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ABSTRACT

This report summarizes a program to assess the performance characteristics of a
l.iquid Belt Radiator (LBR) concept that has the potential for markedly improved
characteristics such a.. lighter weight and more compact storage than currently
used space radiators. In many cases, present construction techniques produce
space radiators tﬁat represent 50 percent of the total weight of the power
plant. Present radiator systems do not lend themselves particularly well to

compact storage auring space vehicle launch or ease of deployment once in space.

In the LBR concept described herein, a thin screen or mesh structure which
support's menisci of a suitable material is drawn from a liquid ‘bath which
functions as a heat rejection sink for a spacecraft's thermal control or thermal
power system. The ribbon is moved through space by means of a mechanical
arrangement so that it functions as a lightweight radiator system. The liquid
must have a very low vapor pressure (<10-8) over the operating temperature range
in order to keep evaporative losses within acceptable limits. Materials meeting
this criteria include several diffusion pump oils, gallium, lithium, and tin.
The selection of material will depend primarily on the temperature range of
interest with the oils limited to about 350 K (171°F) and the metals being
applicable to 2000 K (3140°F).

The LBR system can operate either in the sensible heat mode (the meniscus
material remains in the liquid phase) of in the latent heat mode where the
meniscus material changes phase during its transverse through space. The
selection of operating mode depends on material selection, operating

temperatures, and the requirements of the heat rejection systems.

Parametric analysis undettaken in this study shows that the LBR concept has the
potential for reducing the mass of radiators by 70-90Q percent when compared with
conventional heat pipe technologies. This observation, however, is based on the
LBR surface having a total emissivity in excess of 0.3 and preferably in excess
of 0.6. Measurements made in this study indicated that the diffusion pump oils
easily meet this criteria with emigsivities greater than 0.8. Measurements made

on gallium indicate that the material most likely has an emissivity in excess of
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0.3 in the solid state when small amcunts of impurities are on the surface.

More accurate measurements, however, are required to clarify this issue.

The parametric studies and emissivity investigations were made to generate a
radiator design for a Brayton cycle power system rejecting 75 kW of waste heat
over the temperature range of 458 to 315 K (365-107°F) to an effective

background heat sink temperature of 250 K (-10°F). The resulting point design

consists of a moving belt in a cylindrical array which is deployed and maintains

its configuration as a result of centripetal forces.

The point design includes a belt with an axial dimension of 3.4 m (11.0 ft) and

a diameter of 13.7 m (45 ft). The dimensions of the LBR heat transfer bath are

0.38 m (1.25 ft) in the direction of belt travel and 3.4 m (11.0 ft) normal to

the direction of belt travel. With a nominal belt thickness of .051 cm (.02 in)

fully wetted with Santovac 6 diffusion pump o0il, the overall weight of the

radiator system is estimated to be 235 kg (517 pounds). This estimate includes

all heat exchangers, rollers, drive motors, and spare fluid for one year of

evaporative losses. The point design exhibits a characteristic mass of

approximately 3.1 kilogram per kilowatt of power dissipation, a mass per unit
prime radiating area of approximately 0.9 kilogram per square meter and a total
package volume (assuming a rectangular storage canister) of approximately 2.50

m> (88 ft?). This compares very favorably with conventional technologies which

have weights on the order of 4 kg/m?. Nearly one-half of the storage volume

consists of a stuffing box used to stow the LBR during transport and during

vehicle maneuvers. This point design and alternate means for stowing, deploying

and supporting the belt radiator to withstand vehicle maneuvers need further
study.
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1.0 SUMMARY AND CONCLUSIONS

Current space radiators employ heat pipe technology or pumped single phase fluid
systems. Future spacecraft will benefit from radiators that are lighter than
those currently employed and are capable of being readily erected or deployed in
orbit. This engineering study examines a new radiator concept called the Liquid
Belt Radiator (LBR) that employs a thin moving belt of wetted fluid as the

radiator.

The 17 month program described herein verified the potential for the LBR concept
throughout a wide range of heat rejection temperatures of interest. Specific

accomplishments of this program were:

o A review of the properties of a wide range of materials for use in LBR
concepts at different temperature levels.

o The completion of wetting tests for over 25 different film/mesh material
combinations. ‘

o An analytical deterumination of the criteria for menisci stability, liquid
bath containment in a gravity-free envirorment, and the requirements for
maintaining the liquid on the ribbon under inertia loads.

o The parametric analysis of LBR system (iicluding deployment systems) at
three different heat rejection temperature levels of interest and estimate
the total system sizes and weights for these designs for comparison with
heat pipe radiator systems.

o Completion of bench top experiments which verified the basic concept of the
LBR by forming liquid belt radiators (2 inches wide and 13 inches long)
using diffusion pump oil and a low melting point alloy.

o Measurement of the emissivities of two low vapor pressure diffusion pump
0oils (Dow Corning 704 and Santovac 5) and gallium which are candidate
materials for use in the LBR.

° Preparation of a preliminary point design for an LBR system which could
reject heat from a 37 kWe Bravton cycle engine which is under consideration
as a power source by NASA. This system rejects 75 kW of thermal energy
over the temperature range of 458.3-315 K (365.5-108°F). This design
included consideration of the belt interface with the heat rejection



systems, means for deployment, and parasitic power losses associated with

belt movement
Several of the more important results of the above effort are summarized below.

§zstem Mass

With proper selection of working fluid, the mass of the LBR system will be
between 30 and 50 percent that of a heat pipe radiator with the same heat
rejection capacity., For the LBR, this assessment includes the mass of the
liquid belt, heat exchanger bath, deployment system, make~up fluid, and

ancillary equipment. The mass assumed for the heat pipe radiator was 4 kg/m?.

The largest single factor influencing system mass is the emissivity of the
radiating surfaces. 1f emissivities of 0.5 or greater can be achieved, the mass
of the LBR system is consistently less than 40 percent that of a heat pipe

system, At emissivities of 0.1, the mass of the LBR concept approaches the heat

pipe radiator.

Material Emissivities

The emissivities of Santovac 5, DC-704, and gallium were measured during this
program. Both oils exhibited emissivities in excess of 0.85 over the wave
iengths of 1interest., The gallium tests demonstrated a Jow liquid state
emissivity (=0.1). They did however indicated higher emissivities (20.2-0.4) in
the solid state which would prevail during a phase change operational mode.
This conclusion must be made with reservation, however, since the surfaces were

probably contaminated with oxides during these measurements.

The mesh on which the working fluid meniscus is formed tends to give the LBR a
textured surface. Analysis indicates that such texturing carn increase the

apparent emissjvity of the surface by a factor having an upper bound of 2 when
using material with surface emissivities of 0.1 to 0.3. This suggests that belt
emissivities may be increased to a range of practical interest for IBR's using

liquid metals by proper belt design. Increasing the emissivity of the metal by



surface contamination (e.g., oxide layer) is another possibility which requires

exploration.

