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FOREWORD

Volume II of this report, “Besign and Experimental Evaluation of a
15 foot Primary Heat Pipe and Its Mating“ﬁfth\Compppents of a Thermal
Train," presents theeffort of a number of individual comtiibutors who
are members ot the staff of the Xerox Corporation, TRW Systems Group; —- — _
and the General Electric Company. The entire effort was under the
direction of R. Richter of the Xerox Corporation, a prime contractor
to the U, S. Air Force Aeronautical Propulsion Laboratory. Subsecticns
2.1 through 2.5, except for minor modifications, were the contributijons
of G, L, Fleischman and R, D. Marcus of TRW. The information for fub-
sections 2.6 through 3.4 was provided by R. L. Hammel of TRW, while the
data of Subsections 3.5 and 3,6 was provided by J. A. Vogrin c¢f TRh.
Subsections 3.7 through 3.10 and Sections IV, V and Appendix A are the
technical contributions of the author.

The author acknowledges with thanks the support of the above-

mentioned contributors for working as a team toward the success of
the overall program.
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SECTION I

INTRODUCT ION

In Volume I of this report, the Preliminary Technology Systems Study

of a solar collector thermal power system was presented. In this volume
which is the second of three, the design, fabrication, and testing of a
15-fout heat pipe and its integration with the remaining components of
a thermal power train are presented.

Since prior to this program no heat pipe operating anywhere close to
the desired operating conditions needed for the primary heat pipe of

a solar collector thermal power system had been designed, built, or
tested, the entire task was initiated with a studv which is presented
in Section II of this volume. Following the Study the first primary heat
pipe was designed using existing technological background. The design
of the heat pipe differed to some degree from that which evolved from
the study because allowance was made for its fabrication and testing.
For proving the power carrying capacity of a 15-foot long heat pipe,
it was not felt necessary to test a configuration that had two bends
in its length, A straight heat pipe would also have the advantage of
being easily placed into a slightly larger pipe if it should have
become cesirable to perform testing in a vacuum,

During the testing of the first primary heat pipe, it became quite
obvious that the design of large power carrying heat pipes was not as §
far advanced as had been assumed at the outset of the program. After 'y
the failure of the first primary heat pipe, analytical studies con- &
firmed that some shorter heat pipes can easily be designed and built
without great stress on details while still operating with a large ¥
margin of safety. A 15-foot long heat pipe, which has to have a power ]
trans fer capacity of over 6 kW, had, however, to be designed using every
nuance for optimizing performance to assure achieving the design goal.

For the design of the second primary heat pipe a wick study had to be
conducted which is described in Volume III of this report. v

The second primary heat pipe was built and operated at the design yxoal,
But many data were taken which would be worthwhile to have been analyzed
and evaluated in separate tests for a better understanding of heat
design and operation. Because of the cost of a full scgie~i2
pipe, the reluctance of testing the heat pipe over a wide range of
operating conditions and subjecting the heat pipe to severe starting
conditions was great, The second primary heat pipe had to bg integrated
with the secondary heat pipe, which is fully described in Sgction VII
of the third volume of this report, for operating the entire 0
train as a final confirmation of the concept of the solar collector
thermal power system,

1/2




SECTION TI

PRELIMINARY THERMAL TRAIN STUDY

2.1 INTRODUCTION

An initial analytical design study of a solar collector theimal power
system thermal train was performed to evaluate in general the use of
heat pipes in the thermal train, The particular systems studied were
those depicted in Volume 1, Figure 18.

A specific objective of this study was to produce a preliminary desien
for the heat pipes of the thermal train which could meet the specified
requirements. In accomplishing this, particular attention was given
to the following features, limits and constraints:

® The entire thermal train must be capable of operating in a l-g
environment when horizontally deployed. This requires that
wicks and/or arteries in the system be able to prime and operate
against the hydrostatic heads equivalent to the least elevation
differential in the system. This constraint, necessary for
earthbound testing, has major impact on the wick designs for
the various heat pipe elements.

o e Consistent with the 1-g operating requirement, various wick
7 structures were examined for feasibility and optimum perfor-
mance. These included homogeneous wicks, closed arteries,
and open arteries.

o The wicks must be configured within the various heat pipe
elements for minimum temperature drops at their respective
evaporators and condensers.

o The system must be designed for starting without failure
from a state in which the heat pipes are cold and the working
fluid is frozen,

e A variable conductance heat pipe might be necessary to control
the temperature of the thermal train by dumping excess heat
after the lithium-fluoride thermal storage material is fully
charged. Specific attention was focused on maintaining the
operating temperature within a control band and minimizing
heat leakage from the variable conductance heat pipe when
energy losses are not desired.

The results of the generalized hydrodynamic and heat transfer (tempera-
ture drop) studies are discussed in subsection 2.2. Subsection 2.3




presents the results of system stress calculations. Start-up from the
frozen state is considered in subsection 2.4, and the studies on the
variable conductance heat pipe are presented in subsection 2.5. Sub-
section 2.6 presents the synthesis of all these studies yielding a heat
pipe system design which should successfully meet the specifications
under both steady state and start-up conditions. Based on the results of
these studies the authors (G. L. Fleischman and B. D, Marcus, TRW) con-
cluded that the Inconel-sodium system:

e Can accommodate 6 kW input at 1600°F when level in a 1-g field.

o Can be started up at full load from the cold state when the
working fluid, sodium, is frozen.*

e Will exhibit maximum temperature drops at full load of:
0 to 37°F into the primary evaporator

2.5 through the coupling between primary and secondary
pipes

8°F out of the secondary condenser

~ 0°F along the vapor flow paths

e Will operate over a temperature range of 1600°F to 1650°F as
established by the Variable Conductance Heat Pipc¢ (VCHP),

with g VCHP loss of about 0.2 kW at the shut-off condition
(1600°F).

2.2 WICKS

In providing wicks for the liquid return mechanism in high temperature
liquid metal heat pipes it is desirable to utilize the more conventional
approaches where possible. Because of the rather complex evaporator
and condenser geometries for the solar collector heat pipes, the hydro-
dynamics study was broken into several individual parts.

First, the maximum possible heat transport capacity was mapped out

for a straight pipe of various diameters and lengths with various
gravitational and condenser loadings. Then the condenser and evapora-
tor wicks were sized to minimize the overall temperature drop, taking
into account that the evaporator wick must pump against the condenser
and adiabatic liquid and vapor losses, as well as the gravitational
load based on the lowest reference level in the system.

*Test results and additional analytical studies at a later date proved
the conclusions drawn to be optimistic. (R.R.)




In order to make the necessary tradeoffs a set of design curves was
generated for each component of the thermal train. Bolting cloth (fine
wire screen), which is the optimum screen mesh type wick (Reference 1),
was used in this tradeoff. It should be noted that equivalent metal
felt wicks or sintered porous materials of equivalent or improved pump-
ing characteristics may be substituted for the various bolting cloth
sizes in the detailed design.

2.2,1 CONVENTIONAL BOLTING CLOTH SOLUTION

Figures 1 through 3 show the maximum heat transport capacity predicted
by the TRW heat pipe design program for a simple circumferential bolting
cloth wick in a 2.0, 2.25, and 2.50 inch o.d., tube, respectively; the
working fluid is sodium at the temperatures indicated,

The curves were generated by running several tilt angles for a uniform
cross section pipe of a particular length. The tilt angles translate
into a loading parameter (Ap ), which may consist of the gravitational
head plus any liquid and vapor losses downstream of the section of
interest. The gravitational loading may be due to horizontal operation
of the heat pipe at a particular elevation above a lower point in the
system (e.g., a larger diameter condenser). The minimum value of &p

in each figure represents the gravity head associated with the pipe
diameter; i.e., horizontal operation of the given pipe on a l-g gravita-
tional field. The performance is presented in terms of heat transport
capacity (QLef ), and thus applies to any length heat pipe. In order to
obtain the heat throughput in kilowatts for a particular heat pipe, one

simply divides the ordinate (QLeff) by the effective length defined as
follows:

L Lev + 2Lad + Lcond

eff 2 (1)

where

Lev = evaporator length (inches)

Lad

adiabatic length (inches)

Lcond = condenser length (inches)

It is seen that, as the wick thickness is increased for a given diameter,
the maximum heat throughput increases until there is a significant vapor
pressure drag due to the reduced vapor flow area. Maximum heat transport
refers to the fact that these curves are based on a factor of safety of
one. Thus, sufficient margin should be allowed in using the curves. 1In
past experience with bolting cloth wicks the calculations have been some-
what conservative, so a margin of 25 to 50 percent should be sufficient.
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In summary, the effective length and Ap, terms are quite general and
must be evaluated in each specific application. Also, it should be
clear that the curves do not specify the particular bolting cloth mesh
size to use for a given performance. The reason that the mesh size
cannot be included on the curves is that these are optimized solutions,
and each point represents a different mesh size. Thus, the curves are
simply used as an indication of what may and what may not be possible,
i.e., these are working curves. Once a wick thickness, pipe diameter,
and length are obtained from the curves, the computer program is
entered to evaluate the corresponding bolting cloth mesh size.

2.2.2 ARTERIES (Class B Wick)

A typical artery which might be considered for a fifteen foot 1liquid
metal heat pipe is the concentric annular artery depicted in Figure 4.
This is the type of artery fabricated by TRW for a fifteen foot diameter
circumferential water heat pipe delivered to NASA Houston (Reference 2.)

The annular gap width must be sized so that the artery will self-prime
by capillary forces in a gravitational field. Using a factor of safety
of 1.5 for the priming criterion, a series of curves was generated for
various pipe diameters and effective pore diameters of the artery seal
for a uniform cross section and essentially horizontal operation. An
effective pore diameter of 0,005 inch corresponds to number 200 mesh
screen, 0.010 inch corresponds to number 100 mesh screen, etc. If the
pipe diameter is too small, then the performance is vapor limited as
seen in Figure 4. But if the pipe is made too large, then the liquid
gap must be so small in order to self-prime that the liquid flow
resistance limits the performance. This effect also restricts the
artery pipe to near zero elevation because of the limit in priming.

It was found, for example, that for priming of the annular artery at

a 2.9 inch elevation, corresponding to the primary condenser in the
solar collector heat pipe, the best performance is only about 1.5 kW
for a fifteen foot heat pipe.

Although the various artery configurations appear to have exceptionally
high heat transport capacity, the problems associated with sealing of
the arteries, self-priming for testing in the earth gravitational field,
gas and/or vapor bubbles due to high heat flux, etc., should be kept

in mind. Also, artery wicks are much more susceptible to failure by
wick dissolution due to mass transport and corrosion.

2.2.3 OPEN ARTERIES

One approach to avoid the sealing requirement of artery wicks is to size
the gaps smaller than that required for priming, such that the gaps
themeelves provide the pumping head. It can be realized that more than
one gap would be required to achieve high performance but this, ia
addition, provides some redundancy in the design.
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The results of an investigation of this wick for a uniform cross section
heat pipe i.re presented in Figure 5. Again, the performance is based on
essentially zero elevation, and would be severely limited by an appre-
ciable gravity head.

\ i The performince could be significantly improved by utilizing a series

‘ composite wick for which the gaps are wider in the condenser and
adiabatic sections than in the evaporator. Also, the results in Figure

. 5 are for a 15 foot length heat pipe; the performance might be more

attractive for shorter length heat pipes.

2.2.4 TEMPERATURE DROPS

The temperature drops associated with conducting heat into and out of
heat pipes are affected by the hydrodynamic design, because the wick
thickness is determined by the flow requirements and the temperature
drop across the wick is directly proportional to the wick thickness.

2,2.5 PRIMARY EVAPORATOR

The primary heat pipe evaporator (receiver) was looked at rather care-
S . fully because six kilowatts has to be transferred through a 2-inch

: radius hemisphere (Figure 6), If planar solar radiation on the
hemispherical surface, i.e., cosine heat flux distribution for which
the maximum heat flux is equal to twice the average, is assumed

(as illustrated in Figure 6), the following equation for the liquid
flow pressure drop holds.*

uIQ

bpy, = 2_:1 o KtH )
) fg

where

Q = total heat input

Hfg = latent heat of vaporization of working fluid

u‘ = viscosity of liquid

e.

density of liquid

=
[}

wick permeability

wick thickness

-~
[ §

“Deviation of Eq. 2 is presented in Appendix A.




> ' H (SOLAR HEAT FLUX)
i

Figure 6. Analytical Model for Hemispherical Evaporator Flow

It is of interest to realize from Equation 2 that the liquid pressure
drop is independent of the hemisphere radius. However, a larger radius
will require a smaller pore wick, because of the need to overcome a
larger gravity head. This in turn leads to a lower wick permeability
and larger wick thickness, This effect is expressed in the ipo load-
ing parameter in the evaporator perforuunce curves plotted in Figure 7
for a 6 kW heat input. Again, the Ap term includes the gravity head
associated with the height from the 18west point in the system (con-
denser) to the top of the evaporator, plus any liquid and vapor losses
in the various heat pipe sections downstream of the evaporator.

Since the evaporator must pump against these losses it is not surpris-
ing that 1 rather fine mesh is required (approximately number 100 to
number 200 —rsh bolting cloth). But it was found that a rather thin
wick (~ 0.310 to 0.020 inch) may be used.

2.2.6 PRIMARY CONDENSER

With a design heat load for the primary heat pipe of approximately 6
kilowatts, approximately 3.5 kW is transferred to the thermal storage
canister (see Figure 8) to charge the storag: material, and 2.5 kW

is transferred to the secondary heat pipe. Since the pressure drop
associated with the condenser must be taken into account in sizing

the wick of the adiabatic and evaporator, a relation was developed

for the evaluation of the liquid pressure drop in the condenser. This
takes into account the flow pattern over the secondary heat pipe,
storage canisters, and the return flow in the outer wick of the primary
pipe. 1In the analysis it was assumed that a single mesh size is

used for all surfaces and that the wicking on the heat transfer sur-
faces was of uniform thickness. The particular mesh sizes, not indi-
cated on the curves, were based on an effective pore diameter capable
of prov ding a capillary head equal to twice the gravitational head due
to the diameter, D (rule of thumb yielding near optimum designs).

10
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TOTAL HEAT LOAD, Q & 6 kW

THERMAL STORAGE VOLUME, Vg;*200 IN3
SECONDARY EVAPORATOR DIA.,d * 2.0IN.
OUTER WICK THICKNESS, 15 * 0.2IN.

7 FLUID: SODIUM (1600°F) n

6 7]

51 B
CONDENSER-WICK

THICKNESS, 1=Q01 'N_.J

'S
|

LIQUID PRESSURE DROP Apy, psf

3r —
0.025
0.050 _
0.1
THERMAL ENERGY
STORAGE CANISTER

SECONDARY HEAT PIPE
PRIMARY HEAT PIPE
0 i ] | ] | ]

| 2 3 4 5 6 7
OUTSIDE DIAMETER D, inches

Figure 8. Primary Heat Pipe Condenser* - Solar Collector
Thermal Power System

43613

*See footnote page 13. |
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Figure 8 shows the results based on the above considerations for a fixed
secondary heat pipe diameter of 2.0 inches.* The following additional
relations are implicit in the model:

® The diameter of the thermal storage canisters is fixed by the
primary and secondary heat pipe diameters

dg, = 0.8 (D - d)/2 (3)

® The number of thermal storage canisters is fixed by the primary
and secondary heat pipe diameters

N = ™D+ d)/(D - d) (4)

® The voluwe of thermal storage material, V, is 200 cubic inches.
This determines the length of the primary condenser

4v
L -3

c T"Ndit (5)

Most of the pressure drop was found to occur in the outer wick, be-
cause the canisters provide several parallel flow paths to transport
the liquid over the relatively short distance from the inner secondary
heat pipe surface to the outer primary heat pipe surface. For this
reason, the outer wick thickness, t_, was set at a maximum practical
value of 0.20 inch for the tradeoff. This feature of the primary con-
denser geometry is very fortunate in that the wick thickness on all
heat transfer surfaces may be made very thin, resulting in low
temperature drops.

It is seen in Figure 8 that the optimum outer pipe diameter is approxi-
mately 4.5 inches. If the diameter is made smaller, then the con-
denser becomes too long because of the thermal storage volume require-
ment. If the diameter of the outer pipe is larger, the mesh must be
fine to accommodate the gravity head. This increases the flow resis-
tance in addition to a long transverse flow path across the canisters.

2.2.7 SECONDARY EVAPORATOR

The secondary evaporator length is determined by the primary condenser
length. The evaporator wick will be identical to the wick in the
adiabatic section of the secondary heat pipe.

2.2.8 SECONDARY CONDENSER

As in the primary heat pipe, the secondary condenser (emitter) pressure
drop must ve known for sizing the adiabatic and evaporator wicks.

“The final design of the experimental thermal train differed from this
relative arrangement between primary and secondary heat pipe.

13




Thus, a similar analysis was carried out, but in this case the flow
path is straightforward, since a conventional circumferential wick

is utilizead. The length of the emitter is subjected to the restraint
that an area of 140 sq. in. is available for radiation heat transfer
to the VM cooler receiver, when all but approximately 110 degrees of
the outer circumference is shielded by a rotary insulation blanket as
depicted in Figure 9. This requirement, then, fixes the secondary
length as follows:

A 360
L. ® T \110/ (6)

where D is the condenser diameter and A is the required radiation area
(140 sq. in.).

For a 3 kW heat load, relatively low pressure losses can be obtained
with wicks of the order of 0.050 to 0.10 inch thick as shown in Figure 9.
Again the particular mesh size was based on a pore diameter necessary

to provide a capillary head equal to twice the gravitational head due

to the condenser diameter. The peculiar shape of these pressure drop
curves is due to the particular bolting cloth mesh sizes available,

and the fact that whereas the flow resistance increases for large
diameters, the flow area also increascs for a given wick thickness.

2.3 STRESS CONSIDERATIONS

In addition to the wick, the heat pipe wall contributes to the overall
temperature drop at the various heat transfer surfaces.

The minimum allowable wall thickness is a function of the required
strength. Although the internal pressure level at operating tempera-
ture (~ 1600 F) is only 12 psia, the stresses in the hemispherical
receiver (primary evaporator) and the large cylindrical emitter
(secondary condenser) are relatively high when the system operates in
a vacuum. Because the heat flux (~ 6.1 kW over a two-inch radius
hemisphere) is relatively high it is very desirable to make the re-
ceiver as thin as possible.

A TRW computer program, based on the equations in Reference 3 for thin
wall pressure vessels, was utilized to establish the required wall
thickness. The hoop and radial stresses in the cylinder, the maximum
bending moment, radial stresses in the end cap as well as the maximum
combined stresses in the end cap, and cylinder for hemispherical and
flat end caps were calculated.

14
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Figure 9. Secondary Heat Pipe Condenser- Solar Collector
Thermal Power System
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A review of the properties of Inconel 600% at 1600°F show that the
yield strength is ~ 9,000 psi and that the stress to produce rupture
in 50,000 hoyrs is in the range of 1400 to 1700 psi (Reference 4).
Since the syitem must survive 50,000 hours, the stress rupture value
of 1400 psi wAN selected as the design limit,

The stresses it the receiver and emitter were calculated, and the total
combined stresses were compared to the stress rupture value. Because
of the high stresses which are encountered at the intersection of flat
end caps and a cylinder, hemispherical or dished end caps would be
required on both the receiver and emitter to reduce the end stresses.
The results of the specific calculations for the 4-inch diameter re-
ceiver and the 13-inch diameter emitter as a function of end plate

and cylinder wall thickness are presented in Tables I and II
respectively.

Since there are uncertair.ies both in the material data at the operating
temperature as well as it the manufacturing of the required sections, a
safety factor of 2 should be used in all of the wall thickness cal-
culations. Thus, the values shown in the tables are the calculated
stresses and are one-half the design stresses.

2.4 START-UP FROM THE FROZEN STATE

The start-up of a liquid metal heat pipe from the frozen state is a
complex phenomenon subject to numerous limits and failure modes.

Since evaporator wick boiling will not occur with liquid metals at the
superheats involved, all of the potential failure modes relate to an
inability to supply liquid to the evaporator at a sufficient rate,

The most obvious difficulty is that the frozen working fluid, sodium,
must first melt before it can flow through the wicks. The thermal
energy required to heat the system to the appropriate melting point
and melt the fluid must be provided by sodium vapor generated in the
evaporator. A failure occurs if the evaporator is depleted of working
fluid before sufficient fluid thaws to replenish the evaporator wick.

A second difficulty relates to the rate of energy transport from the
evaporator in relation to the wick circulation capacity. The hydro-
dynamic capacity of liquid metal heat pipes falls off rapidly at low
temperatures due to the large vapor pressure drops associated with high
velocity vapor flow at low densities. If the required circulation rate
exceeds the hydrodynamic limit at any point during the start-up transient,
the evaporator may become dry. This would cause a hot spot and poten~-
tial failure.

* This material proved not to be suitable and was replaced by Inconel
617 for a second primary heat pipe (R.R.).

16
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TABLE I

MAXIMUM COMBINED STRESSES AT 1600°F IN THE 4-INCH DIAMETER
RECEIVER WITH HEMISPHERICAL END CAPS

wall End cap thickness (in.
thickness (in.) 0.018 0.021 0.025
610 625 650
0.040 2 82> LBl psi
680" 600 500
490 480° 500°¢
490 480 300 i
0.050 690 570 s00 P°
325 320 310 si
0.080 780 635 51 P
TABLE II
MAXIMUM COMBINED STRESSES AT 1600°F IN EMITTER BODY
WITH HEMISPHERICAL END CAPS
Wall End cap thickness (in.
thickness (in.) 0.040 0.050 0.060  0.080
a
0.060 1320 B 18 psi
1030
_845 890 900 si
0.093 980 810 680 P
650 623 640° 680  pgy
0.125 1030 780 680 510
d
380 515 560 600 si
0.140 1070 805 655 500

aCombined‘cylinder stress
bCombined end cap stress
cMinimum acceptable solutions

dAcceptable solutions

17
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A related failure mode corresponds to entrainment of liquid in the
vapor flow due to the high countercurrent velocities at low vapor
pressures and high load. When liquid is torn from the wicks by the
flowing vapor, it is prevented from returning to the evaporator. This
promotes dryout conditions. ¥

l Finally, a limit on the rate at which vapor can flow from the evaporator
' exists which corresponds to sonic conditions at the evaporator exit
plane. This, however, is not a failure mode. It simply limits energy
flow from the evaporator. If the energy input rate exceeds the sonic
limit, the evaporator heats up, increasing this limit as the acoustic
velocity rises with temperature. During sonic limiting conditionms,

the heat pipe operates with a large axial gradient, which progressively
decreases as the sonic limit approaches and exceeds the rate of energy
input. When the vapor pressure rises and flow velocity decreases suf-
ficiently, the vapor approaches isothermal conditions along the entire
heat pipe.

Thus, it is an acceptable condition for the heat pipe to operate along
the sonic limit curve during a portion of the start-up transient. How-
ever, it is not acceptable for the circulation rate to exceed the en-
trainment limit nor the hydrodynamic limit at any point in the transient.
Also, it must be assured that sufficient fluid thaws to provide a

liquid return, prior to depleting the evaporator of working fluid when
starting from a frozen state. This is particularly troublesome with
very long heat pipes having small evaporators, as is the case in the
current study.

The various limits discussed above are all a function of heat pipe geom-
etry and structure. The sonic limit varies with the vapor flow area at
the evaporator exit; the entrainment limit varies with the vapor area
and the wick surface structure; the hydrodynamic limit varies with the
vapor flow area, wick flow area, and wick properties; and the question
of fluid thawing varies with the starting temperature, system heat
capacity, and heat rejection characteristics. Because of this, it is
not possible to present start-up calculations for the general case.
Instead, calculations were performed for the specific heat pipe dis-
cussed in Section II. This heat pipe is designed to meet the speci-
fications of the steady state and transient operating conditions for
the proposed application,

Only the primary heat pipe was analyzed. Successful start-up of the
primary heat pipe with the sudden application of a 6 kilowatt load
implies successful start-up of the secondary pipe with the gradual
application of a 2.5 kilowatt load using similar design techniques.

*This is true only if the wick surface is exposed to the vapor
flow. (R.R.)

18
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For the primary heat pipe the sonic, entrainment, and hydrodynamic

limits were calculated as a function of temperature using various com-

puter routines. The theoretical basis for these computer routines is

presented in Reference 1. These limit curves are all plotted in 4
Figure 10. It is seen that the sonic limit lies below the entrainment

limit until the uxial heat transport exceeds 11.5 kilowatts. Since

this exceeds the design point, it is clear that the start-up transient

will not suffer an entrainment-induced failure.

