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PREFACE

Our study on synfuels is intended to focus primarily on the engineering
aspects of coupling a tandem mirror fusion reactor (TMR) to a thermochemical
cycle for the express purpose of producing hydrogen. The hydrogen is then to
be used:

] As a portable fuel

] As a feedstock to synthesize other fuels such as gasoline or
methanol

. To produce other useful hydrocarbons, NH3, etc.

The detailed "how to* of hydrogen utilization is beyond the scope of
this report. We have concentrated soicly on the thermochemistry of the
hydrogen production process, although a brief Section 12 discusses "Synfuels
Beyond Hydrogen."

The physics data are supportive to the study and are based on the most

recent plasma theory and experiment. The model used is that of the tandem
mirror reactor and the physics parameters of MARS.
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1.0 EXECUTIVE SUMMARY
1.1 INTRODUCTIGN

This is the third annual report in a series by Lawrence Livermore
National Laboratory/University of Washington on the application of fusion
energy for the production of synthetic fuel. The fusion driver is the Tandem
Mirror Reactor (TMR) of the Lawrence Livermore National Laboratory. The
thermochemical process is based on the General Atomic sulfur-iodine cycle.
The product is hydrogen. QOur estimated costs for producing the hydrogen are
$12-$15/G.J,

The main body of the report essentially presents this year's work, but
builds naturally on the two prior years' progress. In this Executive
Summary, we will first highlight some of the major findings, new concepts
intraduced, progress made and conclusions arrived at over the course of the
three-year study. This will then be followaed by design specifics of this
year's work.

1.2 HIGHLIGHTS

» Qur major conclusion is that the concept of Fusion/Synfuels via the
Tandem Mirror Reactor (TMR) and thermochemical cycles has positive
potential and should continue to be an integral part of the
national fusion program.

The positive advantage of Fusion/Synfueis to the U.S5. and its
enerdy economy is that it is a replacement process. Synfuels can
replace oiil and nacural gas as a source of energy or be used in
conjunction with a plentiful coal resource to convert it to a more
useful form in an efficient way.

Since the exhaustibles--coal, 0il and natural gas--have a bank
account already fixed in geologic time and we continue to draw on
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this bank account in ever increasing amount, it is important to
begin to reverse this process. The reversal may be accomplished
in two ways that are complementary:

Making use of Fusion/Electric, which reduces the demand on
the exhaustibles

and
Utilizing Fusion/Synfuels, which adds to the bank account.

The production of hydrogen using thermochemical cycles continues to
have a demonstrated experimental base at the laboratory level with
positive progress. Production rates of 100 liters/hour have been
achieved. Production rates of 10,000 1iters/hour will occur in
CY82 or by mid CYB3 at Ispra, Italy, in the Christina project.

A thermochemical cycle for hydrogen production is a process in
which water is used as the feedstock along with a non-tossil high
temperaturz heat source to produce H2 and 02 as product gases.
Three cycies of about 25 cycles proposed worldwide continue to
dominate the production of H2 from water. These cycles are:

). The General Atomic Sulfure Iodine cycle {our design base}

2. The Westinghouse cycle

3. The Ispra cycle (our international collaboration backup).

Potential drivers for these thermochemical cycles that can provide
a viable energy source are limited. There are only three:

1.  The fusion reactor
2. The HGIR or VHIR

3. Saolar.
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Of the three drivers, the “usion reactor and the HGTR continue to
have an edge over solar concentrators due to the diurnal patyre of
solar and the need for thermochemical plants to be run gn 3

continucus basis.

Assuming that an econamically competitive fusian reactor can bes
created, the reasons for using a fusion reactor in preference to
the HGTR as an energy source for synfu2l production were pot
addressed within the conte, - of this study. Either could do the
Jjob, Both may be apprepriate.

The TMR has some advantage over the Tokamak for synfuely, due
principally to its relatively s‘mple central cell topolagy., When
further progress is made in increasing the Q of the TMR, it will
have the additional advantaye over both the Tokamak and the HGTR
of directly suppiying electri:ity for the bulk of the high temper-
ature SO3 decomposition process step rather than supplying high
temperature via thermal energy. This will allow the reactor
bTanket to run substantiaily cooler.

fhe design of a synfuel plant remains extremely complicated. It is
large--1like an o0il refineiy--and has many units to design_ in
working on the design of the individual parts rather thap the total
comnlex we were justifiably encouragad, through our conceptual
design results, to find that the compcnents perceived ty pe the
most diificult--the $U3 decomposer, the aésaq ot ler ang tae

fusion reactor blanket--2ll had potentially good design splutions
and also a credible materials base.

The Fusion Reactor/Synfuel total plant complex is substaptially
more difficult to analyze than a Fusion Reac.ur/Electrical P ant.
In this area of anal .is we have done some significant wgrk and
made substantial contributions in developing standardized
procedures for flow sheeting and for matching plant loaq )ijnes and

)
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temperatures io the energy source. The pracedures wiil be useful
for all combinations of energy sources and thermochemical plants.

[ The key engineering proolem in tne reactor area is the design of
the blanket. We have accomplished, by our own choitce, conceptual
designs for two basically different types or approaches. The
selaction of one over the other is both philosophical and sensitive
to future technologiral progress. The first design is a modest
temperature blanket operating as low as 875 K to as high as 950 K
exit gas temperature, This design relies on ¢le.trical heating (a
process we call Joule Boosting) to do the high temperature 803
decomposition sten in the ciiemical process. The second dasign is
for a high temperature blanket operating at 1150-1200 K maximum
exit gas temperature wherein the decomposition step is done
thermally. The efficiency of thc orocess using the modest tempe:-
ature blanket is about 38%. Not too surprisingly the =fficiency of
the process using the high temperature blanket is approximately
43%. The philosephical choice is based on whether one is more
comfortable at lesser efficiency with presentiy available materials
or at higher efficiency with a material that js yet to be
develgped. One must bear in mind that the LWR, at an etficiency
of 32%, is econamically competitive.

1.3 THE TANDEM MIRROR REACTOR DRIVER

Our study on synfuels focused primarily on the engineering aspects of
coupling a Tandem Mirror Fusion Reactor {TMR) to a thermochemical cycle for
the express purpose of praducing hydrogen from water. The hydrogen is then
to be used:

] As a portable fuel

. As a feedstock to synthesize other fue's such as gasoline or

methano?



] To produce other useful chemicals such as NH3.

The fusion reactor physics had a very strong bearing on our engineering
design and was an integral part of our study. This energy source uses the
0-T reaction, producing an energetic neutron and an alpha particle.

D+T=n (14.1 MeV) + a (3.5 MeV)

An artist's view of a TMR is shown in Fig. 1.1.

The Tandem idirror Reactor in this vear's report has a MARS(]’Z) (Mirror
Advanced Reactor Study) axicell design (Fig. 1.2). MARS is a Tinear magnetic
mirror fusion device which uses electrostatic end plugs to confine a steady-
state fusion plasma in a long solenoid called the central cell. The central
cell plasma is self-sustained by alpha particle heating (ignition). Contin-
uous injection of neutral beams arnd ECRH (Electron Cyclotron Resonance
Heating) are both reguired to maintain the end plug electrostatic poteitial
that confines the plasma and to pump out (by charge exchange) the ions wnich
get trapped into the negative potential of the thermal barrier. Maintaining
the thermal barrier significantly reduces the plug injection power require-

ments,

The central cell is the heart of the reactor, producing energy in the
form of 14.1 MeV neutrons and 3.5 MeV alpha particles. The kinetic energy
of the neutrons is recovered in a blanket surrounding the centrai cell
plasma. The charged particle energy is recovered in the direct converfor,
The principal design parameters used for the reactor in this year's study
are shown in Table 1.1. A typical reactor energy batance for our reference

design is shown in Fig. 1.3.
1.4 THE THERMOCHEMICAL PLANT PROCESS

The thermochemical process uses General Atomic's sulfur-iodine cycle,
The net result of this cycle, as Fig. 1.4 illustrates, is the thermochemical

decomposition of water to make hydrogen and oxygen using only water as the
feedstock, It fs a pure *hermochemical cycle (withaut electrolysis) and is
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Table 1.1 Design parameters for the Tandem Mirror Reactor as a driver for
the thermnchemical plant

Fusion power 3500 MW
Neutron power 2800 MW
Blanket energy multip., M 1.2
Blanket thermal power 3360 MW
First wall loading (ave.) 2.0 Mi/m?
Reactor 25.
Central cell iength 150 m
Direct convertor power (from alpha particles) 700 MW
Direct convertor power (from injector power) 140 MW
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Fig. 1.3 Power balance of a Tandem Mirror Reactor used for producing synfuels, @ = 25.0 and M = 1.20
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Fig. 1.4 The General Atomic sulfur-iodine cycle



described by the major reacticn steps shown in Fid. 1.4, Major parts of the
process are associated with separation and purification of the reaction
products. For example, a critical aspect for the successful operation of the
process is in the separation of the aqueous reaction products in reaction
{1). Researchers at the General Atomic Company have solved this problem by
using an excess of 12, which lezds to separation of the products into a

tower density liguid phase, containing HZSU4 and Hy0, and a higher

dersity liquid phase containing HI, 12 and HZO'

Reaction {2} shows the catalytic decomposition of HI, which is in the
purified 1iquid form (50 atm). Pure Hy is obtained by scrubbing out I, with
H,0

2 3

The equilibrium for reaction (3) 1ies to the right at temperatures above
1000 K, but catalysts or higher temperatures are needed to attain suffi-
ciently rapid decomposition rates below 1250 K, Catalysts are available for
this process, but careful consideration needs to be given to their costs
versus effertiveness.

1.5 REACTOR BLANKET DESIGN, THE CANISTER BLANKET WITH THE JOULE-
BOOSTED DECOMPOSER - CUR (PTION

This Canister blanket (Fig. 1.5) is one of two complementary blanket
designs we have studied for Synfuel applications which go with two decomposer
concepts. The Canister blanket as used here can be characterized as a medium
temperature blanket when used with the Joule-~Boosted decomposer (JBD). By
joule-boosting we refer to the utilization of electrically heated, commercial
SiC furnace elements in place of using a heat exchanger to transfer process
heat to the highest temperature step of the thermochemical process. The
General Atomic Sulfur-Iodine Thermochemical Cycle has, as its highest temper-
ature step (1100~1200 K), the thermal decomposition of S04 to S0, and 0,
(Step 3).

The most important advantage of this Joule-Boosted approach from the TMR
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Blanket standpoint is that the temperature requirements of the blanket car bg
reduced dramaticaliy. The exit temperature of the coclant from the Carister
blanket is as low as 825 K as compared with n 1200 K exit temperature for
our alternate design.

In this particular Canister blanket we have elected to use a ccmbin-
ation of solid lithium oxide as the moderator and helium as the coolant in
the belief that gas-cooled "dry" blankets offer distinct auvantages of
simplicity, safety and ease of startup and shutdown over those blankets using
some combination of water, Tigquid metals and/or molten salts, HWe alsp use
“in situ” tritium contral rather than slip stream processing to assure that
our hydrogen product is tritium free. In situ tritium control isolates tne
tritfum from the main helium flow. Recovery of the tritium js by an inde-
pendent purge cirruit.

The four candidate structural materials we examined were 316 SS, <-1/4
Cr -~ 1 Ko, Inconel 80OH and Tenelon. The siructural material selected for
the blanket is Tenelon (an Fe-Mn-Cr austenitic stair less steel}, chosen for
its low residual radioactivity. The waste disposal rating (WDR)* of Tenelon
is 0.40, a very low value which is desirable. This means that surface
disposal of spent blankets is acceptable and deep turial is not reguired. By
comparison the 2-1/4 Cr=Mo has a WDR of 15. Tenelon also has very attractive
neutronic performance and structural properties.

The summary and conclusions on this hlanket are divided into two prin-
cipal areas of design; (a) those having to do with the Canister structural
envelope followed by (b) the Canister maderating volume and hot shield, both
shown in Fig. 1.5. Succeeding Figs. 1.6, 1.7 and 1.8 illustrate the overall

assembly.

* The WHR is a measure of how much an activated material has %5 be dilutad
with inert material to provide for disposal.
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Fig. 1.6 Manifolding to ring headers is offset for assembly



Fig, 1.7 Ring module assembly
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Fig. 1.8 The ring module installation is straightforward - Solencids stay in place
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1.5,1 The Canister Structural Envelope: Data Summary and Conclusions

Table 1.2 1lists the significant set of numerical values for the Canister
envelope 2r& tirst wall structure. The principal features of the design can
hz summarized as follows:

a) The Canister structural envelope, including the first wall, is
purposely designed to run cooler than the moderating elements
inside it; the maximum envelope temperature of only about 731 K is
maintained by a separat¢ helium coolant circuit. This is called
the cool container concept.

b) The relatively cool structural temperature allows the Canister
envelope to serve as a pressure vessel for the 5 MPa helium
coolant flowing through the blanket moderating volume.

c) The combined hoap and thermal stress in the first wall is only
aboui half the yield stress of the Tenelon atloy we have selected
and Tess than 40% of the minimum stress for rupture in 3 years,

d) The fractianal pressure drop in the first-wall helium coolant is
only about 0.10%, resulting in a very small ratio of pumping power
required to thermal power removed of only 0.17%,

e) The "cool container" concept allows great flexibility ir the
design of the Canister itself as well as the design of the tube-
bank breeder blanket and hot shield inside it.

f)  There appears to be sufficient strength of the Tenelon to allow
moving the Canisters closer to the plasma up to a neutron wall
ioading of almost 5 MW/mZ. This has the pos:ible advantage of
decreasing the size and cost of the blanket and central cell
magnet coils [at the expense of muc. shorter blanket lifetimes).



Neutronics of Plasma Heat Loads

Design neutron wall loading, N
Pcssible max. neutron wall loading
Volumetric heat generation

Incident charge. particle flux to FW

Structural

Plate thickness, first wall
Material

Maxinum material temperature
Maximum combined stress

2/3 yield stress, Tenelon at 750 K

Thermal-Hydraulic of First Wall Flow

Coolant medivm

Pressure

Inlet temperature

Qutlet temperature

Raynolids No.

Nusselt No.

Flow velncity

Pressure drop

Pumping power/half Canister
Power removed by first-wall coolant
per half Canister

% pumping power in cooling the
first wall

Table 1.2 The Canister structural envelope and first wall data sumary

2 MW/ml
5 Mi/m?

18.24 MW/m> for Iy = 2.9

2 x 10% w/mé

0.006 m
Tenelon
731 K

136 MPa
275 MPa

Hetium

5 MPa

525 K

625 K

5676

20.3

10.18 m/s

5158 Pa {< 1.0 psi)
210 W

0.12 MW
0.17%



1.9.2

The Canister Moderating Volume and Hot Shield

Table 1.3 Tists the Canister moderating volume and hot shield perfor-
mance data. The principal features of the design can be summarized as

follows:

a}

b)

c)

d)

e)

f)

The concept of the use of a solid LiZO breeder material inside of
tubes arranged as a two-pass, cross-flow heat exchanger appears to
be very attractive.

This arrangement separates the tritijum from the main helium flow
wnich reduces the tritium recovery problems and makes the
isolation of the tritium from the synfuel plant very effective.

The small purge helium flow inside the tubes for removing tritium
from the L120 need only be at one or two atmospheres lower
pressure than the main helium coolant flow to ensure that almost
no tritium will get into the main flow in the event of a leak,
This aliows the hot tubes to be thin and still gperate at very low
stress levels, since they are almost pressure balanced,

The closely-spaced, cross-flow tube bank arrangement results in
almpst uniform tube wall temperatures around the circumference and
high heat transfer coefficients; this helps to avoid hot spots on
the tube walls.

The maximum tube wall temperature is only about 810 K at the worst
point (near the exit of the second breeder section); it is only
about 758 K where the combined stresses are a maximum of 5.6 MPa.
These stresses are very low for Tenelon, about 3% of the 3-year
rupture life.

The maximum and minimum LiZO temperatures are 962 K and 666 K,
respectively. This range of temperatures should result in good
tritium release from the L120 and low tritium inventories.
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Table 1.3 Summary of the canister performance data

Overall Central-Cell Blanket

Number of ring modules
Number of half Canisters/ring module
Number of tubes and rg’s/half Canister
Neutronics
Volumetric heat generation near
the first wall for Iy = 2.0 Mwlmz:
L120 cartridges
Tenelon tubes

Structural : Tubes

Tube and rod material

Tube outer diameter

Tube wall thickness

Tube nominal length

Maximum hoop stress

Maximum thermal stress

Maximum cOMBined stress

Tube wall temperature {(at exit of TA

region where stress is maximum)

Creep rupture stress of Tenelon at 758 K (3 yr)

Struciural: Tritium Breeder Material

S01id breeder material
Percent theoretical density

Assembled shape

75
36
542

13.5 M /mo
18.0 Mu/m3

Tenelon
0.020 m
0.0005 m
2.0m
4.0 MPa
2.7 MPa
6.7 MPa

758 K
250 MPa
Li 0
90%

Hollow cylinder



Table 1.3 con't.

Structural: Tritium Breeder Material con't

Inner diameter

Outer diameter

Maximum thermal stress (estimated)

Tensile fracture stress (estimated)

Maximum temperature at inner surface
(at exit of turnaround zone)

Minimum temperature at inner surface

(at inlet to first breeder zone)

Thermal-Hydraulics of lTube Bank

Coolant

Pressure

Inlet temperature

Gutlet temperature

Minimum gap between tubes
Maximum Reynolds number

Maximum fiow velocity

Average heat transfer coefficient
Pressure drop inside Canister

Pumping power/half Canister

Power removed by tube bank coolant/half Canister

% pumping power in booling Canister tube bank

0.006 m

0.017 m

A 35 MPa
~ 69 MPa
962 K

666 K

Helium

5 MPa

625 K

825 K
0.002 m
~ 34,000
16 m/s
A 2000 W/m=K
0.016 MPa
5.71 ki
1.12 MW
0.51%



g) The fractional pressure drop across the tube bank is only 0.32%,
which results in a ratio of the pumping power required to the
thermal power removed of only 0.51%.

h) A great deal of refinement and optimization of the tube bank design
is possible, since same tailaring of the tube diameters and
spacings can be used tc compensat2 for the near-exponential
decrease in the internz) heat generation.

1.6 REACTOR BLANKET DESIGN, THE CANISTER/HIGH TEMPERATURE AXIALLY ZONED
BLANKET WITH THE FLUIDIZED BED DECOMPOSER ~ OPTION 2

The Canister blanket discussed here is a high temperature design to be
used in conjunction with the medium temperature design discussed in Section
1.5. This high temperature design does not breed tritium but instead relies
upon the medium temperature design to provide the tritium breeding. The high
temperature energy partition is accomplished by axially zoning the TMR into
high and medium temperature zones as shown ir Fig. 1.9. The required
fraction of axial length for high temperature thermal energy involves a
tradeoff between the fraction of high temperature energy supplied to the
thermochemical pracess and the overall tritium breeding ratio.

Tritium breeding was excluded from the high temperature blanket to allow
dirvect coupling with the 50, decomposer (1100 K) without concern for tritium
contamination of the thermochemical process. An intermediate heat exchanger
could be used tp provide tritium isolation; however, this would increase
maximum blanket temperature (from 1175 K to about 1375 K} to account for the
necessary temperature differences in the heat exchanger. This was not
considered to be an acceptable option at this stage of the study.

The primary advantage of providing high temperature thermal energy
direct to the decomposer is the higher thermal energy utilization., The
overall plant efficiency when using the direct-coupled fluidized bed
decomposer is 43% as compared to 38% for the medium temperature blanket and
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the Joule-Boosted decomposer. The primary disadvantage is the problem of
finding materials with acceptable strength and chemical properties operating

at ~ 1100 K. -

The design philosophy for the high temperature blanket is very similar
to the medium temperature blanket. A gas-cooled Canister design was
selected as shown in Fig. 1.10. It is intended to fit into the same modular

structure shown in Figs. 1.6, 1.7 and 1.8.

1.6.1 The Canister Structural Envelope: Data Summary and Conclusions

Table 1.4 1ists performance data for the Canister envelope and first
wall structure. The principal features of the design can be summarized as

foliows:

a) The Canister wall is cooled by helium entering at 750 K and
exiting at 800 K. The maximum wall temperature is 835 K and
occurs at the "nose" of the Canister.

b} The relatively cool Canister wall allows the Canister to serve as
the pressure vessel and contain the system pressure (50 atm).

¢) The arrangement of Canisters is such that they are mutually seif
supporting. The stresses of concern are primarily thermal
stresses and hoop stresses in the nose region. The hoop stress
for a 6-mm-thick wall is a reasonable 170 MPa (13000 psi).

d) The pressure drop through the 3 mm coolant channel is 0.56 atm,

1.6.: The Canister High Temperature Region

Table 1,5 lists performance data for the high temperature region. The
principal features of the design are summarized as follows:
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Table 1.4 The high temperature Canister structural envelope and first wall
data summary

Neutronics of Plasma Heat Loads

Design neutron wall loading 2 Mhllm2

Volumetric heat generation 18.34 Md/m?
Structural

First wall thickness 0.006 m

Maximym wall temperature 835 K

Maximum hoop stress 110 MPa

Thermal-Hydraulics of First Wall Flow

Coalant Helium
Pressure 50 atm
Inlet temperature 750 K
Outlet temperature 800 K
Channel thickness 0.003 m
Reynolds No. 28800
Nusselt Na. 74.5
Flow velocity 59 m/s
Pressure drop 0.56 atm
Maximum wall temperature 835 K
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Table 1.5 Summary of the high temperature Canister pe~formince

Neutronics
Volumetric heat generation:
for FN = 2.0 MH/mZ:
Spheres (average)
Spheres (maximum)

Structural
Sphere dijameter
Core support wall thickness
‘nlet channel thickness
Insulation thickness
Maximum sphere thermal stress

Thermal Byaraulics

High temperature region overall:

Coolant
Pressure
Inlet temperature
Outlet temperature
Pressure drop
Sphere bed:
Reynolds No.
Superficial flow velocity
Heat transfer coefficient
Pressure drop
Maximum temperature
Inlet Channel:
Reynolds No.
Flow velocity
Hea. transfer coefficient
Pressure drop
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17.5 Md/m>
34.1 Md/m3

0.015 m
0.003 m
0.025 m
0.01 m
12.8 MPa

Helium
50 atm
1140 K
1160 X
0.164 atm

34000
16 m/sec
1778 W/m°-K
0.021 atm
1175 K

91300
31 m/sec
1125 W/mé-K
0.011 atm



a)

¢)

e)

f

1.6.3

The non-breeding high temperature neutron mederating region is
considered to be a porous bed of 15 mm diameter silicon carbide
spheres. {While spheres were used for the current desiga, other
forms could possibly be used to advantage.)

The high temperature region is separated from the Canister wall by
the first wall cooling channel, an insulated wall, and the inlet
flow channel, The insulated wall reduces the heat loss from the
high temperature inlet stream to the first wall coolant.

The total energy available at high temperature is 88%. The
remaining 16% is lost to the first wall coolant (12%) and to the
shield {4%).

The high temperature region cperates at 50 atm and is pressure
balanced with the first wall coolant. The high temperature

strecture need only be self supporting.

The pressure drop of the primary helium fTow through the entive
Canister is 0.17 atm.

The maximum structural temperature is estimated to be 1175 K.

General Conclusions

Since the high temperature Canister blanket must operated in conjunc-
tion with the medium temperature blanket and synfuel plant, the following

general conclusions are made:

a)

Axial zoning is an attractive option for a fusion reactor designed
ta praduce high temperature heat for a synfuel plant. The
physical separation of the high temperature energy recovery and
tritium breeding has the virtue of blanket module simplicity.
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b) Since the high temperature blanket does not breed tritium, the
medium temperature blanket must be a high breeder for the overall
breeding ratic to be 1.1. This would irequire the use of a neutror
muitiplier to enhance the tritium breeding ratio to > 1.4. Of
the options considered thus far, the most promising appears to be
a L1,0 design with a fead-zirconate multiplier.

c} Absolute helium pressure of avout 50 atm is necessary to maintain
acceptable pressure drop. The system pressure is contained by the
specially cooled first wall (pressure boundary) and helfium
transport piping. The heat exchanger tubes of the fluidized bed
decomposer must also contain system pressure and at high

temperature.

d})  The direct-coupled high temperature blanket concept presented here
offers a high thermal efficiency for hydrogen production. The
success of realizing this efficiency will require a high breeding
medium temperature blanket and a successful heat exchanger design

for the 303 decomposer,
1.7 "IN SITU" TRITTUM CONTROL - PRODUCING A TRITIUM-FREE HYDROGEN PLANT

We propose to fill the tubes shown in the Canister blanket moduie of
Fig. 1.5 with half washers or split rings of Lizﬂ. The advantage of this
shape is that the LiZO carirides are "pre-cracked" axially and radially so
that thermal stress problems can be minimized. The sub-assembly is thus a
long tube filled with half washers or split rings, as shown in Fig. 1.11.
These filled tubes are assembled ;n the Canister normal to the helium
coolant flow. 7Tne tubes are rigidly mounted in a tube sheet at one end of
the blanket only, to allow for thermal expansion.

Purge flow helium is introduced into the annular gap around the outside
of the LiZU and returns through the tube center for tritium removal. The
purge flow quantity may be less than % aof the total flow. This circuit is
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completely separaie from the main stream helium. The purge helium pressure
is adjusted to be slightly less than the main flow helium pressure, The
assembly of tubes are mutually supporting, separated by helically wound
wires or by staggered rings.

The tubes must have low permeation for tritium since the main reason
the tubes are used is to minimize the tritium release from the L120 to the
main helium coolant stream., The other reason for placing the LiZU in a
tube container is to protect the Lis0 from possible disintegration due to
the high velocity helium flow or chemical attack by trace impurities in the
main helium flow.

The practical metals, such as our design choice of Tenelon, for use as
Canister material or high temperature heat exchangurz are too permeable to
tritium to act as significant barriers. A thin coating (10¢ ,m) of sili-
conized SiC on the inside or the outside of each tube would gr:atly reduce
the permeation of tritium into the main heiium coclant. At the operating
temperature it can be postulated that the coating is self healing. It is
calculated that only 900 std cc per day wouid permeate at 950 K into the
main coolant, By sl1ip stream processing 10~% df the main helium coolant for
tritium removal following the in situ control, the amount permeating into our
intermediate process steam cycle, for example, would b2 only ! std cc/day.
This assumes another permeation barrier such as alumina is used on the tubes
in the intermediate heat exchanger.

1.8 PROGRESS IN NEUTROMICS

In addition to the development of the neutronics data base racessary to
support the present design of both the Joule-Boosted and the two-zone
blankets, neutronics results have been obtained which have more general
significance,

The combined use of a high density solid lead neutron multiplier
together with a Li20 breeding region makes a very versatile and Synergistic
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combination. Such a combination is very atiractive in achieving acceptable
tritium breeding rates with relatively thin plankets, very high tritjum
breeding rates (for auxiliary tritium supplies), or increasing energy deposi-
tion in a hot shield. Although lead zirconate (erPb3) has been used in the
present work, some other solid lead compound might also be used if Zr5Pb3 is
unacceptabTe for some reason.

The presence of a high Z material immediately uehind the first wall has
been shown to be an effective method for reducing the first wall power
densit, for a given first wall loading. This result is produced by prefer-
ential absorption of gamma rays in the high Z material.

Tenelon has been shown to be a very attractive structural material. The
combination of impressive neutronics performance together with high tempera-
ture materials properties is impressive and perhaps unique among structural
materials that have been studied thus far.

1.9 THE JOULE-BOOSTED DECOMPOSER

The Joule-Boosted decomposer uses electrical energy to heat SiC heating
elements to almost 1300 K. Such a decomposer design is depicted in Fig.
1.12. Large SiC heating elements, ~ 5 cm in diameter and 3-m long, are
arranged vertically with the process gases fed in crossflow, very similar to
commercial crossflow shell and tube heat exchangers. The high effectiveness
of this decomposer is evident from Fig. 1.13 where the conversion frac.ion is
~ B4%, compared to 64% for the fluidized bed decomposer, our parallel design.
The former can run 200 V¥ hotter as a result of the Joule Boosting.

1.10 THE FLUIDIZED BED DECOMPOSER

Figure 1.14 illustrates a decompcser whinh provides the pecessary
production of SUZ by efficiently using the high temperature heat from the
two-zone blanket, our alternate blanket design. The decomposer is a cata-
1ytic fluidized bed reactor operating at 1100 K. The unit contains internal

Ry PN AP W WTE AES PSP SR SRS wR rAe
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heat exchanger tubes to provide the heat for the highly endothermic 503
decompositior. A 65% conversion can be obtained using a Cu0 catalyst, if
sutfation of the substrate does not berome a problem around 1050 K, or a
more expensive platinum catalyst on a titania support can be used if

sulfation is a serious prol lem.

1.1 MATERIALS

Far the selection of materials in the corrasive atmosphere of tha GA
cycle four equatiogns describe the four sections of the thermochemizal plant:

Section { S0, + xI, + Hy0 $H,50,(1) + 2HI(1)
Section 11 HS0, + Hy0 + 50, + 1/2 0,

Section II1 201, > 2HT +(x-1)1,

Section IV HI + Hy + 1,

An extensive materials testing program be carried cut by GA during the
process development effort, Since sulfuric acid is common to other thermo-
chemical cycles and is industrially significant, other werkers have exten-
sively investigated materials for the H2504-H20 system which we have taken
advantage of in chposing materials.

A great deal of data exists on corrosion in iodine systems. Table 1.6
presents a summary of the test results. Early results indicated that niobium
was an additional material impervious to attack by the HI-IE— 20 solutions
typical of the main solution reactor, but the most recent work regarding the
effezt of the H2504 upon the system guestions the use of niobium in this
portion of the process. Tantalum can be substituted for the niobiym, at
higher cost, but this has not been done in the present equipment design.

Although glass-lined steel is an jdeal material for use with the
HI-IZ-HZG system, it 35 unavailable in the equipment sizes required for the
TMR-powered plant, Flugrocarbon-Tined steel performs the same function and
is available in the desired equipment sizes.
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Table 1.6

Material candidates

for handling process fiuids containing HIx and IZ

TEMPERATURE MATERIAL CANDIBATES FOR:
PRINCIPAL RANGE HEAT EXCHANGERS, VESSELS, PUMPS AND
UNIT-DPERATIONS FLUIDS o¢ K HARDWARE
MAIN SOLUTION REACTION | S0p+ 1+ Hpd — 125 398 | GLASS-LINED STEEL: CERAMILS - SiC, A1;04, CARBOR
Hi, + HS0, (55 w4 ACID) ;Lglﬂgggmg:« PLASTICS lrng“srn‘:lllsgs GRAPHITE
1, ANO Hy0 SEPARATION H), + HiPD, 120-158 393-431 | GLASS-LINED STEEL; HASTELLOY B-2;
TANTALUM-LINEB STEEL; FLUDROCARBDN PLASTICS
1; RECYCLE I 120 393 | HASTELLOYS B-2, B, C-276; GLASS
DEEOMPOSITION OF Hl, (LOW H,0);15: Hy 120 393 | WASTELLOY B-2: GLASS—LINED STEEL;
tauo Hi, FLUGROGARBON PLASTICS:

n-a1-0




Material selection for Sections IXI and 1V is similar to that selected
for Sections 1 and II. The information in Table 1.7 is applicable to the
sulphuric acid section of the process.

1.12 A PLOT PLAN FOR THE HYDROGEM PLANT

An artist's conceptual drawing of the plot plan as given in last year's
report is shown n Fig. 1.15. Changes in this year's design did not
materially affect space requirements, so this plot plan stiil gives a rough
jdea of the approximate land area and relative sizes of tihe TMR nuclear
island, turbine generator, steam generator and process he.t exchanger
building, as well as the rest of the chemical plant. We conclude fram the
plot plan that this plant is quite compact, and raises no new issues
regarding heat transport distances, safety, etc.

1.13 PROGRESS IN MEETING THE HIGHM TEMPERATURE REQUIREMENTS OF THE PROCESS

Roughly 22-25% of the energy demand of the thermochemical plant is at
high temperature (> 1050 K} and is requirad to decuompose 503 to 502, which is
the Tinal step (n the H,50; decomposition. The remaining energy requirement
is at much lower temperature.

Our introduction of the Joule-Boosted decomposer concept is an important
system improvenent in Fusion/Synfuels compatibility allowing very high 503
decompasition temperatures (~ 1250 K} to be provided electrically but
significantly relaxing temperature demands on the reactor blanket to as low
as 825 K exit gas temperature., This Joule Boosting works by using the unigue
high voltage direct current output from the TMR plus some additional elec-
tricity that is thermally derived from the blanket. The electric power
produces high temperatures using electrical heating elements right in the
decomposer itself rather than del; ‘ering high temperature process heat,

A fluidized bed decompaser, which we also introduced during the course
¢f our study, requires the use of higher temperature ~ 1200 X blankets,
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6-1

Table 1.7 Candidate materials-of-construction for sulfuric acid

APPROXINATE WATERIAL CANDIDATES FOR:
PRINCIPAL
UNIT OPERATION FLUIDS FLUID TEMPERATURES HEAT EXCHANGERS, VESSELS, PUNPS
o rm AND OTHER HARDWARE
WAYW SOLUTION REACTIDN | S0 71+ 0 ——~ %5 388 | GLIWS-LINED STEEL; CERAMICSSIT,
W s A1;0, CARBON;
x * HpS04 (5w 8} FLUOROCARBON IMPERVIOUS GRAPHITE
PLASTICS & ELASTOMEAS; _TANTALUM
CONCENTRATION WSO,  S5-BSwi% | 95-150 | 368-423 | HASTELLOVSE-2 GLASS OR
DR C-216 BRICK-LINED STEEL
IMPERVIOUS GRAPHITE
GONCENTRATION S0,  G5-75wi% | 150180 | 423453 | MASTELLOVSD-2 GLASS OR
DR C-276 BRICK-LINED STEEL
IMPERVIOUS GRAPHITE
CONCENTRATION S0y T5-9Bwi% | 160820 | 153-693 | BRICK-INED STEEL;CAST Fe-Awt%Si
VAPOR FORMATION WSOy —Hp0+50; | 330-600 | 603-873 | BRIGK-UINED STEEL; CAST Fe_ T4 wEK &
AND DECOMPOSITION SILICIDE GOATINGS ON STEEL; HASTELLOY G
VAPDR oy | el -850 OATING
DR DECOMPOSIT N0 4503+ 1205 500 8731123 | INCOLOY B00H WITH ALUMINIDE C!

Tr-e38-0
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The fluidized bed is also a significant system improvement in reducing
blanket temperatures compared to its pebble bed predecessor that started our
study. Figure 1.16 illustrates very vividly how we have been able to reduce
bianket temperatures using fluidized bed or Joule Boosting.

1.14 MATCHING POWER AND TEMPERATURE DEMANDS - PERFORMANCE AND EFFICIENCY
EVALUATIONS FOR THE JOULE-BOOSTED DECOMPOSER

1.14,1 Option 1

In order to satisfy the interfacing requirements, the Tandem Mirrcr
Reactor (TMR) interface must be designed to supply all the electrical and
thermal power demands of the thermochemical plant (TCP) after satisfying all
the TMR internal and auxiliary demands., In addition, the TCP thermal power
demands must be supplied to each section of the synfuel plant at the correct
temperatures. The heat exchangers, steam generators and power plants which
comprise the actual interface are shown on Fig. 1.17 in greatly simplified
form for the Joule-Boosted decomposer (JBD) concept.

A straightforward procedure has been presented for performing the inter-
face power and temperature matching between the TMR and the thermochemical
plant (TCP) for preliminary design purposes. For the Joule-Boosted decom-
poser (JBD) concept, an overall TCP efticiency of about 30% is predicted for
the reference case (with a steam power plant efficiency of 35%). Improve-
ments in the thermochemical plant which reduce the thermal demand by 100
th/mnle H2 and the electrical demand by 20 kJE/mule H2 can raise the TCP
efficiency to about 36% (using the improved estimate of the steam power
plant efficiency of 38%).

This TCP efficiency appears to be achievable with remarkably low helium
coolant temperatures compared to most other processes for synthetic H2
production. The helium exiting the blanket and direct converters need only
be at about 825 K, while the helium exiting the first wall need only he at
about 625 K. This should lead to a very credible and cost-effective synfuel
plant.
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1.14.2 Option 2

Option 2 is concerned with the direct transfer of high temperature
thermal energy from the TMR to the thermochemical process. This is done by
replacing the Joule-Boosted decomposer with a fluidized bed decomposer (FBD)
which is driven by a helium transport loop from the high temperature blanket

as shown in Fig. 1.18

By using the same data and by following the same methodology as for
Option 1, the FBD achieves an overail efficiency of 43%. This requires that
34% of the blanket thermal energy be delivered at 1160 K with a return stream
temperature of 1040 K, The remaining lower temperature thermal energy is
supplied at a maximum of BZ5 K with a return stream at a minimum of 525 K.

The successful use of the FBD concept will require resolution of two
important issues. The first issue is the simultaneous satisfaction of the
required high temperature energy fraction and tritium breeding, Since the
high temperature ble:ket does not breed tritium, all tritium production must
be done in the Jow temperature blanket. The second issue is a satisfactory
design of the 503 decomposer heat exchanger. The current FB0 operating at
7 atm and 1100 K must have a heat exchanger tube design to contain the
primary helium at 50 atm and 1160 K. With resolution of these issues the
FBD concept can offer a greater degree of thermal utilization for the TMR.

1.15 COST OF PRODUCING THE HYDROGEN

The production of hydrogen using the TMR energy scurce and the GA
thermochemical cycle has good economic promise. Our preliminary cost esti-
mate indicates a price of $12/GJ for the FBD and $15/GJ for the JBD (1980
dollars). 1In comparison, a baricl of 0il price. at $50 at the wellhead and
valued at $75/bbl1 after refining has a cost of $12.30/GJ.
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1,16 CHEMICAL PLANT OPERATIONAL DEPENDABILITY

With an appropriate degree of process unit redundancy that we have
included, we can predict a high, combined TMR/chemical plant availability of
A 74%, and this figure is included in our cost figures for the hydrogen
produced,

1.17 PROBLEM AR[AS

Blanket design remains an area of principal concern put s progressing
well. Even with Joule Boosting or fluidized bed decomposers relaxing the
temperature demands of the blanket, the design is difficult because of the
myriad demands the bTanket must satisfy. Much more attention is needed here.
This concern is true for all bilankets--for synfuels, for electricity. for
co-generation, for hybrids. We feel that we have converged on a highly
effective design approach using the non-flowing lithium-oxide blanket module
with helium as a coolant. The module shows strong promise of being
functijonal over a range of temperatures useful for synfuel production for
electrical power production, or both.

In the chemical plant we wish to make substantial improvements in the
Hl separation and purification. This process requires a large amount cf
power and has high capital costs {~ 1/3 of the chemical plant).

The fluidized bed decomposer also needs additional design develgpment
for its high temperature and pressure service in a hostile chemical environ-

ment.
1.18 RECOMMENDATIONS FOR FURTHER STUDY

Qur analytical strdies have been very fruitful and produced innovative
ideas and technical ccntributions that help to lend good credibility to the
Fusion/Synfuel tie. we recommer ! that the conceptual design for the reactor
and chemical plant components continue to be refined and that an experi-
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mental program to complement or verify the conceptual design efforts be
initiated. There are numerous process elements in the chemical plant that
we have identified for technical or economic improvement and these should be
studied. We should increase our understanding of the overall process and
the system integration.

Specifically we would recommend the following for the near term.

(] Continue the purely analytical studies in greater depth and couple
them to experiments that the analytical studies suggest. We
particularly cite the following:

(] fefine the helium-cooled Li20 blanket designs.
- Medium temperature (breeding)

- High temperature (non-breeding}

[ Fabricate and test laboratory-scale components of a Li20
blanket module.

® Obtafn experimental property data on Lizo.

[ ] Obtain property data on low activity structural materials for
the blanket.

it should be noted that these areas would Le of value to the
entire fusion technology community.

[ ] Continue design development of a high temperature thermally driven
So3 decomposer.

. Optimize system interfacing to enhance thermal energy use and
reduce cost.
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2.0 MOTIVATION FOR THE STUNY

It seems evident that thz U.S5. must have domestic sources of energy,
both to fuel our electrizal plants and to respond to our other areas of
energy flow in portable fuels for the transportation, industrial, residen-
tial and commercial sectors. Energy self-sufficiency is vital to this
country's weli-being and we must work to that end as a national goal. In the
long term we= expect that this energy will be provided by the fusion reactor
as an energy driver for Fusion/Electric plants and the complementary Fusion/
Syntual plants. The output of the Fusion/Synfuel plants will be hydiogen.

The hydrogen produced is to be used as a portable fuel or as a feedstock
for other portable fuels of more complex molecular structure; methane,
methanol, gaseline, for instance. A reminder of the extreme importance to
the U.S. economy of synthesizing these portable fuels is suggested by Fig.
2.1, the familiar spaghetti chart showing our U.5. energy flow for 1979 and
how it is distributed in the consumption process; roughly 73% used as fuels
and chemicals, and 27% used for electricity generation. As these non-
renewable energy supplies of 0il, coal and gas predictably diminish in the
early decades of the 21st century and are replaced by the renewables--fusion
being one of these--it seems clear that not oniy must the renewable energy
sources produce electricity but they also must produce fuels and chemical
feedstock in even greater quantity.

Beyond postulating a method for producing fuel there is a logical case
for studying synthetic fuei production in conjunction with the fusion
reactor. At least three objectives important to fusion are served by these

fusion/synfuel studies:

1. The base for fusion's applicability to our future national overall

energy needs is broadened.

2. Fusion reactor studies for the production of electricity gain
measurably by the reactor designs carried out for synfuels. Different

n
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scientific disciplines become involved. Different industrial partners

become aware of fusion.

3. The timiag of fusion's availability and the need for synfuels
coincide. Ab~ut the time when fusion energy scurces are on the threshold of
commercial reality, synthetic fuels will be needed to bolster the waning
supplies of the exhaustibles. Figure 2.2 illustrates the rise and fall of
our various exhaustible energy sources starting with wood from 1850 up
through the 2000's., Somewhere around 2010 or perhaps a decade thereafter
tiore is a high probabiltity of an energy shortfall and it is then that fusion
must begin to be commercialized using the inexhaustibles.
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3.1 GENERAL DESCRIPTION OF THE REACTOR AND ITS PHYSICS

The Tandem Mirror Reactor in this year's report has a MARS(1’2) {Mirror
Advanced Reactor Study) axial design (Fig. 3.1). MARS is a Tinear magnetic
mirror fusion device which uses electrostatic plugs to confine a steady-
state fusion plasma in a Tong solenoid, called the central cell. The central
cell plasma is self-sustained by alpha particle heating (ignition), while
continuous injection of neutral beams and ECRH {Electron Cyclotron Resonance
Heating) are regquired to maintain the plug electrosta*ic confining potential
and to pump out (by charge exchange) the ions which get trapped into the
negative potential of the thermal barrier. Maintaining the thermal barrier
moderates significantly the plug injection power.

The primary motivation for the modification of the previous MFTF-B
A-cel] Geometry(3’4) {FY 1981) to the present axial configuration is its
improved engineering promise as a fusion reactor. A comparative eva]uation(
of several end plug configurations for tandem mirror fusion reactors with
thermal barriers led to the selection of the axicell configuration for its
highe.: Q-value, lower plug magnet capital cost, and reduced radial transport.
In addition, the axicell operating mode is also required to prevent trapped
particle instability as it is presently understood theoretically. In com-
paring the axicell configuration to the previous A-cell geometry, one sees
a number of differences which significantly affect the reactor physics per-
formance, the most obvious being the different magnet sets at the end of each
reactor (Fig. 2). In the A-cell TMR, ECRH in the A-cell establishes the peak
potential barrier to confine the center-cell ions, and the yin-yang plug
retains the function of providing MHD stability to the whole configuration.
The functions of electrostatic confinement and MHD stability were separated
to allow the A-cells and the yin-yang cells to be better optimized to achieve
their respective functions.

5)

In the axicell configuration, the axicell is formed by two circular,
high-magnetic-field coils at each end of the central cell. The highest
magnetic field generated helps to obtain a sufficiently high
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central cell density relative to plug density and results in a suffi-
ciently high Q value. The combination of magnetic constriction and
reflection from a potential peak formed by mirror trapped ions in the
axicell throttles the flow of jons to the end cells. Those ions con-
fined in the central cell by the axicell see only axisymmetric magnetic
and electrostatic fields. There is a minimum fraction of central cell
ions that must De confined by the end cells to stabilize the trapped
particle mode(S) which is a curvature driven electrostatic instabil-
ity sensitive to the fraction of particles passing between regions

of good and bad magnetic curvature, becoming severe in configurations
having a small fraction of such particles. Regulating this mirimum
flow of ions from the axicell Ted to redesigning the ion confining
potential in the yin-yang cells so that more ions reach the end
regions. Fig. 3.3a illustrates the magnetic field variation along

the axis generated by the axicell magnet configuration of Fig. 3.2.
The anchors at the ends of the reactor have the function of providing
MHD stability to the whole configuration. Figs. 3.3.b and c show the
ambipolar potential and the density profiles at one end of the reactor,
These are tailored by the magnetic field, ECRH heating, and neutral
beam injection:

e Neutral beams in the axicell generate the first ion confining
potential and fuel the central cell {since the lowest axicel}
mirror magnetic field is toward the central cell).