Radiator Area

The area of the LBR can approach that of heat pipe radlators if the emissivity
of the liquid film approaches 0.85. Measurements made during this program
indicate that achieving such high emissivities will be possible when using low
vapor pressure oils as the film materiasl. However, liquid meatals do mnot
exhibit such high surface emissivities. The surface area of 1BR will,
therefore, be larger than for heat pipe radiator systems for operation in the
higher temperature ranges. Nevertheless the low unit area weight and method of
deployment of the LBR will still often result in lower weight over a wide range
qf applications.

Material Options

The heat sink bath material in the LBR is directly exposed to space during the
heat rejection process. As a result, materials with very low vapor pressures at

the desired opcrating temperatures must be used so that:

o Excessive material is not lost due to evaporation.

o Belt material does not contaminate sensitive spacecraft surfaces.

Analysis indicates that vapor pressures below 10.8 torr are required to
minimally satisfy the first of these conditions and that even lower vapor
pressures are desirable. Selected materials which satisfy this minimum
requirement are indicated in Table 1.1. For purposes of the parametric
analysis, Santovac 6 was selected for low temperature heat rejection (311 K,
100°F), lithium for intermediate temperature heat rejection (450 K, 350°F), and
tin for high temperature heat rejection (550 K, 531°F).

Lithium and tin can be considered in both a sensible heat mode (where the film

remsins 1liquid throughout its transverse in space) and a change of phase mode



(vhere the film changes phase during its transverse in space). The oils are

only applicable for operation in a sensible heat operating mode.

Meniscus Formation

Ideally, the liquid film material should easily wet the mesh material used as
the substrate, Furthe:more, to form ideally stable menisci, the spacing to
diameter ratios of the mesh should fall within certain limits .Appendix B). For
example, when using a 5 mil mesh wire, the spacing should be about 35 mils (for
a diameter to spacing ratio of 0.13). Both experience and analysis during this
prograr suggest, however, that neither complete wetting on or rigid adherence to
lower limit stability requirements are necessary to form a liquid belt, These
facts were experimentally determined by formation of menisci using diffusion
pump oils on meshes with spaces which considerably exceeded the severest
stability requirements and the formation of metal films on meshes where the

material combinations do not wet.

The limits of stable mesh spacing for various wetting conditions have yet to be

determined.

bench Test Results

A bench test system capable of pulling mesh 2 inches in width and 13 inches long
through a bath was assembled to verify the basic LBR concept. This experimental
apparatus has been tested using a nylon screen with Santovac 5 diffusion pump
oil and a low melting point eutectic metal (Cerralow @ 150°F). In both cases, a
liquid belt approximately 15 mils thick was drawn from the bath,

The meniscus formed with diffusion pump oil was perfect as would be expected
given the excellent wettability of diffusion pump oil on the mesh material. The
menisci formed with the liquid metal were not everywhere complete as might be
expected by the relatively poor wetting exhibited by the metal and the screen
substrate. Figure l.i shows one such miniature belt radiator being drawn from a
vat of molten gallium. These tests helped to relate laboratory wettability test
results with actual performance in an LBR configuration.
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Figure 1.1 MENISCUS FORMATION ON THE LBR TEST RIG USING GALLIUM
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Point Design Results

The potential of the LBR concept was assessed by applying it to a specific
operational requirement defined by NASA. As indicated on Table 1.2, the
specified requirement was a space radiator for a 37.5 kWe Brayton cycle power
unit where the heat rejection is over a temperature range of 458-315 K
(365-108°F). The quantity of heat to be dissipated was ;5 kW. This application
is of great interest due to the fact that the heat rejection is over a rather
wide temperature range as compared to the rejection asscciated with a Rankine
cycle power plant or the cooling of electronic equipment. Several modes of LBR

operation were considered for this mission, {ncluding:

o Heat rejection in the latent heat mode using gallium as the belt fluid and
a constant belt temperature of 303 K (86°F).

o Heat rejection in the sensible heat mode using gallium as the belt fluid
operating over a temperature range of 310-450 K (98.6-351°F).

o Heat rejection in the sensible heat mode using Santovac 6 as the belt fluid
operating over the temperature range of 300-330 K (135-81°F). The upper
temperature in this case was cetermined by the need to limit evsporative

material losses which increase exponentially with temperature.

The latter option was selected for the point design since it led to the lowest

mass LBR system meeting specified requirements.

The resultant point design 1is indicated pictorally in Figure 1.2 with
corresponding specifications in Table 1.3. It consisis of a screen mesh belt
which is 3.5 m wide and 43 m long having an area approximately 145 m?. The belt
is 0.05] cm thick and moves with a velocity of 0.8 m/sec. The overall system
mass is 235 kg of which 92 kg (39 percent) is associated with the belt and
associated fluid menisci and the remainder with the heat exchanger bath and
ancillary equipment. This mass compares very favorably with conventional heat
pipe designs, assuming 4 kg/m2.

Figure 1.3 is an artist's rendition of the system as it might be applied to such
a mission.



Table 1.2

Mission Requirements of LBR Point Design

Parameter

Value

Average Power Dissipation
Brayton Cycle Temperature Range
Effective Heat Sink Temperature

Launch

Deployment Sequence

Orbit Parameters

Mission Life

75 kwt
458.3 to 315 K
250 X

Max. 4.6-m (15-ft.) dia. x 18.3m
(60-ft.) Cargo Bay

Fully Automatic

o 502-km {311-mile) Circular
Orbit (T = 94,6 min/orbit)

o 28.5° Inclination to Earth's
Equatorial Plane

o Air Density (high solar
activity) < 1.2 x 1012 kg/m3

o LBR Drag Coefficient: 2.5

One Year (Assumed)
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POINT

Working Fluid
Mode of Operation
Heat Rejection Rate

Table 1.3

DESIGN PHYSICAL PARAMETERS

Santovac 6
Sensible
75 kWth

Exit Temperature
Inlet Temperature
Belt Width(l)

Belt Thickness
Belt Circumference
Belt Diameter

Belt Arca(z)
Belt Weight

Belt Speed

Yearly Material Loss
» of Belt Weight

Heat Exchanger Length(3)

Heat Exchanger Single Sided

Gap, Distance
(4)

Parasitic Power

Orbital Drag(s)

330 K (135°F)

300 K (81°F)

3.4 m (11 ft)

5.1 x 107" m (1.7 x 10™° £¢)
43.0 m (141 ft)

13.7 m (45 ft)

290 m (3110 ft’)

92 kg (202 1bm)

0.8 m/s (2.5 fps)

14.4 kg (31.716 m)
l4.1 percent

0.38 m (1.25 ft)
5.8 x 107> m (0.0190 ft)

<1.00 kW (~1.3 hp)
0.0012 N (0.0002 1bf)

NOTES

(1) Selected so that storage aboard NASA STS is possible.

(2) Refers to inner and outer surface area.

(3) Refers to the length in the direction of belt travel assuming an overall
heat transfer cooefficient of 570 w/m? K and a LMTD of 53 K.