On the other hand, the hydrodynamic limit falls off very rapidly at
low temperature and would fall below the sonic limit at about 700°F.

This suggests that, below this temperature, the liquid return rate
provided by the wicking system cannot keep up with the vapor flow rate
out of the evaporator. The system could suffer an evaporator dryout
if maintained at this condition for a period of time.

The time for which this condition would actually prevail depends on

the heat storage and rejection properties of the system downstream

of the evaporator, compared with the sonic-limited heat supply as the
system temperatures increase. This cannot be determined without a
comprehensive transient model of the entire system which was beyond

the scope of this study. Consequently, to insure successful start-ups,
it is necessary to constrain the operating regime of the heat pipe to
those conditions for which no failure mode limits are encountered.

This can be accomplished through introducing an appropriate quantity
of noncondensible gas into the vapor core. The gas serves as a dif-
fusion barrier preventing vapor flow from the evaporator until the
evaporator vapor pressure rises high enough to compress the gas and
push it downstream. The temperature and pressure at which this occurs
depends on the gas inventory.

For the system under study, a noncondensible gas pressure of 6.7 x 10-3
psia will block vapor flow from the evaporator until it reaches 7509F.
Since there is no vapor flow from the evaporator, it cannot dry out and
thus the system is protected from a hydrodynamic failure until it be-
gins to '"turn on'" at 7500F., At this temperature, however, the hydro-
dynamic limit exceeds the sonic limit which then replaces gas blockage
as the mechanism preventing both hydrodynamic and entrainment failures
until all limits exceed the input power of 6 kilowatts.

The addition of 6.7 x 1073 psia of gas thus constrains the operating
regime of the primary heat pipe to that shown by the dotted line on
Figure 10. If, starting from a cold condition, 6 kilowatts is suddenly
imposed on the evaporator, the evaporator will begin to heat up with
minimal vapor emission, though some diffusion will occur. When it

19
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Figure 10. Heat Pipe Limits for Primary Heat Pipe Operating with
Sodium as Working Fluid and Inconel Walls and Wicks
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reaches 750°F, gas will be purged from the evaporator and the gas
blocked region (gas-front) will begin to move down the adiabatic sec-
tion at a rate dependent on the heat storage and rejection properties
of the active (unblocked) section. During this process, an upper bound
on the heat transport from the evaporator is provided by the sonic
limit curve which protects the system from hydrodynamic or entrainment
failure in the temperature regime where these are below 6 kilowatts.
Once the temperature at the evaporator exit reaches 900°F the full 6
kilowatts can flow from the evaporator which continues to heat the
system and compress the gas. At the design point of 1600° F, the gas
will be so compressed that it occupies only about 0.1 inch of the con-
denser in the thermal storage unit.

It should be emphasized that the dotted envelope shown on Figure 10

does not represent the actual operating curve during a start-up transient.
Rather it represents constrains on the operating regime which have been
designed into the system to assure successful start-ups. The actual
operating curve will fall within this regime, starting with nearly zero
axial heat transfer at 750°F evaporator temperature and ending at the
design point of 6 kilowatts at 1600°F .

The addition of the noncondensible gas has a second beneficial feature.
By acting as a vapor diffusion barrier which progressively moves down
the pipe as temperature and vapor pressure increase, it constrains the
vapor to the unblocked region. Thus, it is only necessary to thaw a
little of the frozen fluid at a time as the gas front moves out, rather
than the entire system simultaneously. This substantially alleviates
the problem of start-up with a frozen working fluid, for it is possible
to assure the return of the liquid to the evaporator while most of

the working fluid in the pipe is still frozen.

Calculation of the maximum evaporator wick fluid depletion during a
start-up from 0O °F yielded approximately 1.5 mils for the noncondensible-
gas inventory specified. This compares with an evaporator wick thick-
ness of 20 mils, showing a substantial factor of safety in avoiding

wick dryout,

2.5 VARIABLE CONDUCTANCE

The gas controlled variable conductance heat pipe attached to the primary
heat pipe is to provide a heat rejection capability for the thermal
energy input in excess of that required to power the VM engine, to melt
the thermal storage material, and to account for the various heat losses.
This excess thermal energy is expected to vary from zero to approximately
3.2 kW during a typical cycle. 1In addition, by appropriately sizing

the gas reservoir and gas inventory the variable conductance heat pipe
fixes the temperature level of the entire 'thermal train."
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Most of the experience to date is related to low temperature variable
conductance heat pipes, but preliminary tests have indicated that the
theory (Reference 5) is directly applicable to high temperature liquid
metal systems. Thus, an investigation was conducted to establish a
feasible temperature control range, required gas reservoir volume, and
radiator design for the solar collector applicaticn. Various problem
areas such as the giffusion freezeout phenomenon and heat leakage were
taken into account.

2.5.1 FLAT FRONT ANALYSIS

First, a rapid survey of the effect of various sink temperatures, evapo-
rator steady-state temperature control spans, and type of reservoir

(hot or cold) was made assuming a sharp vapor-gas front. This approach
assumes that the total pressure in the pipe is established by the evapo-
rator vapor pressure, that the partial gas pressure in the off portion
of the condenser is the difference between the total pressure and the
vapor pressure of the working fluid at the effective sink temperatures,
and that the effect of axial conduction is negligible. A cold reservoir
is defined as a volume whose temperature is approximately that of the
effective sink temperature, whereas the temperature of a hot reservoir
corresponds to the heat pipe evaporator (Reference 5).

The results are shown in Figure 11. Some of the trends in the curves
are peculiar to a high temperature liquid metal heat pipe in that the
vapor pressure at the sink temperatures of interest is negligible.
Providing a cold reservoir, for example, results in a significantly
reduced reservoir volume requirement. Also, the reservoir volume is
essentially independent of the maximum sink temperatuge (full-on
condition). The results indicate that a %15 °F to 220°F control span
would be feasible by installing the reservoir inside the titanium sup-
port structure where the temperature will be relatively constant be-
tween 150°F and 200°F. An attempt to achieve much tighter control
would require excessively large reservoirs. It should also be pointed
out that the results in Figure 11 represent the vapor temperature
variation of the variable conductance heat pipe itself. An additional
temperature drop must be considered in conducting heat through the wick
and wall of the primary heat pipe and into the variable conductance
heat pipe, since it is the temperature of the primary heat pipe that is
being controlled.

2.5.2 TRW GAS PIPE PROGRAM

After the reservoir location and approximate volume were established
using the sharp front analysis, a heat pipe and radiator design was
worked out. One difficulty encountered in sizing the radiator was
that radiation fin efficiency at high temperatures is extremely low.
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This poor fin efficiency led to a high conductivity, rather thick fin
material, which in turn necessitated slotted fins (cold trap) at the

end of the condenser. This is required to avoid an excessively high

temperature at the reservoir feed tube entrance due to the high axial
conductance (Reference 5).

Once a particular wick and pipe size were established using the prin-
ciples outlined in subsection 2.2, the TRW Gaspipe Program (Reference 6)
was utilized to determine the effects of heat leakage during shut down
of the pipe (i.e., minimum power) and axial conduction on the tempera-
ture at the gas reservoir teed tube entrance and diffusion freezeout
rate. The program also yielded a more accurate gas reservoir volume
requirement.

A minimum power loss (full-off condition) of less than 0.2 kW was

found feasible with a 12-inch-length adiabatic section. By providing a
slotted radiator and reducing the wick thickness for a six-inch length
at the end of the condenser (cold trap), the temperature at the feed
tube entran.c can be brought down to approximately 600°F in the full-on
(3.2 kW) condition. Moreover, because of the extremely low vapor pres-
sure of sodium at this temperature, the diffusion freezeout rate is on
the order of 1L c¢cc over a period of years. The associated radiator size
is approximitely 4 inches wide by 30 inches long with a reservoir-to-
condenser volume requirement on the order of 4.5. This ratio is some-
what less than indicated in Figure 11 (V_/V_ = 9.5)., One reason for
this is that the sink temperature which he“condenser "sees" it ictually
somewhat higher than the reservoir temperature for the location chosen
(inside thr titanium support structure) in contrast with the flat

front analysis which assumed them equal.

2,6 PRELIMINARY DESIGN

Based on the material discussed in Subsections 2,2 through 2,5 a pre-
liminary design for the thermal train heat pipes evolved. The primary
concern was to establish a set of heat pipe diameters, lengths, and
wick structures, which yields a system that fulfills the general re-
quirements of the thermal train subsystem. Careful attention to maxi-
mizing capacity and reliability while minimizing system temperature
drops ylelded an attractive system design which offered acceotable
performance, l2ng life, and relative e7se of manufacture. This system
is shown in Figure 12.

2.6,1 MATERIALS
Sodium was selected as the working fluid. In the required operating
temperature range, sodium offers superior hydrostatic and hydrodynamic

performance at acceptable pressure levels. Also, it appears compatible
with the preferred materials of construction.
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With Inconel 600 selected for the wick and wall materials, the effect

of wall thickness on stress and heat transfer in a conservative 8ense
was evaluated Substitution of columbium alloys in place of Inconel 600
at 1600°F would, in all cases, satisfy the limits established for
Inconel 600 because of their greater strength and higher conductivities.
The converse would not be true. No attempt to resolve the long-term
operational capability between sodium and Inconel 600 was made in this
preliminary design effort. Many benefits of Inconel 600 utilization
include:

a. Ready availability
b. Oxidation resistance
c. Modest raw materials cost

d. Properties consistent with atmospheric processing during heat
pipe fabrication

e. Properties consistent with survival in case of loss of vacuum
during high temperature system tests

f. Flexibility in fabrication and welding

Dependent upon the size of the heat pipe hardware, a large differential
exists between the fabrication and test costs of an Inconel 600 type
system and a refractory metal system. Specific long-term service con-
straints of Inconel-type heat pipe materials include:

a. Sublimation rate of chromium, the highest vapor pressure alloy
element of Inconel,.

b. Mass transport processes between sodium and Inconel alloy
elements.

With regard to chromium sublimation, the upper free surface ljimit
(assuming no diffusion limit in the alloy) approaches 3 x 10™° cm/year
at 1600 F. Use of cladding or coating techniques can reduce this value.
TRW experience with Inconel/sodium heat pipe systems up to 2200°F service |
temperatures includes satisfactory performance for many hundreds of hours
with no indication of mass transport failures. However, because of the
dependence of this type of failure on both the chemistry of the specific
sodium/heat pipe materials and circulation rates, extrapolation of data
between various tests and designs is not readily accomplished.

2,6,2 PRIMARY HEAT PIPE

Based on the background presented in the previous subsections of this
report, a thermal train was specified and sized which included all essen-
tial components, primary heat pipe, secondary heat pipe, and thermal energy.
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t 2.6.2.1 Condenser

Referring to subsection 2.2, Figure 8, the optimum primary condenser
diameter would be approximately 4.5 inches i.d. A slightly smaller
diameter, however, was chosen to reduce the gravitational loading on
the evaporator and adiabatic wicks. This diameter requires a wick
structure on all the surfaces made of 70 mesh bolting cloth,

Ejuations 3, 4, and 5 when used to establish the thermal storage system
geometry for a 2-inch o.d. secondary heat pipe with 0.050-inch wicks
on its outer surface and those of the canisters, yields:

Number of canisters 8

Diameter of canisters 0.9 inch

Length of canisters 35 inches

A wick thickness of 0.20 inch must be used for the outer surface of
the primary pipe condenser as specified in Figure 8.

The temperature drop associated with 2.5 «W heat transfer through the
primary wick is = 0.7 F. This value is low because of the low heat
flux in combination with the thin (50 mil!) wicks.

2.6.2.2 Adiabatic Section

Because the final system will require a 90 degree bend in the heat pipe
and to minimize the temperature drop between the primary heat pipe and
the variable conductance heat pipe, a coaxial bolting clotn wick,
illustrated in Figure 12 was suggested. This type of wick is easier

to fabricate and not as easily damaged in bending as circumferential
wicks or arteries. Moreover, a homogenous wick as opposed to arteries
randers the system less susceptible to failure by means of wick erosion
or corrosion.

For sizing the wick, the effective length and loading (4p ) must be
known. The curves in subsection 2.2 are valid for coaxial and circum-
ferential wicks, if the relative areas are maintained. The total length
of the primary heat pipe is 90 inches including the 35-inch condenser.
Thus, the effective length of the adiabatic section is 55 inches. The
vapor pressure drop in the condenser is negligible. Therefore, the
loading parameter (8p ) is the sum of the liquid pressure drop, Figure 8,
corresponding to the Sbove dimensions, plus the gravitational head from
the bottom of the condenser to the top of the heat pipe. Referring

to Figure 2 for a 2.25 inch o.d. tube, 8p = 17.0 psf, and a heat
transport capacity of approximately 550 kf-inches is obtained for a
reasonable wick tliickness of 0.3 inch. This is equivalent to a 1.5-
inch diameter coaxial wick. Dividing by the effective length, the power
transfer capacity is
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y o= 230
Q = 3 11.0 kW

This is more than enough capacity for the 6.1 kW heat load having a
factor of safety~ 1.8. A #60 mesh bolting cloth was assumed in the
calculations for the above conditions.

2.6.2.3 Evaporator

Though Equation 2 proved the evaporator flow losses to be independent

of the evaporator diameter, the total pressure drop Ap term is dependent
on its diameter. For a 2.0-inch radius hemisphere using 60 mesh bolting
cloth in the adiabatic section the total pressure drop is more than 50 psf.
Using a 165 mesh bolting cloth, or the equivalent, yields a wick thickness
of only 0.020 iach, including a factor of safety of 2.0,

Based on the stress calculations in subsection 2.3, a hemisphere wall
of 0.020 inch to 0.025 is required; the cylinder should be 0.050 inch
thick ‘Table .}. (Note thut making the cylinder wall oo thick may in-
crease the stresses in the thin wall end cap.) If the minimum value is
used, then the temperature dr0p associated with the evaporator varies
from 0°F at the base to 37°F at the center of the hemisphere. 1If a
larger temperature differential can be allowed, a slightly thicker wall
is recommended.

It is only necessary to provide a thin wick over the hemispherical heat
transfer surf-ce. The wick in the opposite surface and the cylindrical
walls can be :hicker to act as a fluid reservoir during start-up and

to provide liuw flow resistance in distributing fluid around the
hemisphere.

2.6.3 SECONDARY HEAT PIPE
2.6.3.1 Condenser

Because a large diameter secondary heat pipe condenser (emitter) imposes
a significant gravitational loading on the adiabatic and evaporator
section wicks, the diameter was reduced to 10 inches for the system
studied. For a radiation area of 140 square inches the condenser had

to be 15 inches in length. As in the primary condenser, the diameter
and heat load fixes the mesh size and thickness. Referring to Figure 9,
a 0.10-inch-thick wick was selected to minimize the liquid pressure
drop. This corresponds to 145 mesh bolting cloth for the wick material.

The smaller diameter condenser also reduces the severe stress limita-
tion on the wall thickness. For the present design, a 0.125-inch wall
thickness (Tablc II) was selected, leading to an overall temperature
drop of 8°F through the emitter wick and wall.
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2.6.3.2 Adiabatic Section and Evaporator

The same type of coaxial wick used in the primary heat pipe is also
recommended for the secondary heat pipe. However, the mesh size and
diameter will differ. Also, .he secondary adiabatic wick will extend
into the 35-inch evaporator length. Since the total length of the
secondary heat pipe is 90 inches, excluding the condenser, the
effective length is calculated from Equation 1 as follows:

Ly = 35 +22 33) - 72.5 in.

The loading parameter, 4p , is due to the condenser liquid pressure
drop obtained from Figure°9 and the gravitational head from the bottom
of the condenser to the top of the heat pipe. Thus, entering Figure 1
for a 2.0 inch o.d. tube, and 8p =« 27 psf, a heat transport capacity
of 275 kW-inches is obtained for®a 0.3-inch wick. This is equivalent
to a 1.4 inch diameter coaxial wick. Dividing by the effective length,
the power transfer capacity is

: 275
Q 2.5 3.8 kW

This represents a factor of safety of ~ 1.5. Optimization for the
above dimensions yielded a bolting cloth of 105 mesh for che secondary
coaxial wick.

The temperature drop between the primary heat pipe and the secondary
heat pipe is simply due to the 0.05-inch wall and two layers of No. 105
mesh screen (or circumferential grooves) on the wall. This corresponds
to~ 1.7F for a 2.5 kW heat load.

2.6.4 VARIABLE CONDUCTANCE HEAT PIPE (VCHP)

The VCHP was discussed in some decail in subsection 2.5. Since the VCHP
was not a part of the thermal train itself, a general hydrodynamic (QLeff
curve was not necessary. A circumferential bolting cloth wick, as
shown in Figure 12, is adequate for this heat pipe. Calculations yielded
a 0.2-inch-thick wick of 50 mesh bolting cloth with a factor of safety
of about 2.0, By using several transfer wicks a very thin wick may be
used over the evaporator heat transfer surface. The temperature drop
through the wick and wall between the primary and variable conductange
heat pipes varies from zero in the full-off case to approximately 15°F

in the full-on case. Although this temperature drop is small, it illus-
trates the need for a common wall. Clamping the VCHP to the primary

heat pipe would result in an excessive thermal contact resistance.

)
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As mentioned in subsection 2.5, the rather low radiation fin efficiency
at high temperatures causes some difficulty in the radiator design.

A nickel-clad copper radiator with slotted fins to reduce axial con-
duction was assumed in the calculation. By providing a 12-inch in-
sulated adiabatic section, the heat leak in the full-off condition was
calculated to be less than 0.2 kW.

The results of the TRW Gas Pipe Program indicated a gas reservoir volume
of 25 cubic inches for a temperature variation of 35°F in the VCHP
vapor temperature. Slightly better control might be achieved with a
larger reservoir, but the design is reaching the point of diminishing
return. The variation in wall temperature drop must be added to that

of the vapor temperature, yielding an overall control range of 50°F.

The amount of gas inventory fixgg the operating temperature of the

system. In the VCHP a 2.4 x 10 1b-moles of nitrogen will yield a
primary heat pipe control range of 1600°F to 1650°F, which assures a
temperature above that of the thermal storage material fusion point.
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SECTION 1II

DESIGN, MANUFACTURING, AND TESTING OF FIRST
FIFTEEN FOOT PRIMARY HEAT PIPE

3.1 INTRODUCTION

This section describes the design, fabrication and testing of the first
15-foot primary heat pipe, capable of delivering 6 kW at 1600°F, which
can be integrated with a thermal energy storage unit described in Sec-
tion VII of Volume III of this report.

In Section II a preliminary design of a Thermal Train Subsystem was
analytically evolved which needed experimental verification., The initial
design appeared inappropriate for the experimental phase because ot its
complexity. A simpler demonstration design was laid out with which the
fabrication and assembly methods for wicks and structures of a full-scale
heat pipe could be established. The general guidelines for the 15-foot
primary heat pipe were:

a. Fifteen-foot running length
b. Constant diameter cross section

c. womposite or homogeneous wick structure

d. 6 kW of power at 1600°F delivered
3.2 DESIGN ANALYSIS
3.2.1 HYDRODYNAMIC DESIGN

Detailed hydrodynamic designs were performed for two 1600°F sodium
15-foot 6 kW heat pipes. These designs are summarized in Table III.
Figures 13 and 14 show the calculated performance limits for the two
15-foot heat pipes with 2,50 and 2.25-inch diameters, respectively. The
limits are plotted as functions of the evaporator exit temperature. The
design for the two 15-foot pipes specifies a composite homogeneous dia-
metral wick for the return flow of the working fluid. This wick design
calls for a 38-mesh bolting cloth which encloses a thin section of
60-mesh screen. The 60-mesh screen, identified as the '"wet finger,"
serves to maintain sodium in the evaporator during start-up and through
significant volume change due to expansion and contraction.

The volume change of sodium between room temperature and 1600°F is ap- 4
proximately 21 percent. The required fill is based upon the liquid vol-

ume required at the operating temperature 1600°F, thus during shutdown

with a single mesh size, the contraction could conceivably be concen-

trated at the evaporator end. Use of a smaller 60 mesh bolting cloth
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TABLE III

FIRST PRIMARY HEAT PIPE
COMPARISON OF DESIGN PARAMETERS

First-Primary Comments
HEAT PIPE
Tube o0.d. (inch) 2,50 2,25 2,50 o.d. tube
Wall (inch) 0.0625 0.0625 considered for
Length (inch) 180 180 better start-~-up
Evaporator Length (inch) 24 24
Condenser Length (inch) 37.5 37.5
WICK
Diametral Wick
Width (inch) 2 1.1 1.1 Primary wick includes
Cross Section Area (inch”) 2.4 2.1 0.1 inch wide "wet
Mesh (Bolting Cloth) 38 38 finger" for start-up
made of 60-mesh bolting
loth
Circumferential Wick o
Number of layers 2 2
Mesh 60 60
Wire diameter (inch) 0.007 0.007
OPERATING CONDITIONS
Temperature (°F) 1600 1600
Power Input (watts) 8000 8000 Includes insulation
. loss
Evaporator Heat Input
Flux (watts/inch?) 42 47.2 Based on tube o.d.
Condenser Hsat Flux
(watts/inch®) 31 22.6
Axial Mass Transport Flux
(1b/hour-inch2) 6.0 8.0 Based on power input
INSULATION
Number of layers 3 3 J=M Flex Min-=K
(0.375 inch layers)
Heat Loss (watts/feet) 110 100
32
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structure along the diametral length guarantees that it will contain
sodium by drawing from the 38 mesh bolting cloth as required.

Theoretically, the 2.5-inch diameter heat pipe provides a higher steady-
state limit than the 2.25-inch pipe at the operating point of 1600°F,

and significantly higher capacities at lower temperatures. Neither
steady-state sonic nor entrainment limit either design. Transient start-
up curves could not be modeled for these pipes. For that reason, some
concern had to be given as tov how much power can be applied in the frozen
start-up. Methods which individually or in combination could assure cor-
rect start-up include:

a. Start-up at a reduced power, i.e., < 2 kW

b. Use of an inert gas to control the rate of vapor front growth
during the start-up transient

c. Use of supplemental start-up heaters along the heat pipe

All three options were available for testing the 15-foot heat pipe so

that design and operational criteria of both steady-state and transient
performance could be established. Start-up at reduced power implies, in
space application, either off-pointing of the collector or shuttering the
receiver, or both., Use of an inert gas requires containment of the

inert gas during steady-~state heat pipe operation after start-up has

been achieved. 1In this case, the location of gas reservoirs, (internal

or external) must be considered. Figure 15 illustrates a calculated
internal gas reservoir length if the gas could be contained internally

at the condenser end. It is immediately apparent that the temperature
difference between the primary heat pipe and the secondary heat pipe,
resulting from the use of gas, would profoundly influence the gas reservoir
volume., This curve further shows the impracticality of containing a full
inventory of start-up gas in an internal reservoir when the primary con- |
denser is well clamped to a secondary system.

3.2,2 INSULATION DESIGN

In addition to the detailed hydrodynamic design, insulation losses were
calculated for the proposed in-air testing as shown in Figure 16. The
hydrodynamic design has to account for these losses. For the in-air tests,
the primary pipe is therefore designed with an 8 kW capacity delivering

6 kW at the condenser.

3.3 MECHANICAL DESIGN

The mechanical design of the primary pipe is shown in Figure 17,

One full-scale unit was manufactured per this configuration, The pipe
was constructed of three 5-foot sections of 2.25-inch o.d. Inconel

600 tube that are girt-welded. A single diametral wick structure, 1.1
inches wide, runs the length of the tube and terminates 6 inches from the
condenser end. A flange with a fill tube for later integration with a
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Thermal Energy Storage System is located 37.5 inches from the condenser
end. The evaporator end is closed with an end cap which is provided with
two fill tubes. A double wrap of 60 mesh nickel screen is placed around
the inner circumference of each 5-foot tube section. The diametral wick
structure is built up from 94 layers of folded 38 mesh Inconel bolting
cloth. A O0.l-inch thick 60 mesh (10 layers) nickel screen (the 'wet fin-
ger') is located along the core of the diametral wick. The diametral
wick is held together by Inconel 600 bolts between two 0.025-inch Inconel
straps. A 2-foot long by 0.00l-inch thick zirconium foil is located in a
center fold at the evaporator end of the diametral wick structure to
serve as an oxygen getter.