® Neutral beams in the transition region are used to pump out
particles (by charge exchange and alsoc to fuel the central
cell. The ions formed have enough epergy to pass over the
axicell potantial hill into the central cell but not over the
potential peak (¢c) at the ends of the reactor.

» Meutral beam injection off-midplane in the anchor (point 2')
forms sloshing ions which bounce back and forth in the yin-yang
cell, creating density maxima near their turning points. These
ions help form the final ion confining potential (¢c) and the
potential barrier which separates central-cell and yin-yang
electrons. The injection of beams on the inside of the yin-
yang is preferred to avoid the cooling effect on the ECRH
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heated electrons in the potential peak ¢c by the newly formed
electrons from the injection,

® ECRH at the thermal barrier minimum (point b) serves to reduce
the fraction of cold central cell electrons passing into the
anchor and confine them magnetically. A reduction of the cold-
electron density reguired for quasineutrality further deepens
the thermal barrier potential minimum.

#® ECRH heats electrons trapped within the outer peak in ion density
in the anchor. This heating increases dramatically the height
of the corresponding potential peak forming the final ion
confining potential.

In combination with the magneviz and potential shapes along the axis,
high energy neuiral beams and electron cyclotron resonance heating
give ion and different electron temperatures and average energies
at aifferent locations in the reactor. Fig. 3.4 shows the resulting
density profiles in the end cells. The passina-ion and electren
density at different points can be scaled from their respective central
cell densities by integrating an assumed distribution function of the
particle species aover the passing region, for each kind of considered
particle, at the chosen point. Hot ions and electrons are magneti-
cally trapped in their respective wells (u-trapped)}. The trapped
cold ions are one of the principal reasons for the use of sloshing-
ions in the end cells of TMR's because they help stabilize loss cone
modes.

We see in Fig. 3.4 that a concentration of thermalized alpha particles
has been included in the plasma model. This reduces the Q value by
approximately a third. On the positive side, the now ignited central
cell can provide some power to sustain @ plasma halo outside the
central cell plasma dense enough to shield the plasma from impurities,
and pravide a means of veducing the central cel) radial electric
field and associated ExB rotation.
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3.2 THE PLASMA MODELING CODE

3.2.1 General Desoription of the Plasma Model

The plasma is assumed to have radial density profiles ef the form

X

fic © Noc (1 b %i.) P
where the profile parameter Xpis an input value. Different density
values along axis are calculated by a scaling from the central cell
density, {integral over velocity of assumed distribution functions
over the passing regions of the particles). 1In all other respects,
the model is zero-dimensional. The equations used are steady state
sb that the model cannot deal with reactor startup and particle
build up.

3.2.2 Input and Qutput Variables

The code used in this study was developed at the Lawrence Livermore
National Laboratory and at the time of writing includes the most up
to date information on TMR's. The input parameters for the TMRBAR

Code are:
PFus = Central cell fusion power
Lc = Central cell length
Boc,vat = Central cell vacuum magnetic field
ng,vac = Yin~yang midplane vacuum magnetic cell
Bma,vac = Yin-yang mirror magnetic field
Bbara = Inner axicell mirror magnetic field
Bbarb = Midplane axicell vacuum magnetic field
Bbar = Quter axicell mirror magnetic field
Bot,vac = Vacuum magnetic field on the transition region
Rs]osh = Magnetic field ratio at the point a
R = Magnatic field ratio at the injection point in
P the transition region
B, = Central cell beta



> O ™ ™

basce1t =

LTran

FIom‘z

P

Cx

= Axicell beta

= Yin-yang beta

= Alpha particle fraction confined in the central cell
= Plasma density profile exponent

Yin-yang cell iength

= Transition region length

= Ratjo of total ior density to passing ion density
at the point b

= Charge exchange ionization parameter in the transition
region fthe neutral product after a charge exchange
reaction can be ionized, and has to be pumped out again).

= Charge exchange coefficient in the transition region

The output parameters consist of

A1l
The
The
The
the
the
the
the

the particle energy exchange rates

particle loss rates from the different regions of the reactor
temperature/average energy of the different particle kinds
different densities and potentials in the central cell,
axicell (pb and pc), the pump beam injection point (i),
transiiion region (t), the sToshing ion injection peint (a’),
thermal barrier potential minimum (b), the inner mirror of
anchor (mp), and at the potential maximum in the anchor (a).

Injection powers and ECRH powers required

The

plasma radius, the first wall neutron loading and the reactor

Q value.
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.2.3 General Jescription of the TMRBAR Cod~

A complete 1is:ing of all the eguations used in the TMRBAR code is given
in Appendix 1. The program contains eleven iterative loops (see Fig. 3.5).
Starting from the inner ones, we have
e Three nested loops to calculate-all the axicell parameters.
The equations used form the Logan-Rensink plug mode1(8).

e Six simple Joops to calculate the density of the different
particle kinds and the ambipolar potential (Lsing gquasineutrality)
at the points pb, i, b, t, mp, and a', respectively.

e One Toop to compute the electron temperature in the central
cell (Tec) and the electron potential to temperature ratio (ne).
This loop uses the quasineutrality eguation and the electron
energy balance. A Newton's method 9) (with two unknowns) helps
to solve for Tec and Mg+

® Finally, the outermost loop uses the ion energy balance to
compute N = ¢C/Tc.

After reading the input parameter, the program calculates (the equations
listed below are in the Appendix):

® The piasma magnetic field in the axicell (Eq. 1)

® The vacuum magnetic field at the injection point (Eq. 2)

¢ The fusion reaction parameter (Eq. 3)

® The alpha particle confining parameter (Ea. 4)

After entering the icn energy loop and the central cell quasineutrality
and electron energy loop, the program calculates
e The slowing down alpha particle energy fraction on electrons (Eq. 5)
The central cell density (Eg. 7}
The central ceil plasma radius (Eqg. 9)
The first-wall loading (Eq. 10)
The central cell plasma volume (Eq. 11}
The profile averaged betas in the central cell, axicell, and
anchor, respectively (Eq. 12, 13, 14)
The plasma magnetic field in the axicell (Eq. 15)
The potentials $q10 Ops 0o var by {Eq. 16)

[
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The effective anchor injection energy (Eq. 17}
The plasma magnetic fields at the points b, a, and a',
respectively (Egs. 18, 19, 20)

o The mirror ratio at the sloshing ion injection point (Eq. 21)
The effective mirror ratio of the sloshing ions (Eq. 22)

s The barrier and the transition reqion volumes (Eas. 23, 24}

The axicell inner mirror ratio (Eg. 25)

A1l the axicell parameters (Eg. 36-40). These equations are a
self consistent set which form the Logan-Rensink plug model.

A maxwellian formula is used to calculate the potential
difference ¢pc (Eq. 40).

The axicell neutral beam current (Eq. 41)

The plasma axicell outer mirror ratio (Eq. 42)

The next step in the program is to guess the values of the potential
¢pb’ and the passing ion density at the pnint pb. These guesses will

be used tc calculate the passing ion density, the passing alpha-particle
density, the potential-to-electron-temperature ratio n b the alpha
particle fraction and the potentiul ¢pb (Eq. 43, 44, 45). A few
iterations are needed for the code to converge toward the solution of
the potential ¢ph'

The program uses a quasineutrality condition at the point pb. The
different densities which are used to help calculate the potentiai
mpb are found through a mapping from the central cell where magnetic
field, ambipolar potertial and density are known.(10)

The code then calculates the plasma magnetic field at the pumping
injection point (Eg. 46) and follows the same procedure, which is
used to calculate the potential ¢pb’ to compute the potential ¢pi

(Fg. 48, 49). The mirror-ratio calculations of Roord @M Rigq 2re
intermediate steps to evaluate the different densities at the point i.



.

After exiting the ¢pi loop, the code computes:
e The beta value at the inijection point (Eq. 50 )
e The mirror ratios Rotmir and Rp?mir (Eq. 51}
e The pumping energy at the point i (Eq. 54 ).

The same procedure followed to calculate the potentials ¢pb and b3
is carried out to evaluate the barrier and the transition region
potentials (¢b, ¢t) (Eq. 56. and Eqg. 58 ).

Tre program then calculate

& The alpha particle fraction and the beta in the transition
region {Eq. 60 }
The electron cutoff energy E, {€Ea.61)
The parallel pressure in the barrier region (Eq. 62 )
The rest of the pressure in the bayrrier region (Eg.63 )
The hot electron average energy in the barrier (Eq.62 )
The passing cold electron fraction {Eq.65 )
The hot eleciron density in the barrier (Eq.66 )

®* & & @ 9 @

17e coid electron density in the barrier (Eq. 67)
The hot electron density at the point a (Eg, 68)
The sloshing fon density at point a (Egq. 69)

The warm electron density at a (Eg. 70)

The profile-averaged beta at a (Eq. 71)

Quasineutrality conditions are again used to find the potential at
the sloshing ion injection point a' and at the inner maximum f =1d
of the anchor (point mp). Other parameters calculated in the &
loop are the sloshing ion density and the hot electron density at
the point a' (Ecs. 73, 78).
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The effective beta value and the vacuum magnetic field at the paint

a' are

computed, followed by

The barrier pumping power (Eq. 77)

The transition pumping power (Fc. 78)

The total pumping power (Ea. 79)

The neutral beam power at the point a' (Eq. 80)
The ECRH power at a (Eq. 81)

The Syncrotron power {Ea. 82)

The ECRH power at b {Eq. 83}

As mentioned above, the quasineutrality condition and the electron

energy

eguation in the central cell close the first big loop. The

guasineutrality condition includes (Eq. 101), respectively

The loss of jons by burn through fusion reactions (Eq. 99)
The loss of jons and electrons through the ends {Eq. 1..}
The addition of electrons from sloshing ion beams (Fg. 85)

The electron energy balance includes:

Cooling from the axicell injection beam electrons {Eq. 101)
ECRH heating at a and at b (Eos. 103, 104)

Drag from ions in the central cell (Ey. 105)

Cooling from the sloshing ion-beam etectrons (Eq. 106)
Pastukhov loss of electrons (Ea. 107)

Additien of energy from alpha particle {Eq. 108)

Loss of electrons through charge exchange pumping {Eg. 109)

The ion energy balance written in a newton's form (newton's method)
concludes the calculations in the most outer loop. The ion energy

halance jacludes:

Pastukhov energy losses (Eas. 111, 112)

Addition of eneray from alpha particles (Eq. 113}
Additicn of ions from the axicell beams {Eq. 114)
Addition of ions from the pumping beams (Egs. 115, T16).



Before ending, the program calculates
e The total jon fueling rate/loss rate from the whole reactor
{(Eq. 119)
e The reactor Q value (Eq. 120}
¢ The beaw trapping fractions for the sioshing ions and for
the axicell (Egs. 124, 126).

The Code ends by checking the adiabaticity condition (Eg. 127) and
by reading the output values.

3.3 COMPUTED TANDEM MIRROR PARAMETERS

Table 3.1 shows the reactor parameters for coupling to a synfuel plant

which uses a fusion power of 3500 Mwf, & first wall loading of 5 MH/m2
and a first wall radius of 0.6 m. Thase numbers represent state of the
art TMR fusion parameters in considering reactor Q value, magnet cost,
! radial transport, and trapped particle instability; but are not appro-
‘ priate for coupling to the blanket used in other sections of this
report, where Py = 2600 Muf, I, = 2 MR/n’ and r, = 1.5 m are taken.
These Tlater numbers will be sealed in future work to match the MARS
TMR parameters. Figure 3.6 shows the power balance of a MARS electri-
city producing p]ant(11) which uses the TMR parameters of Table 3.1.
The overall efficiency of the system is 0.34 or 0.39, depending on
the blanket multiplication factor (1.37 or 1.16).
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Table 3.1 TMR Parameters for Coupling to a Plant

< i _ 2
Using PFus = 3500 Mwf and Pw = 5 Md/m

Central Cell OQutput:

Density cm-3 = 4,1 e + 14

Ion temp., Kev = 35

Electron temp., Kev = 29.1

Radius, m = 0.42 Length, m = 150 Wall radius, m = 0.6
Vacuum field, t = 4.7 beta = 0.7

Phie, Kev = 205.5

Density profile exponent = 3

Axicell Qutput:

Total density, cm -3 = 1.0 e + 15

Hot fon density, cm -3 = 8 e + 14

Av. ion energy, Kev = 200

Radius, m = 0,23 Length, m = 2 Beam trapping fraction
Vac mid fiely, t = 14

Vac. mivror rat. (inner) = 1.5 vac mirror rat. (outer) = 1,7 beta = .4

Phipc, Kev = 22.85 phipb, Kev = 35.3 Passing density at pb {cm-3) = 2.42 e + 14

.998

Transition Region Qutput:

Transition length, (m) = 10 beta = 0.16
Vacuum filed, (t} = 1.6 phit, (Kev} = 122.5

Pump beam trapping = 0,992 passing density {em-3) = 5.7 e + 12
Pump Beam Location Qutput:

Passing density = 4.0 e + 13

Potential at injection pt. = 61.4 injection angle = 25°

Beta at injection pt. = 5.3 e -2

Plug/Barrier/Anchor Output:

Barrier vacuum field, t = 2.17
At pt, a', 5.1
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Table 3.1 Cont'd

Plug/Barrier/Anchor Qutput Cont'd
Total barrier beta = 1,24 perp. beta = .65
Passing jon density at b, cm -3 = 4,1 e + 12
Passing ion density at mp, cm -3 = 3.5 ¢ + 13
eb', Kev = 19.65 eeh, Kev = 391.8
tew, Kev = 36.5 fec = 1.98 e -02
Barrier Tength, m = 8
a-cell mirror field, t = 6
Beta at pt. a = .47
Beta at pt. a' = .4
¢y,» Kev = 198.4 Fer Kev = 142.1
¢a" Kev = 73.9 ¢mp = 64

Power Balance:

n.b, power at: p, mw = 34.7 a', mw=8.7

ecrh power at: a, mw = 3.4 b, mw = 69

Pumping pwr. (total), mw = 133 energy = 81.7

Transition power, mw = 103 barrier power, mw = 29.5
Sync radiation power, mv = 11.3

Fusion power, mw = 3500 Wal? loading, mwfmz =5

Q value = 14.2
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Appendix 3.1

The TMRBAR Code Equations

- e 1 1/2
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4.1 TANDEM MIRROR PARAMLTERS

Table 4.1 shows the physics parameters for a reactor producing 3500 Mw
of fusion power at a Q value of 14.2 as computed with the TMRBAR code
described in Section 3. These values are not appropriate for coypling the
reactor plasma physics to the engineered blankel found in other sections of
this report and to the synfuel plant itself.

Late in the synfuel study year the parallel MARS study, whose physics
parameters we follow for synfuel use, indicated this lesser valug of Q than
the value of 25 we have cited in other porticns of this study. At the
writing of £his report the MARS § was (4.Z2. The impact of tAVS gmaffer @ s
felt both in the reactor pe ormance and its energy balance but it also
impacts the synfuel piant and its requirement for energy in both elect+i~al

and thermal form.

4.2 THE INFLUENCE OF Q ON THE REACTOR ENERGY BALANCE AND ON THE SYNFUEL
PLANT

Figure 4.1 illustrates the energy balunce for a Q of 25 and a3 reactor
injection/heating system used for the synfuel work.

Figure 4.2 i1lustrates the snergy balance for the more recept ( value
of 14.2 plus the use of a more sophisticated injection/plasma heating system
and 2 more detailed epergy recovery system for the direct converypr,

Comparing these two figures in terms of energy delivered to the synfuel
plant by a 3500 Mwf reactor it can be seen that both the thermal differences
and the electrical dif ar ces are significant, The reason is Myinly due to
the fact that at the 14.2 Q value the reactor is very nearly at b -akeven as
far as utilization of the direct convertor output is concerned. Both the
high voltage dc electrical energy and the direct convertor thermai energy,
after its conversion to electricity, have to be fed back to the rpactor to
drive it. When Q is as high as 25, not only can the thermal enérgy from the

4-1
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Table 4.1 Physics parameters for a TMR producing 3500 Mwe at a Q = 25

Central cell output:
Density em3=4.1e+ 14
Ion temp., Kev = 35
Electron temp., Kev = 29.1
Radius, m = 0.42; length, m
Vacuum field, t = 4.7, beta
Phie, Kev = 205.5
Density profile exponent = 3

150
0.7

Axicell output:
Total density, em™ = 1.0e +15
Hot ion density, Cm'3 =8Be +14
Av. ion enerqy., Kev = 200
Radius, m = 0.23; length, m = 2; beam trapping fraction = ,998
Vac. mid field, t = 14
Vac. mirror rat. (inner) = 1.5; vac. mirror rat. (outer) = 1.7; beta = .4
Phipc, Kev = 22.85 phipb, Kev = 35.3; passing density at pb {em™3) =
2.42 e + 14

Transition region output:
Transition length, (m) = 10; beta = 0.16
Vacuum field, (t) = 1.6; phit, {Kev) = 122,5
Pump beam trapping = 0.992; passing density (cm'3)

5.7 e + 12

pPump beam location output:
Passing density = 4.0 & + 13
Potential at injection pt. = 61.4; injection angle = 250
Beta at injection pt. = 5.3 e =2

plug/barrier/anchor cutput:

Barrier vacuum field, t = 2,17
At pt. a', 5.1

3-2



Table 4.1 con't.

Plug/barrier/anchor ocutput con't
Total barrier beta = 1.24; perp. beta = .65
Passing ion density at b, emd =40 e+ 12
Passing ion density at mp, a3 =356 +13
eb', Kev = 19.65; eeh, Kev = 391.8
tew, Kev = 35.5; fec = 1.98 e -02
Barrier length, m = 8
a-cell mirror field, t = 6
Beta at pt. a = .47
Beta at pt. a' = .4
Ops Kev = 198.4; bes Kev = 142,17
$'s Kev = 73.8; mp = 64

Power balance:
n.b. power at: p, mw = 34.7; a', mw = 8.7
ecrh power at: a, mw = 3.4; b, mw = 69
Pumping power (total), mw = 133; energy = 81.7
Transition power, mw = 103; barrier power, mw = 29.5
Sync radiation power, mw = 11.3
Fusion power, mw = 3500
Q value = i4,2
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direct convertor ga directly to the thermochemical plant but there is alsa an
excess of high voltage dc that can also be wtilized. Since the synfuel

ptant has significant internal electric demands this extra convertor elec-
trical is quite significant. This is true in either our Joule~Boosted or our
Fluidized Bed design case. Clearly high Q values are desirable. This
applies also to the case where the reactor is used for the production of

alectricity as well as synfuels.
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5.0 THE LITHIUM OXIDE CANISTER BLANKET SYSTEM
§.1 GENERAL DESCRIPTION

The Lithium Oxide Canister Blanket is central to the fusijon reactor
engineering system used for translating fusion neutron kinetic energy to a
more useful form, i.e., thermal energy, which may then be used in the
production of portable fuels as is the case of this Synfuel report or for
the production of electricity, or both.

In addition to the neutron moderation and energy conversion the blanket
must also produce tritium for the reactor fuel cycle via neutron reactions
with lithjum. Implicit in this tritium production are two requirements:

1) means must be provided for recovering the tritium and delivering it where
it is needed; and 2} the tritium inventory in the blanket and in the tritium
loop must be kept at as low a level as possible for reasons of safety. A
typical target for the tritium inventory levei in the blanket is of the
order of 1 kilogram for a reactor producing 3000-4000 MW of fusion power.

In this design we are well below the 1-kilogram target.

In this particular Canister btanket we have elected to use a combin-
ation of lithium ox’de as the moderator and helium as the coolant in the
belief that gas-cocled "dry" blankets offer distinct advantages of simplic-
ity, safety and ease of startup and shutdown over those blankets using some
combinatien of water, liquid metals and/or molten salts. He also use "in
site” tritium control rather than slip stream processing to assure that our
hydrogen product is tritium free. In situ tritium control isolates the
tritium from the main helium flow. Recovery of the tritium is by an
independent purge circiit.

The four candidate structural materials we examined were 316 SS,
2-1/4 Cr - 1 Mo, Inconel and Tenelon. The structural material selected for
the blanket is Teneion (2 steel using manganese instead of nickel), chosen
for its low residual radioactivity. The waste disposal rating (WDR) of



Tenelon is 0.40, which means that surface disposal of spent blankets is
acceptable and deep burial is not required. Tenelon also has very
attractive neutronic performance and structural properties.

This Canister blanket is one of two complementary blanket dasigns we
have studied for Synfuel applications. The Canister blanket as used here
can be characterized as a medium temperature blanket when used with the
Joule-Boosted decomposer (JBD). By joule-boosting we refer to the utili-
zation of electrically heated, commercial SiC furnace elements in place of
using a heat exchanger to transfer process heat to the highest temperature
step of the thermochemical process. The General Atomic Suifur-ledine Thermo-
chemical Cycle has, as its highest temperature step {1100-1200 K), the
thermal decomposition of 503 to 502 and 0,.

High Q tandem mirror reactors (TMR) have a distinct advantage in
coupling with the Joule-Boosted Decomposer design because surplus electric-
ity from the Direct Converter can be used to provide a significant fraction
of the electrica? requirement for the Decomposer.

The most important advantage of this Joule-Boosted approach from the
TMR Blanket standpoint is that the temperature requirements of the blanket
can be reduced dramatically. The exit temperature of the coolant from the
Canister blanket is 825 K as compared with ~ 1200 K exit temperatuve for
our alternate design. The alternate design, the Two-Zone blanket discussed
ir. Section 6, may be characterized as a high temperature blanket used with
the fluidized bed decomposer (FBD).

The “system" for the fusion energy recovery and ultimate delivery to
the thermochemical plant includes a number of principal elements which are
jnteractive. They will be described briefly so that the Canister blanket
module may be better understood in the context of its surroundings.
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5.1.1 The Central Cell of the Fusion Reactor

The physics base for the energy-producing central cell of the TMR js
described fully in Section 2.0 of this report. For purposes of the blanket
design, the central cell is characterized by the parameters listed in Tabie
5.1 and i1lustrated in Fig. 5.1.

Table 5.1 Parameters for the central cell needed for blanket design

Central cell) nominal) longth, L 150
Number of solenoidal coils 38
Spacing between successive solencidal coils, 1 4m
Coil 1.D., including all structure, coolant 6.3 m
circuit, shielding, etc.

Coil 0.D, S.1m
Coil width, v 2.0 m
Coil height, h 2.4m
Clear space between coils axially 2.0m
Plasma radius, r 0.6 m
First wall radius, rw 1.49 ny
Fusion power, Pf 3500 Mu
Average neutron wall loading, T 2,0 Mu/m

The blanket assembly must be physically located outside of the plasma
région and within the bore of the solenoidal coils. The distance from the
plasma is a function of permissible wall Toading and at the closest approach
the wall must be some number of Larmor radii (typically 3) from the plasma
edge, The distance from the coils is determined by clearances for assembly.
It is also an established convention to divide the total blanket into a
series of axial modules and circumferential submodules. The axial length of
a blanket module may be the half distance between successive solenoidal coils
or some other submultiple if a design comstraint is one of being able to



Fig, 5.1

Cross section through the fusion
principi.l dimensions
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leave the coils in place when blanket installation or removal is required.
This is a highly practical consideration and one adopted here since the
superconducting solenoidal ceils and all their associated circuitry are
generally designed for the Vife of the plant (v 30 years), whereas blanket
modute 1ife expectancy is limited to approximately 3 to 5 years.

Figure 5.2 illustrates, in a highly schematic way, the principle of
module placement or removal for the blanket design to be discussed in this
section. Module A, shown in place, ¥s installed by a vertical motion to the
reactor G, followed by an axial translation placing it partially under the
so]enoid.' Module B, a mirror image of A, is shown partially installed and
need only be lowered to the reactor § to be in place. Structural supports
between the fixed solenoidal coils are spaced so that vertical placement or
removal of the tlanket can be accommodated. Ring manifold piping is
separateiy installed after the ring module is in place.

5.1.2 The Axial Blanket Module - The “Ring" Modules Within the Ceptral
Cell

The central cell is filled with a number (75) of ring modules arranged
in series axially along the 150-m central cell. The ring modute is i1lus~
trated in Fig. 5.3, One ring module occupies the half space between the
solenoidal coils. Module A, as Fig, 5.2 indicated, is partially under the
solenoid, while module B lies in the free space between coils. The modules
are exactly identical, one being turned 180 degrees with respect to the
other. The ring manifolding transfers the coolant (helium) to the supply
and return headers located outboard of the solenoidal coils. The set of four
header circuits run Tongitudinally along the length of the central cell and
teriinate in a set of intermediate steam-generator heat exchangers (IHX) that
are located as closely as possible te the fusion reactor but is isolated by
protective concrete wall barriers.

Radially inward from the ring headers the cold shield forms the support
structure for both the ring headers and the moderating blanket/hot shield.
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The individual submodules of the blanket/shield are designated as Canisters.
The bulk of the blanket design focuses on these Canisters. The number of
Canisters within the ring mcdule s not an arbitrary choice but is dictated
by considerations of thermal and hoop stress since the Canister is a pres-
sure vessel. HWe have chosen to use 18 Canisters within the ring module.
These Canisters are further divided into mirror-image halves to reduce
stresses.

5.7.3 Fitting the Canisters in the Ring Module

The 18 Canister modules nested within the ring module are assumed to be
individually fabricated and may be proof tested and pressure tested before
assembly. This will provide good guality control of a unit that is physi-
cally of reasonable size. The Canister as a unit consists of:

T. A relatively cool pressure vessel or container.

2. The assembly of lithium-oxide-filled tubes in the container.

3. A hot shield of solid metaliic rods.

4, A plenum section in which flow manifolding is accommodated.

5. A cold shield that acts as the outer ring section of the Canister
pressure vessel.

6. Piping couplings penetrating the cold shield and leading to the
ring manifolds,

A cross section through a Canister is shown in Fig., 5.4,

When all the Canisters have been assembled in the ring moduie, the ring
module may then be proof tested as a unit befgre installation in the reactor
central cell.

It is anticipated that a Canister module, after some time in operation
in the reactor, can no longer be individually replaced but that all 18
Canisters must be veplaced simyltaneouysly., This will be due in part to the
fact that when all modules are pressurized and operating at a temperature ¢:
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approximately 700 K - 750 K in a vacuum environment, iocal yielding and
conforming of surfaces will take place. The materials, having ultra clean
surfaces fu. plasma purity reasons, may also vacuum weld together. It would
be necessary to use bond breakers of one kind or another--oxide coatings, for
instance--tno zliminate the vacuum welding. However, the initially pilanar
surfaces of the module side walls will not remain planar after some hours of
operation and some number of thermal cycles. Conseguently, disassembly to
the individual Canister level is fell to be impractical.

5.1.4 Lithium Oxide Cartridges - The Moderator for the Canisters

Figure 5.4 shows the moderator and hot shield of the Canister within its
container envelope. The moderator zone is comprised of an assembly of tubes
that are closely spaced on a triangular pitch across which the helium coolant
is caused to flow. The assembly of tubes constitutes a multiple pass, cross-
flow heat exchanger. In this moderating section the tubes are filled with
1ithium oxide "cartridges" designed in the form of half washers, split rings
or short cylinders as depicted in Fig. 5.5. The advantage of using one of
these general shapes is that the cartridges are “"pre-cracked" both axially
and radially and thermal stress problems can be minimized. They can be
readily loaded into a long tube and fabrication with good dimensionai
tolerance should not be difficult. The density of the 1ithium oxide can also
be precisely controiled.

A sub-assembly of the Canister is thus a long tube (~ 2 m) within which
the 1ithium oxide resides. The tube protects the oxide from the mainstream
coclant so that it does not tend to disintegrate due to the high velocity
flow or trace contaminant action. Most importantly the sub-assembly also
provides in situ first-line tritium control, as illustrated in Fig. 5.6.
Tritium control is discussed in detail in Section 5.4. Briefly, however, the
matrix of lithium-oxide-filled tubes are mounted in a tube sheet. The tube
sheet is at one end only of the Canister and is oriented normal to the main-
stream helium coolant flow, Purge helium, totally separated from the main
helium flow but at substantially the same pressure, flz;;s first in the
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annular space between the tube wall and the Li0 cartridge and then returns
through the central hole in the cartridge. The mass flow of this helium used
to purge the tritium is very low and inconsequential compared to the main-
stream coolant flow.

In the hit shield Zone of the Canister the tubes are replaced by solid
rods. In the cas:s that were studied for the Canister thermal-hydraulic
performance, ail tubes and rods were assumed to be the same diameter. This
need not be the case nor i¢ it necessary to have all moderating tubzs the
same diameter. In fact, tubes could progressively increase in diamet~: as a
function uf increasing blanket radius to partially compensate for the
exponentizlly decreasing energy deposition, For this particular study we
concentrated ma:nly on sizing the tubes to match overz1] neutronics/thermal-
hydraulic needs and have not as yet used the second order refinement of

having graded sizes.
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5.2 THE CANISTER FIRST WALL AND STRUCTURAL ENVELOPE--THE "“COOL"
CONTAINER

The Canister structural container is an independently cooled, double-
walled enveiope surrounding the 1ithium-oxide-moderating medium and the hot
shield. The coolant circuit for the first wall is shown in Fig, 5.7. High
pressure helium enters the Canister at its centerline at a temperature of
525 K, flows radially inward to the first wall where the flow divides
equally, Tlowing cutward in an enveloping flow around the Canister module to
collecting plenums. The helium exit temperature is 625 K. The pressure of
the first wall helium coolant circuit is in the range of 40 to 60 atmo-
spheres, dictated by the pressure of the mainstream coolant flow, to which it
is set equal, and further dictated by the need to have highly efficient heat
transfer in the first wall. From 5 to 15% of the total blanket energy can
be deposited in the first wall. The helium temperature and flow rate is
selected so as to limit the maximum material temperature in the first wall
structural enve]obe to approximately 750 K. This maximum material temper-
ature is chosen to limit radiation damage (discussed in Section 5.6 on
materials) and to stay below the threshold of creep behavior so as to design
for stresses based on yield strength. The principal stress in the first wall
is a membrane stress arising because the Canister is a pressure vessel with a
first wall curved surface subjected to hoop stress. Thermal stresses also
occur due to heat removal from one side only of the first wall. The thermal
stresses are additive to the hoop stresses at the inner surface of the first

wall.

5.2.1 Stresses in the First Wall of the Canister Blanket Module

For our reference design we have assumed that there are 18 Canisters or
blanket submodules in a ring module. We have further assumed that the indi-
vidual meodules bear one against the other circumferentially until a point is
reached where they separate., The first wall of any one Canister is defined
as the curved surfice that exists between successive separation points. The
first wall and its separatjon points are depicted in Fig. 5.8A and B.
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between successive separation points
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5.2.2 Hoop Stresses Due to Pressure Loading

At the point of separation of the curved first wall from the side walls,
eacr moduie has a circular arc first wall of some radius, r. The value of r
will determine the hoop stress in the first wall, The stresses arise because
the blanket module is a pressure vessel operating at a pressure, P. The
reference design pressure is 50 atm.

We take 1.5 meters as the distance fom the plasma centerline to the
separation point of the first wall, The least value of r for a circular arc
first wall for the entire Canister (option 1 in Fig. 5.7) is when the arc is
2 half circle. For the half circle:

_2x 1.5

r=yx<z - 0.26 m

This least value r yields the owest stress from the simple hoop stress
eguation:?

o:T

The least value of r also minimizes any bending stresses that occur at the
separation point between first wall and side wall.

There is no discernable advantage in increasing the radius of curvature
of the first wall in order to move the point of closest approach of the first:
wall away from the plasma. The small decrease in wall loading that results
cannot compensate for the increased level of stresses due both to hoop stress
and to the bending stress introduced near the separation point. If the
stresses were quite low then the situation might be different. Such is not
the case and therefore we not only used the least value of r but also Jooked
to other means of lowering the hoop stress since, when it was combined with
the thermal stress, we found the allowable design stress to be exceeded.
Referring back to Figs. 5.7 and 5.8, it may be noted that two options for
the first wall vadius are shown. Option 1, where r = 0.26 m, has just been
discussed. As a straightforward means of decreasing stress, option 2



invalves subdividing the Canister into two independent halves, as shown in
Fig. 5.7. Option 2 halves the hoop stresses of option 1 by halving the value
of r. With option 2 the thermal hydraulics and the basic coolant flow
circuit remains substantially unchanged from cption 1. Our design uses

option 2.

5.2.3 Thermal Stress Due to Power Density at the First Wall

fram representative neutranics data shown in Table 5.2, the power den-
sity due to neutron and gamma heating jn the material of the first wall, w,
at the point of separation js 16.80 MHjm3 when the wall loading is 2 MH/m2
and the design material is Tenelon. For option 2 where v = 0.13 m, the power
density in the first wall, w, at the point of closest approach to the plasma
{i.e., 1.5 m ~ 0.13 m from plasma §) is thus ~ 18,34 Mi/m°. In terms of
energy that must be remaved by the helium coolant from one side only of the
first wall material, this power density can be significant if the wall has to
be relatively thick to accommodate hoop stress. Very large film draps could
arise. Furthermore, thermal stresses are induced due to the heat disposition
in the wal) and increase with increasing wall thickness. These stresses must
be added to the hoop stress.

Table 5.2 Selected neutronic data used for comparative stress calculations

Energy
lepositian at
First Wall Max.
Separation Energy Tritium Energy
Material Paiat Deposition Breeding Mult
Tenelon 16.8 18.3 1.13 1.24
316 $S 18.4 20.0 t.12 1.21
2-1/4 Cr 1 Mo 15.2 16.5 1.30 1.18
Inconet> 27.0 29,3 1.1 1.16

85 tm thick modevator, 4CH Lizo; 8% structure
* Hust be 60% Lizo to breed adequately,
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In addition to the internal heat generation, there is an incident flux
on the first wall surface facing the plasma due to bremsstrahlung, charged-
particle bombardment and synchrotron radiation. This is small {+» 2 x ]04
w/mz) and is ignored here in determining stresses.

For the thicknesses of the first wall, t, that will be both structur-
ally adequate while at the same time having minimal effect on the overall
neutronic performance of the blanket (it is 1ikely that t must be < 0.01 m),
we can ignore the exponential change in power density across t and assume
that w, the local energy density, is an average in the first wail. The heat
removal is from one side only and the resulting inner surface heat flux, g,

is:
- 2
g = wt (W/m*})
From the conduction equation, assuming that the uniform power density is
equivalent to a concentrated flux located at Axequiv = t/2;
_ kaT _ kaT
q == i = T
equiv ( 3 )
The equation for the thermal stress is:
I EaAT
th™ Z(T - V)
So we have finaily:
_ ant2
0th-41-vk fhaea Y et e sw-wde e asp
where
£ = modulus of elasticity
o = coeff, of thermal expansion
v o= Poissons ratio = 0.3 '
k =  thermal conductivity coefficient
t = thickness of first wall )
W = average power density in first wall material ‘
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Example:
For t = 0,01 m using a familiar structural material such as 316

stainless steel

o = 1265 x 101" x 20 x 1078 x 20,0 x 105(.01)2
™ AT - 0.3 17

138 MPa
20000 psi

n

For structural materials with much higher strength than 316 $S, such as
Inconel 800H, the thermal conductivity is higher (24 vs 17), the coefficient
of expansion is lower {17 vs 20), but the local internal heat generation is
much higher (29.3 w/cm3 vs 20.0) due to the high nickel content of the
alloy. The resulting thermal stresses are slightly lower for the Inconel
than for the 316 S5, ~ 127 MPa for the example cited.

ior Tenelon, our choice for the first wall material, optimum for its
low residual radioactivity and minimal waste disposal problems, the thermal
stress level is the lowest of the materials considered--78 MPa for the same
example. This low stress is due to both lower internal heat generation and
a thermal conductivity that is reasonably high. The 2-1/4 Cr Mo provides an
attractive alternate but has a higher waste disposal rating (WDR) (15 vs 0.4
for the Tenelon). The WDR is the dilution factor that must be used in dis-
posing of the spent materiai. For instance, a WDR of 15 means that 15 m3
ov inert diiuent would have to be added to 1 m3 of spent material and the
total then homogenized and sealed in containers for acceptable disposal.

Complete property data for all four materials can be found in the

appropriate subsection. Table 5.3 provides the data required here for the
thermal stress calculations. The data are at 750 K.
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Table 5.3 Selected material property data for comparative stress calcula-
tions, ref. temp. = 750 K

oy a k
Material v E (10 Pa) (MPA) 2/3 oy (10-6 oc-1) (W=K)
Tenelon 0.3 1.65 275 175 18 25
316 SS 0.3 1.65 125 83 20 17
2-1/4 Cr TMo 0.3 1.80 205 137 15 32
Inconel 800H 0.3 1.72 900 597 17 24

The combined tangential stresses at the inner surface of the first wall
as a function of wall thickness for option 2, where the radius of curvature
is 0.13 m, are compiled in Table 5.4 and plotted in Fig. 5.9 for the four
materials.

From Fig. 5.9 it can be seen that ‘he Tow-activity Tenelon is an excel-
lent choice for the first wall material based on using 2/2 of the yield
stress as a working stress. The stress curve has a rather shallow minimum,
and wall thicknesses ranging from 5 to 10 mm would be acceptable. Since
neutronically one wishes the first wall to oe as thin as possible, there
would be some tendency to choose 5 mm as the design point. However, we use
6 mm as our reference, which lessens the stress o 8% at the price of
increasing the local energy deposition ~ 17% but also provides an important
allowance of ~ 1 mm for surface sputtering.

From the neutronic data for Tenelon, the maximum heat flux to be removed
by the helium from the first wall surface (max) would be ~ 18.34 MH/m3 X
0.006 = 0.11 MN/m2 or 11 w/cmz. This is quite a reasonable value since flux
levels as high as 40-50 w/cm2 are plausable with gas cool~~ts. This
suggests that, other things being equal, higher wali 10ads®than our design
level 2 MN/m2 are possible. Total stress as a function of wail load is
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Table 5.4 Total stress in the first wall as a function of wall thickness, t, for a first wall radius of curvature of
0.13 m and a cooiant pressure of 5 MPa {~ 50 atm.)

Wall Hoop

Thickness Stress, o Thermal Stress, oTH Total Stress
m MPa MPa) (MPa)
t (A1) Maicrials) 316 Inconel Tenelon 2-1/4 Cr - 1 Mo 316 Inconel Tenelon 2-1/4 Tr - T Mg
0.010 65 138 127 78 50 203 195 143 115
0.009 72 12 103 63 1 184 175 135 113
0.008 81 88 81 50 35 169 164 131 16
0.007 93 68 62 38 25 161 157 131 118
0.008 108 50 46 28 18 158 155 136 126
0.005 130 35 32 20 13 165 163 150 143
.004 162 22 20 12 8 184 183 174 170
.003 217 12 1 7 5 229 229 224 222
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plotted in Fig. 5,10, The acceptable design stress, 2/3 the yield stress, is
pot reached until the wall loading is 5.0 Mwlmz. This is a very favorable
situation. The effect of wall loading on the heat transfer in the Canister
moderating volume is discussed in $ection 5.3. Here it will be seen also
that wall lpadings substaztially higher than our 2 MH/m2 are feasible.

5.2.4 Material Temperature at the First Hall

To optimize the interfacing of the gverall reactor blanket modules with
the thermochemical plant (see Section 10 for details), the following specific
design parameters were chosen for the wall coolant circuit:

Coolant - helium

Inlet tomperature, Tan © E25 K

Qutlet temperature, TBDUT = 625 K

Coclant pressure, P = 50 atm

First wall is independently and integrally cooled

A quasi-adiabatic surface is assumed to exist between the first
wall coolant circuit and the main body of the moderating blanket
o Walt? thickness = 0,006 m

@ 0O © O o O

With these data and one further simplifying assumption, it is possible
to closely estimate the maximum material temperature in the first wall. The
approximation is that all energy deposition occurs in the curved surface of
the first wall of length, &= 0.13 % = = 0.41 @, and that essentially na
ehergy Jeposition takes place in the lead-in and lead-out tengths. The
annular spacing, &, between the first wall and the adiabatic surface forms
the cooiing channel. This channel is kept intentionally small to enhance
peat trensfer. Flow spacers can be provided as illustrated in Fig. 5.11.
The hydravlic diameter of this chamel is 2 §.

The quantities to be determined in arriving at the material temperature

are:
a) The energy to be removed
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Quurr = WEE = 18.34 x 10° x 0.006 5 .41 = 45,116 W/n

WIDTH
b) The mass flow rate

AL Q45,116
ColTg 5.2 x 105 x 100

= 0.085 kg/s {per mete. of width)

¢) The average flow velocity assuming flow gap & = 0.002 n

- n 0.085

e = 0002(4.78) _ 0-18 m/s

5
where 3= bo = 90X 100 3
e 7= - 395 x B7E © 4,08 kg/m

RT

d4)  The average Reynold: number, based on the hydraulic diameter, is

Re = 28u(p) _ 004 x 10.18(;.18) - 5676
H 300 x 10°

To determine the average filwm coefficient, h, we may use the Correlating
eguation:

=l

Dy 0.33

Ny = = 0.023(Re) % 8(pr)
= .023 (5676)°-8(.67)0-33 = 20.3

F = 20.3 x 0.233 _ 1183 w/mZK

6

Finally, with a heat flux, g, equal to 18.34 x 10° x .006 = 1,10 x ]05

Wm2 we obtain

5
_ 110 x 107
Berm =185 = 93K

5-27



The temperature drop across the wall is

5
_gt _ 1.0 x 107 x 006 _
aT, “%E =l A = 13.2 K

The maximum material temperature is thus:

Tax = Teout *ATepm + 8TyaLL
= 625 + 93 + 13
~ 731 K

The fiim temperature drop of 93 K is somewhat high but acceptable since
the material temperature of 731 K is well below a design limit of 823 K
impcsed by radiation damage considerations and low enough to be below the
¢creep stress regime. However, it is desirable to reduce the film tempera-
ture drop as much as is reasonably possible and one method for doing this is
to resort tp a grooved first wal) design. The grooved first wall increases
the area available for heat transfer and decreases the average inner surface
flux, g. The complication, beyond that of having introduced a first wall
that is more costly and difficult to fabricate, has to do with enhancing the
heat transfer by making the first wall into a finned surface as shown in
Fig. 5.12 results in the hydraulic diameter of the finned surface being
intrinsically less than the hydraulic diameter for a simple gap, When the
same flow velocity is retained, the Reynolds number thus decreases and tends
to offset somewhat the surface area gain made by introducing the fin., Figure
5.12 illustrates a rough optimum for the fin propartions where the fin height
(equal to its width) is equal to two-thirds of t.

5.2.5 Conclusions on the Stresses in the First Wali

It is important to note that the stresses in this curved first wall
sheet are purely tensile membrane stresses and local thermal stresses, There
are no bending stresses that can be caused by the pressure-vessel-type load-
ing (except at the ends where a transition is made from the first wall to the
end walls or from the first wall to the side walls). Therefore there is no
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Fig. 5.12 Cross section through the first wall using finned surfaces

for improved heat transfer
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additional strength benefit to be derived by adding fins for stiffening since
there is no moment of inertia term in the hoop stress equation or in the
thermal stress equation. The fins do help the heat transfer as was jugt
indicated. However, our choice for the first wall design is the flat plate
with the uniform flow gap, based mainly on its simplicity, its structural
adequacy and the fact that it is tolerant of wall loads as high as & Mw/mz.

5.2.6 Comparison with an Alternate Canister Design

The first wall presents a significant but manageable stress problem as
Tt is presenmtiy comfigured. If Tt stouid prove desiradie ¢o degdrt From the
pPréssurized, curved sheet approach presently used (actually the Canister is
twa coaxial curved sheets separated by a cooling space) then the way the
module is pressure loaded must be changed, A possibility may appear tp exist
of making the curved sheets into a tube array where the tube radius would be
a Characteristic dimension for hoop stress caused by first wall coolant
(Fig. 5.13). However, the pressure loading from the mainstream coolant flow
would still create a hoop stress on the tubes which is still determined by
the radius of curvature of the first wall, Thus, in order to unioad this
Pressure from the Canister first wall so as to decrease the stress, it would
be necessary to flow the mainstream coolant within tubes that pass thrgugh
the so1id Ligo moderator rather than having the L120 on the inside of
the tubes and the flow on the outside.

Figure 5.13 illustrates the main differences in principle between the
préssurized Canister design concept and the pressurized tube design concept.
The pressurized tubes making up the first wall must be welded continuously,
oné to the next, presenting additional prablems of structural integrity and

first wail life.