(4) Assumes a gap distance of 225 mils from the surface of the belt to heat

exchanger plates.
friction effects.
(5) Based on a 270 n
density of 5 x 10

Also additional drag forces effectively double the fluid

tical mile circular orbit and a maximum atmospheric
Kg/m3
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Figure 1.4 shows the LBR in the stowed position for the assumed mission. The
interface heat exchanger is seen to consist of parallel flat plates which are
heated by a fluid loop in contact with the Bravton cycle power plant. The heat
to be rejected is transferred to the bath material and then to the moving belt
which moves through the gap. In the stowed position the belt/heat exchanger

combination (not including rollers and drive system) takes up an estimated
volume of 0,74 m3,

An important issue with any radiator concept is the level of parasitic power
required for its operation. 1In the LBR svstem, this power arises from the
viscous drag forces on the belt as it moves through the heat exchanger bath.

For the point design the resultant parasitic power was estimated to be 0.75 kW,
which is about 1 percent of the energy being dissipated.

12
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2.0 INTRODUCTION

2.1 Background and Introduction of the Liquid Belt Radiator Concept

The heat rejection needs of spacecraft are projected to increase significantly
over the coming decades as both civilian and military missions operate at
increased power Jevels. In space vehicles which must reject large amounts of
heat, the size and weight of the space radiator impact the design of other
vehicle structures and overall reprssent a major design consideration. As an
er nent of a closed-cycle power system, it represents about one-half the weight
of a weight-minimized design. As an element of a thermal utility for
maintaining manred working spaces or instruments within their tolerable

operating temperatures, the weight of the space radiator is typically 60 percent
or mcre of the total weight.

Besides being a major contributor to system weight, large space radiators
necessarily have large extended surfaces for heat rejection. The
characteristics of conventional heat pipe radiators normallv introduce such
design complications ~c deployment and repair or servicing requirements. The
design employed should be adaptable for operation at different temperature
levels, and if desired should additionally serve to control temperature at

different power levels. Finally, the space radiator should be invulnerable to

micrometeorite impact damage.

Currently, most advanced design concepts for large space radiators meeting these
requirements utilize a lightweight extended surfacz of honeycomb construction
upon which parallel rows of heat pipes are bonded for purposes of heat
distribution and isothermalization of the extended surface. Ore end of the heat
pipes are connected to a common heat exchanger which serves as a thermal busbar.
Commonly, a heat transfer fluid which carries the heat lcad to the radiator is
circulated through this heat exchanger, but alternately another master heat pipe
may serve this function. The weight per unit of projected area of radiators

having this construction typically range from 3 to 5 kg/m? (0.6 to 1 1b/ft?),

14



Best designs and methods for storage and erection are yet to be finalized and
proven as practical solutions. Problems associated with assembling and

maintaining leak-tight and thermally conducting joints are not trivial.

The Liquid Belt Radiator (LBR) system described in this report is one of several
advanced radiator concepts being investigated as an alternative for the heat
pipe radiator systems. As indicated in Figure 2.1 the LBR system is a thin fiim
(0.13-0.51 cm [5--20 mils] thick) of liquid in the form of menisci which adhere
to or wet a solid mesh substrate. This fluid filled belt, which functions as a
heat sink within the spacecraft, is drawn through space so that it can radiate
thermal energy. The belt may remain as a liquid, working in the sensible heat
mode, or it may change phase as it traverses through space. For the analyses
presented herein design choices are based on the desire for the minimum LBR
weight to accomplish a specified mission, this often being governed by the range
of heat rejection temperatures required. The belt weight must be traded off

against parasitic power dissipation associated with friction in the fluid and

seals.

As has been discussed, the LBR utilizes a thin layer of heat rejection material
(in the form of meniscii) attached to lightweight mesh having proper mesh

- dimensions to ensure stable meniscus formation and adequate mesh strength. The
concept shows promise of resulting in very lightweight, easily deployable,
reliable radiators, not subject to catastrophic damage from micrometeorites.
Material combinations are available which will allow utilization of the concept
over operating temperature ranges from 300 K (81°F) to relatively elevated
temperatures of 561 K (550°F) consistent with the heat rejection temperatures of
some advanced thermal power systems. An LBR radiator system is projected to
have a mass of less than half that of heat pipe systems. It should be noted,
however, that if the weight and deployability advantages of the LBR can be
demonstrated in practice, such a radiator would tend to change the optimum
operating temperature of thermal power systems in the direction of lower heat
rejection temperatures and correspondingly higher power system efficiencies.
Ongoing studies of a similar concept by other investigators indicate similar
promise to the LBR (Knapp, 1983).

15
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The LBR consist of the tollowing primary structures:

o A bath of a low vapor pressure liquid (oils, liquid metals, molten salt)
which acts as the heat rejection sink for a power-generating system, or a
spacecraft equipment cooling system.

o Screen mesh belt of lightweight material.

During operation, the belt would be drawn through the molten bath. A thin (5-20
mils) liquid web of the bath material would be formed within the boundaries
defined by the filaments of the belt (similar to the soapy water meniscus formed
in bubble-blowing). As the belt is drawn through space, the liquid menisci
would radiate to the environment and thereby dissipate energy. The cooled
material would then be returned to the bath for reheating, and new menisci

formed from the heated material.
By suitable combinations of belt speed, material properties, and operating
temperature levels, two basic modes of LBR operation are possible: a non-phase

change and a phase change mode. These are described in more detail below:

o Non-Phase Change Mode. The menisci are made to remain in liquid form

throughout the process. In this mode, the heat dissipation takes place in
the form of a sensible heat loss (and corresponding temperature reduction)

in the liquid material during its traverse through space.

0 Phase Change Mode. The menisci are made to gradually solidify during
radiant heat rejection. In this mode, the heat rejection to space results
in a change of phase of the material forming the menisci, and this change

can take place over a very narrow temperature range.

Both operational modes offer advantages and disadvantages. For example, the
advantage of phase change operation is that the belt velocity can be relatively
low, since large amounts of heat can be rejected by small mass flow rates of the
working fluid. However, in this case, the belt matrix may contain webs of

solidified material which must conform without failure to the structural

17



configuration of the moving belt. This problem is eased in the case in which no

phase change occurs, but at the penalty of requiring greater belt speeds.

Overall the LBR concept appears to offer promise as a large, lightweight
radiator system. It is conjectured that material combinations (i.e., working
fluid and screen belts) will be determined which will allow utilization of the
concept from ambient temperatures (l100°F) all the way up to relatively elevated
temperatures (550°F) consistent with the heat rejection temperature of some
advanced thermal power systems. Furthermore, if the weight and deployability
advantages of the LBR can be demonstrated in practice, such a radiator would
tend to change the optimum operating temperature of thermal power systems in the

direction of lower heat rejection temperatures and correspondingly higher power

system efficiencies.

2.2 Project Description

This report discusses results from a 17 month program with a level of effort of
about 12 man-months. The objective of the program was to provide preliminary
analytical and experimental verification of the LBR concept and to identify
major issues which need to be addressed in order to effectively pursue the
concept for practical space applications. Thesc objectives were addressed

durirg two program phases with the following tasks.

