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ABSTRACT

A novel concept for the design of an Inertial Confinement Fusion (ICF) reactor
called Cascade has been developed by Lawrence Livermore National Laboratory. It
utilizes a rotating drum within which the ICF pellet explosions occur. A moving bed
of Li,0. held against the drum walls by the centrifugal force of rotation, serves to
hreed tritium, capture the fusion energy released, and transport the energy out of the

chamber tu the power canversion system.

GA Technologies has developed a conceptual ICF reactor system based on the
Cascade rotating-bed reaction chamber concept. Unique features of the system design
include the use of low activation $iC in a reaction chamber constructed of box-shaped
tiles held together in compression by prestressing tendons of SiC; Al composite, This
design allows radiative cooling of the chamber and tendons to the vacuum chamber
(i.e., active couling of the rotating chamber is not necessary). Circulating Li, O gran-
ules serve as the tritium breeding and energy transport material, cascading down the
sides of the reaction chamber to capture the fusion energy and then transporting this
energy out of the chamber to the power conversion system. The total tritium inven-
tory of the system is 6 kg; tritium recovery is accomplished directly from t}ie granules

via the vacuum system.

A system for centrifugal throw transport of the hot Li;O granules rom the re-
action chamber to the power conversion system has been developed. The granules
gravity-flow through the heat exchanger, giving up their heat befcre returning to
the reaction chamber. Two primary side alternatives were explored — LizO in vac-
uum, and Li;O with helium to improve heat transfer and vacuum locks to isolate the

heat exchanger from the reaction chamber vacuum, Both approaches appear viable.
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Because of the high Li;O temperatures, either a steam cycle or a closed cycle gas

turbine power conversion system could be used.

A number of issues were evaluated during the course of this study. These include
the response of first-layer granules to the intense microexplosion surface heat flux,
cost effective fabrication of Li;O granuies, tritium inventory and recovery issues, the
thermodynamics of solids-flow options, vacuum versus helium-medium heat transfer,
and the tradeoffs of capital cost versus efficiency for alternate heat exchange and power
conversion system option. The resultant design options appear to be economically

competitive, safe, and environmentally attractive.
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1. EXECUTIVE SUMMARY

1.1, INTRODUCTION

Before fusion reactors ¢an move ahead to commercial development, technically
sound approaches must be developed that ate economicaly competitive, safe, and
environmentally attractive. Innovative concepts are needed in many areas to facilitate
commercial application. Lawrence Livermore National Laboratory has developed a
novel concept for the design of an Inertial Confinement Fusion (ICF) reactor called
Cascade (Ref. 1-1). It utilizes a moving bed of solid lithium compound grenules, held
against the walls of a rotating drum by centrifugal force, to capture and transport
the fusion energy. We present here a low activation rcaction chamber concept using
a circulating solid lithium compbund as the tritium breeding and energy transport
material, which, applied to the Cascade concept, represents such innovation for ICF

reactors.

Circulation of solid breeder granules in structures incorporating low activation
materials is fundamental in reaching ths above goals, Solid breeders avoid the fire and
compatibility hazards associated with liquid lithium systems. Granules are excellent
candidates for withstanding the harsh environment of ICF reaction chambers. Unlike
static systems that require downtime for the periodic replacement of first walls and
other structures that experience radiation and other damage processes, recirculating
granules can be replaced online, outside of the reaction chamber. Ceramic lithium
compounds have high temperature capability, which in turn leads to high thermal
efficiency. Finally, the concomitant use of low activation material brings benefits in
reactor safety, maintenance, and waste management, and thus offers the potential for

reduced system capital cost.

11
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This report summarizes the results of the first year of a study to develop new
concepts for ICF reaction chambers and power conversion systems. The goal of this
program is to develop technically sound designs that are inexpensive, including both
capital and operating costs, safe, and environmentally acceptable. Specifically, GA

Technologies Inc. (GA) accomplished the following tasks:

o Developed a number of solid breeder reaction chamber concepts, identifying lim-

itations on temperature, heat transfer, efficiency, and materials.

¢ Determined cost-effective manufacturing methods for solid particle breeding ma-

terials.
o Identified and evaluated tritium inventory and recovery.

o Developed concepts for power conversion that included solid particle heat ex-

changers for cither high-temperature gas turbines or stcam eyeles,

o Developed options for the primarv heat transport system, comparing costs of

additional plant components against associated gains in efficiency.

1.2. SUMMARY AND CONCLUSIONS |

An ICF reaction chamber must absorb the produets of the fusion reaction, convert
the pulsed energy released into a steady flow of heat at a temperature suitable for

the associated power conversion system, and breed new tritium for fuel. A number of

solid breeder reaction chambers were considered in this study. The preferred chamber
conceptual design is the Cascade rotating-bed chamber concept developed by LLNL,

using LizO as the solid lithium breeder (Ref. 1-1). |

Mechanical Design. The Cascade concept, configured as two conical frustrums
attached at their major radii, offers inherent simplicity in the mechanical design and

a number of favorable stress characteristics in its structural design. These include

¢ Low irradiation-induced swelling stresses and materials embrittlement,

¢ Modest microexplosion-derived forces, and

Satm B U ey ] e &+ et e S e e s n e e mm e e

.- T
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¢ Major joad-carrying members can be located externally to the blanket.

The structured design of a ceramic chamber composed of radiatively-cooled SiC
tiles held in compression by prestressing SiC/Al composite tendons appears practical.
We propose here a low activation chamber ;onstructed of 2 em thick silicon carbide
box-shaped tiles, about 50 em square and 10 em high, and held together in compres-
sion by longitudinal and circumferential prestressing tendons of SiC/Al composite,
3 cm in diameter. The corners of the box form 15 cm high pylons that act as support
for the cables stretched both around and along the chamber. Ceramic SiC can oper-
ate at high temperature, avoiding the need for active chamber cooling. It is also very
abrasion resistant. The chamber is ringed circumferentially with a pair of 40-cm-deep
SiC/Al composite girders that serve both to externally support the chamber and to

provide a surface for driving chamber rotation.

The maximum expected chamber stress of 59 MPa is acceptable in comparison to
the 200 MPa tensile strength expected in the SiC tiles. Shear stresses are 4 MPa com-
pared to the tiles’ 400 MPa rupture stress and 8§ GPa critical .buckling stress. Tendon

dimensions are set by the preload required to maintain the 8iC tiles in compression.

The maximum temperatures in the chamber and tendons assuming only radiative
cooling to the exlernal vacuum chamber are 860 K and 710 K, within the allowable
use temperatures of 1800 K and 800 K for SiC and SiC/A] composite materials,
respectively. Thermal insulation is used between the chamber and the tendons to

maintain the required tendon temperature.

The capital cost of the ceramic chamber is $9 million compared to $3 million for
a metallic chamber. The increase may be justified on the basis of improved abrasion
resistance, elimination of active cooling requirements, low activation, and 2 30 year

life based on radiation damage.

The dynamics of the flowing granule blanket within the chamber are as follows.

Basic motion of the blanket is brought about by over-steepening the slope of the

1-3



chamber wall with respect to the ~30 deg stability angle of the Li; O granules. Ma-
terial is input at the small diameter of the cone-shaped chamber and slides toward
the large, The bed of solid breeder granules flows “down” the sides of the chamber
toward an exit slot at the chamber equator and issues into a shelf. This would plug
the exit slot, stopping the flow. In actuality, a stationary scoop continuously removes

material from the rotating exit shelf, allowing for blanket fiow continuity.

Granule Design and Fabrication. The first few layers of granules in the blanket,
located closest to the fusion energy source, will experience a surface heat flux which
might consist of alpha particles, reflected laser light, X-rays, and pellet debris. The
intensity of this surface heat flux. is such that it is not feasible to avoid meiting and
vaporization by increasing the size of the chamber. In the limiting case, if the surface
heat flux is assumed to deposit at a granule surface (without a deposition profile
within the granule), thermal stress contours of LigO granules are ten times greater
than the fracture strength, Granules would thus crack, partially melt and vaporize,
and possibly agglomerate, Experiments are needed to fully characterize the effect. A
special surface layer of granules of another material could potentially exhibit improved
response to the thermal and stress effects. SiC would be an excellent candidate in
such an application due to its factor of seven lower thermal expansion coefficient,
factor of ten to twenty greater irradiated fracture strength, and factor of ten greater

thermal conductivity compared te LiyO.

Three processes for the fabrication of lithium oxide granules were identified.
The VSM process (Ref. 1-2) is based on melting and spheroidizing irregularly-shaped
lithium oxide feed granules. The second process, the lithium hydroxide process, is one
patented by Research Dynamics Inc. (Ref. 1-3), which spheroidizes liquified lithium
hydroxide, but would use GA's sphere forming technoiogy. The third process is a
"thium carbonate sol-ge! process proposed herein based on sol-gel technology devel-
oped for making spherical fue! particles for the High Temperature Gas-Cooled Reactor
(HTGR). Li; O granule production costs are 170, 50, and 40 $/kg via the VSM, LiOH,

and Li;CO; processes, respectively. All three processes should be cost effective in the

14
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manufacture of the Li;O granule blanket. Alternate manufacturing techniques must
be identified for cost-effective refabrication if surface ¢ranules do not maintain their

integrity during the fusion pulse.

Tritium, Within the chamber, the granules absorb the neutrons released from Iaser-
induced fusion reactions, producing tritium. The total tritium inventory in the Cas-
cade system is 6 kg. The most impertant design parameter in determining the in-
ventory is granule size. Granules up to 3 mm diameter would satisfy current fusion
safety guidance on tritium inventory (Ref. 1-4). The tritium inventory was found
to be relatively insensitive to changes in blanket temperature and porosity, and the
background tritium vapor pressure within the reaction chamber. Tritium recovery can
be accomplished via the chamber vacuum system. Finally, due to the time scale for
tritium diffusion out of a Li;O granule, the major portion of the inventory is consid-
ered secure. Thus, instantaneous release in an accident scenario is not mechanistically

possible

Thermodynamics. In addition to breeding tritium, the circulating bed of Li;0
granules serves as the heat genetating, trapsport, and exchange medium. Due to the
steep radial heat generation rate, the overall thermodynamic efficiency of the Cascade
reactor is very much dependent on the flow distribution and degree of granule mixing
within the blanket. Three solid flow options were explored: total mixing, laminar
layer, and slug flow with a separate surface layer. Both radial mixing and layered
flow control ¢an ideally achieve mixed mean outlet temperatures approaching the
1270 K limit assumed for Li;O based on LiOT mass transport consideraticns, but
both require developmental work. Slug flow results in a mixed mean blanket outlet
temperature of 910 K, assuming 2 770 X inlet L1,0 temperature and 1270 K maximum
Li2O temperature. A higher temperature first layer, such as $iC, would result in a

higher outlet temperature.

Heat Exchanger Design. The heat exchangers used to recover the energy from

the stream of solid LizO granules initially flowing in a vacuum are a key feature of

1-5



the Cascade power conversion system. Three heat exchanger concepts with helium

thermal contact medium appear feasible:

¢ Immersed-tube fluid bed.
e Direct contact fluid bed.

o Cascade gravity flow.

Fluid-bed heat exchangers with immersed tubes offer relatively high bed-to-
surface heat transfer coefficients, very good bed mixing, and fuid-like solids transport
capabilities. Smaller granules are preferred. On the negative side, tube abrasion, vi-

bration, and solids dusting can be troublesome for long term power plant operations.

The high effective suriace area of a Juid-bed direct contactor is ideal for the
transfer of heat from particulate solid to a fluid. However, in the case of solid-to-gas
exchange, the large disadvantage in heat capacity of the gas requires high pressure
and large frontal area to keep gas velocity sufficiently below the terminal velocity
of the partieles to maintain a stable fluidized bed. In this case, larger particles are

preferred.

Gravity-induced flow of particulate solids over heat exchanger surfaces provides
mixing similar to fluidization. The degree of enhancement of the surface-to-wall heat
transfer coefficiert is dependent for a given particle-gas combination on the average
contact time. Cascade flow-splitter type distributors proposed herein can provide
relatively short residence times for the hot Li;O granules while maintaining uniform
flow conditions over all surfaces, Furthermore, the concept can operate under vacuum

conditions.

The three heat exchangers were evaluated for uniform reference conditions of
1170 K Liy O inlet to the heat exchanger, 770 K Li; O outlet, and steam-side conditions
similar to the Fort S$t. Vrain steam generator (Ref. 1-5). The results show that the
fluid-bed heat transfer area is not significantly different than in the Cascade gravity-
flow with helium heat transfer due to good agitation and short particle contact time

in the latter. With vacuum heat transfer the Cascade gravity-flow heat exchanger
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Tequires threa times the surface area, The direct contect heat exchanger requires a

helium pressure >5 MPa with a pumping power of approximately 44 MW.

Heat exchanger concepts which involve interstitial helium ges or helium fluidiza-
tion gas require a transfer lock system through which to pass the Li>O granules from
the high vacuum reaction chamber to the heat exchanger system, and to return the
cooled Li; O to the reaction chamber. Conceptually, 2 transfer lock for this general
function is not particularly unique. However, the very large volume transfer rate
requited at high proposed operating temperatures presents an interesting challenge.
Although the large scale of the system to handle the 2700 kg/s Li;O mass flow rate
required for a 3000 MWt plant is unique, the power requirements are acceptable -
2 to 3 MWe for helium pressures into the 5 MPa range. However, transfer system
complexity vis-a-vis a larger but passive heat exchanger may not be justified. It is
difficult to evaluate at this time the tradeofls of increase heat exchanger capital cost
versus the potential increase in operating cost which might result from the decrease
in reliability associated wih 3-minute-cycle solids gating with gas valving, the large

number of pump sets, and other associated equipment.

Granule Transport. The granule transport system provides the interface between
the Cascade reaction chamber and the power conversion system, It was determined
that the centrifugal acceleration of the reaction chamber rotating at 40 rpm will throw
the granules to a height of 10 to 15 m. This would be adequate to transport particles
to the elevation required for vacuum heat transfer. With a helium heat transfer
medium, the heights dictated by surge tanks, vacuum and pressurizing tanks, pumps,
ete., require that the centrifugal throw system be augmented by an additional lift
system, Since these systems employ helium gas, this lift function might also be

incorporated into its heat transfer enhancement function.

Power Conversion System Comparisons. Though the Cascade concept is inher-
ently simple, it also offers the potential for very high blanket temperatures. It thus

can potentially achieve both low cost and high efficiency. We compared the steam
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cycle and helium gas turbine cycle options, using capital cost estimates and thermal

efficiency to make an overail economic comparison.

For eack of these two options we considered the range of outlet temperatures
that may be achieved in the Li;O granule bed. The “moderate temperature” design
is based on an upper Li;O temperature limit of 1270 K and the assumption of flow
mixing or flow zoning in the blanket, giving an Li;O mixed-mean outlet temperature
of 1170 K. If flow mixing or zoning is not achieved, we may be limited to a “low
temperature” design with 910 K Li,O average outlet temperature. If higher Li;O
peak temperatures are allowed and excellent flow mixing is achieved, we may be able
to use a “high temperature” design with 1400 K average outlet temperature. We
have considered Jow and moderate temperature designs for the steam cycle option,
and moderate and high temperaturs designs for the gas turbine cycle option. In
addition, for each of the above combinations, we evaluated the trade-off between

vacuum transport of Li;Q through the heat exchangers and helium transport.

To compare the performance of the various options, we included the effects of
different capital costs and efficiencies. The results of this economic evaluation are

shown on Table J-1.

A number of interesting and very useful conclusions can be drawn from this
preliminary comparison of Cascade power coﬂversion system options. First, relative
to the reference option, the se of a helium transport system results in a capital cost
savings of §19M. This is at the expense of greatly increased complexity. We believe

that detailed design and costing of the vacuvm lock system will result in cost increases.

Flow mixing or zoning of the Liz0 increases outlet temperature by 260°C. This
is worth $120 to $137M on capital cost and thus is well worth working toward. K
flow mixing cannot be achieved it is better to use larger heat exchangers and vacuum
transport at a cost of $157M rather than to operate with lower efficiency at an equiv-
alent capital cost of §584M. At the low temperature conditions the relative penalty
of using vacuum heat exchangers is increased to $37M. We still believe this penalty

is worth the improvement in system simplicity.
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TABLE 1-1
CASCADE POWER CONVERSION SYSTEM COST SUMMARY

Additional Additional

1.

Capital Capital
Cost(9) Cost(®) Net
{Direct  Equivalent Extra
+ Indirect) of Efficiency Cost(®)
Opticn Efficiency ($) (%) (%)
Moderate temperature Li0,  43% — - -
moderate temperature steam
cyele, vacuum transport
(reference)
. Moderate temperature Li0,  43% -18.5M 0 -18.5M
moderate temperature steam
cycle, helium transport
. Low temperature Lis0, 43% +15T™™ 9 +157™
moderate temperature steam
cycle,vacuum transport
. Low temperature Liz0, 43% +1203i 0 +120M
moderate temperature steam
cyele, helium transport
. Low temperature Li, 0, 34% 0 +584M  +584M
low temperature steam
cycle, vacuum transport
. Moderate temperature LizQ,  42% +209M +73M +205M
moderate temperature,
gas turhine cycle,
helivm transport
. High temperature LizO, 49% +303M -511M -208M

high temperature gas
turbine cycle,
helium transport

(2)Relative to reference design

The moderate temperature gas turbine cycle (without a bottoming cycle) results

in & small decrease in efficiency and in an increased capital cost due to the need for

high temperature materials in the heat exchanger and vacuum lock. This results in a

net overall penalty of $295M.
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If high temperature can be achieved, the gas turbine system can achieve net
thermal efficiencies of 50% to 60%. Effective cost savings of $208M can result. This
gives strong incentive to pursue this goal, but the present system concept using 2
direct contactor and vacuum locks greatly increases system complexity and technical

risk.

The moderate temperature, steam cycle, vacuum transport option is simple, uses
proven power conversion system materials and technology, and offers reasonably high
efficiency. The high temperature gas turbine cycle is exciting and offers the potential
for very high efficiency. We recommend that some additional scoping work be done to
determine if a self-consistent system can be assembled that uses a SiC blanket layer
to get high peak outlet temperatures and ceramic heat exchangers to avoid the need
for a vacuum lock system, If this is possible, and if preliminary performance and cost
estimates look favorable, the high temperature gas turbine s;/stem could make an
attractive power conversion system for Cascade. If this is combined with the Cascade
rotating-bed reaction chamber using a low activation $iC chamber, we can obtain a
reactor design concept that offers the potential to be economically competitive, safe,

and environmentally attractive.

References for Chapter 1

1-1. JL.H. Pitts, “Cascade: A Centrifugal-Action Solid-Breeder Reaction Chamber,”
Nuclear Technology/Fusion, Vol. 4, No. 2, part 3, September 1983, p. 967,

1-2. R.C. Noren, “Fabricetion of Li,0 Microspheres,” Personal Communication to

H.E. Levine, August 8, 1983.

1-3. J.H, Anno. *Method of Producing Porous Lithium Oxide,” U.S. Patent No.
4,221,755 to Research Dynamics, Inc., September 9, 1980.

1-4. M.A. Abdou et ol. “Blanket Comparison and Selection Study,” Argonne National
Laborstory Report ANL/FPP-83-1. Vol. II, October 1983, pp. XI-8 through
XI-13.
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2. SOLID-BREEDER CASCADE REACTION CHAMBER DESIGN

2.1, INTRODUCTION

This section presents the conceptual design of a Cascade ceramic reaction cham-
ber. An ICF reaction chamber must absorb the products of the fusion reaction,
convert the pulsed energy released into a steady flow of heat at a temperature suit-
able for the associated power conversion system, and breed new tritium for fuel. It
must be able to withstand the high temperatures and thermal and dynamic stresses
imposed by the very high peak energy fluxes inherent in ICF reactors. The cham-
ber should deliver a high blanket outlet temperature and minimize blanket material
inventories. These objectives can be accommodated by developing a clever chamber

configuration.
The major concerns in designing the reaction chamber are:

o Accommodating the mechanical and thermal stresses from the microexplosion
and blanket mass loads,

o Obtaining adequate granule mixing and flow behavior.

» Satisfying material temperature limits and cooling requiremenis.

¢ Maximizing the abrasion resistance of the chamber wall material,

¢ Minimizing structural activation,
These concerns are discussed in the remainder of this chapter.

The design of the chamber requires the integration of the dynamics of solids flow
with the mechanical requirements imaposed on the structure. The principal considera-
tions are presented in Section 2.2. The thermal analysis of the chamber is presented in

Section 2.3. Section 2.4 presents the thermodynamic analysis of the effect of different
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chamber designs on the system efficiency. Section 2.5 discusses preliminary consider-
ations of the constraints which determine the maximum allowable temperature with

Li>0 granules as the tritium breeder anc: energy transport material.

2.2. MECHANJICAL AND STRUCTURAL DESIGN

2.2.1. Introduction

The Cascade rotating-bed chamber concept (Ref. 2-1) offers inherent simplicity
in the mechanical design of the reaction chamber and a number of favorable stress
characteristics in its structural design. First, a major advantage over most reactors
operating in a radiation environment is that the structure sees only approximately 1%
of the neutron flux. The benefit is that concerns such as swelling-induced stresses and
radiation embrittlement are minimized. Second, with a 50% porosity solid-breeder
blanket, the microexplosion-derived pressure pulse imposes only modest forces on the
structural shell {Ref. 2-2). Third, the shape-deflecting bla:iket mass loads and grav-
ity and centrifugal forces can be carried by major roller structural supporis located
externally to the blanket. A summary of Cascade #eactor reference parameters are

shown in Table 2-1.

The mechanical design of the chamber is influenced by the flow mechanics of its
contents. The shape of the chamber itself is influenced by the stability angle (or angle
of repose) of the blanket mate:ial within. The necessicy fot internal structuze. such as
vanes, multiple feed poinis or exit orifices and mechanisms for agitation is influenced
by the degree of grenule mixing required for maximizing the outlet temperature.

These influences musc be in*egrated into the chamber design.