It is our contention that the pressurized Canister design is a mugh
setter choice than the pressurized tube design. The only proviso is that the
structural envelope (the cool container) comprising the pressurized Canister
must be independently cooled and held at modest temperatures as we have done.
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Fig. 5.13 The difference in principle between the pressurized Canister
design and the pressurized tube design concept
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With the pressurized Canister design concept, the helium pressure across the
tubes containing the Li20 in the moderator zone ctan be balanced. Even
though the tube temperatures are high, the stresses are very low because of
the pressure balancing. MWith the non-pressurized Canister the pressurized
tubes in the moderator zone have relatively high hoop stresses which cannot
be acconmodated at high temperatures without resorting to materials that are
much less desirable than Teneon for low residual radiocactivity.

5.2,7 Coolant Prassure Drop and Pumping Power in the First Wall

The frictional pressure drop in the first wail is given by the equation:
2

g = x5 g

The Darcy-Weisbach friction factor, f, for flow between paraliel plates
may be obtained from (Ref. Rohsenow & Hartnett, Handbook of Heat Transfer -
McGraw Hil11):

f = 0.316 (Re)
(6000 < Re < 300,000)

-0.25

The turning loss where the flow divides at the first wall is:

2
= P
APt 5= X KL

where K) = Joss coefficient = 1.0,
For the refervence case we have:

-0-25 . 4.0365

f = 0.316(5676)
L = 2.5 m = flow length
Dy = 0.004

W = Canister axial length =2 m
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2
} ) 4.18 x 10.18%\ 2.5
APmr‘”’f”‘"t'“"""“( ) )mm4

2
. (4J8 x 10.18 )x 1.0

= 4941 + 217 = 5158 Pa (< 1. psi)

where we have neglected the small acceleration pressure drop, and where
entrance and exit losses are accounted for elsewhere.

The pumping power per Canister half module, the pressure drop times the
volumetric flow rate, is:

PP APTOT(Au)

5158(2 x D.002 x 10.18)

210 W per half canister
The thermal power to the first-wall coolant flow per half Canister is =~
0.12 MH:

_ 3500 X 1.2 X .8 X .1
TR 8 R 2 0.124 MW,

P Lh{PW)

for 10% of the neutron power to the first wall. Clearly the pressure drop
and the pumping power are of little consequerce for the first wall coolant.

5.2.8 Pressure salancing the Side Walls of the Canister Module - The
Effect of Leaks

As mentioned in Section 5.2.1, the individual Canisters assembled in the
ring module bear against one another circumferentially until the point of
separation between adjacent Canisters is rcached and the first wall begins.
Moving radially outward from the point of separation and away from the region
of the first wall, the pressures between adjacent Canisters are balanced
during normal operation and the assembly is mutually supporting. The common
manifolding that ties the coolant flow of these Canisters together serves as
a means or keeping pressures in balance. In the event of a pr ‘ssure leak in
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any one Canister or in the ring module, it is reasonable evident that the
common manifalding of both the inlet and outlet ring headers will tend to
frecze pressures to remain in balance from one side wall to the nexi and also
from ring module to ring module. This should preclude any "domino" effect
where the Canisters would progressively fail circumferentially around the
ring module or failure would progress from ring module to ring module. In
arinciple the assembly of Canisters and ring modules should be fail-safe in
this conceptual design. However, the dynamics and time constants of this
system must be studied to verify this assumption., The following calculation
gives some insight into the dynamics. The size of a leak naturally is
significant. We do know the total mass flow of helium in the blanket
assembly. We know alsc that the velocity of the helium venting across a
hole or fault is the acoustic velocity because of the high pressure ratio,
i.e., ~ 50 atmospheres on one side and vacuum on the other.

The mass flow rate through the hole or fault is

6634 x A kg/s
6600 x A kg/s

r?.F- TUA = 4.18 x 1587 x A

(=]

where the acoustic velocity a = VAT = N 1.67 x 2079 x 725 = 1587 m/s.
The total mass flow of the system coolant is

6
» - Q _ L3360 - 285) » 10 = 2997
= = = 2 £
"ot " ToBT T 75, 103 x 200

Leaks typically are pin-hole size. However, if we assume a very large fault
diameter of 1 ¢cm or a long crack of equivalent area, then the loss rate is

2
. = 6600 x -’ﬂ%ll- = 0.5 kg/s

Compared to the total mass flow the venting flow is only 0.017%. Long before
the flow or the pressure balancing is perturbed the plasma would be quenched
or the system vacuum pumps would be overlgaded, or both,



This area-~~the effect of leaks on the plasma--must be studied further,
It seems reasonably evident that the effect on the plasma wil) normally be of
more conseguence than the effect of small leaks on the structural integrity
of the assembly of Canisters.

5.2.9 The Canister Structural Envelope: Data Summary and Conclusions

Table 5.5 lists the significant set of numerical values for the
Canister envelope and first wall structure. The principal features of the
design can be summarized as follows:

a) The Canister structural envelope is purposely designed to run
cooler than the blanket elements inside it; the maximum envelope
temperature of only about 731 K is maintained this low by a
separate helium coolant circuit.

b) The ralatively cool structural temperature allows the Canister
envelope to serve as a pressure vessel for the 5 MPa helium
coolant flowing through the blanket tube bank.

¢) The combined hoop and thermal stress in the first wall is only
about half the yield stress of the Tenelon alloy selected for a
neutron wall loading of 2.0 Mwlmz.

d) The fractional pressure drop in the first-wall helium coolant is
only about 0.10%, resulting in a very small ratio of pumping
power required to thermal power removed of only 0.17%.

e) The "cool container" concept allows great flexibility in the
design of the Canister itself as well as the design of the tube-
bank breeder blanket and hot shield inside it.

f} There appears to be sufficient strength of the Tenelon to allow

moving the Canisters closer to the plasma up to a neutron wall
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Table 3.5 The canister structural envelope and first wall data summary

Neutronics of Plasma Heat Loads

Design neutron wall loading, P" 2 HH/m2

Passible max. neutran wall loading 5 MH/m2

Volumetric heat generation 18.34 Mwlm3 for ry = 2.0

Incident charged particle flux to FW 2x 104 H/mz
Structural

Plate thickness, first wail 0.006 m

Material Tenelon

Maximum material temperature 731 K

Maximum combined stress 136 MPa

2/3 yield stress, Tenelon at 750 K 275 MPa
Tharmal-Hydraulic of First Wall Flow

Coolant med{um Helium

Pressure 5 MPa

Inlet temperature 525 K

Outlet temperature 625 K

Reynolds No. 5676

Nusselt No. 20.3

Flow velocity 10.18 m/s

Pres ure drop 5198 Pa (< 1.0 psi)

Pumping power/hailf Canister 210 W

Power removed by first-wall coolant

per half Canister Q.12 MW

% pumping power in cooling the 0.17%

first wall
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loading of almost 5 Hd/mz. This has the possible advantage of
decreasing the size and cost of the blanket and central cell
magnet coils (at the expense of much shorter blanket lifetimes).
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5.3 HEAT TRANSFER IN THE CANISTER VOLUME

Eariy calct lations in our first model of the Canister blanket indicated
that it would be difficuit to ghtain a relatively large rise in the bulk
coolant temperature (say 300 or 400 K) as the coplant flows across the
lithium-oxide-filled tubes. The reason for the difficulty was the short
travel distance, h, of the coolant Since in this model of the Canister it was
initially designed as a single pass heat exchanger as illustrated in Fig.
5.14. As a single pass system the thermal hydrauvlics were characterized by
very low flow velocities, poor film coefficients of heat transfer, larger
centerline temperatures in the lithium oxide than would be manageable, and
higher tube temperatures than could be tolerated. Furthermore, in this
model the first wal? was not independently cooled.

Since the heat load and temperature range requirements are significantly
different for the first wall than for the moderator volume, it was considered
a better choice to provide separate cooling circuits. To cope with these
anticipated desigr nsiderations of improving the thermal hydraulics and
providing separate circuitry, a multiple pass heat exchanger was adopted as
shown in Fig. 5.15. The illustration shows a two-pass heat exchanger.
Howaever, it is possible to use multiples of two passes with the same calcu-
lational procedure. Because of the independent cooling circuit adopted for
the first wall and the way this circuit is routed to deliver coolant down
the center of the Canister and then up the sides, a half Canister serves as
the calculational mode} for the thermal hydraulics and neutronics of the
moderator/shield volume.

The caiculational model for the blanket heat transfer may be described
as a staggered tube, triangular pitch, crossfiow heat exchanger. The dimen-
sional parameters for the tubes and rods in this heat exchanger are shown in
Fig. 5.16. A1l nomenclature used in the calculations and illustrations are
listed in the appendices to this section.
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Fig. 5.14 The Canister blanket module as a single pass heat exchanger
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Fig, 5.15 The multiple-pass heat exchanger Canister
model
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Fig. 5.16 Staggered tube flow arrangement within the Canister
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5.3.1 Li,0 Fractions in the Canister Blanket far Neutronics and Heat
Iransfer

A very important parameter influencing the thermal hydraulics of the
blanket is tie fraction of Lizﬂ that can be contained within the volume,
Neutrenically this fraction has to have a certain minimum value to assure
adeguate tritium breeding for a given radial depth of the moderator. Since
the Li20 is within the heat ...changer tubes, the tube diameters and the
spacing between tubes are very important.

The following equation allows this fraction to be calculated, The basic
unit of the tube assembly and the key dimensions are shown in Fig. 5.17.
d

2 2
D (9 - 2t)" . ¢, M % -9
L2 (di v 2t i;)z tan 60° ¢ 5,2 tan 60°

f

We can illustrate a final fraction that is LiZO using the following tube
diameter and spacings.

di = 0.040 tg = 0.007
tw = 0.001 t = 0.001
fTD = .90 d, = 0.001

1 (.04 - .002)% - .07
fL--Z'O. 7 =
(.08 + .00z + .002)2 tan 60

] = (.608

The fraction that is structure is determined by the following equation:

2

2 ha |

al B "9

f. = = 0.077
s Z 5t2 tan 60°

Since it is desirable to keep the L120 fraction high and also usefu)
to keep tube diameters as small as possible, an interesting and practical
atternative to the use of round tubes is to use tubes that are hexagonal.
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Fig. 5.17 Unit cell for the tube bank employing round tubes
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The gain, due to improved packing, is about 10%. That is, for the previous
example, fL(HEX) = 0.608 x 1.1 = 0.67. The equations for the Li?n
fraction and the structural fraction using hex tubes are as f73lows:

4r§

] _ - at (2ry - t) -6t (2r, - 2t -t
L{HEX) (Zrt+ 2t )2
S

-4 = 0.69

For the structural fraction with hex tubes we have:

= Acell.struct _ 4tw(zrt -1t - ity (2r - )

f =
s(HEX) AceH z?;t + ZtS)2 (Zrt + ZtS)2

= 0.088

The basic unit of this attractive hux cell arrangement is shown in Fig. 5.18.
However, for this present study, we decided to use the somewhat simpler round
tube arrangement shown in Fig. 5.17, even though the hexagonal tubes are more
effective and the blanket is pressure balanced across the tube wall so stress
problems are minimal.

Fig. 5.19 shows how the breeding ratio varies as a function of Li20
fraction using a nominal f. = 0,08 for three different lithium oxide
fractions and for three different structural materials; 316 SS, Inconel, and
our material choice Tenelon. It is evident from the figure that more than
adequate tritium breeding is achievable with Tenelon even at relatively low
L120 fractions and/or relatively shallow radial depths of the blanket.

This implies that tubes whose diameters are 2 cm or slightly less would
satisfy the neutronics criteria. (Hexagonal tubes could be samewhat
smaller.) The small-diameter tubes are strongly preferred for packing in the
Canister volume. If, due to other criteria, larger tube diameters prave more
desirable, then the breeding would either increase or blanket thicknesses
could decrease, We have found that a range of tube diameters from ~ 2 to

4 cm is highly practical.
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Fig. 5.18 Unit cell for the tube bank employing hexagonal tubes
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Fig. 5.19 VYariation in tritium breeding ratio as a function of Li,0

fraction for different radial thicknesses of moderator
blanket and different structural materials (structural
fraction = ,08)
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5.3.2 Tube Bundles in Crossflow

The heat transfer in flow over tubes in crossfiow depends to a large

extent on:

flow pattern

degree of turbulence
velocity of the coolant

size and arrangement of tubes
entrance effects

first row effects

numbers of rows and columns
side wall geometry

o 0 O o 0 o0 g o

furthermore, these influences are interrelated and consequently the flow
pattern is too complicated to be treated purely analyticaily., Fortunately,
there are experimental data available and empirical correlation equations
have been developed that may be used to accomplish the heat transfer calcula-
tions with good accuracy. It is interesting that these experiments indicate
the transition from laminar to turbulent flow for staggered tubes in cross-
flow is more gradual than in flow through a pipe, whereas fcr in-Tine tube
bundles in crossflow the transition phenomena resemble those in pipe flow.
This seems contrary to intuition since one would guess that the continuous
velocity deflection in staggered tubes would more quickly induce turbulence.
For our analysis this is informative but not directly relevant because the
staggered tube arrangement is, in fact, a necessary selection over the
in~Tine arrangement for minimizing neutron streaming. In either staggered
or paraliel tubes, the transition Reynold's number, important for our heat
transfer calculations, begins at about 200, based on the velocity at the
minimum flow araa shecified gyftﬂ of Fig. 5,17. The flow is fully turbulent
at a Reynold's number =~ §00Q.

For our engineering calculations, where the local internal heat genera-
tion, w, in the Lizo and in the tube material falls off exponentially with
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increasing radial distance from the first wall facing the plasma, we must * :
interested in both the local heat transfer coefficient, h,, and the

average heat transfer coefficient h for the entire tube bundle. The local
hE and its accurate determination can be critical, particularly at the first
row or so of tubes if this is where the energy deposition is the highest
because the flew phenomena is singularly different than in the homogenized
flow further into the array. For our particular model the energy deposition
per unit volume falls off by about a factor of 20 from the first wall region
to the back of the blanket (see the section on blanket neutronics). A built-
in advantage of the flow mode] of our blanket heat exchanger is that flow
enters at the hot shield at the back of the blanket where power density is
least. Thereafter the flow across the continuously packed tubes is beyond
the entrance effects. Local heat transfer coefficients are therefore not
critical at the entrance region because heat fluxes are low and film temper-
ature drops small. Recalling our first model single-pass heat exchanger,
flow would flow across the tubes at the first wall where the power density is
highest producing a much more severe condition of Jocal heat transfer, This
is another reason for preferring the multiple-pass system.

5.3.3 Heat Removal and Pressure Drop - Empirical Correlation Equations

The experimental data for flow across tube banks can be correlated by
an equation of the form

(Ru)g = const (Re)™ (Pr)"

which can be recognized as being similar in form to correlations for flow in
a tube or flow across a single tube. We have investigated the correlation
equations of Kreith,(]) of Kays and London,(z) of Grimison(a), and of Eckert
and Drake.(4) They differ in detail, as for instance, haw the velocity is
determined or what reference length should be used in caltculating the
Reynold's number. However, the results of the four methods are comparable
within A 10%, which is quite good. Table 5.6 illustrates how well the
methods compare.
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Table 5.6 Heat transfer in flow across tubes.

Comparison of sample results

using different correlation equations

Source Re fNu h z" ATfi\m at FW
m- K

Kreith ) D q¥f, D
3rd Ed. Suax’s 211,550 k—t =78.7 1074 oLt s
p. 478-9 He f 4h(1-¢)
Kays & ] o qlif, D
London Suax’h  1a02 - = 95.2 1300 SLt
p. 7,127 H 4n(1-¢)
Grimesen D hD g%, b
S == 80 1092 9Lt
(1959) 4h(1-¢)
Eckert & C hD qli¥, D
Drake M"_“-_zn,sso =8 1159 SLE s
Fig. 9-12 u 4h(i-g)
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In the data that follow the equations of Kreith have bezn used. In the
correlation equation for the average h found in Kreith, the velocity from
which the Reynold's number is calcuTated is based on the minimum free area
avaijlable for flow (ts)' Since gur tube arrangement is an equilateral
triangie, the value of tg {the space between tubes shown in Fig. 5.17) is
the same whether it is measured between tubes normal to the flow or on the
diagonal.

The corretation for the Fanning friction factor, ', of Bergelin given
jn Fig. 5.20 was used for the tube bank pressure drop calculations (Kraith}.

5.3.4 The Analytical Model Equations

Figure 5.21a shows the trace of the helium flow through the Canister as
a two-pass heat exchanger. Figure 5.21b illustrates the local power density
in the Canister for the numbered flow lecatjons, It can be seen that the
local power density repeats every two passes so that the general form of
analysis presented here could be used for 2-n-pass systems. It was found
earty in our calculations that the two-pass heat exchanger was most appro-
priate for this particular blanket design because of required tube diameters
(2-4 cm) and the need to have a sufficient number of tube rows and columns
so that the correlation equations for large tube banks would be valid.
However, we also check film coefficients for the first tube row and check
for edge effects for a tube that is in a first or Tast column.

The analysis deals first with the assembly of tubes followed by single
tube analysis at appropriate locations.

The assumptions used in the analysis are as follows:

~r/r* .
1)  The power density has the form w = W, e rir Tor each pass,

where r is measured from the first wail region.
2) Negligible effect of turnarounds on temperature profiles.

3) Constant tube diameter of the staggered array. i

5-50



MODEL  ROWS DgiN.  PITCH/Dg
I 10 3/8 1.25
2 0 3/8 .25
3 14 3/8 .25
4 10 3/8 1.50
5 10 3/8 1.50

MODEL

|l oL
Flow ™
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MODEL 2
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Fig. 5.20 Correlation for the Farning fraction factor, f', of

Bergelin used for the tube bank pressure drop calculations
{Kreith)
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Fig. 5.21a Half Canister analytical model - cross section through the
two-pass heat exchanger illustrating the numbering system

for the thermal-hydraulic analysis
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Fig. 5.21b Profile of the local power density in the Canister depending
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4)  Thermal isolation of the hot shield and moderator region from the
internal manifolds and first wall regions.

5) fs is that fraction of structure within the first wall envelope
but not including the first wall itself.

6) The total “vaid” fraction for a unit cell (Fig. 5.17) is:

fr =1 - o - L

The analytical model of the two-pass cross flow heat exchanger evaluates
the thermal and hydraulic response of the moderator and hot shield zones of
the Canister blanket module for a range of geometric parameters such as tube
diameter and spacing, diameter of the Tithium oxide cartridge within the
tube, and the size of the purge channel used for tritium recovery in the
tube. Another important set of parameters relate to temperature of the
coolant; TN TBOUT and (TBOUT - TB!N) and to the wall loading, PN.

The following general equations are used. The computer code uses these
equations in integral form in a zone-by-zone progression starting with the
hot shield then through the moderator, turnaround, etc.

The bulk coolant (helium) temperature rise is given by

dTy(s) = Sr) (5.1)
mc,
where
i = mass flow rate of the helium coolant
« = the specific heat capacity. The tength s is in the direction of

the flow while r is radially outward.

The total heat deposited, dQ{r)}, over increment ds is

do(r)

wL(r)dVL(r) + ws(r)dvs(r)

& (waL + wsfs)dvc(r) (5.2}

(waL + wsfS)Ac(r)ds
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where dVL, dvs, and dVC are the differential volumes of Lizo, structure, and
total blanket, respectively. The variables, fL, fs are the volume fractions
of Li,0 and structure in a unit cell. The variable AC is the total channel
cross-sectional area.

For the internal heat generation in the 1ithium and the structure,

respectively,
~ r
W= W, exp ( ) (5.3)
"L
_ r
Wg = Wy o exp (- —;) (5.4}
s

and, therefore, for all regions except the turnaround zone:

* *
dTB . [(wo,LfL exp(-r/rL) +w exp(-r/rs)]Ac(r)

0,5 S
2 (5.5)
S m cp
For the turnaround zone:
-1 -r.
TA TA
Wo,LfL 1 - exp ] o,sfs T - exp( R *) l ArpdStp

- S

ATg(Ta) * e, . (5.6)

The annular gap, t_, between the tube wall and the L1'20 cartridge 1is
provided for helium purge flow to scavenge tritium from the Li20. Its width
vs the radial location r is specified by the linear relation

+ B,r (5.7)

tg(r) = 2

By
where B] and B2 are coefficients defined for each blanket region.

The diameter of the hole in the Li,0, d,, is chosen to give one half
the f.ow area of the annulus,
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dhs\/Ztg(do -2t, - tg) (5.8)

The hole diameter and the Li20 thickness are based on the average gap in each
region, fé, in order to guarantee & linear variation in the L120 volume
fraction.

The L120 volume fraction vs the radial location r is specified by:

fL(r) a B3 + B4r (5.9)
where
t 2t t 2B
L. W L 1
B, = f4¢ ( )(1 - -—-——-) {5.10)
3 t Ho ao do do
t 28
L 2
B, = 4¢ (——)(———-) (5.]])
q t do do
6, = (5.12)

—‘ﬁ_( T
2T (1 + 2
do)

Since the structural volume fraction, FS. is constant, the helium (void)
volume fraction, fv, also varies linearly.

To allow simple channel area changes, the channel ¢ross section area vs
the radial distance r is defined by the linear relation

A.(r) = By + Bgr {5.13)

where the coefficients B; and B are defined for each blanket region.

Integrating Eq. (5.1} with the linear relations for channel area (5.13)
and Li20 volume fraction {5.9) over the length of each successive region
(except for the turnaround zone) gives the bulk He temperature rise for
these blanket regijons.
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s " " % "
£Tg = C6 | lexpf(- — | C1 + C2 ——-+ 1] + €3 = +2—4+2 {(56.14 )
I' ay rL r L
"2 ‘“g ra
-exp |-— HE1+C2 —+1 +C3 —*?"’2—';"'2
" r LA
" "
+ C7 exp (-—;-) C4 +C5| —+1
Ts s
" [ T2
-C7exp |-—=]iC4 +C5(—F+1
"s [ s
where
ry = distance from the first wal) to the region inlet
r, = distance ¥rom the firét wall to the region exit
*
c2 = (3435 + 3386)rL
*
c3 = B4BErL
€4 = 85 fs
6 = 35 rs f.
6 = W, L rL/(m Cp)
C7 = (w w /)
0,5 o,L" s L

The average ATfi]m between the local bulk temperature and the tube wall
is inversely proportional to the average heat transfer coefficient, h. The
average heat transfer coefficient for turbulent flow in a cross flow multi-
tube heat exchanger of 10 tube rows or more is given by the correlation
{Kreith ref.):
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hd
8- 0.330H(Re)°'5(Pr)”3 (5.15)

(Re > 6000, 0.7 < Pr < 300)

where
h = average h over all tubes in the section (no. rows > 10)
k =  average thermal conductivity of the He bulk flow
Re = Eumaxdo/u = GMAXdo/” (5.16)
) = average density of the He builk flow
qnax = maximum velocity of the He flow (occurs @ narrowest point
between tubes)
I = average viscosity of the He bulk flow
Pr = (xCp/k) (5.17)

In our actual Canister mode) the number of tube rows is always greater
than 10, satisfying the correlation equation, but the number of tubes in each
row varies between 3 and 6. The correlation equation for h (5. 15) was
developed assuming guasi-infinite row lengths so the effects of any end walls
on the value of h would be negligible. In our design study because of the
small number of tube columns, the walls at the end of the tube rows could
significantly effect the h. Obviously any actual design would have to be
supported with experimental measurements under simitar geometries. We would
also note that flow in the turnaround section of the Canister with the main
fiow turning 180° may not provide the flow conditions which give an h
defined by (5. 15).

The film temperature drop in the helium fram the bulk flow to the tube
wall 0.D, relative to the average heat transfer coefficient is

Meiinit) = — (5.18 )

where the surface heat fiux, g, is determined from
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WV v Wl

q:
Atube
(5.19}
Wt wgt
q= €
t' "o

The temperature rise across the tube wall is determined by combining the
contribution due to the local power generation in the tube wall with the
contribution due to the heat flux from the Li20 traversing the tube wall,

The final equation is
&n
9y

2 2
OO
> 0 a

8T a1 = K
W (5.20)
w, f,v3(d_ +t )22 Ei
LYo T tgd AN g
* Tk .
T
For the solid rods used in the hot shield zone, the AT to the rod
centerline
"%
8Trod = Tok (5.21 )

The temperature drop across the internal helium gap (the annulus
provided for tritium purge) can be determined assuming pure conduction in
the helium and essentially zero velocity flow using the equation

[' ( do- th )] ?
w f

T <=7t -2t ||\
- L'L {an do tw q 3 (do + ts)

Ak (5.22)

Alternately, if laminar flow of the purge gas in the annular space is
important and the heat fluxes at the annulus inner and outer boundaries, Si

and Sa’ are defined, then the ATg across the gap is given by
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d 6, )
h 1 i 1 0
AT = — S. | —— + -5 (—._-i-__..—)] (5.23)
g k [ i (Nuii Nuoo) (<] Nuoo Nuii

where dh is the hydraulic diameter and 6 and Nu are function coefficients of
the tube geometry and internal gap.

The mass flow of the purge gas is a small fraction of the mainstream
flow, i.e., 0.1%. The largest mainstream flow for ATB = 100 K would be
~ 6500 kg/sec. For the base case with 75 modules of 18 Canisters each and
about 600 tubes per Canister, the flow in the annulus of one tube is about 8
mg/sec. This flow is so slow as to preclude significant heat removal by the
purge flow, i.e., AQ = 0, where AQ = heat transferred to the purge gas.

Ta check the passibility of enhanced heat iransfer rate caused by
circumferential natural convection loops set up around the annulus, the
Grashof number, Gr = p g 8 Athslu2 was calculated. For a typical case the
Grashof number was equal to 0.30 ATg which for the largest ATg (pure conduc-
tion) was less than that needed to establish the natural convection.

On the basis of these calculations, the maximum value of ATg across the
annulus can be calculated using the pure conduction solution. This will be
mitigated somewhat by radiation heat transfer in locations where the energy
deposition is the highes*.

If it is assumed that there is no heat transfer across the hole in the
Li20 cariridge and that heat flow is radially outward, then the ATL across
the heat generating L120 is given by

wd,? [1 - (el Z(d')zm(d‘)]

er), = T (5.24 )

whe!e

(=1
1

d, /9,
outer diameter of the Lizo cylinder
inner diameter of the Li20 cylinder

[~y -~
[l
t n
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5,3.5 I1lustration of a Design Case

Tables 5.7a through 5.7g contain sample output for a reference case
where TBIN = 625 K and TBOUT = 825 K.

5.3.6 The Influence of Structural Material Composition on Canister Design

The influence of structural materials and their composition on the
neutronic performance of the Canister blanket was found to be a highly impar-
tant, if not the most important, consideration in design., As can be inferred
from Fig. 5.19, the use of materials such as Inconel drives the system to
high Tithium oxide fractions in order to get the tritium breeding greater
than 1.0. Structurally, because the Tithium oxide is contained within the
tubes, the tube diameters must increase. With Inconel, tube diameters must
be approximately 4 c¢m to achieve proper tritium breedirg. HWith large tube
diameters the inner temperature of the lithium oxide at th2 purge hole
surface increases and this sets a constraint on the desica. Inconel also
has high internal heat jeneration due to high neutron/gamma capture, the net
result of which is to tower the blanket energy multiplication, M. Topolog-
ically, larger tube diameters also make it more difficult to lcad a given
Canister uniformally with tubes. The number of tube columns and the number
of tube rows simply cannot be an integer muitiple of a dimension as large as

4 cm.

The non-nickel alloys, such as Tenelon or 2.25 Cr-1 Mo or 316 S5, allow
substantially lower tithium oxide fractions and hence smaller tube diameters
(if temperature permits). Tube diameters of 2 cm, producing 0.4 lithium
oxide fraction, intrinsically yield breeding ratios greater than 1.10 for our
Tenelan design case where the moderator radial thickness is 0.65 m, Further-
more, for Tenelon, the blanket multiplication factor is 1.24 as compared with
the Incone) case where M was 1.16, a gain of almost 7% or, in terms of power,
an additional 224 MW. If the 0.4 lithium oxide fraction is retained and the
blanket radial thickness decreased to 0.45 m, the blanket multiplication
increases to 1.26, ylelding approximately 28D MW more than would be obtazin-
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Table 5.7a Lip0 solid breeder blanket thermal-hydraulic analysis
Case no, 7: final design case with 2 cm diameter tube
of Tenelon « blanket moduie Canisters

INPUT DATA FOR BLANKET MODULE CANISTERS

FUSION POWER® 3500 MW
POMER FRACTIDON 7D BLANKET= .8

FRACTION OF POWER DEP. IN FIRST wALL= .Y
NALL LOADING= 2 MW/M2

BLANKET MULTIFLICATION FACTGR=M= 1.2

HELILUM EX3T TEMPERATUREA B25 K
HELIUM TEHFERATURE RISE= 200 K

REACTOR CENTRAL CELL LENGTH= 150 o
FIR5T WALL RADIUS~ 1. 455

FMCDULE AXIAL LENOTHe 2

ND, HALF CANISTERS/RING HUBULE= 38

| HOT SHIELD THK./CHANNEL 1= ,2
PREE PER + TURNAROLIND THF./CHANNEL 1o .45 n
DPREEDER THK./CHANNEL 2= .52 H
HOT SHIELD THY./CHANNEL 2= .2 M

CHANNEL DIVIDER THK.= .0l M
FIRST WALL THK.® &E-0F
FIRST WALL FLOW ANHLLUS GAP= .02 M

HODULE END Woll, THE,= .01 M
FURBE HEADER WIDTH= .023 M
TURE SPACER FLOW FLOTMAGE= .03

OUTPUT FOR BLANKET MODULE CANISTERS

FOWER GEMERATED IN THE BLANMKET® 3340 Hu

HO. OF RING HOMAES= 75

NC. OF HALF CANISTERSa 2700

POWER PER HALF CANISTER BEN. IN FIRST WALL= . 124443 MW

FOWER PER HALF CANISTER GEN. TN THE MODERATOR/SMIELD SECTIDNe 1.12 Mb
HEQ. HELIUM PER HALF CANISTER mDERﬁTmISNIELD SECTIONS~ 1.07938 K6/5EC
FIRST WALL NDSE RADIUS= .129591

Table 5.7b Case no. 7: final design case with 2 cm diameter tube of
: Tenelon - hot shield section, channel 1

INFUT DATA FOR HOT SMIELD SECTEION-CHANNEL 1

RADIUS OF SECTION mLEY- .88 M 3C RADIUS OF SECTION EXITm 436 M #f
ROD DIAMETER= , O SPACING FETWEEN RODS= 2E-03 H
HT/GEN1{3R=0}-STw 4. s!%wEow usMs RSTAR-ST= 230836
T-BULK DF SECTION INLET= 423 K
P-BULK OF SECTION INLET= SE+06 PA
! HEAT TRANSFER COEF. FLAGs 1 INDICATING THE KREITH CORRELAT®
FPRESSURE LOSS FLAO= 1 INDICATING THE BERGC!.IN COARELATION
UNDBSTRUCTED CHANNEL CROSS SECTION AREA @ INLET= 205333 AND NO. UF COLUMNS= 3
UNDBITRUCTED CHANMEL CROSS SECTION AREA @ EXIT= .205343 AND NO. OF COLUMNS= S
VALUES FOR CA,CB= .205343 , ©@ , RESPECTIVELY

DUTPUT FOR HOT SHMIELD OF CHANNEL t

ROD SPACINB= .0ZZ H ROW SPACING= ,0)70326 H

AVO. NO, OF COLUMNSe S AVG. ND, OF ROWS= 30

SECTION DELYF T-BULY= 9.92051 K SECTION DELTA P-BULK= 23&3,8: PA

BECTION £XI7 TEMPERATURE® 834.921 K  SECTION EX1T PRESSURE= 4.99763E+0L PA
: PARANETER INLET EXIT MIp SECTION
. MIN. FLP'Ww ARER «01B6575 «01B5A7S 0105673 MT

L120 vOL. FRACT o ©

BTRUSH VL. FRAC 749503 .249503 749503

HE JOL. FRACT 290497 .250497 . 750497

BULK HE TET® 423 &34, 921 £79.98 K

BULY. HE PHEST TE+04 4.99762F+08 4.GYDG2E+0E PR

REY MO, ,HAT 348337 34472.2 Sasel.a

HE VEL, max 15,0139 15,2543 13,1331 H/SEC

HT/XFER COEFF 1977.88 178s. 6 1962.25 W/HM2 &t

DELTA T F1iA 3.B24B 9. N&a371 26 «

RS 0.0, TEMP. 428,825 €x0.983 434,403

ROD LELTA TEMP. 977585 2,32481 1.6322 K

ROD MAX. TEMW,  &29.6807 646,311 638,057 kK

88 RAD11 MEASURED FADM THE MODERATOR-niLE SURFACE OF THE FIRST WALL
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Table 5.7¢

Tabie 5.7d

Case no 7: final design case with 2 cm diameter tube of
Tenelon - breeder section, channel ]

INFUT DATA FOR BREEDER SECTION-CHANNEL 1@

RADIUS OF SECTION EXITe 11222 H TUBE DIAMETER= G2 M
SPACING PETWEEN TUDES= 2E-03 N TUBLC WALL THK= SE-04 M
LIZ2O WALL The= S.3E-03 M

HT/GEN (R0 ~L1m 3.X3701E407 W/HN3 ABTAR-LI= 319342 M
MHY/GEN{@F=0)~5T= 1,79401E+07 W/M3 RSTAR-ST= ,3016 M
TUBE INTERNAL GAP COEF-Fe 1E-0:3 M CDEF-GB= 0 H/M

LIJD FRACTION T.D.= .9

HERT/TRANEFER LOEF FLAGe 1 IRDICATING THE WRETTH CORRELATION

PREGSURE LOSS FLAG= | INDICATING THE BERGE( IN CORRELATION

UNGOPSTRULTED CHANNEL CROSS SECTION AREA © INLET= ,20534% AND ND. OF COLURNSa 5
5

UNQBSTRUCTED CHANNEL CROSS BECTION AREA 9 EXIT= ,Z0S34% AND NO. OF COLIAWNSe 5
VALUES FOR CA.CE= 205343 , O . RESPECTIVELY

auTkYT FOR BRAEEDER SECTION OF CHAMNEL 1

TUBE SPACINGa 022 M RDW SPACING= .0190%24 H

AVG. NO. OF CDLUMNS 5 AVG. MO. DF ROWS= 2B

SECTION DELTA T-BULK= 51,387 » SECTION DELTA P-BULK= &4208.89 £n
SECTION EXITY TEMFERATURE= 6B&4.308 F EECTION EX1T FRESSURE= 4.9F(73E+0a PA
PARRMETER INLET EXTT H1D SECTIDN
MIN. FLOW ARER .0186475 -018647S 0186675 112
TUBE 1D GRF 1E-03 tE-03 1IE-03 N

LI20 vOL. FRACT .47q061 JA7d0el 474041

STRUCT VOL. FRAC 07307464 07307488 0730758

HE wDL. FRALT -AGDB4T 452843 + 432855

BULy KE TEMF 634,921 664, 308 b&0, &18 ¥

KEY NO. .HAK 344722 32445.8 33%30.9

ME VEL, MAX 15,3415 146. 9967 15.8791 MH/SEC
BULE. HF FRESS 4.,99763E+0A 4.9907SE+0A 4.97418E+47% FA
HT/XFER COEFF 1984, 4 TRIn, 2% DO3@. T WAMD b
DELTA T FILM . 4853 17.7374 10.49374 ¥

TUBE .0, TWALL 28,17 FOA, 045 s71.108

TUBE DELTA THWALL .10%T234 .5B2453 2391943 ¥

TURE HAY. TWALL 438,275 704, 628 b671,4%)1 |

TUBE ID GAF DY  24.515% 25.5v8 75,0571

L120 Q.D. TwALL &&2,721 7as. %09 |
LI20 DELTA THALL Z.305349 12.6568 ¥

L1320 HAX, TWALL 454,097 ECE AT

Case no. 7: final design case with 2 cm diameter tube of
Tenelon - turnaround section between channel 1 and
channel 2

-

INFUT DATA FOR TURNPOUND SECTION PETWEEN CHANNEL § & CHANNEL 2

KADIUS OF SECTTON EXIT= ,LIZI2% M TUBE DIAMETER= .02 M
SPACIND BETHEEN TUBES= TE-GT o TUBE WALL THF SE-04 M
LI20 WALL THE= S.5E-0GZ M

HT/GEN{AR=0} ~L1= 1.J4701E+07 W M3 RSTAR~LI&= .319342 n
HT/GEN{3JRe0) ~8T= |,79601E+07 kW/H3 RSTAR-ST= 3016 M

THEE INTERNAL GAP COEF-Ca 1E-03 N

LIZ0 FRACTION T.D.= .% SECTIGN LENGTH= .183515 H
HEAT/TRANSFER COEF FLAG» 1 INDICATING THE FRETTH CORRELATION

PREBESURE LORG FLAG= 1 INDICATING THE BERGELIN CORRELATION

UNDPSTRUCTED CHANWEL CROSS SECTION AREA 3 INLETa 205743 AND NO. OF COLUMNGe 5
UNDBITRUCTED CHAMNEL CROS5 SECTION AREA @ Ex1Ta 205343 AND NO. OF COLUTNG= 5
YALUES FGR Ch,CBr 208347 ., O ., RESPECTIVELY

-

QUTRUT FOR TURNAF QUND SECTIUN BETW. CHARNNEL 1 % CHAMNEL 2

TUBE SPACING~ . S22 ROW SPACING= .DI90E26 M
MEAN HO. OF EDIUFNS= S MEAN HO. OF AOWS= 9

SECTION DELTA ~-BULK= 456.2744 ¥ SECTION DELTA F-BULK= 22X4,2 PA
SECTION EXIT 72MPERATURE= 732,582 F SECTION Ex1T PREGSURE= 4,98B49E+0L FPA
PAPAMETER INLET EX1T @ BT WALL HID SECTION
MIN, FLOW AREA  .0186475 0186875 .0106475 N2
TURE TD GAP 1E-03 1E-03 1E-03 1

LI20 vOL. FRACT .474 61 474081 .474061

STRUCT VOL. FRAC 0730748 .0730764 - 0730764

HE vpl., FRANY -AS2P6 4320463 <AN2BA4T

BULk HE TEHP e84, 308 732. 5682 abG 614 K

BULE HE PRESS 4., 99073E+08 4. 7HB49E+0OL 4.908761E+06 FA
AEY NI, ,MAX 32649.8 31195.4 ITI0LP

HE VEL, MAX 16,5195 17,4734 1S.9011 H/SEC
WY XFER CDEFF 2047,.55 Q008,72 W/HI Y
DELTA T Film 74,4384 20,6787 X

TUBE O.0. TWALL 757.47 &H1,443

TUBE DELTA THALL 829571 475489 ¢

TULE MAX. TWALL 738.25 6B2.119 K

TUKE 1D GAF DT 169.503 149,08 )

I8 0. 0. TWALL R27.p3% 831,167 F

LI20 DELTA TwWALL 34,4776 28,5370+

LIZD MAX. TWALL How 234 Ra2. 3 854,727 ¢
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Table 5,7e

Table 5.7

Table 5.79

Case no. 7: final design case with 2 cm diameter tube of

Tenelon - breeder section, channel 2

IHPUT DATA FOR BREECER SECTICH-CHANNEL 2=

RADIUS DF SECTIDN EXITe .&32029 M TUBE DIAMETERs .02 M
SPRCING PETWEEM TUEES~ 2E-03 M TUBE WALL THF= 2E-0F M
LIZD WALL THK= 5.5E-03 M

HT/GEN (3R=01 -L 1.34701E+07  N/N3 RSTAR-LI= 319342 1
HF/GEN(IRN0) ~GT= (. 7PEQ1ESO7  LIME RSTAR-9T» 3014 M
TUKE INTERNAL GAP CQEF-F= 1E~0X R COEF=0= @ MM

LI720 FRACTION T.B.= 9
HEAT/TRANSFER COEF FLAG= | INDICATING THE ¢REITH CORRELATION

PRESSURE LOSS FLAG= | INDICATING THE EERGELIN CORKELATION

UNOBSTRUCTED CHANNEC CROS3 SECTION AREA § INLET= .ZOS343 AND ND. OF COLUMNS= 5
UNDBSTRUCTED CHANNEL CROSS SECTION AREA 9 EXI1T= .310665 AND NO. OF COLUMNS= 10
VALUES FOR CA.CE+ .181025 ., ,394889 , FiSPECTIVELY

DUTPUT FOF BREEDER SECTION OF CHANMEL 2

JUFE SPACING= 022 M ROW SPACING» 0190526 M

AVG., NO. OF COLUMNG* 7.5 AYG, ND. OF ROWS= 27

SECTIDN DELTA T-ElRh= &9.4179 » SECTION CELTA P-BLRK= 3842.48 FA
SECTION EXIT TEMPLRATURE= BO2, 02 SECTION EXIT PRESS= 4.98304E+06 FA

PARAMETER IMET EXIr HID SECTION
PIN. FLOWN ARER - 010847S O3I2I3T 0280013 M2
TUBE 1D GAF 1E -0 1E-03 M
LI20 vOou, FRACT 474081 474001
STRUET VOL. FRAC LO2I0784 O73GT8A
ME VOL. FRACT PR 452853
BAY RE TER 32,382 BN, 00T 787.292 ¥
BU.» ME PREEC A.SBPETES s 4. IBTORE +E 4,98477Ee0s  FA
REY NO..0IAX Si198.4 125642, 201344
HE vEL, MAX 17.0412 F.450647 1Z.218  hssEC
MY /KFER COEFF D047, 35 1390, 9% 1542.1% w/nZ b
DELTA T FILM 17.4172 4.97435 11.59%6 v
TUFE 0.0, IWALL 749,999 B05.974 778,488 }

TUBE DELTA TWALL ,582653 113407 34807 K
TURE MAY, TWALL 750,582 BO7.69 778.834 ¥
TUBE ID GAP BT 120, 181 22.4208 T1.3007 »
L1200 0.6, TWALL 870,747 829,51 850,137
L1120 DELTA TWALL 22.9438 4.31594 13.429% ¥
LI20 MAY. 1WALL BT 706 Bi3.827 B&3_TAL ¥

Case no. 7: final design case with 2 cm diameter tube of
Tenelon - kot shield section, channel 2

INFUT DATA FOR HDT SnilsLD SECT)Cro-cHANWTL o

RADIUS OF SECTION ExIT= .832I729 h TUBE DIARETER= .42 #
SPACING BETWEEN RQDS= 2E-0,3 M
HT/GENIQR=0) ~8T= 4,4T94FE+07  W/HS RSTAR-STu . DLub3s

HEAT/TRANSFER COEF FLAG= 1 INDICATING THE #REITH CORRELATION
FRESSURE LOSS FLAG= 1 [NDICATING THE BERGELIN CORRELATION
UNOBSTRUCTED CHANNEL CRDSS SECTION AKEA 2 INLET= .410885 AND MO. OF COLUMNS= 14

UNOBSTRUCTEDR CHANNEL CROSS SECTION AREA @ EXIT= 451754 AND NO. DF CDLUMNS= 11
VALUES FOR €R,CR= ,780BeY . .205383 . RESPECTIVELY

OUTPUT FOR HAOT SHIELD OF CHMANNEL 2

ROD SFACING® .0U22 H RDW SPACING= .0190826 H

MEAN NOQ., OF COLLMNS= 10.5 REAN ND. OF ROWS= 10

SECTION DELTA T-BULK~ _I.9379 | SECTION DELTA F -EULFw 494.954 PA
SECTION EXIT TEMFERATURE: B24.94 |} SECTION EXIT FRESBSURE~ 4.9843ZE+is FA
PARAMETER INLET Exir MID SECTION

MIN. FLOW AREA 0372335 L 0310685 ~O392018 no

L120 vOL., FRACT © " o

STRUCT YOL. FRAC .74%920% 749502 - 749503

HE VIL. FRACT » 250497 . 250457 « 2B04G7

BULK ME TEMP 802, CO7 a8249.95 813,471 ¥

B ) ME PRESS 4, 9804E-08 4,904T3E+ Q006 4,984n%€E%06 A
RAEY WD, ,mAX 14843, 1 13052.9 17808, 3

HE VEL, mAX 9.466317 %,03393 9.3348 H/SEC
HY/XFER LOEFF 13%8.99 1331.a7 1364.02 MW/MD v
DELTA T FILM 14. 248 6.29758 10,2828 ¥

RAD D, D, TEMP. 814,27 B31.237 B23.753

FOD DELTA TEMP. 2.37943 1.08372 1.8317%8 &

ROD HAX. TEMP. 818,849 832.321 Bb28.5B5 W

Case no, 7: final design case with 2 cm diameter tube of
Tenelon - blanket synopsis

1aTaL ®OD COUNT FER CANIGTER® 155 1orAL TURE COUNT FER CANISTER=s 3317
EILT TEMPERATURE™ 9t EXIT PRESSURCe 4,.9343I3E*06 PA
BLANIET DELTA T= 152,94 FLANVET DELTA Fa 15852 PA

BLAP ET HEAT TOTAL® 1.11964 MW Furins FOWERs 311578 2
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able with the Inconel. The provision in this case would be that the tube
diameters would have to be 3 cm. As can be seen from the above examples,
there are many combinations of tube diameters, 1ithium oxide fraction,
breeder radial thickness, etc., that will produce a good bianket assembly.
What follows are some of the preliminary

results of the parametric studies.