PHASE 1: Working Fluid Characterization and Parametric Studies

Task 1.1: Review of Technical Data

A data and literature search was conducted to identify available
state-of-the-art information for this concept. This activity focused on
physical properties of candidate heat transfer film materials, characteristics
of belt mesh (screen) materials and the experience to date on the physical

processes (wetting, etc.) associated with meniscus formation in space

environment.
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Task 1.2: Analytical Evaluation

Analytical studies were conducted to examine the performance characteristics of
this concept for a range of candidate heat transfer fluids, operating

temperature levels and deployment configurations.

Performance characteristics of phase-change and non-phase-change options were
compared to aid in defining the most favorable system configurations, pulling
speeds, and working fluid (bath) materials. Special attention was given to the
effect of pulling speed on meniscus thickness and overall radiator weight. This
efrort examined the effect of screen materials, mesh spacing, and filament
diameters on system weight and on the stability of the menisci formed. The
output of this task provided a preliminary identification of the working fluid
materials, screen configuration, deployment options and the parameters f{or
systems operating at selected temperatures and was used as input for the

conceptual designs of Task 1.4.

Task 1.3: Bench Top Tests

A series of bench top tests were undertaken in support of the analytical efforts
of Task 1.2. These tests included:

0 Determining the wetting properties of over 25 mesh/fluid film combinations
which might be appropriate for low temperature operation.

o Assemblying a small scale (2" wide - 6" long) motor driven LBR which was
operated with diffusion pump oils and low melting point eutectic metals.

Task 1.4: Conceptual Designs

Preliminary conceptual designs for systems using the parameters identified in
Task 1.2 were prepared for the three heat rejection temperatures of 311 K, 450
K, and 505 K (100°F, 350°F, and 450°F) and heat rejection rates from 25 kW to

100 k¥W. These conceptual designs were used to examine alternative LBR design
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options and to allow preliminary comparisons of the weight, size, and

reliability of LBR radiator systems with conventional svstems.

Phase [1: Emissivity Measurements and Preliminary Point Design

The results of Phase 1 indicated the necd to generate additioral information on
the emissivities of candidate materials and to characterize the LBR in more
detail via a point design for a specific mission. This was undertaken in the

following tasks.

Task ?.]1: Emissivity Measurements

The performance of the LBR concept and several other advanced radiator systems
being consideired by NASA depends critically on the emissivity of the materials
being utilized. Unfortunately there is very little published data on the

emissivity of these materials--particularly under the operating conditions of
space radiators. In order to be able to better nssess the potential of the LBR

concept, emissivity measurements were made on 3 of the candidate materials.

0 Santovac-5
0 NC=704
0 Gallium

Measurements on the diffusion pump oils were made using an infrared emittance
optics arrangement attached to a spectrometer system. Measurements on gallium
were made using both a reflectance measurement system and an infrared thermal

imaging system.

Task 2.2: Fmissivity Enhancement

Analytical studies were undertaken to asscss the potential for increasing the
effective emissivity of the belt by providing it with a high degree of geometric
texture. This could, in turn, influence the selection of belt mesh

configuration.
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Task 2.3: System Analysis and Design

Using emissivity estimates based, in part. on the results of Task 2.1 and 2.2, a
conceptual design of a complete LBR system based on a NASA defined mission was

preparel. This design depicts the LBR in both the stowed and deployed position
and provided estimates for:

o Total system weight.

o Parasitic power requirements.

o Stored position volumes.
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3.0 SYSTEM REQUIREMENTS

This section provides a brief descripticn of the overall system requirements for
the 1liquid belt radiator (LBR) and identifies the various considerations
evaluated in reaching the point design described in Chapter 5.0.

3.1 Overall Systen Requirements

The utility of the Liquid Belt Radiator Concept depends on a number of

requirements. Any system design must incorporate or address the following

general issues:

0 Ability to satisfy thermal load requirements and respond to any changes in
load.

o The need for a lightweight easily deployable and stowable structure.

0 The requirements for structural integrity and dynamic stability during
perturbations and maneuvers.

0 The selection of a working fluid/belt combination which ensures the
formation and stability of .ndividual menisci structure during transit
through space.

0 The selection of a working fluid that is optically and thermodynamically

suitable for use in a space environment.

3.2 Working Fluid Requirements

Because of the importance of working fluid selection, a more detailed account of
bath material requirements is presented. For all operating temperatures of the

LBR, the bath material must have the following properties.

o A low vapor pressure in the liquid state, so that the amounts of material
lost to space hy evaporation and the concomitant problems of contamination
that this loss may impose, will be tolerable.

o Sufficiently high surface tension and wettability to form and maintain

stable menisci between the filaments of the screen material.

22

T S S—— e R D e )



o A liquid state or melting point in a range of temperatures corresponding to

the heat sink of the system serviced by LBR.

Within these constraints, the selection of the working fluid will depend on
additional factors such as cost, surface emissivity, density, heat of fusion
and/or specific heat, viscosity, and chemical compatibility with the belt matrix
material. Table 3.1 shows a partial list of materials which are likely
candidates for the application.

The oils listed in Table 3.1 are used primarily in high vacuum diffusion pumps
and have very low pressures for organic compounds. All these oils easily wet
candidate belt materials (including plastics) facilitating their potential use
in the LBR concept. While their emissivities are generally unknown two oils,
Santovac 5 and DC-704, were experimentally shown to have normal emissivities in
the range 0.9 to 0.95 at thicknesses greater than 0.06 cm (25 mils). The
diffusion pump oils are viewed as excellent candidates for use in LBR systems of
heat rejection temperatures in the vicinity of 310 K (100°F). These properties
lead to selection of the oil Santovac 6 (Monsanto Corp.) for use in the point

design.

In addition to the oils, metals with Jow melting points have a mix of properties
which make them prime candidates for application to the radiator concept. Their
éharacteristically low emissivity constitutes the major deficiency which must be
overbalanced by their other desirable properties. Tn a pure state,
uncontaminated liquid-metal surfaces typically have emissivity values less than
0.1. Uncontaminated solid surfaces would have higher emissivities, but
nevertheless are also quite low. Methods for purposely contaminating the belt
surface (for instance, with an oxide film) to raise its emissivity may well

prove practical and should be pursued in future phases of work.

Liquid metals are highly reactive; therefore, their compatibility with other
materials would have to be considered in the selection process. Gallium could
be a particularly interesting material for rejecting heat in a phase change mode
of operation at the relatively low temperature levels (“90°F) required for

equipment cooling and the efficient operation of thermal (isotope and solar)
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power plants. Liquid tin or lithium may be appropriate for higher temperature
heat rejection svstems associated with space nuclear (or isotope) space power
systems. Lithium operating in a phase of change mode appears to be particularly
interesting due to its very low density with respect to gallium (0.53 g/cc vs.
6.10 g/cec) and its high heat of fusion (663 J/g). The advantages of using
lithium in such a phase change mode are displayed in the parametric analysis of
Section 4.0.

3.3 Mechanical Configurations

Various mechanical configurations were considered in reaching the point design
concept. The overall concerns of low weight, ease of deployment, and potential

for extended periods of highly reliable operation were of paramount importance.

3.3.1 Belt Configurations

The LBR concept employs a belt mesh to transport the working flujd from the bath
into space. This design is unlike existing moving belt radiator concepts (i.e.,
solid belt radiators) in that the heated fluid is directly exposed tn the space

environment and acts as the prime source of radiative energy transfer.