Several manufacturing concepts were evaluated which are briefly reviewed.
Key manufacturing design and developmental areas included:

a. Method of wick forming and manufacture

b. Use of mitre or bent wicks and tubes for effecting the heat pipe
off set required in the spacecraft

c. Modular concepts
d. Wick installation methods
e. Wick support methods

Clearly, a strong interplay between each of the above exists in evolving
the final hardware design. Though the 15-foot heat pipe design in this
phase embodied certain simplifying features, which an ultimate thermal
train subsystem heat pipe will not permit, it provided a mechanism for
establishing the appropriate full-scale hardware manufacturing technology.
Further, it provided a test unit which can ultimately be used to perform
testing on a long, high-powered liquid metal heat pipe with a thermal
energy storage unit.

3.3.1 WICK FORMING AND MANUFACTURE

Only two forms of wick materials appeared practical for a 15-foot wick
system, screen materials and porous metal felts. Both require extensive
shaping or lay-up to achieve the final wick dimensional cross sections.
From the screen material, long sheets or strips must be formed or cut by
stamping or die operations. Metal felts might possibly be fabricated to
achieve a final cross section during manufacture; an alternate consists
of laying up strips. With either screen or felt materials, the cross-
section will be partially dictated by the manufacturing method selected
and the design solution to off-setting the evaporator from the condenser.
Metal felts were not available in the length or material of interest.
Likewise bias-cut screen was limited to 48-inch wide stock. Thus, the
approach concentrated on was wick design which could be formed from
15-foot wide screen material and thus avoid joints in the wick structure.
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Both bolting cloth and conventional screen weaves were found available
in stainless steel, nickel, and Inconel materials.

Several rractice methods of lay-up were performed with screens to estab-
lish forming methods. Cutting or die operations were found unnecessary
when folding methods were demonstrated to be consistent with both handling
and tolerance requirements. Diametral-type folded structures were capable
of conforming to 60-degree bend dimensions prior to tightening of connec-
tors holding the structure together (see Figure 18).

3.3.2 OFFSET

The pipe and wick structure can be offset by joints or by bending. Bend-
ing appeared attractive in contrast to joints only in that it reduced the
number of welds required on the pipe itself., Bending of the pipe presumes
the wick structure can be designed and fabricated in such a manner as to
permit bending of the thick wicks. These wick designs had previously in-
volved use of bias-cut screen and/or placement of the wick structure along
the neutral bend axis. The entire wick structure would be fabricated
prior to installation in the heat pipe tube and the bending operation.

Joints would allow both shorter sections of pipe and wick structure to be
independently fabricated. However, a design permitting the joining of
the wick structure as well as the pipe would be required. A significant
development effort would be required for developing a method of wick
connection.

Development of a method for forming long diametral wick structures, which
would conform to 60-degree offset bends, leads to examination of a means
for providing the tube offset. It was found that Inconel tubes of the
size of interest (short of a mill run) were available only as rolled,
welded, and drawn tubes of 6-foot lengths. This suggested the use of
elbows which would allow transition between straight sections and permit
easy installation of the wick. As shown in Figure 19, demonstration

tube bends of 2-inch o.d. stainless steel were made. The contemplated
design called for axial slitting the bent tube sections to form a split
elbow to be placed over the wick structure already installed into straight
tube sections.

3.3.3 WICK INSTALLATION AND SUPPORT

Wick installation involved insertion of a single continuous preformed
wick structure into the tubing. Furtermore, the wick design complexity
and its method of support were expected to strongly interact with the
wick installation method.

Wick support methods which were considered included continuous or semi-

continuous radial rails and structural skins or direct contact between
the wick material and the tube wall. Either the tube wall itself must
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Figure 18, D2monstration Diametral Wick

Figure 19, Demonstration Elbow Sections

Figure 20. Demonstration Section Installed Wick
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be deformed to provide a final interference or the wick structure must
provide a method of locking the support(s) in place. Where bends occur,
methods different from those used in straight sections were considered.
These included:

a. Warping the tube along one axis and installing the wick structure
to effect an interference fit upon release of the tube

b. Drawing the tube over the wick structure to reduce the tube
diameter

c. Some form of eccentric design which would lock the wick in place
upon rotation

The final method selected for the installation of the fully formed 15-foot
long diametral wick was to compression warp the individual 5-foot tube
sections normal to the diametral dimension to aliow drawing the structure
tkrough the tube. Release of the tube compression provided an interfer-
ence fit (see Figure 20) to establish both the structural support and
capillary communication with the wall wick. Both drawing or lock designs
involved disadvantages, the first in contamination and the latter in
complexity.

3.4 HARDWARE BUILD-UP

In addition to the physical structure of the heat pipe itself, a number
of elements supporting the hardware build-up for process and fill, and
ultimate testing were incorporated. These are summarized in Table IV and
described in the assembly sequence.

All parts were fabricated according to print. Final cleaning of the
parts prior to assembly was per TRW Specification PR-2-2K, level 1.
Cleaning of the tube sections both prior to and following installation of
the circumferential wick was made, The diametral wick structure was
final-cleaned prior to installation and tightening of the Inconel bolts.
Figure 21 shows the major parts prior to assembly. Installation of the
diametral wick was effected by compression of the individual 5-foot tube
sections to allow drawing the wick structure through the tube. The end
caps, TES flange, and tube girt joints were inert gas welded. All welds
were dye penetrant and x-ray inspected. Following addition of two Nupro
high temperature valves (SS4-TW-STE-HT) to the fill tubes, the structure
was helium leak checked.

The unit was then prepared for process and fill by addition of thermo-
couple instrumentation, start-up and process heaters, and insulation.
Twelve thermocouples were attached along the 15-foot length using Inconel
tabs spot-welded to the tube wall. The sensing tips were torch brazed to
the tube wall using 82-Au-18-Ni braze. The sensing points were located
on the vapor core 90 degrees from the diametral wick axis, alternating
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Diametral Wick

Wet Finger and
Circumferential Wick

Diametral Wick Retainer

Diametral Wick Connectors

Getter
Tube

End Caps and Flange
Fill Tubes

Heat Pipe Fluid

Start and Processing
Heaters

Thermocouples

Braze Material
Valves

Insulation

TABLE 1V

FIFTEEN-FOOT HEAT PIPE
BILL OF MATERIALS

Type/Size

38-mesh bolting cloth
0.0065 inch wire diameter

60-mesh screen
0.007 inch wire diameter

Sheet 0,025 inch thick

6-32 NC round head screw
and nut

Foil 0.001 inch thick

2.250 inch o.d. by 0.063 inch
wall

Sheet 0.250 inch thick

0.250 inch o.d. by 0.035 inch
wall

Bulk

Semicylindrical heaters
Model 50242, Type 2718-KSP

CR-Al 1063K6E, CR-Al 1063K12E

Rod
Nupro SS-4TG

Sheet 36 by 36 by 3/8
72 by 36 by 3/8
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Material

Inconel 600

Nickel 200

Inconel 600
Inconel 600

Zirconium

Inconel 600

Inconel 600
Inconel 600

MSA High
Purity Sodium

Lindberg Hevi
Duty

Sneathed
Inconel 600

827%Au-~187Ni
Satellite Tip
J=M Flex-Min=-K
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Figure 21. Fifteen Foot Heat Pipe Parts




from side-to-side. Thermocouple 1 which was located at the evaporator
end and thermvcouple 12 which was located at the condenser end were
removed prior to testing. Thermocouples 2 through 1] were located along
the adiabatic section which extended 2 feet from the evaporator end to
the TES flange. Ten 1200-watt half cylinder heaters (Lindberg Model
50242 Type 2718-KSP, each 18 inches in length) were placed along the
bottom half of the heat pipe. Two units at the condenser end and two
units at the evaporator end were removed prior to testing. A triple

| wrap of 3/8-inch J-M Flex-Min-K insulation was added all along the tube.

Circumferential joints in the insulation were made at the TES flange and
2 feet from the evaporator end to effect later reconfigurations with
minimum insulation impact. Figures 22 through 28 show the unit at
various stages of preparation and fill,

Figure 22 views the unit from the evaporator end and shows the thermo-
couples along the heat pipe structure., Figure 23 is from the TES flange
looking toward the evaporator. Figure 24 is from the condenser end and
shows the balance used to weigh the structure. The dry unit (no sodium
fill) with valves and thermocouples wcighed 64.75 pounds. 1In Figure 25,
heaters and insulation have been added forward of the TES flange.

Figure 26 shows the two heaters mounted on the condenser and Figure 27
shows completion of the insulation. The unit ready for sodium fill
following vacuum bake-out is shown in Figure 28,

The weight of the system including heaters and insulation was 122,93
pounds, the major contribution coming from the heaters. Prior to fill,
the unit was thermal vacuum baked as a preconditioning step for cleaning
the internal surfaces, Vacuum was established by manifolding the two
fill valves to a liquid nitrogen trapped oil diffusion pumped vacuum
system. Upon heat-up, using the processing heaters, significant outgassing
occurred at 600°F which took several hours to eliminate. The temperature
was then raised to 1200° and held for several hou.s without further evi-
dence of any significant degassing. After connecticn to the fill system,
8.5 pounds of sodium was transferred intc the pipe from a primary sodium
source. The fill was accomplished at 30'°F using argon as a drive gas to
move the sodium, The initial transfer was to a secondary reservoir which
was volumetrically calibrated. The sodium was subsequently transferred
into the pipe from the secondary volume.

The pipe was operated in the reflux mode using the integral heaters to
self-process the pipe. Initial venting to vacuum while cold and subse-
quent burping to vacuum at temperature removed the residual drive gas
(argon). Self-processing up to 1500°F was imposed.
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Figure 22. Fifteen Foot Thermal Train Heat Pipe -
View Toward Condenser
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Figure 23. Fifteen Foot Thermal Train Heat Pipe -
View Toward Evaporator
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Figure 24. Fifteen Foot Primary Heat Pipe -
Condenser End with TES Flange

006562

Figure 25. Primary Heat Pipe Following Addition of
Heaters and Insulation Forward of TES
Flange
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Figure 28.

Sodium Fill System with Primary Pipe
Attached

48




|
|
!
4
3

It was observed that vapor pressure losses did not permit irothermal
operation below 1000°F, the steady-state temperature achieved with

~ 1000 watts input by the two condenser heaters. With 2050 watts applied
to these heaters, the pipe was isothermal above 1000°F and equilibrated
around 1500°F, These results indicated that the insulation design per-
formed as expected. The ~ l.5-inch axial length increase due to thermal
expansion is readily apparent at temperature.

With the fill completed *tiie primary heat pipe was ready for steady-state
heat transfer tests and transient start-up studies. Use of an inert gas
to assist in start-ur was to be evaluated. Initial testing was to be
performed with a 24-inch long evaporator using an 8 kW heater. This
evaporator length was consistent with the design analysis of Table III
and Figures 14 and 29, The steady-state performance limits for the

wick design of Figure 14 as function of evaporator flux were analyzed
(see Figure 29), It can be seen that the heat pipe capacity decreases
rapidly with increasing evaporator flux.

The calculated hydrodynamic performance limits shown in Figures 14 and
29 considered no benefit from the arterial passage ways which existed
between the diametral wick and tube wall. The calculated inventory to
satisfy the internal void volume required 8.2 pounds of sodium at
1600°F. A modest overfill of 0.3 pound was selected to derive some
benefit from fillets. During steady-state heat pipe mode operations,
all excess fluid winds up in the condenser, thus offering no real
capacity increase (unless the unit is operated as a refluxer). Under
serious overfill conditions, significant condenser heat transfer area
blockage could occur.

3.5 INITIAL PERFORMANCE TESTING

After filling and processing of the first primary heat pipe, initial
performance testing was undertaken by the designers and builders of the
heat pipe. The tests were to confirm the power transfer capability of

6 kW at 1600°F, and to optimize the inert gas fill for start-up of the
heat pipe from the frozen state, Methods of transient start-up that were
investigated included:

~ Start-up with reduced power input, i.e., €2 kW

® Use of supplemental heaters along the adiabatic section
of the heat pipe

) Use of an inert gas to control the rate of vapor front
growth during the start-up transient.
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3.5.1 TEST SETUP

The objective of the initial testing, on the 15-foot primary heat pipe
of the EOS Thermal Train Subsystem, was to determine the heat pipe
power transfer capability, along with transient tests to establish

the heat pipe start-up capability.

The tests were performed at TRW in the ATD Heat Pipe Laboratory, Build-
ing R1, Room 2015, The laboratory environment was maintained at

75 £ 5°F, with the test specimen heavily insulated to limit heat loss
to the surrounding environment. Cooling capability for the specimen
was provided from the laboratory water supply at 70 + 10°F.

3.5.2 HEAT PIPE

The heat pipe is divided into three sections (see Figure 30). The
evaporatory (24 inches in length), the condenser (37.5 inches in

length) and the adiabatic section (118.5 inches in length). For testing
ni-chrome heaters were located along the evaporator and the adiabatic
sections and were insulated with J-M Flex-Min-K insulation. A water
calorimeter was located at the condenser section to remove and measure
the power that was transferred by the heat pipe.

3.5.3 TEST INSTRUMENTATION, READOUT EQUIPMENT, AND TEST SUPPORT HARDWARE

The following test instrumentation and readout equipment were employed:

a, Thermocuples

(1) #1063K12E and #1063K16E chromel-alumel thermocouples 1
sheathed with Inconel 600: 12 required and located 1

as shown in Figure 31 Thermocouples #l1 through #12, i
|

1

|

(2) Copper constantan thermocouples: 3 required and
located as shown in Figure 30, Thermocouples #13 through
#15

(3) Claude S. Gordon copper constantan grounded sheathed ;
thermocouples (0.063 inch sheath diameter) and fittings L
for measuring coolant temperature. Minimum immersion 4
depth of 2 to 3 inches: 4 required as shown in |
Figure 30, Thermocouples #16 through #19,

51




uorjejuaWNiI3sul pue uorje[lelsu] Is3a] adid IeaH -°of 2an13

L 4
ORI VRSN W
52;"’
800, VWG nes- wns
pobdil (% 910 WL
NOUVIES - X8 20 Jewes O1 oS s .
NIV “M-1 20 WOV W O BuN0LNGD Tus SPVW D ¥3LIme0TVI @ ! <s
1:.'3.[-/ Q-!.!Su.b!.\ SOwe -..../ Ecgj
1 i \_ S |
1 i2 « s Ouvves
d RN c -4 “ o ® W
ulw.-‘ y M‘\
s..,...w. %% mh...‘ \A'IIIIII"
8 P e " 3 “ullllllllllnl NOUVVIES Y- XTV-0?
I T T X T T wolvs oo
L o 344 LV Hn“
N P 0,0 NS WINPT IO P WIS SO I IS / _
[N SEp— -_—
o P —_— sme
1.0 H..\ b o 0
L IAE ey 13 03 183
w0iveoswa <
- oYY — — — —|— (s J——y—( ¢ [ ] A.v [ ] [ ] L] i o ows
|
2 - T | v smaam] 5 mv @ - > o~
WOLVUOSVAR -
portposins S (s ® OH SOV s T NencoomeB | X | PPy
oot 9B8L) l—
..E.ll.». WIS NIV EOUVVIES AVOs 0 W |

vaum asw
poirioN v
e

weLsn smmw
himeowd s MWA Sasluim
» uwon —e

-l ﬂ [
4&& _
V1399 1900
WiesO 81 ON NUNL Lt O D4 D
TERYYW- YI90unD £ On NN + Ol D4 WV0 01 @

0017201 encoomem tumsuse —( ) w a— .l_ = _1..

SV D AR ueed




1T P e

s123e9H pue sajdnooowaay] adid Jedl Liewyad IO UOTIEJ07]

ZL NYHL € S.'ON 31

(3301N2 3YNLVHIIWIL HOIH ).€ 'ON *O°L

*1¢ 2an814

AIIM

TvHli3IwvIA

ADIM TVILNIYIINNIYID

SMOT704 SV ATTIVILNIYIIWNIYIO G3ILVI0T JHV SININOIOWHIHL 3did LVIH @

374NOJ0WHIHL 3IJIA3A 401N FHNLVHIIWIL HOIH IHL 40 NOILVYIOI
St .E€ON ‘A ‘1 "3did 1V3H 3HL NO Q31VI01 34V S$IV4NOJOWHIHL
H3IH10 717V ‘SH3ILVIH HOLVHOIVYAI IHL NO Q31VI017 38V ZANV L S.ON J'l @

SHIGWNN ‘A 'I I TdNOJOWHIHL
133HS ViVva B 43AHOI3Y OL ANOESIHHOD 3did LVIH NO $.'Q I IVIIHINNN @
‘S310N
O=A «
A *—
‘NI 2 ‘NI Z
_,z. #| 'NI9 | 'NIS NI 9L ‘NI S'ZL ‘NI9 | 'NI9 | 'NIO | *NI o'_l.z_ 9 n_
I _ |
S ’ z N\ 9 3 8 3 ot Lzt
" L 4 ° [ L] / Y Y e o [ ] L] .
3IONVId
‘NI 92 ‘Nl G°LE
la)— i
< HOLVHOJIVA3I = ‘NI S8LL Z NOIL1J3S J11VEVIaY 43ISNIANOD -
NOIL1J3S SIHL NOILI3S SIHL
- — et m
SH3IL1V3IH HOLVHOJVAI m




"m.'u-—-nfm:f44—————————fr—————————~mmwmnw~ww«v~

Electrical Heaters

(1)

(2)

Evaporator: Five (5) 48-inch long, 2100 watt
VULCAN ni-chrome heaters sheathed in Inconel,
rated at 120 volts and 20 amps.

Adiabatic section (supplemental heaters): Six (6)
15-inch long, 1200-watt Lindberg Heavy Duty Ni-Chrome
half cylinder heaters, Model #50242, Type 2718-KSP,
Heaters are placed along bottom half of heat pipe.

Heater Power Sources

(1)

(2)

Evaporator heater circuit: Five (5) 110 volt,
20 ampere variacs.

Supplemental heater circuit: 3-phase balanced circuit
with 120 volt, 12 ampere variac.

Temperature Control

(1)

(2)

Temperature limit on evaporator: Honeywell Versagudrd
Model #R7161, Type K, O - 2000°F range.

Temperature on calorimeter: Kistler Model #510N 185 Al95,
opens at 195 iﬁoF, closes at 185 %5°F,

Temperature Recording

(1)

(2)

(3)

(4)

One (1) - 12 point chromel-alumel recorder:
100°F to 1800°F range for monitoring thermocouples #1
through #12,

One (1) - 12 point copper-constantan recorder:
50°F to 200°F range for monitoring thermocouples #13
through #15,

Speedomax H single point recorder for measuring
temperature differential between thermocouples #16 and
#18, 2 and 5 mV full scale capability.

Potentiometer for reading temperature differential
between thermocuples #17 and #19 and between thermocouples
#16 and #18,
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f. Flow Measurement

(1) Dwyer Rate Master Flowmeter, Model #RMC142SSV,
0.2 to 2.2 gal/min.

(2) Fischer and Porter Company, Model 10C1505 turbine
flow meter.

“ (3) Pressure regulator and pressure giuge (100 psi, 5 psi
increments,

g. Power Measurement
(1) One (1) 15 ampere ammeter, (supplemental heaters).
(2) Five (5) 20 ampere ammeters (evaporator heaters).
3.5 WATER CALORIMETER

The basic design of the water calorimeter which acts as a radiation heat
sink is illustrated in Figure 32. The design considers several radiation
heat transfer shields with high emissivity surfaces and a single conduction
heat shield. The radiation emissivity of the radiation heat shields was
to be better than 0.6, and was achieved by the wet hydrogen oxidation
process. Depending on the desired total heat transfer, shields with
varying amounts of cutouts were used, The conduction heat shield had a
0.375-inch thick layer of J-M-Flex-Min-K insulation, For achieving a
broad range of heat transfer while keeping the condenser section of the
primary heat pipe at the design temperature under all heat transfer
conditions, a total of eight (8) heat shields were to be used as shown

in Table V. Thus, the power transfer could be varied by approximately
1.2 kW in the power regime of 5 to 10 kW and by approximately 0.6 kW in
the power regime of 1 to 5 kW,

Additional adjustment in the heat transfer, e.g., s 10 percent was to be
attainable by adjusting the coolant flow rate.
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HEAT SINK (WATER COOLED,
12 IN. DIA)

HEAT SHIELD NO. 3
(STAINLESS STEEL,
6.5 IN. DiA)

J-M FLEX. MIN-K
INSULATION

o)

7

HEAT SHIELD NO. 2

(STAINLESS STEEL,

5.5 IN. DIA)

t HEAT SHIELD NO. 1
(STAINLESS STEEL,
4.5 IN. DIA)

Figure 32. Radiation Heat Sink for Primary Heat Pipe Testing

2
2
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TABLE V

RADTATION HEAT SINK DESIGN FOR PRIMARY HEAT PIPE TESTING

Radiation Shield (#2 or #3) Conduction Shield (#1) Nominal Power (kW)
Neither No 10.5
#2-1 (80% cutout) No 9.3
#2-2 (607% cutout) No 8.1
#2-3 (407 cutout) No 6.9
#2-4 (20% cutout) No 5.6
#2-5 ( 0% cutout) No 4.4
Neither Yes 5.2
#2-1 Yes 4.6
#2-2 Yes 4.0
#2-3 Yes 3.4
#2-4 Yes 2.8
#2=-5 Yes 2.2
#2-5, #3-1 (50% cutout) Yes 1.8
#2-5, #3-2 ( 0% cutout) Yes 1.3

The condenser end of the heat pipe is shown in Figure 33 with thermo-
couples installed (spot welded) prior to the installation of the calori-
meter. A typical calorimeter radiation shield is shown in Figure 34.

The water cooled calorimeter is shown installed in Figure 35. The calori-
meter consists of a 12 inch o.d,, 0.05-inch wall copper calorimeter shell
wrapped with 3/4 o.d, copper cooling coils brazed to the shell. The
calorimeter is painted on the inside with Cat-a-lac flat black paint to
enhance radiation heat transfer with the heat pipe and with the radiation
shields. The completed calorimeter installation is shown in Figure 36.
The calorimeter was insultated on the exterior with foam insulation. A
removable insulated end cap was installed on the near end of the calori-
meter. This cap allowed for easy changing of the calorimeter radiation
shields during testing when it was desirable to have a different radiative
heat transfer coupling between the heat pipe and the calorimeter copper

shell,
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Figure 33. Condenser End of Heat Pipe with
Thermocouples Installed

o077

Figure 34, Condenser End of Heat Pipe with a Typical
Calorimeter Radiation Shield in Place |
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Figure 35. Calorimeter Installed on Condenser
End of Heat Pipe

Figure 36, View of Completely Insulated Calorimeter
and Heat Pipe




The thermocouples for the evaporator heater and the evaporator are
shown installed in Figure 37. These thermocouples were spot welded to the
heat pipe and the heaters at the specific locations are shown in Figure 31.
The evaporator heaters are shown completely installed in Figure 38,

The completed heat pipe assembly with all insulation and test hardware
installed is shown in Figure 36. The external readout equipment, tempera-
ture recorders, flow meter digital counter, variacs, voltmeter, and
ammeters are shown in Figure 39,

3,6.1 TEST RESULTS

The results of the initial tests are summarized in Table VI (start-up
tests) and Table VII (axial transport capability tests). The transient
temperature data taken are provided in Figures 40 through 50 for the
locations shown in Figure 31, The tests provided the following per-
tinent information:

a. Thermal Time Constant:

The thermal time constant of the system is very large.
Approximately 7 hours were required to raise the total heat
pipe from room temperature to a temperature sufficiently
above the sodium melt temperature (300°F) using = 1.5 kW of
heat at the evaporator (refer to Test #7, Figure 46).

b. Transient Start-Up:

(1) Transient start-up could not be achieved with evaporator
power levels of 1,5 and 2.0 kW as indicated in Table VI
and in Figures 40 and 42 for Tests #1 and #3. These
tests were performed on the heat pipe without the aid of
supplemental heat or an inert gas addition,

(2) Transient start-up was successfully achieved using
3.2 kW* of supplemental power as indicated in Figure 41
for Test #2. This test was performed without inert gas.