5.3.7 Parameter Study Preliminary Results - Minimum and Maximum Lithium
Oxide Temperatures

Figure 5.22 illustrates the minimum tithium oxide temperature as &
function of tube diameter for four different helium ¢oolant flow rates pro-
ducing four different levels of helium bulk temperature rise from inlet to
outlet of the blanket. [n this figure it can be seen that there js essen-
tially zero sensitivity of the oxide minimum temperature due to tube
diameter, which is as one would z:pect since the minimum temperatures occur
at the flow entry intc the blanket where the energy deposition is the least.
The strong influence is the bulk temperature rise which determines the flow
velocities and hence film temperature coefficients of heat transfer. At the
reference case where the bulk temperature rise is 200 K, the 1ithium oxide
minimum temperature is estimated to be approximaialy 770 K, well above the
minimum temperature required to maintain a tritium inventory less than
} kilogram (see Section 5.6).

Figure 5,23 shows the more important maximum lithium oxide temperature
as a function of tube diameter and bulk helium temperatu~e rise. In this
case the maximum temperature occurs at the inner surface of the lithium oxide
for the cartridge located at the point of maximum energy deposition, i.e.,
near the exit of the turnaround in the blanket near the first wall., Here the
bulk temperature rise has little effect but the dominant influence is the
tube diameter. This dominance of the diameter is because the energy deposi-

tion is increasing in proportion to the diameter squared and at the same time-

the path length for energy removal is increasing with the diameter so the
effect is roughly a cubic. Of concern here is to stay wel} below the temper-
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BLANKET PARAMETERS:
ty =13 =0.00Im

tg =0.00Im
dg = VARIABLE We——————— T+ T T T T .I
ATy =VARIABLE ATg=100K
Ty z2Mw/m?
TB,EX|T=95°K " BOO |-
a" ATg=200K
= g
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o
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dy ~-TUBE DIAMETER,m

T7-403-0

Fig., 5.22 The minimum Lip0 temperature vs tube diameter anc bulk
helium tempera%ure at a spacing betv.cen tubes = 001 m
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Fig, 5.23 The maximum Li0 temperature vs tube diameter and bulk helium
temperature rise at a spacing between tubes = .001 m
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ature at which the lithium oxide melts (1970 K). Initially, it was felt that
there was a critical sintering temperature but a new method of fabricating
the lithium oxide may eliminate that problem. This sintering and the method
for Li20 fabrication are discussed in Section 5.4 on tritium recovery.
Nevertheless, it is advantageous to use the smaller diameter tubes. The
actual temperature rise across the 'ithium oxide as a function af tube
diameter is shown in Fig. 5.24.

Figure 5.25 illustrates lithium oxide maximum temperature as a function
of neutron wall loading for a family of tube diameters. Ciearly the smaller
tube diameters are superior and if the higher wall loadings are to be
achieved, then tube diameters of about 2 cm or 2.5 cm are to be strongly
preferred. We do not know definitively how near to the melting point it is
possible to operate the Lizﬂ wut a safe value may be approximately 0.80 or
2bout 1575 K, This may be unduly optimistic, forcing the design to smalier
diameter tubes.

5.3.8 Parametric Study - Maximum Tube Temperatures

Figure 5.26 shows maximum tube temperatures as a function of wali
loading for selected tube diameiers. For this parametric study, the waill
loading was increased by moving the Canisters closer to the central-cell
pliasma while keeping the total fusion power constant. In addition, the
radius of the first wall of the Canisters was kept constant, and the number
of Canisters per ring module was reduced appropriately as the Canisters were
moved closer ta the plasma. The helium inlet and exit bulk temperatures were
also held fixed at 625 K and 825 K, respectively.

The maximum tube-wall temperatures were found to occur close to the exit
of the second breeder zone (point 5 on Fig. 5.21). As can be seen from the
results in Fig., 5.26, this temperature, Tﬁs, does not vary appreciably for a
factor of 2.5 change in the wall loading or a factor of 2 change in the tube
diameter, This resuli can be explained as follows. The total helium flow
rate to each ring module did not change for all of the above calculations,
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Fig. 5.24 Maximum temperature rise across the LiZO vs tube diameter for
ATg = 200 K and Ty = 2 Md/m2
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Fig. 5.25 Maximum Liz0 temperature as a function of wall loading for
selected tube diameters at ATB = 200 K and TB = 950 K
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Fig, 5.26 Haximum tube temperature as a function of wall loading for
seiected tube diameters
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since the same power must be removed from each ring module., When the watl
loading is doubled (by moving the Canisters in to half the original distance
from the centerline of the plasma), the number of Canisters is reduced to
half and the internal heat generation in each Lizo-f11led tube doubles,
However, the number of these tubes at each radius is almost exactly hajf the
original number for a given tube diameter (except for some minor geometrical
adjystments). With half the number of Canisters, the helium flow rate in
each Canister is doubled. This almost doubles the heat transfer coefficient,
which just about compensates for the doubling i the internal heat generation
in the L120 and tube walls. The net result is that the film drop stays
almost the same at each location in the Canister. Consequently, the temper-
ature distripution in the Li,0 cartridges and tube walls, as well as ip the
heljum, does not change appreciably for all the above cases.

It can be seen from Fig. 5.26 that these maximum tube wall temperatures
of 807 to B25 K fall within a reasonable range for Tenelon. It should pe
recalied that the Tenelon tubes only have 1 to 2 atm differential pressyre

acrpss them, so the stresses are low.

5.3.9 Stresses in the Thin-Walled Tubes

The stresses in the thin-walled tubes containing the 1ithium oxide
resylt from two causes: (a) the pressure difference between the purge helium
flow on the- inside of the tube and the higher pressure mainstream heliym flow
on the outside of the tube (this difference can range from 1 to 2 atmospheres
and s provided as part of the tritium control system); (b) the radial
temperature gradient across the tube wall due to removal of the heat genar-
ated ip the Tithium oxid: and in the tube itself to the mainstream coolant.
1t has been determined that the film coefficient around the tube in thjc
Crossflow heat exchanger environment is sufficiently uniform so that signif-
icang circumferential temperature gradients do not exist.

The hoop stress is determined by

gy = 8P X da/2tw
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tube outer diameter

(=9
1l

tube wall thickness

et
1

Tube diameters range from 2 to 4 cm and wall thicknesses from 0.05 to 0.1 cm,
The range of hoop stresses is therefore:

2.0 MPa < oy < 8.0 MPa
(290 psi oy 1160 psi}
The thermal stresses are calculated from:

Oy = EaATw/2(1 - v)

The modulus of elasticity, E, for Tenelon is approximately 1.52 x 1
Pa at a temperature of 1000 K to 1100 K. The coefficient of thermal expan-
sion, a, is 18 * 1078 9¢~1 at 1000 K.

ol

The temperature gradient across the wall is a linear function of {a) the
wall thickness, and (b) is roughly proportional to the square of the tube
diameter due to the heat deposition in the lithium oxide. For the cases
studied where the tube diameter was 5.8 cm, t"e maximum temperature differ-
ence was 10 K for a wall thickness of 0.1 ¢m. From this an approximate
table of temperature differences versus tube diameter and wall thickness can
be inferred:

d0 tw = 0.1 cm tw = 0,05 cm
2 cm AT" = 2.8K AT" = 1.4 K
3 cm AT, = 6.3 K AT, = 3.15 K
4 cm AT, = 11 XK AT, = 5,5K

The thermal stresses range from a least value of 2.73 MPa (396 psi) to
a maximum value of 21.4 MPa (3111 psi).



A conservative estimate of the combined stressec is plotted in Fig.
5.27. The advantage of the smaller tube diameters is clearly evident. At
diameters of 2 cm, the comhined stresses are low enough so that moderate
strength materials such as Tenelon should prove adequate based on the creep
rupture data available. Note also that at this diameter the tube thickness
does not have a strong effect on the total stress. At tube diameters of
aoout 4 cm, stresses begin to be guite significant and the tube wall
thickness has a much stronger influence.

Tenelon should prove adeguate based on the creep rupture data available.
Note also that at this diameter the tube thickness does not have a stiong
effect on the total stress. At tube diameters of about 4 cm, stresses begin
to be quite significant and the tube wall thickness has a much stronger
influence.

5.3.10 Thermal Stresses in the L120 cartridges

In order to make some preliminary, conservative estimates of the maximum
permissible size of the 1ithium oxide pieces, the thermal stresses must be
evaluated. A generalized expression for the thermal stress at the surface
is:

CIEuAT

O'th = T-Ifcz—v)- (5.25)
where E is Young's modules of elasticity, a is the linear coefficient of
thermal expansion, AT i5 the largest temperature difference acrass the piece,
and v is Poisson’s ratio. The constant lZ:-I depends on the geometry of the
pieze and the nature of the thermal load applied, while Cz is a "clamping
factor” which depends on the shape and edge constraints. For thin-walled
tubes or flat plate geometries, where the AT is produced by uniform
internal heat generation with one of the surfaces adiabatic:

2
a1 = B (5.26)
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where w 1s the internal heating in Hlma, t is the characterictic thickness
across which the maximum AT occurs, and k is the therm-  conductivity.

For these iwo geometries, simple analytical relations for Oty are
available which permit us to evaluate C] and C2 for the stress at “e
surface.

Long, thin-walled tube: C] = 1/2, C2 =1
1

Large, flat plate (unrestrained): ¢, = 1/6, C,

Note that for complete restraint in the x,y and z directions 62 = 2.
However, for constraint in x and y only, CZ 1. We assume here that
axial growth of the cartridge is unrestrained. Combining these relations,

we obtain:

2
_ 1 Eowt
= % TNy (5.27)

We next must relate Ot to the tensile stress for fracture of lithium

oxide, O7F*

4]
<= (5.28)

where SFTF is a tensile-stress safety factor. We have used SFTF = 2 for
these preliminary estimates.

We can now solve for the maximum allowable internal heat generation,
Wyax» as @ function of the thickness of the pieces, t:

MAX F]
ClEat SFTF C]SFTFt

where

B [GTFk(]-V)
nETTR T
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is referred to as the material thermal stress parameter. The larger M is for
a given material, the higher are the thermal <‘'vesses which the material can
withstand. For these two simple geometries with one adiabatic surface, we
obtain the following relations:

Long, thin-walled tube: W ZM/tE

Large, fiat plate (unrestrained): YAy = GM/tg

The following estimates of the property data were used for the Lizo
{assuming temperatures in the range of 600-900 K and for 90-100% theoretical
density and a grain size of 1 to 5 m):

1.2x 1077 Pa

E =

a =2.7x730° K"
k = 5.0 W/mK

v =0.25

op: = 57 MPa

This results in M =66 for both geometries. There are large uncertainties
in some of the available property data for lithium oxide (see Section 5.6).
Consequently, the results should be used with caution. This is one of the
reasons for choosing a reasonably large safety factor of 2 for tensile
fracture.

For the present blanket design, a value of Waay of about 14 tp J5 m;/m3
corresponds to the ipternal heating in the lithium oxide cartridgey closest
to the first wall for a neutron wall loading of 2 Mwlmz. From Fig, 5.28 we
see that this implies that long tubes could have a maximum thickness of about
3 mm, and large plates could have a maximum thickness of about 5 mm,

Based on these preliminary estimates, we decided to “pre-crack" the
lithium oxide into a set of four coaxial half-cylindrical pieces, gach of

which is only a few centimeters long.

If the two cylinders are of equal thickness, the two outer half-
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cylinders will have tigher thermal stresses than the inner two, since the
heat flow is radially ocutward. This causes the outer pieces to have both the
AT due to the internal heat generation and a AT due to the heat flow from
the inner pieces. Consequently, the outer half-cylindrical pieces will
probably have to be somewhat thinner than the inner pieces.

The thermal stresses for this pre-cracked design lie somewhere between
those of the tube and those of the unrestrained flat plate shown on Fig.
5.28, If the half-cylinders are not tightly restrained, this design should
be closer to the flat plate case than the tube cacc. Consequently, after
some refinement, this geometry should fnsure that the thermal stresses will
not cause premature failure. However, a more detailed 3-D computer stress
analysis for the final geometry is certainly warranted as saon a: more
reliable Li20 data are available.

5.3.1% Pressure Losses and Pumping Power

A series of schematics of the network of coolant pipes from the reactor
blanket Canister to the primary side of the intermediate heat exchanger is
shown in Figs. 5.29 through 5.33.

Calculations were run to estimate the total pressure drop and pumping
power for the entire blanket coolant circuit including the primary side of

the THX, The eguations used for these different losses follow.

The frictional pressure drop for flow in pipes is defined by:

o (5)8 - 1(3) % o (3) 2 520
i i i/ di(2p)
where

£ = pipe length, m

di = pipe inside diameter, m

p = helium gas density, kg/m3
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v = gas flow velocity, m/s

G = gas mass flux, kg/m s

m = gas flow rate, kg/s

f = Darcy-Weisbach friction coefficient for flow in pipes

The friction coefficient js defined in terms of the Reynolds Number:
f=.316 Re"0+25
(6000 < Re < 300,000)

The losses due to turns and bends and the losses occurring due to
dividing and the joining of flows are estimated in terms of the velocity
head and an appropriate empirical loss coefficient K :

2 *2
- pVv= _ o, G- _ 16m
ST T B T - T 7 (5.30)

The loss coefficient, KL' for the various situations of flow are shown
in Table 5.8 (Table of Loss Coefficizants). The small acceleration pressure
drops have not been included.

The pumping power is the product of the total pressure loss in the loop
times the volumetric flow rate: )

p =0 4
P e

The pumping power ratio as a percentage of the blanket thermal power is:

P
PPR = =& x 100

Q%
where Qb = thermal output of the reactor blanket.

The pressure drops for the various locations in the flow circuit are
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Table 5.8 Loss coefficients for turbulent flow

Additional
Friction Low,
Equivalent No. of
Type of Fiiting or Valve Velocity Heads, K
45-deg o), standard e Rt L, 035
45.deg. ell, long radine® . . . L. 02
90-deg, olf, sandardeddwdm 035
Long radius®®#¢ . . . . . ... ... . ..., 045
Sguareormiter™. . . . . ..., ..., L, 13
180-deg. bend, close re:urn' b e 15
Tee, slandard, ulong run, branch blanked of* . , . | 04
Used s el entering un®d ., . ... . 10
Used as ell, entering hranchd#d . . .. 10
Branching Row 2 . L. .. 1
Coupling? . _ . ... ... ... ...... Ca 004
Unionf . . .. . ... L e e a4
Cate valve,*# open 017
Yoopen® . ... 09
Yoopent . . ... 45
open® . L e e e 240
Diaphragm valve*open . . . . . . ... - .. ... 23
OpER* L e 26
'/z npe;’ ...................... 43
Yoopen® . . ... e e e e 210
Glole valves s lievel seat,open. . . . . . ... .. 690
Lopen* L Lol 95
Compmition seal, open 60
Yoopeo . ... L. L. &5
Flug disk, open. . . . . . 90
OPE® . e 130
Ypopen® . L. 360
Yoopen® . . ... oL 1120
Angle valvesfopen . . . ..., .. 20
Y or blowoff valve®- open . 3.0
Plug cocks (Fig. 5:39)8 = 5* 0.05
10* 0.2%
0., .. 1 56
40, ... 17
60" . .. 206.0
Butterfly valver (Fig. 5-40) § = 5' 024
052
154
108
1180
Chect vmbe Atiswpn . . . . . L L et
Disk . ... . 1000
Ball . e e e 7000
Foot valvr' ...................... 150
Water meter~disk . . . . ... ... ... . 70
Piston . .. .. . e 1500
Rotary (starshapeddisk) . . . . . ., ... ... 1007
Turbinewhee! ., . ... 0 5.0
* Flow of Finids through Valves, Fittings, and Pipe, Treh. Faper 410, Crane
Ca., 1969.

SFrecmun, “Experiments upon the Flow of Water in Pipes and Pipe Fit-
tings,” Amezican Society of Mechanical Engineers, New Yorl, 1941,

*Gibson, “Hydravlics and Jts Applications,” Sth ed,, p. 250, Consizlile,
London, 1952.

*Ciesecke and Badgelt, Heating Piping Air Conditioning. 4(6), 443-417
(1932).

*Gieserke, ). Am. Soc. Heal. Vient, Engrs.,, 39, 461 {)926).

'Gilman, Heating Plpm‘ An Cenditiening, 27(4)}, 141-147 (1955).

¢ Pipe Friction Manual,” 3d ed., Hydrautic Institute, New Yozk, 1961.

* Hoopes, I1akoff, Clarke, and Drel\ Chem. Eng. Proge., 44, 691-656 (1948).
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shown in Table 5.9 for the frictional pressure drops and in Table 5.10 for
the pressure drops due to bends and turns, etc. The location of these
pressure drops may be found by referring to the appropriate figure. The
circled letters in the figures refer to frictional pressure drops and the
circled numbers refer to turns and bends.

The total pressure drop is about 57 kPa {v 8.3 psi), a modest number
that could possibly be reduced further by optimization. In terms of percen-
tage of the blanket thermal power, about 1.3% is required to overcome these
flow losses. It can be noted that the blanket/shieild part of this flow
circuit, i.e., the crossflow heat exchanger, accounts for less than 25% of
the total pressure loss, whereas more than 50% is attributable to losses due
to turns, bends, dividing flows and joining flows.

The relatively high velocity flow in pipes that terminates in a plepum
section with an abrupt expansion of flow area is a cause for concern that
needs further study. We have introduced diffusers in these regions that are
used to smooth out the flow and distribute it uniformly to the blanket. They
have not been designed in detail but it has been assumed that the perfora-
tions in the diffusor plates can be v.ried axially to balance the flaw.

5.3.12 Heat Losses Through Insulation and Pipe Lagging

The coolant pipes in the immediate area of the reactor must, of neces-
sity, be well insulated and thermally shielded to keep heat losses at a
minimum. The energy transfer to components such as the superconducting coils
must be quarded against since roughly 10 watts of refrigeration power are
requirad to remove 1 watt of energy inadvertantly deposited in the liquid
nitrogen coolant surrounding the helium-cooled coils. This is a serious
design problem beyond the scope of this report but solutions must center an
operating the rea..or in a vacuum or near-vacuum environment so as to avoid
the setting up of convective heat transfer loops and intolerable heat

transfer.
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Table 5,9 Functional pressure drops for various locatfons in the flow circuit

Max imum Average Pressure Pige and Pipe and Tnside Qutside Pipe
fipe Line Flaw Rate Flow Orap Insulation tnsulation [nsutation Insulation Wall
Velocity 1.0, 0.D, Thickness Thickness Thickness
{kg/s) {m/s) (kPa) (m) {m) (m) (m) {m)
@ Main helium/steam
generator return 4@ 736 60 3.12 2.0 2.072 015 -- 021
Blanket axial
supply Ll 368 19 A7 2.0 2,074 .016 - .021
@ Ring module riser
supply 750 39 52 2.05 0.5 0.544 016 -- .006
@ Ring module
supply 75@ 20 16 .44 0.5 0.662 .050 .025 .006
@ Canister
supply 13508 2.2 18 .27 0.2 0.306 .030 .020 .0028
Canister axial
distribution supply 2.2 1z .05 0.25% 0.338 026 013 .0032
@ Moderator inlet
perforation plate 1.1 Var, .02 N/ N/A N/A N/A .0032
@ Cross-flow heat
exchanger 1.1 Var, 13.65 N/A N/A N/A N/A N/A
@ Moderator exit
perfarated plate 1.1 Var, .02 N/A N/A N/A N/A .003
@ Heljum cavity
collection region 1.1 Var, ~a N/A N/A .025 025 N/A
(%) tanister return 2.2 2 .36 0.2 0.384 065 .02 Q032
(O ring module return 20 21 .59 0.5 0.756 .093 .028 .007
@ Ring madule riser
return 39 68 2.73 0.5 0.564 .026 -= -006
® Blanket axial
return 368 25 .22 2.0 2.09a .026 -- -021
@ Main he?ium/steam
generator supply 736 80 4.1 2,0 2.090 -024 -- -021
Total 27.8

* Effective diameter



Table 5.10 Pressure drop due to bends and turns in the flow circuit

Location from

Fig. 5.29 Type K. kPa

OF wy A 1.0 7.00

+> @ line loss " 0.5 0.35

+ @ turning loss " 1.0 0.70

©-® w 1.0 5.25

(@) > () 1ine loss ny 0.5 0.25

@ > @ turning loss wu 1.0 0.50

®-+¢ ne 1.0 0.63

®-©@ ngw 0.5 0.14 Guess

@+ @ Plenum A0 ~ 0

©-O “To 1.0 0.85

®+ @ turn loss B ~ 0.85 0.55 Joining flows

© + (W) rine 1oss " 0.5 0.23

OEXO) oTH 0.7 4.76

®- (@ u " 0,85 8.01 Joining flow
Total 29.22
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Once beyond the immediate area of the reactor and its evacuated chamber,
the problem reduces to one of relatively simple heat transfer that permits
tolerable energy balances to be made. We assume in this region that the Pipe
wall is made up of both its structural components and the necessary insula-
tion, Figure 5.34 illustrates a typical pipe in cross section. Following
the method suggested by General Atomic, the theory is that the high temper-
ature coolant is carried by an inner, essentially zero-stressed pipe filled
with small-diameter pores through which the helium can permeate into an
annular space between the inner pipe and an outer pipe that carries the
structural load. The outer pipe fs at a substantially lower temperature than
the fnner pipe due to the temperature gradient developed in the non-flowing
helijym in the annular space between pipes. Pressures are essentially
balanced so that the inner pipe is stress free except for those stresses due
to gravity forces, The outer pipe bears the brunt of the pressure=-induced
stresses. The annulus may be filled with a high-porosity matt insulator to
prevent local convective mixing or the space may be filled only with the
stagnant helium. The outer pipe is lagged further to decrease the heat loss
from the system but not sc much as to ipproach an adiabatic conditicn which
would force the outer pipe temperature tc approach the inper pipe temper~

ature.

The outer diameter of the pipe can be defined in terms of the allowable
heat loss, the maximum allowabte temperature of the structural pipe wall, and
the average bulk temperature of the helium flawing in the inner pipe. The
average bulk temperature of the helium is determined from:

- “fa * Qb
T, ° 4. b,
2m Cp b, in
where
fq = fraction of heat lost by the pipe
g = total blanket heat generation
f = helium flow rate
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cp = specific heat capacity of the helium

Tb in © bulk temperature of the helium at the inlet of the pipes
’

The hot side insulation thickness, ti he in the stagnant gas-filled
annular space is given by the equation

T -7
N w,h 1
tih "[ % h(ﬂDhE)] ki, n (10,2)

where the thermal resistance of the inner pipe wail has been neglected and

where
h = heat transfer coefficient given by Eq. (5.15)
Dh = outer pipe hot-side diameter {i.e., inner diameter)
L = pipe length
Tw,h = maximum inner wall temperature of the outer pipe
ki,h = hot side insulation thermal conductivity

and the cold side insulation thickness, t; c* is given by

T -T t
= |w.h___w,c p N
tinc [ 7N ko0, * 2t1_h)z] ki, oDy + 26y + 26500 (5.31)
where
kp = pipe thermal conductivity
ki c = cold side insulation thermal conductivity
?
Tﬁ c = max imum cold surface temperature of the outer pipe
?

The pipe wall thickness is determined by setting hoop stress for a 50-
atmosphere delta pressure equal to the 1% creep stress (o) at TH h fram the
]
equation

% By v 2ty )2
P,C g,

(5.32)
creep
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5.3.13 Canister Blanket and Hot Shield: Performance Summary and
Conclusions

The details of the thermal-hydraulic performance for the FY82 reference
Canister blanket design are given in Tables 5.7a-g. A simplified surmary of
the key data are given in Table 5.11. We can draw the following conclusions
about this blanket design:

a) The concept of the use of a solid Li20 breeder material inside of
tubes arranged as a two-pass, cross-flow heat exchanger appears to
be very attractive.

b) This arrangement separates the tritium from the main helium flow
which reduces the tritium recovery problems and inakes the
isolation of the tritium from the synfuel plant very effective.

¢} The small purge helium flow inside the tubes for removing tritium
from the Li20 need only be at one or two atmospheres lower
pressure than the main helium coolant flow to ensure that almost
no tritium will get into the main fiow in thz event of a Teak.
This allows the hot tubes to be thin and still operate at very low
stress levels, since they are almost pressure balanced.

d} The closely-spaced, cross-flow tube bank arrangement results in
almost uniform tube wall temperatures around the circumference and
high neat transfer zoefficients; this helps to avoid hot spats on
the tube walls.

e} The maximum tube wall temperature is only about 810 K at the worst
point {near the exit of the second breeder section); it is only
about 758 K where the combined stresses are a maximum of 5.6 MPa.

These stresses are very low for Tenelon.

f) The maximum and minimum Li20 temperatures are 962 K and 666 k,
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Table 5.11 Summary of the canister perfarmance data

(verall Central-Cell Blanket

Number of ring modules
Number of half Canisters/ring module
Number of tubes and rods/half Canister
Neutronics
Volumetric heat generation near
the first wall for Iy = 2.0 Mi/n’:
Li20 cartridges
Tenelon tubes

Structural : Tubes

Tube and rod material

Tube outer diameter

Tube wall thickness

Tube nominal length

Maximum hoop stress

Maximum thermal stress

Maximum combined stress

Tube wall temperature {at exit of TA
region where stress is maximum)

Creep rupture stress of Tenelon at 758 X

Structural: Tritium Breeder Material

Solid breeder material
Percent theoretical density

Assembled shape
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75
36
542

13.5 Mi/md
18.0 Md/m°

Tenelon
0.020 m
0.0005 m
2.0m
4.0 MPa
2.7 MPa
6.7 MPa

758 K
250 Mfa
LiZG
anz

Hollow cylinder



Table 5.71 con't.

Structural: Tritium Breeder Material con't

Inner diameter 0.006 m
Quter diameter 0.017 m
Maximum thermal stress (estimated) n 35 MPa
Tensile fracture stress (estimated) ~ 69 MPa
Maximum temperature at inaer surface 962 K

(at exit of turnaround zone)
Minimum temperature at inner surface 666 K
(at inlet to first breeder zone)

Thermal-Hydraulics of Tube Bank

Coclant Helium

Pressure 5 MPa

Inlet temperature 625 K

Outlet temperature 825 K

Minimum gap between tubes 0.002 m

Maximum Reynolds number ~ 34,000

Maximum flow veloeity ~ 16 ms

Average heat transfer coefficient v 2000 H/mz-K

Pressure drop inside Canister 0.016 MPa

Pumping power/half Canister 5.71 kW g
Power removed by tube bank coolant/half Canister 1.12 MW |
% pumping power in cooling Canister tube bank 0.514 :
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g)

h)

respectively. This range of tcmperatures should result in good
tritium release from the Lizﬂ and low tritium inventories.

The fractional pressure drop across the tube bank is only 0.32%,
which results in a ratio of the pumping power requirea to the
thermal power removed of only 0.51%.

A gre2t deal of refinement and optimization of the tupo bank design
is possible, since some tailoring of the tube diametars aad
spacings can be used to compensate for the rzar-exponential
decrease in the internal heat generation.
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5.4 TRITIUM CONTROL IN THE BLANKET

5.4.1 Tritium Processing and Control

There ore significant advantages associated with having the breeder
material, LiZD, in tubes that isolate it from the main helium coolant flow.
An abvious one is that imposition of an additjonal barrier protects the LiZO
from degradation by, and possible reaction with, contaminants that might
intrude into the main helium coolant. The most 1ikely contaminant is water.
1t could enter the main helium coolant due to a heat exchanger failure or a
water-lubricated bearing failure on one of the helium circulators. The other
obvious advantage is keeping the bulk of the tritium out of the main coglant,
Reduced contamination of large narts of the system by tritium results. This
makes maintenance easier. A high probability of reduced tritium losses is
obtained. The volume of gas that must be processed in the tritium recovery
system is greatly reduced, so equipment size can be minimized. With the
reduced flow to the recovery system {that operates at room temperature),

Tess waste heat is produced and plant efficiency is increased. Even if high
temperature recavery processes are developad, all the other advantages are

retained.

For adequate isolation of tritium in the high temperatuyre regions,
successful development of permeation barriers is required. HWork in this area
of tehcnology seems to have been stopped a few years ago. Prior to that,
workers at ANL (Argonne National Laboratory) and NCSU (North Carolina State
University) had both shown modest success along these lines, The most
striking results were those of Tom Elleman and his co-workers at NCSU, but
they were not all formally published. One of his papers gives the diffusion
coefficient of tritium in a number of materials, most notably Sic.(]) This

can be expressed as

-54,9 K cal
B =1.09 x 107 exp | — 0T Te
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gther ceramics had their diffusion cefficients measured and reported
too, but without information on the correspanding solubility coefficients,
Tittie can be said about their permeability. In the case of SiC, the soiu~
bility coefficient was measured (but not published) and it followed the

expression

+3g K cal
Sz 5.3 x 10]3 exp mole atoms

RT g - atml/Z

From this, permeability can be cailculated according to

.17 Kcal 2
p = DS =5.78 x ]G]l exp Rq,mle atoms1;2cm
g +« atm sec

Normally, permeability is reported on a velumetric basis, so after multiply-
ing by the density, 3.17 g/cm3, and chang'ng from atoms to std cc,

-17 K cal
p=3.42 x 108 exp R?O‘e std cc
cm - sec = atm

172

Another important result was their measurement of the permeability of high
density polycrystalline alumina. It was found to obey the expression

~53 K cal
_ mole std cc
P=5.6exp L cm » sec ¢ atm

Both these materials are millions of times lower in permeability than metals.
Inside the blanket, 5iC should be preferred because of the radiation sensit~
ivity of A1203. Silicides may be egqually attractive and easier to work with
and have the distinct advantage of being se1f healing. Development of the
technology to create continuous thin films cf these or other ceramics on
metais i5 very desirable. The tritijum contral concept in this blanket
design study depends on such a development.



The tritium control strategy relies on a pair of low permeability physi-
cal barriers. One minimizes dilution of the bred tritium as it escapes from
the Li20 and the other keeps the amount of tritium released from the plant

to an acceptable minimum.

The amount of purge He that is passed through the Li20 filled tubes
is adjustable, not only in terms &7 total flow, but also as a function of
position in the blanket. The breeding rate through the breediﬁg Zone as a
function of distance from the plasma center follows the expression G =
3.13 % 10'° exp(~-4.35 x 1072 R) atomS/cm3 s+ sec where 152 < R < 210 cm.

This is shown in tabuiar form below.

e 1012 atoms
R cm3 sac
152 4,20
160 2.97
170 1.90
180 1.24
190 0.80
200 0.52
210 0.34

Because the breeding rate varies by more than a factor of ten, it is not
necessary to have the same heiium purge rate throughout the breeding zone.
We could maintain a uniform concentration of tritium in the helium purge
from each tube, or a uniform rate of tritium permeation to the wain coolant,
or a uniform rate of LiOT volatilization by reaction with TZO' The latter
two processes are temperature dependent. However, none of these factors has
been shown to be critical design issue. HWe have chosen to use a much higher
purge flow rate near the first wall where it is hottest and the tritium
breeding is highest. This should reduce permeation into the main helium

coolant.
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In particular, in the 18 cm of the blanket nearest the plasma, the purge
flow rate is chosen to be 100 times higher than in the outer 40 cm. This is
done with a simple orifice at the outlet manifold tube sheet, Alsg, the
total helium purge flow through the tubes is taken to be 10'3 of the main
helijum coolant flow. The main helium coolant flow is 3238 kg/sec, at 50 atm,
so the purge flow is 3.24 kg/sec at 48 atm. The pressure differential is
chosen to prevent leakage from the tritium breeding zone into the main helium
coolant in case a leak develops. The parameters for the helium purge stream
are chosen to illustrate the flexibility of this design, rather than to
suggest that this represents a technological optimum of some kind.

The total number of tubes to be purged is 3.78 x 105 for tubes whose
diameter is 0.038 m. Of these, 2.97 x 105 tubes will each receive the low
purge flow rate of 3.85 x 1074 g/sec and 8.1 x 10% tubes will each receive
3.85 x 1072 g/sec. Converting these to volumetric flow rates is a Tittle
tricky because the helium temperature continuously rises as it passes first
through the outer annulus betwsen the LiZD and the tube wall and then down
the canter hole of the L120 cartridge. The necessary data for each
submpduLle are tabulated below.

Inlet Turnaround OQutlet
Channel Section Channe)
No. of tubes 130 60 90
Max. temp. (K) 709 839 819
Mean temp. (K) 671 706 812
Purge flow (g/s) 3.85 x 1074 3.85 x 1072 3.85 x 1074
Max. breeding atoms/
emd o« s 2.2 x 1012 4.2 x 1012 1.9 x 1012
Mean breeding atoms/
end o s 1.0 x 10'2 3.0 x 10'2 0.8 x 10'2
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These numbers are only approximate because we have a two~dimensional
temperature distribution for the submodule and one-dimensional neutronics.

Now we examine the permeability phenomercn, Some authors convert the
T2 to T20 by provicing an excess of oxygen, and use this as a means to
eliminate tritium permeation. It is well known that water does not permeate
through metals. On the other hand, water can react with metals to form
oxides and free the tritium right on the surface of the metal. If the oxide
is dense and tightly adherent, a permeation barrier may form on the tube
wall. Our approach is to not depend on this, but rather to ignore it and
apply a separate permeation barrier.

Assume that tritium will be released uniformly into the purge helium or
an area basis. Then, since the outer surface of the cartridge represents
0.78 of the area of the L120 exposed to the purge, the tritium will have
reached 0.78 of its exit partial pressure at the closed end of the tube.
The T,0 concentration profile along the annulus is expected to be linear.

Thus, we can write

L f T p(x) /2
¢=Tf 1 dx ‘
x =0

where P = permeability
% = tube length = 2 m
¢ = permeation
p = partial pressure of tritium
t = thickness of the barrier
x = distance along the tube

A = area of the tube wall

Remembering that p{x) = 0,78 Pmax x/%, we insert this into the previous
eguation and integrate between the limits.
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1/2
2PA 0.88 P 1 °

=3¢
We have assumed that the partial pressure in the main helium coolant is zero.
The generation rate and purge rate will determine Prax? while only the tem-
perature and choice of material will determine P. The choice of temperature
is important, because of the strong dependence permeability has on jt. We
elect to use the mean tube wall temperature in each of the three breeding
zones. This can be justified by remembering that previously we assumed that
T20 would permeate at the same rate as T2. This would bias the result on
the side of giving too much permeation. SeTecting the mean temperatyre
rather the one at which the mean permeability occurs gives a lower bermea-
tion and compensates for the earlier bias. For similar reasons as well as
simplicity, we chose the mean generation rate in each zone in calculating
the value of Priax”

2

The outer area of each tube is 2388 cm®, and if we chaose a SiC

barrier thickness of 1073 cm, then for each tube

172

¢ = (9.7 x 10° em)Pg;cp

The results of the calculations for the zones are given in tabular form
helow.

Inlet Turnaround Qutlet
Channel Section Channe1
. -9 -3 -9

Gmean(g/sec tube) 9.35 x 10 28 x 10 7.48 x 10
Ppay (atm) 21.2x 107°  63.4x 107 16.9 x 1075
B2 (atm/2) 18,6 x 1073 2.52x 1070 13 x 1073
P std cc/cmeseceatm'/2 1.07x 102 201 x1013 9,72 x 19713
o (std cc/sec tube) .51 x 1077 0.9 x 1077 12,25 1079
56 (std cc/secezone) .96 x 1077 0.29x 107 m.02 x 1077
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The sum of the figures in the last line give the total for half of a
submodule. Multiplying this by 2 x 18 x 75 gives the total for the blanket
which is 3.6 x 10_3 std cc/sec. It may be noted that a reduction in total
permeation could probably have been achieved by using a higher purge rate in
the outlet channel and a lower purge rate in the turnaround section.

The partial pressure in the main coolant was assumed to be zero for this
permeation calculation. Using the calculated rate of 3.6 x 1073 std cc/sec
and the processing removal rate from the main coolant, this assumption can be
verified. At steady state, the rate that tritium permeates into the main
coolant must be egqual to the rate at which it js removed., The removal rate
consists of the processing removal rate plus the losses due to leakage and
permeation into other parts of the plant, Again, we expect the losses to be
minimal, so initially they are iowwnred, Then,

1073 std cc |

3.6 x ey

nCT(fV) + losses

where fV is the volumetric flow rate going through the tritium removal pro-
cessor. It is written as a fraction, f, of thz total main helium flow, V.
The concentration of tritium in the main helium flow as it enters the pro-
cessor is CT’ and n is the fraction of this concentration that is

removed in the processing section. Current technology allows n to be set

at 0.99. The value of f is a design variable and is arbitrarily set at 10'4.
The mass flow rate is 3238 kg/sec, so at 50 atm, the volumetric flow rate is
3.63 x 108 cm3 sec. Substituting above, the concentration of tritium in

the main helium is calculated to be 1.0 x 10'7 atm. This is a negligible
"back pressure" for the permeation calculation, so the original approximation
is justified and a second iteration is unnecessary.

Now we go to the next step and examine the amount of tritium that gets
into the steam cycle that is the other side of the intermediate heat
exchanger (IHX). Again, we wil! have the opportunity to check the validity
of our assumption that losses can be ignored. The intermediate heat
exchanger handles all of the thermal energy from the reactor, including the
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direct converter. The methods for keeping tritium out of the direct conyer-
ter have not been established. Tritium-free coolants for beam dumps appear
feasible, so we assume here that the helium from the direct converter hag
the same tritium concentration as the blanket helium coolant.

The total thermal lnad on the He/steam IHX is 3780 MW. The first wali
heliym coolant is delivered at 625 K and falls to 525 K. The blanket and
direct converter helium are delivered 2t 825 K and drop to 625 K. On the
water (or steam) side, the temperatures range from 50 K to 200 K lower jn
temperature due to the film and tube wall drops that contribute to the gver-
@)) heat tramsfer coofFiciont. MNost of the tamperature drop is ow the haliup
side, so we will make the estimate that the IHX wall temperature is 30 k
below the helium temperature. These figures will be used to estimate the
heat exchanger area and subsequently the permeation of tritium into the
steam cycle. Because the helium system runs at 50 atm or 750 psi and the
steam system runs above 1200 psi, any leaks that occur in the IRX will not
add tritium to the steam system. The loss question really is restricteq to

permeation.

In the section of this report on thermal interfacing, iv is cilear that
no single temperature properly represents the IHX. Furthermore, the heat
transfer mechanism s not uniform on the steam side. Sometimes water ig
present, sometimes it is superheated steam. Consequently, the area reqyuired
to transfer a given heat load is also a variable.

This caleulation will turn out not to be a criticai one, so from Fig,
4, we will choose an overall U and AT to represent the IHX, and evaluate
the permeation at the average outside wall temperature, which is 30 K bejow
the average He temperiture. The outside wall is where the permeation
barrier is located. The assumed values are UAVE = 1000 w/mz + K and ATA!E =
50 K, so knowing that Q = 3780 MW, the area is calculated to be 75,600 m<,
Although the surface temperature ranges from 495 K to 795 K, only the surface
area at relatively high temperature contributes to the permeation. Alumina
is our choice of material barrier on the IHX and we select a barrier 1073 cq
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thick. Again, we assume that TZO will show the same concentration (or
partial pressure) dependence as To, because we are igncrant of the real
case and we have a permeability expression for the case we postulate. This
is a very conservative approach. Repeating,

PAP]ﬁo
o= —5—

The IHX shows a broad temperature range, and we have arbitrarily broken
it into six zones of equal area and selected the temperatures to be evenly
spaced 50° apart, which gives mean temperatures, permeabilities and permea-
tions according to the following table.

std cc std cc
p( 1/2) ¢ ( sec )

T(K) cm + sec + atm

770 7.46 x 1072 29,7 x 1078
720 0.684 x 10717 2.7 x 1078
670 0.044 x 10717 0.17 x 1078
620 0.001 x 107 1° 0.01 x 1078
570 -- -
520 -- -

-7 std cc _ Ci
Total  3.268 x 10 sec - 0-06 day

Permeation into the steam cycle js about 0.06 curies/day under the assump-
tions made. At steady state, that must be approximately the amount that
will escape into the environment through steam leaks and blowdown.

Our 3780-MW IHX secondary side has a water inventory of ~ 220,000

gallons based on comparable sized steam units for electrical production. For
a 1000 MWe plant, the water inventory i3 ~ 220,000 gallons and that is about
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3500 1 The makeup rate is as low as 77,000 gallons per day. Thus,

ihe blowdown (and to a smaller extent leakage) removes a third of the water
inventory per day. Consequently, the steady-state inventory of the steam
plant is in the neighborhood of 0.18 curies, On & weight basis, this is
about 6 x 10°'%. The amount of tritium that gets into the chemical plant
will surely be a small fractioa of that in the steam cycle, and it will be
diluted by a very large flow of water into, and hydrogen out of, the thermo-
chemical plant., If we assume a concentration drop of ]0'3 or more, we are
barely above the background level of tritium in the biosphere. It is detect-

able only with extraordinary procedures.

5.4.2 Tritium Inventory

Tritium inventory in the reactor blanket was investigated. The calcu-
lated value is under 1 kg, and if our assumptions are correct and our approx-
imations are reasonably valid, it should be a good number for this design,

The inventory is strongly influenced by local temperature, both through-
out the bianket in general as well as across the individual Li,0 cartridges
inside each tube. In a real sense, it is a two-dimensional problem in two
different reaimes of size, and they are superimposed on one another. The
strong dependence on temperature results from the exponential temperature
dependence of tritium's diffusion coefficient in szo. Another crucial
parameter that must be knawn is the local tritium breeding rate, This, too,
is a two-dimensional problem, particularly with our fluted first wall and
cylindrical blanket configuration. 5o far these calculations are available
only for one~dimensional geometries. Finally, the inventory depends on the
amount and morphoiogy of the Lizo itself.

Let us first direct our attention to the 1ithium oxide. The L120 is
shaped into hollow half cylinders. They are of radii such that they can be
"nested" to form a fairly thick-walled hollow cylinder. When these pieces
are formed, they are pressed from powder and then fired to create pieces
that are very near 100% theoretical density. After conventional ceramic
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fabrication, stacks of these pieces are made to be 10% porous in either of

two rather unusual ways.

The first is to use a modification of the “"pore former” technigue, very
fine fibers would be chopped to short lengths of a millimeter or two. They
would be in the micron range of diameters and have two chemical qualities,
They wouldn't react with Lig0, even at high temperature. They alsc coyld pe
burnea or evaporated out, leaving a channel, if exposed to hot pure OXygen or
SOMe gther suitable environment. That might just be high temperature in high
vacyum, if the fiber is to evaporate. Any number of hydrocarbon fibers might
wOrk, or cadmium, and with study other alternatives would be discovered, The
chopped fibers would be premixed with the Lizo pawder and hot-pressed to
full density. Then a light cut would be taken off the inner and outer
surfaces of the cartridge part to ensure the fibers actually were connected
with the outside surface. Subsequent exposure to hot oxygen or vacuum would
leave a 90%-dense, microporous ceramic body. The holes would be round, so
the tendency to sinter would be minimal.

Alternatively, an array of holes are bored radially through the Lizo
tube wall to atlow the tritium to escape after having diffused only a Short
distance in the solid. This array is a rectanqular pattern on 14 um centers.
The hole diameter is 5 um, and these holes needn't be perfectly straight or
round, This array is produced very quickly by boring a very iarge number of
holes simultaneously with laser beams. The array spacing and hole diameter
were chosen to meet the requirements of L120 density, acceptable tritium
inventory, and the ability of laser drilling technology to make the parts in
a few years. Today there are commercial methods for creating porous surfaces
on high speed aircraft using laser drilling. The holes are about 2 mm deep
but are 50 um in diameter. People working in this field beljeve 5 um
holes could be developed in a year or two of development time. Given the f
rapid progress in fiber optics, high powered lasers, and laser- based |
fabrication technologies, this seems 1ike a reasonable extrapolation.

One element of an array like this is shown in Fig. 5-35. The heavy
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Fig. 5.35 End view representation of a Li20 element on 14 um centers
by 2 12 um diameter right circular cylinder
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1ines jndicate planes across which tritium does not diffuse. This element is
slightly tapered because it runs radially through the LiZO piece, hut this
taper is ignored. The end planes of the element are curved because of the
boundary pianes on the L120 piece, and this is ignored. Now we approximate
this element as a solid right circular cylinder of infinite length. The
distance a tritium atom must diffusa ranges from 4.5 \m to 7.4 um, depending
on where the atom is formed. For the purpose of estimating the tritium
inventory, we set this element's distance for diffusion purposes to be 6 pm,
which will be the radius of the cylinder that approximates the element. To
account for the fact that much of the element's boundary does not allow
tritium to escape, we increase the concentration of tritium in proportion to
the fraction of inactive boundary, while using mathematics appropriate to a
fully active boundary. Some of these approximations are more appealing than
others. A full two- or three-dimensional numerical model with good data is
needed to exactly calculate the behavior that will be observed. Under the
circumstances the approach seems reasonable.