The mesh structure is akin to common screen materials used in filtration and

ventjlation applications. Candidate belt materials include:

o Metals (aluminum, tantalum, etc.)
o Low vapor pressure plastics (nylon, etc.)
o Reinforced composite materials (carbon, silicon carbide, etc.)

The selection of a particular material wjll depend on operating temperature
levels, compatibility with the working fluid, and its reliability and

degradation characteristics in the space cnvironment.
An important criterion for the belt is that the working fluid adhere to the

screen structure. The ability for the fluid to wet the solid is crucial to the
formation of stable menisci. Initial studies, detailed in Appendices B and C
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relatec a derived zbsolute meniscus stability criterion to material stress
limits. In general, the belt mesh material must bhave sufficient strength to

withstand vehicle mareuvers or forces associated with helt motion.
3.3.2 Bath Configurations

The fluid bath must be configured to ensure adequate heat transfer frem the
reject heat loop oi the power cycle to the LBR working fluid and provide
sufficient capacity to make up for working fluid losses. Although heat transfer
atea is of prime importance, the weight of the bath heat exchsrger structure(s)
rust also be kept as low as possible. Both concerns will necessitate the design

of a compact light-weight heat exchanger.

Tn addition to the area and weight considerations, the design of reliable and
¢fficient bath sealing techniques is of major concern. The ceal technology
developed will be derived from existing sliding seal designs, and must be
sufficient to minimize the loss ~f working fluid as the belt transits through
the bath. The overall bath design, including exit seals, must be consistent
with acceptable parasitic power losses resulting from the viscous forces on the
belt as it is "dragged" through the bath material. The criterion used in the
studies was that these parasitic power requirements be less than 1-2 percent of

the thermal heat being dissipated.

Natural evaporative losses due to vapor pressure considerations must also be
cempensated for. This will require the storage of make-up material aboard the
cpacecrart in the event that the material losces become significant. This extra
on-board fluid recuirement and its effrcts on the total mass of the radiator
system will depend upon the mission length and vapor pressure of the working

fluid at its operating temperature.
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4,0 DESIGN CONSIDERATIONS

4,1 Parametric Studies

The success of the belt radiator concept depends upon the ability of the design
to satisfy NASA's thermal energy rejection requirements while demonstrating a
comparative mass advantage with respect to existing radiator systems (i.e., heat
pipe radiator systems). In this section, a parametric evaluation of the
equations governing the operational characteristics of a prototypical LBR based
on a simple parallel plate configuration are developed. This study examines the
effect of optical properties, belt velocities, belt geowetrics, operating
temperatures, operating mode (sensible heat versus change of phase) and fluid

properties on radiator performance.

Particular attention is given to estimating the weight of LBR configurations and
determining under what conditions these weights compare favorably to those of

heat pipe radiator systems.

These analyses are then applied to three specific cases of interest to NASA

covering a temperature range of 311 K-644 K (100-700°F).
4.,1.1 Thermal Analysis

The primary task of any radiator system is to provide a means for rejecting heat
produced by various spacecraft operations. In space, the only mode of energy
transport is radiation. The amount of energy transferred from the belt via
radiation depends on the total radiating area, surface optical properties, view

factors, and the radiating and background temperature.

A first order heat transfer analysis of the LBR was completed using standard
radiative heat transfer relations and certain basic assumptions. The actual
energy transfer was assumed to be between only the LBR and space. All effects
of the sun and exchange with other portions of the spacecraft or nearby

planetary objects were ignored. In addition, these parametric studies assumed
space to be at 0 K.
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Figure 4.1 depicte the LBR structure used in these parametric analyses and the
vaudiating surfaces of interest. This simple design was considered
representative of LBR structures. The two parallel sections comprised the
primarv radiating surfaces while the top portion was ignored. Analysis has
chown this section to be small compared with the two rectangular belt surface

areas.

From the samc figure, it may be seen that with the outer rectangular surfaces
have a view factor to space of unity. The heat exchange to space from the
inside belt surfaces must consider the mutual radiant heat exchange between
these surfaces. The amount of energy the inside surfaces actually transfer to
space mav be expressed in terms of the view factor, F. The view factor, Fij' is
defined as the fraction of energy emitted from a surface i that is incident upon
a surface j. It may also be considered as a gecmetric paramecter referring to

how well ore surface "sees" or views another.

Since the primary goal is heat rejection, it is desired to maximize the amount
ot energy transferred to space by an inside surface. For a particular inside

surface, the following expression may be written:

L = Fieor = Fl2 * Fl-space (4=1)

where Fl’ refers to the energy transfer between inside surfaces 1 and 2 and

L

F between surface 1 and space. Geometrically it may be seen that F

l-space 12
approaches unity for wide, closely spaced parallel surfaces and goes to zero for
well scparated ones. Obviously, the latter configuration, where energy transfer

to space is maximized, is the best design approach.

From a p actical standpoint, liowever, the optimization of internal view factor
must Le done with regard to realizable LBR configurations. Figure 4.2 provides
a relation for the internal view factor associated with long narrow rectangular

plates as a function of the ratio =, = is defined as:

Smaller Rectangular Side
Separation Distance

7 R
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and may be thought of as the governing design parameter. For example, if = is

unity the internal view factor assumes a value of 0.4.
4.1.1,1 Heat Transfer Analysis and Radiative Area Equation Developments

Tn Appendix D the derivation of the area required to satisfy a given thermal
load is presented. This analysis is based on the structure shown in Figure 4.1
and assumes that all belt surfaces have a constant average radiating temperature
L rad’

The area required to reject a specified amount of tha2rmal energy, Qload may be
expressed in terms of the single sided rectangular surface area As’ defined in

Figure 4.1. As may be expressed as:
A = ltwv
s
where:
h is the height of the LBR

w is the width of the LBR

From Appendix D, the required area As may be written as:

As = QLoad (4-2)
2(2-Fp3) cppTraq®
where:
Trad = the average radiating temperature associated with the belt surfaces.

F23 = the view factor associated with internal belt surfaces 2,3.
€gR - the total hemispherical emissivity (assumed constant for all
surfaces).

A = cthe single sided rectangular area.

From Equation 4-2, it may be seen that for a fixed radiating temperature and

heat rejection rate (i.e., Trad and Oload) the projected rectangular surface
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area As varies inversely with the emissivity of the LBR surface and directly

with internal view factor P23.

1t should be noted that the total effective area required for a specific energy
rejection is constant for a given emissivity, Qload' and radiating temperature.
In the case of the LBR, an "effective" total radiating area or prime area may be

written as:

Aror = 2485 (2-Fy) (4-3)

Thus the effect of the internal view factor is to vary the amount of the actual

rectangular surface area, As. required.