(3) Transient start-up was successfully achieved using an
inert gas (1.3 x 10™° 1lb-mole of argon) at an evaporator
power input of 1.5 kW but not at 2,0 kW (refer to Tests
#4 through #8 shown in Figures 43 through 47 and Table VI),
when the sodium fill was 8.48 1b, This sodium fill is the
calculated required fill at 1600°F (1.3 x 1076 1b-mole of
argon), and would fill the last 6 inches of the condenser
at an operating temperature of 1600°F,

*The limit of the supplemental power source was 3.2 kW,
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Figure 37. Evaporator End of Heat Pipe with
Thermocouples Installed and Heaters
Partially Installed

-

)
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g

Figure 38, Evaporator End of Heat Pipe with
Heaters Installed
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Figure 39. Test Support Equipment
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Figure 40, Test #1 (1-11-73) - Transient Startup Without Inert Gas
and Supplemental Heaters
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® NO INERT GAS

Test #2 (1-12-73) - Transient Startup With Supplemental Heaters and Without

Inert Gas

Figure 41.
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(4) Transient start-up could not be achieved using an inert
gas (1.3 x 10® 1b-mole of argon) at 2 kW when the sodium
fill was increased to 8.67 lb, (refer to Test #9, Figure
48 and Table VI),.

(5) Transient start-up was achieved using an inert gas
(1.3 x 10"® 1b-mole of argon) at 2 kW when the sodium
fill was increased to 8.85 lb. (refer to Tests #10 and #11
in Figures 49 and 50 and Table VI).

c. Heat Pipe Capacity Tests:

(1) The results of heat pipe capacity tests are shown in
Table VII., The heat pipe capacity was determined to be
between 4.9 and 5.3 kW for a level heat pipe at about
1500 to 1550°F., The data indicate that the capacity is
relatively insensitive to evaporator elevations between
zero and 3/8 inch. A slight increase of approximately
0.5 kW was observed for the reflux mode of operation,

An operating temperature of 1600°F was not achievable due
to calorimeter adjustment limitations. However, the
capacity is not expected to change significantly at 1600°F
due to the flatness of ‘he hydrodynamic limit curve as
illustrated in Figure 14. The measured capacity of

4.9 to 5.3 kW is less than the predicted capacity of

7.2 kW at 1600°F based on the calculated hydrodynamic
limit as shown in Figure 14,

(2) The heat losses through the insulation were approximately
65 percent greater than had been anticipated based on
pretest calculations (see Figure 51). During capacity test-
ing, the system heat losses were balanced using the supple-
mental heaters as guard heaters.

(3) The sodium fill was increased to 8.85 lb. (see Tests #9 and
and #10 in Table VII) in the anticipation that increased
capacity could be achieved by filling the fillets and gaps.
However, the increased fill did not increase the measured
heat pipe capacity,

3.6.2 CONCLUSIQONS*

. Transient start-ups at evaporator power levels of 1.5 to 2 kW
are achievable using an inert gas. (Parametric evaluation of
gas pressure, however, was not undertaken).

o Transient start-ups can be accelerated if supplemental heat
is used to melt the sodium uniformly along the heat pipe length.

*Conclusions were stated by the designers (TRW) of the first primary heat
pipe.
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° Transient start-ups =re limited by the heat pipe hydro-
dynamic limit, i.e., after start-up is achieved at 1.5 to
2.0 kW of power, full evaporator power cannot be applied, as
axial transport capability is still limited as a function of
temperature by the hydrodynamic limit,

] This heat pipe ronfiguration appears to be limited to 5 kW
at 1500 to 1600°F. Potential means of increasing capacity
are to increase wick porosity and/or to utilize a larger
diameter pipe. Other considerations include the use of a
shorter heat pipe (e.g., reduced adiabatic section length),

3.7 EVALUATION OF INITIAL TEST RESULTS

Prior to concinuing initial testing of the primary heat pipe at EOS,
it was attempted to shed some light on the rather large discrepancy

between the predicted power transfer capacity of more than 8 kW, and
the apparent capacity of only 4.9 kW, This was done so that testing
could be pursued according to the changed requirements of the first

primary heat pipe.

For the primary heat pipe, the following design and operating data are

pertinent:

Operating Temperature, T 1558°F

Design Power Transfer, P 6 kW

Operating Fluid Sodium

Latent Heat >f{ Evaporization, Hfg 4.4 x 103 joules/g

Liquid Density at Operating 3

Temperature, o, 0.748 g/cm

Liquid Viscosity at Operating -3 2

Temperature, u, 1.64 x 10 ~ dyn-sec/cm

Surface Tension at Operating

Temperature, ¥y 116.8 dyn/cm

Vapor Density at Operating Temperature -4 3

and Corresponding Vapor Pressure, o, 1.95 x 10 ~ g/em

Viscosity of Sodium Vapor at Operating -4 2

Temperature, u 2,245 x 10 * dyn-sec/cm

Cross-sectional Area Occupiec by 2 i

Wick Structure, Awq 14.83 cm :
;
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Cross-sectional Vapor Flow Area, Av 7.094 cm2

f
Effective Hydraulic Diameter of the

Vapor Flow Area, DH 1.4918 cm

Based on the above stated operating and design values for the primary
heat pipe, the effective Reynolds number for the vapor flow at full
design power can be calculated to be

3

N 1.3 x 10

Re

This would indicate a laminar flow of the vapor with a friction factor
f = 0.049 as calculated from

£ = 64/Np,

The pressure drop of the vapor traversing the entire length of the heat
pipe is found to be

b, = 1,429 dyn/cm2

If the flow cross-sectional area is incorrectly assumed to consist of

one singular tubular cross-section, as was done in the original computer
calculations, then the hydraulic diameter is about 3 cm and the Reynold's
number is better,than 2500. With these values, a pressure drop of only
about 720 dyn/cm” can be calculated for the vapor flow, which is only one-
half of the zctual pressure drop.

Since the heat pipe is being operated in the gravitational field of 1-g,
the effect of the diameter of the heat pipe has to be considered. The
sodium condensed at the condenser can flow back to the evaporator through
the entire wic! structure only if it has been pumped up to the wick
structure which lies above the lowest point of the internal structure

of the pipe., For raising the sodium over the entire internal diameter,

a suction pressure of

Aph = DDiS
is required, which is equal to
tp, = 3,708 dyn/cm2

This is about twice the pressure drop due to the vapor flow.
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The main wick structure, as indicated in Figure 52, is made up of 94
layers of 38 mesh bolting cloth and 20 layers of 60 Mesh 0.007-inch diameter
wire screen. The wick would have a total thickness of 1.502 inch with

a packing factor of 1, i.e., the individual layers of the wick structure
would not nest in each other. Since the final thickness of the wick

was only 1,130 inch, the nesting factor is T = 0.75233. The nesting
factor is quite often incorrectly equated with the packing factor, which
is quite different as will be shown later. The active wick flow area,
i.e., the cross~sectional area_that is made up only of the wicking
material, is A,f = 14.27232 cm?. Based on the flow area, Ayf, the

mass flow rate, W, the length of the heat pipe, L, and the materials
properties of the fluid, the required flow factord p x K can be calculated
to be 0,096 dyn.

In Figure 53, the available flow factor A p x K is plotted against the
packing factor for various assumed conditions, The curves of the graph
make it quite clear that the available flow factor of the primary heat
pipe wick was considerably below the required flow factor for transferring
6 kW of power in the primary heat pipe. Thus, the reported power transfer
capacity of only 4.9 kW* was not surprising at all, Even with a packing
factor of 1, the power capacity would have been marginal.

In Figure 54, the effect of the packing factor on the pressure drop in
the wick is presented. This figure indicates clearly the criticality
of the conctruction of the wick. If the wick has been compressed to
0.75 of the nominal thickness, i.e., the wick has been assembled with
a nesting factor of 0.75, the effective packing factor is considerably
smaller than 0.75. This can be appreciated when considering that the
wick volume has been decreased by compressing the wick structure only
in the direction which is prependicular to the flow. Thesefore, the
flow area has actually been decreased by a factor of 0.757, i.e., 0.422,
It is thus more appropriate to use the latter factqor as the packing
factor in the calculation of the permeability K. This consideration
seemed to have been well born out by the large discrepancy between the
predicted power transfer capacity of the primary heat pipe and the
measured one. (See also Section IX,Volume III)

3.8 PERFORMANCE TESTING OF FIRST PRIMARY HEAT PIPE

3.8,1 TEST SETUP

After the initial testing of the first primary heat pipe by the designers
and builders, general performance tests were to be conducted by Xerox/EOS
prior to its mating with the secondary heat pipe. The performance tests
were to include repeated start-ups for establishing thermal transient
behavior, taking temperature measurements along the heat pipe and

*The deficiency of the insulation of the heat pipe suggested the power
transfer to have been considerably less than 4.9 kW. (R.R.)
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Figure 53. Available Flow Factor Ap x K as a Function of the
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correlating them against input power and time, operating the pipe at
various power inputs to determine the temperature distribution along
the heat pipe, and permitting cool down at various rates.

When the program for the initial testing of the primary heat pipe was
laid out, it was established that the total heat losses from the evap-
orator section and the adiabatic section of the heat pipe should not
exceed 20 percent of the power input of the primary heater at the
evaporator, i.e., the heat losses should be less than 1.2 kW. In

Figure 55, the calculated heat losses from a 12-foot long section of

the heat pipe (condenser section not included) are presented when the
heat pipe is operated at the nominal operating temperature of 1558°F in
an ambient temperature of about 70°F, According to these calculations,
the insulation thickness when using Flex Min-K insulation material has
to be at least 3 inches. Thic calculation assumes that none of the
heaters increase the effective heat pipe diameter, i.e., that the insula-
tion is wrapped directly around the heat pipe. When the increase in the
effective heat pipe diameter, due to the secondary heaters, was considered
then the insulation thickness had to be at least 4 inches thick to
maintain the heat losses below 20 percent at tuhe power input. Heat
transfer calculations made by TRW indicated that an insulation thickness
of only three 3/8-inch thick Flex Min-K layers would satisfy the insula-
tion requirement. (Subsection 3.6) Heat balance calculations made

by TRW and based on data taken during the initial testing of the primary
heat pipe indicated, that heat losses of more than 2,1 kW occurred when
the heat vipe temperature was still below the operating temperature,
i.e., between 1500 and 1550°F.

The initial tests of the first primary heat pipe seemed to indicate that
the power transfer capacity of the first primary heat pipe was less than
4.9 kW, This was only slightly more than half the capacity that had been
predicted. (Subsection 3.2.) No explanation for the measured low power
transfer capacity was presented. Furthermore, a relatively high amount of
secondary heater power was required for starting the heat pipe. This could
be explained by the high thermal energy losses from the heat pipe due to
insufficient insulation,

Because of these deviations it was felt that prior to the actual comple-
tion of the initial testing of the first primary heat pipe at EOS, the
insulation should be improved to achieve more realistic start-up
conditions and to establish the correct secondary power required for
operational testing of the heat pipe.
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Upon transfer of the primary heat pipe from TRW to EOS, the heat pipe

was stripped of all insulation and the secondary heater elements. The

two thermocouples along the adiabatic section of the heat pipe were also
removed. Thirteen new thermocouples were located along the adiabatic
section of the heat pipe as shown in Figure 56. The secondary heater

was arranged in five double zlements, each double element enclosing the
heat pipe entirely as shown in Figures 57 anl 58, First, insulation was
wrapped around the heat pipe in sections which were not covered by the
secondary heater elements as is shown in Figure 59. Then four 3/8-inch
thick layers of Flex Min-K insulation as indicated in Figure 55 were '
applied in 36-inch length sections. A typical section of insulation is
shown in Figure 60. In Figure 61, the heat pipe is shown vrapped entirely
with the flexible Min-K insulation material. Over the Flex Min-K material,
four 1/2-inch thick layers of Cera-Felt QXF 800 were wrapped as shown

in Figure 62, The insulation was completed with one layer of aluminum

foil as shown in Figure 63. The fully insulated primary heat pipe is shown
in position in Figure 64.

The set up for testing of the first primary heat pipe at Xerox/EOS is
shown in Figure 65. The primary heater at the evaporator section of the
heat pipe, which consisted of five individual elements, was controlled
through two variacs. One variac controlled four of the elements while
the other variac controlled the remaining element. The secondary heater
consisting of the ten elements, was controlled by a single 25 ampere
variac,

3.8.2 TESTING

Because of the change in the insulation, the need of which was explained
above, the initial testing of the heat pipe had to be repeated.

3.8.2.1 Steady State

In Figures 66 and 67, the temperatures at steady state are shown for
various power inputs at the evaporator of the primary heat pipe. The
data of Figure 68 were obtained while increasing the power from 0,323 kW
to 1,494 kW in steps taking data when all temperatures appeared to have
reached steady state. Steady-state conditions were normally only achieved
after 48 hours had elapsed from the time of power adjustment. In
Figure 69, the data ohbtained while decreasing the power input to the
evaporator are shown. It was attempted to duplicate the input power
settings used during the test of the increasing power input to determine
whether the temperature distribution along the heat pipe is a function
of the approach to the steady-state condition, The test results seemed
to indicate that the same steady-state conditions were achieved regard-
less of whether the primary heat pipe had been hotter or colder prior to
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Figure 58. Primary Heat Pipe with Primary
and Secondary Heaters Installed

006715

Figure 59. Primary Heat Pipe with Secondary
Heater Elements and Intermittent
Insulation (Flex Min=K)
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Figure 60. primary Heat Pipe with Four Layers
of Flex Min-K Insulation Over Ome
Segment of the Heat Pipe

006716

Figure 61. Primary Heat Pipe with Completed
Four Layers Flex Min-K Insulation
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Figure 62, Primary Heat Pipe with Four Layers
Cera-Felt Insulation Over Flex
Min-K Insulation

006718

Figure 63. Primary Heat Pipe Shown with One
Segment Fully Insulated (four
layers Flex Min-K, four layers
Cera-Felt and foil)
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Figure 64. Primary Heat Pipe Fully
Insulated

006721

Figure 65, Complete Test Setup of Primary
Heat Pipe
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Figure 68. Correlation Between Input Power and Operating Temperature
for First Primary Heat Pipe
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to the power change. At the tested power inputs, the temperature at the
evaporator was only about 10°R higher than at the active adiabatic section.
Since these tests were run with a fully insulated condenser section, power
input was equal to the losses from the entire heat pipe including the
condenser section at operating temperature.

In Figure 68, a correlation is given between the power input (power loss)

and the operating temperature of the active section of the heat pipe.

The operating length of the heat pipe versus the power input is presented

in Figure 69. All data points fall on the same curve regardless of

whether the points were taken from the increasing input power tests or

the decreasing input power tests., Finally, the power input is correlated

in Figure 70 with the loss integral JL AT x dL, where AT = To - Troom'
)

The values were obtained by tracing the results presented in Figures 66

and 67 with a planimeter.

The losses from the entire primary heat pipe, including the condenser
section, are 1490 watts at the operating temperature of 1558°F, The
losses sustained along the evaporator and the adiabatic section (l2-foot
length) alone were found by rationing to be 1190 watts. This compared
with the predicted losses of 1220 watts.

3.8.2.2 Transient Start-Up Tests

After verifying the heat losses from the heat pipe, start-up tests were
conducted. These tests vrere to establish the behavior of the heat pipe
under transient conditions by applying to the evaporator section of the
primary heat pipe a given power and then recording the temperature
response of the thermocouples along the heat pipe as was shown in
Figure 56,

A total of three start ups were completed prior to failure of the first
primary hest pipe. In two cases, the start up was initiated with a
primary heat pipe at room temperature, and in one case, at a slightly
elevated temperature at the evaporator. The temporal temperature
distribution, during the start up with a power input at the evaporator
of 2.579 kW, is shown in Figure 71. During the test, the temperatures
appeared to increase steadily showing no abnormal or erratic disconti-
nuities, The reduction of the data, however, as shown in Figure 71,
give a more detailed account of the start up history. The temperatures
seem to indicate that the evaporator wall wick at location 2T and 4T
was dry almost from the very beginning of the start up. The tem-
peratures measured at these two locations behaved distinctly differently
from those temperatures that indicated heat pipe action or initial heat
pipe action and a later dry out of the wick at their locations, The
temperature history at location 3T indicated that up to 46 minutes the
location operated in the heat pipe mode.
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The sharp discontinuity in the temperature rise after 46 minutes must
be interpreted as a loss of working fluid in the wall wick. This
discontinuity could not be readily observed on the recording chart, and
thus the dry out was not recognized during the test, After 194 minutes
of operation, all temperatures measured were above the melting temperature
of the working fluid (sodium), whica is 208°F. No recovery of the initial
dry length of the primary heat pipe, nor of the section that had gone

dry about 48 minutes after the start up, can be detected from the data.
This occurred despite the fact that the heat pipe became fully operational.

The data of the start-up test which was conducted with a power input of
3.325 kW are presented in Figure 72, The results are very similar to
those of Figure 71. Again, the wick section in the area where the tempera-
tures were measured by thermocouples 3T and 4T apparently went dry after
36 and 54 minutes of operation respectively. No recovery of the wick
sections that went dry during the start up cccurred, though prior to the
conclusion of the test the entire heat pipe was well above the melting
temperature of the sodium and the lowest temperature measured on the
outside surface of the primary heat pipe was above 300°F. The test was
terminated when thermocouples 3T and 4T had reached a temperature of
1800°F .

It was already pointed out that the diametral wick as built, was marginal
for transferring 6 kW of thermal power over the entire length of the heat
pipe. The calculations presented in Subsection 3.7 and Figure 53
suggested a power transfer capacity of about 3 kW for a packing factor of
0.75; the maximum possible for the present wick structure. Based on the
fabrication, the actual packing factor was considerably lower. The
transient test data appeared to point out that probably the drying out

of the wick at the evaporator was caused by an undercharge of sodium,
Each start-up test was initiated after a uniform cooling down of the
entire heat pipe with a loss of only 1.54 kW at the operating temperature
and with considerably lower losses at the lower temperatures encountered
during the cool down. Thus, prior to each test the entire wick should
have regained its charge {f sufficient sodium had been in the pipe.

At the end of the last test (i.e., at the time all temperatures had
reached the operating temperature of the heat pipe), an apparent failure
of the primary heater occurred which later was found to have been caused
by the failure of the heat pipe.

3.9 FAILURE ANALYSIS FOR FIRST PRIMARY HEAT PIPE

3.9.1 METALLURGICAL ANALYSIS i

After the failure of the first primary heat pipe, the insulation and the |
heaters were removed from the evaporator section of the heat pipe. Two '
large elongated holes were immediately visible from which sodium
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hydroxide appeared to ooze out (See Figure 73). The heat pipe was
discharged and cleaned for further inspection. The evaporator section
of the heat pipe was acid cleaned and submitted for an analysis by the
Zyglo process. The results of the Zyglo Test are shown in Figure 76.

It was difficult to obtain a photographic record of the appearance of

the heat pipe section under the black light by which cracks and imperfec-
tions of the material are made to show up. The cracks which were visible
by the inspection process were, therefore, painted with a red color and
the section of the heat pipe was then photographed (Figure 74). All
cracks run circumferentially. Except for one long crack which is

located 180 degrees apart from the crack furthest away from the end of
the evaporator section, all cracks were located on one side of the heat
pipe. This side was opposite of the weld. No cracks were found on the
remaining section of the heat pipe. It was clear that the large

elevated holes were due to the attack of the Inconel 600 material by

the hot sodium hydroxide which was formed between the sodium and the
moisture of the air when the sodium was escaping through the initial
cracks, The evaporator section of the heat pipe was shipped to Inter-
national Nickel Company for further analysis.

The analysis by the International Nickel Company* confirmed that the

mode of failure was related to an intergranular attack on the material
which led to branched, intergranular cracking as indicated in Figure 75.
The appearance of these cracks is typical for those resulting from a caustic
stress corrosion cracking mechanism. The predominant cracking was
observed to be in a circumferential direction, implicating a longitudinal
tensile stress. The implied longitudinal tensile stress seemed to indi-
cate that the failure was caused by thermal stresses that were the result
of the temperature gradients measured along the evaporator section of the
heat pipe as was indicated by the data shown in Figures 40 through 50 and
Figures 71 and 72.

3.9.2 STRESS ANALYSIS

At the measured temperature gradienta the heat pipe will vary in diameter
over a very short length as indicated in Figure 76.

*T, F., Lembke, Huntington Alloy Products Division, The International
Nickel Company, Inc., Huntington, W, Va. (September 17, 1973).
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Figure 75. Branched, Intergranular Cracking - 100X
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Figure 76. Effect of Temperature Gradients on the Pipe

A plate analysis can closely predict the stresses in a thin wall pipe.
: For a plate, the relation between deflection y and the moment M can be
derived to be

2 2 -

wvhere
M Moment A
E Young's Module |
v Poisson's Ratio "
I Moment of Inertia

The maximum moment M will be located at the two ends of the transition
section between the larger and the smaller heat pipe diameters, i.e.,
at x = 0 and x = L.

The deflection y corresponds to half the difference in the two diameters
and is given by

y.n%tﬂ_ (8)
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where

o Coefficient of thermal expansion

LT Temperature difference

With the stress expressed by

- Mc
= 2 (9)

where

1/c Modulus of cross section
the maximum stress can be expressed by using relations 7 and 8 as a func-
tion of the measured temperature difference AT and the distance L between
the thermocouples. With

E = 31 x 106 psi

o = 6.4 x 107%/°F

the maximum temperature difference ATy along a length L can be found for
an allowable stress O, to be

ch
a

AT, = 10

M 46,357 (10)
In Figure 77, this correlation is plotted with the allowable stresses
taken equal to the creep stress indicated for various operating tempera-
tures and shown in Figure 78. The creep strength is normally defined as
the stress which causes 0.01 percent creep in 10,000 hours.

Temperatures were measured every 6 inches apart along the evaporator
section (see Figure 56). The correlations of Figure77 indicate that

(at an operating temperature of 1800°F) the temperature difference between
ad joining thermocouples cannot exceed 225°F without causing the stresses
to exceed the creep stress at that temperature. The data shown in

Figures 71 and 72 indicate that the creep stress was very much exceeded
due to the considerably higher temperature. Similar and even larger
temperature differences were experienced during the preliminary testing

at TRW. (Refer to Subsection 3.1, Figures 40 through 50.)
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3.10 CONCLUSIONS

The failure analysis of the first primary heat pipe provided a fairly
good understanding of the operational behavior of the first primary heat
pipe and the cause for its final failure. All test data confirmed that
the first primary heat pipe did not have the power transfer capacity for
which it had been designed.

Apparently, the evaluation of the wick as a conduit for returning the
working fluid from the condenser to the evaporator was not well under-
stood, otherwise the construction of the diametral wick could not have
been permitted to be so different from the construction that was assumed
in the analysis. Furthermore, the effect of the vapor flow area on the
pressure drop of the vapor was not fully evaluated in the design calcula-
tions. In the computer program, a circular flow ares was assumed while
in the final design, the flow area consisted of two passages separated

by the diametral wick. The actual flow passage proved to present to the
vapor flow twice the pressure drop than the assumed circular flow passage.

During the initial testing, the detrimental effect of large temperature
gradients were not recognized. The heat pipe was repeatedly exposed to
thermal stress conditions which finally led to the failure of the first
primary heat pipe.

The results of the initial testing of the first primary heat pipe pointed
out that prior to designing of another high power heat pipe, a better
understanding of the characteristic of wicks made of bolting cloth had

to be obtained. The failure analysis made it quite clear that testing
of the heat pipe has to be conducted in such a fashion that large thermal
gradients along the heat pipe are avoided. This shed a new light on the
transient start-up and added a new parameter to tuec start-up limits of

a heat pipe.
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SECTION 1V

DESIGN, MANUFACTURING, AND TESTING OF
SECOND PRIMARY HEAT PIPE

4.1 INTRODUCTION

After the failure of the first primary heat pipe, it was decided to build
a second primary heat pipe. The failure analysis had provided enough
confidence that the cause for the failure was well understood and that

a second heat pipe could be designed that could achieve the desired per-
formance. It was, however, felt that prior to the design of the second
primary heat pipe, it was imperative to obtain a better understanding of
the characteristic of the wick structure made of layers of bolting cloth,
The test data seemed to have indicated that the correlation for the per-
meability of the wick structure as used in the design of the first heat
pipe was not predicting well the performance of the wick structure in the
primary heat pipe.

Since the failure of the first primary heat pipe was definitely traced to
longitudinal stresses caused by large temperature differentials along the
heat pipe, it seemed advisable to build the second primary heat pipe

of a material that had a higher creep strength than Inconel 600 at the
operating temperature and thus would be less susceptible to the tempera-
ture differentials that might not be avoidable during start up of the
primary heat pipe.

