT I & 0.0 Y10 AR = Q.00 DIG
VAP LEMGTE 16,9291 IR 43.0000 CK
AD}  LIEGTR  16.0201 IX  43.0000 CN
COND LEMGTR &0.2913 IN 1760000 CN
TOTAL LINGTE 103.2600 IK 2682.0000 Cx
0eDe 10005 1T 2.5600 X
ALL THRNSS 0:0%00 IR 0.0762 O}
GROOTR WID?R  0.1083 IV  (Q.2780 GN
GROOYE ERIGRT 0.0079 [  0.0200 CX
LAKD ¥IDTY 00079 X  0.0200 CN -
2 GROOVES (CLOSXD/ -COTEALD ¥ITN 200 MESK
10 LIKI? EXCOWNTERED A? wwewwwemsees 720 YASTS
A ———— m MASS ™ 1.“ m
VART PIRFOANANCZ DETLILS (T OR N) 9T
PR PE=a PA=g " OTUARS/ONZ
31200.3 303704 30100.3 WMs.1
% =i A= o] m ¢
432,883 431.202 430.762 .34
P TRNP  COAD TRNP DRLAw?
34 3.7 2:42903
DICs 18214 b= 0 DPC+DN= 18214 DYEES/0NZ
orYR B DPYA M
928 1196 209 5336
e e
518 4900
SONIC L1xiT3s IViPe 2214 ADD=  2683%  WaPTS
/At Sn TP conp ALIAL FATTS/0N2
2 ) 162
E 1 REM 34 15T LIQ RETS ¢ A RIS G L AEYs
2 aa 92 163 5
80T FLUID CBimns : $2.1790 GhANs
200K TENP. TOLUNE OF X0F ILUID CHAMZ &0.1004 NS
COLD FLOID CRANGE 107.d2¢ QRANS
T0:381¢ O3
ERAT PIPE, (NESE) & 2 DEDCAPS 1378.82 GRAXS
DELPA-T VALURS:
BYAP WALL  IWAP ILa EVAP MESH AVAPORATION
Yy +302815~02 «S03T3E-02 300293 PR ¢
TAPOR (I) TAYOR (4) TAPOR 10)
1.01914 « 479736 =1+ 08687
COADEESATICE  COND MESH GOND Lag COND WALL
3307 + 14384302 +304735~03 +20281°, B C

MNZIR OF 820 VATTS CAUSLS ~eoew—mmonwe CAPILLAAT LINIZ. DFL » DpY
LAST NOR-LINITED POWER CALCULATION WAS 49

mmassmmace 0TAL DELTA-T = 2.47 B¢

—— 418 4ar73
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0% CORDITIONSS 4124 Aclte

JLUID » 2UBIDION VALL MATL=3CaS3
KTAM 7RM% = 377 TANR DRLTA-T = 80 Dig ¢
T ARG » 0.0 Y8 g = 0.00 DR

VAP LDIGTE 16.9291 13 430000 Cx
ADD  LIugTR 16.8381 In 430000 ON
COND LENgTR 09.2912 18 170.0000 cx
TOTAL LINOTH 103.1500 In 262.6000 cN

OuBs 1.0000 IR 2.5400 ¢x

VALL THEXSS 0.0300 12 Q.0762 ct
G200VR ¥IDTH Ce1083 In 02750 o
GROOYE IRIOET 0.007% i § 00200 o

LoD #1D7X 0.0079 Ix 0+0200 cx

2 9200748 (CLOSED) COVERED ¥ITX 200 NEsE

X0 LINIT EXGOUNTERID i% et etaa——— 514 waTYS

semnremee——e OTL DEXTA~P = 5.43 IR ¢
eemeenews T0TAL XASS - ledde o

VAR? PERTORMANGCE DETAILS TORK) MY

) | Pas ]
9628.78 8409 5¢ 8081.89 9003.7
T Th=a e ¢
0.9 3%.453 + 306. 450 M. 445
TP TR Co=RD TRN» DRZ2AP .
m .47 8.82083
orom 19229 M=o DPC+ONS~ 19130 DTERS/oN2
v my wn rLae
1429 am -~ e
Yo o
-962 3800
SOMIC LINITS: Wil 70 10 765 yupey
Virsa map CORD ADTAL
1 0 102
L2 agrs kA LTS LIQ 25T ¢ A ame
13 231 % 2262 .
X0? JLUID CHARGE §3.8783  GRaxs