In this section, we present the selected reaction chamber design and the major

factors contributing to the design choices,

2-2
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TABLE 2-1
REFERENCE CASCADE REACTOR DESIGN PARAMETERSE

Fusion power 3000 MW
Pellet energy yield 600 MJ
Frequency 5Hz
Chamber rotational speed 40 rpm
Blanket
Material Li5O granules
Granule diameter 1l mm
Mass 2x10° kg
Porosity 50%
Mass flow rate 2700 kg/s
Inlet temperature 770 K (500°C)

Outlet temperature 1170 K (900°C)

2.2.2. Chamber Structural Design

Overview. A number of soli1 breeder reaction chambers were considered in this
study and are presented in Section 2.2.3. The preferred chamber conceptual design
15 shown in Fig. 2-1. It is a shell of r- -oluticn about a horizontal axis. Its shape
is dependent upcn experimental investigation of the internal material flows, but is
presently configured as two attached conical frustrums of 5 m major radius, 2 m
minor radius, and 10 m total length (i.c., a 30% half-angle). At each :mall end, a
hole centrally disposed about the axis admits the solid breeder blanket materia in
the form of granules, tiie fusion pellet, and the laser beams. Centrifugal force allows
the granules to rotate with the reaction chamber, slide toward the outlet slots, and

exit to the power coaversion system,

We propose here & low activation chamber constructed of 2 em thick silicon car-
bide (SiC) box-shaped tiles (Fig. 2-2), about 50 em on a side, and held togetner in

compression by 3 em longitudinal and circumferential prestressing tendons of $iC/ Al
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Fig. 2-1. Ceramic Cascade reaction chamber. SiC shell ts presiressed and held in compres-

ston with AL-SIC composite tendons, (Solid-breeder granule blanket is contained
with the shell but 15 not shown in this view.)
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Fig. 2-2. 8iC panel and girder details.

2-5



composite, Ceramic SiC can operate at high temperatures, thus avoiding the need
for external cooling and achieves the goal of minimal neutron activation. It is also
very abrasion resistant. The bottom of the boxes form the chamber wall and are
positioned to collectively achieve the desired chamber shape, The sides of each box
(10 cm high) form faces which butt against one another. The joints between them
include a compliant bond, possibly an uncured ceramic compound that is fired during

operation to form a permanent joint.

The corners of each box are higher {15 cm), forming a pylon that acts as a
support for the cables stretched both around and along the chamber. This creates a
net that can be prestressed to ensure that in operation the ceramic is in compression.
All loads resulting from internal pressure are taken by the prestressing system. There
is insulation between the chamber and the tendons to maintain their temperature

within their usable range.

The chamber is ringed circumferentially with a pair of 40-cm-deep aluminum
composite girders (Fig. 2-2) that serve both to support the chamber and to provide
a surface for rotation. The girders are mounted on 24 supporting wheels — six axles

carrying two wheels on each ring. Four of the 12 axles are motor-driven.

Blanket material slides along the chamber wall under centrifugal action and issues
from the chamber through an equatosial slot onto an exposed shelf on the outside of
the chamber facing away from the chamber mid-plane (Fig. 2-3). A controllable scoop
(Fig. 2-3) removes material from the shelf and provides the primary reactor flow rate

and power leve] control.
Details of the design are presented below,

Materials. Examining the materials for the chamber, a SiC ceramic uvsed in
a modular prestressed form offers some very useful advantages. Its properties are
summarized in Table 2-2. First, the configuration lends itself perfectly to prestress-
ing techniques. At 1300 K, the flexural strength of chemical vapor deposited (CVD)
8-8iC is 500 to 1000 MPa (70 to 140 ksi) for small samples (Ref. 2-3). In an appli-

cation similar to the present and by applying proof-testing techniques as described
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in Ref. 2-3, 0-5iC material has a design tensile stress allowable of 200 MPa (30 ksi) and
a compressive stress allowable which is 4 to 5 times greater. Its Young’s modulus
is 360 GPa and its critical buckling stress is 8 GPa assuming a value for Poison’s
ratio of 0.3. The rupture stress is greater than 400 MP:, Consequently, the design
has very high allowable prestress and applied working stress. Second, SiC has very
high abrasion resistance. This is a very useful attribute, particularly in the present
application in which a high mix power input is desired. Third, its activation is very
low, even with presently achievable impurity levels, aflowing hands-on maintenance,
providing high inherent public safety and permitting shallow land burial of wastes at

end-of-life (Ref. 2-6),

TABLE 2-2
MATERIAL PROPERTIES

8ic@, 1300 K
Density 3.21x10% kg/m®
Thermal expansivity 49x10-8 K-t
Thermal conductivity 50 W.m-K
Young’s modulus 360 GPa
Flexural strength, CVD-8, 500 to 1000 MPa

smal] sample
Tensile strength, a,
proof-tested large sample 200 MPa

Avco SiC/ Aluminum®, continuous fiber
45 to 50% volume reinforcement, 700 K

Density 2.85x10% kg /m3
0°fiber axial modulus 170 GPa
0°axial tensile strength 970 MPa

Nicalon SiC/Aluminum(), 30% fiber fraction
volume, 6061 Al, 700 K
Tensile strength 400 MP2

() Ref, 2.3,
() Ref, 24,
() Ref, 2-5.
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Steels or other materials are, of course, usable and chambers of 2-1/4 Cr-1 Mo
were proposed in Refs. 2-1 and 2-2. However, by using a properly prestressed and
insulated ceramic, the structure and prestressing tendons can be radiatively cooled, as
shown in Section 2.3. The resultant temperatures and temperature gradients produce
negligible thermal stresses and avoid the active cooling systems associated with a

metal chamber.

The proposed prestressing tendon material is a Aveo SiC unidirectional fiber/A!
composite, At a 45% to 50% fiber volume fraction in aluminum, this material has
an aXia} tensile strength of approximately 970 MPa (140 ksi) at 700 K (Ref. 2-4). A
composite with 6063 Al alloy is preferred in the present applic-tion, since it has only
low-activation alloying elements, and it is assumed that such a composite would have

comparable strength.

The proposed insulation material is fbrous-type thermal insulation such as Fiber-
frax (Ref. 2-7) or Min-K (Ref. 2-8). Foil-type insulators (Ref. 2-8) though superior to
the fibrous-type with factors of 10 lower thermal conductivities are not recommended
since these commonly employ thoria, zirconia, and other metals which would result

in higher activation Jevels,

Stress Analysis. The sources contributing to the tota) stress in the Cascade
reaction chamber were identified and calculated for a metallic chamber design in
Refs, 2-1, 2-2, and 2-10. Following the methodology and equations presented in the
references, the stresses were calculated for a SiC ceramic chamber with 2 em wall

thickness and a 1 m thick Li;O blanket rotating at 4.2 rad/s (40 rpm).

Mechanical stress from centrifugal action was calculated using

_ mb2R2
T Atcosf

where

T« = hoop stress in the chamber wall = 20 MPa
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mp = blanket mass = 200,000 kg
w = chamber rotational speed = 4.2 rad/s
R = the maximum chamber wall radius = 5 m
A = chamber surface area = 250 m?
t = chamber tile thickness := 0.02 cm, and

§ = chamber wall half-angle = 30°

Thermal stress was calculated using

aEAT,

rgh—m.

where
T = thenﬁa] stress in the chamber wall = 5 MPa
a = SiC coefficient of thermal expansion = 4.9x1078 K~!
E = Young's modulus = 360 GPa
AT, = temperature difference across the chamber wall = 4 K

v = Poisson’s ratio = 0.3 (assumed)

The stresses due to pressure from vaporized material and shock due to X-rays,
debris, etc., were scaled from Ref, 2-10 to the present chamber wall thickness and

material properties. The results are summarized in Table 2-3,

The maximum stress of 59 MPa (8.6 ksi) is acceptable in comparison to the
200 MPa tensile strength expected in the SiC tiles constituting the reaction chamber.
In fact, the tiles would be preloaded in compression to the 54 MPa stress leve] expected
from the centrifugal action and the microexplosion-induced shock wave, Thus the

maximum tensile stress borne by the tiles is the 5 MPa thermal stress.

The shear stresses on the tiles were calculated by noting that the ring girder and
shell form a four-shear system, each carrying one-fourth of the 200,000 kg system
mass. The shear can be assumed to concentrate on a maximum of 3 m of shell in each

of 2 paths. The maximum shear stresses on the 0.02 m tiles are thus 4 MPa, compared

2-10
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TABLE 2-3
SUMMARY OF THE REACTION CHAMBER HOOP STRESS

Level
of

Stress

Source of Stress (MPa)
Centrifugal action(?) 20
Thermal stress(®) 5
Pressure from vaporized material(®¢d) 18
Shock caused by X-rays, debris, and neutrons 3

(600-MJ, 5-Hz chamber) (@)
Total stress 43 to 59

{®)Primary stresses.

(%)Secondary stress.

(¢)Stress caused by pressure from ablated material assumes no heat transfer, The
value included here is twice the static value, which accounts for dynamic Joading.

(©)Penk stress caused by pressure from ablated material occurs at a later time
than the peak stress cansed by shock interaction; therefore, pressure and shock stresses
are not additive. Totals shown include one or the other of these stresses.

{)Shock-caused stresses are calculated at cylindrical limit. Qur value for Cascade
should be lower.

to the 400 MPa rupture stress and 8 GPa critical buckling stress. Therefore, the tiles
are not expected to either rupture or buckle. Since considerable flexibility exists in
the structural design of the tiles, the 2 cm wall thickness is chosen on the basis of

ease of fabrication.

The tendon dimension is set by the maximum 54 MPa preload. Assuming single
cables of Avco SiC/Al composite at 700 K prestressed to 80% of their tensile strength,
longitudinally and circumferentially along all tile interfaces, the tendon diameter is
3.0 em. As shown in Section 2.3, the allowable heat generation rate in the tendon

is inversely proportional to the tendon diameter, The tradeoff on tile dimension and
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number of cables per interface versus heat transfer requirements should be investigated

in future design efforts.

Because of its large size, the stresses in the reaction chamber shell are compara-
tively small; however, the support requirement genetates large forces virtually normal
to the shell, which it is not well equipped to take. To distribute these local forces, a
pair of 40 cm deep Nicalon SiC/ Al composite girders rings the chamber at two posi-
tions, providing a track for the rotation equipment. These girders take the support
reaction and distribute it into the prestressed shell in the form of shears which are

easily carried in the shell at a stress of 4 MPa.

The stress analysis of the support rings shows that the rotating chamber can
be supported by two rings of I-shaped cross-section, mounted on a set of wheels.
The configuration and the nature of the loading result in a statically indeterminate

structure which can be readily analyzed if the following assumptions are made.

1. Radius of ring > radial thickness of ring,
2. Supporting pressure produced by the wheels 1s uniform.

The results are given by Roark (Ref. 2-12). Assuming the reaction loads are dis-
tributed over an angle of 60 deg, the maximum moment. My,,. and shear, Viyay
along the circumference of the ring are 3.3x10° N-m and 2.5+ 10° N, respectively.

The design of the ring girder is based on the requirements of the AISC (Ref.
2-12), using the following allowables.

Fy = allowable bending stress = 0.6 Fy, = 150 MPa
F, = allowable shear stress = 0.4 F, = 100 MPa
F, = yield stress = 250 MPa

The yield stress of the Nicalon SiC/Al composite was assumed to be approximately
2/3 of its tensile strength at 700 K. A girder composed of 23 cm by 2.5 cm flanges
and a 1.3 cmx 36 cm web satisfies the requirements on stress allowables and geometric
constraints of the AISC. Calculated bending stress in the flanges is 140 MPa, and the

shear stress in the web is 55 MPa.

2-12




Support Wheels. In line with railway practice, a wheel load of around 80,000 N
is used which requires 24 supporting wheels. Accordingly, a preliminary estimate of
the diameter is approximately 0.75 m. Six axles each carrying two wheels are required
on each ring, the axles will tilt and also be adjustably sprung to give contro] of the
force per wheel and compensate for possible ring girder out of round. Much railway
practice is relevant here. The biggest difference is the cooling requirements on the
bearings due to the thermal deposition from radiation. Cooling can be accomplished
by water or gas circulating through the bearing housings and no elaborate mechanical

sealing appears necessary.

Drive System. The presently favored configuration for the drive system has
the entire power input both for the chamber and for the bianket circulating system
via 4 of the 12 axles on which the wheels are mounted. The direct power to lift
a blanket circulation of 2700 kg/s to & height of 17 m is 450 kW, but considerable
internal friction is anticipated and thus 225 kW on each of 4 shafts is a reasonable
installed requirement. The shaft speed is 320 rpm. Since the motors are external
to the vacuum chamber, the drive shaft penetrations should incorporate radiation
shielded oil flooded vacuum seals. The size of Nicalon $iC/Al composite drive shafts

is less than 8 ¢m diameter.

2.2.3. Mechanics of Contents

Introduction. The determination of the accepiable angle for an embankment
has been a matter of historic study and has a strong presentation in the present
literature of soil mechanics. Appropriate assumptions can be made for the Cascade
particles which will be acceptably accurate and which will form a useful basis for de-
sign. However, the dynamics of flowing particles is less well documented and Cascade
represents a considerable control task. The basic motion of the blanket is brought
about by over-steepening the slope of the chamber wall with respect to the stability
angle. This will cause some form of cylindrical slip where a2 buried surface shears due

to the moment of the materiai above it about the surface. In a shallow mass such
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as our blanket, the chamber wall itself is very likely to form a large fraction of the
surface of slip, Without special measures, therefore, “slug” flow is to be expected
with the possible exception of a talus near the large diameter. The flow in a talus has
not been investigated, but there is reason to believe that mixing will only take place

at the break point,

The flow pattern has been envisaged as follows, Material is deposited at the
small dtameter and slides toward the larger, assuming a smooth chamber. Radial and
circumferential motions are expected to be small. The acceleration due to Coriolis
effects is only about 0.04 G maximum, so the path curvature is small. A given surface
wil} change shape but not area as it moves out, becoming wider in the direction of

rotation and losing axial speed and length to give flow continuity.

None of these motions wil] promote mixing. As the large diametet is approached,
it is possible that the surface may break due to vestigial cylindrical slippages. Cer-
tainly surface material will eventually submerge to the exit orifices. Since the radial
power deposition profile is radially quite steep, this exit mixing will not help to reduce
the temperature spread between the surface and rear of the bed. A discussion of the

methodology for inducing mixing into this pattern is given below.

A problem to be encountered in the design of the chamber is definition of the
amount by which chamber angle must exceed the static equilibrium angle to give
enough drive force to effect the required flow. This is currently being investigated
(Refs. 2-13 and 2-14). While the static angle will not vary with centrifugal force field,
as the latter increases, the work available from a given excess angle will change. It
is thus possible that a small variation from the simple cone is retiuired even in the
simplest of chambers to keep a good drive force. Extra energy will already be required
where mixing is happening, i.c., near the exits which indicates that a higher angle is

needed there, the converse of the above effect.

The last aspect of the soil mechanics issues which requires discussion is the out-

flow control. A basis exists for “hourglass” caleulations and recent werk (Ref. 2-13)




indicates that no major difficulties are expected in implementing controi of the mass

flow.

The mechanics of material flow in the Cascade chamber is envisioned as follows.
The bed of Li;O granules flows “down” the sides of the chamber from the small ends
of the cones at the axis of rotation toward the exit slot at the equator. The material
leaving the slot piles up on the shelf that circles the equator (Fig. 2-3). This plugs
the exit slot and stops the flow which is bottom controlled, As the chamber rotates,
material on the shelf encounters a stationary scoop that removes the LiyO granules
from the shelf. This makes it possible for additional Li>Q to flow out of the chamber
onto the shelf, ready for the next revolution past the scoop. The depth to which the
scoop cuts into the pile of Li;O on the shelf can be adjusted (Fig. 2-3) to control the

overall flow rate.

Summarizing the above design issues, two major factors appear. First, the con-
ventional simple chamber will not promote mixing. Second, there is no complete
body of theory which covers all the design objectives of the chamber solid dynamics.

A nunber of chamber concepts are outlined below, and a first preference defined.

Chamber Configurations Considered. Brief descriptions and significant
characteristics of the Cascade chramber configurations considered are presented in
Fig. 2-4. The preferred design is the compound vane configuration shown in Fig. 2-5.
The compound vane allows control of the material at the repose angls an surfaces
which are much steeper, as shown in Fig. 2-6. The walls of the cone-shaped chamber
are set at 45 deg to the chamber axis. The vanes are set at 57 deg to an axial plane
along the walls (Fig. 2-5), This allows the Li;O to see an effective angle of 27 deg
{the expected angle of repose) along the vanes, “down” the wall from the entrance to
the exit at the chamber equator. The flow along the van;és is bottom controlled by
the shelf and scoop arrangement at the exit slot at the equator. The possibility exists
for a thin, fast moving, top controlled surface layer that would flow directly down the

45 deg sides, slipping over the top of the more slowly-moving material flowing zlong
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the vanes. The compound vane has the advantage that the chamber can be much
more compact, and the microexplosion blast can be nearly normal to the blanket
surface, thus not inhibiting blanket material flows. The compound chamber concept
does not by itself induce any flow mixing. A disadvantage is that the vane's inner
edge sees a higher neutron flux and the consequent radiation damage may necessitate

its replacement.

The desire for flow mixing is due to the very steep radial gradient in power den-
sity in the Li;O bed. This is discussed in Section 2.4 below and various potential
techniques to achieve a more uniform Li; O outlet temperature distribution are intro-
duced. Flow mixing would be perhaps the most desirable method, but we have not
identified 2 viable approach to achieve significant mixing of the bed flow by chamber
design alone, Some form of layer flow control, as discussed in Section 2.4, will be

needed if simple slug flow with a possible separate surface layer is not adequate.

Particle Removal from the Chamber. A narrow slit in the chamber around
its large diameter allows the blanket particles to escape from the bottom of the blanket
layer. Around the chamber waistline is a centrally disposed cylinder which acts as
a shelf (see Fig. 2-3). The particles escape from the chamber until the shelf forms
2 heap to the level of the slit at which point the flow will be bottom controlled and
stop. Further removal of material from the chamber is then entirely dependent on

material being removed from the shelf,

On the rising side of the chamber, a scoop (see Fig. 2-3) is disposed either side
of the heaped shelf. As the shelf travels past at about 25 m/s, the scoop reaches in
either side and clears off the shelf, allowing it to recharge. A shelf dimension of 50 cm

(each side) is adequate to clear the Lis0 throughput of 2.7 m3/s in one revolution at

40 rpm.

2.3. HEAT TRANSFER

The majority of the fusion energy produced in Cascade is deposited in the bed

of Li;O granules and thus transported out of the reaction chamber, to the power
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conversion system. Some energy, however, is deposited in the chamber itself and

some heat is transmitted from the LizO bed to the chamber. The thermal and heat

transfer analysis of the chamber is presented in this section.

2.3.1. Introduction

A one-dimensional heat transfer mode] was prepared in order to determine equi-
librium temperatures in the ICF Cascade chamber design. Figure 2-7 is a schematic

diagram of this model.

Condnctive heat transfer was modeled using Fourier’s Law:

dT
é % = kijdy - (1)

where

gi; = heat flow from ito j
ki; = materia] thermal conductivity
A;; = mean surface area

i t t dient
- = temperature gradien
X p g

Radiative heat transfer was modeled using the equation

whete

F;; = view factor (i to j)
€; = emissivity

b A, = surface area
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Fig. 2-7. Heat transfer model schematic.
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T; = surface temperature

¢ = Stephan - Boltzman constant.

Convective heat transfer was assumed to be negligible due to near-vacuum con-

ditions.

A steady-state analysis was used to determine equilibrium temperatures for each
surface, The equilibrium temperatures are determined by simultaneous solution of
the heat flow equations. The assumptions made in the development of the results are

summarized in Table 2-4.

2.3.2. Model Development

The heat transfer model used in this analysis is developed in this section. The
subscripts denote the locations as given in the schematic diagram, Fig. 2-7. The

model is developed from iue last granule zone out to the vacuum chamber.

Heat Flow in the Last Granule Zone. Since blanket flow mixing is not expected,
one way to achieve a uniform outlet temperature distribution in the blanket in the
presence of the radial heat granulation profile is to have & zoned blanket, as described
in Section 2.4. For conservatism, a five-zone blanket of 20 em layers was assumed
for the heat transfer analysis. The temperature at the midpoint of the last granule
zone at the exit of the chamber is the point of highest temperature in the bed and
thus represents the worst case for heat transfer analysis. This corresponds to point
1 in the schematic drawing, Fig. 2.7. From the equation for the heat generation in
the granule layer, we can calculate a temperature at the outer layer of the granule
bed, point 2, We assume the granule bed is moving in laminar or plug flow, and
that lateral heat fiow within the blanket (perpendicular to the flow direction of the
bed) is negligible. Since the granule bed is the working medium for the ulti.nate heat
transfer of the system, we would expect that an optimized design would have the bed

carrying away nearly all of the heat generated, Therefore, our assumption should be
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TABLE 2-4
SUMMARY OF BASELINE CONDITIONS,
ASSUMPTIONS, and ESTIMATES

Assumptions

1. Convective heat transfer is negligible.

2. Lateral heat flow in the granule blanket is negligible.

3. Granule blanket-to-wall interface heat transfer is that
of Schlunder (Ref. 2-15).

4. §iC chamber and insulation heat generation is small
compared to vacuum chamber heat flow.

5, Tendon heat generation is small compared to the reaction
chamber-to-vacuum chamber heat flow.

Reference Parameters
Tintet granules = 770 K
T\ (midpoint of Jast granule zone at outlet) = 1170 K
AXsicchamber = 0.02 m
Az (reaction chamber surface area) = 4, = 260 m*
AXy5 (insulation) = 0.15 m
As (insulation outside surface area) = 270 m?
diendon = 0.03 m
L (tendon length) = 1100 m
Ag (tendon surface area) = 100 m?
0 don = 6.5%105 W/m®
T7 (vacuum chamber) = 300 K
A (vacuum chamber surface area) = 3500 m? (from Fig. 5-13)
¢ (Stephan-Boltzman Constant) = 5.67x10~% W;m-K*
Ups = 2 W/m*K
k34 (SIC) =50 W/m-"K
kss (Fiberfrax) = 0.1 W/m-K
€5 (insulation) = 0.4
¢6 (tendons) = 0.2 (oxidized aluminum plate)
¢7 (vacuum chamber) = 0.6 (steel)

Fs7=08
Fez; =06
Fg7 = 0.85

reasonable, and we can proceed with the determination of T3, the outer granule bed

temperature,
The steady-state heat flow equation for the bed is
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g = mepAT. (3)

where

q = internally generated heat
th = mass flowrate of the bed
¢p = heat capacity of the bed

AT = outlet temperature — inlet temperature.

Since q varies with the radial distance from the center of the reaction char.ber and
radial heat transfer within the blanket is neglected, we know that ¢ = ¢(r) and

T = T(r}. With this we have

qr) = rhcplT[r) = Tintet]- (4)

The inlet temperature of the granules is assumed to be 770 K. Since we further

assume that the outlet temperature at r = 4.875 (point 1) is 1170 K, we get

q(4.875) = rine, (1170 — 770) = ricy(400) . (5)

If we divide ¢(r) by g(4.875), we get

qr)  1rey|T(r) - 770,

q(4.875) ~  1he,(400) )
Solving for T (), we have
7(r) = 400-27L_ 0k (1)

¢(4.875)
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The radial dependence of the volumetric heat generation rate was estimated
based on a numerical fit of the neutronies data of Ref. 2-16. This was determined to

be

e-3,5r

q(r) e —;

Substituting this expression for the heat generation rate into Eq. (7), we have

gm34r 4.875%
T(r) = 400_#- ETITE) +70K, (8)
which reduces to
Eﬁ3.5r
T(r) = 244 x 10" —— + TI0 K. (9)
T

At the outside of the last granule layer, point 2, r = 5 m and T = 1020 K.