The calculation : :arts by writing the diffusion egquation with a

continuous uniform source term, A.

= d dc
GT‘—-DEF(I"EI?)

After integrating once and using the fact that dc/dr = 0 at = 0, we have

Jde Gr

dr - 72D
This is integrated again, and the homogeneous boundary condition is invoked
at the outer boundary, i.e., C =0 atr =x

e(r} = - 55 (2 - x?)

The inventory is obtained by integrating the concentration over the volume of
the element and applying the fudge factor, f, for the partiaily blocked
boundary:
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r‘ -
A
= f f o{r)elardr = G%Bf-

where 2 is the length of the element. This is taken to be the difference
between the inner and outer radii of the Li,0 cartridge. The inventery in
the tubes in all 75 of the blanket modules at this positio: is le times the
number of 2lements in the full length of tubes, which is 150 m. The number
of elements 15 calculated by taking the log mean circumference of the car-
tridge divided by the element dimension, 14 um, times 150 m/14 um (which

is the same operation for the length).

2n{1.8 - 0.5)cm

1.8
" 55
- . 150 m 10 elements
e = T2 X Vo = 88 X 107 fube postETon

There are 18 identical submodules and within each submodule, particularly in
the outlet and inlet sections, tubes are arranged in duplicate banks of 5.
Ther:: are 180 tube positions in the blanket at the same operating tempera-
ture. Thus, the inventory as a function of position in the blanket is
ohtained by appropriately summing 180 Nele. This can oe written

G, -4, 4
- 180(4.88 x 10'°) Bg_ a (1.8 - 0.5) (lg x 1077) * 3,3(0.9)
i

where the fudge factor is the ratio of total boundary to active boundary, or
3.3, and a factor of 0.9 has been added to reflect the fact that the L120
is only 90% theoretical density. Finally,

The value for G is obta1ned from the breeding rate expression G = 3.13 x

10]5 exp {-4, 35 x 107 R) T atom/cm sec where 152 cm < R < 210 cm.

Calculation of the diffusion coefficient requires that the lithium oxide
temperatures be known (Fig. 5-36) and that we have an equation for the
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temperature dependence of the diffusion coefficient. This latter equation
doesn't exist, so one was invented. A composite of the available data
suggests that at 1000 K, the diffusion coefficient is 6 x 1ot cmzlsec.(Z}
Activation energies for diffusion of hydrogen in oxides cover a fairly broad
range.(3) An intermediate value was chosen, to not bias the results in
either direction. Thus, we have chosen Di = 7.1 x 10'8 exp (-7074/T) cm2/5ec.

As is normally the case, we find that most of the tritium holdup is in
the coolest regions of the blanket. Below, we sum the inventories by tube
bank through the inlet channel and outlet channel for the entire blanket.
The turnaround section near the first wall is treated in less detail because
it makes a rather small contribution. The inlet and outlet are given in
Table 5-12.

The turnargund section is estimated to have an average value of R =
165.2 cm and T = 1160 K. Then G = 2.37 x 10}2 atoms/cm3 « sec and D = 159 x
10']2 cm2/sec, so G/D = 0.015 x 1024 atoms/cm5 for the 30 tubes in this
section. Summing this for a five-tube-per-bank basis to put it on the same
basis as the rest and permit one more calculation gives G/D = 0.09 x 1024
atoms/cms. Finally,

24

6
IrotaL = :E: 5 51,2 = (1.928 + 0.218 + 0,09)}51.2 x 10
i

114.4 x 1024 atoms = 572 ¢

This amount of tritium is judged to be acceptable.

After the tritium escapes the solid, presumably as TZO, it may have to
diffuse back and forth between the nested parts of the cartridge to reach the
nelium purge stream. This gas phase diffusion does not seriously invalidate
the previous assumption of a homcgeneous boundary condition. If the laser-
drilled holes go all the way through the pieces it permeates through the
Lizo. The longest distance it might reasonably have to diffuse is 3 cm but
1 cm is more probable. The gas phase diffusion coefficient also is tempera-
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TabTe 5-12 Calculation of tritium inventory by blanket position

T(K) R{cm) (10']2 cm ) (0 atomsj ( atoms j
cmlsec

Inlet Channel

654 203.3 1.42 0.36 0.253
669 208.6 1.81 0.43 0.237
684 200.9 2.29 0.50 0.218
700 197.2 2.90 0.59 0.203
725 193.5 4N 0.69 0.168
750 189.8 5,69 0.81 0.142
775 186.1 7.71 0.96 0.124 e
800 182.4 10.25 1.2 0.109 )
823 178.7 13.13 1.30 0.09¢ i
846 174.2 16.6 1.62 0.097 ‘
869 169.7 20.7 1.92 0.092
890 165.2 25.1 2.37 0.094
last bank (est.) 0.092
1.928

Outlet Channet

852 208.3 17.6 0.36 0.020
864 204.6 19.7 0.43 0.022
876 200.9 22,1 0.50 0.023 _
888 197.2 24.6 0.59 0.024 ;
903 193.5 28.2 0.69 0.024 »'
918 189.8 32.0 0.81 0.025
934 186.1 36.5 0.96 0.026
950 182.4 41.4 1.12 0.027
968 178.7 47.6 1.30 0.027

0.218
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ture dependent and varies through the blanket. Let us assume on the average,
the gas temperature in the nested pieces is 900 K. Then the diffusion coef-
ficient in the gas, DG’ is given by(4)

1, ]

MM o?
sec

3/2

BT
6 )
P r{, 1p(T)

where

8 = (w.az - 2,50 4/ g1~ +ﬁl—)x 1078
i

M] and M, are the molecular weights

T is in Kelvin

P is in atm.

rs is the mean collison diameter

ID(T) is the temperature-dependent collision integral for diffusion

(10.85 - 2.5\/-} * 5z ) x 1074 (900)3/242]? + 1 el
. = 0.1 €0

D. =
G 48(2.68) 20.33 sec

Further details on collision integrals can be found in other references.(S'G)

Now the impedence for liffusion is the distance divided by the area and
diffusion co&f¥icient, and we don't know how tightly the cartridge pieces
will be nested, It can be determined by design, hcwever. For the gas phase,
8/D = 1 em/0.11 cn?/sec = 9.1 sec/cm. For the solid phase, /D = 6 x 1074
cn/28 x 10'12 cmzlsec =2.1x 107 sec/cm. Simple calculations show the

ratio of solid area for diffusion to gas phase area for diffusion to be 2 x
105 if 1 mm space is left between the nested parts of the L120 cartridge.
Thus, 90% of the impedence is in the solid phase. The diffusion in the solid
appears likely to dominate the tritium inventory relative to diffusion in the
gas phase, The possible errors in the existing data make it too close to
Jjudge with confidence.
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Another factor needs to be considered, however. As the purge flow
passes through the tube, the T20 content increases along both the external
and internal traverse of the cartridge assembly. Conseguently, there is a
varying partial pressure throughout the tube, and it varies between tubes
according to the generation rate and purge rate. The emount of LiOT dis-
solved in the Lizo depends on all these factors as well as the temperature
of the LiZU, which varies within a given tube and also throughout the blanket
depth,

Some work at ANL on determining the solubility experimentally was
reparted, but so far there are no results at aur mean Li20 temperature of
900 K. Thisccould be one of the more significant effects influencing the
total? tritium inventory and deserves more study.

Using their lowest temperature data (1123 K), a rough calculation
suggests an additional tritium inventory of 2.3 kg. Their data are not easy '
to extrapolate to lower temperatures, but the trend suggests the inventory
would be lower at lower temperatures. Furthermore, by increasing the purge
rate to ]0"2 of the bulk helium flow from the present value of ]0‘3, the
estimate above would drop to 230 g. This assumes that Henry's law is obeyed.
That would keep the totai blanket inventory below 1 kg even without taking
advantage of the lower solubility expected at our temperatures.

5.4.3 Volatilizaiion of LiDT

A question that has been raised in the past is that of volatilization
of Li0T when it is in the presence of water vapor. This concern is quite
valid, for we anticipate most of the tritium produced will be in the form of
TZU‘ The extent of volatilization and Li20 loss can be seen to depend
on bath the temperature as well as the partial pressure of water vapor from
the following equation(T):

- . 9210
Tog PLiOH AR ol 109 PH20 + 5,04 (1)
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where pressure is atm and temperature is Kelvin. The partial pressure of
water vapor depends on the local breeding rate as well as the sweep rate of
the helium purge gas through the tubes.

Referring to Section 5.4.7 on tritium processing and control, it may be
seen that the flow is not uniform. The purge mass flow rate through the
hottest, highest breeding rate zone is selected to be 100 times larger than
through other parts of the breeding blanket, In the hottest part, the flow
through each tube was therefore set at 3.85 x 10'2 g/sec. The volumetric
flow rate is harder to work with for it increases constantly as the purge
helium heats up as it passes through the tube. The breeding rate =quals the
evolution rate at steady state, so from the breeding rate equation, at the
first wall where R = 152,

atoms
cm” « sec

G =3.13 x 101 exp(-4.35 x 1072 R)

and from the volume of 1ithium oxide in the tube
v = n(1.82 - 0.52)200 em3

the evolution rate is found to be 7.89 x 10'° atoms/sec. Multiplying the
flow rates by the appropriate factors, we can convert this information to
that needer to calculate partial pressure.

- 15 atoms He
.39 x 10 et 4 EE%E_FE

X

3.85 x 1072 gg% 2 atoms . 6.02 x 10°° molecules
molecule mole
mole T,0

- 6.8 % 107 o

If ’ais were a 1-atm system, the pressure would be very nearly 6.8 x 1077
atm, but since it is a 48-atm system, the Tzﬂ pressure is 3.27 x 107%
atm. Iaserting into Eq. (1),

10 g7 = - Soae *+ 10g(3.27 % 107%) + 5.04
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where I have chosen the mean of the maximum L120 temperatures {on the
jnner diameter of the LiZO) within this high breeding rate zone of the
submodule. The calculated pressure is PLiOT = 1.4 x 1077 atm. The mass
ratio of Li0OT{g) to TZO(g) js the molar {or partial pressure) ratio times
appropriate molecular weight factors

-7 .
1.4 x 10 25 LioT
x 53 = 0.005
3.29 x 1070 22 9

The mass flow rate of T20 is

molecule T,0 mole T,0
7.89 x T015 atoms 2 2

X X
SeC 2 atoms T 6.02 x 10%°molecules

229 T,0 7 9T,0
X oTe To- 144 x 10 =g
S0, the rate of LiOT loss is
0.005 x 1.44 x 10°7 = 7,2 x 10710 g/sec

This turns out to be about 7 mg from this tube during a lifetime of three
operating years. Deeper in thie blanket, the breeding rates and temperatures
are lower, which will reduce the volatility. Offsetting this partially is
the purge flow rate that is reduced by a factor of 100. Nevertheless, it
does not seem to pose a serious problem in this design.

waba w = pem e Teewsm e vm- 9
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5.5 NEUTRONICS

A1l of the neutronics calculations were performed with the one-dimensional
code, ONEDANT. This is the most recent version of the discrete ordinates neutron
transport code ONETRAN(B) and includes the synthetic diffusion approximation
developed by Alcouffe, The calculations were performed with 54 quadrature
and used 30 neutron groups coupled with 12 gamma groups to facilitate neutron
transport and gamma ray production and transport. The group constants are of
order P3 and wer? obtained from the MATXS library by the TRANSX code.(ln} A
similar translation produced the neutron and ganma kerna factors utilized in
the heating edits. A1l of the cross section data are from the ENDF V files.

The initial blanket design was a helium cooled, Tithium oxide design with
Inconel structure. The initial design had excess breeding capacity, and
neutronics work focused on lowering the breeding ratio and improving the
overail blanket performance by placing additional structure in the breeding
zone (see Table 5.713}. The additional structure reduced the breeding ratio
and increased the blanket energy multiplication, and also provided additional
shielding for the superconductor coil. These results suggest that, in general,
when excess tritium breeding is available, neutronics performance can be im-
proved by adding structure beyond the amounts required for physical integrity.

Tritium recovery later became a primary concern, and led to the develop-
ment of the blanket design described in Section 5.5.1. Neutronically, this
design is similar to the previous designs, but contains a smaller Lizd volume
fraction, and correspondingly greater void and structural fractions. The work
at this point focused on finding the best combination of breeding region
thickness, L120 volume fraction, and structure fraction that would satisfy all
the requirements. Figures 5.37 and 5,38 show the results of some of this
work. DetajTs of this design are given in Table 5,14 and the results are
presented in Table 5.15,.
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Table 56.13 L120 Initial Blanket Design

R
Plasma 150 cm Void
First Wall 151 inconel 100%
Breeder Zone 1 164.5 83% Li20: 6.5% HT9
Breeder Zone 2 196 80% LiZU 13% HT9
Reflector 226 Inconel 95%
Manifold 251 St. St. 10%
Shield 287 Pb, S. St. B4C
Dewar, Tns, Coil 337.2
Case Description T M Dose** Enerqy in Sc***
1 36 cm shield 1.157 1.185 7.]x107 1.8x]0-6
2 48 cm shield 1.157 1.184 1.38x 107 3.59x% 10_7
3 36 cm shield 1,134 1.194  6.65x10'  1.65x10°®
5% added str zone 1
(78% Li0, 11.5% HT9)
4 36 cm shield 1142 1.189  6.47x107  1.63x10°°

b% added str. zone 2
(75% Li,0, 18% HT9)

§ 36 cm shield .13 1.203  6.35x10"7  1.56x 1078
10Y added str. zone 1
(73% Li,0, 16.5% HT9)

6 36 cm shield 1.128 1.194  6.08x10

10% added str. zone ]
{70% LTZO, 23% HT9)

7 -6

1.61x10

L120 80% theoretical density
Dose in grays after 30 years at 2 Mw/m
Fract1on of total energy deposited in s.c. coil in one-D model
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Table 5.14 Li,0 Blanket Configuration

Ro{m) Description Composition

1.50 Yacuum

1.51 First Wall Inconel (Ni 77%, Cu 15%, C .08%, Mh ,25%,
Si .25%, Cr 152, Fe 7%)

2.16 Breeder Zone L1'20 60% (theoretical density = 0,9)
Inconel 8%, Void 32%

2.36 Reflector Inconel 75%, Void 25%

2.61 Manifold Stainless Steel 15% (St. St. - Fe 67,59,
Cr 15%, Mn 1.5%, Ni 14%, Mn 2%) Void 85%

2.67 Shield Zone A Pb 90%, H20 5%, St. S5t. 5%

2.73 Shield Zane B B4C.87%

2.79 Shield Zone C St. St. 95%;“H20 5%

2.85 Shield Zone D Pb 90%, H20 5%, St. ST. 5%

2.9 Shield Zone E B4C 87%

3.00 Shield Zone F St. S5t. 95%, HZO 5%

3.038 Dewar St. St. 100%

3.04 Insulation G-10CR, C 40%, H 52%, O 8%

3.44 Coil Cu 65%, St. St. 10%, Insulation 10%
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Table 5,15 Neutronics Results for LiZO Blanket

TRITIUM BREEDING

T = 0.777
T, = 0.32
T = 1,103

ENERGY DEPOSITIDON

Mev/5.n) (2
First Wall 1.836 11.2
Breeding Zone 14,101 86,2
Reflector 0,367 2,2
Manifold 0,019 0.1
Shield 0,038 0.2
16,361
M=1.16
RADIATION DAMAGE
DPA/YR He(APPM/YR) H(APPM/YR)
First Woll 24,8 689.4 2,00 x 10°
S.C. Coll
Insulation Dose (30 yr @ W = 2 Mw/m?) = 8,7 x 107Gy
Fraction of Energy Deposition = ~,6 x 10 ~©

MAX. Cu DPA/YR = 8,2 x 107°
Required Annealing Freouency =~ 6 Mas,
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Later in the project year it became apparent *9at the use of Inconel as a
structural material imposed significant penalties in neutronic performance. A
systematic comparison of neutronic results was then performed for four
structural materials:

(1) Inconel
(2" Stainless steel
{3) Tenelon
{4) 2.25 ¢r- 1Mo

These results are discussed in Section 5.5.4. Much ot the work described
here is for the Initial Reference Blanket Design which includes Inconel
structura. The final Reference Blunket Design, which is described in Section
5.5.4, is based on the use of Tenelon as the structuwal material. As shown
below, Lhe latter is a superior choire which offers the combination of better
neutronic performance together with the needed materials characteristics.

Work has also begun on a low temperature, high breeding blanket. The
axiai-zoned high temperature Slanket design described in Section 6.1 requires a
low temperature blanket design with a breeding ratio of at least 1.4, The
reference blanket design described in Section 5.5.1 does not provide adeguate
breeding for a two-axial-zone blanket concept as presently structured. How-
ever, some very promising results have been obtained with a modification to
this blanket design using a lead zirconate (erPba) neutron multiplier. This
design should be capable of producing high tritium breeding ratios (1.4 or
greater) with enriched 1ithium oxide, or a tritium breeding ratio of 1.1 with
approximately 20% of the blanket high temperature energy being deposited in a
ot shield as in a radially zoned blanket design. In the second optisa, the
coolat system would be split immediately after pass ' through the breeding
region, with the majority of the coolant bypassing the hot shield. The
remaining coolant wouid pass through the hot shield and emerge at a substan-
tially higher temperature.

The improved neutronic performance of the Tinal reference blanket design
may be sufficient to permit its use as the low temperature, high breeding
blanket in an axial-zoned reactor withgut the presence of a neutron multiplier.
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As described below in Section 5.5.4 the breeding ratio of this design can be
fairly high for high volume fractions of Li,0. Depending on the details of the
system integration, larger volume fractions might be acceptable in an axial-
zoned reactor. In any event the improved neutronic results associated with the
use of Tenelon provides substantially greater design Tlexibility for both axial-
and radial-zoned system, both with and without the use of a neutron multiplier,

5.5,1 Lithjum Oxide Initial Reference Blanket Design

The one dimensional representation of the reference Lizo blanket is
presented in Table 5,14, The breeding ratio has been homogenized, but this
should not significantly affect the results.

The radial power density is shown in Figure 5.3%. The power density
is based on blanket volume rather than material volume. This particular design
has a very high power density in the first wall, which is probably due to a
cembination of the large amount of nickel in the Inconel structure, and the
predominantly low Z material nearby.

Figure 5.40 shows the spatial distribution of the tritium breeding from
both Lithium-6 and Lithium-7. The small upturn at 210 cm is due to peaking off
of the reflector. The Li-7 tritium production is exponential.

5.5.2 Radiation Damage

Radiation damage 1s an important consideration in any blanket design.
Adequate shi-1ding {s necessary to prevent damage to the superconducting coils,
and to reduce the heat lead on the coil -coolant system. Radiatlon damage to
the first wall and blanket structure will cause a reduction in structural
integrity. The most common means of measuring radiation damage are atomic
displacements and gas production. Atomic displacements occur as a result of
reactions with high energy neutvons. Atoms in a solid structure are displaced
from their equilibrium lattice position, leaving a vacancy. Gas production
occurs through both (n,p) and (n,alpha) reactions. Displacements are typically
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reported in displacements per atom per year, and gas production in atom parts
per million per year, ATT of these values are dependent upon the wall Toading.
Shielding requirements are generally determined by the radiation dose to the
superconductor electrical insulation and by the displacements in the copper
stabilizer. An additional consideration is the amount of energy deposited in
the coil and dewar. Probabily the most critical of these requirements is the
superconductor insulation radiation dose. Current insulating materials are
fairly radiation sensitive, and breakdown of the insulation would cause a
failure of the coil. A widely used 1imit for the dose to the superconductor
insulation is 5 x 107 grays over the 1ife time of the coil. Displacements in
the copper stabilizer may not be as serious a problem if they can be annealed
out with an acceptable cycle freguency.

In general, for every joule deposited in the superconducting coil and
dewar, 1000 joules are required to remove it. Because of this problem, an
additional shielding requirement has been defined, namely, that the fractien
of the total blanket energy deposited in *he supercenducting coils and dewar
be less than 10‘6. The amount of shielding required to meet this Timit is
usually sufficient to provide adequate protection of the superconducting ceil
insulation. The shield design used here is similar to the shield used in the
WITAMIR report, consisting of alternating layers of Tead, boron carbide, and

steel,

Displacements and gas praduction rates have been computed by ONEDANT by
taking constitutent edits and using displacement znd gas production cross
sections. The results of these calculations are shown in Figure 5.41, 5.42,
and 5.43. A summary of this information is presented in Table 5.15.

5.5.3 erPb3 Blanket
The use 0{1? ZrSPb3 as a neutron multiplier was first suggested in the
STARFIRE study, The properties of ZrgPb, (Lead Zirconate) are mostly un-

known, and its characteristics can only be impiied from information on other
intermetalic compounds. The properties are generally considered to be
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attractive, particularly the high melting point (1400 C).

An initial design using a 19.5 cm erPb3 multiplier directly behind the
first wall is shown schematically in Figure 5,44  This type of design has
several advantages. The blanket energy miltiplication is much higher than a
non-multipiier design. Also, the breeding region can be relatively thick with
fairly uniform 1ithjum burnup (Figure 5.45). The multiplier alse provides an
additional benecit. The high Z multiplier material near the first wall acts
as a shield to ganmas generated internally in the blanket. This results in a
significant reduction in the energy deposition in the first wall.

Additional work on this design indicates that a breeding ratio of 1.1
can be obtained with a 10 cm multiplier region and a 10 cm breeding zone with
60% Li-6 enrichment, There are any number of combinations of multiplier thick-
ness and breeding zone thickness that will proyide a tritium breeding ratio of
1.1, with the general trend of {increasing M value with increasing multiplier
thickness (Figure 5.46)}. In a1l cases, at a T value of 1,1 the amount of
energy deposited in the hot shield is approximately 25%.

This particular blanket design can also achieve very high breeding ratios
by increasing the Lizo thickness, A breeding ratio greater than 1.4 is quite
possible., This one blanket design has the fiex{bility, therefore, tec be
adapted to either a radially zoned design, or an axially zoned design.

5.5.,4 Blanket Structure

The initial reference Tow temperature blanket design achieves a breeding
ratio that {5 only barely adequate despite the fact that it contains a large
amount of Lizo. The reason for this poor neutronic performance was previously
thought to be due tu the high structure fraction in the breeding zone, But a
comparison with a similar design using different structural materials indicated
thai the problem was due more to the type of structure rather than the amount
of structural materfal used,
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Four different structura) materials were used with the compositiens given below.

Composition (%)

Material
I Fe € Si M P S Cr N M
Inconel 7 0.08 0.25 0,25 15 77 0.2
Stainless Steel 67.5 1.5 15 1.5 2

(316)
Tenelon 68 0.08 0.3 14.5 0.045 0.03 17
2.25 Cr-1 Mo. 94,6 0.15 0.5 0.45 0.035 2.2 0.5 1.0

In Figure 5,47, the tritium breeding ratio is shown for several lithium oxide
fractions using the reference design and different structure in the first wall,
breeding zone, hot shield/reflector, and manifold, The use of any one of the
iron base alloys, stainless steel, tenelon, or 2.25 Cr-1 Mo. in place of the
nickel base Inconel structure results in a significant improvement in the
tritium breeding ratio.

An additional advantaos of the iron base alloys is a lower first wall
pawer density. Using the reference LiED blanket design with the four different
structural materials, the first wall power density was:

Inconel 26.964 watts/ce
Stainless Steel 17.909 watts/cc
Tenelon 16.233 Watts/cc
2.25 Cr 1 Mo 14.663 watts/cc

The gamma energy deppsition in the first wall for all four materials is
approximately the same. The difference is a result of a much lower neutron kerma
value for iron at the high end of the neutron energy spectrum. Nickel, on the other
hand, has a much higher neutron kerma vatue which produces the high power density
figure for Inconel.

There is also a significant difference in the blanket energy multiplication
depending upon the type of structure used, This difference is illustrated in
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Figure b5.48, wh9:h shows the tradeoff bztueen the blanket energy multiplication
and the tritium breeding ratio ror various Li20 volume fractions. At a tritium
preeding ratio of 1.1, a blanket design with tenelon structure wou'd produce
approximately 2% more energy than a blanket design using 2.25 €r 1 Mo or stain-
less steel structure, and 7% more energy than a blanket w th Inconel structure.

5.5.5 Reduced First Wall Radius

A blanket design with a reduced first wall radius was analysed neutron-
ically in order to determine the effects on shielding. The fusion power was
assumed to remain the same, so the reduction in the first wall radius from 1.5
meters to 0.6 meters resylts in an increase in the wall Toading from 2 MW/m3 to
5 Mi/m’. The results of this analysis indicate that, although che shielding
would have to be thicker in order to adequately shield the superconductor coils,
the total volume of the shield ic reduced approximately 10%. The superconductor
coils are also reduced in size by about 25%. There are, however, significant
prablems related to first wall radiation damage and thermal hydraulics analyses
with such high first wall Toadings and accompanying nower densities.

5.5.6 Neutronics Conclusions

Several important conclusions related to neutronics have emerged from
the study of the Lizo blanket.

{1} The use of a Tenelon as a structural material appears to be very
attractive., The elimination of Ni as a constituent reduces radiation damage and
increases tritium breeding, while retaining the necessary structural features
necessary for designs of the type considered here.

(2) The use of a erPb3 neutron multipiier tcgether with an Li20
breeding region s a very effective combination. Although there are remaining
unknowns related to erPhs, it is a very attractive material. The neutron
multipiication through (1,2n) reactions in pb produces low energy neutrons
which can be very rapid y absorbed in 6L1‘. A number of attractive combinations
are possible: a very small required combined multiplier/breeder thickness; a
high tritium breeding ratio; a greatly reduced spatial gradient of the power
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density; a relatively high percentage of energy deposited in the hot shield
(with a constr . of T>1,1).

{3) The power density in the first wail of a typical blanket design is
significantly impacted by the type of material usad in the adjacent region.
The use of a high Z material, such as ZrgPby or LiPb for example, causes gamma
ray absorption to be concentrated there rather than in the first wall. This
reduces the first wall power density and makes its design less difficult.
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5.6 ESTIMATION OF THE PHYSICAL AND MECHANICAL PROPERTIES OF LI,0

5.6.1 Li 0 Microstructure

Very little is available in the Titerature on the microstructural
characteristics of fabricated Li20 specimens. Hence, the limited
information reported by Takahashi and Kikuchi(]z) on specimens that thev
had fabricated for thermal diffusivity measurements is of considershie
interest to us. They used the following fabrication procedure. Granules of
the starting L1,0 material (designated as CERAC/PURE) were first heated ip
a platinum crucible under vacuum for four hours at 973 K 4o decompose LiOH
and L1’2C03 impurities. The resultant material was then ground with an
agate mortar and pestle in an argon atmosphere, pressed into pellets (10 mm
diameter by 13 mm high) without a binder at 100-500 MPa, and sintered at
temperatures of 1373 and 1473 K in covered platiium crucibles under vacyum
for four hours. Specimens preparad in this way were sliced into discs 10 mm
in diameter and 1.3 mm thick for the thermal diffusivity measurements.

Characterization of the above specimens indicated the following. Total
cation impurities were found to be 0.05 wt%, with Ca being the highest at
0.02 wt%. The x-ray lattice parameter was determined as 0.46117 * 0,00005 nm
which campares well with an NBS reference value of 0.46114 nm.(12)

Bulk densities for the specimens ranged from 70.8 to 93.4% of theoreti-
cal density (TD) with the average grain size ranging from 20 pm for 70.8% TD
to 60 m at 93.4% TD. Open porosity was found to be dominant at the lower
densities, but as density increased the pores began to close off rapidly
above about 86% TD. At 88% TD-closed pores and open pores were found to pe
about egual, while above 90% TD clased pores dominated over open pores by
about 5:1 (see Fig. 5.49).

An understanding of the pore structure variation with density is of
value not only for interpretirg physical and mechanical property behavior
for LiZO, but also for the insight it can give us on the mechansisms of
tritium and helium release. We should especially note that although Li,0
that has been sintered to temperatures as high as 1473 K and to a density of
93.4% TD, some 20% of the porosity still consists of open pores that shoyld
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provide a network of passages throughout the structure for release of
tritium and helium.

5.6.2 Thermal Conductivity

Using the methods of specimen preparation described abuve, Takahashi
and Kikuchi(]z) measured thermal diffusivities of Li20 in the range of
70.8 to 93.4% 7D and temperatures of 473 to 1173 K. Thermal conductivities
were then calculated from the thermal aiffusivity values using Viterature
information on specific heat and density to make the calculation, The data
thus derived are summarized in fig. 5.50, which also shows an extrapolation
10 10G% TD using the Maxwell-Eucken equation to make the extrapalatien. The
apalytica] expression used by Takahashi and Kikuchi te fit their data is
slightly modified here to express it in terms of volume fraction porosity
(instead of fraction of theoretical density) as follows:

k= (1-p)"% (0.0220 + 1.784 x 1070 1) (5.33)

5,6.3 Thermal Expans 'vity

Kurasaua(lal has recently measured the percent thermal expansion up
to V200 K for both single crystal and sintered specimens of LiZO using
a dilatometer to make the measurements. Twa singlte crystal specimens,
prepared from molten Lizo by a floating zone technique, were used. Each
specimen was 8 mm in diameter by 88 mm long. Five sintered specimens were
prapared for the measurements using the method described by Takahashi and
Kikuchi(lz) {see above). The sintered specimens were in the form of bars
4 x 4 x 10 mm, and had densities of 75.5, 80.0, 86.7, and 92.5% TD.

Kurasawa's measuremenis on the single cystals showed a fair degree of
variability between cuns, especially at the higher temperatures. For
example, the percent linear expansion from room temperature to 1173 K ranged
from 2.47 to 2.82% for five different runs, which gives a spread of * 6.6%
aoout the mean. For each individual run, however, the standard deviatien
about a fitted curve for that run was quite good, being about 1-2%.
Individual data points are not given for the sintered samples, but standard
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deviations are indicated to be of the order of 1% about fhe fitted curves.
Agreement appears to be good for percent thermal expan¢ion from room
temperature up to about 110u K for the averaged single crystal data and the
sintered sampies. Above 1100 K, the percent expansion curve shows a drop-off
in slope with ingreasing temperature for samples with 80.0, 86.7, and 91,1%
TD, but a normal continuation of the curves for 75.5, 92.5, and 100.0% TD.

In order to obtain thermal expansivity values from Kurasawa's data, we
need to differentiate the fractional expansion curves. We have a problem in
doing this because of the variations in the data, especially at high
temperatures, Thereiore, our approach is to fit an average curve to the
data up to 1100 K, and then allow the curyve to rise in a normal manner above
that temperature. The functional form of the curve is taken 10 be one thati
has previously been shown to be applicabie to a large number of substances,
including metals, oxides, borides, carbides, and nitrides.(]4) Thus, the
averaged expression for fractional linear expansion,ﬂL/Lo, and the
derived Tinear thermal expansivity, o, are found to be as follows:

1.4

a4l = - 4.275 x 107> + 1.4692 x 1070 7 (5.34)

-1

o = d(A/L)/dT = 2.0569 x 1076 1944« (5.35)

Fractional linear expansions calculated using equation (5.34) are compared
in Table 5.16 with the averaged single crystal data and the 92.5% TD
sintered data given by Kurasawa.(]s) The linear ihermal expansivity
obtained from equation {5.35) is aiso summarized in Table 5.16.

5.6.4 Mechanical Properties

Experimental information on the mechanical properties of L120 is
totally lacking at the present time. MWe must therefore rely on correlations
based on gther oxides to obtain Some rough values with which to proceed with
design calculations. Some theoretical guidance is also available in regard
to variation of mechanical properties with grain size and specimen
porosity. The main design need for mechanical properties for Li0 is to
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Table 5.16 The fractional linear expansions for single crgstal Liz0 and
92.5% TO sintered Li20 reported by Kurasawa,{ 13} are
compared here with a best-fit equation to all of the Lis0

data. The linear thermal expansivity derived from the best-fit
equation is also given,

T(K) A/, A/, an, oAk,
single 92.5% best-fit best-fit
crystal D equation equation

298 -0.00004 0.00006 0.00000 2.01 x 1072
400 0.00210 0.00196 0.00218 2.26 x 10°°
500 0.00447 0.00408 0.00455 2.47 x 107
600 0.00712 0.00642 0.00711 2.66 x 107°
700 0.01003 0.00901 0.00986 2.83 x 1073
800 0.01321 0.01184 0.01276 2.98 x 107°
900 0.01667 0.01491 0.01582 3.12 x 1072

1000 0.02040 0.01822 0.01901 3.26 x 1072

1100 0.02440 0.02176 0.02233 3.39 x 1073

1200 0.02867 0.02554 0.02578 3.51 x 1070

1300 0.03321 0.02957 0.02934 3.62 x 1072

evaluate the thermal siress parameter, M, defined as follows:

poe s Wk (5.36)

where A is the short term tencile strength, v is Poisson's ratio, k is
thermal conductivity, E is Young's modulus, and o s the linear thermal
expansivity. Both k and o are available for L120 and the values were
summarized earlier in this section. The problem remains to estimate values
for the tensile strength, Young's modulus, and Poisson's ratio.

We consider first the estimation of tensile strength of Liao. The
only property measurement thii we are aware of that may be an indication of
tensile strength is the microhardness of L120 which has recently been

measured by Nasu et al.(ls) These workers prepared sintered discs of
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Li20, 10 mm in diameter and 3 mm thick, using isostatic hot pressing at
1323 K under 100 MPa pressure. The as-prepared specimens {grain size A0
i) gave a Yickers microhardness of 180 % 8 using a 300 g load for 30s

on a diamond indentor. The microhardness was found to increase upon
irraaiation, saturating to a value of 230 £ 7 with neutron doses exceeding
5 x 10]7 neutrons/cmz. The microhardness returned to its original value
after annealing at temperatures above 623 K. It is not unusual to
experience an increase in microhardness {and strength) of ceramics upon
exposure to radiation as these workers found for Lizo.

In or‘er to develop a correlation between microhardness and tensile
strength, we need data on oxides that have been adequately characterized for
grain size and porosity. Such data are very limited because not only have
relatively few oxides been well-characterized, but because of the i
brittieness of ceramics, tensile strength is a difficult property to
measure. Recognizing these difficulties, we have nonetheless used data on
microhardness and tensile strength given in standard references(]6’17) to
obtain a rough correlation (see Fig. 5.51). Knoop rather than Vickers
microhardness i5 used since that is what is generally availabie. The two
types of microhardness are usually about equal where comparisons can be
made. Grain sizes for the oxides are about 30 ym, porosities about 3%,
ang tensile strengths refer to ultimate short-term tensile strengths for the
examples shown in Fig. 5.51. These oxide materials are generally believed
to be of high purity except for Ir0, which is Cal-stabilized. Fram
Fig. 5.51, we predict & tensile strength of about 20.5 MPa for L120 having
a 30 um grain size and 3% porosity. [

The variation of strengths of ceramics with grain size and porosity is
expressed in a generatized form by the following empirical expréssion given

by Knudsen:“s']g3

g= g, d™" exp(-bp), (5.37)

where ¢ is the strength, d is grain diameter, p is the volume poresity,
and 0,5 My and b are empirical constants. The general form of this
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Fig. 5.51 A correlation of Knoop microhardness with tensile strength is
illustrated for several oxide ceramics having an approximate
grain size of 30 um and a porosity of about 3%. Fgr Li20
with a reported Vickers microhardness of 180 kg/mme, this
correlation predicts a tensile strength of 20.5 MPa.
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equation differs slightly from that obtained from theoretical approaches,
but the empirical expression seems to correlate well with oxide ceramics
that have been studied. The value of n is usually somewhat less than 0.5,
and b is about 10.(18'19) Thus, using the value of 20.5 MPa for tne
tensile strength of L120 at a grain size of 30 um and a porosity of 3%,

we obtain:

0.

o (Li0) = 108 ¢™%* exp(-10p), (5.38)

wnere d is expressed in um and p as volume fraction porosity. Based on
this equation, the variation of ot(Lizo) with grain size and porosity
is iliustrated in Table 5.17. Thus we see that grain size should be
maintained below 10 um and porosity below ~10% in order to optimize
the strength of the ceramic body.

This initial estimate of the tensile strength of L120 is probably
good to within a factor of 2-3 of the true vaiue, and most likely on the low
side for the following qualitative reasons. L120 has a relatively high
melting point for a material with such a low microhardness, The high
melting point is indicative of high bond strengths in the crystal and
consequently of a high tensile strength. Furthermore, trace‘impurities or
intentional additives in the LiZU will aiso likely increase its strength
above that expected from the correlation curve.

We expect that the strength of Lizo will not vary significantly with
temperature up to about 55% of its melting temperature at which point the
strength will begin to decrease. Because of the large uncertainty that
exists in the melting point of LiZO, which has reported values of 1696 K(]3)
1843 K’(ZO)’ and 1973 K,(Z]) we would predict that this decrease in strength
begins somewhere in the region of 900-1200 K. This behavior can be expressed
approximately by the relationship

o = gy (1 - 44 exp(-7000/T)) {5.39)

We discuss next the estimation of Young's modulus for Lizo .
Nachtman(lg) and Conrad (18) have reviewed the theory and general
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Tabie 5.17 Predicted variation of the estimated tensile strength (MPa) of
Lig0 with grain diameter and fractional porosity in a
fapricated body.

Grain Fractional Porosity
Diameter,
Jn 0 0.05 0.10 0.20 0.30
1 108.0 65.5 39.7 14.6 5.4
5 56.7 34.4 20.9 7.7 2.8
10 43.0 26.1 15.8 5.8 Z.1
50 22.6 13.7 8.3 3.1 1.1

behavior of elastic moduli for ceramics. From their observations and aata
presented by Shaffer(]7) and Samsonov,(ls) we conclud.: the following.

We can make a rough estimate of Young's modulus for LiZO by correlating
values of Young's modulus with the melting point of oxides. Grain size has
no significant effect on Young's modulus at temperatures below the onset of
grain-boundary sliding (i.e., below "0.55 of the absolute melting point).
However, porosity has a major effect on the modulus, leading to a decrease
in modulus with increasing porosity. The effect of temperature is to give a
slow rate of decrease of Young's modulus with increasing temperature until
grain-boundary sliding sets in, at which point the modulus decreases rapidly
until the melting point is reached. Elastic constants are very dependent on
structure, so that the various generalized conclusions discussed above oniy
apply if phase transitions do not occur over the temperature interval of
interest. Li20 meets this criterion,

In order to obtain the best possible estimate of Young's modulus, we
apply the correlation of Young's modulus versus melting point to only the
cubic oxides (L] 0 has a cubic inverse fluorite structure), end use the
availasle data from Shaffer(]7) and Samsonov,(}6) after extrapolating to
zero porosity. Data on non-cubic oxides such as A1203 and Be(Q deviate
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Fig. 5.52 The correlation of Young's modulus of elasticity with melting

point is illustrated here for cubic oxides and metals. On the
basis of this correlation, Young's modulus for Liz0 is
predicted to be about 140 GPa.
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significantly from the corvelation, thus emphasizing structural effects.
The cubic oxide correlation is illustrated in Fig. 5.52, where several
representative cubic meta]s(ze) are also included to show that a
generalized correlation between Young's modulus and melting point is
expected to be approximately linear. Ffor L120 with a melting point
somewhere in the 1696-1973 K region, we predict from Fig. 5.52 a Young's
modulus of about 140 GPa at room temperature and zero porosity.

To predict the variation of Young's modulus with porosity of L120. we
use the empirical Spriggs expression:(]e’]g)

E = E0 exp(-bp), (5.40)

where E is the value of Young's modulus at zero porosity (i.e., 140 GPa),
b is an empirical constant, and p is the fractional porosity. We find b
values of 4.0 for A1203, 4,7 for Mg0, and 3.4 for BeC from the
literature.( 18-19) e therefore take b = 4.0 for LiZO as our best

guess, and the Spriggs expression for Li,0 becomes:

E(Li,0) = 140 exp(-4.0 p), GPa {5.41)

The temperature dependence of Young's modulus for many ceramics can be

descriped by an empirical expression of the type:(]g)

E = E; - AT exp(-B/T), (5.42)

where E, is Young's modulus at absolute zero, and A and B are empirical
constants for each material.

We fina that we can put equation {5.42) into a more generalized form by
assuming (1) that E goes to zero at the melting point for those ceramic
materials that do not undergo phase transitions prior to melting, and (2)
that the constant 8 is equal to the melting temperature. The expression
thus becomes

E=E - (/T )E exp(1 - T /T), (5.43)

where T is the melting point. Examining the available data for A]ZOB, Mg0,

Tho,, UO,, MgO stabilized and Ca0 stabilized zroz,('5"7 ) we find that there
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is good agreement with this expression up to at least 1200 K, and in some

"cases up to 1800 K.

Be0, which undergoes a phase transition near its

melting po’. t, shows agreement up to ~ 1300 K, but the experimental data

indicate rapid drop-off of E above this temperature.

In Table 5.18, the

experimental and calculated temperature dependences of Young's modulus are
compared fpir several representative oxides, We find that the agreement fis
quite gooa, expecially considering the substantial systematic errars that

are usualiy present in experimental data of this type.

Predicted values for

Lizo with zero porosity are summarized in the last column of Table 5.18.

Taple 5.8 The observed variation of Young's modulus (in GPa) with increasing

temperature is compared for several oxide ceramics with the

behavior calculated using equation {5.43) and assuming the

calculated vaiues of Young's modulus to be identical to the

observed values at room temperature.
in the last column.
porosities are given for the experimental data, and the melting
points used in the calculations are also indicated.

predict the values for Li

Equation (5.43) is used to

Sample

A1203 Ma0 ZrDz - 4% Cal Th02 L120
{p = 2%, (p = 2%, p = 4%, (p = 3%, {p = 0%,
Tm = 2320 K) ﬂn = 2850 K) Th = 3000 K) Tm = 3490 K) Tﬁ = 1850 K)
T,k obs. calc. obs. calc. obs. calc. cbs. calc. calc.
298 376 376 295 295 167 167 235 235 140
600 366 370 278 294 164 166 23 235 134
800 356 357 267 289 161 164 224 233 124
1000 344 333 257 274 155 159 216 229 108
1200 324 300 246 264 149 152 209 223 87
1400 294 258 234 244 122 142 200 214 63
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Finally, we need to estimate Poisson's ratio for L120. When a
specimen is loaded in tension, there occurs a decrease in thickness along
with the increase in length, The ratio of this decrease in thickness to
i increase in length is called Poisson's ratio and is given by

v=- G (5.44)

Poisson's ratio is also related to Young's modulus and the shear modulus by
the following equation:

_E
! v-?-L-‘--] (5.45)

Poisson's ratio for most materials, including ceramics, generally is between
0.15 and 0.4.

To a first approximation, Poisson's ratio should be independant of
specimen porosity and temperature since both Young's modurlus and the shear
modulus show nearly the same porosity and temperature dependence. There are
minor differences, however, and we especially might expect an increase in
v at high temperatures when grain boundary sliding becomes important
{e.g., see Fig. 5.53). Small amounts of chemical additives may also
influence Poisson's ratio. For example ThO2 that contains 0.5% Cal
exhibits a Poisson's ratio of twice that of pure ThO, (see Fig. 5.53).

It is difficult to make an accurate estimate of Popisson's ratio for
LiZD. Wide variations are seen in the reported data for even conventional
ceramic materials such as A]203 and MgO(16’17’23) (see Fig. 5.53). We
therefore choose to take roughly a mean vaiue, based on all materials, of
v=0.25 for Lizo, and further assume that v is independent of
porosity, temperature, and chemical purity. The uncertainty in this value
could be as much a factor of two.

5.6.5 Thermal Stress Parameter

We are now in a position to calculate values of the thermal stress
parameter M for Lizo as defined in equation {5.36). Analytical
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expressions are summarized in Table 5.19 for each of the input parameters,
together with estimates of the uncertainties. It is evident from Table 5.19
that the uncertainties in the mechanical properties (o, £, and v} are

quite large and translate into an overall uncertainty of about an order of
magnitude in the thermal stress parameter M, Ciearly, experimental data on
the mechanical properties of L120 are essential if we are to calculate
ac.urate values for the thermal stress parameter,

Even though the absolute value ¢ the thermal stress parameter is not
very accurate, it is still useful for us to know the dependence of M on
grain size, porosity, and temperature in attempting to optimize use
conditions for Lizo jn the blanket. The pourosity and temperature depen-
dence of M for Li,0 with a grain diameter of 10 ym is illustrated in
Fig. 5.54 [t is apparent from this figure that a relatively large gain can
pe made in thermal stress parameter by using low porosity materials,
especially with porosities less than about 5%. Figure 5.54 also shows that
M drops off fairly rapidly with temperature initially, but levels off at
temperatures above 80C K.