ROON TEXP. TOLUXE 0F x0? FLOID chANGE &1.7782 Ch3

COLD TLUID CRApG3 107.82¢ GRang
T0.3014 a3

RRAT PIPX, (MESX) & 2 ENDCAPS 1\5.82 opuns
DELTA-T TALUZS:

BVAP.u4aLL AP Lo EYAP NIsg STAPORATION
+815894 +2081095=~02 « 380868502 « 200488
TAPOR (3} TAPOR (4} TiroR ()
7+01489 2.40008 *4 9888
GONDERSATIOR  COND MXsE GOID Leg COND waLl
122278 8433395=03 +3000065-03 «131137

PONER OF S48 TATTS CALSES rmsemevmamen A2} SMIC Limit

LAST ROE-LINITED PONIR CALCULATION WAS AT ameemcmeman.

TeeRAnaewnee TOTAL DALTi-P » 7,13 B¢
Sesesaseana= T0TAL MASS " Sewde I
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REPRODUCIBILITY OF TiiE
ORIGINAL PAGE IS POOR

DIRES/0N2

VAT?S/0X2

bDig ¢

b}

oA WATTS




"TAN

L4 A AR IR L AL R Lt

w

208 CONDITIONS: 12 2 Paite  3/28/79
TLUID = DONTNERA A  'YALL NATLa304SS
VAP TEXP » 282 VaPOR DELTA=T = 50 DB C
T B & 000 ¥ G e 0.00 DM
BUAP LEEGTE 160251 I  43.0000 CH -
ADD  LEEGTN 160801 IX  43.0000 CX
COND LENGTE  60.2013 IX 178.0000 CX
TOTAL LEGTR 10343500 DN 262.0000 CX
Qe s 1.0000 It 28400 X
YALL TEIRSS 0s0300 IX  O.q782 OX
G300TR WIDEE  0.1083 IX  0.2780 Cx
OR00YE SXIONT QiOR? IX  0.0880 Ci
LAKD WID™ 0s0064 IX 040112 Ox
28 3MOTSS (CLOSED) COVIRRD WITX 200 NBSE
10 LIKI? INCOURTIRED AT weewmewm—m— 440 WATTS
wememem—eme NMAL KLt &« 9,23 2B O
WAKD PEMORKANCE DETAILS (Y OR £) 1T
n ] Y Paeg ” Dzs/onz
BUOSIEIT  LS11000BF 51108607 +8120643+07
7 13-4 T 0© ' m ¢
344-201 300e201 LN 344e00
AP TR COND RGP BEZA~?
382 362,713 9e22729.
DPO= 3204 D= 0 N0+DNN= 3204  DTEES/CH
Y17 - mB orvA ma .
8 T 4 1430
e e :
? ”ne )
SONIC LINI?SS Tile 150806  Aide 131208  VATYS
/st 3m mar oouD Az  varTs/aR
1 0 88
2R AETS 3 A 2510 L1 XEY# G 4 MXYS ¢ R ABYS
s 90 ;1 o7 3
£07 7LULD GZANZ 120:206  GRANS
200N TEXP.. YOLOME OF BOT TLUID CEAMGR 12.861  OR
GORD FLUID GEAMIR 141.40¢ ORANS
. 132401 3
- EEAT PIFEs (MISH) & 2 MICAPS 140622 GRANS
DELZA=? TALURS:
ETAP YAl VA2 Lao N2 NasE BYATORATION
- 830083 613104 ™ +20008 s
TAMOR (1) TAROR (A) TAJOR (G)
GAUAE03 20303 «2641410-03
CONDERSARION  COXD NESR COXD Lig CORD Wil
-_2“."01 158047 h.MO ._138«0 e c

JNvR oF T8 VATIZ CAUSES —~—eman———ou CATILLAIY LINITy 7L » D:¥
LAST #0K-LINITED POVEX 0ALOULATION A3 AT we—erme—an a70 dATS

seeettmmeese OIAL )2 @ 11,92 DR O
sessmvaseenw TOTAL #A858 - 1.848 13
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201 COXDI2I0RS