From the foregoing equations, certain useful relationships can be deduced.
Figure 4.3 depicts the rectangular area, A8 versus emissivity relationship
associated with conjectured future low and high temperature NASA mission
requirements. Extreme values of the Internal view factor F23 are parameters
(l'-‘23 = 0 and F23 = 1), while emissivity and rectangular area per kilowatt are

the respective abcissa and ordinate.
From the curves in Figure 4.3, certain general results are apparent:

o High values of emissivity are required in order to reduce the dimensions of

the rectangular area As.

o Extreme values of the view factor F23 result in required surface
rectangular areas (As) which differ by a factor of 2. Along with higher
emissivity, view factor values less than one but practical from a
mechanical design standpoint should be sought.

o Higher values of heat rejection temperature greatly reduce the area

required for radiative energy transfer.

4.1.1.2 Modes of Operation

The LBR system can function at two basic operating conditions; the sensible heat

rejection mode and the latent heat rejection mode. Each of these is discussed
below.
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The sensible heat mode refers to a condition in which the fluid menisci forming
the LBR do not change phase during transport through space. In this mode of
operation the radiative heat transfer results in a reduction of the temperature
of the LBR between its exit from and entry into the bath. The magnitude of this
reduction, in general, will be set by the heat rejection requirements of the
spacecraft and depends on a number of parameters including belt thickness and

speed. The combined effect of these parameters may be examined through a first

law formulation where:

Q = (Vv tw CP (T, - T,) (4-4)

and:

eyt Density of the working fluid

Vb $ Velocity of the belt

t Thickness of the belt

w Width of the belt

Cp H Working fluid speciti: heat

Te : Working fluid bath exit temperature
Ti : Working fluid bath inlet temperature

In order to reduce LBR mass, it is desirable to minimize the belt thickness, t.

So Going however will tend to increase the belt speed, V, since a fixed amount

of heat must be rejected along the belt length. The selection of belt thickness
and Vh will require trade-offs between radiator weight, structural safety

margins, reliabilicy and life.

Fci the purposes of parametric studies the temperature drop, (Te-Ti) was kept
small in order to avoid the unnecessary (at this level of analysis)
complications due to large variations in heat flux along the belt. Using
Equation 4-4, the variation of belt velocity with belt thickness and temperature
drop was examined. The results obtained are based on a 25 kW thermal load and
the use of a diffusion pump working fluid (sp. gr. = 1.03). Figure 4.4 shows
the diffusion pump 0il working fluid over a 1-50 mil range of belt thicknesses.
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As indicated from the figure, belt thicknesses below 5 mils require speeds in
excess of 13 ft/sec for AT equal to 10°C, and 27 ft/sec for AT equals 5°C. The
analysis of Appendix E indicates that belt speeds exceeding this level could
cause meniscus stability problems. Therefore for these temperature differences,
a diffusion pump working fluid will have a 5 mil belt thickness as the lower

bound constraint.

The latent heat mode refers to a change of phase of the working fluid, from a
liquid to a solid during its traverse through space. In this mode the ribbon
remains at a constant temperature equal to the fusion temperature. The First

Law equation governing this mode of operation is given by:

Q = (pfl Vb wt) hls (4-5)

Q = thermal load

v = belt velocity

h = heat of fusion

w = width of belt

t = thickness of belt
= density of fluid

This equation is the same as for the sensible heat mode except that the heat of
fusion, hls’ replaces the sensible heat term, Cp (Te_Ti)' For lithium the heat
of fusion is 19 times the sensible heat associated with a 10°C reduction in
temperature. Consequently, the belt velocity required to dissipate a fixed
amount of energy in this latent heat mode of operation (i.e., two-phase lithium)
is approximately 5 percent of the sensible heat mode speed using the same
thickness of material. Smaller parasitic power loads and increased system

reliability are the expected advantages of such slower speed phase change

operation.



4,1.2 Mass Analysis

As has been stated, in order to be competitive with existing radiator designs,

the LBR must offer a distinct mass advantage while simultaneously satisfying the
thermal rejection capacities cited by NASA. 1In this section a first order mass
comparison between the belt radiator described in Section 4.1.1.2 and the

currently used heat pipe radiator is developed.
4.1.2.1 Mass Ratio ¢

In order to compare the masses of the LBR and existing systems, the Mass Ratio ¢

was defined. This ratio is expressed by:

Mass of the Belt Radiator System
Mass of the Heat Pipe Radiator

The details of the derivation of ¢ are given in Appendix F. Both the numerator
and denominator of this expression were formulated using certain basic

assumptions. For the mass of the LBR:

o The entire space exposed volume of the belt was considered to contain only
fluid. Thus the effects of screen material mass were ignored. This
assumption is largely justified when the density of the working fluid
approximates that of the screen mesh material, as in the case of diffusion
pump oils and plastic belt structures. .

o The structural mass of the LBR (i.e., deployment system bath heat
exchangers, motors, etc.) exclusive of make-up or replacement fluid, was
considered by including the mass scaling factor X. The structural mass was

defined as being X times the mass of the fluid carried into orbit.

For the mass of the heat pipe radiato::

o A specific mass (i.e., mass per unit prime area) of 4 kg/m? was chosen for

the baseline heat pipe radiator system. This value corresponds to the
range of values cited:-by NASA,
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o The area of the heat pipe radiator (necessary to determine its mass) refers

to its prime radiating area.

Using these assumptions (and referring to Appendix F) the Mass Ratio may be

expressed as:

6. = Llppt [1+X] ey (4-6)
2 (2 - Fp3) €BR
where:
Pe1 = working fluid density
t = belt thickness
X = mass scaling factor associated with structural elements of the LBR
F23 = inside belt surface view factor
wp T emissivity of the heat pipe radiator
€BR emissivity of the LBR

with all units in the SI system

Since the emissivity of the heat pipe radiator is assumed constant (in the range
of 0.75 to 1.0) an order of magnitude examination of the variables in equation
4-6 reveals that the variation of the emissivity of the LBR has the greater
significance. In general, the relation for ¢ shows the mass ratio ¢ to be

dependent upon:

0 The material used as .the bath fluid.
o The mass scaling factor X.

o The belt thickness.

o The emissivity of the bath material.

o The view factor associated with inside belt surfaces.

Section 4.1.3 will consider in greater detail the consequences of this equation

for low and high temperature themal requirements.



4.1.3 Applications of Rectangular Ar:a and the Mass Ratio ¢ Equations
The equations developed to estimate LBR area requirements and Mass Ratios were
applied to a range of mission requirements of interest to NASA. These

requirements include:

o Low Temperature heat rejection {311 K, 100°F) corresponding to the need to

reject heat dissipated in spacecra‘t electronic components.

0 Medium Temperature heat rejection (422 K, 300°F) corresponding to heat

rejection from a range of moderatr temperature thermal power systems.

0 High Temperature heat rejection (€44 K, 700°F) corresponding to heat

rejection from advanced, high terperature, thermal power systems.
4.1.3.1. Low Temperature *“eat Rejection

In this application, the thermal loading was fixed at 25 kW and the bath or heat
sink temperature set a: 311 K (100°F). The LBR design utilizes a sensible heat
transfer mode employing a low vapor pressure diffusion pump oil. For the

temperature ranges of interest, the vapor pressure of such materials is of the

order of 10_8 torr, resulting in negligible evaporation losses to space.