Heat Flow Between the Granule Blanket and Reaction Chamber Wall,
The heat flow from the blanket to the reaction chamber wall cati be modelled as a

psuedo-convective heat transport situation, Thus, we have

q23 = Upa Aya(AT) = Upg das (T2 — Ts) (10)

There are co:r.iations for determinitg the heat transfer coefficient, U, in particle
systems such as this. A correlation from Schlunder (Ref. 2-15) is presented below in

the development of the b+seline caleulations.

Heat Flow in the Reaction Chamber Wall. This is simple conductive heat

transfer so that

2-26




e

AT34 k34‘434
= hagAgy e = A T 11
%4 = Rl gy = AT, (T2 - T4) (11)

This assumes that the heat generation within the SiC is small compared to the heat

flow from the blanket.

Heat Flow in the Insulation Layer. Again, we have conductive heat transfer so

that

kqsAus

445 = m(ﬂ - Ts). (12)

Heat Flow Between the Insulation and the Vacuum Chamber. This is a

radiative heat transfer situation so that we have

o = ods (T¢ - Tf) .
Ar(a-1) 22

An assumption implicit in this formulation is that the contribution of the heat

(13)

transfer from the tendons can be neglected in establishing the heat flow between the
insulation and the vacuum chamber. This assumption has the effect of decoupling the
reaction and vacuum chamber heat balance equations from the tendon heat balance

equation. This assumption is discussed in Section 2.3.5.

Heat Balance on Prestress Tendons. Steady-state analysis dictates that (input
- output + production = 0). The input and output terms for the tendon system are
radiation terms from the insulation and to the vacuum chamber, respectively. (Heat
transfer via conduction through the pest to pesition 6b in Fig. 2-7 is small compared
to the radiative heat transfer.) Note that the actual direction of the heat flow is

unimportant in the mathematics of the formulation. We have
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(19

and

o4s (T - TF) ‘
e (1) 2 (8 -1)

The generation or production term will be left 2s a dependent variable in our

(1)

oulput =

analysis. Therefore, we can solve for

] 0As (T4 ~ Tﬂ) (T4 ” Tq)
q

Vg ) ey AG-r)eaEoy

Because the area and volume are both related to the length and diameter of the

tendons, this equation can be further reduced to

q«/f/ g [ (T4 - T’:‘) _ (qu - Té) . (16)

dr | Lo (1. 1 I As (1 _
: |.F61+(ls 1>+J(E7 1) E"L(% 1)+A: (Cs 1)
2.3.8. Solution of Temperature Equations - Baseline Case

The solution of the temperature equations involves simultaneous solution of the

heat flow equations, Eqs. (10), (11}, (13}, and (13). The heat flows through the

various layers of the chamber must be equal at steady state. Thus, the heat flow

equations are all equivalent. First, we equate Eqs. (10) and (13} to get

(17)

oAz (4—T4)
=0~
2T U | L, (“_1) + A

Fsr €s

)
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This can be substituted into Eq. (11), which can then be equated with Eq. (13)
to yield

1 AXs, ) (T{ - 1)
Uradoz  kaadsa/ | L 4 (6_1_ - 1) + s (L1 - 1)
57 11 [4

Finally, this equation can be substituted into Eq. (12), which can then be equated

T4 = Tz - (dAs) ( (18)

to Eq. {13} to give

1 AXzy N AXAS)
U2aAzz  kaqdas  kasAas

(T - T7)

1 1 A ]
'r:*(a‘l)+xf(;‘1)

T; =T; - (045) (

(19

This is an implicit solution in T5 which will require iteration to solve,

The Eqgs. (17) to (19) constitute the solution of the temperature equations in
their general form. The baseline case is a calculation of temperature and tendon heat
balance results based on approximations of the parameters which deseribe the system

as listed in Table 2-4.

Parameter Summary. We are interested in calculating numerical values from Egs.
(16) to (19). A number of assumptions about the system are required in order to
determine some of the parameters which are needed in the solution equations. Some
of the parameters are set for the system based on engineering judgment. Qthers can
be caleulated based on system geometry. This section is a detailed compilation of the

parameters listed in Table 2-4.

We have already computed the value for Ty:
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T, = 1020K.

Next, we obtain an estimate for the heat transfer coefficient, U, between the
granule bed and the reaction chamber wall. In Ref. 2-15, Schlunder presents a graph-
ical correlation for the average wall-to-packed bed heat transfer coefficient. Since our
conditions very nearly match his (1 mm spherical particles, water vapor present), we
can use Fig. 2 in Ref. 2-15. Our conditions are 1.3 Pa tritium pressure (see Chapter
4) av 1020 K, which correspond to 0.25 MPa at 2¢ K using the perfect gas law,

resulting in

Ups =2 W/m*-K

The available heat transfer area at this interface is

Agz = 260 m?

The mean heat transfer area through the reaction chamber wall is estimated to be

approximately the same, or

Agy = 260 m?

Mechanical design has set the reaction chamber wall at a thickness of

AX34 =002m

The thermal conductivity of SiC is

kgq = 50 W’/m— K
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The mean heat transfer area through the insulation layer is estimated to be

Ags = 265 m®

The maximumm insulation thickness is set by the maximum post height allowed by

mechanical design. Thus,

AXgys =015 m

For the baseline calculation, it will be assunued that the insulation is Fiberfrax. Its

thermal conductivity is (Ref. 2-7)

k45 =01 W/m -K

It is noted that Min-K (Ref. 2-8), also a fibrous type insulation, has an effective
thermal conductivity ~1/3 that of Fiberfrax in vacuum. Foil-type insulators have
effective thermal conductivity 1/30 that of Fiberfrax (Ref. 2-9). The emissivity of the

insulation is estimated to be

€ =04.

We will assuw e that :he vacuum chamber wall has an area given by the design

in Section 5.4, Fig. 5-14

A7 = 3500 m®.

The emissivity of the vacuum chamber wall will be assumed to be that of steel so that

€7 =% 06.
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The vacuum chamber wall was assumed to be at room temperature:

T =300K.

The tendon diameter is set by mechanical considerations at

d=003m.

The emissivity of the tendons will be assumed to be the same as that for oxidized

aluminum plate. Thus,

g = 0.2.

The total length of the terdons in the design is

1 =1000m?,

Ag = 100 m®

The following values were estimated for view factors:

Fgs7 =08
Fes =06
rF_'s'; ={0.85

Finally, Stephan-Boltzman’s constant is given as

0=567x10" W/m? - K*
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We have now completed the compilation of the various parameters and can pro-

ceed with a numerical solution to Eqs. (16} through (19).

Results. Solution of Egs. (17) through (19) using the parameters determined above

yields the following equations:

Ty = 1020 - (1.051x207%) (T4 - 300%) . (20)
Ty = 1020 - (1.062x107%) (T{ - 300%) . (21)
Ts = 1020 - (4.145x107%) (T} - 300%) . (22)

By iteration, Eq. (22) yields a value of approximately

Ts =391K.
It follows that

T; =80K,
and

T, =850K.

Equation (16) is solved with the above parameters to give

" = (2.67x107%) T - 4.02x10* W/m® . (23)
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For the baseline tendon heat generation rate,

Te=T13K.

Aveo SiC/Al composite has strength-at-temperature capability up to ~800 K. The
713 K temperature calculated here thus indicates that the tendons can be maintained
within the material’s usable temperature range without active cooling or additional

nuclear shielding.
The temperature distribution throughout the system is summarized in Table 2-5.

TABLE 2-5
SUMMARY OF HEAT TRANSFER RESULTS

T, (midpoint of last granule zone) = 1170K
T, (outside granule surface) = 1020 K
Ts (inside reaction chamber surface) = 860 K
T; (outside reaction chamber surface) = 859 K
Ts (outside insulation surface) 391 K
T (tendon) = 13K
T7 (vacuum chamber) 300 K

il

2.3.4. Discussion of Parametric Variations

First, we can examine the tendon heat balance equation in its general form, Eq.
(16). We can immediately see that the allowable heat generation in the tendon is
inversely proportional to the diameter of the tendon. Thus, we can best influence the

allowable heat generation rate by varying the tendon diameter. We have set

€6 = 0.2,

based on the emissivity of oxidized aluminum plate. With this value, the term
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(l -1) = 4.0,
¢

dominates the denominator of both of the radiant heat transfer derived terms in Eq.
(16). For this reason, we can see that variation in the other terms in the denomi-
nators, such as view factors and surface areas, will create only minor changes in the
allowable heat generation rate. Because the value chosen for the vacuum chamber wall
temperature, Ty, is so low (300 K), this ter‘m will have relatively little influence on the
calculation of the allowable heat generation rate. However, if higher vacuum chamber
wall temperatures are expected, this term raight become more significant. The insula-
tion surface temperature, T, is comparable to the vacuum chamber temperature, T7,
and therefore is expected to have a similar influence on the results obtained from Eq.
(16). It is important to note that changes in these temperatures produce a magnified

change in the results of the equation because they are fourth order terms.

Now, we can examine the reaction chamber temperature equations, Eqs. (17)
through (19}, These equations all have a common term, the term derived for radiant

heat transfer

@-m
()2

With the parameter values chosen, we can see that the terms in the denominator have

the following values

1
— =129,
Fg7

1
<"- —l) :1'5’
€5

As [ 1
— | ~~1)=0001,
A7 (t7 )

We can deduce from this that the vacuum chamber wall provides a very effective sink

{note the third term), primarily due to its large area. Changes in the parameters
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in this term will have little influence on the final temperature results, unless those
changes are very significant. Changes in the other two terms listed will have a greater
influence on the fina! temperature resuls. The vacuum chamber wall tempezature, T,
has been chosen as such 2 small value that it has relatively little effect on the final
temperature, compared to the insulation surface temperature, T5. However, as in the
tendon heat balance, changes in this value have a magnified effect on the final result

due to the fourth order nature of this term.

In each temperature equation, the radiant heat transfer derived term is multiplied

by a resistance term and by

UA5 .

The insulation surface area, As, can be determined with good accuracy, knowing the
geometry of the design. Therefore, this term is not considered to be a controllable

parameter in this analysis. The resistance terms are as follows

———1—- =1.9x%1072,
Uzadyg

CE ST
kaq Azqg

X

Aes 57
k45 45

We can see that the greatest resistance is offered by the granule blanket-to-wall inter-
face and the insulation layer (the first and third terms). The SiC reaction chamber
ofters negligible resistance and therefore has little influence on the final results, Thus,
the controllable parameters of importance are the heat transfer characteristics at the
blanket-to-wall interface and the resistance of the insulation layer. The values chosen

for these terms will be of greatest importance in selecting the firal design.
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2.3.5. Conclusions

The baseline temperature distribution was caleulated and the results show that
cooling of the reaction chamber and tendon system can be accomplished by radia-
tive heat transfer to the vacuum chanber. A significant range exists in the selection
of system parametess including the diameter and emissivity of the tendon, the con-
ductivity of the insulation, and the heat transfer coefficient at the blanket-to-wall
interface. Proper selection of tendon design is very important in order to handle the
expected heat generation within the tendons. The most critical parameter is the ten-
don diameter. The overall heat balance for the reaction chamber Jayers is controlled
by the selection of the insulation layer design. Its design will have an appreciable
effect on the heat balance on the tendons. Therefore, it is important to identify limits
on the insulation layer design so that they can be considered in the design of the

prestress tendons,
It is recommended tha: iic following areas be studied in more detail:

1. Coordination of mechanical design and thermal design to optimize tendon diam-
efer.

2. Verification of the emissivity of tendon material.

3. Identification of limitations on insulation layer design.

4. Identification of alternative insulation layer designs.

In addition to these specific areas, it is recommended that future work include inte-

gration of materials selection, mechanical, and thermal design.

The present heat transfer mode! assumes that the heat generation in the tendons
does not substantially add to or affect the main heat flow from the insulation to
the vacuum chamber, in effect decoupling the equations. In fact, the temperature
difference between the insulation surface and the vacuum chamber is sufficiently low
that heat flow from the tendons is significant and could affect the overall termperature
distribution. This is not expected to alter the conclusions of this analysis due to
the considerable flexibility in the design and selection of system parameters. It is

recommended that future efforts fully couple the system equations.
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The current heat transfer model should also be expanded to include spatially
varying heat generation terms in all layers and be expanded to give a temperature

profile within the tendons.

2.4, THERMODYNAMICS OF SOLID GRANULE CIRCULATION

The majority of the fusion power produced in Cascade is deposited in the bed
of Li,O granules and is transported out of the reaction chamber with the flowing
Li20. The thermodynamics of this solid energy transport system are developed in

this section.

2.4.1. Introduction

The overall thermodynamic efficiency of the Cascade reactor system as well as
the practical design of the lithium oxide granule flow system are very much dependent
upon the flow distribution and degree of granule mixing within the blanket. Several
flow distributions were considered to determine the optimum blanket flow configu-
ration. Although the actual particle behavior in the reaction chamber is difficult to
predict, as discussed in Section 2.2, two extremes in flow and thermal behavior can
be explored. The first case assumes that there is perfect radial mixing of the granules
so that the average heat deposition rate is the same for all the granules. In this case,
the granule’s axial flow profile (from the front to the back of the blanket) is unimpor-
tant and all pasticles will exit with the same termperature, This can be called mezed
flow. The second case assumes that there is no radial mixing or conduction between
adjacent “layers” of granules, Since the heat deposition profile is not uniform in the
radial direction. the granules will not have a uniform exit temperature unless their
axial flow profile matches the heat deposition profile. This second type of behavior

can be called layered flow.

The degree of flow mizing or layering is hard to predict quantitatively by particle
dynamic theory alone. An empirical approach incorporating small scale experimental

flow models would help in understanding this problem. Section 2.2 presents reaction
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chamber design concepts that may be utilized to mechanically influence the degree
of mixing. The question then arises as to which is the more desirable flow distri-
bution. From thermodynamic efficiency considerations, a thoroughly mixed blanket
is preferred, since it would providz a higher mixed mean outlet temperature than a
layered flow blanket with finite zone widths. However, a thoroughly mixed blanket
may experience other problems with the granules, such as exposint afl granules to the
surface heat flux, possibly increasing the rate at which granules must be replaced.
This might be alleviated with a special surface loyer, as discussed in Chapter 3. The
mechanical design details for achieving either completely mixed or layered flow have
not been fully developed, and so relative mechanical design complexities cannot be
quantitatively compared with the associated gains in efficiency at the time. Therefore
both types of flow were further analyzed. Combinations of the two are possible, and

the solid flow options are graphically summarized in Fig. 2-8.

2.4.2. Mixed Flow

In this case, the total Li»O mass flow rate 2 is determined by the total ther-
mal power, Py, the heat capacity of the granules. cp, and the desired inlet/outlet

temperature difference, AT, that is:

Py
cpAT ’

For a blanket with a thermal power of 3000 MW, an average heat capacity of
2800 J /kg-K, and a temperature rise of 400 K, (from 770 K inlet to 1170 K outlet), the
required flow rate is 2700 kg/s. A separate surface layer may be required to minimize
the granule replacement rate. Assuming that 5 ¢m is 2 minimum practical thickness
based on mechanical consjderations, such a surface layer would contain approximately
42Y% of the flow or 1100 kg/s. Since good radial mixing is assumed, the axial flow pro-
file is otherwise unimportant and the radial temperature distribution is flat. Assuming

2 5 m outer radius reaction chamber, a blanket thickness of 1 m, and a density of
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1000 kg/m? (including 50% packing factor), the average exit velocity in the direction
parallel to the chamber walls is ~0.1 m/s and the average residence time is approxi-

mately 80 s.

2.4.3. Layered Flow

In this case, the heat deposition profile and the axial velocity profile are matched

such that the exit temperature is radially uniform. This is accomplished by satisfying
P = r'nc,,AT=[ §"(r)dv
Ve

Noting that the differential volume of a hemisphere is 2772dr, which equals 7dA,

prAc, AT = §"'rdA
v=¢"r/pe, AT
where ¢" is the volumetric heating rate, p is the Li;O cfective density. v is the flow
velocity. A is the cross-sectional area perpendicular to flow, Vg is the volume of the

blanket, and r is the radial distance from the center of the chamber in meters. The

volumetric heat generation rate can be expressed as

7.2 x 108¢=3-57

, . 3
q,/.r! = — MW/m

by fitting the data generated in the neutronics caleulations (Ref. 2-16). The quantity
pepAT equals 1.1 » 10° J/m®, and thus the velocity profile is given by
o(r) = 6.4 x 10* ¢35 /7, m/s.

We can then plot the velocity profile for all the granule layers except the first one. lu

the first layer we must include the surface heating effect. In order to include the surface
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heating effect, a characteristic thermal penetration depth must be assumed. Figures
2-9 and 2-10 show the nuclear heating profile and the velocity profile, again 2ssuming
a § em thick first layer. This would be the optimum velocity distribution for layered

flow with respect to thermodynamic efficiency and minimum particle throughput.

Neither perfectly mixed nor perfectly layered flow is likely to occur in the reac-
tion chamber, Furthermore, if indeed the velocity profile can be controlled, it would
probably be in discrete 2ones rather than as the optimum continuous distribution.
This issue was studied further to determine the number of zones required to achieve
a given efficiency assuming no mixing. The velocity of each zone is assumed to be
controllable; however, within a zone, the velocity is assumed constant. Thermody-
namic inefficiency results from the fact that while the front granules of each zone
can be heated to the maximum temperature, the granules further back in the zone
are underheated. A blanket with fewer zones will also require more ‘otal granule
throughput, since a greater fraction of the blanket is overcooled. The average exit
temperature for each zone is somewhat Jess than the maximum, depending upon the

radial thickness of the zone,

The temperature peaking factor within an individual zone can be calculated as

follows. Since

v = §"r/pcpAT (from Sec. 2.4.2)

then for constant v, p, and cp, the quantity ¢"r/AT is constant. Therefore

ATz _ (d’l’r)maz
BTavg  (§"r)avg

where the subscripts maz and avg refer to the maximum and average values within
the zones, respectively, and ¢" is as defined above. Thus, for a finite number of

constant velocity zones, careful consideration must be given to their radial thickness
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and location of each zone. We can parametize this effect by using the ¢’ data as a
function of r generated from the neutronics calculations to satisfy the above equation
for severa] vatues of ATmaz/AThue. The thermodynamic efficiency of the system is
directly related to the value of ATiq, and the assumed inlet temperature. ATy, is
limited by the maximum allowable Li; O temperature. The number of zones is directly
related to the allowable magnitude of (¢"'r)maz/(§"'r)avg for each zone since the total
change in the heat generation rate from the inner surface to the outer surface of the
blanket is fixed. Therefore we can tabulate ¢he mixed-mean outlet temperature and
thermodynamic efficiency as a function of the number of radial zones as shown in
Table 2-6. The surface layer is not included in this table. A higher temperature first
layer would allow higher ideal efficiencies. The optimum peaking factor is obtained by
selecting zone widths to yield the same mixed mean outlet temperature for all zones
for a given maximum allowable LisQ temperature. In this parameterization, it was
assumed that the maximum allowable granule temperature is 1270 K based on LiOT
transport considerations. (The maximum allowable granule temperature for Li;0 is

discussed in more detail in the next section.)

Examination of Table 2-6 shows that above approximately seven zones the in-
crease in efficiency due to adding more zones is small and probably would not justify
the added complexity. The radial boundaries for a blanket consisting of a 5 cm thick
first layer and seven additional layers are shown in Table 2-7. The nuclear heating
deposition profile was used to determine the zone boundaries that would yield the

proper value of ATn,;/ ATy, which for this example is 1.3.

In actuality, it may be more effective to allow a greater temperature distribution
(and thus a lower outlet temperature) within the zones near the back of the blanket,
since the total heat deposited there, and consequently their effect on the overall mixed-
mean outlet temperature, is s..all. In fact, the granules exiting from these zones could
be recycled back to the blanket inlet rather than routed to the power conversion sys-

tem, as shown in Fig. 2-8. These options should be studied further. However, for
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TABLE 2-6
THERMODYNAMIC EFFICIENCY DEPENDENCE ON
THE NUMBER OF RADIAL ZONES

Mixed-Mean Maximum

Optimum Intrazone Outlet Thermodynamic
of Peaking Temperature®  Efficiency(®
Zones!®  Factor (K) (%)
1 3.7 910 67.0
2 22 1000 700
3 18 1050 714
4 1.6 1090 2.4
5 14 1130 73.4
7 1.3 1160 74.1
10 1.2 1180 74.9
20 11 1230 75.6

(*)Not including first layer.

%) Assuming an inlet temperature of 770 K and 2 maximum
temperature of 1270 K.

(¢} Assuming ideal Carnot efficiency with a 300 K sink,

the present analysis, we assume the same mixed-mean outlet temperatures for each

_ zome.

2.5. MAXIMUM Li;0 TEMPERATURE CONSIDERATIONS

The thermodynamic efficiency of the Cascade reactor is limited by the maximum
allowable Li, temperature as was shown in the last section. The maximum allowable
terperature is in turn set by the acceptable LiOT loss rate from two perspectives —
physical loss of LizQ from the granules, and concerns of compatibility of LiOT with
materials commonly used throughout the vacuum system. This section addresses the

former issue of mass transport.

The LiOT loss rate from Li,O can be computed given the LiOT partial pressure
and the chamber pumping flow rate using the perfect gas law. For LiOT in thermo-

dynamic equilibrium with Li;O and T30, the LiOT partial pressure, Pp,or in atm,
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TABLE 2-7
RADIAL ZONE BOUNDARIES
FOR AN EIGHT Z0NE BLANKET

Inner Maximum
Radius Nuclear Heating
Zone (m) (MW /m?)
1 (First layer)  4.00 374
2 4.05 30.6
3 4.19 17.9
4 4.32 10.4
5 4.46 6.1
6 4.59 36
7 4.73 2.1
8 4,87 1.2

1) Peaking factor is 1.3.

can be computed given the temperature, T in K, and the T,0 partial pressure, Pr,0

in atm, using (Ref. 2-17)

8635 1
log Prior(g) = ———+;

T 2!og Prog) +4.57

The T20 partial pressure is calculated from the tritium generation rate and the
chamber pumping flow rate, again using the perfect gas law. The process is iterative

in that the LiOT loss rate will impact the necessary chamber pumping rate.