NUID = DOVEREIN A
EVAP TDMP = 219

4ALL WAZL=30458
VAPOR DELTA~1 = &0 DE ¢

11150 A-i(-_

3/20/79

GRAT UMD = 0,00 VI AW = 0,00 DI

P LDGTH 18,9201 IX 43 :

@ SR iz ghes ORIGINAL FAch 1s Rl
T0TAL LRATE 103.3500 IX 2620000 0K + PAGE IS POOR
0oDe 140000 T 205400 CY

WALL THINSS  0.0300 1K 0.07€R CX

GROOYE ¥IDTR  0.1083 IX  0.2760 GA

a300VE HEIGE? 0.0197 1K 050500 CN

LAED VIDTE  0.0040 IX  0s0225 CX

20  GROQYES {CLOSED] COVERKD WITE 200 NESH

50 LINIT BICOUNTERED A% 160 VAES
0%\L DELTA~T. = 3.85 DR C
AL KASS = 1,838 [0
YART PERTORKANCS DFTAILS (T OR 1) 7T
) ] i Y PA~G M DYNES/CHR
347562 3g7638 387008 87479
T3 T3-4 =g 20 B ¢
2160182 26140 216148 6143
EVAP TRNP COXD TENP DELZA-?
21 218,448 3450353
IP0s 7307 $N= 0 . DPCMDNe 7307  DYRBS/CN2
YR mR 12 7Y B 7Y
24 179 20 1200
oPYC DPLcE
z 736
SORIC LINI?S: IPe 14963 AlDe 10062 WATES
/A m mar CORD ARIAL VATTS/CNR
[ 0 33
1 2 R3TN T A RETe LIQ RETR ¢ A AET C At
2 2 3¢ a2 0
10T JLUID CEANGE 111,829 GhaNS
3000 TEAP. TOLUME OF IO FLUID CRANGE 104709 ON3
GOLD JLUID CHAME 131.542 GRAMS
12300 O
KRA? PIPR, (NZSE} & 2 EKDCAPS 1402085 ORANS
DELZA~? TALURSS .
IVAP VALL ETAP 140 IVAP NESE EVAPORATION
«220884 2.20083 + 200048 +100098 I ¢
TL20R (B} TAFOR tA) TAZOR {C)
328004802 . 920MI-02 292960803
OONDEESATIOE  CORD ABSE cold L&d CORD YALL
J2MSIR=01  600VTII-01 500474 « 5000925~01 MG ¢
POVER 0 880 VATTS CAUSXS CAPILLAZY LINITe DPL » DPY

LAS? HON-LINITED POWER CALCULATIOR WAS AT

TOTAL DELTA~T = 11.43 DHB C
TOTAL HAZS -

1,538 W
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CHIA 1 R .

AUX COMDITIONS:

JLUID = 2UBIDION
EVAP TDHP = 434

ORAY AXG = g,

Ar LEMO M
A} LEGTE
COND LixgTH

QeDe

fALL THERSS
GROOYE ¥IDTK
JR00VE BEGa?
LAKD vIDTH

48 7 Pele

YALL NATL=30438
VAPOR DELTA-T = 80 DI C

o0 T MG a Q.00 DG

18,9291 IR 43,0000 oK
16.9201 IN  43.0000 CK
8.2013 L1 176.0000 CN
TOTAL LENGTR 103.1500 IX 262.0000 ca

1.0000 Iz
G-0300 IX
Ce1083 2
00079 12
0.0079 IX

2. 5400 O
Q0782 O
CeT30 CN
0:0200 Cx
00200 O

25  QROOVIS (CLOSED) COVERED VITH 200 Kz

30 LIMI? RXCOURTERLD AT wowmcocmmees 720 Vares

e e W ¢ ]

TAL NASS

2.43 DB ¢
l«484 I3

VALT PERIORMANCE ZETAILS (Y OR K) 7Y

4/
31256.8

1
432.861

VAP TENP
4

D= 18214
) 4} ]
g26
g
915
SORIC LINI?S:

Q74 §m

2 1 RIYs
2

PR=A
3000

g
431.242

COXD TENP
2.0

IRa o

mu
1196
bPLGS
4900

M=C ”
30100:3 307151
U=C ¢
+30.762 421.040
DELZA~?
247963

LrC+Ne 19214 DIAES/CN2

ww LG
209 9330

Ad 214 Al 231 vams

AP
-

24 AEYs
e

20T MLOID clAmZ
200N TSUP. TOLUWE OF 0T ILUID CRANE .1004 Cu3

GOLD FLUID CAAMIE 107.024 ORANS
T0:3814 QUG

ERAT PIPE, (MERE) & 2 EXDCAPS 1378.a2 QRANS

.