As can be seen from Table 5.19, grain size (d) affects only the tensile
strength, and this effect is translated directly to M as a g0-4
dependence. Using a 10 pm grain diameter as a unit reference value, we
calculate the following factors for the dependence of M on grain size:

grain dia (i} 2 5 10 20 50 100
factor for M 1.90 1.32 1.00 0.76 0.53 0.40

We see that maintaining a small grain size can greatly increase both tensile
strength and the therinal stress parameter, e. g., an increase of a factor of
4 in ot and M is Lo be expected if the grain stze is maintained at 5 m
instead of %0 um. In a sense, this is an indirect temperature dependent
effect, since higher operating temperatures lead to the development of larger

grains. It is possible, however, in many ceramic materials to limit grain
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Table 5.19 Analytical expressions for the estimcled physical and mechanical
properties of Li20 are summarized here together with an
assessment of the expected uncertainties.

Tensile strength (in MPa):

op = 108 ¢™0*% exp(-10p) (1 - 44 exp(-7000/T)),

where d = grain diameter in um

and p = volume fraction parosity.
Fstimated uncertainty in 9 is a factor of 2 to 3.

Young's modulus {in GPa):
E = 140 exp(-4p) - 140(T/Tm) exp(-4p) exp(1 - Tm/T),

where Tm is the melting point of L120 {1850 K}.
Estimated uncertainty in E is a factor of 2 to 3.

Poisson's ratio:
v=0,25

tstimated uncertainty in v is a factor of 2.

Thermal conductivity (in W/m-K):

k= (1-p)"% (0.0220 + 1,788 x 1074 7)1

Estimated uncertainty in k is about = 5%.

Linear thermal expansivity (in K']):

= 2.0569 x 1078 10-4

Estimated uncertainty in a is about * 7%,
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Paisson's ratio

Fig. 5.53
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Poisson's ratio is shown as a function of t ?eyature for several
oxides. The solid curves are frop Samsonov?T 6) and the dashed
curves from Soga and Anderson.(23) The latter data are

believed to be the more accurate and indicate that Pecisson's
ratio increases gradually with temperature and is relatively
insensitive to porosity, Chemical additives, such as 0.5% Ca0
added to Th02, can have an effect on Poisson's ratio.
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for Lig0 as a function of temperature and porosity at a fixed
grain diameter size of 10 um.
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growth by the use of suitable chemical additives. This then points out an
important area for future research on fabrication studies of Lizo to
obtain materials with controlled grain sizes,
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5.7 MATERIALS PROPERTIES AND INFORMATION TO SATISFY FIRST WALL
ENVIRONMENTS

To permit a meaningful assessment of candidate first-wall structural
materials to be conducted, an extensive data base covering the four classes
of property information discussed below, i.e., physical properties,
unirradiated mechanical properties, irradiation performance properties, and
compatibility with expected special environments, such as breeding materials,
and heat transport fluids, must be available for these materials, While the
ideal situation is to select a material based on review of extensive data
bases for numerous candidates, the usual situation is to select a materia)
for which either (1) the available data base is complete enough to indicate
that no obvious shortcomings (i.e., melting, vaporization, or total loss of
ductility for prototypic irradiation conditions) exist; or (2) the available
data base is lacking information in one (or more) important categories, but
the remaining data base indicates strong advantages that outweigh the lack of
data.

The five classes of structural materials are: (1) light metals, i.e.,
Mg, Al, Ti, and their alloys, (2) ferritic (ferromagnetic) steels; (3)
austenitic (paramagnetic) Fe~Cr-Ni and Fe-Mn-X (X may be one or more of the
following: Cr, Ni, Mo, Cu, Nb, Al) steels; (4) austenitic (paramagnetic)
nickel-based “"superalloys“, and (5) refractory metal alloys based on either
V or Nb. After a cursory examination of the factors limiting the utility of
the 1ight-metal alloys, it was recognized that the relatively low-maximum use

temperatures set forth below:

Mg alloys: v 340 K
Al alloys: A 366 K
Ti alloys: “ 727 §

would seriously compromise the thermodynamic efficiency of any fusion-based
power conversion system to an unacceptable degree. Hence, these alloys were
eliminated from further consideration, and emphasis placed on development
and evaluation of data bases for the remaining alloy classes.
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Considering what physical properties are of prime importance, a signifi-
cant fraction of stresses generated in both the first wall and blanket are
thermally induced stresses, i.e., stress brought about by sudden temperature
changes in the first wall due to plasma disruptions and the passage of slugs
of either very cold or very hot working fluids in the blanket, causing local
expansion or contractian of the structure with respect te its unperturbed
attached adjoining members or regions. Hence, the perturbed portion of the
structure is unable to undergo an unrestrained dimensional change, leading
to the creation of “"thermal-induced stress® in the restrained area or
members.(24) In general, the resulting thermal stress, St may be zapressed

by Eg. (5-46):

f[%%:' =5, (5.46)
where AT is the temperature difference over tine member. The exact functional
relationship depends on the nature of the constraint, geemetric configur-
ation of the restrained element, and the configuration of the temperature
field with respect to the surfaces of the restrained element. Examination
of Eg. {5.46) shows that the value of the elastic modulus, E, the instan-
taneous coefficient of thermal expansion, a, and Poisson's ratio, v, are
three physical properties that must be known for any candidate structural
material. Since v v 0.25 to 0.3 for most materials (Ref. 25, for

instance), and since calculation of thermal gradients across a structure
requires a knowledge of the material’s thermal conductivity, K, a physicai
property data base comprising E, a, K, and their variations with

temperature was devetoped.

Figure 5.56 summarizes the variation with temperature of the elastic
modulus, E, of class 2-5 candidate high temperature structural alloys, whose
nominal compositions are given in Table 5.20. The data on the one ferritic
steel, 2-1/4 Cr-1 Mo, the three austenitic Fe-Cr-Ni alloys (Types 304 and
316 stainless steels and the alioy 800H), and one of the nickel-based super-
alloys (alloy 718) came from Ref. 26. The data on "Tenelon,” a Fe-Mn-Cr
austentic steel came frem Ref, 27. The data for V came from Ref. 28, while
the data for various Kb alloys came from the following sources: Nb-1-Zr
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Table 5,20

Chemical compositions of some

high temperature structural alloys

Allgy Nesianation Fe Cr N o Mn Si W Co [ LP) Np v Ti ir Al
Tye 304 stet  Bal, 1 M5 L0 40 o 8 a0 . - -
Type 316 steel  Bal. 12 o 3 a0 0 - 08 0 e e e - --
22178 Cr = 1 M 2.75 .20 .6
teerin Bal.  $im .50 : =3 .50 .10 - 15 - - .03 -- - -
Allny SNOH gl & 3 - 5 1.0 - - a0 - - - -_?.g - 60
Aoy 718 8al. 12-’7 -E% %g A T W 08 - 230 LE% - %
Kastelloy alloy X ‘;‘3 330 Bal, lg—g 1.0 1.0 L% %g (])g - - - - - -
19.0 16.5 .50 .
Tenclan Bal, 73 .10 -- TR 1.0 - s - “B - -— - -
v-20 Ti - - - - - - - - - - —~ Bl Zg-g - -
V=15 Cr-5 T4 R -- - - - - - . S - S -
3.5 9.5 1.2
Vanstar 7 il 76 - - . ae -- - .0 .01 - Bal. -- oF -
th-1 2r - -- -- -- - - -- - .0 - Bal. - - '—%% -
No-5 Zr - -- R - - - Bal, .- N -
- PR N) 212 g 3.0
0-31 -- w0 T -- R S L) P 3.0 -~ --
- . 5.5 5.5 13
B-66 -- - - -- - a2 -- Bal. 75 - 5 --
Footnotes: * A1) compositions in wt. percent. *4 | ags pestrictive specs. exist.



(Refs. 29-31), Nb-5-Zr (Ref. 32), Nb-10 Ti-10 Mo (Refs. 32-33), and Nb-5V-5
Mo-1 Zr (Ref. 34). Nole that the iron- and nickel-based ailoys have higher
elastic modulus values (v 127.6 GPa) at 1366 K than the refractory metal
alloys (~ 60.7-110.3 GPa}.

Figure 5.56 summarizes the variation with temperature of the instanta-
neous coefficient of thermal expansion, «, of class 2-5 candidate high
temperature structural alloys. The data on the 2-1/4 Cr-1 Mo ferritic
steel, the three aust:nitic Fe-Cr-Ni alloys (Types 304 and 316 stainless
steels and alioy 800H) and one of the nickel-based alloys {alloy 718) came
from Ref. 26. The data for nickel-based Hastelloy X came from Ref. 35. The
data on the Fe-Mn-Cr austetitic alloy (Tenelon) came from Ref. 28. The data
on the various Nb-based alioys came from the following references: WNb-1 Zr
(Refs. 29, 36), Kb-10 Ti-10 Mu (Ref. 37}, and Nb-5 V-5 Mo-1 Zr (Ref. 34).
Note that the ferritic and austenitic 21loys have a values at 811 K of
about 14.8 to 21.3 & 10"6 K, while the Nb alloys have o« vaiues of about
7.6 x 1078 K at the same temperature.

Figqure 5.57 summarizes the temperature variation of thermal conductivity
of various class 2-5 candidate high temperature structural alloys. The data
on the 2-1/4 Cr-] Mo ferritic steel, the three austenitic Fe-Cr-Ni alloys
(Types 304 and 316 stainless steel and alloy 800H) and cne of the nickel-
based alioys (alloy 718) came from Ref. 25. The data on the ane Nb alloy
(Nb-1 Zr) came from Ref. 38. MNote that the a:T behavior for the austen-
itic (face-centered cubic) alloys are all similar, starting at about .086-

. 138 watts/cm K at room temperature and increasing monotonically to a value
range of .241-.267 watts/cm K at about 1089 K., The a:T behavior for the
two body centered cubic alloys, Nb-1 Zr Nb alloy and 2-1/4 Cr-1 Mo ferritic
steel are much different from that exhibited by the austenitic alloys,
starting at room temperature at values of about .448 and .362 watts/cm K,
respectively, and increasing with iacreasing temperature in the former case
versus decreasing with increasing temperature in the latter case.

Given the values of E and o at 1089 K, and assuming a value of v of 0.3,
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one can develop a relative thermal shock rating for these candidate materials
by calcuTation of the guantity EaAT/(1-v) at a typical first-wall temper-
ature of 811 K.

Material Thermal Shock Parameter
316 2382 MpPa
304 2340
Tenelon 2242
Hasteiloy X, alloy 800H 2165
Alloy 718 2109
2-1/4 Cr-1 Mg steel 1830
Nb-5 V-5 Mo-1 Zr 531
Nb-1 Zr 506
Nb-5 Zr 489
Nb-10 Ti-10 Mo 491

The larger the value of "thermal shock parameter”, the mnre susceptible
to failure due to sudden temperature changes will be components made from
the particular alloy. MNote that all the austenitic Fe-Cr-Ni, Fe-Mn-Cr, and
Ni-based superallcys have roughly compa: able values. The value for the
ferritic cteel, 2-1/4 Cr-1 Mo, is about 23% iess than the average “alue for
the austenitic alloys, while the average value for the Nb allays is about
78% less than the correseponding average value for austenitic alloy. Hence,
to maximize ihe resistance to thermal shock, select a material from among
the Group VA refractory metals (i.e., V-based or Nb-based alloys).

Consider now what might comprise a "minimum set" of unirradiated
mechanical properties to comprise a data base for comparative purposes.
Static yield strength as a function of temperature provides the needed
information for preliminary sizing of components on the basis of avoiding
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permanent deformation {yielding) during short-time operation. Since the
design life has been set at 3 years {or 26298 hours) of full-power operation,
the stress to rupture and stress to produce 1% total deformation in a time

of 3 years as functions of temperature enable the effects of time-dependent
deformation to be evaluated. Lastly, since the plant wili be subject to some
small number of perturbations from steady-state operation during the 3-year
life of the blanket, a knowledge of the low-cycle strain-controllec fatigue
performance of candidate structural material is desirable,

Information on the minimum expected yield strength (Sy):temperature
(T) behavior of several candidate structural materials from classes 2-5 is
presented in Fig. 5.58. The method of obtaining "minimum expected Sy:T"
trends is the same as that used in derivation of ASME Bniler and Pressure
Vessel Code design allowahTes (Ref. 39). Data for the three Fe-Cr-Ni
austenitic alloys (Types 304 and 316 stainless steels and ajloy BOOH) was
taken from Ref. 26, while data on the Fe-Cr-Mn austenitic alloy (Tenelon)
was taken from Ref. 27, Data for the two nickel-based superalloys came from
Ref. 27 {alloy 718) and Ref. 35 (Hastellay X). Data on the v-20 T° alloy
came from Refs. 40-44, while data for the Vanstar-7 alloy came from Refs.
41-42 and 45-48. Data on the Nb-1 Zr alloy cane from Refs. 40-~41 and 49-54,
while data on the Nb-10 Ti-10 Mo alloy came from Refs. 32-33, 37, and 54-55,
Data on the Nb-5 Mo-5 V-1 Zr alloy came from Refs. 34 and 56-61.

Examination of the Sy:T information presented on Fig. 5.58 indicates

that, referred to Type 304 austenitic stainless steel at 811 K, the Sy
volues of the other high temperature structural materials rank as follows:
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b T
Sy Sy of Type 304

Alloy Stainless Steel at 811 K

304 1.0

Alloy BOOH ' 1.067
316 1.133
Nb-1 Zr 1.267
2-1/4 Cr - 1 Mo ferritic steel 1.567
Vanstar 7 1.667
Hastelloy X 1.867
Tenelon 2.267
Nb-5 ZIr 2.867
Mb-10 Mo-30 Ti 3.533
v-20 Ti 4.20

Nb-5 Mo-5 V-1 Zr 3.933
Alloy 718 8.667

Note that at 811 K, use of a ferritic steel can result in a decrease in
component thickness by about 63.8% (1 + 1.567). Note also that the highest
Sy conventional alloy without Ni (Ni is a known He producer in a peutron
environment and is to La avoided) is Tenelon, with a 811 K §y ratic of
2.267, relative to Type 304 stainless steel. For a material stronger than
Teneion, one is forced to either experimental (and expensive) refractory
metal altloys (such as the V-rich or Nb-rich alloys) or Ni-rich precipitation-
taruenable superalloys, which are expensive, difficult to fabricate, and
prone to embrittiement by He formation on neutron irradiation (Ref. 62, for
example}.

Information on the minimum expected stress (SR) to rupture in 3 years
{the 1ife of the first wall and blanket) as a function of temperature is
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shown in Fig. 5.59 for Fe-Cr-Ni and Fe-Cr-Mn austenitic steels, a ferritic
steel, and a nickel-based precipitation-hardening superalloy. The daia
sources are as follows: Ref, 26 for Types 304 and 316 stainless steel,

alloy BOOH, &@3d 2-1/4 Cr-1 Mo ferritic steel; Refs, 26 and 62 for alloy 718,
Refs, 35, 63-66 for Hastelloy alloy X, and Ref. 27 for Tenelon. The method
of derivation of the SR values was based on use of the Larson-Miller para-
meter (Ref. 67), PLM' to condense the referenced data for these alloys, which
is usually presented as tables of average stress for failure (rupture} as a
function of temperature (T) and time (tR). The procedure is used as follows:

1. ralculate PLM for each datum point, i.e., for each SR’ T, tr

combination,

2. Plot the resulting information on semi-logarithmic paper in the form
of SR (the dependent variable) against PLM {the independent

variable),
where P, is given by (Ref. 67):
Py = T [C + Togqg(t )] » 1073 (5.47)

and C is assumed to equal 20, per Ref. 67.

3. Calculate PLM far various {7, 3 years) combinations over the
range of temperatures of interest i.e., 644 K {o about 1144 K.

4, Construct the "expected minimum curve" to the SR:PLM data array.
For our purposes, the "expected minimum curve" was drawn parallel
to the "average smooth curve” through the data array and was
reduced to pass through the lowest data point in the array.

5. Using the information in (3) and {4), pick off S, values, corre-
sponding to t. values of 3 years, as a function of ilemperature.

Considering the information thus generated and summarized in Fig. 5.59
in a manner similar to the Sy:T information presented in Fig: 5.58, one
vbtains the following:
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Minimum Stress for Rupture in Three Years, MPa
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Fig. 5.59 Minimum rupture 1ife in three years versus temperature for some
high temperature materials
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Alloy < R ek 7 i at 1089 K
R'304 stee "R7304 steel
2-1/4 Cr- 1 Mo 0.60
304 1.00 1.00
316 1.50 1.33
Alloy B80DH 1.65 !
Tenelon 1.75 coue
Hastelloy alloy X 2.00 3.33
Alloy 718 5.45

At 811 K, the ferritic steel, 2-1/4 Cr - 1 Mo, is weaker in time-
depen<ent deformation than Type 304 stainless steel. Both Fe-Cr-Ni and Fe-
Cr-Mn austenitic alloys, such as alloy BOOH in the former case and Tenelon in
the latter case, are superior to Type 304 stainless steel., Again, the
nickel-based superalloys, such as Hastelloy alloy X (a solid solution
strengthened alloy} and allay 718 (a precipitation-strengthened alloy) are
much superior to any af the Fe-based austenitic alloys. At 1089 K, the same
rank ordering of alloy classes occurs, i.e,, Fe-based austenitic alloys
lower and a Ni-based solid-solution~strengthened austenitic Hastelloy alloy
X, higher. The alloy 718, which was the strongest allay at 811 K, no longer
appears at 1089 K, due to instability of the precipitating phases making the
alloy unsuitable for use above about 894 K for long times.

In Fig. 5.60 is presented a summary of 3 year minimum expected stress-
to-rupture (SR) data versus temperature for various V-based and Nb-based
alloys. The methad of determination of Sp is the same as was previously
described for iron- and nickel-based alloys. Data for the V-15 Ti-56 Cr and
V-20 Ti alloys came from Refs, 41-43 and 45-46; and for the Vanstar 7 alley
from Refs. 45-46. Data for the Nb-1 Zr alloy came from Refs. 54 and 68-74
while data for the Nb-5 Zr alloy came from Refs. 32 and 71. Data for the
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Hinimum Stress to Produce 1.0V Toral Strain, Mpa
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Fig. 5.860 Stress to produce 1.0% total strain in three years versus

temperature for some high temperature materials
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Nb-10 Ti-10 Mo alloy came from Refs. 32-33, 68, and 75: while date for the
Nb-5 Mo-5 V-1 Zr alloy came from Refs. 34, 54, 56, 68, and 76.

Comparing SR values at 1089 K and 1366 K in the same manner as done
previously for iron- and nickel-based alloys, one finds that:

Alloy TS—R;;I:] - at 1089 K - N;‘: - at 1366 K
V-20 Ti 0.148

Nb-10 Ti-10 Mo 0.862 2.000

Vanstar 7 0.904 vaee

Nb-1 Zr 1.000 1.000

V-15 Ti-5 Cr 1.138

Nb-5 Zr 2.034

Nb-5 Mo-5 V-1 Zr 2.759 1,667

Note that at 1089 K, the V-15 Ti-5 Cr alloy is about 13.8% stronger
than the "reference alloy", Nb-1 Zr, and that the Nb-10 Ti-10 Mo alloy is
about 15% weaker than Nb-1 Zr. At 1366 K, however, the Nb-10 Ti-10 Mo alloy
is twice as strang as Nb-1 Zr, and no V alloy data could be found.

In Fig. 5.61 ic summarized the minimum estimated stress to 1.0% tota)
strain in 3 years for various iron-based and nickel-based structural
materials as a function of temperature. The methed of determination of
F]% is the same as that used to develop the SR:T information -presented
in Figs. 5.59 and 5.60. Data on the three iron-based Fe-Cr-Ni alloys (Types
304 and 316 stainless steels and alloy 800H}, the ferritic steel (2-i/4 Cr -
1 Mo), and the precipitatian-strengthened Ni-Cr-Fe (alloy 718) came from Ref.
26, while data on the solution-strengthened Ni-Cr-Fe alloy (Hastelloy alloy
X) came from Refs, 35, 63-64, and 66. Comparing S]% values at 211 K and
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[ iniwwm Stress to Produce Failure in Three Yes:s, MPa
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1089 K in the same manner as done previously for the SR and Sy behaviors
of these materials, one finds that:

Atloy T i at 811 K T il at 1089 K
1%304 steel %304 steet

2-1/4 Cr = 1 Mo 0.722 sees

304 1.000 1.000

316 1.194 0.389

Alloy 800H 1.306 ceee

Hastelloy alloy X 1.667 1.778

Alloy 718 5.556 cess

At 811 K, the ferrite steel is weaker, the three solid-sclution-strenathened
Fe-Cr-Ni austenitic alloys are next and stronger than Type 304 stainless
steel, and the precipitation-hardened nickel-based alloy (alloy 718) is again
the strongest. The relative order is the same, weakest to strangest, as was
the case at 811 K. At 1089 K, the weakest alloy is Type 316 stainless steel,
followed by Type 304, and Hastelloy alloy X is the strongest.

Irradiation effects information on Fe-Cr-Mn or Fe-Cr-Mn-Ni alloys is
sparse. In Fig. 5.62 is plotted the swelling behavior, Av/vo, of 20%
cold-worked Type 316 stainless steel after irradiation in EBR-II (Ref. 77).
At 773 K, superimposed in Fig. 5.62, is preliminary swelling information at
773 K for ferritic <teels such as 2-1/4 Cr-] Mo, 9 Cr-1 Mp, and HT-9 (Ref.
77). Also shown are some preliminary results for two Fe-Cr-Mn-Ni alloys;
ICL 16 (Fe=17.3 Cr-7.18 Ni-8.3 Nn-1.39 Mo-.022 C, Ref, 78) and AMCR (re-10
Cr=17.5 Mn-0.67 Ni-0.2 C, Ref. 79). The form.r alloy was irradiated with
46.5 MeV Nif5 ions at 8¥8 K, and the latter alloy was irradiated with
energetic electrons at temperatures frcm 673 K to 923 K. Given the inherent
differences in behavior due to irradiation temperatures other than 773 K for
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Fig. 5.62 Swelling behavior of austenitic Fe-Cr-Ni, Fe-Cr-Mn-Ni, and
ferritic steels irradiated in various sources
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the JCL 16 and the known differences in response of the substrates due to
different damage rates cioduced by neutrons, ions and electrons at varicus
evergy levels, it appears that the swelling behavior of the two Fe-Cr-Mn-Ni
alloys is comparable to that of 20% cold-worked Type 216 stainless steel at
773 K.

At 811 K, a comparison of tensile ducticity parameters for Tenelon
{irradrated to a total fluence of about 4.5 x 1025 nfme (1.5 % 10%8
nfml € > 1 MeV) Ref. 80) with results of recent work on 20% cold-worked
Type 315 stainless steel (irradiated in HFIR to a fast fluence of about 1 .
10%8 n/m? (E > 0.1 MeV} (Ref. 81} yielded the fallowing results:

Alloy - .form Elongation Total Elongation
Tenelon 7.5% §.0%
20% C.W. 58 316 5.0 8.3

Given the differences in spectra and end-ocf-life fluences, Tenelon, a
Ni-free austenitic Fe~Cr-Mn alloy, appears tc exhibit comparable ducticity
to 20% cold-worked Type 316 stainiess steel at 811 K.
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5.8 THE INFLUENCE OF WASTE DISPOSAL ON MATERIAL SELECTION

One of the impprtant considerations in the design of fusion reactors is
the impact of materials selection upon the generation and disposal of radip-
active wastes from neutron activation of structural materials. Recent
developments in regulations for the disposal of radioactive wastes (HRC-
proposed reguiation 10CFRG61, "Licensing Requirements for Land Disposal of
Radiocactive Wastes") furnish a basis for classifying wastes with respect to
composition, form, and method of disposal. The key factor from 10CFR61 for
reactor designers is the limit on specific activity for a given disposal
method and for each combination of radioactive isotopes in waste. This limit
can be combined with predicted activities for elemental components in
structural alloys ta give an index of waste disposal ratings (WDR}. This is:

WOR = 2 .’L‘—%} A(1) and L(i) in units of curies/m
3

where A(i) is the activity of the jth isotope in an aljoy and L{i) is the
Vimit from 10CFRET for the ith ;-otope. If WOR < 1, then according to
10CFR61, the waste couid be disposed of by near-surface burial as low-Tevel
waste. If WOR > 1, the disposal could not be near-surfate but would have to
be by some accepted method for "high" level waste such as deep geologic
disposal.

The WOR for several steels that might be used in fusion reactors have
been caicu?ated.[82’83J The 1ist of these steels and their nominal elemental
compositions are given in Table 5.21. The predicted specific activities for
the critical elements for long-term disposal are suuwn in Table 5.22 for the
first wall of one of the conceptual reaCtor designs done on MARS. The corre-
sponding WDR's for this design are shown in Table 5.23. From the column for
Total Altoy in Table 5.23, it can be seen that first-wall alloys 5, 7, 10 and
11 are the only ones tnat could be directly disposed of by near-surface
burial. A1l the others would have to be processed to make WOR < 1. The
processing might be simple dilution in a concrete matrix. The amount of
dilution would be in direct properties Lo the original WDR. Thus the alloy
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Table 5.21 Composition of various steels by weight percent of the element in the alloy

Element
Steel Fe c Si Mn P S Ni Cr Kb Al N y Mo W Cu
1. S$5316 64.244 .06 .46 1,43 .03 .01 14 16,7 - - = = 2.8 -- --
2. PCA 64.68 .05 .5 1.8 .01 .005 16 14 .03 .03 .01 -- 2.0 -- -
3, HT-9 8.1 .2 .8 55 02 02 5 TS -- —- -~ .3 1.0 .5 --
4, 2.25-1 94.58 .15 .5 .45  .036 - S 225 e o - -~ 1.0 .1 .5
5. TENELON 68.0 .08 .3 14,8 045 .03 == 17.0 = o cc oo o= == o=
6. NOMAGNE 79.35 .65 ,5 15, .03 .02 2.2 2.2 == <= s e e == -
7. -1 76.92 .5 5 20, 05 .03 = 2.0 =+ em  an an o= e e-
8. 25-5-1 66.22 .17 .6 26, .03 .01 1.2 5.5 07 e o an e = -a
9. 32-7 60.24 .14 .6 31.6 .022 .006 .23 7.04 -- .12 13 -- - -- --
10. JUS289-N 72.45 .6 .65 20, .0B .026 <= 6.0 - e 2 o o= = a-
1, JUs289-Yy 72.15 .6 .65 20. .08 .025 «= 6.0 == = ,2 3 == = ==

NOMAGNL is made by Kobe Steel, NM-1 by Nippon Korean, 25-5-1 by nippon Steel Ltd., and 32-7,
JUS289-N and JUS289~Y by Japan Steel Works. Tenelon is a tteel developed by the U.S. Steel Corp.
We have no information on these steels regarding radiation damage in high flux neutron fields.
The other steels are discussed in R. E. Gold, et al., "Materials Technology for Fusion: Current
Startup and Future Reguirements,” Nurlear Technology/Fusion, 1, Apri) 198), pp. )65-237.




Table 5.22 Activities of major long-lived isotopes (Ci/m

First wall: MARS (TRW) @ 4.8 Mi/mC and 3 years
(Parent elements in parentheses)

3

Aoy Isotope
Ni-59 Ni-63 Nb~94  Mo-93  Tc-99  Mns3

1. SS316 500(Ni) SC000(Ni) 3E-2(Mo) 560(Mo} 11(Mo} 7.73(Fe)
2. PCA 580(Ni}  5BD0O{Ni) 27(Nb)  400(Mo) 8(Mo) 7.78(Fe)
3, HT-9 18(41) 1800(Ni) 1E-2(Mo}  200{Mo) 4(Ma} 10.2(Fe)
4, 2.25-1 -- -- 1E-2(Mc)  200(Mo) 4(Mo) 11.2(Fe}
5. Tenelon - -- - - -- 8.8%¥(Fe/Mn)
6. Nomagne 8O(Ni) 7900(Ni) - - - 10.1(Fe/Mn)
7. WM-1 - - -~ -= -- 10.0(Fe/Mn)
8. 25-5«1 43(Ni) 4300(Ni) 63(Nb)  2E-3(Nb) - 9.04(Fe/Mn)
9. 32-7 8(N3) 825(Ni) - - -- 8.59(Fe/Mn)
10. Jus289-N -- - -~ - - 9.49(FeMn}
1. JUs289-v - -- -~ -- -- 9.46(Fe/Mn)

10CFR61

Limit 22 700 2E~2 22 3 22
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28L-5

Alloy

1. SS316
2. PCA

. HT-9
4, 2.25-1
5. Tenelon
6. Nomagne
7. NM-]
8. 75-5-1
9, 32-7

10. JUS289-N
11, Jusz289-v

Table 5.23 Waste disposal ratings (WOR)

First wall: MARS [TRW) @ 4.8 WW/m? and 3 years

{Parent elements in parentheses)

WOR

Ni-59 Ni-63 Nb-94 Mo-93
22.7(Ni)  71.4(Ni)  1.5(Mo) 25.5(Mo)
26.4(Ni)  82.9(Ni)  1350(Nb)  18.2(Ma)
0.8)B{Ni) 2.57(Ni)  0.5(Mo) 9.09(Mo)

- - 0.5(Mo) 9.09{Mo)
3.64(N1)  11.3(Ni) - -
1.95(Ni)  6.14(Ni)  3150(Nb)  9.09x10™°(Nb)
0.364(Ni) 1.18(Ni) - -

WOR = F A(T)/L(4)

A(i) = activity of 1
L{i) = maximum permissable activity of 3th
If WOR < 1, material can be disposed of by

processing.

th

isotope in Ci/m3

Te-99
3.67(Mp)
2.67{Mo)
1.33(Mo)
1.33(Mo)

tsotope (Ci/m) from 10CFR61.
near-surface burial without

MnB3
0.351(Fe)
0.354(fFe)
0.464(Fe}
0.509(Fe)
0.4(Fe/Mn)
0.459(Fe/Mn)
0.46{Fe/Mn}
0.411{Fe/Mn)
0.39(Fa/Mn)
0.431(Fe/Mn)
0.430(Fe/Mn)

Total Alloy
125

1480
15

n

0.40
15

0.46
3158
1.93
0.43
0.43



25-5-1 would require by far the most dilution because of its niobium ccntent.
The alloy PCA regquires the next largest dilution, again primarily because of
niobium. Stainless steel 316 requires the third largest dilution because of
its high nickel and molybdenum content. The tables indicate that nickel and
molybdenum are undesirable for long-term waste disposal in all the alloys,
The high manganese altloys without nickel and/or molybdenum would be highly
desirable from a waste management viewpoint since they would require nG waste
processing except for transportation packaging.
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5.9 SUMMARY

The solid Li20 Canister blanket concept appears to offer many
advantages over previous designs. The main advantages are summarized below:

(a)

(b)

(c)

{d}

(e}

(f)

{9)

The relatively caol structural envelope of each Canister can use a
steel alloy such as Tenelon which has much lower radioactivation

than ferritic or stainless steels.

The Canister acts as the primary blanket pressure vessel with good
structural safety factors.

The solid LiZO tritium breeder material is separated from the
main helium coolant flow by putting it in tubes inside the
Canister., This greatly facilitates tritium separation and
isolation of the tritium from the thermochemical plant.

These tubes can run at very high temperatures and sti}l be made of
Tenelon, hecause they are almest pressure-balanced and hence
experience very low stresses.

The design of the blanket as a bank of staggered tubes allows us
to take advantage of the very good heat transfer and low pumping
power requirements of a cross-flow~-type heat exchanger.

The tube bank can be designed as a multi-pass heat exchanger so
that the main helium inlets and exits can he conveniently located
at the back of the blanket Canisters.

The hot shield is designed as a set of staggered rods which are a
direct extension of the tube bank. This provides a low pressure

drop flow path for the helium while at the same time eliminating

most neutron streaming,

5-1R4



o

(h) The blanket can be proof-tested initially at the Canister level;
this is a very convenient small-size unit. The next level of test
can be at the ring module level which consists of a compact
assembly of 18 Canisters.

(i} Two ring modules fit in the region between each two central cell
magnet coils in such a way that assembly and disassembly is
possible with simple motions without moving the magnets.

() The Canisters of each ring module are mutuailly supporting along
the sides of the Canisters, resulting in reduced structural
requirements. The use of common headers minimizes the possibility
of total depressurization of one Canister and a domino-type
failure of the remaining Canisters.

Many detailed design questions remain to be answered. However, this

blanket concept has survived a critical review and remains one of the most
attractive concepts we have seen in the past 15 years.
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Section 5 Nomenclature

speed of sound in helium

area

flow channel total cross-sectional area
specific heat of helium

diameter of the He purge hole in the Lizo
inner diameter of the tube

diameter of the Li,0 cartridge

outer diameter of the tube

diameter

hydraulic diameter

fraction of LiZO in the tube bank

fraction of structure in the tube bank
fraction of 100% theoretical density of the Li20
total "void" fraction in the tube bank
Darcy-Weisbach friction factor

Fanning friction factor = f/4

mass flux, ov

average convective heat transfer coefficient
thermal conductivity of helium

thermal conductivity of insulation

thermal ceonductivity of Li20

thermal conductivity of the large pipe walls
thermal conductivity of the tube wall

mass flow rate
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Nu

Pr

Nusselt number
pressure

Prandt1 number
heat flow or input
heat flux

radius measured from the first wall at the Canister
separation point

decay length for internal heat generation in LiZU

decay Tength for internal heat generation in the tube
materiat

Reynolds number, GDH/u

path length along the flow in the canister
transverse stagger of the tube bank
longitudinal stagger of the tube bank
thickness of the first wail

annular gap for helium purge flow
thickness of the L120 annular cartridge
width of the minimum spacing between tubes
thickness of the tube wall

temperature

bulk mean temperature of the helium

wall temperature

velocity

volume

internal heat generation

internal heat generation in the Li 0 at r =10

internal heat generation in the structure at r = 0
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ratio of specific heats, Cplcv
neutron wall loading
height of the first wall coolant passage

fraction of the tube bank unit cell occupied by the tube
helium dynamic viscosity

kelium density
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6.0 HIGH-TEMPERATURE BLANKET

The General Atomic Sulfur-Iodine Thermochemical Cycle discussed in Section
10 has thermal energy requirements that can be split into two temperature ranges.
The process requires approximately 22% of the energy at high temperature {~1125 KX}
and approximately 78% of the energy at a lower temperature (~&70 K}. Section 5
presented a concept under evaluation at LLNL where all of the thermal energy is
supplied at 875 K using a helium-cooled, tritium breeding, blanket. A fraction
of this thermal energy js directed to the process and the remainder would
be used to produce electricity., A portion of the electricity is combined
with that from the Direct Converter and used to provide the high temperature
energy portion by Joule-heating the 503 Decomposer. This section considers an
alternate approach being evaluated at the University of Washington where part
of the epergy is generated in a high temperature blankat and is used to provide
the high temperature energy fraction for So3 decomposition. The resulting re-
reactor concept, therefore, has two temperature-zones and each temveriture
zone supplies its required fraction to the process.

During the previous study for FY 1981(]). the two temperature-zones were
contairsd in the same bianket and theblanket was divided into radial zones.
For the current FY 1982 study, the low and high temperature blankets are sep-
arate, and the TMR is divided axially into low and high temperature-zones.



6.1 PROCESS AND DESIGN REQUIREMENTS

The high temperature blanket design must satisfy the reguirements of the
thermochemical process and geometric constraints of the Tandem Mirror Fusicn
Driver; plus, temperature limitations and a variety of factors that comprise a set

of design criteria. This section considers the process reguirements in summary
detail as it affects the blanket design.

6.1.1 System Process Requirements

Section 10 discusses the system energy flow and temperature requirements

a5 they would apply to a two-temperature blanket. There are two parallel ctreams
from the reactor to the process. One is at high temperature and supplies energy
to the 503 decomposer. The other is at low temperature and supplies energy to j
othar parts of the thermochemical process and to electrical emergy production.
The thermochemical process requires thermal energy in the range from 1050 to
1150 K. The amount required at this temperature depends upon the specifics of
the plant integration but is generally on the order of 22%.

Helium is used as a working fluid because of its technology base in high-
temperature process-heat applications. Liquid metals could also be used but
were not selected because of potential safety problems.

6.1.2 Design Criteria
In additior to the system process reguirements there are a number of other
factors affecting design.

The blanket design must accommodate the geometric constraints imposed by
the fusion driver with its 4 m incremental location of field coils. The
blanket is assumed to be modular and fit within the field coils. The wall
loading is taken to be 2.0 HWm2 and the first wall radius is 1.5 m.

The Jower temperature blanket is used for tritium breeding and the overall
tritium breeding ratio is to be at least 1.1. The requirements for tritium
breeding and the fraction of energy generated in the high-temperature-zone must
both pe satisfied since these related requirements are critical to the success
of the concept. Since the high-temperature blanket does not breed tritium,
breeding in the low temperature blanket must be quite good.
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The flow rates in the process components are fixed by the process require-
ments. The blanket design however must maintain temperatures of the flow and
structure to acceptable levels consistent with the performance capability of
the materials involved. The flow channel and piping design must aiso have suf-
ficiently low pressure drop. A pressure drop of 0.04 of the absolute helium
pressure is a typical 1imit for high temperature helium loops.



6.2 SUMMARY DESIGN DESCRIPTION

The TMR is divided into axial segments as defined by the field coil spacing
of 4 m. Each blanked segment (ring module} is 2 m long and can be either a low
or a high temperature bianket. The fraction of the TMR central cell length
covered by high temperature blanket segments is determined from considerations
of tritiym breeding and the fraction of high temperature required for the therma-
chemical process.

6.2.1 Ring Module

The high temperature blanket rirng module has the same general design ag
the low temperature blanket ring module described in Section 5. Each module
consists of 18 canisters that surround the plasma and the associated conneCting
piping (ring headers} as shown in Figure 6.2-1.

6.2.2 Canister Module

Figure 6.2-2 shows the design philosophy for the high temperature canister.
The design is "staged" thermally such that the pressure boundary can operate
at a much Jower temperature than the high temperature central region. This is
accomplished with dual coolant paths--one for the first wall and the other for
the primary coolant. The first wall coolant removes energy generated within the
first wall and heat lost from the primary coolant entrant flow. The primary
coolant flows radially inward toward the TMR centerline. The direction reverses
at the plenum and flows radially outward through the high temperature generating
region. A structural wall is used to separate the two streams; and any
heat 10s5 is recovered by raising the plenum temperature. The heat generating
region is currently taken to be a spherical packed bed. Concentric pipes are
used for iplet and outlet flows to maintain the pressure boundary at the minj-
mum heliym temperature and to reduce heat loss from the high temperature stream.
Figure 6.2-3 shows the dimensions used for the canister.

6.2.3 Transport Piping

The transport of high temperature process fluids requires special consi-
derations to reduce heat loss and to maintain structural integrity of the pres-
sure boundary. The general philosophy of the transport piping design from the
canister module to the process is shown in Figure 6.2-4 . The design uses con-
centric insulated pipes where the hot helium is carried in the center and a
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Figure 6.2-1. Ring Module Assembly.
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coolant is carried in the outer annuius. The helium coolant maintains the
outer pressure boundary at a moderate temperature to assure strength. Heat
Toss from the transported helium is kept smail by the internal insulation.
Pressure bdlancing between the two helium streams relieves the stress load
on the inner pipe and insulation.

6-9




6.3 NEUTRONICS ANALYSIS

An alterpative to the joule boosted concept where the high temperature
heat for the decomposer is produced electrically is a two zone blanket design
where the high temperature heat is produced directly in the blanket. This can
be accompiished by either radial or axial zoning. An axial-zoned system divides
the blanket axially intc a high temperature blanket, which usually does not
produce tritium (in order to avoid difficulties with tritium production and
control at high temperatures), and a low temperature blanket. The low tempera-
ture blanket is required to breed tritium at a rate that is adequate to fuel
the entire reactor (see Figure 6.3-1). A radially zoned blanket consists of
only one type of blanket, and divides the tritium breeding and high temperature
functions radially, with the tritium breeding region usually being Tocated
near the first wall, and the high temperature region in the outer portion of
the blanket.

A primary concern associated with any two zone blanket design, whether
axjal or radial, is the tradeoff between tritium breeding and the fraction of
energy deposited in the high temperature zone. In the previous year's work
the feasibility of a radially zoned blanket was examined. 1 This design has
been replaced by the axially zoned concept depicted in Figure 5.3-1. This
type of design faces many of the same problems as the radially zoned blanket
but could result in a less complicated design. In this section are described
the neutronics analyses of the high temperature modules for the axially zoned
blanket design.

The neutronics caiculations for these analyses have been performed with
the Oct. 1980 version of the one dimensional discrete ordinates transport code
ONEDANT.(Z) This code is described in more detail in Section 5.5.

6.3.1 Energy Split and Tritium Breeding

In an axially zoned blanket design, the fraction of heat produced in a
high temperature, FH’ is dependent upcn several variables: TBR, the ¢ritium
breeding ratio; MH and ML’ the high and low temperature zone blanket energy
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multiplication factors; f, the fraction of heat deposited in the high tempera-
ture zone and recovered at high temperature. Figure 6.3-2 illustrates the
relationship between these factors. The overall breeding, TBR, is equal to
the breeding ratio in the breeding region, denoted by TL’ times the fraction
of the overall length devoted to the breeding region, denoted by x. Since the
dominant constraint is a value of 7.1 for TBR, once TL is determined the value
of x becomes fixed as shown in the single curve for the right ordinate in
Figure 6.3-2, Obviously,higher values of T, permit the use of shorter frac-
tional lengths of the breeding region. Similarly, FH is then also determined
using the equation shown in Figure 6.3-), The family of curves in Figure 6.3-2
show that FH increases with both increasing values of TL {because a greater
fraction of the length can be devoted to high temperature operation) and MH
(because more energy is being deposited in the high temperature blanket).

The reference high temperature blanket design is the silicon carbide
module design described in Section 6.1. Two other high temperature blankets
were also analyzed neutronically, a helium coaled aluminum oxide blanket similar
to the silicon carbide blanket, and a sodium cooled blanket with TZM structure.
The results of all three desighs are presented in Table 6.3-1.

The silicon carbide and aluminum oxide designs have similar results with
the latter producing a higher energy multiplication factor. Neutronically, the
TZM/Na design is superior to both, with a higher energy multiplication factor
and much.higher f value. The higher f value is a consequence of the assumption
that a separate first wall cooling system would not be required for this sys-
tem. These neutronics advantages must, of course, be weighted against the dis-
advantages of a Na-cooled design, including safety and MHD pressure drop. There
are also advantages to a SiC design in terms of materials properties.

Several axial zoning blanket combinations are listed in Table 6.3-2. The
current value required for FH is approximately 25 to 30%, which implies that
the tritium breeding ratio in the low temperature blanket must be in the 1.4
to 7.5 range. The 1nitial reference low temperature blanket design had a
breeding ratio of only 1.1. The results given in Table 6.3-2 show that while
such a design can breed adeguately for a one zone joule boosted concept,
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Table 6.3-1

Fractional Energy Deposition

First Wall

Insulation

High Temperature Zone 1
High Temperature Zone 2
High Temperature Zone 3
High Temperature Zone 4
Shield

8lanket Energy Multiplication

Max. First Wall Heat Deposition
(Watt/cc - at. 2 Mi/mZ)

Superconductor Insulation

Radiation Dose in Grays
(30 yrs at 2 MW/m2)

Fraction of Energy Deposited
in the Superconductor

High Temperature Blanket Neutronics Results

Sie  AlQ. Na/TZM
N .063 .034
.01 - -
468 .633 .206
212 .189% .25
.103 .074 .253
.D52 .028 .261
.04 .008 021

1.30 1.40 1.47

25.27 29.16 25.49

3.66x10° 2.88x107 3.47: 107

7.96x107% 6.3x107 7.1x1077

i
!
|
|
I



Table 6.3-2 Neutronics Results for Axfal Zoning Combinations

LOW TEMPERATURE BLANKET

RIS M
A. Li0 1.10 1.15
B. Goal 1.40 1.10
HIGH TEMPERATURE BLANKET
M, f
1. sic 1.30 0.84
2. Al,0, 1.40 0,84
3. TIM/MNa 1.47 0,96
COMBINATIONS
_x_ Fu(%)
A1 0.95 43
A-2 0.95 45
A-23 0.95 3.8
B -] 0.75 23.8_
B2 0.75 25,0
B-3 0.75 29,9
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higher values are needed for the breeding region of an axial-zoned reactor.

The results described in more detail in Section 5.5.3 indicate that the axially
zoned breeding requirement can be met with a design using a neutron multiplier
and enriched lithium oxide., It is also possible that a version of the final
reference design incorporating tenelon structure and a high volume fraction of
Lizo could be successful.