Using the Cascade gas flow rates of Ref. 2-18,

755107 kg/s T, (as Ty0) from Li; 9 neutron capture,
9.9 x 107 kg /s He from Li,O neutron capture,
71x10°% kg/s He from D - T reaction,

1.9 x 107% kg/s unburned D - T gas,
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the LiOT mass transport as a function of temperature at 13 Pa chamber pressure was
calculated as described above. The results ate shown in Table 2-8. The table shows
that the LiOT loss rate increases dramatically and becomes a significant fraction of
the total volume pumped above 1300 K. Above 1400 K, LiOT becomes the dominant
pumped specie corresponding to over 50% of the total volume pumped. On this ba-
sis, 1270 K is suggested as the maximum aliowable Li;O temperature for the present
vacuum system design. it is recommended that follow on studies examine the com-
patibility of Li;O with the materials with which it is expected to come into contact,
as this limitation may be more stringent than that of pumping system capacity.
TABLE 2-8

LiOT MASS TRANSPORT
AT 13 Pa CHAMBER PRESSURE

LiOT  Total Chamber
Temperature Loss Rate Pumping Rate Fraction LiOT

(K) (g/8) (¢/s) Total Pumped
1000 6.8 x 107 5,800 0.0028
1100 41x10°3 6,400 0.017

1200 0.019 7,500 0.074

1300 0.072 9,700 0.23

1400 0.27 - 17,000 0.53

1500 117 51,000 0.83
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3. GRANULE DESIGN AND FABRICATION

3.1. INTRODUCTION

The flowing solid breeder (Li;O) granule blanket of the 3000 MW(t) Cascade
(Ref. 3-1) reactor absorbs the energy produced during laser-induced fusion reactions
and transports it to the power conversion system. The first few layers of granules,
located closest to the fusion energy source, will experience a surface heat flux which
might consist of alpha particles, reflected laser light, X-rays, and pellet debris. In
the limiting case, for a product of compressed fuel density and radius of 3 g/cm?,
the latter two sources alone could deposit ~32% (Ref. 3-2) of the 600 MJ released
during each 2 ps pulse (Ref. 3-3). These first few layers will therefore experience
melting, vai:oorization, and possible cracking, the degree of which could impact the
reaction chamber blanket flow dynamics and vacuum pumping requirements. The
system power balance could also be affected if vaporization results in significant energy
trasport. Because the granule diameter is small, granules that are not directly exposed
to the fusion pellet energy yield will experience very little spatial variance in their
nuclear heating and correspondingly small thermal stresses. This study therefore
examined the thermal and structural effects expected on first layer granules. Cost-

effective methods of manufacturing the LiyO granules were also evaluated.
3.2, GRANULE THERMAL STRESS ANALYSIS

3.2.1. First Layer Granule Dynamics

The pulsed energy released by each D-T pellet microexplosion will subject the
surfaces of first layer granules that face the reaction chamber to large successive

loads from reflected laser light, X-rays, alphas, and pellet debris. The fraction of
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the total pellet energy yield that is deposited on the granule surface increases with
increasing pellet compression. For the reference case in which the pellet compression
is 3.0 g/cm?, approximately 32% of the pellet energy yield is deposited on the granule
surface (Ref, 3-2).

The objectives of our thermal stress analysis were threefold:

1. To determine the feasibility of avoiding melting and vaporization of the first

layer granules by increasing the Cascade reaction chamber size.

2, If melting and vaporization cannot be avoided, to determine the amount of

melting and vaporization that will oceur.

3. To determine the severity of thermal stress-induced eracking and the sensitiv-

ity of thermal stress to granule size.

An estimate of the size of the reaction chamber that is required to avoid melting
and vaporization can be obtained by using a one-dimensional unsteady-state con-
duction equation and approximating the first layer granules as a semi-infinite slab.
Assuming that the heat flux, ¢", is constant over the duration of the pulse and that
the granule is initially at constant temperature, Ty, the granule surface temperature,

Ts, can be approximated by

q'H
Ts=To+ 1.13#04,,)‘/2

where k is the granule thermal conductivity, o is the thermal diffusivity, and 1, is the

pulse duration time (Ref. 4). The heat flux can be approximated by
§" = JQ
tpzis
where [ is the fraction of the total pellet energy vield that is deposited on the granule

surface, Q is the total pellet energy yield, and Ag is the granule surface area of the

first layer. For a spherical reaction chamber
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As = 47rrf—;

and

where r¢ is the distance from the microexplosion to the first layer granule surface and
V is the velocity o the slowest fusion reaction product (tl. pellet debris). Combining

the above equations and solving for rc gives

y121/214°
re = [Qvogiq____a__
k(Ts — To)

Using the reference Cascade design parameters listed in Table 3-1 and the mate-
rial properties of Li;O listed in Table 3-2, the distances ro that are required between
the microexplosion and the first layer granules to avoid melting and vaporization are
42 m and 28 m, espectively. These results indicate that very large reaction chambers
are required to avoid melting or vaporization, which implies that this approach is not
economically or mechanically feasible. Therefore, some melting and vaporization of

first layer granules will oceur.

The upper bounds of melting and vaporization were then estimated by assuming
that the total energy intercepted by the frontal area of the granules is used strictly
to either only melt or to melt and then vaporize material, and that the non-neutron
energy is all absorbed at the surface of the granule. It was further assumed that
before conducting through the granule, all the surface energy must first raise the
solid breeder material to the melting temperature, then melt the materia] at constant
temperature, then raise the material to the vaporization temperature, and finally
vaporize the material at constant temperature. The maximum amounts of material,

My, and m,, which will melt or vaporize are
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TABLE 3-1
REFERENCE CASCADE DESIGN PARAMETERS

Reference

Pellet energy yield, Q@ 600 MJ 3-1
Frequency 5Hz 31
Non-neutron energy fraction, f 0.32 32
Pulse length, ¢, 2 us 3-3
Velocity of slowest 2x105 m/s 33

fusion reaction products, V
Blanket inner radius, rc 4m 31
Maximum Li,O outlet 1200 K &1

temperature, To
Granule porosity, p 0.06
Li;O grain diameter, ¢ 5 ym

19
" H+ ¢y (T - To)
1Q

" H t Hy tep(Ty — To)

where H; is the latent heat of fusion, and H, is the latent heat of vaporization. Using
the values listed in Tables 3-1 and 3-2, the maximum quantity of material that would
melt assuming no vaporization is 55 kg. Alternatively, if the incoming energy was
instead used completely for vaperization, the maximum quantity of vaporized Li,O
is 5.6 kg. In these limiting cases, the maximum melt layer thickness is 74 um (10%
of first layer granules), or that of the maximum vaporization layer is 7 ym (1% of
first layer granules). These results are not operationally restrictive and if vaporized
material redeposits locally, 2-D thermal au.lysis presented in the next seciion shows

that the granule would resolidify between pulses.

In reality, the physics pertaining to both the change of state of the solid breeder

as the energy of the microexplosion conducts through the granule and the dynamics
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Li;0 MATERIAL PROPERTIES

Melting temperature, T

Vaporization temperature, T,

Heat of fusion, H;

Heat of vaporization, Hy
Density, p

Specific heat capacity, cp

Thermal conductivity, k

Thermal diffusivity
at 1706 K, o

Thermal diffusivity
at 2873 K, o

Young's modulus, E

Tensile strength, oy

Linear thermal
expansivity, o;

Poisson’s ratio, v

TABLE 3-2

1706 K
873K

1.96x 105 J/kg
2.7 x 107 J/kg
2000 kg/mé

25179x10° +0.3328 T
-8.382107 T2 J/kg-K

(1= )5

(0.022 + 1.784x107*T) ! W/m-K

45x107 " m?/s
2.5x107"'m?/s
140¢:tp(-4p)|1

~(T/T)exp(l ~ Ta/T)]
108 g% exp(-10p) x

(1 - 44 exp(~T000/T)] MPa

(g in microns)

2.0569x1076 T04 K-!

0.25

Reference
35
36
3-6
37
36
3-8

38

3-8

3-8

of the ablated materia] blow-off and potential granule shock formation are extremely

complex. However, by estimating some fundamental time constants, a rongh estimate

of the magnitude of granule dynamics can be obtained.

The first layer granules could fracture from either mechanical or thermal stresses.

The mechanical stresses are caused by the compressive shock wave from the pulsed

energy deposition. The shock wave travels through the granule, then reflects back
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in tension. Because ceramics such as LizO are much stronger in compression than
tension and the granule is assumed to be unconstrained at the surface, fracture from
mechanical stresses would probably occur in the back of the granule. The thermal
stresses are causcd by the sudden surface heating of the granule, which causes a thin
layer on the front face to expand. This expansion will cause pulling on the rest of the
granule, putting it in tension. Fracture from thermal stresses would probably occur
along the front face of the granule, where the thermal gradient is highest. In this

work, only the thermal stresses were analyzed.

The coupling of the mechanical and thermal stresses can be neglected if the

parameter H is much less than one where

1/2
1
7= ‘_‘W,.ﬁ)
ir tp

and tp and tp are the characteristic mechanical and thermal relaxation times {Ref.
3-9). The parameter H compares the mechanical relaxation time to the thermal

relaxation time and pulse length. The characteristic relaxation times are defined by

L
Iy = —
s

and

where L js the characteristic length, 1.¢., the granule radius, ¢4 is the wave propagation
speed in the solid, and a is the therma! diffusivity. The wave propagation speed can

be defined as (Ref. 3-9;



where E is Young's modulus. Assuming a 2 mm diameter Li; O granule with a pulse
duration time of 2.0x107¢ s, cg = 5.6x10° m/s and & = 6.7x10"7 m?{s. Substitut-
ing into the expressions for the characteristic relaxation times and the parameter H
yields, tyy = 18x10°7 s, 1r = 1.5, and H = 1.0x10~* s, which is much less than
one. This implies that the transient thermal stresses and mechanica] stresses can be

handled independently.

The comparison of characteristic times can also be used to determine if first row
granules will experience significant shock waves as the suriace material vaporiges. If
the characteristic mechanical relaxation time is longer than the gas expansion time,
then it can be expected that the ablation would occur with shock formation. The gas

expansion time is estimated by

L

po= 2
g
Gy

where ¢4 is the gas propagation speed.

The speed of sound in a gas can be used as an upper bound. Using the ideal gas

jaw, the speed of sound becomes

'YRTu 1/2
“=\3r

where v is the ratio of the specific heat at constant pressure to the specific heat at
constant volume, R is the gas constant, T, is the vaporization temperature, and M
is the mojecular weight of the solid breeder. For a polyatomic ideal gas, v = 4/3,
and ¢4 = 1000 m/s. Letting the characteristic length equal the vaporization depth
and using the maximum ablation depth and mass calculated earlier, £, = 7.0x107%s.
This is approximately twenty-fivetimes faster than the mechanical relaxation time. In
actuality, the vaporization depth will be less then the maximum vaporization depth,
decreasing the gas time. Because the gas expansion time is much shorter than the me-

chanical time, the vaporized material should ablate with shock formation. However,
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it is expected that the shock wave would generate stresses within the granule which
would be relieved and dissipated into the porous blanket. It is also neted that the
gas expansion time is much shorter than the pulse duration time, sufficiently reducing
the density of the ablated material so that vaper shielding of the gammas and pellet

debris from the granule will be small.

3.2.2. Two Dimensional Thermal and Structural Computer Analysis

The transient temperature distribution of a Cascade reactor first layer granule
was calculte” using TACO2D (Ref. 3-10), a two dimensional, finite element heat
transfer code. The temperature distribution at the end of the pulse was coupled into
NIKE2D (Ref. 3-11), a two-dimensional, implicit, finite deformation, finite element
stress code, to determine the stress in the granule. The transient analysis was also

~ used to determine if melted or vaporized material would recondense between pulses.

Figure 3-1 displays the two-dimensional mesh that was wsed in our analysis.
The analysis assumed that the surface of the granules facing the microexplosion will

undergo the dynamics described in Sec. 3,2.1.

The thermal stresses at the end of the pulse duration time were calculated by
coupling the thermal output from TACCAD into NIKE2D. The end of the pulse
duration time was examined because it is expected that this is when the largest
thermal gradient and thus the largest thermal stresses will occur. The granule's
center of mass was constrained from moving in any direction, but surface motion was

unconstrained.

Figures 3-2 and 3-3 present the thernial stress contours of 2 2 mm and 1 mm
diameter first layer Li;O granule. Table 3-3 summarizes the information contained
in these figures. The maximum tensile stress for both sizes of granules is almost 50
times greater than its fracture strength. However, this stress occurs only within a
small region on the side of the ball, and will probably result only in local chipping

A more important stress figure of merit is found by estimating the maximum tensile
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stress contour that dissects the granule. When this contour exceeds the fracture
strength, he granule will fragment. Both the 2 and 1 mm diameter ball maximume
tensile stress contour exceed the Li,O fracture strength, by about a factor of ten.
Therefore, it is anticipated that first layer granules will crack into large fragments

with some cliipping along the sides.

TABLE 3-3
THERMAL STRESS FOR
2 AND 1 mm DIAMETER GRANULES

Granule diameter (mm) 2 1
Maximum tensile stress (MPa) 1300 1340
Maximum compressive stress (MPa) 1170 1190

Maximum tensile stress contour 308 313
that dissects the granule (MPa)

Li»O fracture strength at 1200 K = 30 MPa

The thermal stresses decreased with increasing granule diameter because larger
granules have more material on which to react the expansion force of the surface
facing the microexplosion, However, stress dependence on granule diameter was not

strong, as the tensile stresses decreased by only 3% from 1 mm to 2 mm dizameter.

Figure 3-4 presents the temperature profile within the granule immediately before
the next pulse. The figure shows the granule temperature is below the 1700 K Li,O
melt temperature everywhere except for a very thin region facing the original energy
flux direction. Since the initial temperature chosen for this granule was a uniform
1200 K, (t.e., just before exit from the reaction chamber but ignoring temperature
gradients from previous pulses), it is concluded that first layer granule material will
solidify between pulses. In addition, the orientation of a granule would mast likely be

altered between pulses, enhancing heat transfer to granules within the blanket.
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3.2,3. Thermal Stress Analysis Conclusions

Based on the thermal and structural analysis of the first layer Li;O granules

presented above, we conclude:

1. It is not feasible to avoid melting and vaperization by increasing the size of
the reaction chamber. Therefore, reactor designs should account for some melting

and vaporization of first layer granules.

2. A maximum of 10% of each first layer granule will melt from the absorption
of the energy from a single microexplosion. However, the bulk temperature rise of

the granule is not significant, and the granule material will resolidify betwe:n pulses.

3. The maximum vaporization layer that will blow off into the reaction chataber
is 7 microns thick, containing a total of 5.6 kg of Li,O. This analysis assumed that
this material is deposited locally as an upper limit to the thermal stres: -. This
assumption needs to be verified as the otherwise-implied mass and eneruy  nsport
conld impact the reaction chamber vacuum pumping requirements and system power

balance.

4. The thermal stress contours that dissect the granule are approximately ten
times greater than the fracturs strength. Therefore, it is anticipated that first layer
granules of the present design will crack into large fragments with pping

expected along the sides of the granule where local stresses are much ' .. -

5. Based on cost data presented in Section 3.3 below. the cost ~continuously
refabricating the broken particles would be high. Two alternatives are available which
avoid refabrication. One alternative is to not refabricate cracked granules and thus
operate with a powdered blanket. However, analysis of the flow dyna:' - of a pow-
dered blanket would require a significant, parallel experimental program. The second
alternative is to incorporate a special surface layer of granule- «hich woul? . iiibit
improved response to the thermal and stress effects. Silicon carbide {CVD), with a

factor of seven lower thermai expansion coefficient, a factor of ten to tw 1y reater
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irradiated fracture strength, and a factor of ten greater thermal conductivity, would

be an excellent candidate material for this special layer.

We expect that SiC would experience at least a factor of eight lower thermal
stress than LipO and thus would not fracture. Lar- -~ or b low 8iC granules would

float on top of the LizO granules, providing a protective layer.

6. The granule tensile thermal stresses decreased with increasing diameter. How-
ever, the stress dependence on granule diameter was not strong. Therefore. granule
size should be determined hy ease of manufacturing, heat transfer, tritium retention,

and cost.

3.3, LITHIUM OXIDE GRANULE FABRICATION PROCESSES

3.3.1. Introduction

Three processes for the fabrication of lithium oxide granules have been identified
which should be cost effective in the manufacture of the granules. One process, the
VSEM process (Ref. 3-12), is based on melting and spheroidizing irregularly-shaped
lithium oxide feed granules. The second process, the lithium hydroxide process, is
one patented by Research Dynamics Inc. (Ref. 3-13), which spheroidizes liquified
lithium hydroxide. but would use GA’s sphere forming technology. The third process
is a lithium carbonate sol-gel process proposed herein based on sol-gel technoiogy
developed for making spherical fuel particles for the High Temperature Gas-Cooled

Reactor (HTGR).

The processes are described in the following sections. Block flow diagrams of
the processes are shown in Figs. 3-5, 3-6, and 3-7, and a cost estimate summary for

fabrication of the granules is shown in Table 3-4.
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Fig. 3-5. Li20 granule fabrication — VSM process flow diagram.

3-16



MELTER, 870 K

PULSED SPHEROIDIZING NOZZLES
COUNTER-CURRENT SOLIDIFIGATION coLumn 370 K

VACUUM FURNACE
470 K, 0.3 Pa

VERTICAL TUBE SINTERING FURNACE
1200 K TO 1400 K

LIOH ; Hy0

{

LIOH
MELTING

--—H20

- 602

SPHEZROICIZE
AND CoOL

LIOH TO Li»0
CONVERSION

SINTER Li,0
GRANULES

Fig. 9-6. L130 granule fabricatioon — L1OH method process flow diagram.
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Fig. 8-7. LiyO granule fabrication — LiyCO4 sol-gen process flow diagram.
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TABLE 3-4
Li;0 GRANULE FABRICATION COST SUMMARY

Costs in §/kg Li;O
VSM LiOH Li,CO;

Process Process Process

Labor 13 15 17
Raw materials 150 33 17
Energy at $0.07/kW-hr 0.32 0.€9 0.93
Depreciation 1.6 1.6 2.3
Total 170 50 37
Refabrication {Total minus 15 17 20

raw matetials)

3.3.2. VSM Drop-Melt Furnace Process

This process requires high purity lithium oxide granules as feed materizl to the
melt-spheroidizing furnace. Since lithium oxide read’ly absorbs water and carbon
dioxide. it would probably be contaminated with these impurities quring transporta-
tion and handling of the material. Thus, a process step to remove these impurities

before spheroidizing in the VSM furnace will be required.

Cost of the high purity lithium oxide granules, in the size range of 14 mm
to 2.3 mm (8 to 12 mesh), is the major cost item of this process. This makes it
noncompetitive with the other two processes for fabrication of the initial charge of
granules for the reaction chamber. However, for the refabrication mode of operation
where broken granules are -acycled to the granule fabrication line, it could be the

lowest cost pror.ss, as shown in Table 3-4,
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The major process steps of the VSM process (Fig. 3-5) are deseribed below.

1. Water and carbon dioxide are removed from the lithium oxide granules by
heating in a vacuum furnace to 570 K (300°C) at a vacuum of 0.3 Pa (2 microns of

mercury).

2. The irregularly shaped feed granules are converted to spherical granules by
melting as they drop through the hot zone of 2 VSM furnace operating at a temper-
ature of 1900 K to 2000 K. The spheres solidify by cooling below the Li;O melting

point (1700 K) in the cold zone at the bottom of the furnace.

3. The spherical lithium oxide granules are segregated into specific sizes by

screening in a sonic sifter.

4, Oversize granules are recycled by crushing and conversion back to smaller

granules in a pelletizer.
5. Undersize graules are recycled directly to the pelletizer.

8. After crushing, the recycle material is added to the feed stream to the vacuum

furances.

7. Broken granules from the reaction chrmber would be processed the same way

as recycle material.

3.3.3. Lithium Hydroxide Process

This process requires high purity lithium hydroxide as the feed material to the
granule forming equipment. Water and carbon dioxide impurities are removed by the
process, but nonvolatile and metallic impurities would remain in the product granules.
Thus, the cost of the lithium hydroxide for this process is also the major cost item
for iritial or make-up granules, but very much Jess than for the lithium oxide for the

VSM process,

Following are the major process steps for this process (Fig, 3-6):
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1. The lithium hydroxide is melted by heating to about 870 K (melting point
~T30 K).

2. The liquid lithium hydroxide is transferred to the spheroidizing feed tank, also

at a temperature of 870 K.

3. The liquid lithium hydroxide is pumped at a constant rate to spheroidizing

nozzles at the top of a cooling tower.

4. The sphericaily-shaped lithium hydroxide granules are solidified by a counter-

current flow of argon gas in the cooling tower.

5. The snlidified granules ate collected at the bottom of the cooling tower and

transferred to batch acuum furnaces.

6. The spherical lithium hydroxide grant'es are converted to lithium oxide in
the vacuum furnace operating at a temperature of 370 K and a pressure of 0.3 Pa (2

microns of mercury).

7. The lithivm oxide granules are sintered to high density by heating in a sintering

furnace to approximately 1200 K to 1400 K in an argon atmosphere.

3.3.4. Lithium Carbonate Process

The lithium carbonate process has the potential of using commercial grade lith-
ium hydroxide as the raw material for the process since water soluble impurities in
the lithium hydroxide feed, such as alkali and alkaline earth elements (K, Na. Mg, Ca,
etc.) would be removed during the gelled sphere washing step of the process. Volatile
impurities would also be removed duting the conversion step to lithium oxide as in
the lithium hydroxide process. Thus, raw material costs for this process should be

the lowest of the three processes.
The lithium carbonate process consists of the following major steps (Fig. 3-7):

1. Lithium hydroxide dissolved intwater is reacted with carbon dioxide to form

a lithium carbonate sol,
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2. The sol is pumped at constant rate to spheroidizing nozzles at the top of a

gelling column.

3. The lithium carbonate granules from the sphering nozzles are gelled in a

column of carbon dioxide gas and collected in a carbonic acid solution.

4. The grannles are washed in a counter current wash column with water or

aqueous carbonate solution,

5. Washed granules are dried in a continuous drying oven at temperatures up to

420 K.

6. Dried lithium carbonate granules are converted to lithium oxide in a batch vac-
uum furnace at a pressure of about 0.3 Pa (2 microns of mercury) and a temperatur -

of 870 K

7. The lithium oxide granules are then sintered to about 90% to 95% of theor: 1.. .1

density in a vertical tube furnace at a temperature of 1270 K in an argon atmosphere.