It was also decided that, if at all possible, the outer dimension of the
second primary heat pipe should remain the same as that of the first
primary heat pipe so that after successful testing of the heat pipe it
could be mated with the secondary heat pipe which had been tested and
found to perform according to design. After consultation with the vendor
of the Inconel material, the new Inconel 617 elloy appeared t- have the
preferred characteristic creep strength without having apparent dis-
advantages over Inconel 600, The vendor recommended initially the readily
available alloy Inconel 800 which has been used extensively for sodium
heat pipes but at considerably lower operating temperatures. The alloy
was found to have actually a lower creep strength at the design opera-
ting temperature and was therefore felt unsuitable for the application.
In Figure 79, the creep strength of Inconel 600 and Inconel 617 are
compared,

4.2 SECOND PRIMARY HEAT PIPE DESIGN

After the completion of the experimental wick study which is presented

in Volume III, Section IX, of this report, the design of the second primary
heat pipe was initiated. A computer program was developed which permitted
studying all pertinent parameters as they affect heat pipe operation.
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The major parametors which affect the power transfer capacity of a
heat pipe are:

a., Heat pipe diameter

-

b. Wick flow area

c. Wick configuration
d. Mesh size

e. Wire diameter

f. Wick construction

For the second primary heat pipe, the outer diameter was fixed by the
interface with the secondary heat pipe. The secondary heat pipe was
built with an internal diameter that permitted mating with the first
primary heat pipe which had an external diameter of 2,25 inches. The
design of the second primary heat pipe was therefore restricted to an
outside diameter of 2.25 inches. Nevertheless, calculations were also
carried out for heat pipes with larger diameters to determine the effect
of a larger diameter on the overall design and power transfer capacity
of the heat pipe.

The wick study, conducted in support of the heat pipe design, confirmed
that the permeability of wicks made of bolting cloth, which had been
used in the design of the first primary heat pipe, was not predicted
correctly by the correlations of Reference 1. The results of the wick
study, as they were applicable to the second primary heat pipe design,
could be summarized as follows:

a. For the bolting cloth, used in the first primary heat pipe
design, the calculated permeability was only one-half of the
actual. (See Figure 80.)

b. The permeability decreases approximately by a factor of four
when the wick made of bolting cloth is compressed to 0.75 times
its nominal thickness. (See Figure 81.)

¢. The error in the calculated permeability, in combination with
the change of permeability due to the unaccounted for variation
in the manufacturing process (i.e., compressing the wick to
0.75 times its nominal thickness) resulted in an actual wick
permeability of only about half the permeability on which the
design of the first primary heat pipe had been based.
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Furthermore, the analytical study confirmed that the configuration of the
wick had a considerable effect on the performance of the heat pipe. In
the design of the first primary heat pipe, the analytical model assumed

a wall wick leaving a single flow path of circular cross-sectional area
for the vapor flow. The construction of the heat pipe, however, employed
a diametrical wick which provided two separate flow paths for the vapor
flow. This construction, which was in variance from the analytical model
used for the design, resulted in a considerably higher pressure drop of
the vapor flow than had been established by the analysis,

The heat pipe analysis and the computer program, based on that analysis
which was used for the design of the second primary heat pipe, took all
design constraints into account and permitted evaluation of the per-
meability based on the data measured in the wick study. The computer
output is headed by the invariables provided as input data, the working
fluid, the operating temperature, the power capacity, the outer heat pipe
diameter, tihe wall thickness, the total heat pipe length and the wall
wick thickness. Following the input data are the properties of the worke
ing fluid which are also supplied as input data, The parametric study
was performed by varying the angle ¢ as shown in Figure 82, Based on

the three parameters, the dimensions of the heat pipe, the wall wick
thickness and this angle, the elevation pressure, i.e., the suction
pressure required for raising to and maintaining at the height of the
heat pipe, the working fluid at the operating temperature, the wick
thickness, ty,, the wick area, the vapor flow area, the ratio between these
two areas, the sonic velocity of the vapor at the operating temperature
and pressure and the actual vapor velocity in the vapor flow area when
the heat pipe operates at full power transfer are calculated. The
computer program automatically terminates the calculation when the cal-
culated required flow velocity exceeds the sonic velocity as the flow
velocity cannot exceed sonic flow in the heat pipe.

The second variable in the parametric study was the bolting cloth which
is determined by its mesh and by its wire diameter,

The program can calculate the permeability of the bolting cloth by three
correlations; the analytical correlation which was developed with the
wick study, but which appears to calculate a permeability too low as
based on the experimental results

K = ___d_ea__z inch2
1l6x (1 +¢)
where
€ = Mdn/4
Mesh, inch-1
d wire diameter, inch
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the semiempirical correlation which is presented in Reference 1 and uses
an analytically derived relation with a correction factor

3,2
A
| 122(1-¢)

and the experimentally determined correlation for bolting cloth

K = 250 x 1072 %0797 102 = |62 x 1073 w0797 o2

The permeability correlation used in the calculation is indicated in

the heading of the computer output. The third column of the computer
output presents the suction, i.e., the capillary force available for
moving the liquid sodium through the wick and raising it to the height
of the heat pipe. This value is entirely a function of the mesh size
and the wire diameter of the bolting cloth for a given working fluid.
The fifth column presents the pressure drop of the liquid sodium when

it flows at the required rate for transferring the stated power from

the evaporator to the condenser of the heat pipe. The pressure drop of
the vapor flow is shown in column six. The total pressure drop asso-
ciated with the operation of the heat pipe at the required power transfer
and at the 1-g gravity of the laboratory is printed out in column seven,
The difference between the suction and the total pressure difference
divided by the total pressure is presented in percentage in column

eight as safety factor, For the heat pipe to operate with the required
power transfer the safety factor has to be greater than zero.

Table VII1 presents the computer output for calculations made with the
permeability correlation which was employed in the design of the first
primary heat pipe. For all conditions the safety factor shown in
column eight is negative, indicating that for the assumed permeability
correlation no design could have satisfied the power transfer require-
ments of 6.3 kW, In Figure 83, the results are plotted to show, in '
graphical form, that the lowest negative safety factor of -22.5 is

obtained with a wick that uses a 40 mesh bolting cloth and is 2.7 cm u
wide,

The actual wick was 2.845 cm wide and used a bolting cloth of 38 mesth,
In Table IX, the results of the calculations are presented which used
the experimentally determined permeability. With the permeabilities
determined by the experimental wick study, safety factors well above
zero can be found for many design configurations. This presumes
naturally that the wick is built without compression, {.e., with a pack-
ing factor of unity. This corresponds to a wick thickness equal to the
nominal thickness because the multilayer wick has not been compressed.
The results are plotted in Figure 84,
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TABLE VIII

PARAMETRIC STUDY OF A 2.25-INCH DIAMETER HEAT PIPE
(USING SEMIANALYTICAL PERMEABILITY)

| NEAT PIPE PROLGAW WP2 ko1 13 MVDIBER 1973 oi gt

d - - ‘
PROGRAY 4074-341-001 122 (i-¢

PARAMETRIC STULY 12 DECEMBER 1973

WERK ING FLUID SODIUM 22,991 GRAM/MOL

OPERATING TEMPERATURE 1558, DEG.F

POMER  6300.00 WATT

HEAT PIPE DIAMETER 2,250 INCH WALL THICKMNESS ,0620 INCH
#ICK LENGTH 160,000 IMh WALL Wilk THICKNESS .OM&0 INCH

PROPERTIES
FLUID VAP Gk
LATENT HEAT,JUULES/G oh4GE 0%
SURFACE TENSIOMN,L/SEC2 « 124€ 0
THERMAL CUNDUCTIVITY ,RATT/CM=UE Lok «240C 00
VISCOSITY,b/SEC=CM » 164E-02 «2256-0)
SPECIFIC WAVITY, L/SEC] «T48E 00 « 195£-0
SPECIFIC HEAT,JOULES/ L «208E 02
PARTIAL PRESSURE ,DYN/CM2 +950E 01

WICK THICKNESS 1,340 CM  ELEVATION PRESSURE 3600.2% DYN/CM2
ANGLE 15,00 DEG  AREA RATIO L4833 SONIC VELOCITY 64218,6 CM/SEC
#ICK AREA 6,857 Cw2 VAPOR AREA 14,189 CW2 VELOCITY 517,503 CM/SEC

MESH WIRE PERMEABILITY SUCTION CELP w DELP V CELP T SAFETY
IN=1,1 NCH e CYN/CM2 DYN/CM2 DYN/CM2 DYN/CM2 PERC,

20 0090 ,120E-03 3368,  17al. 293. 9636, =82.29
3 0065 o9 10E-08 5w, 4098, 293, 8191, =37, 17
40 0065 L236€-08 Ta65. BBB2. 293, 1297, =42,46
50 0055 o TabE=00 9524, W55, 293, 166.7¢ =hbe92
60 0085 L101E-04 11351, 20626, 293, 28719, ~54,08
80 L0037 .52%€-05 15693, 9879, 293, 43972, ~64,1
90 .0035 «J89E=05 18145, 53785, 293, 57838. =68,6)

WICK THICKNESS 1,770 O ELEVATION PRESSURE 3800.28 DYN/CW2
ANGLE 20,00 DEG  AKEA RATIO 7447  SONIC VELOCITY 64218,6 CM/SEC
WITK AKEA 8.983 M VAPOR AREA 12,063 Cwm2 VELOCITY 608.699 CM/SEC

MESH WIRE PERMEABILITY SUCTION UELP W CELP V DELP T SAFETY
IN=T1, I NCH W OYN/CM2 LYN/CM2 DYN/CW2 DYN/CM2 PERC,

20 0090 L120E-03 3368. 1331, 430, 5561, =39.43
30 LU065  JSHI10E-08 ST, 3129, 430, 73%9., =30.06
60 L0065 L236E-04  Ta65, 6780, 430, 11010, =32.20
50 2005 o WAE-06 9524, 11110, 430, 1IN0,  =31.91
60 L0085 L101E-0% M1351, 15745, 430, 19975, =a3,18
70 L0037 LT772€=05 13086, 20698, 8430, 24928, ~47.67
80 0037 ,525E-05 15693, J0ua2, 430, 38672, =54.7%
90 +003% «389€-05 18185, 41026, 530. 452%6, «59,91
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TABLE VIII

PARAMETRIC STUDY OF A 2.25-INCH DIAMETER HEAT PIPE
(USING SEMIANALYTICAL PERMEABILITY) (Contd)

WICh THICKNESS 2,168 CM  ELEVATION PRESSURE 380024 DYN/CMZ

ANGLE 25,00 GEL  AREA RAYID 1,090  SONIC VELUCITY

64218.6 CM/SEC

#'Cr AKEA 10,976 Cm2 VAPORK AREA 1 .. & Cle ViCHY T29.31, Ch/okC
MESH aixt  PERMEAGILITY SUCTION UELP w DELF v DELP T SAFETY
ih=1,INCh Cm2 OYN/TW2 DYN/CMZ DYN/CM2 DYN/CM2 PERC,

20 .0050 .120E-03 33s8, 1069, 659, 554k, =39,29

U 0065 L510E-08 517, 2560, 659, 7020, =26.68

40 L0U65  L236E-0M Tho5, 5548, €59, 10007, =25.,47

50 L0055 L NesE-Dh 9524, 9091, 659, 13551, -29,7%1

60 L0045  L1015-08 11351, 12864, 659, 17343,  -34,55

0 .0037 . T72E=~05 13046, 16937, 659, 213%. =39.03

80 L0037  525E-05 15693, 24910, 659, 29369, ~46,57

90 .003>  LIH9E-05 el 3I5TH, 659, 36030, ~52.29

WICK THICKNESS 2,566 CM  ELEVATION PRESSURE Je00.28 DYN/CMS

ANGLE 30,00 DEL  AKEA RATID 1,5575  SONIC VELOCITY 64218,6 C/SEC
WICK AREA 12,617 (W2 VAPOR AREA 8,229 Cm2 vELOCITY 892,295 CM/SEC
MESH wikt  PERMEABIL ITY SUCTIOM LELP w DELP v DELP T SAFETY
IN=1,1NCH Cme UYN/CM UYN/CMZ DYN/CMZ2 DYN/CM2 PERC.

36 J0UES  JSHWE-O08 ST, 2193, 1061,  TUSk, =27,04

40 L0065 ,236E-08  ThEH, w752, 1061, Y613, ~22.35

S0 L0055  J1esE-06 9526, 7787, 1061, 12648, =24,70

60 005  LW1TE-08 11351, 11035, 1061, 15897, =28.60

70 0037 L772E-05 13046, 14506, 1061, 19368, =32,64

80 L0037  525E-05 15693, 21336, 1061, 26197, <=40,09

#iCK THICKNESS 2,969 CM  ELEVATION PRESSUKE 3800,2% DYN/CM2

ANGLE 35,00 DEL  AREA RATIO0 2,2092 SONIC VELOCITY 64218,6 CM/SEC
WICK AREA TW,480 CM2 VAPOR AREA 6,566 Cm2 VELOCITY  1118,284 CM/SEC
MESH WIRE PERMEABILITY SUCTION OELP W DOELP VvV GELP T SAFETY

IN=1, I NCH Cm2 OYN/CW2 DYN/CMZ DYN/CMZ LYN/CM2 PERC.

20 .,0090 ,120£-0) 33és, 826, 1806, 6432, -a7,6)

30 L6065  S10E-08 S167, 1941, 1806, T547, =31,81%

80 L0065 ,236E-08  Ta65, 8206, 1806, 981, =23,92

50 L0055 L 1eE-Gh 9528, 6892, 1806, 12499, <23,80 =
60 L0085 ,101E-06 11351, 9768, 1806, 15375, =26,17

70 L.0037 ,772E-05 13086, 12881, 1806, 1847, =29,28

80 L0037 525E-05 15693, 18886, 1806. 28492, =35,92

90 .00)> ,JB9E-05 18145, 25452, 1006, 1059, =41.58
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MCK ThILCKNESS 3,327 Cwm
AKEA RATIC 3.130b
VAPOK AREA

ANGLE 40,00 Ity

wiCK AREA 19,951 L
MESH WikE

IN1, 1 \Ch Cme

b LOUL L 1200=03
U 0065 JSWE=-ON
&0 + 0062 .236['05
2w LGG5 o Wobf=0b
60 JUO4>  J101E-06
] .0037 .772['0>
80 L0037 525E-0>
90 L0035  ,389E-05

#1Ck THICKNESS 3,660 Cm
ANGLE 45,00 LEL

TABLE VIII

(USING SEMIANALYTICAL PERMEABILITY) (Contd)

ELEVATIUN PRESSURE
SONMIC VELOCITY

336t
S,
Tho5,
95¢4,
11301,
13C46,
15693,
1885,

750'
EYR
AL 'S
6251,
88617,

11656,
17143,
23104,

32s,
J281,
Jes1.
32u1,
3281,
3261,
Jes1,
J2H1.

ELEVAT ) 4N PRESSUAE
SONIC VELOCITY

AREA RATIJ 4,508
VAPJR AREA

MESH WIRE  PERVEABILITY SULTION DELP % CFLP v

WICK AKEA 17,222 Cwe
I=1,1\CH ™2
20,0090  ,120€-03
30 L0065 S5 WE-Ge
40 «0065 «236E-04
50 L0055, lesE-06
60 + 0045 +« 101E=04
0 0037 ,772€-05
80 L0037  525€-05
o0 LC035  ,3e9E-05

WICK THICKNESS 3,965 CM
ANLE 50,00 UFG

368,
S5l,
1465,
9524,
11351,
13086,
15693,
18185,

694,
1632,
3536,
5795,
8213,

10796,
15878,
21399,

64317,
6437,
64317,
6837,
64317,
6837,
68317,
6837,

ELEVATION PRESSURE

AREA RATID 6,6393
VAPOF AREA

3600.2% OYN/CM
- 64218.6 CM/SEC

2,099 Cm2

PERMEADIL ITY SUCTIUN LELP w DELP V LCELP T
DYN/Cvg DYN/CME DYN/CMZ GYN/CM

1630,

86843,
10699,
13336,
15948,
w1317,
28224,
3C185,

3600424

JeB24 CM2

GELP T

OYN/CM2 DYN/CM2 DYN/CMZ2 UYN/CM

10931,
11869,
13115,
16032,
18450,
21033,
26115,
31636,

360V, 26

SUNIC VELOCITY

2,156 Cm2

MESH Wikt  PERMEABILITY SUCTION DELP w DELP V UELP T

%ICK AREA 16,269 CM2
IN=1,1 ACH e

U L00%v L 120E-03
N J0U6>  SIUE=Ch
80 L0065  .236E-0u
S50 <0055 L VekE=O4
60  JU0OND «101E=04
10 JOU3T L772E8-05%
g0 L0037 L H5E-05
90 003  JI89E-05

3368,
ST,
Ta65,
952,
11351,
13046,
15693,
18145,

UYN/CM2 DYN/CM2 DYN/CM2

654, 23898,

1537,
3330,
5451,
1733,
10166,
14951,
20150,

23898,
23898,
23896,
23898,
23896,
23896,
23898,

119

DYN/CM2

28351,
29238,
310286,
33155,
354831,
37664,
82649,
ATesg,

VELOCITY

SAFETY
PERC,

96,96
-41,80
'31.51
-?805°
=26.63
=30,37
=35,.22
*39.89

OYN, Ch,

PARAMETRIC STUDY OF A 2.25-INCH DIAMETER HEAT PIPE

1441,205 CM/SE.

€4218.6 Cw/SEC

VELOBCIHTY

SAFETY
PERC,

69,19
'56.6.
=45,80
'~0.59
‘38.68
37,97
=39.91
.~2065

OYN/CH2

1920.233 CN/SEC

64218.6 CM/SEC

VELOCITY

SAFETY
PERC,

-08, 12
82,40
'75.9‘
'71.27
'67.96
'65.5‘
=63.,20
'62.08

2663,865 CV/SEC
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TABLE IX

PARAMETRIC STUDY OF A 2,25-INCH DIAMETER HEAT PIPE
(USING EXPERIMENTALLY DETERMINED PERMEABILITY)

HEAT PIPE PROGRAM HPY Ke 1,620 10-3%k~,797 CA2

FhiuicAV 074=341-001
PARMWETRIC STULY 12 UECE:0ER 1973

a0RKING FLUID SULIN 224991 Ghwm/ndL

JPELATING TEMPERATURE 1996, UEULF

Fuwlf 630000 #ATT

hEAT PIPE HAMETER 24250 INCH  RALL THICKNESS 0620 INCh
MCk LEMOTH 160,000 tNCH  wALL #I1CK THICKNESS

PROPERTILS
FLUIU VAPOR
LATENT KEAT JBWES/L bUOE (b
ErmAL CINLLCTIVITY g wATT/CM=DE LoK «240E 00
VISCUS1TYL/SEC=CN « 164E=02 «225€-03
SPECIFIC GhAVITY L/SECD «T48E 00 «195€-03
SPECIFIL REAT,JULLES/ZG «206E 02
PARTIAL PRESSURE ,UYN/ClLe «950E C1

0iCr THICKNESS 1,340 C¥  ELEVATIUN PRESSURE  3600.24 DYN/CM2
ANGLE 15,00 DEL  AREA KATIL L4833 SONIC VELOCITY 64218.. CW/SEC
#ICK AKEA 6,657 LMY VAPUR AKEA 1,149 (M Y o iy e ol

VMESH #IRE PEKRMEABILITY SUCTION GELP w DELP v [FLP T SAFETY
IN=1,1NCH W2 OYN/Ch2 GYN/CMe GYN/CMZ DYN/CMR PERC,

20 J005C .1e6E-03  1)366. 1410, 293. 5502, 38,79
30 L0065 L10TE-03 ST, 19T, 293, 6040, =14,T79
G JOUSS  JBSKE-O6  Tu65, 2449, 293, 6542, w. N
50 L0055 JT15E-08 9528, 2926, 293, 1019, 3569
60 L004> ,L,68E-04 11351,  Ilba, 293, 7, 51.62
0 .0037T  LOWTE-O8 13046, 3626, 293, 1919, 64, Th
80 L0037  L492E-08 1969). 4256, 293, B9, €7.91
90 L0035  JeaBE-Ob 18185, LoT5, 293, Bl6be 106,95

#ICh THICKNESS 1,770 CM ELEVATION PRESSUKE 3J600.26 DYN/CM2
ANGLE 20,00 DEc  AKEA RATIO o Tud?  SONIC VELUCITY 64218,6 CM/SEC
#1CK AREA 84983 (M2 VAPOH AREA 12,063 Cw2 , VELOC)TY 608,699 CM/SEC

MESH WIRE PERMEABILITY SUCTION GELP w OELP v DELP T SAFETY
Ih=1,1 NCH Cne Uyn/CMe UYN/CM2 DYN/CM2 DYN/CM2 PCRC.

20 JLO90 L BE-03  336B. VW6, 430, 5306, ~=36.52
W L0065  J10TE=U3 ST,  Tebo. 430, 5711, =9.97
00 J0U6>  JEOME-O8  TH65, 180, 430, 6100, 22,38
2 L0095  JTI5E=08 9524, 223N, 430, 646N, 87,35
66 L0045  L616E-UN 11351, 2563, 430, 6813, 66,60
70 LOU3T  JHSWTE-Ob 13046, 2921, 830, 7151, 82,44
U 0037 L892E-08 15693, 249, 830, Te79, 109,84
90 00035 .NBPOU ’8155. 35650 530. 71990 132:67
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e

alCx THICKNESS 2,186 Cw
ANGLE 25,00 OEG

PARAMETRIC STUDY OF A 2.25-INCH DIAMETER HEAT PIPE
(USING EXPERIMENTALLY DETERMINED PERMEABILITY) (Contd)

0976 (w2

TABLE IX

ELEVATION PRESSURE

AREA RATIU 71,0904
VAPOR AREA

JeuG.26 DYN/CNE
SONIC VELECITY

10.06€ ChZ

MESH WIRE  PECMEADILITY SUCTION LELP % LELP Vv LELP T
DYN/CME UYN/UMNE DYN/CW2 LYN/CM

MCK AREA
IN-1,1CH
206 0L
I 0065
LY (17 )
50 oUL’s
60 JULLS
0 L0u37
IV VIR
90

wICK THICKNESS 2,568 (M
ANGLE 30,00 OEo

<0035

w2

o ubE-03
«107€-03
«B5UE=-04
0715[’0“
+616E=Cl
WSWTE-0b
c“92[‘0~
LY. LI

JJ(’B .
PRI
Thed,
9524,
11351,
13040,
15693,
18145,

86U,
1216,
1530,
1828.
2114,
2390,
2646,
2920,

659,
6%Y,
€59,
659,
6,9,
659,
659,
659,

ELEVATIUN PRESSURE

12.817 Ung

AREA KATIU 145575
VAPORk AKEA

9340,
56176,
5509,
6281,
65173,
6849,
1118,
1380,

J80U.2%

SONIC VELDCHTY

8.229 (M2

MESH WIRE PERMEABIL ITY SUCTION UELP W DELP V LELP 1
DYN/CWZ UYN/CMZ DYN/CMZ CYN/CMZ

alCK AnEA
IN=1,) NCH
20 0090
N J0065
a0 0065
20  +0055
60 .00
v L0037
80,0037
90 003

WICK THICKNESS 2,969 (M
ANGLE 35,00 DEG

Cwe

« Y6E-03
« WIE-03
JU54L=04
«T15E=-08
«618E-08
.557[°05
-‘92(’0‘
obEE-0b

14,480 (w2

336k,
Swul,
Théd,
9524,
11351,
13046,
15693,
1815,

154,
w2,
1310,
1565,
1810.
2087,
2211,
2501,

1061,
W61,
1061,
1061,
1061,
1061,
1061,
1061,

ELEVATION PRESSURE

AREA RATIO0 2,2052
VAPOR AREA

5616,
5903,
617¢,
64217,
6612,
6909,
7138,
1363,

64218.6 CM/SEC
VELOCITY 129,311 CM/SEC

SAFETY
PERC,

'36.92
’9.33
2,64
51,49
12.69
90.47

120,48

145,66

OYN/CH2
64218,6 CM/SEC
VELOCITY 892.29% CM/SEC

SAFETY
PERC,

"0.02
=12.E2
20,95
46.19
10,13
86,64
119,54
6,45

3600.2¢ 0Y../Co2
SCKIC VELICITY

6,566 Mz

VESH WIRE PERMEABILITY SUCTION DELP W DELP v OQELP 1
DYN/CM2 DYN/CM2 DYN/CM2 DYN/CMZ

WICK ARCA

IN=1,INCH

20 ,00%90
o .o065
&0 L0065
50 005
60  .O0NS
10 .6037
80 0037
%0 .G0Y

e

« WEE-03
«107€-03
«854E-08
«T15E=04
+618E-04
51 7[°0~
+892€=04
RLYIXT

3360,
517,
1465,
9524,
11351,
13046,
15693,
18145,

668,

922.
1160,
1386,
1602,
1812,
2015,
220,

1806,
1806,
1606,
1806,
1806.
1806,
1606,
1806,

122

6274,
6529,
6766,
6992,
1209,
1418,
1622,
1820,

64218,6 Cw/SEC
VELOCITY  1118,284 CM/SEC

SAFETY
PERC.