6.3.2 Radial Power Distribution

The radial power distribution is computed with the ONEDANT code by first
determining the spatial flux dependence of each neutron and gamma group. The
energy deposition in eV/cm3 per source neutron is then calculated using the ap-
propriate neutron and gamma kerma factors. Conversion of MH/m3 is dependent
upon the wall loading, which, in this case is 2 Mw/m3. The radial power dis-
tribution of the silicon carbide blanket is shown in Figure 6.3-3. In order
to calculate the energy deposition in the module side walls, the main silicon
carbide reyion was divided into 4 radial 20 cm zones. Each zone was then
homogenized to include the appropriate contribution from the graphite felt in-
sulation and the module side walls. These values are 1isted in Table 6.3-3.

The results of these calculations indicate that 78% of the energy is
deposited in the siiicon carbide region, 11% n the first wall, 6% in the walls
(included in zones 1-4 in Table 6.3-1), 1% in the graphite felt thermal insu-
lation, and 2% in the outer shield.

The power density in the first wall is relatively high. This is because
the material adjacent to the first wall is silicon carbide which is a fairly
low-Z material. This result is to be expected consistent with the discussion
in Section 5.5.3. The spatial gradient of the power density is also fairly
high with a decrease of approximately a factor oF 30 over the 0.8 meters of
the SiC region.
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Table 6.3-3 SiC High Temperature Blanket Configuration

Ro{m) Desgcription Cozposition

1.500 Vacuum
1.505 First Wall St. St.

1.515 Insulation C 14%, void Bb6X

1.518 Second Wall St. St.

$iC St.S5t. Graphite Void
1.718 Zope D 55.14 3.19 3.19 38.48
1.018 Zone E 55.68 7.83 2.83 38.66
2.118 Zone F 56.10 2.56 2 56 38.78
2,318 Zone G 56.46 2.33 2,33 38.88B
2,518 Manifold s$s. St. 102

2.558 Shield Zone A )

2.648 Shield Zone B

2.758 Shield Zone C

2.808  Shield Zone D ? Same ‘a5 Lizo Reference

2.898  Shield Zome E Configurazion (Table 5.5-2)
2.998 Shield Zone F

3.098 Dewar

3,100 sS.C. Coil J
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6.3.3 Radiation Damage

Table 6.3-1 listed the values of the superconducting insulation radiation
dose and the fraction of heat deposited in the coil and dewar system. The
values for the silicon carbide blanket are quite high, mainly due to the fact
that silicon carbide is not a very good shielding material. Based on a limit
of 5x 107 grays, the insulation would only have a 4 year lifetime. An addi-
tional 20 cm of shielding will probably be required in order to reduce the re-
frigeration power requirements and increase the insulation Tifetime of accept-
able values.

A general discussion of the parameters relevant to radiation damage and
the Timitations considered acceptable is included in Section 5.5.2.

6.3.4 Neutronics Conclusions

Axjal zoning is am attractive option for a fusion reactor designed to
produce high temperature heat for a synfuel plant. The physical separation
of the high temperature energy recovery, and the tritium breeding has the
virtues of blanket module simplicity (and, therefore, probably reliability),
and more efficient use of space (and, therefore, smaller field coils and lower
cost) by requiring only one cooling system per module. Any radial-zoned
system is 1ikely to suffer by comparison in these respects.

The high temperature module analysed in this work appears to be a cred-
ible approach in terms of neutronics performance. It must, however, be coupled
with a lTow temperature module which can produce a tritium breeding ratio>1.4.
Of the options considered thus far, the most promising appears to be a L120
design with a lead-zirconate multiplier as described in Section 5.5.3.



6.4 BLANKET THERMAL-HYDRAULIC ANALYSIS

The thermal-hydraulic analysis is concerned with the calculation of:
1) conlant and siructural tamperature; 2) heat Toss from the high temperature
stream; and 3) pressure drop through various flow paths. The amalysis was
performed by using an analytical model that considers the basic heat transfer
and flow pracesses within the canister.

The heat transfer processes considered are shown in Figure 6.4-1. Thermal
energy generated within the first wall structure is transferred to the first wall
caolant stream. There is also heat transferred to the first wall coolant from
the energy generated within the insulating wall and from heat 1ost through
that wall from the primary coolant inlet stream. The energy transferred te the
first wall coolant is lost from the high temperature zone but can be used for
lower temperature energy loads. Energy generated within the core is transferred
to the primary coolant which is h:ated to its maximum temperature at jts exit
from the core. There is some heat loss from the core region to the inlet flow
because of the temperature difference. There is also t -ansfer of energy gene-
rated in the core wall to inlet flow. Those heat transters are not lost but
only increase the inlet temperature enroute to the inlet plenum. The analytical
model uses simplified thermal energy balances and heat transfers based on key
temperatures.

Pressure drop through various components of the coolant paths are computed
based upon the results of the thermal analysis. I[n general the analysis starts
with a set of given temperatures (in and out) and the module power from which
che flow rate is calculated. The flow rate is used to define coolant velocity,
heat transfers and friction coefficients.

The following discussion presents additiona’ details >f the amalysis for
the first wall and high temperature region.

6.4.1 First Hall Analysis

The first wall is assummed to be adiabatic (no heat transfer) 't its outer
surface so all generated energy flows through the inner surface to the first
wall coolant. The resulting temperature of the first wall therefore exceeds
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the coolant temperature by the sum of the temperature rise at the inner surface
plus the rise in the metal. The most 1imiting location is at the “nose" of the
canister and the maximum first wall temperature i$ estimated from

2

i

. o7 . qmaxfwtfw . qmaxfwtfw (6.4-1)
fw cool hfw Zkfw

where Tcool is the average first wall coolant temperature, g™ is the maximum

first wall power density, t is the first wall thickness and k is the first
thermal conductivity. The flowing helium heat transfer coefficient h is de-
fined by the Dittus-Boelter relationship' >

D - 0,023 Re-3pr0* (6.4-2)

where the Reynolds (Re) and Prandtl (Pr) numbers are defined in the standard
way.

The first wail cooling flow rate is set to satisfy the desired inlet and

exit temperatures and the total heat load defined as
N 1 [
e = Ot (hins * q]osg)Ains {6.4-3)
channel
whera all energy generated from the first wall and inslulation is assumed trans-

ferrad to the coolant, The heat loss through the insulation is given by
] _ .
Noss = “ossPins(Tintet Tcool) (6.4-4)

where
(6.4-5)

1
u =
loss ~ 1/h + (tik)ins + llhfw

channél

and the heat transfer coefficients are defined by using Equation (6.4-2). The
pressure drop is calculated fram

_fL 1 2
4P = = = ov {6.4-6)
where the friction factor is defined as
£ = 0.186 Re"0-2 (6.4-7)
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to represent friction factor in smooth channels(4). The flow channel thick-
ness ‘s selected to maintain an acceptably Tow pressure drop.

The various parameters used for the first wall calculations are summarized
in Table 6.4-1 and the results are in Table 6.4-2 . The important results are

as follows:
1) A first wall temperature of 835 K located at the "nose" of the canister.
This is 67 K above the average coolant temperature of 775 K.

2) A channel width of 3 mm gives a pressure drop of 0.56 atm. With an absolute
pressure of 50 atm, this gives AP/P = 0.011 which is acceptable.

3) The fraction of high temperature module energy lost %o the first wall
coolanc is 0.12 plus 0.04 loss to the shield ¢giving a total high temperature
zone energy loss fraction of 0.16.

6.4.2 High Temperature Region

The primary inlet flow is heated enrgute to the plenum. The plenum tem-

perature is given by
T =T # " 4 g A s g A,
plen = 'inlet T [dcore T 9core |"wall T Ylossins (6.4-8)
wall 1ass

A1l energy generated in the core wall is assumed to be transferred to the inlet
flow. The heat transfer through the wall is defined analogously to Equation
6.4-4 but with an assumed high heat transfer at the inner core wall.

A1l energy generated within the core is transferred to the primary coolant.
This heats the coolant from the inlet plenum temperature to the exit temperature
which is calculated from

_ " gl
Texit = Tplen * 9orelcore qcareAwall (6.4-9)

loss

Adding Equations (6.4-8) and (6.4-9) gives

- ] _ ol
Texit * Tintet * qcoreAcore NossMins (6.4-10)
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which indicates that the heat loss through the insulation is the net 1oss from
the high temperature region. The primary flow rate is adjusted iteratively to
match the desired inlet and outlet temperature and heat loss.

The core i5 assumed to consist of a bed of spherical particles, The tem-
perature rise to the center of a particle can be calculated from

b 0 0
- (L ] q p
AT s + (6.4-11)
part ~ (l-¢) Ehsurf {1-¢) 2le-<P

The spheres are assumed to have a porosity (€) of 0.4 and a thermal conduc-
tivity of 25 W/m-k which is typical of Silicon Carbide. The heat transfer coefficient

for a bed of spheres is estimated from the J.‘lenton(5 ) relationship given by

fh (6.4-12)

0
P - 0.8 Rep0'7Pr0'333

where particle diameter D is used for the characteristic dimension. At the
maximum power density near the core inlet, Equation {6.4-11} gives j particle
temperature rise of 29 K. At the average power density of the particle the tem-
perature rise is 15K. The maximum core temperature is estimated at 1175 k.

The pressure drop along the primary core coolant path has several major
components: inlet and outlet noczzles, inlet channel and spherical particle
bed. The flow areas of those components were sized such that AP/P < 0.01.

The pressure drop through the nozzles was calculated using pressure lpss
coefficients of 2.0 each. The pressure drop through the inlet channel was
calculated using the friction factor defined by Equation (6.4-7/plus a plenum
pressure loss coefficient of 1.0.

The pressure drop through the packed bed of the spheres was calculated by
using

= 2 -13
2P eore = 77 KeoreP” (6.4-13)
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wiere v is the velocity based on the core flow area without spheres. K

(5) . . care
was calculated from the Ergun relationship
- oL (1-¢} (1-¢} |.
KCU"'e = Zq 63 []-75 + 180 Rep ] (6.4.]4)

where € is the porosity (0.40).

A summary of selected parameters used for high temperature region calcu-
lations is summarized in Table 6.4-1 and the results are presented in Table
6.4-2 . The important resulis are as follows:

1) The maximum spherical particle temperature is estimated to be 1175 K based
on core average power density and exit plenum temperature. (The particle
diameter is 15 mm based on thermal stress considerations).

2) The core wall thickness of 3 mm is sufficiently thin to keep its tempera-
ture midway between the iniet and exit temperature,

3} The fraction of the core energy lost through the insulation to the first
wall coolant is 0.04.

4) The most limiting pressure drop components are the inlet and outlet nozzles.
The pressure drop there is responsible for the primary coolant pressure of
50 atm.

6-25



Table 6.4~1 Key parameters used for the thermal-hydraulics analysis,

First Wall Loading
Neutron Muitiplication
Canister Power
Power Fractions:
Core
Core Wall
Insultaion
First WaTll
Skield
Power Densities:
First Wall {max)
Spheres (average)
Spheres (max)
Primary Helium Coolant
Pressure
InTet Temperature
Exit Temperature
First Wall Helium Coolant
Pressure
inlet Temperature
Exit Temperature

€-26

2 MW/’
1.3
2.72 M4

.78
.06
.01
T
.04

18 M/
17.5 Mi/m°
34.1 Mi/m°

50 atm
1040 K
1160 K

50 atm
750 K
500 ¥



Table 6.4-1 Continued.

Packed Sphere Bed:
Sphere Diameter
Porosity
Thermal Conductivity
Length
Width

Core Wall:
Thickness
Thermal Conductivity
Length

Inlet Flow Channel:
Thickness
Hydraulic Diameter
Length

First Wall:
Thickness
Thermal Conductivity

FW Coolant Channel:
Chznnel Thickness
Hydraulic Diameter
Length

Insulation:
Thickness
Thermal Conductivity

0.15 m
0.40

25 W/m-k
0.6m
0.7 m

0.003 m
35 ¥/m-k
0.90 m

0.025 m
0.050 m
0.90m

0.006 m
40 W/m=-k

Helium
0.003 m
0.006 m
2.5m

0.01 m
0.08 W/m=k
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Table 6.4-2 Taermal-hydraulic analysis results for high-temperature canister.

Structure Temperatures

First Wall (max}
Core Spheres (max)
Core Wall (max)
Insulation (max)

Helium Flow Rates

Primary Coolant
First Wall Coolant

Velocity and Pressure Drop

Heat

Heat

Inlet Pipe

Inlet Flow Channel
Core

Qutlet Pipe

First Wall

Transfer Coefficients
First Wall Channel
Inlet Channel

Core

Transfers

From Core Spheres

Core Helium to Tnlet Channel
Core Wall to Inlet Channel
FW to Coolant

Insulation to FW Coolant
Iniet Channel! to FW Coolant
Shield Cooling

55 m/sec
31 m/sec
1.2 m/sec
55 m/sec
59 m/sec
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835 K
n7s K
1160 K
1067 K

3.65 kg/sec
0.58 kg/sec

0.069 atm
0.011 atm
0.021 atm
0.063 atm
0.556 atm

3726 W/ml-k
1125 W/mlek
1778 W/mé-k

2.124 Wi
L347 MW
.163 MW
.299 MW
027 My
.008 MW
.109 MW



6.5 STRESS ANALYSIS

Stress analysis was performed to assure reasonable sizing of the first
wall thickness for pressure containment and to size the core spheres based on
thermally induced stresses. Additional discussion of canister module stresses
is included in Section 5.0.

6.5.1 First Nall

First wall hoop stress was calculated to help determine the required thick-
ness of the first wall. It is desired to have a thin first wall to reduce tem-
peratures but a thick wall for strength. The circumferential hoop stress at
the "nose" of the canister is most Timiting and can be calculated by(6

R
=T(P-P)

9 i 0

where (Pi - Po) is the pressure difference (50 atm), R is the radius of curva-
ture (0.13 m) and t is the thickness {0.006 m). The resulting stress of 110 MPa
(13000 psi) is reasonabile.

6.5.2 Core Spheres

Each sphere in the core will have thermal stresses because of the radial
temperature gradients existing in each sphere. The inside of the sphere is
hotter than the outside so, the differential expansion causes compressive stress
at the inside and tensile stress at the cutside. Tue maximum tensile stress
at the surface of the sphere at the maximum power density is 1imiting and can
be calculated from(7)

2
_ af 2q'R
O max " T-v gﬁk

The property values used are @ = 26 x 10'5, V=0,3, k =25 W/m-k, R = 0.0075 m,
E=1.38 x 105 MPa, g™ = 16.6 Mwlm3 and result in a stress of 12.8 MPa (1854 psi).

6.5.3 Other Considerations

There are additional stress considerations important to the canister design.
These are primarily concerned with the stresses in the pressure boundary of the
capister. Each canister is considered to be self supportive of its neighbor.
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This works well for the flat surfaces of canisters in a ring because depres-
surization in one would lead to simuitaneous depressurization in the others.

There could be a problem with the ends, however, depending upon the degree of

axial isolation of each ring module. Stresses in these end regions have not

been considered for the high temperature canister.

While the pressure boundary (first wall) is cooled, there are temperature
gradients that would lead to thermal stresses. This is of most concern for the
rather large flat panels making up each canister and at the cormer joints.
These thermal stresses have not been considered in the present analysis. These

have been considered in Section 5.2.
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6.6 HIGH TEMPERATURE BLANKET CONCLUSIONS

The following conclusions can be made regarding the high temperature

blanket:

The high temperature blanket provides a direct replacement (gecmetrically)
for the low temperature tritium-breeding, blanket presented in Section 5.

Since the high temperature blanket does not breed tritium, the low temp-
erature blanket must be a high breeder for the overall breeding ratic to
be £ 1.1.

Absolute helium pressure of about 50 atm is necessary to maintain acceptable
pressure drop.

The system pressure is contained within the specially cooled first waill
{pressure boundary) and helium transport piping. (The heat exchanger
tubes of the fluidized bed decomposer must also contain system pressure
and at high temperature).

First wall (pressure boundary) cooling can maintain the structural temp-
eratures at levels consistent with the Tow temperature blanket. The high
temperature internal structure and components only need to be self sup-
porting.

Heat transfer within the blanket is quite good and can maintair component
temperatures at less than 1175 K. The coolant exit temperature is 1160 K.

Structural and mechanical design issues need further development and study--
especially mechanical and thermal stress analysis. Many of these issues
are common to both the low and high temperature blanket canister modules.
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7.0 ENERGY TRANSPORT SYSTEM - REACTOR TO PROCESS

The two reactor blanket designs discussed in Sections 5 and 6 provide
energy for the General Atomic Sulfur-Iodine Thermochemical Cycle in two
different ways and in two different temperature ranges. The first, the
Canister blanket discussed in Section 5, produces 825 K process heat for the
bulk (78%) of the thermochemical plant needs, while the SO3 decomposer,
which is the high temperature demarnd part of the cycle, is driven electri-
cally using the Joule-Boosted 505 Cecomposer. The second, the Axial Two-
Zone blanket described in Section 6, provides both high temperature thermal
energy {1160 K) for the top end of the plant and 825 ' process heat for the

remainder of the plant,

This section discussed the options and alternatives available for trans-
porting this energy to the chemical plant, System evaluations addressing
both the problems of matching heat source to heat sink and designing for safe
energy transport have been studied. The t: wmsport system selected for both
blanket designs uses helium as the heat transpart fluid.

7.1 OBJECTIVES AND SAFETY CONSTRAINTS

Both blanket concepts, the Canister blanket and the Axial Two-Zone
blanket, must deliver heat at the appropriate amounts and temperatures to the
chemical plant in order to achieve an overall efficient and economic process.
The majority of the chemical engineering effort in this project has been
devoted to developing techniques of matching the heat source to the heat
demanas of the process and then developing process unit designs that can
effectively and economically make use of this heat profile.

Safety considerations have been an integral part of the chemical engi-
neering, Attention t¢ potential probilems in 1iquid metal safety, helium
coolant over-pressuring of process vessels, tritium permeation and contamin-
ation, and migration of neutron-activated corrosion products are some of

these safety considerations.
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7.2 ENGINEERINE OPTIONS

A very large number of engineering approaches for matching the heat
source to ihe heat demands of the chemical process were examined in order to
identify thase which met the following desired characteristics:

0 The majority of piping for long-distance heat transport within the
chemical plant shall use high quality steam,

0 Liquid meta] coclants shall not be used within the chemical plant.

o Piping distances of high pressure helium piping shall be minimized
to reduce pumping power.

) Multiple barrier isolation shall be provided between the neutron-
activated blanket materials and the hydrogen product,

o Highly redundant modularity shali be used whengver possible to
increase plant availability and reduce the quantity of neutron-
activated materials that could be accidently released.

7.3 CASE STUDIES

Space does not permit us to outline in detail the large number of case
studies that were made in order to select and design a blanket process inter-
face and then evaluate its performance. Seme of these cases have been
covered in earlier papers(j'a) and prior year's reports.(4'5) Both he and
Na were considered for heat transport in the process in FY80, and were
coupled with steam-Rankine cycles for electrical power generation. Only He
was used in FY81 and this year for heat transport out of the blanket.

Various cycles were evaluated for electrical power generation, i.e., steam-
Rankine, steam-Freon, steam-ammonia, and Brayton-steam in FY81. In FY32 we
used the steam-Rankine exclusively in our study.
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The TMR Q was parametrically varied from 10 to 35. In the resultant
cases, there were blanket tewperatures or process conditions that needed to
be varied. The following approaches were investigated:

0 Heat pipe hlanket (He) 800 - 1150 K
o Heat pipe blanket (Na) 800 - 1150 K

0 Two-zone blanket:

Low temperature [He) 800 - 950 K

High temperature {He) 900 - 17150 K
0 First wall (Na or He) 700 ~ 850 K
0 Direct convertor Hx (He) 850 -~ 1050 K

System evaluations were made for these approaches by attempting to match
the heat source to the process heat demand as follows: by developing a heat
exchanger network train, by developing eTectric power generating systems on
hoth topping and bottoming cycles, and by roughly optimizing the network and
then evaluating the thermal efficiency. For cases involving helium-Brayton
turbine cycles, each of these helium loops had to be optimized with a small
computer program by varying temperatures, He flow rates and turbine wheel
compression ratios. The loops were linked and the netwark system optimized
factorily. This tedious process was required to produce the best set of
temperatures, hetium flows, and heat exchanger match-ups consistent with the
highest efficiency. Thermal efficiency ranged from 32 to 58% for the thermo-
chemical process depending mainly upon the particular selection of topping
and bottoming cycles. As expected, an increase in Q from 10 to 35 also gave
an increase in process efficiency (up to an incremental gain of ~ 4%) because
of the increased availability of electricity at a high conversion efficiency
from the direct convertor. In pur FY82 studiss, the helium-Brayton turbine
cycles were abandoned in favor of a steam cycle with an intermediate heat
exchanger containing the helium coolant in the primary loop.
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7.4 CYCLE EFFICIENCY AND PLANT AVAILABILITY

We have explored the variation of cycle efficiency with changes in the
energy transport system and coupling of the bianket to the process. Gener-
ally, we found high cycle efficiency was obtained when liquid sodium was used
to generate steam and drive process units. But we felt that liquid metal
coolants also provided a serious fire and safety risk which would result in
a reduction in total plant availability. The damage consequences from
accidents could be severe.

High pressure helium was found to have the disadvantages of poor heat
transfer (and thus large temperature gradients within the heat transfer
equipment), significant pumping power, and the hazards associated with high
pressure, Helium coupling generally praduced higher plant availability than
with 1iquid metal heat transport. We conclude that the safety and avail-
ability advantages of heljum make it the prefarred heat transport fluid,

7.5 HELIUM PIPING OPTIMIZATION STUDIES

In carrying out the case studies, it became clear that although helium
had clear safety and operational advantages, there were also clear economic
debits in terms of pumping power and high pressure equipment capital costs.
Therefore, a tradeoff study was done between capital costs and operational
pumping power costs. The details of this rough optimization study were
reported ear]ier.(4) For heavy wall Inc loy-800H piping, using a perforated
tiner to help keep the outer wall cooler, the minimum total operating and
amortized capital cost was found for a 2-m-diameter, 100-m=long, 1.0 MPa
pressure, 7-pipe transfer system feeding a helium-heated decompaser or boiler
using blanket heat. The minimum cost was around §35M--somewhat high.

After this earlier study, we developed a design using Kao-Wool insula-
tion(ﬁ) in place of the stagnant helium gap between the perforated liner
and the heavy outer wall, This more effective insulation allowed us to drop
the outer wall temperature so that mild steel would be acceptable (i.e., 1%
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creep in ~ 20 years) and allow the helium pressures to be increased to 3.0
MPa. This improvement dropped the total operating and amortized capital
cost to about $10M--a substantial improvement.

7.6 CONCLUSIONS ON ENERGY TRANSPORT

In this section we have outlined the range of transport system alterna-
tives that were examined in developing a design concept that employs a
helium-steam-Rankine cycle approach. This satisfies our desire to achieve
good isolation of the chemical plant from radioactivity by using helium
coalants, and to substitute for Tiquid sodium the more conventional process
steam approach to driving the chemical plant.
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8.0 THERMOCHEMICAL HYDROGEN PROCESSES

"n this section we describe the basic principals of thermochemical
cycles for water splitting to produce hydrogen, including the ¢riteria that
determine cycle efficiencies and influence process design. We 21so describe
in a wery introductory way the GA Sulfur-lodine Cycie for hydrogen production
that we are coupling to the TRM in our current design studies.

8.1 BASIC PRINCIPLES OF THERMOCHEMICAL CYCLES
8.1.1 Introduction

A thermochemical cycle for hydrogen production is a process in which
water is used as a feedstock along with a non-fossil high temperature heat
source to produce H2 and 02 as product gases. {(Fossil fuels can be
converted directly to hydrogen by chemical processing in a more energy
efficient and cost effective manner than by using them as a heat source for
thermochemical cycles.) The water splitting process is accomplished through
a closed loop seguence of chemical reaction steps in which the chemical
reagents are continuously recycled and reused in the process with essen-
tially no loss of material, Practical thermochemical cycles, as currently
envisioned, require input temperatures of A1200 K, for the highest temper-
ature chemical step, and operata at a thermal efficiency of ~50%, Here, the
thermal efficiency is defined as the higher heating value of the H2
produced, 286 kJ/ mol H, {combustion enthalpy of the H2 to give liquid
water at 298,15 K}, divided by the thermal heat per mole of H2 delivered
by the dedicated heat source,

Currently, there are some 30 thermochemical cycles world-wide that are
under various stages of investigation and development. Energy sources that
are being considered for these cycles are: (1) high-temperature, gas-cooled
reactors providing a maximum temperature of 21200 K, {2) solar central
receivers providing a maximum temperature somewhere in the 1200-2000 K
range, and {3} magnetic fusion reactors anticipated to provide a maximum
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temperature in the 1200-2000 K range. Selection of an actual maximum
oberating temperature depends upon the process needs of the thermochemical
cycle as well as on overalt system design. Cycle efficiency, system econ-
omics, and materials needs are all important considerations. Electrical
anergy for process equipment is required in addition to high trmperature
heat for operation of thermochemical hydrogen plants.

Of the cycles under study, only three have thus far been developed to
the stage where closed-loop, table-top or bench-scale models have been built
and tested in the laboratory; these are the cycles that we are considering
for magnetic fusion applications. They are illustrated in terms of their
principal chemical steps and reaction temperatures in Fig., 8.1. Note that
4f1 BAth TASt VR sum UF ‘Che cnemicad Teaction steps s BU = Wy * 172
0,- The main efforts on the development of the Sulfur-Iodine Cycle
aFe underway at the General Atomic Eompany,(]"B) on the Sulfur Cycle at the

wWestinghouse Electric Corporation,‘l’s) and on the Sulfur-Bromine

Cycle at the Joint Research Centre-Ispra Estabiishment.(ﬁ'ﬂ)

8. 1.2 Basic Principles

The energetics of water decompesition are as follow::

H,0(2) = Hy(g) + 1/2 0,(g) (1)

Q
AH298 285.8 kd/mol

237.2 kd/mol

8Gpgg

Thus, the energy requirement for decomposing water to the elements is
quite high; it can be further shown that if water were to be decomposed in a
single step, temperatures of about £500-3000 K would be required to obtain
significant yields, Furthermore, there are a number of major problems
associated with decomposing water in a single step, even if such high
temperatures could be attained, i.e., back reaction of H2 and 02 during
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SULFUR-IODINE CYCLE
AQUEQUS
2 H0 + 50, + x I, BRI 5 w50, + 2 HI,

2 HI, 400 K x I+ Hy

Hy50, 1100 KE H0 + SOZ+ 172 0,

SULFUR CYCLE (PART ELECTROCHEMICAL )

AQUEOQUS

2 Hy0 + S0, —frERoys s = M2 * H2304
~1100K
Hyso, % 5 40+ 50, + 172 0,

SULFUR-BROMINE CYCLE (PART ELECTROCHEMICAL)

AQUEQUS R
+ Brz H2504 + 2 HBr

2 HZO + SDZ

AQUEQUS

2 HBr “FECTROLR > Br‘2 + H2

1100 K

H2504 —— HZD + 502 + 1/2 02

Fig. 8,1 Thermochemical cycles whose chemistry and closed loop operation
have been verified in the laboratory.
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cooldown, serious materials problems, and the rzed for considerable recycle
because of low decomposition yields.

If the decomposition of water is carried out in two or more chemical
reaction steps, a number of advantages result. For example, the production
of HZ and 02 can be separated into different reactjon steps, thus avoiding
the back reaction problem. Also, by picking a proper combination of
reactions, the maximum reacticn tempzrature can be lowered with resultant
benefits in reaction yields and availability of suitable materials. In
actual practice, it is found that two-step cycles have shown only minimal
lowering of the temperature compared to the single-step decomposition of
water, unless one of the steps invoives an electrochemical assist {e.g., see
the Sulfur Cycie in Fig. 8.1). A cycle that includes an electrochemical step
is called a "hybrid" cycle. MWith three or more steps, cycles based only on
thermal input for the chemical reactions become possible at reasgnable
temperatures {e.g., see the Sulfur-Iodine Cycle in Fig. 8.1), and many will
work efficiently at maximum temperatures of about 1200 K.

In order to illustrate some of the important considerations in
developing and evaluating thermochemical cycles, we can use a generalized
two-step cycle represented as follows:

T .

R+ H,0(x) == RO+ Hy{g), 26 < 0, B = aH, (2)
TD [-] [-]

RO —L> R+ 1/20,(0), & < O, M = (3)

In reaction (1), a reducing agent R is used to reduce water to produce
H2 at temperature T], forming the oxide RO in the process. Reactions such
as this are usually carried out near room temperature or at slightly elevated
temperatures. In order to achieve a near zero or negative AG® to make the
reaction go, the enthalpy change is usually governing and AH, is negative
{an exothermic reaction). Heat produced by reaction (1) is usually of
Timited value for reuse in the cycle because of the low temperatures
involved. Reaction (2) is carried out at a high temperature, and is the
decomposition step that regenerates the reducing agent R and 02. Reaction
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(2) is highly endothermic (AHD is positive) and requires a large change

in entropy {AS°) to produce a near zero or negative AG®, This can be readily
seen from the well-known second law expression AG° = AH® ~ TAS® where the TAS®
term becomes increasingly important as the temperature is raised. Hence, one
of the requirements in solecting RO is that it have as large a a5° of decom-
position as possible, to minimize the maximum temperature required in the
thermochemical cycle. As an example, the gaseous molecule 503 (R = 502)
meets the requirement for reaction (2}, but 502 falls short of the require-
ment for reducing water to produce Ho in reaction (1). The fix for this
problem is to use an assist for reactjon (1) by either (a) forming a hydro-
gen ~mpound of intermediate stability, such as HI or HBr, which can be
subsequently decomposed to obtain the desired H2 product, ar (b) using an
electrolysis assist at a valtage substantially less than for direct water
electrolysis (e.q., the Sulfur Cycle in Fig. 8.1). In the case of HBr
decomposition, an electrolysis assist is also required (see Sulfur-Bromine
Cycle in Fig. 8.1), since the yield is low for thermal decomposition of HBr.

Two types of cycle efficiencies are used in evaluating thermochemicsl
cycles. The work efficiency, i.e., the efficiency of converting heat irto
work, E{w}, is given by

_237.2 Tp-298

E{w) = < .
ZAHD - TD

(4)

The thermal efficiency, or the efficiency of heat utilization, E(H), is
given by
_ 285.8 Tp-298

E(H)-——EZEB < l.21 T (5)

In expression {4), the number 237.2 (in kd/mol) represents the maximum
werk (AG°) available from the hydrogen produced, (see expression (1), while
EAHD represents the tfotal external heat requirements for the cycle, i.e.,
the heat provided by the non-fossil fuel heat source. For electricity
required in the cycle, the ZAHD term includes the equivalent heat required
to produce the electricity; or as in the case of the Tandem Mirror Reac’or



as an energy source, some of the energy is available as electrical energy
from the Direct Converter, and we add this directly to the ZAHD term assuming
it to be equivalent to thermal energy at 100% conversion. We see that E(w)
is limited by a Carnot expression for the maximum efficiency. The thermal
efficiency, E(H), compares the combustion energy of the hydrogen produced to
fora liguid water at room temperature as the final product, with ZAHD. The
thermal efficiency could conceivably exceed the Carnot efficiency up to a
maximum value given by the ratio of 285.8/237.2 = 1.21.

8.1.3 Some Important Criteria

A listing of the major reaction steps (such as in Fig. 8.1) gives only
an indication of the complexity of a thermochemical cycle system. Choosing
the best cycle and optimizing it in terms of efficiency and economics are
challenging research goals. The criteria that must be considered include:

0 Favorable thermodynamics.
s} Fast reactions.

] High reaction yields.

o Simple separations.

0 Process design factors (such as efficient use of heat,
aveidance of scarce or hazardous reagents, and simplicity of
construction).

Favorable thermodynamics implies both a negative and a very small free
energy change {46°} for each reaction step. If the free energy change were
positive, the eyuilibrium constant of the reaction would be unfavorable, and
much energy would be wasted in separating or concentrating the reactian
products. If the free energy change were too negative, on the other hand,
one or more of the reaction prpducts would be too stable and hard to
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regenerate into the original reactants.

Fast reactions are desirable, er -ially for reactions involving gaseous
reactants, because they enable us to use smaller and lass expensive reaction
vessels. The requirement that the free energy change be nearly zero makes it
difficult to achieve fast reactions, however, because it allows very little
driving force for the reactions. Reactions need to be selected in which the
energy barriers are low enough to permit a very small free energy change to
drive them rapidly. In many instances, the reaction rates can be enhanced by

the use of catalysts.

High reaction yields are important to minimize recycling of unreacted
reagents or diversion of material into undesirable by-products.

By ucing simple separations, we can avoid another area in which hidden
costs can be substantial. Operations such as boiling, compression, and
filtering can involve expensive process equipment ind energy losses, and they
need to be minimized.

tinally, careful process design can do much to provide the optimim
tradeoff between the efficient use of heat energy and the economies of
construction and operation., Process design contributions include new and
innovative process equipment, plant laycut, and siting.
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8.2 GENERM. ATONIC LYLLE

c.2.1 Selecting a Cycle

We have selected the GA Sulfur-lodine Cycle for our current TMR/Thermo-
chemical Cycle coupting studies because it is the closest of the most
advanceq cycles to a pure thermal cycle. This permits the economies of scale
to apply for chemical process units in a large chemical plant of the type
considered here. Scale-up does not permit a similar reduction in costs for
etectrolysis units which are modular in construction. The Sulfur-Iodine
Cycle also involves the handling of only tiquids and gases, which is advan-
tageous from a chemical engineering standpaint.

8.2.2 Chemical Descripticn of GA Cycle

The rturrent Sulfur-Iodine Cycle can be described chemically as

follows:
2 HpO + 505 + x Ip = Hp504 + 2 Hly {390 K) ()
ZHly * Hx+x1Ip (420 K) (2)
HpSDg > Hp0 + 807 + 1/2 07 (~1050 K-1250 K) (3)

A1l reactions in this system have been verified in the laboratory and
total recycle has been jllustrated in a small closed-loop cycle experi-
ment. Major parts of tha process are associated with separation and
purification of the reaction products. A critica) aspect for the successful
operation of the process is the separation of the agueous reaction products
in reactjon (1) above. Workers at the General Atomic Company have solved
this problem by using an excess of I, in reaction (1), which leads te
separation of the products into a lower density phase, containing H2504 and
H20, and a higher density phase, containing HI, 12 and HZO' Reaction
(2) shows the catalytic decomposition of HI, which is carried out under
pressure (.80 atm) with HI and 12 in liquid forms, in order to enhance the
decomposition yield. Laboratory decampositions are around 30% per pass and,
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therefore, use a recycle step. Unreacted HI is condensed out of the H2
product and distilled away from the 12 product. Pure H2 is obtained by
scrubbing out the remaining I2 with HZO'

The equilibrium for reaction {3} lies to the right at temperatures above
1000 K, but up to temperatures of ~1150 K, catalysts are needed to attain
sufficiently rapid decomposition rates. Catalysts are available for this
process, but careful consideration needs to be given to cost versus effec-
tiveness. The 503 Decomposition Reactor is a challenging unit to design,
owing to the high temperatures and corrosive products involved, A1l of the
HZSO4 based cycles currently under study need such an SO3 decomposer. Each
of the three laboratories involved has approached this problem from a differ-
ent standpoint. The Joule-Boosted Decomposer introduced by LLNL in this
year's study provides a breakthrough in this difficult area by overcaming the
materials and catalyst problems, and giving increased decomposition yields.

Figure 8.2 is a simplified schematic flow diagram of the GA Sulfyr-
[odine Cycle conceptually showing product flows and recycle streams.

A complete description of the GA Cycle is given later in Section 9 of
this report. For purposes of flowsheeting and process design, the GA Cycle
has been divided into the following process sections.

0 Section I, H2504-HI Production and Separation,

V] Section I, H2504 Concentration and SO3 Decomposition.

0 Section III, HI Separation and Purification.

0 Section IV, HI Decomposition and H, Purification.

0 Section V, Energy Distribution and the TMR-Chemical Plant

Interface.

8-9



olL-8

0.5 H,80,, 0.25 H,0

—

Sec. 11
H,S0,

congcentration

1.5 H,50,

SR RN K )

Sec.]1

HZSO4 )
decomposition

50,,0.75 H,0, 0.5 0,

- e en o= P

Sec. |

02
purification

- w ) (0.5 02

- MAIN
i 5.25H,0,0.150, REACTION $0,, 0.75 H,0
! ¥
! H,50,. 6 H,0, 0.1 50, Sec. 1
I-’a-—--——-— HZSOQ-HI 0.9H.0
production ) 2 H.O
- and % 2
-y e e = - | .
B HL 101,031, 0450, | “Petor
1 'y \ 0.1 H,0
1 10.1H,0,3 1,,0.4 50,
¥ T :
Sec. I} Sec. IV Sec. IV
2.1 Hl Hz,(]fl Hi H
HI XY N HI DR LR H; e o 2t
concentration decomposition purification: 50 atm
4 0.1H1,0.1 H,0 |
Ti-441-0

Fig. 8.2 Block diagram for Generai Atomic sulfur-iodine cycle



8.3 THERMODYNAMIC DATA BASE FOR SECTION Il

The thermal efficiency for conversion of water to hydrogen is very sen-
sitive to heat-matching Tn the thermochemical process plant. This conversion
efficiency directly impacts the capital cost of the total plant, including
the TMR energy scvurce. For examp’e, for a given hydrogen production rate,
an increase of 10% in cycle efficiency would lead to an approximate 10%
reduction in sjze and cost for both the TMR and the chemical plant.

A large procurtion of the energy supplied by the TMR is reguired for
operation of Section II. Primary reactor heat put into Section II is
generally recovsied and reused several times before discharge as waste
heat. Because of the large magnitude of heat handled in this Section,
proper heat-matching and reuse of heat are very critical to achieving a high
efficiency process. Furthermore, the accuracy of the thermodynamic data
base used here is important if we are to achieve a realistic optimum ar near
optimum in efficiency of heat utilization in Section II.

Only a portion of the thermodynamic data that are needed to do heat-
matching and mass and energy batances for Section Il is currently available
in the literature, However, we are able to fill in some portions of the
missing data by deriving approximate thermodynamic data based on recent
unpublished measurements by Lennartz,('o) who gives pressure-composition-
temperature (P,x,T) data for the HZD-HZSU4 system. In addition, for our
current purposes, we have made some additional rough estimates as needed in
order to obtain a complete thermodynamic data base for use in Section I1.
This data base will be described and summarized in the following sub-sections.

8.3.1 Sequence of Frocess Steps

Before developing the thermodynamic data, we briefly describe below and
in Fig. 8.3 an illustration of the process steps for which the thermo-
dynamic data will be used, The jllustration given here is for the Joule-

boosted decomposer approach.



i

Partial
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ycle

FROM SEC. |
————mne 5.1 HZO
1.0 50,
4.1H,0 050,
1.0H,50,
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A
0.1H,0
1.2 H,50,
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675-1050 K 1100-730 K
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13H,0
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1050-1300 K 1.050, 1300-1100 K
050,
Fig. 8.3. This simplified flow diagram for the Joule-bocsted

decomposer approach for Section II illustrates the
process steps, temperatures and approximate mass flows
for which thermodynamic data need to be developed.
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Concentration of H,S0,. The feed material for this process siep
consists of two streams?__fl) the 57 wt® (20 mole %) sulfuric acid product
from Section I at 400 K which supplies about 80% of the feed, and (2) a
50 wt% (15 mole %} sulfuric aci¢ fram tne decomposer product siream at apout
500-600 K wnich makes up the balance of the feed. These acid streams are
concentrateg in sulfuric acid by selectively vaporizing off water in a staged
evaporator to produce the 98 wt% (90 mole %) H,50, azeotrope at 675 K.

Pure water recovered from the evaporation is returned to Section I.

Boiling of Azeotrope. The 98 wi% HZSO4 azeotrope is boiled isothermally
at about 5 atm and 670 K to obtain the gaseous feed for the decomposer.
Gaseous species produced by the poiler are H2504, SO3 and HZO'

Preheating of Gas. The gas from the boiler is preheated from 1670 K
to about 1000-1100 K to prepare it as feed to the decomposer. Molecular
H2504 decomposes endothermically to 505 + HZO during this preheat.

Decomposition of 503. The gaseous feed from the preheater now
contains about 50 mole % each of 503 and H,0. About 90% of the 503 is
decomposed at 5 atm and 1300 K to form 502 and O2 as products.

Ccooluown of Decomposition Products. The gaseous products from the
gecomposer are quenched to 1100 K to prevent back reaction of 502 + 02.
Juenching is accomplished by recycling some of the cooled deccwposition
product gases into the decompaser product stream. The product streim is
then passed through a tube and shell recuperator to preheat the gas feed
entering tne decomposer. A portion of the cocled recuperator output gas (at
700 K) is used as guench gas (see above) and the balance is used to supply
heat to the evaporatgr through a heat exchanger. {ndecompased 503 remaining
in the product gas compines with H,0 and condenses out as aqueous H,S0, at
about 500-600 K. This aqueous HZSO4 is added to the evaporator stream for
recycle, and gaseous 502 and 02 are separated and sent to Section [.
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8.3.2 Thermodynamic Data Regquirements

The thermodynamic data requirements for each of the process steps
described above will now be discussed in a general way. Details of the data
gerivation and methods for use of the thermodynamic data are covered in a

later subsection.

Thermodynamic Data for Concentration of HQ§Q4

As the sulfuric acid solutions are concentrated in a staged evaporator,
we need to have information on several thermodynami- parameters for each
stage, i.e., (1) we need to know the uptake of sensible heat as the solution
is heated, (2) the vapor pressures of gaseous products and the resultant
¢hange in liquid phase composition, (3) the vaporization enthalpies to the
gas phase, (4) the sensilbe heat, the condensation temperature and the
condensation enthalpy of the gas phase product, and (5) the sersible heat
available in the condensate as it cools.

The chemical processes occurring in a single evaporation stage and the
approximate enthalpy ci.anges associated with the processes are illustrated
in che following simplified example.

(Hy80, + 4 Hy0) + (HyS0, + 4 H0); oy, = 35.7 kd/mo) (11a)
400K, aq 600K, aq

(H,S04 + 4 Hy0) + (HpS0, + 3 H,0) + H,0(R); #Hyy = 8.1 kd/mo] (1°b)
600K, aq 600K, ag 600K, 1 atm

HZO(H.) + Hy0{g) 3 My = -27.1 kd/mol {11c)

BOOK, 1 atm 600K, 40 atm

H20(g] -+ H20(g) 3 M, = 4.2 kd/mo) (12)

600K, 40 atm 525K, 40 atm

HZO(g) + HZO(L) ; My = -29.5 kd/mol (13)

525K, 40 atm 525K, 40 atm



H,0(x) + H0(x) 3 M, = -8.9 kd/mo] (14}
525K, 40 atm 430K, 5.6 atm

The first reaction above, corresponding to the uptake of enthalpy and
boiling of f of part of the water, is broken dcwn into three parts for the
convenience of thermodynamic calculations. Thus, (11a) represents the
increase in sensible heat of the initial (H2504 + 4 HZO) solution, (11b}
represents the exsnlution of water into a hypothetical 1 atm reference state,
and (11c) the boiling of the 1 atm reference state of water to the
equilibrium partial pressure of steam above the final (H2504 + 3 HZD)
Solution. The equilibrium steam pressure is estimated by extrapolating the !
Gata of Lennar‘tz]0 to higher pressures.

Reactions (12), {13}, and (14) represent the enthalpy available for
reuse in the evaporated steam. This enthalpy is available as sensible heat
in the steam, the condensation energy of the steam, and sensible heat in the
Condensed water down to 430 K. Thus, with a total enthaipy input of
70.9 kd/mol (35.7 + 8.1 + 27.1), 42.6 kd/mol (4.2 + 29.5 + 8.9) or 60% is
available for reuse above 430 K, with most of it actually available above
600 K. The balance of the enthalpy remains primarily as sensible heat in
the concentrated sulfuric acid.