A AT (i.e., the difference between the exit and inlet bath temperatures) of 10°C
was chosen. Assuming the belt to exit at the bath temperature (in this case the
specified heat sink temperature of 311 K) an average radiating temperature of

306 K was determined. Using Equation 4-2, the rectangular Area As was plotted

as a function of the emissivity, with internal view factor F,., as the parameter.

23
From Figure 4.5 it may be easily seen that this relation is hyperbolic, and very
dependent on the emissivity. For example, it may be seen from the figure that

an emissivity of 0.6 yields a rectangular area As of approximately 21 m? as the

internal view factor approaches zero.

Figure 4.6 portrays the Mass Ratio ¢, emissivity variation with F23 as the
parameter. Using Santovac 5 (a product of the Monsanto Corp.) as the working
fluid, ¢ may be evaluated. 1In this case the mass scaling factor X was assumed

to be two and the heat pipe radiator emissivity 0.85. From Figure 4.6, it can
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be seen that as the internal view factor approaches 0 and the emissivity becomes
greater than 0.5, distinct mass advantages accrue to the LBR. For example, as
the view factor goes to zero an emissivity of 0.7 results in the mass of the LBR

being only 14 percent of a heat pipe radiator in the same application.
4,1.3.2 Intermediate Level Heat Rejection

In this case, the latent heat mode of operation was employed using two-phase
lithium as the coolant material. The thermal rejection rate was set at 50 kW
with the radiating temperature set at the melting point of lithium. As

discussed in Section 4.1.1 the latent heat mode of operation assumes that the
working fluid's thermodynamic state varies from a saturated liquid at the bath

outlet to a saturated solid at the inlet.

Since the melting point of lithium is 453 K, an average radiating temperature of
453 K was used. Figure 4.7 displays the rectangular area AS versus emissivity
€aR’ using the internal view factor F23 as parameter. Because of the higher
radiating temperature, the areas required for energy transfer are significantly
lower than those of the low temperature sensible heat mode case. For example,
with an emissivity of 0.1 and F23 approaching zero, the rectangular area

required for reliative heat transfer is approximately 66 square meters (710
£e).

The variation of the ratio ¢ with emissivity is shown in Figure 4.8. 1In this
case we have assumed a belt thickness of five mils, a structural mass scaling
factor X of two, and the emissivity of the heat pipe to be 0.85. Because of the
low density of lithium, the LBR offers distinct advantages with respect to the
heat pipe radiator. For view factors approaching zero, emissivities of the
order of 0.2 still result in an LBR with a mass of only 12 percent of that of a
heat pipe radiator in the same application.
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4,1.3.3 High Temperature Heat Rejection

The rejection of 100 kW of thermal power is presented in this section. A latent
heat mode of operation using tin as the bath fluid has been employed.

The high density of tin (p = 7300 kg/m®) poses some difficulty in achieving a
comparable mass advantage with respect to heat pipe radiators. Figures 4.9 and
4,10 portray the rectangular area As and mass ratio ¢ versus emissivity and
internal view factor. From Figure 4.10 it may be seen that for the application
to be advantageous not only must the structural mass be small but the emissivity
of the bath material must be sufficiently large as well. For example if X is
0.5, and the view factor F23 is unity, the emissivity of the tin must be greater

than 0.3 for the LBR to offer an advantage when compared with a heat pipe
radiator.

4.1.4 Parametric Study Conclusions

The parametric studies described in the previous sections were conducted to
determine the importance of a number of properties on the performance of the
LBR. These investigations were carried out using the simple parallel plate LBR

design discussed in Section 4.1.1. Certain general conclusions may be drawn

from these studies:

o It is critically important to develop a design that utilizes high
emissivity working fluids or makes provisions for emissivity enhancement
via texturing or surface contamination.

0 The weight of the deployment structure (X in the parametric studies) must
be minimized in order for an LBR design to be feasible. Innovative
concepts, which do not require large structures for deployment or stability
are required.

o A design which effectively maximizes the exposure of all belt surfaces to
space 1s necessary. As documented in the parametric study, the required
single-sided surface area can be greatly reduced by the proper geometrical

arrangement of belt surfaces (i.e., maximizing the amount that a surface
"sees'" of space).
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The technique of emissivity enhancement by means of surface texturing is

discussed in greater detail in Appendix G. The contamination of a surface to
increase surface emissivity is a concept that requires additional study. The
most important concern in contamination enhancement is that the dopeant remain
molecularly bound to the working fluid and unperturbed by thermal cycling and

the environment of space.

The importance of the LBR deployment structure has been stated. In Section 4.?
alternative concepts are explored and the scheme chosen for use in the point

design described.

4.2 Storage and Deployment Concepts

During the course of the LBR development program, two deployment/storage schemes

were considered. These were:

o A telescoping T-type boom with four rollers.
0 A centrifugally actuated flexible cylindrical belt.

Salient features of each design are presented in Table 4.1. Figures 4.11 and

4.12 schematically portray these concepts.
4.2.1 Telescoping Boom (T-:.0oom) Deployment System

The T-boom deployment design (Figure 4.11) was the first deployment concept
developed and originated from the parallel plate design used in the parametric
studies of Section 4.1. The knowledge that similar telescoping technology is
currently being developed by a number of manufacturers for use in space

applications gave credibility to this concept.

The T-boom structure consisted of two telescopic booms made from aluminum or
magnesium which deployed the screen mesh structure across four rotating rollers.
The rollers were mounted with sprockets at each end so that the screen could be

advanced through space and the bath. Two of these rollers were located inside
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the bath containment vessel, while the others were exposed to the space

environment.

The dimensions of the telescopic boom deployment system were fixed by the total
area required to dissipate a particular thermal load. The telescoping character

was thought to allow for a compact stowed configuration.

Table 4.2 indicates preliminary estimates of the weights of such boom structures
for a low temperature heat rejection case and compares them with that of the
radiator structure itself (liquid material). As indicated, the bcom structures
considered could be from 1/2 to 10 times the weight of the belt itself. The
boom structures considered were by no means optimum. Nevertheless the analysis
indicated that they would add significantly to overall system weight. Also, the
roller arrangements indicated added to system complexity and possibly increase

the reliability problems over long-term operationm.
4.2.2 Cylindrical Hoop LBR Design

Due to the inadequacies of the telescoping boom deployment system, an
alternative design was considered. A structure showing great promise is a free
standing cylindrical belt radiator, resembling a large flexible hoop. This
design is characterized by centripetal actuation and the absence of external
belt supports. In theory the radial forces associated with rotational motion in
the steady state would lead to the formation of a stable cylindrical shape. The
size of this LBR design (i.e., the cylinder width and diameter) would be fixed
by the radiative heat transfer requirements associated with a particular

mission.