3.3.5. Cost Basis

The costs presented in Table 3-4 are based on actual GA operating experience
with the VSM furnace in the manufacturing of HTGR granules, and soi-gel processes
used in the manufacturing of HTGR alumina, and lithium aluminate granu'es. Raw
material zost of the Li;O is based on estimates of commercial scale purification and
vacuvum-dewatering of LIOH obtained from Ref. 3-14, and other materials costs from
Ref. 3-15. Chemical plant equipment costs were obtained by following standard in-
dustry practice (Ref. 3-16}, and assuming a 1 MT a day plant. The fabrication costs
shown in Table 3-4 should be used only on a comparison basis and would cha. ge the
cost of high purity Jithium compounds were reduced by large production demands.
Labor costs for all three processes would be expected to drop based on normal learning
curves for new production facilities and cost-sharing of personnel with other fusion-

related tasks at the power plant. The processes are nearly automated to current
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U.S. practice and no additional major cost reductions are foreseen through further

automation.
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4. TRITIUM INVENTORY AND RECOVERY

4.1. INTRODUCTION

In the Cascade (Ref. 4-1) approach to fusion power, a bed of high-temperature
(~1200 K) solid Li;O or other lithium-ceramic granules is centrifugally held against
the walls of a rotating, double-cone shaped chamber. Within the chamber, the gran-
ules absorb the neutrons released from laser-induced fusion reactions, producing ther-
mal energy and tritium. The granules are circulated to transport the energy to the
power conversion system. Tritium is recoveted by the vacuum system which sustains
the chamber vacuum. This section describes how tritium inventory and recovery

issues affect key design features of the Cascade concept.

Tritium, bred by neutron capture in the Li;O, undergoes a three-step process
before its recovery by the vacuum system. The first is bulk diffusion within the
granule. There is considerable controversy at the present time on the chemistry of
tritium migration mechanisms in the Li;O solid breeder. The uncertainty centers
around the chemical form in which the tritium will be released from the Li,0. Some
studies of tritium release from neutron-irradiated LijO (e.g., Refs. 4-2 and 4-3 and
references therein) indicate that the tritium is released in the oxide form (T,0),
whereas other preliminary studies in which the tritium recovery is performed in-situ
(Refs. 4-4 and 4-5) indicate released tritium is in the elemental form. Experiments of
tritium recovery from LizO under.the conditions expected in Cascade have not been
performed. Based on the lesser uncertainty at this time of Refs. 4-2 and 4-3, this
analysis assumes that the release occurs in the T,0 form. The second step in the
tecovery process is desorption of the T0 at the granule surface, This is assumned to
be an instantaneous process. The final step is percolation of the T;0 through the

iusterstices in the packed granule blanket.
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The reference design characteristics of the Cascade concept are presented in Table

4-1. The objectives of this initial study were to investigate tritium inventory sensitivity

and dependence on the following design characteristics:

o Granule radius in the range of 0.01 mm to 10 mm.

+ Blanket porosity from 0.4 to 0.6.

o Breeder temperature distribution from 800 K to 1700 K.

¢ Vacuum chamber tritium partial pressure from 0.13 Pa to 13 Pa.

The results of the parametric analyses then formed the basis for establishing the

tritium recovery requirements and the recommended retovery method.

TABLE 4-1

CASCADE REFERENCE DESIGN

CHARACTERISTICS

Thetmal power

Granule radius

Average breeder temperature
Blanket porocity
Vacuum-chamber total pressure
Vacuum-chamber T;0 pressure
Tritium breeding ratio

Total LigO mass, including
Li;O circulating outside
the reaction chamler

3000 MW
0.5 mm
1000 K
50%

13 Pa

1.3 FPa
1.3

105 kg

4,2. TRITTUM ANALYSIS CODE - TRIT4

The approach taken to accomplish the objectives listed above was to use the GA

TRIT4 code, a one-dimensional extension of the steady-state TRIT3 code (Ref. 4-6)

to detetmine the tritium inventory in the Li;O breeder blanket. The TRIT4 code

models tritium inventory in the following principal modes:
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» Bulk diffusion inventory within the granule.
& Joluble inventory within the solid Li; 0.

¢ Porous diffusion inventory in the interstices among the granules.

The bulk diffusion inventory is calculated from the tritium generation rate and
temperature profiles in the blanket, the granule size, and Fick's law, using the diffu-
sion coefficient data of Nasu et al., (Ref. 4-7). An expression for the average tritivm
concentration in a granule is obtained by integrating the steady-state tritium concen-

tration profile for a sphere over the radius and is expressed as (Ref. 4-8)

sr
Bulk diffusion inventory = —4. x V.
iffusion inventory = - x Vg
where § is the tritium generation rate (Ref, 4-9), kg/m®, rys is the granule radius,
m, D is the bulk diffusion coefficient, m?/s, and Vjp is the solid Li,O volume, m®. A
plot of the diffusion coefficient data of Nasu et al., (Ref. 4-7) versus temperature is

shown in Fig. 4-1.

The gaseous T30 pressure profile within the blanket is calculated using a per-
colation model of porous diffusion (Ref. 4-11). Tritium released at the surface of 2
granule must travel through the interstices among the blanket granules before reach-
ing the chamber vacuum system. This hold-up will create a concentration profile
within the blanket. This profile, plus the T30 partial pressure within the vacuum
chamber, constitutes the porous diffusion. More importantly, the porous diffusien in-
ventory directly influences the solubility concentration within the granule by affecting

the tritium concentration at the granule surface.
The solubility inventory of tritium in the form of LiOT in the solid Li,O is

determined by the thermodynamic equilibrium of the reaction

LigOm + Tzosul ‘: 2LiOT’ol
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The equilibrium solubility constant, K, for this reaction is given in Ref. 4-12 as a

function of temperature by the expression

7
logK, = —% + 2.102log(T) - 0.002547 + 2.767

where T is the temperature in K and K|, is expressed in atmospheres. The chemical

activity of LiOT can then be obtained using

. @ 1/2
LiOT Kp
for the given T,0 partial pressure given in Table 4-1, The mole fraction of LiOT,

XL:oT is then given by

aLioT
xLioT = —
LioT

where 41 i07 is the activity coefficient. The activity coefficient was recently evaluated
by Norman and Hightower (Ref. 4-13), and is shown in Fig. 4-2. The ratio of tritium

to lithium atoms is determined from the mole fraction using

atomsof T _  XuoT

‘atoms of Li e XLiOT
The tritium inventory in kilograms then follows directly from the above and the Li,O
inventory listed in Table 4-1.

4.3, TRITIUM ANALYSIS RESULTS

The total steady-state tritium inventory of the Cascade reactor, granule trans-
port, and power conversion system is 6 kg assuming an average Li;O temperature of

1000 K. The steady-state radial profile of the tritium inventory with the in-chamber
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Cascade LigO blanket is shown in Fig. 4-3. The inventory is expressed in kilograms
of tritium per centimeter of radial blanket thickness. The figure shows that the
major contributors are the bulk diffusion and solubility inventories. Bulk diffusive
tritium inventory is highest nearest the inner surface of the blanket, following the
radial dependence of the tritium generation rate, The porous diffusion inventory is
highest near the outer radius because the tritinm must flow toward the center of the
chamber. The porous diffusion contribution to the total inventory is negligible, but its
magnitude is nonetheless important through the square-root dependence of the soluble
inventory on the T»0 overpressure profile. The soluble inventory is highest toward

the outer radins of the blanket because it follows the porous diffusion inventory.

The values of the diffusion coefficient shown in Fig. 4-1 indicate that the time scale
for bulk diffusion will be long relative to the approximately one minute residence time
of a granule within the chamber. In addition, upon exit from the reaction chamber,
the solid breeder granules will experience agitation during transport o the power
conversion system. These effects will probably eliminate the petcolation pathway
and reduce the porous concentratien profile to that due to the vacuum chamber T;0
partial pressure, thus reducing the soluble and porous diffusion inventories. Assuming
that all the tritium generated in the blanket is in the oxide form, the T,0 partial
pressure was calculated to he 1.3 Pa based on a total vacuum chamber pressure of
13 Pa. This effect is quantitatively significant with granule radii less than 0.1 mm or

at blanket porosities less than 30%, as discussed below.

The design characteristic of greatest impact on the tritium inventory is the gran-
ule size, A plot of tritium inventory versus granule radius is shown in Fig. 4-4. The fig-
ure shows that a minimum of 5 kg is obtained for 0.1 mm radius granules. For granules
below 0.7 mm radius, the soluble contribution dominates the total tritium inventory,
whereas the bulk diffusion contribution dominates for larger granules. The porous

diffusion inventory decreases with increasing granule size due to the larger pores and
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decreased path length for escaping from the blanket, Agitation of the bed during
transport exiernal to the chamber is expected to reduce inventories to those shown in
Fig. 4-5. The major difference is in the soluble inventory for microspheres with radii

less than 0.1 mm, reducing the minimum tritium inventory to 4 kg.

As mentioned above, the effect of the porous inventory on the soluble inventory
is significant at blanket porosities less than 30%, as shown in Figs. 4-6 and 4-7. It is
noted that such low porosities can only be achieved by combining granules of different
sizes, affecting the flow characteristics of the Cascade blanket. For uniform granule
sizes, variation in the blanket porosity from 0.4 to 0.6 results in less than a 10%

change in the total inventory from the 50% porosity base case,

In the temperature range of 800 K to 1700 K, the total tritium inventory is fairly
constant, as shown in Fig. 4-8. This is attributed to the opposing effects of tempera-
ture on the individual solubility and bulk diffusion contributions. As the temperature
increases, the diffusion coefficient for tritium in Li,O increased. decreasing the bulk
inventory. However, the activity coefficient for LiOT in Li;O decreases. increasing

the soluble inventory. The opposing dependencies effectively cancel.

Finally, Fig. 4-9 shows that a ten-fold increase in the chamber T; 0O partial pessure
to 13 Pa would increase the tritium inventory to 16 kg. This effect is due to the change
in the solubility inventory brought upon by the change in the porous inventory and

indicates a relative insensitivity to the vacuum chamber T20 partial pessure.

4.4. CONCLUSIONS

The reference Cascade reactor design would have a total tritium inventory of
6 kg. Although the selection of the optimum granule size requires considerations of
fabrication cost and thermal stress analysis, granules of up to 1.5 mm radius would
satisfy the current 10 g/MW(t) safety guidance on maximum tritium inventory (Ref.

4-10). The major portion of the tritium inventory in the total circulating Cascade
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blanket, i.e., all except for the porous diffusion contribution, is considered quite se-

cure, having e-fold release times on the order of days or longer in the parameter range

of present interest. Thus, instantaneovs release is not mechanistically possible. These

features of acceptable tritium inventory, low leakage, and simplicity of tritium recov-

ery continue to preserve the safe, environmentally attractive and economical appeal

of the Cascade approach to fusion power.
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5. PRIMARY HEAT EXCHANGER AND
TRANSPORT SYSTEM DESIGN

5.1. INTRODUCTION

The primary covlant loop of the Cascade reactor possesses some interesting char-
acteristics. First, the sirculating bed of Li;O granules serves multiple functions as
a heat generating, transport. and exchange medium. Second, it is not strictly a
coolant loop since the cireulating bed does not perform a cooling function, ie.. it
does not remove appreciable quantities of heat from other components within the
reaction chamber. Thus a loss of coolant accident has little meaning. Third, the Li;O
granules do not produce any redicactivity with significant decay afterheat. Thus,
a loss of coolant accident would have insignificant consequences were one to occur.
Finally. since the Li;O granules are solid, they present unique challenges in both heat
exchange to a working fluid or gas, and in their transport around the primary loop.

These challenges are addressed in this chapter.

The heat exchangers used to recover the energy from the stream of solid Li,O
granules initially flowing in a vacuum are a key feature of the Cascade power con-
version systemn. Several options appear possible and are presented in Section 5.2.
Options presented include heat transfer in a helium medium as well as vacuu heat
transfer. Since the Cascade reaction chamber must operate at vacuum conditions
(/10 P2). those heat exchangers that operate with a helium pressure on the Li;0
must be provided with vacuum locks. A possible lock system is described in Section
5.3. Section 5.4 presents the granule transport system options and the conceptual

mechanical design integration of the components in the reactor primary coolant loop.



5.2. HEAT EXCHANGER DESIGN

5.2.1. Introdoction

The transfer of heat from recirculating beds of solid particles has been employed
industrially for many years in chemical process industries, in heat recovery systems
and quite importantly, in catalytic reactors requiring continuous regenevation of the
solid particle catalysts. The use of recirculating particulate solids as the primary
heat energy transport medium in large-scale power conversion systems is relatively
more unique, Conventiona) combustion systems typically depend on radiation and
furnace gas sensible heat transport to the power conversion system and, in fission
reactors. heat energy is transferred via the reactor core coolant fluid. A notable
exception is contemporary work in fluid bed combustion power plant development in
which certaiz versions opt for heat exchange surfaces immersed within the fluid bed

combustion chamber.

Heat transfer models and correlations are available in the literature (Ref. 5-1)
that can be applied with reasonable confidence for the case of a2 moving bed of lithium
oxide flowing over heat exchanger surfaces under vacuum or with interstitial helium
gas. Fluid bed heat transfer correlations are also available in the literature (Ref.
5-2) for immersed tube heat exchange surfaces. Various heat exchanger concepts for
the Cascade power conversion system were evaluated using appropriate heat transfer

models.

5.2.2. Li;0O Particle Bed Heat Transport Properties

Calculation of heat exchanger performance requires evaluation of the basic heat
transport characteristics of the Li;O partic): bed. A review of the literature led
to the recently published. multi-volume Heat Ezchanger Design Handbook (Ref. 5-

1) for stagnant and agitated bed heat transfer models of correlations. LisQ bed
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characteristics were evaluated over the range of 1173 K to 773 K, the ICF Cascade

reactor discharge and return temperatures respectively.

5.2.2.1. Stagnant Li2O Bed Thermal Conductivity

In packed beds. an exact mathematical model for heat transpoft is quite complex,
even though accurate conductivity values for the solid and interstitial fluid are known,
Building from earlier models by Hengst and Zehner, Bauer offers {Ref. 5-1(a). Section
2.8.1 the Zehner, Bauer model for caleulation of stagnant bed conductivity A,, iRef,

5.1(a). eq. Ta:

where;

Aw - effective stagnant bed thermal conductivity.

A = interstitial gas thermal conductivity (Ref. 5-3),

i

il

v = bed poresity = 04 for mono-size granules.
Ag = equivalent radiation thermal conductivity Ref. 5-1(a). Eq. 11 .
X} = mean thermal conduetivity of solid phase Ref. 5-1(a). Eq. 7h .
Ap = equivalent thermal conductivity between the surfaces of the
solid phase Ref. 1(a). Eq. 13;
¢ - describes the additional heat transfer through the solid

path between adjacent particles Ref. 5-1(a), Eq. 19",

Detailcd expressions for each of the later four terms are provided in Ref. 5-1(a) as
referenced above. Published experimental sesults are correlated with this model and
are presented in Ref. 5-1{a) for various solid particle materials. gases, and particle

sizes over a pressure range from 10~ to 105 Pa.
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Figure 5-1 plots the effective bed thermal conductivity calculated using the above
model for the Li;O particles in helium over a range of pressure from 105 to 1 MPa.
Both 200 ym and 500 ym diameter particle sizes were evaluated. These curves are
consistent with carves presented by Bater [Ref. 5-1(a); correlating the calculational
model results with experimental data. The smaller particles typically cause the bed

conductivity to be lower. because of the larger number of radiation and conduction

interfaces through a unit thickness of bed.

5.2.2.2. Bed-To-Wall Heat Transfer Coefficient.

When heat is transferred from a packed bed of particles to a wall. a resistance ap-
pears that depends strongly on the transport preperties of the gas phase. In addition.

heat will be exchanged by radiation and contact area conduction.

According to Muchowski |Ref, 5-1(b), Section 2.8.3 ., all of the transport phenom-
ena mentioned above may be considered independent of one another. Therefore. the

total heat transfer coefficient ¢, at the wall is given by Ref, 5-1{b). Eq. 1:

Qy = g+ 0+ .

where subscript

¢ = molecular gas conduction.

contact area conduction,

-
H

r —= radiation.

For spherical particles. o, can be calculated by Schlinder's formula Ref. 5-1{h).

Eq. 3.

(35

A . ’ 1
ag = ~R—g {(hn - Y (l - I.\",,) . 1} .

where

PR P
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Fig. 5-1. Effective bed thermal conductivity of LizO granules in heltum.
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Af2- v :
K, = A (—a‘y) = Modified Knudsen number iRef. 5-1(b). Eq. 4 .

~

R\ 7
A = mean free path of the gas molecules ‘Ref. 5 - 1(b), Eq. 5. ,

R = particle radius
4 - accommodation coefficient Ref. 5--4. Table 12 23

Ag - gas thermal condurtivity (Retf. 5- 3)

The mean free path A for a given gas is dependent upon hoth temperaiure and pres-
sure: gas thermal conductivity A is temperature dependent and the accor.:modation

coeflicient - is a function of molecular weight and temperature.

The contribution of radiation from the bed to the wall can be expressed by a

radiation heat transfer coefficient Ref, 5-1(b). Eq. 6.

R

g = 0.04C, ( 1%0)

where

Ye = 5.76 W, m? modified Stephan-Boltzman constant.
¢ - ahsorption ratio {0.9 assumed).

T, = mean temperature at the bed surface,

The cantribution «. of the contact area conduction to the wall heat transfer
coefficient i strongly dependent on the marerial, geometry of the particles. and the
structure of the particle surface. For poorly conducting (.e., ceramic} granules, a. is
negligible according to Muchowski. This term was not included in the Li,O bed-to-

wall coefficient ay for the [CF heat exchanger evaluation.

Figure 5-2 curves show the calculated hed-ro-wall liear transfer coefficient for 200

and 500 pm diameter Li;O granules in helium from 10 ® to 1 MPa. Below ahout
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10~% MPa, particle size is unimportant as gas conduction heat transfer becomes neg-
ligible. Temperature level controls in this particle range with radiation being the pri-
mary heat transfer mechanism. At high pressure the smaller particles offer a smaller
average gas gap thickness, thus permitting greater heat flow for a given temperature
difference. The wall coefficient given by Ref. 5-1(b). Eq. 1 is an instantaneous value
and defines the limiting overall heat transfer coefficient as time approaches zero for

heat transfer from a stagnant packed hed.

5.2.2.3. Agitated Li; O Bed-to-Wall Heat Transfer Coefficient

As pointed out above, the bed-to-wall heat transfer coefficient is an instantaneous

value as time approaches zero for a stagnant packed bed. As particle contact time at

the wall increases, the temperature gradient at the wall decreases dus to the temper-

ature gradient developing within the bulk bed behind the bed-wall interface. Periodic
displacement and exchange of particles at the wall with particles from the bulk of the
bed by agitation (or flowing movement) will maintain a steeper temperature gradient
at the wall and thus improve heat transfer. 4 model for the effective bed-to-wall heat
transfer coefficient @ as a function of average particle contact time at the wall and

bed thermal properties is given by Muchowski Ref, 5-1(h). Section 2.8.3, Eq. 16 :

Oy \/'IT?Bi\/FOA

N A o
g = { - — 1 ,ﬂwén(l-—Bi\ Fo,\-)} .
v TBiyFo,

where

Oy S

Bi = = Biot number. Ref.5 - 1(b) Eq. 17|
Y0
Kappts . .
Foy = —5— = Fourier number. 'Ref. 5- 1(b). Eq. 18.
S . !
Kopp = —1(3701,— = Apparent thermal diffusivity of the packed bed.
Pul-Ps

(Ref. 5 - 5. Eq. 3-2)
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s = bed depth. ¢m
A = stagnant bed effective thermal conductivity (Fig. 5-1)
ay =packed bed - to--wall heat transfer coefficient (Fig. 5-2)
{, = particle - wall contact time, sec.
pp = bulk particle bed density © 0.6 solids fraction and
90% Lig0 = 1.09g/cm’

Cp. = LizO solid specific heat = 2.78.1/g (Refl. 5-6).

According to Muchowski, the ahove expression is valid for Fo - 0.1, As ¢,
decreases to where o’y becomes »1.0, then o = ay for any lesser value of {,, &y

being the upper limit of heat transfer from the bed to the wall,

The above expression for @ was evaluated over a range of contact times from 0.3
to 10 seconds using bed thermal properties for 200 ym particles with helium pressure
of 10~ MPa. a, is higher for 200 ym diameter LioO particles at higher helium
coupling gas pressure. For vacuum conditions, the wall coeflicient a,, is the same for
either 200 or 500 um diameter particles, but the bed conductivity ~,, is higher for
500 um diameter Li; O particles. Therefore, the effective wall heat transfer coefficient
@ under vacuum conditions was evaluated for 500 ym diameter particles. The results

are plotted on Fig. 5-3.

Comparisons shown by Muchowski Ref. 5-1(b}] for calculated ideal stirred (agi-
tated) bed heat transfer coefficients versus experimental data suggest that the calcu-
lated values may be optimistic. Considering the complexity of accurately modeling
heat transfer from a flowing particle bed, it is clear that detailed experimental heat
transfer measurements will be required for flowing Li;O particles in helium before

heat exchanger design can proceed mu:i. beyond a conceptual study phase.
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5.2.2.4. Fluid Bed Heat Transfer Coefficient

Gas-fluidized systems are characterized by the vigorous mixing generated within
the bulk of the bed, caused by the rising gas bubbles, In this condition. the volume
rate of bubbles approximately equals that of the gas flow in excess of that required
to bring the bed to a barely fluidized condition (7.e., minimum fluidization veloeity

itmy) {Botherill. Ref. 5-1(c)i.

Because of the very large area of particle surface exposed within a Auidized bed,
fluid-to-particie heat transfer is rarely a limiting factor [Ref. 5-1(c)’ even though at
any instant. gas-solid contact is far from uniform throughout the bed. The very wide
range of possible bed behavior causes some problems in the design of fluid bed systems
in that fleidization behavior of small beds can be very different from that of large beds,
so that small scale tests are often quite misleading. This comes about because bubbles
are constrained in size by the size of the equipment involved. Large bubbles rise
correspondingly faster through the bed than smaller ones. Immersion of heat transfer
surfaces within the bed also affects the bubbling behavior and can have differert

eflects according to operating circumstances. Although published correlations are

_ concidered adequate for concept scoping studies. it is clear that large scale fluid bed

heat transfer tests would be required to establish detailed fluid bed heat exchanger

parameters.