"6.31
=21, 17
10.32
36.21 e
57,46
75.66
105,90
132,02
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TABLE IX

PARAMETRIC STUDY OF A 2.25-INCH DIAMETER HEAT PIPE
(USING EXPERIMENTALLY DETERMINED PERMEABILITY) (Contd)

wiCh THICKMESS 30327 (W ELEVATIUN PRESSUKE J6lU, 24
AoLE &usL0 Ubu  AKEA KATIL 3,136b  SOGNIC VELOCITY
“ICh AREA 19.991 W2 VAPOR AREA 5.095 (A2

«ESh wint PERMEACILITY SUCTIGN CELP & OUELP v DELe T

L=, inCh (8 ¥ VYN/CME DYN/ZCME DYN/CM2 DYN/CMEZ
20 SJLUYU L WbE=UL 3366, 606. 3Zvl, 1681,
I WL06Y  LWTE-LI ST, 637,  3esl. 1916,
40 06> obILE-(b 7~65. 1053, 3281, 8134,
50 J0059  LJTI5E-08 9524, 1256, J2B1. 6339,
60  JOUEY  J6TE-08 11351, 5, 28, 8535,
10 L0037 S4TE=-06 13C46, 1645, 3261, 8126,
80 L0037  L492E-04 19693, 1829, 3281, &YC.
U J0035  LubbE-O8 1BT65, 2010, 3261, 9090,
WICK THICKNESS 3,660 (v  ELEVATION PRESSURE 3600, 24
ANGLE 45,00 GELG  AREA RATID 4,5038  SONIC vELOCITY
#ICK AREA 17,222 CM2 VAPOR AREA JeB2h 42
MESH AIRE PERMEABILITY SUCTION OELP w OELP Vv DE(P T
IN=1, I NCH v LYN/LMZ [IYN/CM2 DYN/CMZ DYN/CMN
20 L0090 . 1&BE-03 3368, 561, 6837, 1W0T%.
I L0065 LWTE-03 ST, 175, 6437, 11012,
00 L0065  (B54E-04  Tu65, 975, 6837, 11212,
S0 J0059  LTIE-06 9524, 1165, 6437, 1W02,
60 L0045  L618E-O6 11351,  13el, 6437, 11584,
T 0037  S&TE-04 13046, 19523, 6831, 11760,
80 .0037 .l92E‘05 15693, 1694, 6“37. 11932,
90 L0035 L ubbE-Ob 16185, 1861, 6437, 12098,
wICx THICKNESS 3.965 Cm  ELEVATIUN PRESSUKE 3bl0. 2k
ANGLE 50,00 DEG  AKEA RATIU 6.6353  SONIC VELOCITY
wilh AkEA 16,269 CM2 VAPOh AREA 2,756 Cw2
MESH WIKE PERMEABILITY SUCTION DELP W UELP vV CELP T
th=1,1h (w2 DYN/CH2 LYN/CMZ2 DYN/CM2 DYN/CM
26 JU09U  JTebE-U3  J3cs. 92bs 23tY8. 28226,
3 JUUeY  JWTE=03 ST, T30, 23998, 26428,
A0 JUUEY  JBORE-Ch  ThE5, 918, 23898, 28616,
950  JO0OS  JTYE-06 9526, 1097, 23898. 28795,
60 J0UN>  L6T8E-08 11351, 1269, 23898, 26966,
70 JUG3T  JOHNTE-08 13086, 1834, 2X896, 29132,
8U L0037 Lh92E=08 15693, 1596, 23898, 297293,
90 00035 o.'&E'O' '8'.5. 1’53. 2389b. 2955’1
123

T - -

OYN/Cg
6421b,6 CM/SEC
VELOCITY  1841,205 Cn/SEC

SAFETY
PERC.

=96 .18
'35.00
=8.22
14,22
32,98
49,51
16412
99.60

Cyn/sCw2
64218,6 CM/SEC
VELOCITY  1920.233 CM/SEC

SAFETY
PERC,

'66.&1
=53.27
'330‘2
'16.‘7
=2.02
10.5)
3153
49,98

DYN/CM2
64218,6 CM/SEC
VELOCITY  2663.865% CM/SEC

SAFETY
PERC,

'95.07
=01,90
=13,91
06,92
=60.81
°55022
'.‘o“J
738-3,




SAFETY FACTOR Fg, {(PRESSURE DROP AVAILABLE -

50841
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The results of the calculations based on the semi-analytically deter-
mined permeability, which are plotted in Figure 83, would indicate that
the best design would consist of a wick 2.7 cm wide with a 40 Mesh bolt-
ing cloth., This design would not quite satisfy the requirements., The
safety factor is negative, though least negative of all other possible
combinations. The results of the calculations using the experimentally
determined correlation between permeability and bolting cloth which are
plotted in Figure 84 sould have called for a wick of about 2.3 cm width
and a bolting cloth of the largest mesh.

The measured as well as the analytically determined permeability decreases
with increasing mesh value. The product of the capillary force and the
permeability which determines the capacity of the wick, however, increases
with mesh size for the measured permeability while it decreases for the
analytically determined permeability. This {is shown in Figure 85.

When the results plotted in Figure 84 are analyzed it is found that on

the ascending side nf the curves (positive slope) the safety factor
improves due to the increasing flow area of the wick with a corresponding
decrease in the vapor flow area with little detrimental effect. On the
descending si- e of the curves (negative slope) the safety factor decreases
because with the decreasing vapor flow area the pressure drop of the vapor
flow rapidly increases without much decrease of the pressure drop in the
wick. This is shown in Figure 86. The design that was chosen for the
second primary heat pipe uses a bolting cloth of 50 mesh and has a width
of 3.07 cm, With this design, the pressure drop in the vapor flow passage
is still relatively low while at the same time the wick has a large flow
area. This should minimize the effect of possible variations in the per-
meability of the wick structure which might be experienced in the full

size wick. The final wick design for the second primary heat pipe is shown
in Figure 87.

A parametric study of the effect of the heat pipe diameter on the power
transfer capacity of the primary heat pipe was made using the permeability
correlation used in the design of the first heat pipe. The results are
presented in Tables X through XII1 , 1If the permeability correlation

were accepted as valid, the primary heat pipe should have been designed
with a minimum diameter of slightly more than 2.8 inches,

4.3 WORKING FLUID FILL CHARGE

With the design of the wick structure established, the amount of working
fluid for charging the heat pipe had to be determined. With 22 layers
per section and five sections, the wick width was 1.21 inch. The inter-
nal diameter for the diametral wick was 2.082 inch and equal to the
external diameter of the heat pipe minus the double wall thickness of
0.062 inch and twice the wall wick thickness of 0.022 inch. The wick
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TABLE X

PARAMETRIC STUDY FOR 2.5-INCH HEAT PIPE OPERATING WITH SODIUM

L3
K=

HEAT PIPE PRUGKAM HP2 Ko1 13 NOVEMBER 1973 22 (1-g)*

PROGRAM 40T4=341~001
PARAMETRIC STUDY 12 DECEMBER 1973

wORKING FLUID SUUIum 224991 GRAW/MOL

CPERATING TEVPERATURE 1958, UEG.F

POatR  6300.00 %ATT

HEAT PIPE LIAMETER 2,500 INCH wALL THICKNFSS .G620 §NCH
WICKk LENGTH 160,000 ENCH WALL WICK THICKNESS U440 INCH

PROPERTIES .
FLUID VAPOR
LATERT HEAT,J0ULES/ZG SHUOE Ob
SURFACE TENSIUN,u/SEC <1248 03
tHERMAL CUNDUCTIVITY , wATT/CM=0E 6K «240€ 00
vISCOSITY,u/SEC-CM o 164E-02 «225E-03
SPECIFIC WAVITY, u/SECD «THEE OU «195£-03
SPECKFIC HEAT,JOULES/G «208E 02
PARTIAL PRESSURE ,0YN/(M «950t 01

WiICK THICKNESS 1,504 Cm  ELEVATIUN PRESSUKE 4266.41 DYN/CM2
ANWLE 15,00 LEL  AREA KATIO L4833  SONIC VELOCITY 64218.6 CM/SEC
10K AREA be0U] L VAPOR AREA 17,883 CM2 VELOCITY 410,590 CM/SEC

MESH WIRE PERMEABILITY SUCTION GELP W LELP V DELP T SAFETY
IN- 1,1 XCH w2 UYN/CM2 DYN/ZCN2 LIYN/CM2 DYM/CM2 PERC.

20 JUL90 L 120E-03 3368, 1383, b, 5834, ~42,26
30 40065  J5WE-GW  SWT,  32v2, 184, 7702, <=33.18
& .0065  ,236E-08  Tu65,  TOuT, 184, 11497, <35,07
50 L0055 L WuE-O8 952k, 115MT7, 184, 15996, =40,47
60 L0085  LI01E=O8 11351, 16365, 184, 20816, -dd,47
6 0037  ,TT2E-05 13046, 21513, 1B4s 25963, ~49,T5
€0 L0037  ,525€E-05 15693, 1640, 18k, 36091, =956,52
90 L0035 ,389E=05 1R145, 42641, 184, 47092, =61.47

WICK THICKNESS 1,988 CM  ELEVATION PRESSUKRE 4265.41 DYN/CM2
ANGLE 20,00 DEGL  AREA RATIO 7447  SONIC VELOCITY 64218,6 CM/SEC
WwiCk AREA 11322 (w2 VAPOR AREA 15,204 CM2 veLacity 482,946 CM/SEC

MESH WIKE PERMEABILITY SUCTIDN DELP W DELP vV DELP T SAFETY
IN=1,1MCH (M2 DYN/CMg DYN/CMZ2 DYN/CM2 DYM/CMR2 PERC.

20 JO0U90 L 10E-03 3368, 1096, 271, 5593, -39.77
k0 L0085  L236E-0M  T465, 5379, 211, 9916, -24,T2
50  L0U5Y o tekb=UN 9524, BB, 2T, 133%2. ~28,67
60 LUOMS>  L101E-08 11351, 12492, 271, 17029, =33.3%
10 L0037 LT72E-05 13046, 16422, 211, 20959, =37.75
60 L0037  525E-05 15693, 215, 271, 28690, =45,30
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TABLE X

PARAMETRIC STUDY FOR 2.5-INCH HEAT PIPE OPERATING WITH SODIUM (Contd)

alCk THICKNESS 2,456 (M ELEVATION PRESSURE 4266.41 DYN/CH2
ANGLE 29,00 CEL  AREA RATIU 1.G904  SONIC VELOCITY 64216,6 Cm/SEC

wICK AhEa 13,536 Cve VAPON AREA 12,690 CMm2 VELECITY 57€,640 CN/SEC
MESh winE  PERNMEABILITY SUCTION LELP W GELP v o _, Smo_.Y
IN=1,) NCH cw2 DyN/CM2 DYN/CM2 DYN/ZCN2 DYN/CM2 PERC,

20 JL0%0 . 120E-03 3368, BéU, 415, 5545, 39,26
U L0065 S5WE-0F ST, 2031, 415, 6713, =23,33
MU L0065  GJ236E-06  Th6D,  WN0Z, 415, 98I, =1T.K1
50 L0050 L WME-04 9524, 7213, W15, 118% . =19,93
60 L0045  LWIE-08 11351, 10222, 415, W90, =23,.64
TC L0037  ,772E=05 13086, 13438, 415, Wiy, -28.00
80 J0GIT  L525E-05 15693, 19763, 415, 20445, =35,80
90 003  .369E-05 18145, 26639, 415, 31317, -a2,06

WICK THICKNESS 2,906 Cv  ELEVATIUN PRESSURE 4266.41 DYN/CM2
ANGLE 30,00 UEG  AREA KATID 11,9579  SONIC VELOBCITY 64216,6 CM/SEC
#ECK AREA 16. 154 (M2 VAPOK AREA 10,372 M2 VELOCHTY 707,952 CN/SEC

MESH WIRE PERMEABILITY SuCTiOn DELP w UELP vV DELP T SAFETY
Ihv=1,1CH W DYN/CM2 DYN/CM2 DYN/CMZ2 DYN/CM2 PERC,

20 <0090  L120E-03  3368. 140, 668, 5674, <=h0,64
30 L0065  LHIWE-08 ST, 1749, 668. 66Th, =22,89
20 JU0%Y o WLME=04 9524, 6178, 668, 11112, =14,29
U L0037 LT72E-05 13086, 11510, 668, 1644k, =20,66
B0 L0037  J525E-05 15€93, 16928, 668, 21862, <=28,22
90 L0003  J389E-05 g5, 27281, 668, 27748, =34,61

wiCk THICKNESS 3,333 CW  ELEVATI3N PRESSURE 266,41 DYN/CM2
ANGLE 35,00 DEL  AKEA RATID 2,2051  SONIC VELOCITY 64218,6 CM/SEC
WICK AREA 16.250 CM2 VAPGk AREA 8,276 Cv2 VELOCITY 887,221 CM/SEC

MESH WIRE  PERMEABILITY SUCTION DELP W ODELP v OELP T SAFETY
IN-1,INCH (o 4 OYN/CM2 DYN/CHZ DYN/CM2 DYN/CM2 PERC.

20 L0090 .120E-03 3368, 655, 1137, 6058,  =Ak.40
30 L0065 L510E-08 SWI,  15k). 1137, 6943, -25.88
A0 L0065 L236E-04  Tw65., 337, 1137, BTM1, ~14.59 .
50  ,0055 L WAE-Oh 9528, 5k69., 1137, 10872, =12.40
60 .00NS .101E-06 1135%, 7750, 1137, 13154, ~-13.7%
70 .0037 LT726-05 1M0h6. 10188, 1137, 15591, 16,32
80  LOC37T  .H25E-05 15693, 198k, 1137, 20387, =-23,02
90  ,0035 L389E-05 18NS, 20194, 1137, 25997, =29.11
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TABLE X

131

PARAMETRIC STUDY FOR 2.5-INCH HEAT PIPE OPERATING WITH SODIUM (Contd)

4266,41 DYN/CH

3 WICK THICKNESS 3716 (M ELEVATIGN PRESSURS

‘ AWGLE 40,00 USG AREA KATIU 3.1306  SCNIC VELULCITY
wiCr AREA 204 104 (N2 VAPOR ARLa 6,421 CM2
tESh WIRE  FPERLEADILITY SUCTION UELP & CELP V LELP T
IN-1, I NCh e CYN/Che DYinzithe LY /CM2 LY N/CH2
20 LU LTPLE=03  336L. 9994 206%, €926,
JU LJUUGS  JHWE=UN 51T, 1398,  2ULES., 1729,
e U005 o368 =1k T4e5, 3629. 2065, 9361,
™ NV o WbE-08 9524, 4964, 2065, 1129¢,
60  SLUBY S0 TR=Ch 11391, T035. 2085, 13367,
70 00037 077Z£'09 ‘30~6. 92“b. bexo ‘5580'
80U JULIT  J5C5E-U5 15693, 13602, 2065, 19933,
9L 203y «JE9E=05 1pie5, 18331, 2065, 24663,
WICk THICKNESS 4,109 € ELEVATION PRESSURE 4266,41
ANGLE 45,00 0EL  AREA RATI( %,5038  SONIC VELOCITY
WICK AKEA 21,706 CW VAPOR AREA 4.2 C»
%LSH WIRE PERMEABILITY SUCTION UELP w LELP v DFLP 1
=1, 1 NCH A2 CYN/Cw2 Diyn/C¥2 DYN/CM2 DYN/CH2
2b 00090 .‘ZLL'OJ 3368- 551. 5052. 85690
30 JOCES  JSIGE-08 ST, 1295, 4052, 9613,
W0 L0065  L236E-Ch  TuE5,  2B06, 4052, 11124,
50  L005Y o TNUE=04 9524, 4596, 4052, 12916,
60  LCOLS «101E-04 11351, 6516, 4052, 14834,
10,0037 LT72E-05 13046, 6566, 4052, 1688k,
80 JCG3T  L525E-05 15693, 12598, 40%2. 20916,
90 003 «J89E-05 1515, 16978, k02, 25291,
#ICK THICKNESS &.452 Cm  ELEVATION PRESSURE L266,41
ANGWE 90,00 LEG  AGEA RATID 6.6352  SONIC VELOCIHTY
wiCK AREA 23,052 Cwe VAPOR AKEA Jeu74 CM2
MESH wIRL PERMEABILITY SUCTION DELP W DELP V DELP T
IN1,INCh (M2 DYN/CME DYN/CMZ DYN/CM2 DYN/CM2
20 50090 '1205'03 3368' 519. 8732. 13511.
30 L0065  JHWE-GH ST, 1219, 6732, W27,
40 J0065  J236E-(4  Tu65, 2642, 8732, 19680,
50 .00)) .1~~£‘0“ 952“. ~329. 8732. 11328.
60 L0045  JVOVE-G4 113%1, 6136, £732. 1913,
10 L0037 L T72€-05 13086. 8066 8732, 21064,
80  J0UIT  H25E=05 15693, 11863, 8732, 24861,
90 003>  JIE9E-05 1S5, 15987, 8732, 28986,

€L218.6 CM/SEC
VELOCITY  1143,458 CM/SEC

SAFETY
PERC.

'51.37
-33.“1
=20,2%
'15.68
'15.08
'16.26
=21,217
-26.~J

DYN/CM2
64218,6 CM/SEC
vVo_o.Ly __Ped.52 Cw/SEC

SAFETY
PERC.

'62.02
'“6.“6
-32-89
=26426
=22,13
-24,97
=28,27

DYN/CM2
64218,6 Ch/SEC
VELBCITY  2113,521 CM/SEC

SAFETY
PERC,

=75,08
'63.80
'52.21
..5-03
.~°.6.
=38,06
'36.58
'37-.0




TABLE X1

PARAMETRIC STUDY OF A 2.75-INCH HEAT PIPE

PROGRAM 4074-341-CC1Y
PARAMETRIC STUCY 12 GECEMBER 1973

workIhL FLUIU SOCIUM 2¢.991 GhAvw/NOL

OPERATING TENPERATULRE 1556, DEG.F

POYER  €300.00 wATT

HEAT PIPE DIAMETER 2,750 INCh  WALL THICKNESS 062G INCH
| wiCk LEVGTH 180,000 INCH  WALL WICK THICKNESS 0440 INCH

PROPERTIES
FLUID VAPOR
LATENT hEAT,JDULES/G oU4QE O
SURFACE TENSION,u/5ECE o 128F 03
THERMAL CONGUCTIVITY WATT/CM=DEL oK «o40E 00
VISCESITY G/SEC=CM o 164E-02 «225-03
SPECIFIC GRAVITY,L/SECY o T4BE 00 «195E=03
SPECIFIC HEAT,JOULES/ G «205E 02
PART AL PHESSUKE,DYN/CM2 «950E 04

WICK THICKNESS 1,666 CM  ELEVATION PRESSUKE 4732,58 DYN/CNV2
ANGLE 15,00 LEGL  AREA RATIu L4833  SUNIC VELOCITY 64218.6 Cv/SEC
WICR AREA 10,635 LM VAPUR AKEA 22,005 Cm2 VELOCITY 333.686 Cw/SEC

MESH WIRE PERMEABILITY SUCTION UELP w DELP v DELP T SAFETY
In=1,INCH (M2 OYN/CM2 DYN/IMZ DYN/CMZ2 DYN/CM2 PERC.

20 0090 < 160E-03  Jdé8. 1124, 122. 95978, =4),66
U 0065  HWE-08  SWT,  264], 122, 97,  =31,35
40 L0065 «236E~04 65, 5721, 122. 10581, =29,45
50 -0055 .1““['0“ 952“. 9385. 1220 1“?39- .33.11
60 L0045 < 10106 11351, 13300, 122. 18154, 37,48
10 0037 JT72E=05 130k, 174b13, 12, 2¢don, -

80  JOG3T  ,525E-05 15693, 25TW, ~ ~ 122, 3056k, -48.€6
90 L0035 «JUSE-05 10145, Ju6ON, 122. 39509, =5&,07

#1CK THICKNESS 2,205 CM  ELEVATION PRESSUKE 4732.58 DYN/CM2
ANGLE 20,00 DEL  AREA RATIO L7647  SENIC VELOCITY 64218,6 CM/SEC
WICK AREA 13,931 Cme VAPOR ARLA 18,708 CMm2 VELOCITY 392,489 CM/SEC

MESH WIRE PERMEABILITY SUCTION UELP W DELP Vv DELP T SAFETY
IN=1,) NCH (o ¥4 LYN/CM OYN/CHZ OYN/CYE DYN/CM2 PERC,

20 L0090  .120E-03 3366, 656, 179, 576%. <=41,62.
30 L0065 JHIE-O8 ST, 2017, 179, 6929, <25.72
80 L0065  L2)6E-L6  ThE5, 41372, 179, 9283, =19,%8
60 0085  L101E-04 11351, 10152, 179. 15064, =24,65
10 JULIT  LTT2E=05 13Ck6. 13346, 179, 16257, =26.54
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TABLE X1

PARAMETRIC STUDY OF A 2.75-INCH HEAT PIPE (Contd)

MCR THICKNESS col2% (v ELEVATIUN PRESSUKE
ANGLE 29,00 Lo AREA RATIU 1,U904
wiCh AHEA 1,025 w2 VAPOR AREA

4732,%6

SONIC VvELOCITY
15,61 CM2

MESH #IRE PERMEADILITY SUCTION GELP #

LELP v LELP T

1= 1,1 h (he UYNZCNE LYNZLNE DYN/ZCM2 DYN/ZCN2
) L0906 o 120E-03 36, 102, 274, 5709,
30 0065 HDIE=0h 5T, 1651, clh, 6657,
WO L0005 e 236E=04 T465, 17, 2T, W58,
S0 J005 o TouE=0b 9524, 58624 2T, 10€69,
60 NAQY) «101E-04 11351, 830b. 2Ty 133104,
16 0037 o TT2E=0Y 13046, 10921, 2ls, 15927,
g0 JCULIT «529E-C5 15693, 16(6¢. 2T, 21068,
op  L(0¥ «JRQE-02 RTINS, 21646, 2Te, 26653,
#ICK THICKNESS 3.223 (M ELEVATION PRESSUKE 732,58
ANGLE 30,00 DEG  AREA KATID 1,557%  SONIC VELGCITY
WICK AREA 19,677 Cv2 VAPOK AREA 12,762 Che

MESH athE  PERMEABILITY SUCTIUN GELP w DELP v LELP T

IN-1,I NCH w2 LYN/CW2 DYN/CM UYN/img UYN/ZCWR
20 L0U9G S 126E-0) 366, 601, hhl, 5775,
U L0665  JSIGE=06 ST, Tei, s, 6588,
(1Y} .bb65 .?36{°bk 7“65- 306“- k“o 8238.
90 L0059 S Teub-Ub 9524, 5021, &4, 10195,
6U  JULNS  JWIE-0& 11351, 1116, b4, 12289,
70 JOLIT JTT2E=05 130k6s 9354, bhl, 14528,
KU SLO3T H25E=05 15693, V3157, b1, 18931,
au G003y JJB9E-05 16145, 1541, 4, 237,
«ICK TRICKNESS 3.698 CM  ELEVATION PRESSURE 4732,58
AWWLE 35,00 OEL  AREA RATIU 2,201  SONIC VELOCITY
MOk AREA 224496 ¢ VAPOR AREA 10,183 Cm2

MESH WIRE PERMEABILITY SUCTION OELP w OELP v DELP T

{h=1,1 NCH ™2 OYN/CM2 OYN/UM2 CYN/CM2 DYN/CM2
26 L0US0 L 120E-D3  3368. 532, 1. 6016,
U L0065 <HIWE-08 SWT. 1251 %1 6735,
a0 L0065 L236E-08  TuE5, 2712, 1. 8196,
50 L0055  ,Wuf=08 9524,  Whik, Ve 9 ve
60 L0045  L101E-08 19351, 6298, TS1, 11787,
70 L0037  ,772€-05 13046, 8260, 51, 13763,
80 L0037 .525E-05 15693, 12177, 51, 17661,
90 L0035 J389E-05 1615, 16412, 1. 21695,
133

DYN/CM2
642168.6 CM/SEC
VELOCITY 470,259 CM/SEC

SAFETY
PERC,

~41,00
~22.69
=13.04
712,37
=4, 75
'18009
-31.92

DYN/CV2
64218,6 CM/SEC
VELOCITY 5754351 CM/SEC

SAFETY
PERC.