The steady state cvlindrical LBR design is projected to have a number of salient

advantages. These include:

o A simple, gradually curved shape which averages centripetal forces over all

belt segments.

o The absence of structural supports as a result of certripetal actuation,

tending to minimize system weight.
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Figure 4,12 CONCEPTUAL DRAWING OF CYLINDRICAL HOOP LBR SYSTEM
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A)

B)

C)

MASS SUMMARY:

Deployment System

Table 4.2

LOW TEMPERATURE T-BOOM LBR

SYSTEM

Mass: Mass:
Length Diamter Thickness Aluminum Magnesium
(ft) (inches) (inches) (1bw) (1bm)
Telescopic Boom 21.5 6 0.025 23.3 15.0
Cross Bar Struts 9.8 3 0.025 53 3.4
Roller Elements 9.8 12 0.015 26.7 17.2
Total Mass:
Aluminum - 55.3 1bm
Magnesium - 35.7 1bm
Radiator Mass (ie: Mpat'1) - 25.8 1bm
Mass Scaling Factor, X
with Aluminum = 55.3 = 2.14
25.8
_ 35s 7
with Magnesium = = 1.38
25.8
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0 The utilization of more of the total available area for radiative heat

transfer (thus potentially reducing both system size and weight).

This last point is a result of the shape of LBR and arises due to the excellent
view factor of the inside cylinder surface to space. The development of the
geometrical view factor for a cylindrical structure is presented in Appendix H,
with the results displayed in Figure 4.13. Referring to this figure, it can be
seen that a cylindrical design with a diameter to width ratio of four will have
approximately 90 percent of its total surface area (inner and outer belt
surfaces) participating in the radiative energy transfer process. This value
corresponds to an internal surface view factor approaching zero. From the
parametric studies of Section 4.1.1 this implies a full utilization of all
radiating surfaces, and the reduction of both the size and weight of the LBR.

Preliminary conceptualizations of the cylindrical LBR design include three major

equipment components:

0 Four rollers with associated belt drives, motors, and supports which

advance the belt through space.

o A "stuffing box" used to store the belt during maneuvers, launch, or
non-use.
o A compact interfact heat exchanger which transfers reject heat from a power

cycle to the working fluid of the LBR.

Figure 4.14 is a schematic of these structures assuming the belt is fully
deployed in its cylindrical steady state form.

Future efforts will be directed at enhancing overall cylindrical LBR system
thermal and weight performance. Additional areas requiring design work

necessary to further develop these preliminary equipment concepts are discussed

below.
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Figure 4,14 PRELIMINARY REQUIREMENTS AND LOCATION OF CYLINDRICAL
LBR EQUIPMENT.
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4,2,2.1 Transition to the Steady State

An important issue associated with the cylindrical IBR is the transition from a
stowed to a fully deployed hoop-like configuration. This process is a very
complex dynamic phenomenon involving the interaction of bending stresses and
radial accelerations in a zero gravity environment. Intuitively, it appears
that like a cowboy's lasso rope, the moving belt will assume a cylindrical shape
over time. The proof of this, however, is believed quite difficult, especially
if the belt assumes an arbitrary shape when initially removed from the stuffing
box. Rigorous analysis would require use of the minimum energy principle and
other advanced formulations of dynamic analysis. The goal of such analysis
would be to demonstrate that the net force acting on the belt is expansive and
that the cylindrical shape is indeed the configuration associated with stable
equilibrium. This analysis is beyond the scope of this program and must be
addressed in additional studies. For purposes of this study it is assumed that

the LBR will in time assume a stable cylindrical shape as a result of motion

induced forces.

4.2,2,2 Stowage and Deployment of the Cylindrical LBR

Various methods of deployment and stowage for the cylindrical LBR design have
been examined. The scope of the present program has precluded any rigorous
design analysis. Consequently the concepts presented here are still only in the
feasibility stage and will require additional study. Only when these detailed
design evaluations are completed can the true merit of any particular deployment

or stowage strategy be realized.

Two methods of cylindrical LBR deployment are described in the next paragraphs.

The Stinger Boom Deployment operational sequence would be as follows:

Step 1: A very lightweight extendable boom would stretch the dry mesh into

an elongated shape before the roller system imparts motion to the
belt.
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Step 2:

Step 3:

The rollers are actuated to impose linear motion on the belt. The
lightweight extendable boom progressively collapses wiien the belt
has a circular or nearly circular shape. At this time it is
hypothesized that the belt shape is determined by centrifugal
forces alone, with the extendable boom serving no structural

purpose.

Once the belt is in its equilibrium condition, bath material can
be introduced into the primary heat rejection volume containing the

moving belt and interface heat exchangers. The system would then

be operational.

The Roller Advance Deployment operational sequence may be described as follows:

Step 1:

Step 2:

After orbital insertion drive motors on the outgoing end of the

LBR will move the belt out of the stuffing box and into space. The
operation will continue until all of the stowed belt is pulled from
the stuffing box. At this point, a motor will activate the
incoming rollers. The belt existing from the stuffing box will

carry working fluid into space.

Due to the zero gravity field, the belt will initially float
loosely in space. As the incoming rollers move the belt into the
heat exchanger, the belt will experience centripetal forces and in

time establish a cylindrical configuration.

Both concepts need further design and development work in order to determine

their utility as cylindrical LBR deployment schemes. It is also recognized that

other methods of deployment are possible and worthy of study. For the purposes

of this program, the roller advance concept was chosen to deploy the LBR.

In order to store the LBR before operation, the majority of the belt structure

(including working fluid) is to be folded up on itself and stored within the

stuffing box

(Figure 4.15). The remainder of the belt is to be looped tightly

about the top rollers (not seen in Figure).
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One assembly concept is to situate the top half of the LBR (rollers, belt, etc.)
within a jettisonable or servo-operated container. This motor controlled

container would provide an element of protection if the belt is redrawn into its
stowed position. This stowage design could however increase system weight and

complexity and its merit must be carefully examined in further development

studies.
4.2.2.3 Dynamic Consideration

In addition to the trarsition dynamics discussed in Section 4.2.2.1, the
~ylindrical LBR could potentially face a number of other dynamics problems.
While offering the advantage of reduced system weight, the absence of structural
supports would result in a flexible structure susceptible to a variety of

disturbances. Possible dynamic disturbances include:

o Vehicle or power cycle vibrationms.
o Spacecraft maneuvers.
0 Effects of the solar wind.

0 Corilois effects.

While these conditions require more thorough investigation, preliminary analyses
suggest that the LBR be returned to the stowed position in the event of vehicle
maneuvers or potential disturbances. Mechanical damper or spring-like systems

may also be applied to effectively reduce dynamic oscillations or instabilities.

4.3 Design Conclusions

Despite the uncertainties associated with the cylindrical LBR design, this
concept offers many potential advantages including low weight and ease of
storage. It is believed that the development of the cylindrical LBR will offer
a lightweight, thermally effective space radiator capable of being utilized in a
variety of applications. For this reason, the cylindrical LBR design was
employed in the point design studies presented in Section 5.0.
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5.0 POINT DESIGN STUDY

5.1 Mission Description

In this section, the cylindrical LBR concept is applied to a specific mission
requirement defined by NASA LeRc. The system considered is a 37.5 kW (electric)

Brayton cycle power plant.

The design parameters provided by NASA which most influence LBR size and

material selection are:

0 The requirement to reject 75 kW of thermal energy.

o A power cycle (closed cycle Bravton