Review of the literature for immersed surface fluid bed heat transfer coefficient
correlations led to selection of the correlation for horizontal immersed tubes developed
by Vreedenberg and presented as Eq. 9-13 by Kunii and Levenspiel (Ref. 5-8, Eq. 9-
13).

huds zose(w)"'?[(zupg_ug) (’5‘ ( -y ”
ky ko 7 Pg) tf
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duﬂgﬂo
7

< 2000,

Cpy = 20.7 J K mole. specific heat of helivin gas at canstant pressure
{Ref. 5-4. Table 3-173)

g = 3.953-107% TO687 giem s helium gas viscosity (Ref. 5-7)
kg - 2.774-10° T%™ W/em K helium gas thermal conductivity (Ref, 5-7)
pg - helium density, g/cm”

- immersed tube diameter. cm

&
.

px = 181 gicm® LiyO particle density @ 80% dense (Ref. 5-8)

e; = 0.70 void fraction in fluidized bed assuming bed expansion height
of 2 times minimum fluidization

ug - helium fluidizaion flow velocity. em 's

b - surface heat transfer coefficient to horizontal immersed tubes.
Wiem? K

Vreedenberg's correlation shows improved heat transfer rate as u increases and
as immersed tube size d;, decreases. Particle size enters in only that u,,; (mini-
mum fluidization velocity) and u, (terminal velocity) are higher for larger particles.
This suggests that an advantage exists by using larger particles in the fluid bed.
Arguents presented by Botterill [Ref. 5-1(c). Fig. 1' however indicate a decreasing
surface heat transfer rate in a fluid bed as particle size increases over the range of
100 to 1000 gm. On the other hand. Botterill further states that as particle size in-
creases. the maximum surface heat transfer coeflicient occurs nearer to the minimum
fluidization veloeity. Fundamentally, particle-to-wall contact time must be minimized
{mixing rate within the bulk hed maximized) ta achicve higher heat transfer rates but.
bubble blanketing of the surface increases as gas flow rate increases. thereby decreas-

ing particle contact density at the wall, This optimization process clearly requires
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experimental data for the specific geometry and bed materials of interest. Within the
limited scope of this study, evaluation of the immersed-tube fluid bed heat exchanger
was confined to 200 ym diameter particles with uo = 40u,, ;. Results in this case are

not greatly different than for 500 um diameter particles with v = 10umy.

As a first order check of the Vreedenberg correlation, the value for £, was deter-
mined using a uniform surface renewa] model by Mickley (Ref. 5-2, Eq. 46) for 200 um
diameter LisO particles. Also, experimental results plotted by Botterill (Ref, 5-2, Fig.
15) were used to estimate h,, assuming 2 20 ms surface contact time. Both of these
estimates for h,, were (perhaps fortuitously) within 10% of the value of 1330 W,/m? K
caleulated using Vreedenberg's correlation with 200 pm diameter Liz0 at u: = 40ums

and 4 cm diameter immersed tubes,

5.2.3. Heai Exchanger Concept Evaluation

5.2.3.1. Heat Exchanger Tubes and Steam-Side Correlations

The thermal and energy transport parameters used for the heat exchanger design
evaluations are listed in Table 5-1, Steam conditions were selected to utilize a con-
ventional, superheated steam turbine cycle comparable to modern fossil fired power

plants.

Double walled heat exchanger tubes are employed for all heat exchanger concepts
involving heat transfer from the flowing Li,O particles through heat exchanger tubes
to water/steam working fluid. The double wall tubes provide a tasrier to tritium
diffusion into the steam system and also reduce the likelihood of water leaks into the
Li;0 granule blanket. Two sizes of double wall heat exchanger tubes were conceptually
defined, 2.5 and 4.0 cm outside diameter. Characteristics of the tubes are summarized

in Table 5-2.

Using the steam-side parameters from Table 5.1, available heat transfer temper-

ature differences between the Li;O and steam-side lows were determined on the basis
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TABLE 5.1
CASCADE POWER CONVERSION SYSTEM
Heat Transfer System Parameters

Thermal Rating 3000 MW
Primary Side
Li;0 Granule Flow Rate 2700 kg/s
Li0 Granule Volume Rate 2.48 m®/s
Li;0 Granule Diameter 200 gm OR
500 ym
Li,0 Temperature - to HX 1173 K
Return 173K

Helium Fluidization,/Thermal Coupling Gas

Secondary Side

Steam Pressure 15.1 MPa
Feedwater Flow Rate 1180 kg/s
Feedwater Temperature 473K
Enthalpy 878 J/g
Superheated Steamn Temperature 813 K
Enthalpy J421J/g
Evaporator Enthalpy Rise 1730 J/g
Superheater Enthalpy Rise 813 J/g

of once-through boiling and superheat in counterflow with the Li,0. Although not
completely accurate because of feedwater inlet subcooling. water;steam temperature
was conservatively assumed constant through the evaporator section, then increased
linearly through the superheater section. Also in staged fluid-bed heat exchanger
concepts, the LizO temperature in each stage is uniform. tius step-wise temperature
decreases are experienced rather than a linear decrease relative to the counterflow-
ing steam-side flow. Within the scope of this concept study, the somewhat idealized
temperature profiles shown by Fig. 5-4 were used for all of the once-through Liy0 to

steam boiler concepts.



TABLE 5-2
CASCADE POWER CONVERSION SYSTEM
Double Wall Steam Boiler Tube Characteristics

S —

Outside Diameter {cm) 25 4.0
Pitch (em) 3.2 50
Outside Surface Area (m?/my) 0.0785  0.126
Inside Surface Area (m?/m;} 0.0427  0.0735
Inside Flow Area (¢cm?) - 1.45 4.3
Interspace Gap Width [ pm) 200 300

‘ Overall Conductance (W /m*K) 700 484

(referred to Outside Surface Area)

Maximum Tensile Stress (MN/m?) 38 44

at 15.1 MPa Internal Pressure

The log mean temperature difference for the boiler section is given by:

ATy - AT _ 432 - 160

ATyp = AT = R 274K
L’nA—Tf €n g
For the superheater section:
360 - 432
ATy = ——55— = 395K.
in 122

In the evaporator section, a water-side surface heat transfer coefficient of 57 « 10°
- W/m?K was used. This value was taken to be the same as used for the Fort St. Vrain
(FSV) Nuclear Generating Station steam generator design based on similar once-

through boiling conditions of temperature, pressure, and mass velocities (Ref. 5-9).

For the superheater section, the Bishop correlation as used for the FSV steamn

generators (Ref. 5.9, Eq. 11) is used.
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'k
hsw = 0.0073 ( ‘_i_) (Npe)O885(Pr)0S1 |
where:
hew = superheater steam-side heat transfer coefficient, W/em? K,
k, = 5.3+1077 W/cm K, steam vapor thermal conductivity
{Ref. 5-4, Table 3-264)
d; = tube inside diameter, cm
Nge = Reynolds number = (uv,d;p0 )/ (14)
where

i}

4y = steam velocity, cm/s
py = steam density, g/cm® (Ref. 5-50, steam tables)

0.6x1072 g/s cm @ 700 K. 14 MPa
{Ref. 5-4, Table 3-264) steam viscosity

i

Hy

Pr = Prandtl number = {eppy)/ks.

¢ = 3.13/g K, @ 700 X steam vapor heat capacity
(Ref. 5-4, Table 3-261).

The calculated value of by, is typically ebout 5000 W/m? K for the heat ex-

changers evaluated in this study.

5.2.3.2. Fluid-Bed Immersed-Tube Exchanger

Fluid-bed heat exchangers with immersed tubes offer relatively high bed-to-
surface heat transfer coefficients, very good bed mixing and fluid-like solids transport
capabilities. On the negative side; tube abrasion. vibration, and solids dusting can

be troublesome for long term power plant operations.

To minimize the Li,O transport height differences for tiie ICF power conver-
sion system, a horizontally staged counterflow, once-through, immersed tube fiuid-

bed heat exchanger concept is evaluated. The concept is shown by Fig. 5-5. In this
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design, the high temperature Li;O enters the first stage where it mixes with the stage
Li;O inventory that is fluidized around the immersed tubes stacked in a triangular
array. Triangular pitch spacing of the tubes is 3.25 and 5.0 ¢m for the 2.5 and 4.0 cm
diameter tubes, respectively. With the close triangular spacing used to minimize
bubble growth in the bed while minimizing Li,O inventory volume within each stage,
adequate space is not available for return bends on the multi-pass tubes. The most
direct way to proviae this space is by installing dummy tubes in alternate layers.
This is, however, an added cost and complexity. Further, more detailed work on
this concept should include mechanical layout studies of the tube array to determine

whether a closc packed array can be achieved without dummy tubes.

For once-through boiling and superheat, the required tube length is determined
by the feedwater flow rate per tube, the enthalpy rise required, and the overal) thermal

conductance from the LizO bed to the water/steam:

_ 1Ak
B Up ATm

(m) .

where:

Ah = enthalpy rise, J/g,

m = feed water flow rate per tube, g/s,

up = overall conductance, W/m; K (based on outside
surface area of tube per meter of length).
AT, = log mean temperatute difference, K (Fig. 5-4).

Since uo is different for the evaporator and superheat sections because of the
steam-side film coefficient, it is necessary to calculate each length separately and add

them for total once-through tube length,

SLi=L+L, (m).
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The enthalpy rise for each section is specified in Table 5-1. Assuming six stages of
approximately equal Ah per stage results in four evaporator stages and two superheat

stages. Tube leagth per stage is then

L
Ll.‘l = ?‘ (m) *

and assuming two passes per stage for each tube. the stage width w, (perpendicular

to the plane of the paper) becomes

fur a bed array of twenty active tubes depth, the total array frontal length per stage

is

_ Ne (Pz) %101

ﬂ i
8 10°

(m)

where

L4 = horizontal length normal to the tubes of the stage, m

Nt = number of once-through tubes, caleulated from 1800 kg's
(total feedwater flow rate from Table 5-1) divided by the
feedwater flow rate per tube (1)

Pr = lorizontal tube pitch spacing, em

*Note that for 20 active tubes depth and 2 passes per tube
there are 10 active tubes per unit horizontal pitch.

Frontal area per stage is then

Aps = f,ﬂb‘s (m2) .

Since the stages are cascaded in series, the frontal area. 44, for helium fluidization

flow is
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_ wsNT{P, - d;o)x 10-2
- 10

Ale [mQ) )

where dy, = outside tube dizmeter, cm.

Fluid bed depth, Hp for 20 active tubes array depth with alternate dummy
tubes and allowing two tube dianieters between the bottom of the array and the gas

distributor and three tube diameters of bed depth above the tube array is

Hg - 20+ (20 - 1)i (pycos 30° - bdyp) » 107 (m)

Fluidization pressure drops per stage can be estimated as equal to the static head

of leo

APp = Hpppg .

where

B Ps(l - E]),
ey = 0.7 for the expanded bed,
1.81 g/em® {90% dense Li;0)

Ps

= 080 cm/s° gravity constant.

«
I

For fluidization pumping power estimates, the bed fluidization pressure drop was
doubled to account for ducting and gas distributor losses. Compressor work, W, for
isotropic compression at 0.85 compressor efficiency and six fluid bed stages is given

by (Ref. 5-4, Eq. 6-22)

k Py (k-1)7k
085W, = —— (~—— - .

where



W, = compressor work per kg helium flow, N-m/kg,
k = 1.66 for helium (Ref. 5-4, Table 3-180),
R =208-10° N-m/kg K,

T, = initial temperature, K,
P, = initial pressure, N/m?,
Py = |Py + 6(2)APg) final pressure, N/m?.

Fluidization helium flow rate for 40 u;nys from Section 5.2.2.4 is given by

M = d0umsAepn. .

where for spherical particles (Ref. 5-2, Eq. 3-17)

Umf = .
" h0p \1-emg

_dX{p, - pa)g ( ey )

d, = particle diameter, cm
g = 980 cm/5° gravitational constant,
ems = 0.4 bed void fraction at minimum fluidization.

For 200 pm diameter Li,0,

_ (0:2)*(2.81 - 5x10-%)(980) ( 042

UmS ) =1.13cm/s .
150(4.46 x 10-4 1-04

Table 5-3 lists the major characteristics of immersed-tube fluid-bed heat exchang-
ers evauated using ICF power conversion system parameters. Both 2.5 and 4.0 cm
diameter tubes were evaluated. As noted earlier, 200 um diameter Li,O particles

were used as a basis for the fluid bed calculations. Designs employing either tube size
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TABLE 5-3
CASCADE POWER CONVERSION SYSTEM
Immersed-Tube, Fluid-Bed, Staged-Counterflow,
Once-Through Boiler Concept

¢ Li;0 Granules Fluidized in Helium Gas
¢ Double Wall Boiler Tubes
o Steam Rate 4.2x10° kg/hr @ 15.1 MPa, 810 K

Tube Diameter (cm) 25 4.0
Liz0-t0-Tube Heat Transfer Coefficient (W/m? K) 1730 1330
Number of Tubes 6200 2100
Tube Length (m) 46 110
Surface Area (m?) 22,000 29,000
Frontal Area (per stage) (m?) . 85 96
Helium Fluid-Bed Flow Area (per stage) (m?) 24 i9
Number of Stages ] 6
Tube Array Height (m) 1.3 19
Fluidization Helium Pressure Drop (MPa) 0.17 0.24
Fluidizing Helium Pumping Power (MW) 16 1.3

appear practical, the most significant difference being the number of tubes a factor

of three less but more than twice as long for the 4 cm diameter tubes.
5.2.3.3. Fluid-Bed Direct Contact Heat Exchanger

The high effective surface area of a fluid-bed direct contactor is ideal for the
transfer of heat from particulate solid to a fluid. However, in the case of solid-to-gas
exchange, the large disadvantage in heat capacity of the gas requires high pressure
and large frontal area to keep gas velocity sufficiently below terminal velocity of the

particles to maintain a stable fluidized bed, In this case, larger particles are preferred.

A staged counterflow contact heat exchanger is shown conceptually in Fig. 5-
6. In this vertical configuration, the LiO particles flow by gravity head from stage
to stage against the fluidization pressure gradient. A horizontal configuration may

also be possible. but to achieve a countercurrent flow, some means to move the Li,0
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particles horizontally against the pressure gradient between stages must be devised.

The scope of this study did not permit exploration of means to accomplish this.

In the case of the immersed-tube concept discussed above (Section 5.2.3.2), the
fluidizing gas is directed in paralle] with the Li, O, thereby allowing use of the stage-to-
stage pressure difference to convey the particles horizontally. The small heat capacity
and flow rate of the low pressure helium fluidization flow does not significantly degrade
thermal performance. In the direct contact heat exchanger, the high pressure, high
flowrate helium must flow countercurrent to the Li;O to effectively utilize the high
Li;O outlet temperature. Hot helium leaving a fluid-bed contactor can be used for
either a helium heated steam boiler or 2 closed-cycle gas turbine, At 1100 X and

above a helium gas turbine cycle is practical and is discussed in Section 5.5 below.

Parameters of the fluid bed contactor and helium-to-steam boiler are tabulated
on Table 5-4. In this case, 500 um particles were selected to maximize the allowable
helium flow veloeity. thus reducing frontal bed area required, Helium flowrate required

to transfer the required heat energy is

e

THe T CATH,

where

@ = 3x10° J/s, ICF heat generation rate,
Cp = 5.23 J/g K, specific heat of helium (Ref. 5-4, Table 3-173)

[
e |
1}

helium temperature rise, °C,

=
)

= 10, number of stages.

Assuming the 10 contact stages have equal energy transfer, then AT};,q per stage
is 40 K. Since fluid bed mixing is very rapid, each stage will be equilibrated at stage
exit helium and Li;O temperature. Therefore with 10 stages, contactor exit helium

temperature will be 1130 K. Helium flowrate required is:
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. TABLE 5-4
CASCADE POWER CONVERSION SYSTEM
Intermediate Fluid-Bed, Direct Contact Heat Exchanger
To Helinm Once-Through Steam Generator

s Li;0 Rate 2700 kg/sec @ 1170 K, 500 um Diameter Granules

e LisO to Helium Fluid-Bed contacter with Staged Counterflow

s Steam Rate 4.2x10° kg/hr @ 15.1 MPa and 810 K

¢ Helium to Steam Helical Bundle Once Through Steam Generator

Fluid-Bed Contactor Helium Pressure 5.1 MPa

Superficial Fluidization Velocity 280 cm/sec (40 Uy,y)
Number of Countercurrent Stages 10

Tota] Frontal Area per Stage 20 m?

Number of Contacter Modules 10

Module Diameter 5m

Module Height 13m

Helium Flow Rate 1430 kg/sec
Helintm-to-Steam Generator Surface Area 8300 m’

Number of Steam Generator Modules 6

Heat Transfer Loop Helium Pumping Power 44 MW

3%10°J/s
e = —— S 1430kg,s .
™He = 10(5.231 /g K) 400K 82

Minimum fluidization velocity for 500 ym diameter Liy0 is umy = 7.06 cm/s (Ref.
5.2, Eq. 3-17). At 40 uyy = 2.82 m/s, and 5.1 MPa pressure, with average helium

density of 5.2 kg/m>, bed frontal area is

Thrp = —00K/s  ggme,
2.5kg/m” {2.82m/s)

Therefore with 10 contactor modules of 10 stages each. the frontal bed area per module

is about 20 m?. Average stage residence time for the Li,O particles is 25 seconds.
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Assuming an average unexpanded stage bed depth of 30 ¢m, the module fluidiza-

tion AP is

APpp =10stages (0.3m)1.8x10° kg,/m® (0.6s0lid fraction) (9.80 m/s’)

=3.2x10%Pa,

multiplying by 2 for gas, distributor, and miscellaneous losses, the module pressure

loss becomes

AP, =64x10°Pa,

The helium-to-steam boiler is sized based on FSV nuclear generating station condi-
tions {Ref. 5-11). The FSV employs 12 helical-tube steam generator modules heated
by helium gas at 4.8 MPa entering the superheater in counterflow at 1010 K. Total
surface area is 3712 m? for 730 MW thermal rating (excludes reheat section). Feed
water flow rate is 200 kg/s. Using the FSV helium and steam temperature and flow
conditions, an overa]] helium-to-steam conduetance of 1253 W/m? X is calculated for

the steam generator modules,

Using the FSV overall conductance value and ICF power conversion systein pa-

rameters:

Helium inlet to steam generator = 1130 K
Helium outlet from steam generator = 730 K
Helium flow rate = 1430 kg/s

Feed water flow rate = 1.8x 10° kg/s

Feed water enthalpy = 878 J/g @ 4710 K
Superheated vapor enthalpy = 3421 J/g @ 810 K

_ (1130 - 810) ~ (730 - 470)

k¥1]
tn 55y

Overall AT}, = 280K

5-27



Q =3x10°J/s

3x10°W

= —————— = 8300m” heat exchanger surface area.
1253 W/m’ K

HX

From Ref. 5-11, the helium-side module AP is 2.5-10* Pa. Assuming a com-
pressor efficiency of 0.85 with a total helium side AP = (6.4 + 2.5} x10° Pa, required
compression power is calculated to be 44 MW (Ref, 5-4 Eq. 6-22).

These results confirm the feasibility of the direct contact fluid bed heat exchanger
with a helium-to-steam boiler. For a closed-cycle gas turbine, the contact fluid bed
is likely the best option since a close approach temperature is required to the cham-
ber outlet Li;O temperature. For tube-type exchangers, surface area requirement

becomes very large as the approach temperature difference becornes small.

5.2.3.4. Gravity Cascade Heat Exchanger

Gravity induced flow cf particulate solids over the heat exchanger surfaces pro-
vides mixirg similar to fluidization. The degree of enhancement of the surface-to-wall
heat transfer coefficient is dependent for a given particle-gas combination on the av-

erage contact time as discussed in Section 5.2.2.3, and shown by Fig. 5-3.

A conceptual Cascade heat exchanger arrangement characterized by Fig. 5-7 was
evaluated for ICF power conversion system operating conditions. To enhance mix-
ing, a staggered tube, horizontal array was selected, similar to that employed for
the immersed tube fluid-bed concept. In this case, however, horizontal staging is

not appropriate and the once-through boiler tubes pass back-and-forth, ascending

" countercurrent to the Li,O flow as indicated in Fig. 5-7. This heat exchanger ar-

rangement has the advantage that it can operate in either gas or vacuvm conditions.

its characteristies will be calculated for both cases.
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The configuration shown by Fig. 5-7 indicates cascade flow-splitter type dis-
tributors, intended to provide uniform flow conditions over all of the surfaces while
maintaining relatively short residence times for the hot Li; O granules in transit from

the ICF chamber,

Referring back to Section 5.2.2.3, it ic necessary to define the bed depth s, and
contact time #, for a specific heat exchanger in order to evaluate the surface heat
iransfer coefficient @ [Ref. 5-1(b), Eq. 16]. The remaining parameters are defined by
the LiyO particle bed characteristics and properties as evaluated in Sections 5.2.2.1

and 5.2.2.2,

For the horizontal, staggered tube array, the effective agitated bed depth is de-
fined as half of the bed thickness flowing between tubes. The apparent thickness thus

is with respect to the tube surface on either side, 1.e.,

where

P, = tube pitch spacing, em {Table 5-2) i
d

tube diameter, cm.

il

Further. the contact ttme in the case of cross flow over the tube surfaces is

estimated by

where up = hed flow velocity, cm/s.

The open flow area for Li;O flow over the tube array, A is give by:

Ap = (Pi-d){N, - 1)t em?, ;
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where

N; = number of tubes in the frontal array,

£ = horizontal tube pass length normal to flow, cm

To avoid an iterative solution, the number of tubes was fixed by selecting the
feedwater flow per tube. The frontal tube length per pass ¢, was fixed at 4.5 and 2.5
meters for the 4 and 2.5 cm tubes, respectively. This leaves only the total tube length

to evaluate using the contact time t, to determine @.

_ Lip0 Volume Flow _ 2.48x 10° cm®/s

Ag Agem? cmys

ip

The value of {, estimated using ug and the tube diameter is used to determine
& from Fig. 5-3 for both one atmusphere helium gas pressure and for LizO flow under

vacuum conditions.

Overall tube length was calculated summing the boiler and superheater length
determined for the selected feedwater flow. number of tubes and overall Li,O-to-steam
conductance U for the boiler and superheater sections, respectively. Table 5-5 lists
the resulting heat exchanger characteristics for the two selected tube diameters and
feedwater flow rates. The parenthetical values shown in Table 5-5 were calculated
for vacuum conditions of Li;O transport, Vacuum conditions penalize heat exchanger
area Tequirements are about a factor of three greater as compared to using helium
interstitial gas due to the latter’s improved thermal coupling of heat exchange surfaces

with the Li;0 granules.