=4 1,66
=21.b7
~9.3¢€
~6.56
~T.64
=10,20
=17,10
'?Jo~9

OYn/CM2
642168,6 CM/SEC
VELOCITY 121,082 CM/SEC

SAFETY
PERC.

44,01
=23.58
6.9
~u,07
~3.46
*5.21
'11.1~
'17.13
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TABLE XI

PARAMETRIC STUDY OF A 2.75-INCH HEAT PIPE (Contd)

wiCK THICKNESS 4,144 O ELEVATIGN PRESSUKE 4732.58 DYN/CM2
ANGLE 40,00 GEG  AREA KATIO 3.1308  SONMIC VELGCITY 64218.6 CM/SEC
Wl CK AREA 24,736 (M2 VAPCR AREA 7.9C1 (M2 VvELOCITY 929.286 CM/SEC

MESH AIRE PERMFASILITY SUCTION LELP W LELP v DELF T SAFETY
IN=1,IMh Chve UYN/(ME UYN/ZLWE GYN/CWE CYN/CM2 PERC.

20 L0090  L120€-03 336k, bbds 1364, 65K0, bbb
30 L0065  JH1GE-0% ST, 1136, 1364, 7233, -26,8
“C .0065 .236['0“ 7“65. 2‘462. 136“. bb‘)b. -12078
20 L0UDS  lebE-0W  9orh, 4034, 1364, 10131, 5499
6u  LLUMS  JT01E=06 11301, 9717, 1364, V6N, ~3.92
16 J003T W TTek=U> 1JUsée 7516, 1364, 13612, =4o16
By WOL3T  L525E=05 15693, 11054, 1354, 17191, =8.50
9 L003>  JIB9E-0> Tbieu.  eBYE. 1364, 20994,  =13,57

otk THICKMNESS w.556 (W ELEVATION PHESSURE 4732.58 UYN/CM2
ANGLE 45,00 (Eu  AKEA KATIU &4,5038  SENIC VELOCITY 64218,6 CM/SEC
wilK AREA 26,709 w2 VAPOR AREA 9,930 Cm2 VELOCITY  1238.166 CM/SEC

MESH WIRE  PERMEABILITY SUCTION DELP W OELP v DELP T SAFETY
IN=1,1MH Cvg UYN/CM2 DYN/CWZ DYN/CMZ DYN/CM2 PEKC.

U JUUYL L 120E-GY D6k, bbb, 2674, TR58,  =57,1)
U L0065  JH10E-08 ST, 1052, 2676, HMGY, =39,17
950 L0055  JAE-Q6 9524, 3737, 2676, 11O,  =1k,55
60 008> LIIE-08 11351, 5295, 2676, 12704, =10,65
10 L0037 L T72E-0% 13046, 6961, 2676, 1370, -9.21
80 LOU37  J525E-05 15693, 10238, 2676, 17647, =11,07
90 L0035  JJ69E-05 184S, 13796, 2676, 21207, =14, 4k

WICk THICKNESS 4,936 Cv  ELEVATION PRESSURE 4732.58 DYN/CM2
ANWLE 50,00 CEw  AKEA RATIO 6.6353  SONIC VELGCITY 64218.,6 CM/SEC
WICK AREA 284364 (M2 VAPOK AREA 4,275 CM2 VELBCITY  1717,657 CM/SEC

MESH WIRE PERMEABILITY SUCTION DELP w DELP V DELP Y SAFETY
IN=1,1 MCH e OYN/CM2 DYN/CM2 GYN/CW2 DYN/CM2 PERC,

20 J0090 L120E-0) 368, 21, S7?., 10921, =69,16
0 L0065  SHI10E-06 ST, 991, 5767, 11491, =55,29
90 WJLUOY S TekE-O6 9524, Bl 5767, W08, 32,06
60 L0085 L101E-0% Y1351, 4986, 5767, 15886, =26.70
0 L0037  T72E-05 13086, 6555, 5767, 17055, =23.50
90 L0035 LJB9E=05 1615, 12993, 5767, 23493, =22.76
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TABLE XII

PARAMETRIC STUDY OF A 3-INCH DIAMETER HEAT PIPE

PriUR AN 4 0T74-341-001
PARAVETRIC STUOY 12 LECEMBER 1973

sURKING FLUID SoLIbw 224991 GRAM/MEL

OPERATENG TEWPERATURE 1558, DEGGF

Pyabk  G3U0.00 wATl

HEAT P{PE DIAMETER 3,000 InCH  wALL THICKANESS 0620 INCH
WICKk LENGTH 180,000 INCH #ALL WICK THICKNESS Ouu0 INCH

PRIPERTIES
FLUID VAPOR
LATENT HEAT ,JOULES/L J440E 04
SurFACE TENSION,L/SELZ o 124F 03
THERV AL COMDUCTIVITY  wATT/CM=[E Lok «SU0F 00
VISCLSITY ,G/SEC-LM o Ye4E-0O2 «2256=-03
SPECIFIC WhAVITY L/SEC « Tugt 00 « 195£-03
SPECIFIC WEAT,JCULES/G +206E 02
PART I AL PRESSURE ,DYN/CM2 «950¢ 01

#ICK THICKNESS 1,833 CM  ELEVATIUN PRESSURE 5198.76 DYN/CM2
AwllE 19,00 DEu  AREA RATIU L4833  SONIC VELOCITY 64218.6 CM/SEC
wiCk AREA 12,633 Che VAPOR AREA 26,553 Chc VELOCITY 276,525 CM/SEC

MESH AIRE PERMEABILITY SUCTIOM DELP w DELP v LELP T SAFETY
IN=1,INCH Che UYN/LW2 LYN/LM2 DYN/CM2 DYN/CMR PERC,

e WJU0%  JV20E-03  J)6k. 93e. b, 6214, ~85,79
W L0065 SWE-Us ST, 2190, e, 772, =31,12
40 +LUbY «236t=0k 7465, 4746, d4e 10028, =25.5¢
20 00055 O \5‘0('0“ 952“. 7777. kb, 13059. '27.07 b
60 LLUYS  LILIE-CE 1139, 1122, b4, 16308, =30,38
10 L0037 L772E=05% 1JUM6. 1048, bae 19771, =34,01
v W07 525E=05 15693, 21309. bu. 26591, ~40,98
90  JL0YS  JIE9E~05 1S, 2871, B4, 30001,  =46,63

#1CK THICKNESS 2,422 CM  ELEVATIIN PRESSURE 5196,76 DYN/CMZ
ANGLE 20,00 DEL  AREA RATIY  ,T447  SONIC VELOCITY €4218.,6 CM/SEC
wiCk ARCA 16,611 (M2 VAPOR AREA 22,575 Cw2 VELOCITY 325,256 Cw/SEC

MESH WIRE PERMEABILITY SUCTION DELP W DELP V DELP T SAFETY
IN=1,INCH e DynN/CM2 DYN/CMZ DYN/CM2 DiyN/CM2 PERC.,

W 0065  JSHI0E-G6 ST, 1672, 123s 6993, 26,01
40 0065 ,236E-0h  Tue5, 3623, 123, 8944, =18,54
50 L0055 L wuE-O8 9524, 5937, 123, 11258, =15.40
60 .0045  ,101E=-08 11351, 8413, 123, 13735, =17.36
70 .0037 77205 13086, 11060, 123, 16361, =206.36
80 L0037  J525E-05 15693, 16266, 123, 21588, =27.30
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TABLE XI1I

PARAMETRIC STUDY OF A 3-INCH DIAMETER HEAT PIPE (Contd)

WiCK THICKNESS 2,993 (M ELEVATION PRESSURE 5196.76
ANGLE 29,00 DEGL  AREA RKATIU 1,0904  SONIC VELOCITY
WilK AREA 20,544 CM2 VAPUR AREA 16,842 CM2

MSh wikE PERMEABILITY SUCTION UELP @ DELP v DELP T
IN=1, i NCH (» ¥ UYN/CMe UYN/CMe DYN/CM2 DYN/CMR

U JUL0 L120E-03  3l66. 6. 188, 5969,
u +LUL6S 9 10E-Uu S, 1366« 15“. 6755-
WU JOU6S  L236E-04  Ted, 2964, 186, €351,
50 U059 o WhEo(b 9524, W56, 166, 10245,
60 L0045  L101E-06 11351,  6bbA, e, 12271,
70 037 L772e-05 13086, 9050, 188, 1al7,
80 0037 LHe5E-05 15693, 13310, 188, 18697,
90 N ) «J69E=05 16145, 17938. 188, 23325,

WICK THICKNESS 3,541 C»  ELEVATION PRESSURE $198.76
ANGLE 30,00 DEG AREA KATIZ 1,95.5  SOMIC VELGCI ¥
WICK AREA 23.9P€ CM2  ° VAPOR AREA 15,400 C+?

MESH WIRE PERMEAGILITY SUCTION GELP W DELP vV DELP T
IN=1,INCH M 0vh/CN2 DYN/CM2 DYN/CK2 DYN/CM2

20 L0090  ,120€-03 3368, 498, 303, 600G,
U L6065  L510E-08 57, 1172, 303, 6613,
40 00065 0?36t'0“ 7“65. 25390 303. BUL,
50 L0055 L weF-ON 9528, 4161, 303, 9663,
60 L0085 L101E-08 11351, 5697, 303. 1139,
0 ,0037 ,L772€-05 13086, 7751, 303, 13253,
80 ,0037 ,525E-0% 15693. 11401, 303, 16902,
90 .00]5 0389['05 131“5. 15365. 3030 20866-

WICK THICKNESS 4,062 CM  ELEVATION PRESSURE 5198,76

ANGLE 35,00 DEGL  AREA RATIO0 2,2051 SONIC VELOCITY
WICK ARCA 27.096 M2 VAPOR AREA 12,288 CW2

mESH WIRE PERMEABILITY SUCTION OELP w OELP v DELP Y
IN=1,1 NCh M2 DYN/CM2 DYN/CMZ OYN/CM2 Dyn/CM2

20 0L90 « 120E=03 3368, a1, 516. 6156,
30 «L0S5 O 16E=0b 5147, 1037, 516. 67152,
&0 0065 «2J6E~04 1469, 2248, 516. 1962,
36 J0U5S S INRE=08 9524, 3683, 516, 93917,
60 0085 «101E=06 11351, 5220, 516. 10934,
16 L0637 ,772€-05 13086, 6861, 516, 12576,
80 L0037 ,525E-05 1569). 10091. 516, 15806,
90 .00Y L3e9E-0% 185, 13600, 516, 19315,
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Dyn/Cm2
642156.,6 CM/SEC
vELoCITy 369.703 CM/SEC

SAFETY
PERC.

-~3.57
=23.81
=10.61
=7.03
=7.50
9,63
'16.07
=22.21

DYn/Cm2
€4218.6 Ch/SEC
VELOCITY 476,793 CW/SEC

SAFETY
PERC,

43,86
=22.86
«7,16
=1.43

L ¥
=156
’7.15
'1300~

DYn/CM2
64218,6 CM/SEC
ELociTY 597,528 CM/SEC

T SAFETY
PERC.

'“5.28
=23. 1
=6.20
1.3
AN )
378
-
=6.06




TABLE XTI

PARAMETRIC STUDY OF A 3-INCH DIAMETER HEAT PIPE (Contd)

wICK ThICKNESS 4,552 (M FLEVATION PRESSUKE 5198, 76
ANGLE  LT.00 OEG AREA KATIO 3,130F  SONIC VELUCITY
MCK ArEA 26,851 (2 VAPGLR AREA 9,530 Cw?

MESH WIRE  PERVEACILITY SUCTIIN GELP W CELP v DELP T

IN=1,INCH e OYN/CME DYN/ZLM2 DYN/CM2 DYN/CN2
20«00 L120E-03  33kE. LIV 93T, €536,
30 LJOU6S  JSHUE-CE ST, %1, 931, 1071,
50 L0055  JluuE-(b 9%, M3, 937, 9uls,
60 LULS  L10T1E-08 113910, 4736, 937, 10874,
10 L0037  772E=05 13046, . K2¢H, 937, 12364,
L L0037  525E-0> 15693, 9160, 937, 15296,
U G0 GIB9E-05 16145, 12346, 937, leubl,
wiCk THICKNESS 5,007 CM  ELEVATIIN PRESSUKE 5198, 76
ANGLE 45,00 DEL  AREA HATIU 4,503«  SONIC VELUCITY
YICR AREA 32.230 w2 VAPUR AREA 1,156 (W

MESH aIRE PERMEAuILITY SUCTION UELP w CELP v DELP T

IN-T1,INCH Cve CYn/CM2 DYN/LNZ DYN/IM2 CYN/CMZ2
20 LUV J120E-UY  J6b. IT. 1836,  TuOs.
40 «LUGD 0 236E=0b 7“65. 189¢Q., 1838. 4926,
o0 00055 .166[’0‘ 95?“0 3096. 1638. 10133.
60  JOUY  JI0TE=O6 11351, AJeE, 138, 1125,
10 L0037 ,772€=05 13046, 5769,  183R, 12805,
BU L0037 J525E-05 15693,  EhEM, 1836, D521,
90 L0035  J3e0E-0> 1BVd, 1135, 1838, RN,
%0k THICKNESS 5,425 M ELEVATIGN PRESSURE 519¢,.76
MNLLE  50.0U LEG  AREA RATID 6.6352  SONIC VELOCITY
WICK AREA Je, 226 CM2 VAPOK AREA 5. 158 Cv2

MESH WIRE PERMEAGILITY SUCTION DELP w (ELP vV DELP T

IN-1,1NCH (8.4 Dyn/CM2 DYN/CM2 DYN/ZCMZ DYN/CMR
20 L009C  L120E-03 3348, 389, 3961, 9509,
3¢ 00065 .51OE'C“ 51“10 b21. 39610 99800
80 L0065 L2)6E-04  Tu65. 1779, 3961, 10939,
50 L0097 L IeNE-O8 9524, 2916, 3961, 12075,
60  LOOWS  LI01E-08 11351, 8132, 3961, 13292,
70 00037 0772['05 130‘6. 5‘32- 39610 1‘591.
80 J0CIT  525€-05 19693, 7989, 3961, 17149,
U «0035 0)89{'05 181‘5. 10'67. 3961. 199270
137

OYN/Ch2

€4218,6 CM/SEC

VELCCITY

SAFETY
PERC,

bbb
-27.26
=6.69
kb
8,39
5.52
2.6C
=162

DYh/Chw2

770,100 Ch/SEC

64218.6 CM/SEC

VELOCITY

SAFETY
PERC,

=54,5)
34,92
- 16.37
-6001
=65
1.68
1.11
-1, 77

CYN/Chz

64218,6 CM/SEC

VELOCITY

SAFETY
PERC,

64,58
"b-“)
'31076
=21.13
=1,60
=10.59

=8.49

=894

166,068 CM/SEC

1823,820 CM/SEC

o



flow area was therefore 15.277 cmz. The density of the wick structure

was calculated from
5 = 1 -nd M4
where
6§ = density
d = wire diameter, 0.0055 inch
M = Mesh, number of wires per inch
s = 0,784125

The total volume of the diametral wisk was 6,984.6 cm3, while the total
volume of the wall wick wgs 412,5 ¢m“ and the volumes of the wicks on
the end caps was 0.075 cm” each. The total xick structure in the heat
pipe had, therefore, a volume of 7,397.25 cm”, The free space for the
working fluid was

Vyg * 0.784125 x 7,397.25 = 5,800.37 cm’
For a sodium density of 0.8705 g/cm3 at 350°F, this volume corresponded
to 5,049.2 grams or 11.122 1b, This amount of sodium was considerably
larger than the charge of the first primary heat pipe which was only
8.48 1b initially and was later increased to 8.85 1b,

For the initial fill of the heat pipe, it was stipulated that the entire
wick structure shall be satvrated with the working fluid at or near the
freezing temperature of the working fluid. This would prevent the wick
structure from ever being dry anywhere in the heat pipe, and especially
in the evaporator section, at the time of start up of the heat pipe. If
experimentally it should become obvious that the heat pipe had been
overfilled, sodium could be withdrawn from the heat pipe relatively
easier than added at a later date. Addition of sodium would require
the entire fill setup while vithdrawal could be achieved by simply
venting the heat pipe to a calibrated volume.

4.4 FABRICATION OF THE SECOND PRIMARY HEAT PIPE

The fabrication of the second primary heat pipe followed basically the
same pattern as that of the first primary heat pipe. The heat pipe wall
was built from three 5-foot long sections, Each section was rolled to an

outside diameter of 2.25 inch from 0.065-inch thick sheet stock of Inconel

617 alloy. This work was performed by the same vendor who rolled the
sections of the first primary heat pipe. Prior to shipment the sections
vere fully inspected by the dye process and radiographically. When the
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sections camc 2 Yerox/EOS they were cleaned by process C-19 (Code 12705).
Two layers of 50 mesh bolting cloth were placed into each section. Two
additional layers were placed in the evaporator section which was to be

20 inches long.

The diametral wick was fabricated according to the wick design shown in
Figure 87. Each of the five sections of the wick were formed in a single
length by folding bolting cloth into 22 layers. The five sections and
the two end shims were then bolted together with nickel plated stainless
steel screws and nuts in the pattern shown in Figure 88, Considerable
care was taken to maintain the width of the wick and not to compress the
bolting cloth to less than 1.210 inch. 1In Figure 89 the wick is shown as
fabricated.

Each 5-foot section of the heat pipe wall was pulled over the wick in-
dividually (Figure 90). The three sections were then welded together
in an inert gas atmosphere and the two end caps (Figure 91) welded to
the pipe after being covered with screen material. All welds were
inspected for soundness and full weld penetration., The heat pipe was
evacuated and helium leak checked. The heat pipe remained evacuated
for 2 days to assure that all weld joints were vacuum tight,

4.5 INSTRUMENTATION, HEATER INSTALLATION, INSULATION AND CHARGING WITH
SODIUM

With the basic fabrication of the heat pipe completea, the following was
initiated: the build up of the heat pipe instrumentation, installation
of the primary heater units and the secondary heater units, the insu-
lation of the heat pipe, and the charging of the heat pipe with the
working fluid, sodium,

A total of 30 Chromel-Alumel refrasil sheathed thermocouples were
attached to the heat pipe by tabs which were spot welded to the heat
pipe at locations shown in Figure 92, At the evaporator, two thermo-
couples covered each location, This was a precautionary measure taken
to assure that even after failure of one of the thermocouples in that
area it would still be possible to monitor tha temperature.

The primary heater comprised three heater elements consisting of a

Calrod Tubular Inconel sheathed heater (General Electric Company

5D878G2) with a rating of 3,000 watt at 240 volt. The total length of

each element was 164 inches with an effective heating length of 150 inches.
All three elements were coiled parallel over a 2-inch diameter tube to
assure that the inner diameter of the heater when placed over the heat

pipe would make tight contact with the 2,25-inch diameter. The primary
heater construction is shown in Figure 93 where it is compared with the
primary heater figuration of the first primary heat pipe.
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Figure 88. Construction Design of Diametral Wick
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Wick Construction for Second Primary Heat Pipe

Figure 89.
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Diametral Wick

Figure 90.
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Figure 91,

Primary Heat Pipe with End Cap
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|Second Primary Heat Pipe

Figure 93. Heater Configu uration for Primary Heat Pipes
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There are several distinct differences between the test setup of the
first primary heat pipe and the second primary heat pipe. The primary
heater of the first primary heat pipe consisted of five separate heat-
ers. Each heater was bent into the shape of a hairpin and placed along
the evaporator length of the heat pipe. The heaters had an outside
diameter of 3/8 inch. Thus, effectively only (10 x 3/8)/(2.25 x 3.,14)
x 100 = 49 percent of the condenser surface was directly exposed to the
heaters.

The heater of the second primary heat pipe was placed over the evaporator
section of the heat pipe without gaps between the individual windings
except where thermocouples were located, thus providing 100 percent cover-
age. The secondary heater consisted of two units of the same tubular
heater as used for the primary heater. The two units were placed along
the adiabatic section of the heat pipe 180 degrees apart from each other.
The size of the two heater elements was so small that they did not increase
the effective heat pipe diameter. This contrasted with the shell heaters
vhich were used with the first primary heat pipe. They increased the
effective heat pipe diameter to 3.25 inches and thereby increased the
losses from the heat pipe by about 25 percent. (See Figure 55.) The
fully instrumented heat pipe with the primary heater and the secondary
heater is shown in Figures 94 and 95 and a clogse-up of the primary

heater 1s shown in Figure 96.

The entire heat pipe was covered with four layers of 3/8-inch thick
flexible Min-K insulation, which were overlaid with four layers of
1/2-inch thick Cerafelt 800 insulation. The insulation was completed
with one layer of aluminum foil. The insulation is shown in Figure 97,
while the fully insulated heat pipe is shown in Figure 98.

Charging the heat pipe with sodium was initiated by heating the heat
pipe uniformly to approximately 320°F., A sodium fill of 11 pounds,

2 ounces *12 ounces was specified. Prior to filling, the entire heat
pipe and its support, consisting of an aluminum channel and fire¢ bricks,
was placed on a scale. The initial weight of the heat pipe with its
support was 282 pounds and 8 ounces., The final weight was 294 pounds,
The amount of sodium added during the fill was thus 11 pounds and

8 ounces which was well within the specified fill weight.

The heat pipe was processed for 1 day keeping the heaters at a power
input sufficient to maintain all parts of the heat pipe above the melting
temperature of sodium. The temperature distribution of the heat pipe
under those conditions is shown in Figure 99,
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Figure 94. Primary Heat Pipe Fully Instrumented
and Heaters in Place (view from
condenser end)

Figure 95. Primary Heat Pipe Fully Instrumented
and Heaters in Place (view from
evaporator end)
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Figure 96.

007123

Figure 97.

Primary Heat of Primary Heat Pipe
(three 3000 watt Calrad Units
parallel wound)

Insulation of Primary Heat Pipe
(flexible Min-K and Cerafelt)
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Second Primary Heat Pipe
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4.6 TESTING

After processing, testing of the second primary heat pipe was initiated.
Similar to the approach taken by EOS for testing of the first primary

| heat pipe, the power to the primary heat pipe was increased in steps
permitting the heat pipe to reach steady-state temperature conditions
along its entire length. (All data presented for the second primary
heat pipe can be compared with data presented in Subsections 3.6 and
3.8 of this volume for the first primary heat pipe). As shown in
Figure 93, the location of the thermocouples along the heat pipe and
the three sections of the heat pipe -- evaporator, adiabatic section,
and condenser -- can be readily seen.

As stated before, there were several distinct differences between the
test setup of the first primary heat pipe and the second primary heat
pipe. The primary heater of the first primary heat pipe consisted of
five separate heaters covering effectively only 49 percent of the
condenser surface. The thermocouples at the evaporator section were
placed between the heaters, thus measuring the heat pipe temperature.
The primary heater of the second heat pipe consisted of three heaters
tightly wound in parallel., No gaps were left between the heaters,
thereby heating the evaporator uniformly. Despite the fact that the
thermocouples were placed against the heat pipe, the thermocouples in
the evaporator section #2 through #5, would see the heaters which had
to be considerably hotter than the heat pipe to permit radiation and
conduction heat transfer from the heater to the heat pipe. Only thermo-
couple #1, which was attached to the end flange of the heat pipe, mea-
sured the heat pipe temperature at the evaporator,

The primary heater had an effective hot resistance of 6.09 ohms,

While for the first primary heat pipe, five shell heaters were used
along the adiabatic section as auxiliary heaters, the second primary
heat pipe employed only two 3/8 inch diameter heaters. Since the thermo-
couples are all placed 90 degrees apart from the two heaters, the correct
temperatures were measured along the adiabatic section of the heat pipe.
Even during operation of the two auxiliary heaters the use of the Calrod
units for the second heat pipe decreased the heat losses from the heat |
pipe *y about 25 percent. |

46.1 TESTING WITHOUT POWER TRANSFER

The testing of the second primary heat pipe was initiated by obtaining
the temperature distribution and power losses under various power input
conditions, In Figure 100 the temperature distribution along the heat
pipe for increasing power inputs of the primary heater at the evaporator
section are shown, These temperature distributions can be compared with
the temperature distributions of the first heat pipe, which were presented
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in Figures 66 and 67. All temperature distributions were taken after
steady-state conditions had been achieved.