DELTA=T TALUES:

3TAPF VALL
~320831,

TAPOR ()
1.01914

AP L&

«382613-02

TAPOR (A}
475736

CONDEXSATION  CORD MasK

«J73307

+143845-02

coxD AXIaL

o e

Lla aaTe ¢ A REY#

™ 563
92.1798  GRaxs

VAP nESd SYATORATION
JEO3I7IR-02 300293

TAPOR (C)

.10““’

COND Lid © COND WALL

+ADATIE=0] +202811

& 5/79

DINES/0NR

¢

¥ATTS/CN2

¢ I MY
s

POMER 07 820 VATTS CAUSES ~w—mecwemne CAPILLAEY LINIZ?) DPL » DPY

“AST {0X=LINITED POWER CaALGULAPION TAS LAY emecvwncnena

seewmneess—s TOML DRLTi=? =

sresssseeaes TOTAL XASS

2,47 Dm ¢
ledide L3

24

418 yarrs




ROR COADITIONS: 138 3 deils /23,79 Y or THI

TR T R T T e N R ——— y T LR - ’._ h ‘.I II
DR o oo . i

N )‘n )
iy OI)U{Jl\) 1 I R
JLOID = 20RIDION VALL KA?L=304S3 R 'PRNAL PAGE 18 POO
VAP TINP = T TAPOR DELTA-T = 50 DIG G ORIGL
GRAY ANG @ Q.00 N0 Al = 0.00 DIS
IVAP LEMGTE  16.0200 IX  43.0000 CX
ADD  LEMITR 16,9292 LN 42,0000 O
COID LEMGTE 09,2913 IX 17¢.0000 Cx
TOTAL LEMGTR 1031300 IX  2€2.0000 CX
0sDe 1.0000 (X 25400 ON
YAL], TAXSS 0.0100 IX  0.0254 OX
GMOOTR VIDIX  0.1083 If  0.2780 Cx
GROOTR ERIGRT 0.0079 IX  0.0200 CN
LAKD ¥IDpTR 0.0120 I 0.0328 CX
25 GROOYES (CLONED) COVERED WITE 200 NIsm
10 LINIT ENCOTETEARD A? —vewa——eo— 514 VATES
wemeeeme—a NONAL DRTAST & 456 DI G
Tem——mece—e T0fAL HASS = 0.8 D3
VAR? PERIORMANGE DITAILS (T OR X} 7Y
n” =4 PA=g ) STARS/CN2
10019.5 8848.97 406+ 41 $239.81
”n 13-4 TR0 ¢ IR ¢
298 0. 888 309,04 372.611
IVAP TRNP coND TRMP DELTA-T
) 72,438 #5623
Wo= 15183 =0 DPCHDNIa 10133 DTRRN/CH2
1) me . DrYA ad
f1ro T ass 0
Yo mes
248 387
SONIC LINI?St E¥Al=" 0% ADde 376 wites
A4 S P CORD AXIAL VATTS/CH2
1 ) 102 :
52 28T 24 N5 116 Reys C A 2ETs ¢ R RETSY
16 2281 Y 2290 3
207 FLUID CEum: 98,35 ORANS
200K TINP. VOLUNE OF 507 JLOID CHARE 62,0083 Cn3
COLD FLUID CEANMIE 110.102 GRANS
71,6083 OR
ARA? FIPR, (MBSE) & 2 EEDCAPS 530457 QRANS
DELTA=? TALUES:
BTA? WALL mae e ITAP MESE | AvAPORATION
+201328 2079813-02 336022302 .300443 e ¢
TAPOR (%) TA20R (A) TAZOR Q)
8.82088 1.32044 ~3.7708),
CORDR(SATION  COXD WESE COND Lag CORD WALL

122278

MERR OF 710

LAST SON-LINITED POWEY CALCULATION VA3 At

+3102088-03 +8014493-03 +402980E=01 G ¢

VATIS CAUSES ~mewowwmeewm 403 SONIG LINI?