These conceptual results are optimistic both in contact time t, for cascade type
flow over tubes and in the agitated bed calculational model as noted by Muchowski
‘Ref. 5-1{b):. For example, stagnation buildup of LizO on the leading edge of tubes
is not explicitly accounted for in these results. Also. the time of flight of an average
particle past one projected tube diameter at the throat area for ¢, needs experimental
adjustment. However, despite these assumptions, the results are indicative of achiev-

able performance and geometry of practical heat exchangers for a power conversion
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TABLE 5-5

CASCADE POWER CONVERSION SYSTEM
Horizontal Tube, Li;0 Gravity Flow, Once-Through Boiler Concepts

¢ Liy0 Granule Gravity Flow Across Staggered Tubes

in Counterflow 0.1 MPa (10~5 MPa2)

o Steam Rate 4.2>10° kg/hr @ 15.1 MPa Through

Double Wall Boiler Tubes

Tube Diameter, (cm) 4 4
Number of Tubes 2100 1700
Tube Length, (m) 112 (372) 132
Surface Area, (m?) 29,000 28.000
(97.000)
Frontal Area. {m?) 470 370
Li;0 Flow Area (m?) 93 80
Number of Passes per Tube 25(83) 30
Tube Array Height {m) 22(12) 28
Overall Heat Transfer 395 (103) 368

Cocflicient, LizO-to-Water,
Evaporator Section, (W/m?-K)

Feed Water Flowrate (g/s. Tube) 570 700

2.5
6200
46 (174)

22,600
(84,000)

500

115
20(70)
11 {4.0)
476 (120)

190

2.5
5000
56
21.600

400
92
23
13

240

system of the required rating. More detailed design studies and cost estimates are

necessary to determine whether a significant advantage exists for the 2.5 or 4.0 cm

diameter boiler tubes.

To confirm that the tube pitch spacing and therefore frontal flow area is ade-

quate to allow flow of the rated Li,O granule volume, the bimiting Li;O flow rate was

estimated. treating the tube-to-tube space as an orifice. From Ref. 5-12, Fig. 4.1,

using D, (minimum orifice width) of 0,75 cm (from Table 5-2) and particle diameter

D, = 0.02 cm,




e e e e v S R

=
)

=38=n,.

)
R

From Ref. 5-12, Fig. 4.1,

Wm/tan EA

— = 3500,
CwCO\/ﬁPBDg's

where (Ref. 5-12, Eq. 4.9)

W, =solids flow rate, g/s .
34 = angle of repose ,

pg = bulk density of the bed, g/em®,
2
-1 .
Cy = (n' )+O.5 1- (" 2) } .
n,

Ny
g = gravitational constant, 980.6 cm/s .

C, =0974,

From Ref. 5-12, Fig. 4.3, assuming an equivalent hopper angle of § = 60° for flow
between cylindrical tubes @ D,/D, = 38, C, = 1.1.

For uniform spheres 3 ~ 24° and tan 8 = 0.466.

Calculating weight flow W, with average bed bulk density py = 1.09 g/em?,
W, = 10.61 g/s for a circular orifice 0.74 ¢m dia.

Per unit area, W, = 24 g/s em? = 240 kg/s m?.
For 2700 kg/s Lio0 flow, the required area is

2700ks/s

= ——— =113m’.
240kg/sm2

All cases provide 7 to 10 times this required minimum area. Li;O flow rate can

be controlled by discharge orifices beneath the heat exchanger tube array.
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5.2.3.5. Vertical Li;O Tube-Flow, Shell Steam Side Heat Exchanger

A heat exchanger concept was considered in which the Li;O granules fowed
through vertical tubes exchanging heat to coolant or steam generation on the shell-

side. Figure 5-8 conceptually describes this approach.

Li;0 flow was estimated using the above mode] from Ref. 5-12 (Fig. 4.1). A rod-
like heat transfer model was used to determine the length L (Ref. 5-13, Eq. 20.41):

T.~To =5.78[{rkL) /(W C,)}i
= 0.692¢% W)
T.oT, 2¢ \

where

T = Constant wall temperature, K
To = Li;O exit temperature, K

Ty = Liy0 inlet temperature, K

k = 3, bed conductivity (Fig. 5-1)
W = mass flow Lis0, g/'s
Cp = Lij0 particle heat capacity, 2.78 J/g K (Ref. 5-6)

By calculating W based on flow through a vertical tube (Ref. 5-12, Fig. 4.1), a
required tube length L can be caleulated. For this case. a constant wall temperature

of boiler saturation temperature was used.

Since Ay is greater with 500 um diameter microspheres, only 500 um dia Li;Q
was considered for this concept. Calculated flow for 4 cm diameter tubes was 223 /s

per tube. At 0.1 MPa the calculated length is 39 m and

_ 27x10%g/s

Ne= = 12,000 tubes ,
‘ 223g/s ubes

Total area Ay x = 20000{39).126m? ‘'m, = 59,000 m>,
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Under vacuum conditions of 10 Pa, calculated tube length is 2950 meters for 4 cm

diameter tubes and 735 meters for 2.5 cm tubes. Neither of these can be considered

feasible. This concept is not attractive at 0.1 MPa helium pressure and is infeasible

under vacuum conditions.

5.2.3.6. Conclusions

A summary comparison of the heat exchanger concepts is presented by Table 5-6.

Table 5-7 is a chart of summary statements. The most significant conclusion is that

all three of the principle concepts are feasible and can result in practical designs. No

clear recommendation has evolved from purely heat transfer considerations.

TABLE 5-6
CASCADE POWER CONVERSION SYSTEM
Summary
Immerzed Direct
Tube Contact __Cascade Flow__
Fluid-Bed  Fluid Bed W/He Vacuum
Helium Pressure, MPa  >0.1 5.1 0.1 10-%
Total Heat Transfer 22,000 Not 22,000 84,000
Surface Area, m? Applicable
Total Frontal Surface 510 200 500 500
Area, m?
Active Height, m 1.3 13 1.1 4.0
Helium Transfer Locks  Yes Yes Yes No
Interrmediate Heat No Yes - with No No
Exchanger Steam Cycle
Maybe - with
Gas Turbine
Steam Cycle Yes Yes Yes Yes
Gas Turbine Yes Yes Yes Yes
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TABLE 5-7
HEAT EXCHANGER CONCLUSIONS

Fluid-bed concepts are self-distributing across frontal area.

Cascade-flow concepts require mechanical distribution to
minimize Li»O volume,

Fluid-bed transfer area not significantly different than
Cascade-flow due to good agitation and short particle
contact time.

Vacuum heat exchanger heat transfer area is approximately
three times the helium case.

Direct contact requires high helium pressure and high
pumping powet,

None of the heat exchanger concepts are infeasible except the
vertical tubeside LioO concept under vacuum conditions.

No clear recommendations from purely heat transfer considerations.

5.3. VACUUM TRANSFER LOCK ASSESSMENT
5.3.1. Introduction

Heat exchanger concepts which involve interstitial helium gas or helium fluidiza-
tion gas require a transfer lock system through which to pass the Li;O granules from
the high vacuum reaction chamber to the heat exchanger system, and to return the
cooled LizO to the reaction chamber. Conceptually, a transfer lock for this general
function is not particularly unique. However, the very large volume transfer rate
required at high proposed operating temperatures presents an interesting challenge.

5.3.2. System Description

Functionally, the transfer lock system must handle 2700 kg /s of Li,O granules

leaving the reaction chamber at 1170 K and 10 Pa. This corresponds to 2.5 m%/s
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volume rate. Figure 5-G is a schematic showing major functional components of a
transfer lock system. Not shown in the diagram are the surge tanks before and after

each transfer lock,

The chamber discharge lock is evacuated in the empty state, then opened to the
chamber to receive a charge of hot LiO granules. The lock is isolated and helium gas
is introduced to the desired pressure. The lock is then opened, passing the granules

to the heat exchanger system via surge tanks.

For return to the chamber, cooled granules are transferred into the lock under
helium atmosphere. The lock then isolates and is pumped down to chamber vacuum,
After reaching chamber pressure, the lock is opened to the chamber and the Li,O

flows into the chamber, again via a surge tank.

In order to use commercially available vacuum pumps, precoolers are required to
cool the initially hot helium to acceptable pump inlet temperature. A receiver tank is
provided to maintain vacuum pump discharge pressure at 0.1 MPa. If higher pressure
is needed for the power conversion heat transfer system, a helium return compressor
will be required as shown optionally. For the direct contact fluid bed, 5.1 MPa system

pressure is required.

Conceptual sizing of system vessels was performed based on engineering judgtnent
of reasonable lock cycle times. Assumed lock cycle step times (based on hot side

sequence)

Pump down empty lock 120 sec.
Hot Li;O transfer (fill) 30 sec.

Helium pressurization 10 sec.

Li;O transfer out of lock 30 sec.

Total cycle 190 sec.

Allowing 30% clearance volume over Li; O bed volume in each lock charge.

Lack volume = 2.5 m®/s (1.30)(190 s) = 620 m®
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For a 120 sec pumpdown to 10 Pa of 620 m®, the required pump speed § is given by
(Ref. 514, Fig. 1, Eq. 2):

_Fx Volume
" Time

where F = pumpdown factor.
For pumpdown to 10 Pa, F = 10.3

10.3(620 10° ¢)

=53x10"#/s = 3.2~ 10°¢/min .
120

S

Since the hot helium (1170 K) remaining in the transfer lock is precooled to 320 K
before entering the vacuum pumping system, the required volumetric pump speed is

reduced:

. (T 320 .
5. = 3.2x108¢/min (ﬁ) =3.2:10° (1—1—75) =87, 10°f min.

Recommended (Ref. 15) vacuum pumping units consist of two backing pumps

and one booster as follows

2 ES7500 Backing Pumps @ 7,800 £/min each
1 EH4200 Rotary Lobe Booster & 81.000 { ‘min

Number of hot side lock pump units required. based on backing pump capacity is

. 8.7x10°
Ny= =
2(7800)

For the cold side, pump down volume is less due to the presence of the Li»O granule

charge during pumpdown {at 0.6 solid fraction in 2.5 m®'s Li; O volume)
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[T

Volume = 620 m® - 190 5(0.6) 2.5 m*/s = 335 m®

Chamber temperature (Li;O + helium) is 770 K, Li;O teturn temperature.

10.3(335x 10%) /320 .
= f — 160 =71x10°¢
S 120 77 ) S0s/m = 11107 m,
7.1x 108
N, = = its.
b 2(7800) 46 units

5.3.3. Pumping Power Requirements

Installed motors on the vacuum pump units are:

2 ES7500 with 15 HP ea. = 30 HP
1 EH4200 with 10HP = 10 HP
Total 40 HP per unit

Total installed HP = (56 + 46)40 = 4080.

The vacuum pumps are open to the lock and actively pumping 120 seconds of
each 190 second cycle. The remainder of the time they are running against shutoff.

Assume power drawn is 70% continuous of installed power.

Vacuum pumping power = 0.7 (4080 HBP) 0,748 kWhr/HPhr
= 2.1x10% kW

For comparison, the isentropic pumping power was calculated for evacuation of
the transfer locks. In this case, the calculation was performed stepwise over a number
of pressure steps to account for the changing pressure ratio and helium mass flow
rate. Tota] isentropic pumping power was calculated as 660 kW. This corresponds to

an overall vacuum pumping efficiency of about 30% at 70% of installed horsepower.

For the direct contact fluid bed heat exchanger case, comptession from the
0.1 MPa contactor pressure requires significant compression power. For this case,
it is assumed that compression suction maintains the receiver at 0.1 MPa so the ini-

tial depressurization of the locks from 5.1 10 0.1 MPa is accomplished by venting the
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locks to the receiver, bypassing the vacuum pumps. However, all of the gas must be

recompressed to heat exchanger operating pressure,

Total cotnpression mass flow rate is

25mBs(13)5x10°N/m’ [ 1 04
T T 2.08x10°N-m/kg K |1173 773} °
=109%kg/s .

At 85% cfficiency, compression power is Ref, 5-15. Eq. 9:53'

(ﬁ)(k_n/km y
P, '

kN,

SLLLIY
“Tass(ko1)

where

T = 30K

R = 2.08x10% N-m/kg K
Py = 5.1x10% N/m?

Py = 0.1x10° N/m?

k = 1.66

il

tl

N, = Number of compression stages - 20.

W, = 3.36x 107 N-m/s = 36 MW

5.3.4. Conclusions

Table 5-8 summarizes the vacuum-to-helium transfer lock system evaluation. Al
though the large scale of the system is unique, the energy consumption is not unac-
ceptable nor does it appear mechanically infeasible. It does present a technological
challenge given the system cycle rate and the number and size of the equipment.
Probably the aspect of greatest concern is whether the evacuation of helum from
the bulk volume of 475 cubic meters of 200 to 500 um Li;Q particles in 120 seconds

from the cold-side transfer lock is feasible. Even assuming that it is disiributed into
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a number of smaller transfer changers, the small interstitial spaces between particles
will limit the rate of evacuation. This could be self-defeating because as the tiine of
evacuation increases, the volume of material to be evacuated continues to increase to
maintain Li,O throughput of 2.5 m¥/s. Experimental work is required to evaluate

pumpdown rate from the particle bed of Li,O granules.

TABLE 5-8
ICF POWER CONVERSION SYSTEM

Mechanical Evaluation
Vacuum-to-Helium Li, O Transfer Chambers
Li; O Transfer rate 2700 kg/s

& Two Transfer Lock Systems Required
e Unit Chamber Volume Required: 3.2 m%/s

s Cycie Time: 30sec Lig0 transfer (fill)
(Hot Side) ~ 10sec He pressurize
30sec Li,O transfer
120 sec  Pumpdown
190 sec  Total

» Chamber Volume: 620 m® Each lock
{(multiple units. 2 minimum)

¢ Vacuum Pumps Required:

120 unit sets of: 2 ES7500 backing pumps

_ 7800 1/m, 15 hp ea.
56 hot-side 1 EH4200 booster pump
45 cold-side 80,000 1/m. 10 hp.

¢ Space Requirements: 2 mx3 mx2 m each set
approx. 1200 m?®

o Power Required: 2,100 kW for vacuum pumps to
0.1 MPa receiver pressure

36,000 XW for recompression to
5.1 MPa fluid-bed contact Hx
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5.4. GRANULE TRANSPORT AND SYSTEMS INTEGRATION

5.4.1. Introduction

In this section we present the mechanical design and integration of the granule
transport system. We follow the path of the Li2O granules after their removal from
the chamber via the scoops described in Section 2.2, their transport through the
vacuum locks and heat exchangers, and their return to the reaction chamber inlet
and we evaluate transport options. We assess the physical space requitements for
transport. heat transfer. and nuclear radiation shielding. We also present poteutial
component configurations which integrate the functional and space requirements of

the reaction chamber. heat exchangers, vacuum locks, and associated systems.

5.4,2, Granule Transport Options

The granule transport system provides the interface between the Cascade reaction
chamber and the power conversion system. The objectives imposed on this system
are stringent and require that it

¢ Adequately remove material from the chamber shelf

o Minimize transport power requirements

» Minimize Li;O inventory in transit

¢ Minimize granule attrition during transport {e.g., via abrasion)
* Minimize temperature drop duting transport

« Address concerns of bearing cooling and lifetime in a radiation environment,

Material transport options for achieving the above objectives are presented in
Table 5-9. Of these, the belt, bucket, and serew conveyor are commercially available
and could be extrapolated to Cascade requirements. The vibrator conveyor would
require development. but its low throughput capacity might result in high capital
cost. The use of a gas to lift Li;O is a novel idea with some representation in the
literature (Ref. 5-16), Its advantage is that for heat transfer in a helium medium, the

helium fluidization itself might also provide the necessary Jift. However, it would be
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TABLE 5-9
MATERIAL TRANSPORT OPTIONS FOR CASCADE

Method Comment
Belt conveyor « Many bearings
¢ Bearings hot in vacuum
¢ Metal belt necessary
o Lubrication concerns
Bucket convevor ¢ Good but complex

# Less bearings

Screw conveyor ¢ Abrasive — passive particle pressures

Vibrator conveyor o Low capacity but no bearings or
passive pressures

Gas lift + No equipment necessary once

through vacuum locks

Centrifugal throw system  » No equipment necessary

limited to use ontside of the reaction chamber vacuum houndary.

The centrifugal throw system best satisfies the established objectives. It uses
the angular momentum imparted to the granules by the rotating chamber to effect
particle transport and thus would not require any additional equipment. It would,
however, be limited to heights determined by limitations on tbe chamber rotational

speed.

For the Cascade gravity flow vacuum heat exchanger described in Section 5.2, the
throw system can supply adequate height at the reference chamber speed of 40 rpm.
For vieunm heat transfer, it is the recommended option and is detailed below, For
heat transfer in a helinm medium, the height requirement on the throw system is
dictated by the vacuum lock transfer system components presented in Section 5.3.
The conceptual mechanical design integration of these systerns is described below and

indicates that. in 2 helium medium, the centrifugal system must be augmented by
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an additional lift system, Since this lift fanction might also be incorporated into the
heat transfer enhancement function of the helium gas, this option is the recommended

auxiliary lift system.

5.4.3. Centrifugal Throw Granule Transport System

The transport of the Li;O granules begins with their removal from the chamber
shelf by the scoop. In the interest of efficiency, the particles should be removed from
the shelf as nearly simultaneously as possible. {This is a factor in the scoop design.)
This will tend to minimize particle collisions and result in a homogeneous and efficient
stream trajectory. Note that a 20% loss of rim speed will result in a 36% loss of kinetic

energy.

Figure 5-10 shows a plot of the trajectories of particles forced off the shelf at
various points along 2 removal arc. A 20% loss of rim speed was assumed in this
figure. There will be no convergent flows until the line of the first released particle’s
trajectory starts to re-enter the stream. At this point, major energy loss due to

collisions may be important.

The reaction chamber-heat exchanger arrangement is shown in Fig, 5-11. The
particle stream ejected from the loaded shelf by the control scoop will be directed
along the throw duct and will be caught in the heat exchanger or transfer Jock system
as it starts to fall back. A vacuum type heat exchanger will be bottom controlled,
and a heap will be continuously deposited on its top, flooding down and cooling until
released from the bottom. Upon release, material will undergo a top controlled high
speed flow across the main return to the chamber entry point. Its speed should be
arranged to match the minimum chamber surface speed. It is thus a design objective
to have a low height heat exchanger and a short axial dimension for the chamber
to economize in the fall height required to keep the system running. This provides

guidance to future heat exchanger design efforts.

A heat exchanger which uses helium to enhance heat transfer from the particulate

requires that the material be locked out of and back into the vacuum. The complexities

5-46

G,



l- CONVERGENT FLOW
COMMENCEMENT
SURFACE
\
LATEST TRAJECTORY
10 - /
(]
0® s
" EARLIEST TRAJECTORY
MHEAT EXCHANGER
e T DR TRANSFER LOCK
r
I
2 .
T 1
§ - -
I ALLSTART POINTS HAVE 20% SPEED
LOSS (36% ENERGY LOSS}
e\ |
1
REMOVAL !
ARC {4Qr.p.m)
A i A ] ] o | ! 1 |
D 5 10
DiSTANCE, m

Fig. 5-10.  Tragectory sketch of granules departing the chamber shelf via scoop action [non-
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of this system are such that the simple throw and fall back transport system will suffice
only inside the vacuum boundary. Thus the two heat exchange systems will look
stmilar within the vacuum boundary, but the helium system will require additional

transport outside the vacuum.

It is not expected that the material will move with zero error through its cycle.
Opportunity exists for small quantities of material to randomly fail to complete a
useful t-ajectory or to he poorly directed by the scoop. Even if design and experi-
mental programs were to reduce this to a loss of better than one part per thousand,
the volume loss rate would still be 10 m®/hr. The throw box should have a collection
vane at or near its base to gather any fallout and direct it to the ¢hamber intake
through the fallback tube. This should take care of most of the problem. However,
an even less tractable residuum of a few cubic meters per day is still expected. The
support rollers and drive seals must be protected from this material and the ring
girder tracks will probably be continuously brushed. The floor of the vacuum room
should be grilled and a sweeper system and hopper-and-drawer arrangement provided

to handle the material loss.

5.4.3. Mechanical Design Integration

We now examine the physical space requirements and configuration of the com-
ponents comprising the primary heat transport system of Cascade. Heat exchanger
dimensions are as set forth in Section 5.2. vacuum transfer lock component dimensions

arc as presented in Section 5.3,

For vacuum heat transfer, the total height requirement on the throw system is
that due to the heat exchanger and the distribution and collection plena abova and
below :he heat exchanger. A conceptual component Jayout is shown in Figs. 5-12 and
§-13. The plena height are established by the 500 m? heat exchanger frontal surface

area requirement and the angle of repose of the Li;O granules.
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For the Cascade gravity flow vacuum heat exchanger. assuming frontal dimen-
sions of 30 m width and 17 m depth, the plena height required for adequate distribu-
tion within the heat exchanger and transport back to the reaction chamber inlets are
approximately 5 m each. These are combined with a 4 m heat exchanger active height
and 3 m clearance for the particle trajectories for a total throw height requirement
of 17 m. This can be provided by the 40 rpm chamber rotation speed if efficient
use is made of the granule velocity. Alternately, the chamber speed can be increased
to overcome losses in exit speed. The total vacuum boundary height is thus 23 m,
assuming a 5 m rarlius reaction chamber and an additional 1 m for the granule exit
shelf and ground clearance. These dimensions give a good indication of the size re-
quirements of a Cascade reactor plant. Other configurations and system dimensions

are certainly possible.

The configuration is not so straightforward with a helium heat transfer medium
due to the vacuum lock system. An approximation for the total system height re-
quirement can be obtained as follows. The hot and cold transfer locks are each
approximately 10 m diameter. Since the reaction chamber and heat exchangers op-
erate in a steady state, whereas the transfer locks operate in a batch mode, the four
surge tanks must each also be of comparable dimension, 10 m diameter. Assuming
5 m distribution and collection plena heights ahove and below the heat exchanger,
an additional 5 m height below the last surge tank for transport back to the reaction
chamber inlets, 4 m height for valves, 3 m clearance for particle trajectories, and ac-
tive heat exchange height requirements if all comnponents were vertically stacked are
83 10 95 m. These heights would require chamber speeds of 77 to 82 rpm with 100%
efficient use of the granule exit velocity. These speeds would be impractically high
due to the centrifugal stresses which they would impose on the prestressing system
and the increased “scatter” of the particle trajectories. Helium heat transfer must

thus employ an auxiliary granule lift system.

If an auxiliary lift system is necessary. more compact (less height) component ar-

rangements can be configured by using multiple lifts. Conceptual configurations are




shown in Figs. 5-15 to 5-16. System dimensions were established as presented above.