In Figure 101, the most pertinent temperatures along the heat pipe are
correlated with the power input at the evaporator. It taekes about 870 watt
of power to raise the condenser section fully to the temperature of the
adiabatic section, Furthermore, the adiabatic section has to have
achieved a temperature of at least 1300°F to bring about uniform condi-
tions for the entire heat pipe. The power and temperature required for
constant temperature conditions appeared to be quite high. The test
results are compared with the test results of the first primary heat

pipe in Figure 102, The second primary heat pipe achieved full operation
with a power input of 870 watt and a temperature of 1340°F, This compares
with the first primary heat pipe which required a power input of 1240 watt
and a temperature of 1450°F, The temperature and power correlation for
both heat pipes is shown in Figure 103, The results indicated that the
second primary heat pipe showed some improved performance in an area that
had not been the primary cause of failure for the first heat pipe.

To permit the correct evaluation of data, the transient characteristic

of the heat pipe was analyzed. The heat pipe characteristic can be taken
from Table XIII where the heat capacity of the entire heat pipe alone

and with a heat exchanger which was to be added, are presented., The
steady-state measurements provided the confirmation of the heat losses
which could be approximated by the correlation*

o]
cL PL/AT watt/ R

where
PL n  Power loss

4T Temperature difference between heat pipe and
ambient temperature

For the entire heat pipe, this loss value was found to be 0.821 watt/°R,

The differential equation for the heat pipe can be written as

c.. D) Py - C AT

cT dt "IN
which can be written in the integrated form, where PIN = power input

.NT = (ATo - PIN/CL) exp (-th/cCT) + pm/cL

*This correlation is valid only in a very restricted region and must be
considered a linear approximation,
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TEMPERATURE T, °F
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THERMOCOUPLE NO. 2
THERMOCOUPLE NO. 24
OADIABATIC SECTION

600 1,000 1,600
POWER INPUT P;, WATT

Figure 101, Temperatures along the 15-ft Heat Pipe as
Function of Power Input at the Evaporator

154

L




200 T '

150

100 }—

80—

OPERATING LENGTH OF HEAT PIPE L, INCHES
3

15

| |

SECOND PRIMARY HEAT PIPE
s

FIRST PRIMARY
HEAT PIPE

|

INPUT POWER IN PRIMARY HEATER P, WATTS

0
100 200 300 400

600 800 1,000

1,600 2,000

Figure 102, Operating Length of Primary Heat Pipe (Length of Uniform
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Figure 103,

Temperature and Power Loss Correlation

for the Two Pr.mary Heat Pipes
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TABLE XTIV

HEAT PIPE CHARACTERISTICS

Total
Inconel Wick Heat w/Heat
617 Material ]| Sodium Total |Exchanger]Exchanger

Total, ch
watt-sec/°F 2,473.92 |3,512.72 }3,640.18 | 9,626,82| 828.48 ]10,455.30
Unit Length, Cgy
watt-sec/°F 13.56 19.51 20.25 53.32

Condenser6 Cce
watt-sec/"F 508.67 731.82 758,36 | 1,998.85) 828.48 2,827.33

Thus, the value CL/Cc is the time constant which determines the time it takes
for the heat pipe to reach steady-state temperatures. A typical temperature
history is presented in Tab.e XV. The values presented show that after 20 hours,
the heat pipe temperature was still 5 °F from the final temperature of 1561.99°F.

4.6.2 TESTING WITH POWER TRANSFER AT THE CONDENSER

The initial tests had established that at the operating temperature of 1558°F,
the power losses from the entire heat pipe were 1210 watts., This indicated a
loss of 6.722 watt/inch length and therefore, a loss of 958 watts (calculations
shown in Figure 55 predicted a loss of 980 watt) from the adiabatic section

and the evaporator section and 252 watts (270 watts calculated) from the
condenser section. The losses from the evaporator section might have been
slightly higher because of the higher temperature of the heater. The exact
value would have been very difficult to establish and would have been outside
of the accuracy of the testing.

The initial power transfer by the heat pipe beyond the losses through the
insulation was to be achieved by removing successive layers of insulation
from the condenser section. The expected power losses, as taken from
Figures 55 and 104 are tabulated in Table XV.

These were the first test results which did not quite agree with predictions,
The power losses from the heat pipe increased only to 2 kW vs. 2.2 kW predicted,
while the temperatures at the condenser decreased and the temperature along the
adiabatic section continued to increase and never achieved steady state.
Pressure of time and the large time constant of the heat pipe did not permit
further testing that would have been required for explaining the deviation from
the predicted behavior.
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TABLE XV

POWER LOSSES FROM PRIMARY HEAT PIPE

Difference Total Loss From
Number of Insulation Power Loss in Loss Heat Pipe
Layers at Condenser (kW) (kW) (kW)
8 0.27 1.2
0.022
7 0.292 1,222
0.03
6 0.322 1.23
0.043
5 0.365 1.273
0.067
4 0.432 1.34
0.093
3 0.525 1.433
0.19
2 0.715 1.623
0.535
] 1.25 2.158

The last layer of insulation was removed from the condenser section and
the tubular heat exchanger installed as shown in Figure 105. The

heat exchanger was designed to be operated either with air or with steam.
It was assumed that the heat exchange would occur by radiation and con-
duction., The expected radiation transfer is shown in Figure 10¢. At a
power transter of 5 kW (6 kW minus 1 kW loss from the evaporator and
adiabatic sections of the heat pipe) by radistion alone, the heat
exchanger temperature would be at least 1320°F., This would very well
satisfy the requirement of maintaining the operating tegperature of the
condenser at the heat pipe temperature,

After installation of the heat exchanger over the condenser section

and replacement of the insulation, testing for power losses was con-
ducted to establish again the relation between power losses versus operating
temperature. The results of these tests are shown in Figure 107. They
can be compared with those shown in Figure 101, A considerable tempera-
ture differential between the last temperature of the condenser section
and the adiabatic section was observed. This temperature differential
could not be explained by the slightly lower insulation efficiency
resulting from the increased effective diameter of the heat pipe due to
the heat exchanger. After a considerable amount of investigation into
the various reasons for that variation in the behavior of the heat
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Figure 105. Tubular Heat Exchanger at Condenser
Section of Second Primary Heat Pipe
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Figure 106, Power Transfer by Radiation from Condenser
Section of Primary Heat Pipe to Heat Exchanger
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pipe following the installation of the heat exchanger, it was finally
realized that by an error the heat pipe had not been releveled and

that the condenser section was 1-1/2 inches below the evaporator section.
After releveling the heat pipe, the temperature distribution along the
heat pipe was again that which had been measured prior to the installa-
tion of the heat exchanger. This confirmed that the heat exchanger

itself should not have any effect on the operation of the heat pipe except
for a slightly larger power loss when no power is being removed by the

heat exchanger.

When power was removed through the heat exchanger, temperature differ-
ences between the adiabatic section and the condenser section increased
by decreasing temperatures in the condenser section as well as by rising
temperatures in the adiabatic and evaporator sections without reaching

a steady-state condition. When this problem was analyzed it was
established that this condition is brought about by an overfill of the
heat pipe leading to blocking of the condenser section by excess
working fluid.

The heat pipe had been filled with an amount of sodium sufficient to
fully saturate the wick structure at the freezing temperature of sodium,
This was done to assure that during start up of the heat pipe the
evaporater wick would be fully saturated and no immediate dry ous could
occur, Ungder these conditions, however, an excess of 57.95 inch

(949.63 cm”) will be in the heat pipe when the heat pipe reaches its
operating condition at 1558°F. If all the excess sodium is transferred
to the condenser section of the heat pipe, it would occupy 55.72 inches
of the condenser. However, the entire condenser length of the primary
heat pipe was only 37.5 inches long. In the l-g gravitational field in
which the heat pipe was tested, it would not have been possible to block
the entire condenser section as some refluxing of the fluid had to occur,
but still a considerable area of the condenser is blocked preventing heat
transfer in the condenser and thus raising the temperature in the adiabatic
section and the evaporator section. This was exactly what was observed.
The test results clearly indicated that working fluid had to be removed.
Since this had been expected, provisions for removal had been made.

1t was decided to remove the excess sodium in steps of about 200 grams
each., A 14 inch volume was attached to the fill tube of the heat pipe

at the evaporator end and was instrumented with three thermocouples. The
heat pipe was brought to the operating temperature while the volume
temperature was raised only to the melting temperature of sodium. When
these conditions were reached and the volume was fully evacuated, after
several argon purges, the valve to the. fill tube was opened., The influx
of sodium into the volume was verified by the steep rise in the tempera-
ture of the volume as indicated by the attached thermocouples. This pro-
cess was repeated three times, After the first venting, the volume
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weight had increased by 224.2 grams. After the second and third time,
the weight increase amounted to 195 grams and 185,9 grams respectively.
Thus, the total amount of sodium that was withdrawn from the heat pipe
was 605.1 grams, This compared to a possible surplus of sodium at the
operating temperature of 710,33 grams.

Prior to the successful withdrawal of the sodium, a considerable amount
of difficulties had been experiencad. The reason for several unsuccess-
ful attempts was finally found by accident to have been a fracture in a
tube. This fracture was not evident during argon purge and evacuation
of the volume because of sodium sealing it. After repair, the sodium
withdrawal proceded like clockwork in a fully predictable manner.

After withdrawal of sodium from the second primary heat pipe, the steady-
state conditions without power transfer at the condenser section (except
losses occurring through the insulation) were ascertained for two power
settings as shown in Figure 108. The results were consistent with those
measured prior to the withdrawal of sodium so that testing with power
transfer at the condenser section of the heat pipe could be continued.
First, the appropriate coolant flow rate for the heat exchanger was
selected for a desired power transfer. The heater power was then raised
to the desired power level. A temperature controller monitored the
temperature of thermocouple #4 causing the power to the heaters to be
turned off whenever {ts temperature would exceed 1800°F. The operation
of the controller was timed and the effective power input was assumed

to be the average power input during a cycle. For a typical test the
heater would be on approximately 87 percent of the time and off only

13 percent of the time, The correlations which were obtained under these
test conditions were very difficult to interpret. It appeared that the
total average power input could not exceed 4.5 kW,

The test procedure was changed after observing that the temperature
differential between thermocouples #1 and #2 was not a function of the
power input alone, but also a function of the step increase in power |
input; the larger the step increase of the power, the larger was the ?
temperature differential, When the power was increased from 3 kW to |
4 kW after the heat pipe had operated for a considerable time at 3 kW

and had reached steady-state conditions, the temperature difference

between the adiabatic section of the heat pipe and the temperature

measured by thermocouple #4 would be only about 140°F, When the power

input, however, was rsised from 1 2 kW to 4 kW, the temperature differ-

ential would advance to over 250°F despite the fact that the operating

temperature of the heat pipe was the same, This behavior can now be

explained by the inertia of the sodium in the wick.
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After a better understanding of the behavior of the heat pipe had been
obtained, the heat pipe was operated consistently with a total power input
of slightly over 6 kW (6.11 kW), There was no indication that 6 kW was
the upper power transfer limit for the heat pipe. Prudence, however,
dicatated the conclusion of the heat pipe tests at that power level. The
temperatures along the heat pipe are shown in Figure 109, The steady-
state conditions were near 1500°F. No effort was made to come to a power
balance at exactly 1558 F, which would have been ver, time consuming with
a heat pipe which has a large thermal inertia and time constant. It was
surmised that operating the heat pipe at the design temperature would be
considerably easier with the full thermal train when the thermal energy
storage material would take over the temperature control, Figure 109
shows the temperatures along the heat pipe to be very constant, Thermo-
couples #19 through #24 measured a temperature between the heat exchanger
and the heat pipe. Since the coolant is injected into the heat exchanger
at the downstream end cf the heat pipe, thermocouple #24 indicated the
lowest temperature. This phenomenon is very similar to that which causes
thermocouples #2 through #5 to measure temperatures somewhere between the
heater and the heat pipe. The real temperature of the heat pipe at the
evaporator was that indicated by thermocouple #1.
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SECTION 5

THERMAL TRAIN

5.1 INTRODUCTION

With all components of the thermal train tested and each one having been
found to perform according to design, the second primary heat pipe, thc

secondary heat pipe with the thermal energy storage unit and the rotary

radiation heat transfer joint were ready for integration.

5.2 INTEGRATION

For the integration of the thermal train, a sodium joint between the
primary heat pipe and the secondary heat pipe was required. For_filling
the joint, a calibrated volume was built which could hold 18 in.3 of
sodium. The net volume in the joint between the primary heat pipe and
the secondary heat pipe was 24,58 in.3. When allowance was made for the
sodium to expand by about 20 percent when raised to the operating tem-
perature of 1558°F and for a void of 10 percent at the operating tem-
perature, a volume of 17.22 in.3 of sodium at the £ill temperature of
about 320°F would have been called for.

The flange of the primary heat pipe (see Figure 17) was welded to the
lip of the secondary heat pipe, shown in Figure 110, leaving a gap
between the two heat pipes ¢ about 0,025 inch, Spacers between the two
heat pipes were not necessary. Because of minor distortions which had
occurred during the testing of each of the two components, the two heat
pipes made contact in several spots thereby supporting each other with-
out spacers.

The filling of the joint with sodium proceeded without problems. The
joint volume was not sealed permanently as had initially been intended,
but was closed off with a valve to permit adjustment to the sodium fill
at a later date if such should become desirable.

The rotary heat transfer joint was reworked by installing four new ﬂ
coils into the joint. To improve the cooling operation, the coils were

supplied with coolant in a counter flow; i.e., coolant could be in-

jected into two coils from the lownstream side and into two from the

upstream side of the thermal train. For improving the control of the ]
cooling further, cooling could take place either with all four or with N
only two of the coils in operation.

In Figure 111, the complete full-scale thermal train of the solar col-~
lector thermal power system ie shown, while in Figure 112, the condenser
end of the secondary heat pipe with the rotary radiation heat transfer
joint can be seen with the "ater lines and the pressure lines for mea-
suring the upstream and downstream pressure at the metering orifice.
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Close-up View of Rotary Radiation Heat Transfer

Joint and the Secondary Heat Pipe as Assembled
in the Full-Scale Thermal Train of the Solar

Collector Thermal Pnwer Svstem

Figure 112,

E7%L9
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5.3 TEST SETUP

The basic test sctup for testing the full-scale thermal train of the

solar collector thermal power system is schematically shown in Figure
| 113. The primary heat pipe (s inserted into the cavity of the secondary
{ heat pipe which also encloses the thermal storage unit. The rotary
radiation heat transfer joint was slipped over the condenser section of
the secondary heat pipe. Approximately 20 inches of the evaporator
section of the primary heat pipe was covered with the coils of the three
electrical heaters which have a total electric power capacity of 9 kW.
Thermocouples were placed along the entire thermal train as indi-
cated in Figure 113. Thermocouples #2 through #5 were located directly
under the primary heater. They measured temperatures considerably above
the operating temperature of the heat pipe. Thermocouples #6 through
#16 measured the temperatures along the adiabatic section of the primary
heat pipe. Thermocouples #17 and #18 measured the temperature of the
adiabatic section of the secondary heat pipe. Thermocouples #19 and
#20 were placed on the condenser section of the secondary heat pipe
while thermocouples #21 and #22 were located on the receiving surface
of the rotary radiation heat transfer joint. Thermocouples #23 and #24
measured the temperatures of the cooling coil of the rotary radiation
heat transfer joint.

5.4 TESTING

After checkout of the instrumentation, testing of the thermal train
was initiated. First, the steady-state power losses for the entire
train had to be ascertained. It was already shown that the time con-
stant (which is the ratio between the thermal capacity and the power
loss) for the primary heat pipe alone was such that the final steady-
state temperature of the heat pipe was not achieved for 24 hours after
adjusting the power input at the evaporator. Therefore, for each single
test point at least a full day had to be allocated. Accuracy in the ,
correlation between power loss and operating temperature was required i
for evaluating correctly the operation of the thermal train under condi-
tions of charging and discharging of the thermal energy storage unit in
the secondary heat pipe, and for the determination of the effective
thermal mass of the thermal train.

The steady-state power loss data are presented in Figure ll4. They
could be approximated well by a straight line on double log paper and
by the relation

=C x Tn
loss
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where

P1oss = Power loss, watts

c = Constant, 3.40 x 10-5
T = Temperature, °r

n = Exponent, 2,310

With the steady-state power losses established, the thermal train was
operated in the charging and discharging mode. Power was applied to

the evaporator section of the primary heat pipe at different power levels
while the thermal energy storage unit was charged. A typical temperature
history for the thermal train is shown in Figure 115, The total power
input into the evaporator is 4199.5 watts. From the data , ‘'sented in
Figure 116, the thermal train is losing about 1460 watts at the charging
temperature of 1560 °F. Thus, the total amount of power stored during
the charging processes is about 2740 watts.

In Figures 116 through 118, the temperature distributions during charging
at various power levels are presented. Thermocouples #2 through #5 were
located directly under the heater, while thermocouples #1 and #6 were not
exposed to the direct heat transfer by conduction and radiation from the
heater. Thermocouple #1 was therefore the most important temperature
indicator. If the evaporator should have become depleted of sodium,
thermocouple #1 would have risen above the temperature of the adiabatic
section of the primary heat pipe. The reason for this would have been
that the end of the heac pipe would no longer have been cooled by eva-
poration of the working fluid.

During one test a divergent of the temperature indication of thermocouple
#1 was observed. This occurred when the power at the heater was raised
in a step from 1.2 kW to 6 kW while the thermal train was near the oper-
ating cemperature of 1560 °F. Fortunately, the malfunction was detected
in time. The pow-r to the evaporator was turned off and was not turned
on again until all thermocouples of the primary heat pipe indicated the
same temperature.

Th; interesting aspect of the above test was the realization that the
working fluid has an inertia which has to be considered in the operation
of the thermal train. During the steady-state condition, at which a
power of less than 1500 watts is transferred at the evaporator section,
the circulation of the working fluid in the heat pipe is accordingly
low, i.e., the velocity of the working fluid in the wick is only one-
fourth of the velocity when the heat pipe is operatirg at C kW, When
the power input is increased, the fluid in the wick has to be acceler-
ated.
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To overcome the fluid inertia requires an additional suction pressure
above and beyond the suction pressure needed to compensate for the

flow resistance in the wick. As it was the case with the present heat
pipe when operating in a 1-g gravitational field, available suction
pressure was already limited and was just sufficient for steady-state
operation, Thus severe transient condition could not be accommodated and
dry-out at the evaporator occurred. This suggested that the heat pipe
analysis needed further expansion and refinemeut to include the effect

of transient conditions.

Figures 116 to 118 indicate relatively large temperature differentials
between the thermocouples under the heater and the adiabatic section of
the heat pipe. The temperature of thermocouple #l clearly suggests
that the indicated temperatures of thermocouples #2 to #5 were not the
heat pipe temperatures but were temperatures between the heat pipe and
the heater. A fairly good correlation could be established between a
fictitious radiation heat transfer, Pr’

P = oeAE(Tz4 - Taa)

where:
Pr radiation heat transfer
AE evaporator area
Tz indicated temperature of thermocouple #2
Ta temperature of the adiabatic section of the heat pipe
€ emissivity (assumed unity)
o Boltzmann's constant

The correlation between the fictitious radiation heat transfer, P ,
and the heater power, Py., are shown in Figure 119. This would ifdi-
cate that the power transfer from the heater was very much influenced
by radiation heat transfer and that the contact between the heater and
the heat pipe was not maintained during operation as can be expected.
Therefore large temperature differentials tetween the heater and the
heat pipe had to be expected. This condition caused the operation of
the heaters close to their maximum operating temperature.

Figures 115 through 118 show also relatively large temperature differ-

ences between the primary and the secondary heat pipe., This differ-
ential varies and depends on the time and power level. The differential
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Figure 119, Correlation Between Maximum Possible Radiation
Power Transfer and Heater Power at the Primary
Heat Pipe Evaporator

182




was higher than had been anticipated and indicated that the thermal
joint presented a larger thermal barrier than had been predicted.
Several reasons for this discrepancy can be assumed. For achieving

a relatively good conduction pass between the primary and secondary

heat pipes, the gap between the two heat pipes was filled with sodium.
Because of the relatively large thermal expansion of sodium, the gap

had to be underfilled to prevent the expanding sodium from bursting

the heat pipe joint. Probably the underfill wus too large and consider-
able voids prevented a good heat transfer. The measured high tempera-
ture drop emphasizes the avoidance of joints in the thermal train.

In Figure 120 the operation of the thermal train with a power input
of 6 kW and a power extraction of about 2.7 kW are presented. This

is the most severe operating condition for which the enti..: thermal
train was designed. Except for the larger than expected temperature
difference between the primary heat pipe and the secondary heat pipe,
the operation was fulfilling all design requirements at this operating
condition. The thermal train was shut down on 28 June 1974 with the
conclusion of the technical effort of the program.

All components of the thermal train had remained in full operating
conditions. The thermal train appeared to perform well up to the
design power level of 6 kW. The design power level was not exceeded
to protect the components from damage. Testing of the thermal train
can be initiated again at any time.

5.5 CONCLUSION

With the full power testing of the solar collector thermal power system
thermal train, the basic feasibility of the Solar Collector Thermal

Power System had been demonstrated. The thermal train performed accord-
ing to most of the design goals, i.e., a total power input of 6 kW at

the evaporator, an energy storage rate of 3 kW, a power transfer across
the radiation heat transfer joint of 3 kW, and an energy extraction rate
of 3 kW. The only discrepancy between design requirements and test
results was experienced in the heat transfer from the primary heat pipe
to the secondary heat pipe through the sodium joint. It is not quite
clear where and why the temperature drop occurred. 1t is possible that
the thermal coupling between the two heat pipes is impeded either by an
underfill of the joint, by scaling of the two surfaces which were exposed
to the atmospherc during testing of the components individually, although i
the surfaces were cleaned prior to integration, or by a temperature drop i
in the condenser of the primary heat pipe. Such a temperature drop was ‘
not measured in the subscale cavity heat pipe which is described in

Volume III of this report.
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APPENDIX A

FLUID FLOW IN HEMISPHERICAL RECEIVER

spherical receiver is shown in Figure 121.

TMAX

ERBRARIRY

j g

oy

Figure 121. Geometric Relations

By Darcey's Law the volumetric flow rate V is

R )
W AL
where
G volumetric flow rate
K permeability of wick structure
Af flow area perpendicular to flow dicection
bp pressure drop
AL distance along flow pass
W viscosity

The volumetric flow rate can be expressed by the density P and the mass

flow rate W

V = W/op
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When the hemispherical receiver is irradiated fluid is evaporating from
the back surface of the receiver carrying the radiation energy away in the
form of latent heat. The working fluid has to be resupplied by the flow
in the wick which is governed by Darcey's law and by the law of capillary
action. The analytical model for the fluid flow in the wick of a hemi-

(11)

(12)




The flow area Af and the distance along the flow pass AL are

Af = 27 R t cosg (13)

AL = RAg (14)

Using relations 12, 13 and 14, Darcey's law can be expressed in differ-
ential form

= &YW do
f dp 2 7Kpt cosp (15)
The change in the mass flow rate is equal to the amount of fluid
evaporated
. q(v) dA,
aw = - — (16)
H
fg
where
Ai irradiated receiver area
& heat Input per unit area
Hfg latent heat of evaporation of the working fluid

The incremental surface area is

dAi = 2nR2 cos® do (17)

and the heat load is by the cosine law

= qmaxSinto (18)
where
é maximum heat load which occurs on the center of the
max hemisphere

Combining relations 16, 17 and 18 results in the differential equation
for the mass flow rate

sing costp do (19)
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Since

.
N

Q = q __R°rm (20)

where

Q total power input
and
Wo = Q/H

g @)

where

Qo total mass flow rate into the hemisphere
relation (19) can be written

W = 2&0 sino cos p do (22)
The solution of equation 19 is

W= W (1 - sin?e) (23a)

W = W cos’a (23b)

When the mass flow rate W of relation 23 is inserted into relation
15 thedifferential equation for the pressure along the hemispherical
flow pass is found to be

"2y wo cosQ

g %= 0 TEeRsr ¢ @

-2

o
—
oc -

Integration of the differential equation 23 and relation 21 results
in the desired relation between the pressure drop and the total heat
input.

__uQ

Ap = - (25)
Zﬁp K tl&g

Tt is interesting to observe that the radius of the hemisphere does

not enter into the relation. The pressure drop can then be equated

with the available suction pressure produced by the capillary force as
given by
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Ap = ZJ_
| e
g vhere
v surface tension
T, effective pore radius

All values have to be in consistent units in the above relations.
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