—n 708 WATTS

oeonemscrene T0TAL DELTA=T o G.12 215 ¢
emsaseeese 0TAL MASS - Gutg &

75




ROUX COALITIOUS: 44 Polls & 518
TLUID = DOWZARAN & WALL HATL=30483

ETAP TINP » 352 TAPOR DELTA=T = 50 DR} C

GRAV Ak = (.00 WIS ANG = 0.00 DiO R

ATAP LRGTE 16,9291 IS 43,0000 N ()R'JP!“),DUCIB” AT
ADB  LDIOTH 16.920% IN  43.0000 CX IGINAL PAG

COXD LEOTH 9.2913 IX 176.0000 CH
TOTAL LEMGTH 103.1500 LN 262,0000 CH

QeDa 1.0000 Ix 2.5400 OM
- WALL THXNSS 0100 IX 0.0254 CN
GROOTR W1DTX 0.1083 1L 0.2750 tx
GROQVE ARIGHT 0.0217 X 0.0850 on
LuID wipma Q«0084 X 0:0240 CN
25 GROOYRS (CI20KDY COVARED WITR 200 MESH

NO LIMIT ENCOUNTERED AT ~wrwewmmmmas 440 ¥ADTS

=seeevemmees TOTAL DELTA-T = 872 1B ¢
TOTAL HASS - Q77?7 L3

YANT PIRTORMANCE DETALLS (T OR KI 7Y

P PE-a | I PC

SIMTAINO?  JBIIGTIEM?  JSIBOTENO? L S3BEAMIT

™ Y ™ee e % ¢
367 403 7. 402 347402 . 3MT.402
STAP TRNP COLD TOMP DRL2A=?

as2 346275 2.72488

DPCe 3208 JRi= O DPCHDNm 3208  DEMES/CH2

DPVE L N DPLAG

13 218 s 1428
DPtS DPLOS

" 804

SONLC. LINITS: ITAP= 170527 ADDe 208679  VATTS

/A Sm AP caxp AKIAL VATTS/CH2

% 0 T

L2 2EYs R A BETH LIS RXYS ¢ A BSTS ¢ R RETH
s 764 =7 [T i
20T FLOID CRARGR 123.66  QRANS

200M TEMPe WOLONE OF 07 FLUID CHANIE 115.787 N3

COLD FLUID CHABGR 142,892 GRANS '

133,808 CX3

GRAT PIPE, IMESH) & 2 DADCAPS G54.002 GRAMS

DELTA=? VALULS:

SYAP VALL AP LiG EVAP NBSE EVAPORATION

178328 3.70960 «612878 +1000982 IR ¢
TAROR (D) TAPOR (4) TAPOR {0}

498281203 244141303 0
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B COXDITIONS: 152 A, N 3/30/79

TLOID = A%aguay YALL AAfLm30483
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SROOVE LXDIET 00079 IX 040200 Cat
LAKD ¥iDTX OelNl8 IN 03348 O

3 sovmy (CI332D) COTERRD wI?R 200 L
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APPENDIX 2

This appendix develops Equation 3.2 which shows how the mass of a

radiator heat pipe increases with the performance T of the heat pipe.

-3
]

desired heat pipe temperature

| -4
]
/]

temperature drop down heat pipe

To ™ AT, actual heat pipe radiating temperature

> -3
n

radiating area of heat pipe at T,

= A+ da, actual heat pipe radiator area required at T

LT
u

power to be radiated from heat pipe

da _ increase in surface area
dt - “decrease in temperature

da _ A= Ag
3t = Tgm T Eq. A.l
but A= Q and A = 9
ea(Td-T)z o eaToz

therefore, with substitution into Equation A.i and proper rearranging,

da A 4
—— = -—Q l’ - 3 .
T TR, /T) 1] Eq. A.2

Now, since area is a function of length, we have

; sy -
dl = lc[(To;T) - 1] EQ. A.3
, dl _dm .
where lc= condenser but == T where 1 .= total heat pipe length,
t

m = mass, we obtain with substitution and rearrangement -

&n::E%QPr/T)4 - 1] Za. Al
. e

which iz Zqguation 3.2.
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