Splitting the inlet surge system as shown in Figs. 5-15 and 5-16 saves about 10 to

12 m in height but requires additional cold transfer lock and surge tank. Compared to

the vacuum heat transfer, the vacuum lock systems look formidable. However, with

multiple lifts the physical dimensions are reasonable. Though other configurations are

possible, the dimensions shown in Figs. 5-14 to 5-16 are representative of the building

size requirements for the Cascade plant. As stated previously, it is conceivable that

the lifts could be combined into the direct contactor heat exchangers, further decreas-

ing their size. At present, from the systems integration perspective, we recommend

vacuum heat transfer using the Cascade gravity flow heat exchanger.
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6. POWER CONVERSION SYSTEM EVALUA 10N

6.1. INTRODUCTION

The Cascade concept offers the potential for a power-producing reactor which
is inherently safe. environmentally attractive, simple. and highly efficient. Simplicity
generally implies minimum cost and maximum reliability, whereas high efficiency
generally implies higher capifal cost and increased system complexity. Though the
Cascade concept is inherently simple, it also offers the potential for very high blanket
temperatures. It thus can potentially achieve both low cost and high efficiency. The
sections below present a preliminary quantitative examination of the capital cost
versus efficiency tradeoff. Capital cost evaluations of the Cascade reaction chamber
and primary heat transport and exchange systerms are presented in Section 6.2. Power
conversion system options are explored in Section 6.3. A recommended reference
power conversion system is developed consisting of technically simple vacuum heat
transfer from moderate temperature (1170 K) LizQ to a 43% net thermal efficiency
steam cycle, A high temperature, high efficiency. but higher technical risk power
conversion system option is also identified as an alternative, consisting of fluid-bed
direct contact heat transfer from 1400 K Li;O to helium gas driving a 49% net thermal

efficiency closed cycle gas turbine (58% net efficiency with a Freon bottoming cycle).

6.2. CAPITAL COST ESTIMATES

This section presents a preliminary capital cost estimate of the components
unique to the Cascade concept — the reaction chamber, heat exchangers. and the
transfer lock systemn. The capital costs are based on the designs presented in Sec-

tions 2.2. 5.2. and 5.3 and are estimated on the hasis of vendor estimates (Refs. 6-1 to



6-6) of unit costs per mass of material, scaled catalog prices (Ref. 6-7}, and previous

estimates of subcomponents scaled to Cascade conditions (Ref. 6-8).

A summaty of the capital costs is presented in Tables 6-1 to 6-4, scaled to January

1984 constant dollars.

Inspection of Table 6-1 shows that the SiC tiles and $1C; Al composite prestress-
ing tendors together cost $7.8M (including contingency), 60% of the total 813M
chamber cost. and weight 38 MT. For comparison, a 2-1;4Cr - 1Mo steel chamber
would weight 60 MT, and at a unit cost of $15/kg (machined and finished from rol'ed
plate, Ref. 6-4). would cost $1.2M (including contingency), 25% of the total $5M
installed cost. This increased cost of the ceramic chamber may be justified on the ba-
sis of its improved abrasion resistance, the elimination of active cooling requirements,
and its low activation characteristics which allow for inereased maintenance personnel
access. In addition, if radiation damage is life-imiting for the cham"er. the ceramic

chamber would have a 30 year (full plant) life.

Tables 6-2 and 6-3 present the capital costs of the potential Cascade heat ex-
changers. Incoloy 800H is representative of a material with temperature capability
up to 1000 K. Inconel 617 has a strength-at-temperature capability up to 1200 K.
Both have been evaluated as the heat exchanger material in Ref. 6-9. Unit material
costs for both I800H and 1617 were obtained from Ref. 6-4. In the detailed break-
downs shown in Table 6-3. the heat exchangers were costed on the basis of hoth 2.5-
and 4.0- cm feedwater tubes. In all cases, the 2.5 cm feedwater tube heat exchang-
ers were of lower cost. This is mainly due to their lower heat exchange surface area
requirements which in turn leads to less tube length and smaller shell dimensions.
The costs in the summary of Table 6-2 are those of the 2.5 cm tube heat exchangers
(where applicable). Smaller tubes could thus be expecred to lead even lower costs
and heat exchanger design tradeoffs .. .ld be examined. The direct contact heat
exchanger was costed on the basis of Inconel 617 for both shell and internals. Its cost

could be reduced by approximately 50% with an internal ceramic thermal insulator.




TABLE 6:1

PRELIMINARY CAPITAL COST OF CERAMIC (SiC)
CASCADE REACTION CHAMBER

(M, 1/84 Constant Dollars)

Quantity Unit Cost Tota) Cost

Material (10°kg)  $/kg ™M

1. Reaction chamber tiles 27 140 13.8
silicon carbide

2. Prestressing tendons 11 200 2.2
Nicalon SiC: Al composite

3. Thermal insulation
Fiberfrax 1.0 15 0.0015
SiC_ Al composite shroud 0.2 200 0.040

4. Support and drive girder
SC Al composite 2.0 200 0.40

5. Ceramic shelf
SiC 1.7 180 0.30

6. Internal vane
SiC 13 M 20

Subtotal 8.7

7. Chamber drive
24 rollers. 0.75 m dia. at $10,000 ea 0,24
4 motors. 150 kW ea at $12,000 ea 0.048
4 drive shafts. 0.05 m dia. at §15.000 ea 0.060

8. Assembly and installation fixture 0.15
{Allowance)

9. Installation lahor 0.55
(Allowance) o
Subtotal 9.8

10. Contingency (30%) a9
Total') $13.0

)Xot including:
design and engineering
management
facility costs
fees,




TABLE 6-2
PRELIMINARY CAPITAL COST SUMMARY
OF CASCADE HEAT EXCHANGERS
(3M, 1/84 Constant Dollars)

Incoloy 800H Inconel 617

Immersed-tube, fluid bed §27 $110
Direct contact, fluid bed $§120
Horizontal-tube. Cascade-flow
in helium fuidization medinm §24 §100
in vacuum $85 $360

or a cooled outer sleeve, which would allow the use of lower cost steels, ¢.g.. 2-1-4Cr

- 1Mo ferritic steel or carbon steels.

The vacuwiz: transfer lock system costs are summarized in Table 6-4. Chambers
were sized to contain 0.1 MPa or 5.0 MPa pressure differentials as appropriate. The
materials were [800H and I617 as above in high temperature applications and 2-1 2Cr
- 1Mo at 770 K. Valve costs were scaled from previous estimates (Ref. 6-5) for Nuclear
Class 2 qualified helium ball valves at 770 K. No adjustments for solids gating were
made due to the lack of design detail, Vendor quotes were obtained for the pumps
(Ref. S-6). The system cost is dominated by the transport convever. Commercial
screw conveyor costs (Ref. 6-7) were scaled to 3 m?/sec volume flow rate and 2 50 m
transport distance and a cost factor of five for Nuclear Class 2 equipment at 800 K
(Ref. 6-5). o major cost savings are expected for belt or bucket conveyors. The
heat exchanger, helium receiver tank. and helium return compressor were scaled from

similar components in Ref. 6-9.

The ccmponent and system capital costs developed in this section are used in

the power conversion system option evaluation presented in the next section.
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TABLE 6-3
PRELIMINARY CAPITAL COST BREAKDOWN
OF CASCADE HEAT EXCHANGERS
($M, 1/84 Constant Dollars)

Unit Total Unit  Total
Cost Cost Cost Cost
Quantity 18000 1800H 1617 1617

Item (MT)  (8/kg) (SM) (8/kg) (3M)
A. Immersed-tube, fluid bed
Case 1
2.5 ¢cm tubes 840 2% § 20 110 § 920
Shell 370 6 59 0 150
Total § 270 $110.0
Case 2
4.0 cm tubes 1600 23 § 370 100 § 160.0
Shell 660 16 1.0 0 260
Total § 480 $ 1900
B. Direct contact, fluid bed
Shell 240 40 5 96
Internals 45 40 1.8
Supports 3.9 16 0.06
Insulator (external) 220 (m?) 1300 m? _0.286
Subtotal § 117
Total (10 units) $ 1170

C. Horizontal-tube, Cascade flow
in helium fluidization inedium

Case 1

2.5 cm tubes 840 2% 0§ 210 10§ 92,0
She" 170 6 27 0 _ 68
Total 5 240 § 100.
Case 2

4.0 cm tubes 1700 23§ 300 100 § 1700
Shell 210 16 34 0 _ 84
Total § 420 § 180.0
In vacuum

Case §

2.5 em tubes 3200 25 5 80.0 110 § 350.0
Shell 300 16 48 0 120
Total 5 850 § 360.0
Case 4

4.0 em tubes 550 22§ 1260 100§ 550.0
Shell 270 6 43 ¢ 110
Total $ 1300 § 560.0




TABLE 6-4
PRELIMINARY CAPITAL COST SUMMARY
OF CASCADE VACUUM TRANSFER LOCK SYSTEM
($M, 1/84 Constant Dollars)

Hot-Side Material Incoloy 800H Inconel 617 Inconel 617
Transfer Lock Pressure 0.1 MPa 0.1 MPa 5.0 MPa
Hot-side transfer lock § 58 §16.7 § 228
Hot-side surge tanks 1.2 19 14.8
Vacuum pumps 3.R 38 38
Precooler heat exchangers 0.3 0.3 0.3
Helium receiver tank 0.1 0.1 0.1
Helium return compressor - — 4.1
Cold-side transfer lock 5.6 5.6 12.9
Cold-side surge tanks 0.7 0.7 4.0
Li,O transport convevors 25.2 25.2 25.2
Piping. misc. valves and supports 35 35 R
Subtotal 5 46.2 $578 5915
Contingency (15%) 6.9 8.7 13.7
Total $ 53.0 $ 66.0 $ 105.0

6.3. POWER CONVERSION SYSTEM OPTIONS

In this section we survey various power cunversion systeni options that could
be used to convert the thermal energy of the Cascade reactor blanket to electricity.
We compare several steam cycle and several helium gas turbine cycle options. using
capital cost estimates and thermal efficiency to make an overal] econamic comparison.
We recommend a steamn cycle-based “referetice design” and a helium gas turbine based

“high efliciency option™ for further desian.
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6.3.1. Introduction

The goals of the Cascade ICT Reactor Design study include development of a
design that is simple and low cost, and that achieves high net efficiency operation.
The power conversion system plays an important role in achieving these goals. The
fusion energy produced in Cascade is deposited in the flowing Li;O granule blanket
as thermal energy -- heat. We have compared two options to convert this heat to
electricity. The Rankine cyele using water as the working fluid (“steam cycle”) and

the Brayton eyele using helium (“gas turbine cycle”).

For each of these two aptions we must consider the range of outlet temperatures
that may be achieved in the Li;O granule bed. The reference design is based on
the assumption of a 1170 K Li;O mixed mean outlet temperature. This “moderate
temperature” is based on an upper Li;0 temperature limit of 1270 K and the as-
sumption of flow mixing or flow zoning in the blanket. If flow mixing or zoning is not
achicved, we may be limited to a “low temperature” design with 910 K Li, O average
outlet temperature (see Section 2.4). If higher Li»O peak temperatures are allowed
and excellent flow mixing is achieved. we may be able to use a “high temperature”
design with 1400 K average outlet temperature. Use of a SiC granule protective layer
on the blanket (see Section 3.2) may allow still higher outlet temperatures. We have
considered low and moderate terperature designs for the steam cycle option. and

moderate and high temperature designs for the gas turbine cvele option.

In addition. for each of the above combinations. we have evaluated the trade-
off between vacuum transport of the LioO through the heat exchangers and helium
transport. Helium transport improves the heat transfer and allows smaller. cheaper
heat exchangers., but requires use of a vacuum lock system to transport the Li;O in

and out of the reaction chamber.

The list of options is shown on Table 6-5. The purpose of this scoping evaluation
is to compare the overall relative system economics of the various power conversion

systeru options to select the most attractive approach for more detailed design.
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TABLE 6-5
CASCADE POWER CONVERSION SYSTEM OPTIONS

Secondary Li,0
Li,0 Coolant Transport
Power Cycle Temperature!®’ Temperature®” Medium

la Steam Moderate Moderate Vacuum
b. ) " i Helium
<, ) Low Moderate or low  Vacuum
d. - * " Helium
2.a.  Gas Turbine Moderate Moderate Vacuum
h. ) ) N Helinm
¢ ) High High Vacuum
d. ) ! Helium

() Low ~910 K Li;O: Moderate ~1170 K Li,O: High ~1400 K Li,O
) Low ~610 K steam: Moderate ~810 K steam or 1130 K Helium:
High ~1350 K Helium.

6.3.2. Steam Cycle

The steam cycle is an extensively developed. fully commercialized technology
that can very effectively utilize steam temperatures up to ~820 K. giving thermal
efficiencies of ~43"(. The steam generator designs presented in Section 5.2 are based
on deli-ering 810 K steam. The average Li»O temperature assumned was 1170 K so
there is capability for still higher steam temperature, but experience has shown there
is little incentive to utilize it. The steam generator, piping. and turbine costs increase
dramatically at higher temperature and component reliability drops. This experience
has shown that it is best to utilize a large L1, 0-H,0 temperature difference to reduce
the steam generator size and cost. Similarly. at these temperatures. use of multiple

reheats is of little benefit. "he power eyele chosen is shown on Table 6-6.

The cycle was developed using the code STMC. developed by GA Technologies

(Ref. 6-10). It can analyze steam power cycles with v~ro to three reheats, six to eight
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TABLE 8-8
MODERATE TEMPERATURE STEAM CYCLE

Li; O temperatures, in/out, K 1170/770

Type Superheat: no reheat
Peak pressure 16.5 MPa

Peak temperature 811 K

Steam extractions )

(ondensing temperature 305 K

Moisture extractions 1

Power conversion net thermal efficiency 0429

steam extractions. and woisture extractions. Realistic pressure drops and temper-
ature differentials are included. as is a correction for turbine efficiency drop due to
moisture. The code has been benchmarked to an existing power plant to within 0.05

officiency percentage points.

The moderate temperature steam cycle option uses an Incoloy 800H steam gen-
erator. [t wmay he used with vacuum or helium transport of the Li;O through the
heat exchanger. Using the cost data developed in Section 6.2. the cost dara shown
on Table 6-7 was generated which shows a small cost advantage for helluwm transport.
No remperature degradation in the vacuumn lock system was assumed and its power

requirernents are smmall so the efficiency of the two systems is the same.

If we are unable to achicve flow mixing or flow zoning of the Liy(). the mixed
mean outlet temperature will drop to 910 K. To keep the Li; O flow rate to reasonable
levels. we would lower its inlet temperture as low as possible within the constraints of
LiOH formation, about 610 K. There are two ways to accommodate the lower Li;O
temnperatures. We can increase the heat exchanger area and cost. use a smaller Li, O-
to-Hy() temperature difference, and retain the same moderate temperature steam
cycle. Alternately, we can keep the same heat exchanger area, and drop the tempera-
ture and efficiency of the steam cycle. The characteristics of a low temperature stearm

eycle are shown on Table 6-8,
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TABLE 6-7
MODERATE TEMPERATURE STEAM CYCLE
COST AND PERFORMANCE

Vacuum Helium
Transport Transport

Heat exchanger

Material Incoloy 800H  Incoloy 800H
Cost $85M 524M
Vacuum lock - - cost 0 $51M
Total cost $85M $75M
Etticiency 42.9% 42.9¢
TABLE 6-8

LOW TEMPERATURE STEAM CYCLE

Li,O temperatures. in/out 810 610 K

Type Sarurated vapor
Peak pressure 6.4 MPa

Peak temperature 553 K

Steam extractions 6

Condensing temperature 305 K

Moisture extractions 3

Power conversion efficiency  0.340

Both the low and moderate temperature steam cycles can be nsed with the
ternperature Li,O optien and both may use heliutm or vacuum transport of the 0
in the stearn generator. The heat exchange area and cost of the steam generatos
be sealed from the data in Section 6.2 on the basis of the Li0-10-H,0 temyp rature
difference. The vacuum lock cost may be sca'ed from the LioO flow rate by adjusting

component diameters and volumes. The results are shown on Table 6-9
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TABLE 6-9
LOW TEMPERATURE Li:0 STEAM CYCLE
COST AND PERFORMANCE

Moderate Low

Steam Temperature Steam Temper: ‘ure

Vacuum Helium Vacuum  Helium

Heat exchanger

Material +-e me—— = -~ Incoloy 800H -—- - --- - --
Cost 5 170M $ 48)M 5 85M § 24M
Vacuum lock ~ cost - B 102M - _102M
Total cost § 170M $ 150M § 85M $ 126M
Efficiency 42.9% 42.9% 34.0% 34.04

6.3.3. Gas Turbine Cycle

Gas 1urhine eycles are also a well developed and fully comnmercialized technology,

but primarily for open cycle application. Closed cyele gas turbines are still in a
developmental state. although significant successful experience has been achieved in
Europe (Ref. 6-11). (ias turbine cycles can use effectively the high temperatures
that fusion is capable of delivering (Ref. 6-12). With a turbine inlet temperature of
1300 K . closed cycle gas turhine could deliver ~47'( net efficiency. Addition of a
ottoming cycle to the gas turbine could hoost this te ~53'. The limiting facror

in using closed cycle gas turbines at high temperatures to achieve high efficiency is
the heat exchanger. These become very cipensive at high temperature and cause a
temperature drop between the heat source and the turbine. Use of large heat exchange

surface areas to minimize this AT results in still higher costs,

The direct confactor heat exchanger avoids these concerns. Although presently
expensive. it need not have large internal pressure differentials. It allows the helinm

temperature a very close approach to the maxinmum Li;O temperature. The direct
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contactor does require vacuum locks in the Li,Q transport system and raises concerns

about Li,O dust and LiOH vapor transport into the turbine.

We have investigated two gas turbine cycles for use on Cascade. The moderate
temperature cycle uses the ssme Li,O temperatures as the moderate temperature
steam cycle. The direct contactor allows a turbine inlet helium temperature of 1130 K
(see Section 5.2). An Inconel 617 heat exchanger and vacuum locks are needed which
are expensive. Both are areas where innovative design could result in future cost
savings. If we can achieve still higher Li;O temperatures. higher efticiencies may be
possible with a high temperature gas turbine cycls, A ceramie direct contactor would

be needed. The gas turbine cycle characteristics are shown on Table 6-10.

TABLE 6-10
GAS TURBINE CYCLES FOR CASCADE

Moderate High

Temperature Temperature
Li,O ternperatures. in:out. K 1170770 1460770
Pressure. MPa
Turbine inlet 5.1 5.1
2.0 20

Compressor inlet
Precooler temperatures. in out, K 570300 570 200

Power conversion efficiency 42 49

Efficiency with Freon bottoming cycle 504 587

These characteristics may be combined with the costs developed in Section 6.2 to
get performance estimates for the gas turbine systems. Because of the large temnpera-
ture drop associated with nondirect contactor heat exchangers. we have not included
the vacuum rransport opion. It is possible that use of very high temperature blanker
materials such as the 8iC protective layer discussed in Section 3.2. and use of ceramic
heat exchangers conld make s vacunn transport gas turbine cycle attractive, This is

discussed further in Section 6.3.5 below. The performance of the helium transport gas
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tutbine cycle systems is summarized in Table 6-11. Again, the heat exchanger and

vacuum lock costs have been scaled to reflect different areas, diameters, and volumes.

TABLE 6-11
GAS TURBINE CYCLE PERFORMANCE

Moderate High
Temperature Temperature

Direct contactor

Material Inconel 617 SiC

Cost $121M $ 196M
Vacuum locks _ M _5M
Total co:t § 205M § 249M
Efficiency 42% 49'%
Efficieney with hottoming cycle 509 58%

6.3.4. Economic Comparison

To compare the performance of the various options. we must compare capital
cost and efficiency.  We have done this by listing all the capital cost increments
for the various options relative to the reference moderate temperature steam cycle
vacuum transport option. We have converted the differences in cycle efficiency to an
equivalent capital cost by assuming the difference in electricity production is worth
50 mills kWh. the plant operates at 70% capacity factor. the capital recovery period
15 30 years (plant life). and the effective cost of capital to the utility is 12% (public
utility). Note that to compate on an equal basis. we must include indirect capital
costs. These are assumed to be 85% of direct costs. The results of this economic
evaluation are show:n on Table 6-12. The gas turbine cycles with hottoming cyeles
are not included, Previous experience has generally indicated that the additional
capital cost of the bottoming cycle counterbalances the increased efficiency it adds.
resulting in approximately a break-even (Ref. 6-13). Similarly. the capital cost of the

steam turbine system and the & iu-hine system were assumed to be the same.
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TABLE 6-12

CASCADE POWER CONVERSION SYSTEM COST SUMMARY

Option

Additional Additional
Capital Capital
Cost'®) Cost!®)
(Direct Equivalent

+ Indirect) of Efficiency

Efi.ciency (%)

(8)

Net
Extra
Cost (@)

(%)

moderate temperature steam
cycle, vacuum transport
(reference)

2. Moderate temperature Li, 0,

moderate temperature steam
cycle, helium transpori

3. Low temperature Li, 0.
moderate temperature steam
cycle.vacuum transport

4. Low temperature Li, 0.
moderate temperature steam
cvcle, helium transport

5. Low temperature Li, 0.
low temperature steam
cycle. vacuum transport

6. Moderate temperature Li;O.

moderate temrerature,

gas turbine cycle.

helium transport

7. High temperature Li, 0,
high temperature gas
turbine cycle,
helium transport

1. Moderate temperature Li,0.

43% - -
43% -18.5M 0
43¢ ~15TM 0
43% -120M 0
4% 0 ~584M
42% -222M -5\
40% --308M -511M
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6.3.5, Conclusions

A number of interesting and very useful conclusions can be drawn from this
preliminary comparison of Cascade power conversion system options. First. relative
to the reference option. the use of a helium transport system results in a capital cost
savings of 519M. This is at the expense of greatly increased complexity. We believe
that detailed design and costing of the vacuum lock system will result in cost increases
=nd thus recommend that the vacuum transport system be retained as the reference

system.

Flow mixing or zoning of the Li,O increases outlet temperature by 260°C. This
is worth §120 to $157M on capital cost and thus is well worth working toward. If
fiowr mixing cannm be achieved. it s better to use larger heat exchangers and vacuum
transport ar a cost of $157M rather than to operate with lower efficiency at an equiv-
alent capital cost of $584M. At the low temperature conditions the relative penalty
of using vacum heat exchangers is increased to $37M. We still believe this penalty

is worth the impravement in system simplicity.

The moderate temperature gas turhine cvele results ir a small decrease in effi-
ciency and an increased capisal cost due to the need for high temperature materials in

the heat exchanger and vacuum lock. This results in a net overall penalty of §295M.

If high temperature can be achieved. the gas turbine system can achieve net
thermal efficiencies of 50% to 60%. Effective cost savings of $208M can result. This
gives strong incentive to pursue this goal. but the present system concept using a
direct contactor and vacuum locks greatly increases system complexity and technical

Tisk.

On the basis of these conclusions, we make the following recommendations for
the Cascade power conversion system. Retain the moderate temperature, steam cy-
cle. vacuum transport option as the reference design. This system is simple. uses
proven power conversion systerm materials and technology. and offers reasonably high

cfficiency.
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The high temperature gas turbine cycle is exciting and offers the potential for
very high efficiency. We recommend that some additional scoping work be done to
determine if a self-consistent system can be assembled that uses a SiC blanket layer
to get high peak outlet temperatures and ceramic heat exchangers to avoid the need
for a vacuum lock system. If this is possible, and if preliminary performance and
cost estimates look favorable, the high temperature gas turbine system could make

an attractive advanced power conversion system for Cascade.
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