In subseqguent evaporation stages as the H2504 is heated hoiter and gets
more concentrated, the thermodynamics get complicated, as first H2504(g) and
then S04{g) contribute in increasing amounts to the gas-phase composition.
Upon reaching the azeotrope composition, the gas phase will consist of
roughly 40% H2S04(g) and 30% each of 503(9) and HZO(g). Also, the entk py
for exsolution of H20(b), reaction (11b) above, will increase by nez 1y an
order of magnitude. Thus, for the more concentrated H2504 solutions the
Condensate from the gas phase will contain a substantial amounti of Hasoq,
and several additional evaporation stages are needed to obtain a separation
of relatively pure water. C(onsequently, »oth the complexity of the sto4
concentration process and the energy requirements increase as the azeotrope
is approached; and it becomes especially important in this region to have
accurate thernodynamic data and to do careful heat-matching.
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Thermodynamic Qata for Hoiling of the Azeotrope

The azeotrope represents the invariant boiling composition at which the
gas-phase and 1iquid-phase compositions are identical at a given temperature.
For the H20-H2504 system, the azeotrope occurs at ~80 molex H2504, and is an
experimentally determined parameter, At a given temperature, we can write
down the following relationships for the gas phase above the boiling azeo-

trope.(]])

Keq = (p503)(pH20)/(pH2504) (158)
X = {p * pgp M (p * by o) (16)
H2304 H2504 503 H2504 H20

» (17)

=p +Peg *P
tot = PH,50, T Pso, T P0

Reaction (15} represents the equilibrium degree of decomposition of stoq(g),
reaction {16) gives the experimentally determined azestropic composition
expressed as mole fraction H2504, and reaction (17) gives the experimeatally
determined total gas pressure for the particular azeotropic temperature,
Using these relations, and assuming that decompasition of 503(9) into SGZ(g)
and 02(9) is kinetically hindered under these conditions, we can calculate
the paitial pressures of H2504(g}, 503(91 and Hzo(g) for each azeotopic
boiling point.

Having obtained the gas-phase compositions, we can now proceed to calcu-
late the enthalpy of boiling, as illustrated by the follawing example for the

5 atm azeotrope whic': boils at 671.5 K at a composition or Xy 5o, < 0.9071!10)
2

4

HoSU, {azeoc. liq.) + 0.102 H20 (azeo, 1iq.} + (183"
H50,(2} + 0.102 H,0{L); Mijg.= 8.4 kd/mo)

HaS04(k) » H,50,{g)s Myg= 56.5 kd/mol (18b)

0.302 H,0(k) + 0,102 H,0(g); & g.= 2.2 kd/mo] (18c)
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H,S0,4(g) > 0.620 H,S0,(g) (18d)
+ 0.380 50,(g) + 0.380 H,0(g); Mg, = 35.9 kd/mo)

Here again the reactions are broken aown into intermediate steps for thermo-
dynamic convenience, with HZSOA(L) and Hzo(n) representing 1 atm hypothetical
reference states. The sum of the enthalpies for (18a) through (18d) gives
103.0 kd/moie, which represents the boiling enthalpy per mole of H2504 for

the 5 atm azeotrope.

Thermodynamic_Data for Preheating the Gas

Molecular HyS0;(g) gradually decomposes into S05(g) and H,0{(g) as tne
azeotropic gas mixture is preheated from the boiling point up to the point
where it is introduced into the decomposer. It is assumed that the H2504(g)
decomposition eguilibrium is rapid, and that the decomposition of 503(91 into
50,(g) and 0,(g) does not occur because it is kinetically hindered. Thermo-
dynamic data that are required are the equilibrium constant for H2504(g)
decompasition; enthalpies for the sensible heats of gaseous H,50,4, 503, and
HZO; and the decemposition enthalpy of gaseous H2504. An iliustration of
the calculations involved is given in an earlier report.

Thermoaynamic Data for Decomposition of S0

Decomposition of 503(9) is assumed to reach equilibrium at the exit
temperature and pressure of the decomposer. Thermodynamic data required are
tne equilibrium constant and enthalpy for decomposition, and enthalpies for
the sensible heat changes in the gaseous species between inlet and outlet of
the decomposer.

Thermodynamic Data for Decomposition Products

The thermodynamic data required for cooldown of the decomposition
products involves enthalpies for sensible heats, recombination enthalpies,
condensation enthalpies, and various equilibrium constants, OData for these
processes are similar to that during hedtiup.



8.3.3 Summary of Thermodynamic Data

A summary is given here of the current status of the thermodynamic data
base. Major progress has been made during the past year in bringing this
data base up to date and putting it into a form where it can be used to
obtain reasonably accurate energy balances for Section II. Some work stili
remains to complete the data evaluations and summaries. The next step would
be ta convert the data base into a form suitable for computer use in doing
process gptimization,

Table 8.1 provides a concise summary of the thermodynamic data require-
ments, the current data sources, and a listing of the tables and figures in
this section that summarize the current data. In ofe discussions that
follow, we describe the bases for the data.

Equilibrium Constant Data

O0f the items designated in Table 8.1 under equilibrium constant data,
the partial pressures of gaseous species above aquepus H2304 and the azeo-
trope parameters are the most difficult data to obtain. The balance of the

items are readily cOtained from standard tabu]ations.(12’]3)

Some years ago, Gmitro and Vermeu1en(]4) did an excellent theoretical
job of calculating the equilibrium vapar compositions above HZO-H2504 mix-
tures up to 673 K. The difficulty with their work was that they were limited
Lo the room temperature experimental data of Giauque and coworkers(]s) for
input pata. As a consequence, their high temperature data d¢o not agree with
the recent experimental total pressure values and azeotrope compositiuns of

Lennartz.(]o)

Lennartz's total pressure data is summarized in tabular form in Table 8.2,

and in graphical form in Fig. B.4, Pressures and temperatures in Fig. 8.4
nave been extrapolated beyond the experimental range for convenience in doing
pressure-staging calculations for the evaporator process step. An example
of Gmitro ana Vermeulen's data is given in Fig. 8.5. Note that the propor-
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Table 8.1 Summarized here are the thermodynamic data requirements for

Section II.

Included are references to the thermodynamic data

sources currently in use, and a iisting of the tables and figures

where the datc Lave been summarized.

Thermodynamic Data Required
Equilibrium Constants for:
® Partial pressures of HZO(g), HZSOQ(g),

and S0,(g) above aqueous H, S0, as f{x,T)
3 277q

® Azeotrope x and T for agueous H,50,4
zs T(P)

b4 H2504(g) = HZO(g) + 503(9)

® S03(g) = S0,(g) + 1/2 0,(qg)

* H20(£) = Hzo(g), at saturation

Reaction Enthalpies for:

& Exsnlution of aqueous H2504 into pure
H,0(2) and H2504(2) in thair 1 atm
reference states

¢ HO0(¢, 1 atm) = HZO(g}

. HZSO4(£, 1 atm) = H2504(g)

® HyS0,(g) = Hy0(g) + SO4(g)

’ 503(9) = 502(9) + ]/2 02(9)

® HO(4) = H,0(q), at saturation

Sensibie Heats (Enthalpies) for:
® Aqueous H,50, as f{x)

» {,0(4), 1 atm reference state

8 HyS50,(k), HyS0,(g), SO4(g),
SOz(g), and 02(9}

] HZO(g) as f(P), and HZO(£]
at saturation

Data Source

Gmitro and
Vermeulen,(lq)
Lennartz(lo)

Derived from

Lennartz(lo)

JANAF(xz)

JANAF(]Z)

Steam Tables(]3)

Derived from
115)

(10)

Giauque,
Lennartz,
and estimates

annag, 120 prys
extrapolations

aanar(12)
aanar(12)
aanart12)

Steam Tab]es(]a)

JANAF,(aE} and
data derived
from Lennartz(lo)

(12)

JANAF , plus
extrapolations

Janar( 12)

Steam Tables(]3)

Summarized In
Table 8,2,
Figs. 8.4

and 8.5
Table 8.3

Figs. 8.6
and 8.7

Fig. 8.8

Fig. 8.8

Figs. 8.9
and 8.10

Fig. 8,11
Fig. 8.1

Fig. 8.11



Table 8.2 Parameters are summarized for the expression In P = A - B/T, which
gives the total equilibrium pressure, P {in atm), above variouvs
HpO - HpSO4q mixtures as a function of 7 (in K). The ?ﬁﬂ?ri‘
mental data and A and B parameters are from Lennartz.

Temperature X
Range, K H2504 A B

433-532 0.2144 12.2538 4968.27
443-538 0.2460 12,1593 5041.11
453-56b 0.3173 12.5265 5507.69
463-576 0.3407 12.3389 5485.73
473-588 0.3832 12.5012 5718.92
464-598 0.3998 12.6682 5891.34
475-610 0.4187 12.4767 5875.56
479-622 0.4536 12.3088 5867.03
521-65¢ 0.5512 12.6858 6471.72
534-682 0.6388 12.6410 6746.30
502-719 0.718i 13.0419 7287.66
549-718 0.7522 13.2453 7519.31
568-741 0.8189 13.4854 7840.62
503.744 0.8386 13.8296 8123.006
507-741 0.8840 14.5261 8659.33
621-693 0.8921 14.6010 8740.04
535-744 0.9050 14.6863 8792.67
583-603 0.9195 15.1161 2071.12
503-743 0.4Y2% 15.1626 9101.92
503-744 0.9349 15.2487 9143.64
504-737 0.9806 15.3841 9076.25
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Table 8.3 Temperature, pressure, and camposition condiiions for the
Hpu - Hziq azeotrope based ?n the experimental data of
b) (12) for the vapor speciss,

Lernartz and JANAF data
a a
Tk Patm *HQ 1,50, P00 3" Ps, st Pgg hatm

522.6 0.1  0.0602  0.9398  0.02363  0.05763  0.01874
566.4 0.4  0.0682  0.4318  0.10576  0.21001  0.08¢23
600.3 1 0.0752  0.9248  0.28591  0.48625  .22784
628.7 2 0.0818  0.9182  0.60345  0.91751  0.47904
646.9 3 0.0863  0.9137  0.93882  1.32331  0.74086
660.5 4 0.0899  0.9101  1.27763  1.71365  1.00872
671.5 5 0.0929  0.9071  1.62702  2.09141  1.28158
680.6 6 0.0954  0.9046  1.97991  2.46415  1.55595
688.8 7 0.0978  0.9022  2.34168  2.82162  1.83671
695.9 8 0.0998  0.9002  2.70528  3.17644  2.11628
702.3 9 0.1017  0.8983  3.07585  3.51899  2.40516
708.2 10 0.1035  0.8965  3.44943  3.85740  2.69317
749.7 20 0.1165  0.8835  7.28778  7.07937  5.62285

Mole fraction in the 1iquid phase.
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Fig. 8.4, The variation of total pressure above Ho0-H,50,
mixtures as a function of composition and temperature
is illustrated here. The curves include an

extrapolation of Lemartz's data(lo)

to higher
temperatures and pressures than the experimenta)

determinations.
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Fig. 8.5. Partial pressures are given of gaseous HZO' HZSOG, and
SU3 above HEU-H2304 mixtures at 600 K based,on the
calculated values of Gmitro and Venneu1en.( 4)
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tion of stoa(g) in the vapor does not become important until ~85 wt¥
(50 molen) H,S0,, and for S05(g) until 95 wt% (80 mole %) H,S0, is reached.

Enthalpy of Reaction Data

Most of the enthalpy of reaction data that is required here can be
readily obtained from standard compilations such as the JANAF Tab1e5(12)
and Steam Tab]es(]3) {see Table 8.1), However, it is difficult to obtain
agata for the exsolution of agueous HZSO4 into its pure components as
ingicated in reaction {18a), and an extrapolation needs to be made to higher
temperatures to obtain data for vaporization of HZO(x) from its 1 atm

reference state to H,0(g) (see reaction (18c})).

For exsolution of aqueous HZSO4 into its components at room temperature,
we have available the excellent experimental data of Giauque et al.(ls) These
data are illustrated in terms of the solution reactions in Figs. 8.6 and 8.7
for the partial malal and integral enthaipies of solution at 298.15 K.
(Enthalpies of exsclution are the negatives of these values.)

At higher temperatures, i.e., at 600 K, we have derived approximate
values for the enthalpies of solution from the P,x,T data of Lennartz.(lo)
Thus, examining Lennartz's data in Table 8.2, we find that the product of
the gas constant R times the parameter B is the total enthalpy of
vaporization for all gaseous species at Wb00 K above the various aqueous
H2504 solutians. Furthermore, based on the calculations of Gmitro and
Vermeulenilq) {see Fig., 8.5), the vapor consists dominantly of
HZO(g) up to about XH2504= 0.6. Hence, by subtracting out the vaporization
enthalpy of HZO(L) in its 1 atm refereice state from Lennartz's enthalpy
of vaporization values, we obtain tne partial molal enthalpy of exsolution of
HZO(L} at 600 K up to *H2504 = 0.6. We can also obtain an additional

value for the partial mplal enthalpy of exsolution of HZO(E) at the azeo-
trope composition by using the azeotropic relationships given by equations
{15), (16), and {17) to obtain the partial pressure of Hzo(g) as a

function of temperature based on Lennartz's data. A 1n(pH20) versus 1/T plot
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then gives the enthalpy of vaporization of HZO(g) from the azeotropic com-
position, and subtracting cut the enthalpy of vaporization of the reference
stata HZO(E) gives the enthalpy of exsolution, as before. Tnese data,
extending over the range of XH2504 = 0.2 to 0.9, allow us to construct the

partial molal enthalpy of solution curve for H20 at 600 K as shown in
F1g. 8.6. The curve for HZSG4 at 600 K is then derived from the H20 curve
by using a Gibbs-Juhem integration procedure.

The integral enthalpies of solution (given in Fig. 8.7) are obtained by

summing the partial molal enthalpies of solution as follows:
= +

M= X0 EFTHzo *1,50, mnzsoq (18]
Thus, tnre integral enthalpy of solution, M, represents the solution
enthalpy for one total mole of sclution, and must be multiplied by the sum
2D + H2504 involved, when making calculations., It is
more convenient for our purposes to use imtegral rather than the partial
molal enthaipies of solution for calculations. Interpulations and extra-
palations can be made as needed in Fig. 8.7 to optain data at intermediate
and higher temperatures.

nf the moles of H

Values tor the enthalpy of vaporization of water from the hypothetical
1 atm reference state {see Fig. 8.8) were obtained as follows. Data up to
500 K were taken dirvectiy from the JANAF Tables,(lz) while at higher tempera-
tures an erirapolatian was made down ta 1 atm from higher pressure JANAF data.
As is apparent in fig. 8.8, there is a significant difference between the
enthalpy of vaporization of water in its 1 aim reference state and at
saturation,

Data on Sensible Heats {(Enthaipies)

The area of greatest need for sensible heat (enthalpy increment) data
is for aqueogus H2504 as a function of composition (see Tabie 7). Data for
the pure liguids and gases are either generally availabie in standard tabula-
tions, or can be obtained by extrapolations.
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Enthalpy of vaporization of Hzo, kJ/mole
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Fig. B.§. The enthalpy of vaporization of water is shown for both the
hypothetical 1 atm reference state and at the equilibrium
saturation pressure.
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There are two sources of data that we can draw on to estimate the
enthalpy increments for aqueous H2504 : (1) values for H600~H298 derived
from Lennartz's data,(lo) and (?) the JANAF Tables{12) which summarize
enthaipy increments for several compositions ranging from H2504-H20 to
H,50,4°6.5 Hy50,.

4

To illustrate the derivation of HGOO'HZQB values from Lennartz's

aata, consider the solution reaction:

0.5 Hy0{%) + 0.5 HyS0,(%) = 0.5 H,50,+H,0(k) (20)

Here pure liquids HZD and H2504 in their 1 atm reference states are combined
to produce a 50:50 mole ratio solution. AHaoo-AHzgB for the overall reactian
is obtained from Fig., 8.7 and is found to be -16.87 - (-13.92) = -2.95 kd/mol.
This can be egyuated to the difference in individual HGDD'Hzga values between
the product 0.5 H2504-H20(£) and the reaclants. Thus % - 0.5(25.648) -
0.5(50.639) = -2.95, and X = 7U.388 kJ/mal for the H&UU'H298 value of 0.5
HZSO4-H20. HGOU'HZBB values thus derived as a function of composition

across the HZU - H2504 diagram are summarized in Fig. 8.9.

A comparison can nowW be made of the HBDD'HZQS values derived from
Lennartz with the JANAF data (see Fig. 8.10). We find that agreement is
good for the two compositions H2504'H20 and H2504-2 HZO’ but that a major
discrepency occurs in the more dilute H,S0, concentrations. A comparision
cannot be mave at higher H2504 concentrations since JANAF data is not
available. We believe that the values derived from Lennartz's data are the more
reliabie. Further work is needed to develop the data base over the full range
of temperatures needed for the process studies.

Enthalpy incremenis for the other chemical substa-ces involved in
Section Il are summarized in Fig. 8.11. Note the difference in enthalpy
increments for salurated liquid HZD and the 1 atm liquid qu reference
state, Note also the differences in enthalpy increments for sieam taken at
different pressures.
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Fig. 8.9. The enthalpy increment HGOO'HZQB is shown as a function of
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HZO'H2504 mixtures. It is apparent that large
differences occur at the higher water contents. There
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9.0 INTERFACING THE GA CYCLE

A viable fusion-powered thermochemical synfuels econosy will only become
reality through close matching of the thermal output of the fusion reactor to
1oad demands of the thermochemical process, Likewise, thermal energy sources
within the chemical process must be matched to heat demands within the chemical
process, and to heat requirements of the power production systems or power
bottoming cycles.

We have proceeded from the integrated TMR driven synfuels plant developed
1ast year{1l) and shown in Figure 9.0-1 to develop an even deeper understanding
of the factors governing the economic match of the fusion reactor to the
synfuels plant, Major modifications have been mada to the sulfuric acid
processing sections, and economies have been realized through applying energy
conservation techniques to the HI purification section. Details of the
preliminary design of each process unit in the chemical plant are discussed.
The design description included consideration of heat and mass flow, equipment
sizes, and safety, and is based on chemical processes that have been
demonstrated by laboratory experimentation.

9.1 BASE CHEMICAL PROCESS

The GA water-splitting cyc1e(2-3) may be described by the four equations:

2 Hz0 + S0 + X Iz = H2SO4 + 2 HIy (9.1)
HoSDg~+ H20 + SO0p + 1/2 0p (9.2)
2 HIy+ 2 HI + {x-1}Ip (9.3)
2HI - Hp ¢+ I (9.4)

These equations represent three chemical reactions and one separations process.
In these equations the species HIy represents an agueous complex of HI and Ip
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TMR DRIVEN SYNFUELS PLANT
{HEAT PIPE BLANKET)

\~FUSION REACTOR~—— YURBINE BUILDING —=la—~ THERMOCHEMICAL PROCESS-
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Figure 9.0-1 Overall Process Flow Diagram for the TMR/Synfuels Hydrogen Production Plant,
1981 v.rsion



formed by reaction 1. The H2504 product of reaction 1 is obtained as a
moderately concentrated aquecus solution which 1s immiscible with HI,.

The overall process 1s divided into five sections for design purposes
Sections I through IV roughly correspond to the four equations and section V
represents the heat and energy transmission equipment required to match the
fusion heat source to the chemical process. Descriptions of sections I through
1V occupy the remainder of section 9 of this report. Section V is described in
report section 10.

The develapmental effort on the GA Sulfur-lodine cycle has proceeded since
1974 along three parallel and mutually supportive iines:

o Chemical investigations
o0 Engineering flowsheet development
o Process demonstration

Chemical investigatfons are the basis for the enginecering flowsheet development
and process demonstration. Synergistically, the flowsheet development and
process demonstration efforts give impetus and direction to further chemical
investigations. Likewise, each of these tasks raises new questions in its own
area.

5.2 RECENT DEVELOPMENTS IN PROCESS CHEMISTRY

The GA water-splitting process is not a static entity bdbut is constantly
being upgraded. Information has recently been made available on three chemical
innovations to the process(2:4), 1In addition, other new techniques have not
yet reached the publication stage.

We have investigated one of the three techniques, HBr based HI purifica-
tion(z). but the initial energy balances are not favorable compared with the
H3P04 based HI purification process used in previcus flowsheets. The other two
techniques have been developed to the preliminary flowsheet stage under
separate funding. HI decomposition via homogeneous catalysis(2) wit
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eventually be incorporated into the fusion synfuels design, but since HI
decomposition is relatively inexpensive there is 1ittle urgency. The Sulfur-
Sulfuric Acid Chemical Energy Storage system(4), developed for solar applica-
tions, has the potential for tong-term energy storage. Long-term storage could
benefit a fusion synfuel plant by permitting the synfuel plant to maintain
operation during scheduled and nonscheduled outing of the TMR. 1In addition,
this systea could provide on-site power for cold start-up of the TMR.

None of thase process improvements have been included in this year's final
design.

Discussion of this year's design resumes with section 9.3

9.2.1 HBr Based HI Purifications{2)

In the sulfur-iodin :ycle a solution of HI, I3, and H20 is produced.
This solution is the latent source of Hz from the cycle. The HI and the Hz0
are present in this solution at partial molar free energies of -6.2 and -0.6
kcal/mole, respectively(5). In order to separate these components, at least
these energies must be supplied. The cycle, in its current embodiment, uses
concentrated H3P04 to act on the soTution in such a way that most of the iodine
separates into a second phase and, more importantly, the chemical potential of
the Hp0 is lowere¢ by binding HpD in the influence sphere of the H3zP04. This
results in enhancement of the chemical potential of HI to the degree that it
can be separated from the Hp0-H3PO4 solution by fractional distillation. Most
of the energy associated with the HI-Hp0-I2 solution separation is required
during the separation of H20 from H3P0s to prepare the H3P03 for recycle. 1In
the present engineering design of this portion of the process, this energy is
supplied as work in the form of vapor recompression by turbines which take Hy0
vapor from the H3P04 distillation and compress it, causing condensation and the
concomitant release of the heat of vapnrization at temperatures slightly higher
than the heat used to evaporate the Hp0 in the first place. This vapor-recom-
pression scheme saves considerable heat energy but uses expensive work energy
generated in expensive equipment.
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Because of the costs of processing and not because of energy efficiency
considerations, other techniques for HI recovery from HI-H20-12 solutions have
been investigated. Finding other competitive methods to rectify this selutien
is not any easy task. The energies involved are those of chemical reactions
not usually encountered in solution separations. A simple extraction agent for
HI must react with HI with greater energies than HI has with Ha0-I7 systems.
While one may find appropriate agents, the problem then becomes how to get the
HI out of the extraction agent. A mumber of organic reagents which may extract
HI reasonably well fail at this Tater stage. Nevertheless, success has been
achieved in the search for alternate methods of processing HI-I»-H20 solutions.

In an ea-lier publication{(6), HI and H»0 mixtures were reported to form
two liquid phases: (1) a nearly dry 1iquid HI, and (2) a strong superazeo-
tropic solution of HI in Ha0. Mixtures of HC1-Ha0 were also reported to phase
separatel7). This liquid-phase formation was concluded to have considerable
value in separating HI from HI-I2-Hp0 product solutions from the Ho0-502-17
reaction. However, to achieve separation conditions, the HI content of these
product soiutions needs to be considerably increased. Up to now, this seemed
possible only by techniques already in use, such as H3P0z treatment.

§till earlier, a high-pressure distillation to break the HI-Ho0-12
pseudoazeotrope was investigated(8) as an alternative to the H3PO4 tr-atment.
This distillation process was found to be considerably Tess efficient than
breaking the azeotrope of Hc1-H20(9}. Thus, the pursuit of this technique was
temporarily abandoned. However, some engineering evaluations of the small
azeotrape shifting, found to occur in the HI-Ho0 system (57% HI to~ 45%),
indicated that this process is basically similar in efficiency to the H3PDg
treatment.

A process has been conceived which combines high-pressure azeotrope
shifting, tvo-phase formation, solvent extraction using a hydrogen halide {(HC}
or HBrj for HI separation, and some other features to sharpiy reduce the amount
of H20 distilled in processing RIy solutions. To establish the feasibility of
this process, laboratory experiments were undertaken to study (1) the
distribution of Hi betwean a dry hydrogen halide phase and the wet phase,



(2) the behavior of I2 in these phases, (3) the high-pressure distillation to
separate Hp0 and HBr, {4} the fate of the HBr and the degree of reaction of the
reactants in the Hp0-S02-I2 reaction, and (5) the recivery of HBr from these
product solutions. The preliminary result of these studies was that an HBr
based separation process had ihe potential for significant energy and capital
savings over the HBr based process. The process flowsheets developed as part
of this work did not demonstrate these potential savings. The fiowsheet work
is presented in section 5.6.

9.2.2 HI Decompesition Via Homogeneous Catalysis

The present version of the sulfur-iodine water-splitting process employs
HI decomposition in the 1iquid phase. Theoretical calculations indicate that
high conversion levels are possible using such a scheme, and indeed high
conversions were verified experimenta11y(10). In addition, the same article
reports that the magnitude of exirapolated rate data to high process
temperatures appears sufficient ty result in & viable process for HI
compasition. The above rate data were obtained by extrapalating measured rate
data from Tower temperatures and pressures in batch studies performed on
supported platinum and ruthenjum catalysts.

Recently, some data for a supported platinum catalyst at closer to actual
engineering temperatures and pressures were obtained in a new flowing 1iquid HI
bench-scale system. The rate value obtained gave credence to the use of the
extrapolated lower temperature data and thus is verification of the present
flowsheet and equipment sizing calculatiuns.

Further in-depth studies, however, revealed a problem associated with the
use cf heterogeneous catalysis to decompose 1iquid HI. This is associated with
the finding that at teast platinum, whether supported or not, does dissolve in
the Tiquid HI to a non-negligible degree. This requires the use of some kind
of catalyst recovery and remanufacture scheme. Catalyst recovery and
remanufacture are commonplace in the chemical industry but add to the
complexity and to the operational and capital costs of the overall prucess. It
was due to the discovery of such an additiunal requirement of the process that



some consideration was given to the use of homogeneous catalysis to decompose
HI and to potential separation schemes inherent in the practical application of

homogeneous catalysis.

A homogeneous catalyst concept has been devised(Z2) in which there is an
innate separation of the catalyst from the HI 1iquid, thereby allowing the
catalyst to be totally recycled to the reactor. The concept is based on some
unique findings surrounding the phase behavior of HI-I2-H20 mixtures. For
certain compositions of these three chemicals, two 1iquid phases in equilibrium
can exist. OUne phase is a very dry phase of HI and I2; the other is an aqueous
phase contairing both I2 and HI. It has been found that it is {n this latter
phase that certain homogeneous catalyst compounds tend to concentrate. This
means that the aqueous phase acts essentially as the catalyst carrier and can
be recycled to the HI decomposition reactor without having to recover the
catalyst.

The potential advantages over a process employing heterogeneous catalysts
with the need to recover and remanufacture 100% of the catalyst are clear. The
proposed homogeneous process has been conceptually flowsheeted [bhut at toc late
a date for inclusion in this overall process design) and major areas reauiring
investigation have been identified. The needed information consists mainly ir
identifying the solubiTity and distribution of tie catalyst in the fluids of
the process train at engineering conditions, determining the best area of the
HI-Ip-Hp0 phase diagram in which to work, and determining the best schemes for
catalyst recycle. The results of this work have supported this concept as a
viable engineering process.

9.2.3 The Sulfur-Sulfuric Acid Chemical Energy Storage System

A sulfur-sulfuric acid energy siorage system has been proposed for the GA
sulfur-iodine water-splitting cycle for use in conjunction with a solar heat
source{4!, This storage system has the potential for reducing the cost of
fusion produced synfuels. During steady state operation of the TMR, a small
amount of sulfuric acid could be converted to sulfur. During outages of the
THR, the sulfur could then be burned in air providing both the feed stock and



energy required to operate the hydrogen plant. Potentially, the system could
provide sufficient energy for the cold start of the TMR after an outage.

Conversion of sulfuric acid to sulfur is a two step process. The first
step is already included in the water-splitting process, Egquation 9.2.
Formation of sulfur from sulfur dioxide is then accomplished by the dispro-
portionation reaction.

3502 + 2Hg0 + S + 2HpS0q (9.5)

Kinetics of this reaction have been studied(11) at temperatures between 1009
and 1400C. The observed reaction rates are compatible with expected holding
times for the S and dilute H2S504 products.

Thermodynamically, data from the JANAF Tables(12) and Giauque(13) suggest
that the HpSQ4 product can be made at up ta 57% HpSOg, which is the same
concentration as the sulfur-iodine cycle sufluric acia product. This reaction,
then, provides a method of upgrading an S0 product into a much more valuable S
product at the expense of cycling two-thirds of the SOz back as HpS04 solution.
The stored energy in the S is recovered by combustion {in air) to SOp, and the
produced 507 is used in the S02-H20-I2 reaction to make recycle H2S04 and HI,
which is the source of the Hp in the cycle. The thermodynamics of the storage
cycle are presented in Table 9.2-1.



Table 9.2-1 Energetics of the 5-HpSC4 chemical

342504 (57.6%) ~ 3HpS04 (conc)

3H2504 {conc} - 3Hp0(2) + 3 SO2 + 3/20p
2Hp0(2) + 3502  2H,S04 (57.6%) + S(v)
S(2) + 02 + SOp

S0z + Hp0(&) + 1/90p ~ HpS04 (57.6%)(a)

(a} Note this reaction is not part of the cycle

energ’ storage cycle (2989C)
Ha2g8
(Kcal/mole)
38.7
162.3
-62.2
-71.8

-67.0

but completes the material and

energy balances of the cycle. The actual reaction that completes the sulfur
cycie and produces HI, the precurser of hydrogen, is:

S0p + 2Hp0 + In > HaS0g (57.6%) + 2HI (sol).
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The S02 disproportionation makes a low-grade heat which is utilized in the
cycle {for instance, for dehydrating H25041. while the burning of the § makes
the very high-grade heat which drives the hydrogen producinz plant both
electrically and thermally to produce H2SD4 and Hp from S0z. This storage
cycle has inefficiencies as do all energy storage schemes; however, jt stores
energy densely, stores chemical products cheaply, and supplies a high-grade
heat simply and in a very significant amount.

9.3 PLANT DESIEN STATUS

The present plant design is based on the most recent integrated flowsheet.
The flowsheets for the main -eaction {section I) and HI decomposition (section
IV) are the same as for last ycir's report‘l). The HI purification flowsheet
(section III) was revised with the goal of decreasing capital cost. This goal
was realized along with small decreases in electrical and thermal energy usage.

The sulfuric acid processing section was revised for each blanket/decom-
poser combination. The primary emphasis was upon increasing thermal energy
recovery of the sulfuric acid concentration step while maintaining a good
therral match to the blanket heat source. At ti-is Tevel of preliminary design
the size of the process equipment is determined sufficient to development
equinment costs. The design calculations make use of standard chemical
engineering correlations for the sizing calculations. khen the required
physical and transport properties have been unavailable they have been approxi-
mated.

9.4 MAIN SOLUTION REACTION STEP (SECTION 1)

9.4.1 Design Considerations

The main solution reaction step, Section I of the process, comprises all
equipment associated with the chemical reaction:

2H0(2 ) + SO2(g) + Ia(z,)  H2S04{21) + ZHIlz2) (9.6)
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where gascous sulfur dioxide reacts with an excess of molten iodine and water
to produce two immiscible liquid phases. The designation g j indicates that
water is the major component in the H2S04 product phase, and ¢ 2 that jodine is
the major component in the HI product phase. The Hz504 phase which is the
lighter {lower density) phase, also contains a trace of iodine. The heavy
phase, referred to &s HIy, because it contains excess iedine ir a complexed
form, also contains water. The main solution reaction is exothermic and
Section 1 requires no heat input from the fusion reactor but exports a
significant quantity of low-grade heat to a power bottoming cycle. The Section
1 process is shown schematically in Figure 9.4-1.

Even though Section I requires no heat input from the fusion reactor, the
design of the main solution reaction step has a major influence on the overall
process efficienc, and thus upon the reactor size and the hydrogen praduction
cost. Although decisions on heat ard power recovery within Section | have an
effect on efficiency, the composition and temperature of the 1ight phase
flowing to process Section II (the HpSO4q processing step) and of the heavy
phase flowing to Section 11l (the HI concentration step) strongly influence the
overall efficiency of the process. In the interest of efficiercy, both streams
should Teave Section I at as high a temperature as possible and at the highest
acid concentration possible. Since the equilibrium of an exothermic reaction
shifts towards the reactants as temperature is raised, a compromise must be
made between high tewperature and high acid concentrations in the product. In
deciding the operating conditions fur Section I some economic trade-off
calculations were made but a full-scale process optimization was not in the
scope of this work. The basis for the resulting decisions, as well as those
for the rest of this study, may best be termed "engineering judgment." When
trade-off calculations were not definitive, the decision was usually made on
the side of “high efficiency” not "Yow capital cost.”

Consideration of two factors dominates the design of Section I: (1) the
large quantity of heat produced by the main solution reaction must be removed,
and {2) the combination of hydrogen jodide and iodine in the heavy aqueous
phase is extremely corrosive to matar{ials noarmally employed for heat transfer
surfaces. The only metals known to resist HIy are refractory m:tals such as
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niobium, tantalum, and molybdenum. The present design employs niobium for heat
transfer surfaces contacting HIyx, which permits the reaction energy to be used
in the power bottoming cycle.

Niobium is relatively expensive: therefore, to reduce the capital cost of
Section I, a number of design techniques have been employed which impreve heat
transfer and decrease the amount of Nb requived. Some of these are:

1. Cool feed streams to Section I. Prior to carrying out the main
solution reaction, we transfer the heat from the Section I feed
streams to the power bottoming cycle. This involves less expensive
heat transfer materials than Nb and reduces the amount of heat
transferred from the reaction products of the main solution reaction.

2. OQperate adiabatically. Instead of cooling the reaction products from
393 to 368 K {to shift the equilibrium towards the products) and then
reheating the separated products, we operate adiabatically, and
maintain the desired production rate of the main solution reaction by
increasing the iodine concentration to provide the needed shift in the

equilibrium.

3. Use direct-contact heat exchange. Where possible, we employ direct
contact heat exchange between immissible 1iquid phases or gas and
liquid phases.

4. Apply enhanced heat iransfer techniques. Utilizing two-phase
gas-1iquid flow through the heat exchanger gives higher than normal
convective heat transfer coefficients. Spiral-fluted tubing provides
enhanced heat transfer and, due to the wall stiffening effect, permits
thinner tube walls.

9.4.2 Heat Exchanger Reactor

Almost 52% of the chemical reaction forming HI and H2504 takes place in
the Heat Exchanger Reactor (R-101 in the flow diagram of Figure 9.4-1) and in



the piping tmmediately preceeding the reacter. The reactor selected is a shell
and tube heat exchanger with fixed tube sheets, The vessel, tube sheets, and
heads are fabricated from mild steel. The heads are 1{aad with fluorocarbon
and the spiral-fluted niobjum tubes are welded to a niobfum tube sheet liner.
The process fluid is on the tube side of the heat exchanger and the shell side
is part of the power bottoming cycie.

Upstream of the heat exchanger, the 502/02 from Section II (sulfuric acid
processing) is mixed with the predominantly iodine stream from the Boost
Reactar (C-103) and aqueous streams from the scrubbing reactors (C-101 and
C-104). The combined streams react exothermically as they flow through a
fluorocarbon-1ined pipe and into the heat exchanging reactor, The pressure
drop through the heat exchanger reduces the system pressure from an initial
0.50 MPa to 0.44 MPa at which point the temperature reaches 393 K. At the exit
of the heat exchanger the 02 is removed from the stream in the first of two
separators (S-101). 1In the second separator (5-102), operating at 3.11 Mpa,
three phases separate: the heavy liquid phase {HI,), the 1ight liquid r:ase
(Ho0/H2S04), and a gas phase consisting of S02 and steam. The vaporization of
water and SOz results in the temperature decreasing from 393 K to 385 K.

9.,4.3 Lower Phase 502 Stripper

The Jower phase sojution (HIy) is saturated with SO2 which when allowed to
remain forms sulfur and HpS via tramp reactions. An oxygen recycle stream
strips most of th S02 in a packed bed stripper (C-102) thus minimizing the
tramp reactions. A minimum amount of oxygern is employed for this aperation as
the evaporation of water into the oxygen cools the HIx requiring more heat
input in Section IIT {HI purification). With a 10% 0 recycle the HIy is
cooled from 385 X to 38i K.

The stripper, sfzed for operation at 70% of flooding, is a standard packed
column design. The fluorocarbon~Tined mild steel vessel is packed with S0 mm
ceramic Raschig rings. Since the operating pressure is near atmospheric, a
glass-lined steel vessel is a viable option but would require filuorocarbon
packing to avoid liner damage.



9.4.4 Boost Reactor

In the boost reaction, the sulfuric acid concentration of the 1ight phase
is increased from 50% to 57% by contacting with molten fodine in the presence
of sulfur dioxide. The increased HpS04 concentratfon is realized through the
action of the main solution reaction. Water is used up by reaction with 507
and I» to form HpSO4 and HI. Over 7% of the total chemical reaction of Section
I occurs in the Boost Reactor. Since the contact is performed in a counter-
current manner, the reactor also acts as a direct contact heat exchanger,
raising the temperature of the sulfuric acid stream from 382 K to 393 K.

Although the mechanical design of the Boost Reactor is straijghtforward,
i.e., a fluorocarbon-lined mild steel vessel packed with 50 mm ceramic Raschig .
rings, the sizing calculations are not. CGommon packed columns operate with
either a gas rising through a decending 1iquid phase, ¢~ a 1ight 1iquid phase
rising through a decending heavy liquid phase. The Boost Reactor has both a
gas phase (S02 in 02) and a 1ight 1iquid phase (H2S04 ::d water) rising through
the decending heavy 1iquid phase {I2}. The present design fs based or adding
the cross-sectional areas required 1f the gas and 1ight Tiquid separately
contacted the heavy liquid. This 1s a very conservative approach. We believe
that a design based upon information gained in a pilot plant would result in a
smaller Boost Reactor vessel.

9.4.5 Scrubbing Reactors

The oxygen is purified before discharge to the atmosphere in the Scrubbing
Reactors. The packed column reactors operate in a titration mode in which
sufficient iodine 1s added to the scrub water in the lower part of the column
to react stoichiometrically with the sulfur dioxide present in the oxygen. In
the upper part of the column the oxygen 1s washed with pure water. The primary
Scrubbing Reactor (C-101) operates at 0.44 MPa purifying the gaseous product of
the Heat Exchanger Reactor {R-101). Over 19% of the Section I reaction takes
place in the primary Scrubbing Reactor. Almast 22% of the total reaction takes
place in the secondary Scrubbing Reactor at 0.10 MPa. The secondary scrubber b
cleans up the oxygen stream exiting the Boost Reactor as well as the steam/S02 K



stream produced during depressurization of the liquid reaction product of the
Heat Exchanger Reactor.

Both scrubbing reactors perform a second function as direct contact heat
exchangers. 0Oxygen leaving the procese is cooled to near ambient conditions
while preheating the water entering the process. The scrubber vessels are of
fluorocarbon-iined mild steel and the packing is 50 mm ceramic Raschig rings.
Pilot plant tests may demonstrate reduced vessel costs. The upper portions of
the scrubber contain only water and oxygen so no 1ining should be required in
this area. Depending upon the temperatures reached in the lower portions of
the scrubber, less expensive linings may be possible.

9.4.6 Heat and Power Recovery

The heat transferred to the steam power bottoming cycle from Section 1
totals 782 MNg¢. The majority of this is transferred via the Heat Exchanger
Reactor but significant quantities of heat are also transferred from the hot
vater products of Sections II and III and from the SO02/02 product of Section
11. Since the heat transfer materials used for water and S0z are much less
expensive than the niobium used in the Heat Exchanger Reactor, there is the
potential for further cost reduction by performing more of the cooling on water
and SO02 streams. Ultimately an economic optimization must determine the split
in heat transfer duties on the basis of min.num hydragen production cost.

A total of 5.4 MW is recovered in Section I using turbines for pressure
reduction. Preliminary indications are that the turbines .:re economic but a

final determination must await an analysis based on the hydrogen production
cost resulting from this study.

9.5 H2504 PROCESSING STEP (SECTION II)

9.5.1 Design Considerations {

The suifuric acid processing step, Section Il of the process, takes 57%
H2S04 from Section I, decomposes the H2S04 and returns the resulting SOz,



0, and Hz0 back to Section I. Process flow diagrams are given in Figures
9.5-1 and 9.5-2 for the Joule Boosted and Fluid Bed versions of the process.

Major unit operations of Section II are sulfuric acid concentration,
vaporization, and decomposition. Vaporization and decomposition equipment
designs are based on last year's report, but the sulfuric acid concentration
section has been completely re-flowsheeted.

In the interest of capital cost savings, last year's flowsheet Teft out
the vapor recompression equipment which were part of the original GA
design{14). The process efficiency reported by GA (47%) cannot be achieved
without recovering a large fraction of the heat of vaporization of the water
accompanying the sulfuric acid. These new flowsheets accomplish this goal
without resorting to vapor recompression techniques.

9.5.2 Acid Conce.atration

Several techniques were tricd to accampiish the goal of heat recovery
without vapor recompression. These included muTti-effect evaporators, pressure
staged flash evaporators (adiabatic and non-adiabatic) and column evaporators.
1t became evident that no single technique could achieve the desired goal. A
combination of four different concentration techniques was used in the final
flowsheet.

Staged isobaric boiling at 7.5 MPa was used to achieve the goal of water
removabTe at useful steam temperatures. Atmospheric distillation was used for
final concentration of the acid to the azeotropic composition. A single
adiabatic flash stage at 1.1 MPa was used to maich the isobaric staged boiling
to the atmospheric distillation column. Finally, staged partial cordensation
was used to remove HS04 from the decomposed product along with a minimum of
water,

The isobaric staged boiling s accomplished in what can be described as a

horizontal disti1lation column. The design is patterned after the HoS$0g
vaporizer described in Jast year's report and shown in Figure 9.5-3. The
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horizontal vessel is Fluorocarbon lined to protect the mild steel from the
sulfuric acid and brick lined to protect the fluorocarbon lining from the heat.
Siliconized siifcon carbon tubes provide the treat of vaporization for the
water. The vessel is partitioned into multiple stages by weirs made from acid
brick. Above the weirs the vapor space is interconnected, with the vapor
outlet at the low acid concentration end of the unit. Mixing of the vapors
from many stages results in a vapor composition typical of the mass average
temperature. Acid droplets are removed from the vapors in a ceramic demister
pad. Concentration in this equipment is limited by the equilibrium acid
concentration in the vapors to 79%.

The acid at 7.5 MPa is flashed first to 7.5 MPa and then to 0.1 MPa.
After the first flash, the vapors are stil1 low enough in H2S04 fo permit
recycle to Section I. The combined Yiquid/vapor stream from the second flash
is fed to the atmospheric distillation column.

A ten-stage distillation column completes the concentration of the acid up
to 98%. Since the column must accommodate a large varjation in liquid rates
over its length, a tray type column is preferred aver a packed column. Ceramic
internals are used in the form of trough type trays. The bottom reboiler and
the intermediate reboilers are again constructed with siliconized silicon
carbide (-tubes. Each tray, except for the top, has its own intermediate
reboiler.

The product gases from the decomposer are subjected to partial condensa-
tion so as to remove the undecomposed acid with a minimum of water. Two stages
aof partial condensation are requi-ed for the Joule Boosted Decomposer flowsheet
and three for the Fluidized Bed Decomposer flowsheet. The 1iquid products from
the partial condensation stages is returned to the atmospheric distillation
column, the 1iquid from the final stage providing the column reflux.

9.5.3 HoS504 Vaporizer

The H2S04 Vaporizer is a particularly challenging design problem since
either ceramic materials or high-siTicon metallic alloys need to be employed to
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simultaneoi:sly withstand the H2S04 corrosion and the 3.0 MPa pressure from the
helium heai transfer fluid.

Our best chofce is to use siliconized silicon carbide U-tubes for the heat
exchargers in the HpS04 Boller. This approach has been used on a developmental
basis by the Norton Company{15) in conjunction with AiResearch, Inc. for high
pressure ( 5 MPa) helium "heat exchanger applications.” We developed a special
geometric configuration that established a rough optimization between the heat
transfer and pumping Josses in the helium and the boiling instabiTities that
could occur in the Tiquid RpS04. This configuration s shown in Figure 9.5-3.
The heat transfer basis for this design can be briefly summarized as foliows.

We selected nucteate boiling on the H2SO4 1iquid side of the tubes and
then used the Palen and Small correlation{16)} to obtain an estimate of maximum
obtainable heat flux:

o {p )l/
P s P~ Py

g = p_A
(A)] 61.6 T TTT Py N
ax Lo ] v

4

where P = the pitch diameter for the tubes
Do = outside tube diameter
= number of tubes (twice the number of U-tubes)
A = the heat of vaporization
o. = Tiquid-vapor interfacial surface tension
p, = density of the Tiquid
= density of the vapor

Acs value of 43 dynes/cm at 680K and 1 atm was obtained from Gmelins (17),
Thus, a maximum heat flux Timit of 2.42 MW/m? was calculated for a U-tube
boiler unit vith 133 tubes, each 5 cm 0.D. with 3 mm walls. Since we wish to
operate well below this critical heat fiux level, say at 25%, we select g/A =
0.606 M{/m2 as o shell-side value. We use the Eckert and Drake(18) correlation
to obtain an estimate for the boiling side film drop of 0.3 to 1.5 K and
conclude that the voiling side is well in hand. A parallel train of 5 boilers
is required for the plant.



Next we needed to obtain the tube side heat transfer necessary to support
this high flux (25% of the critical maximum heat flux). First we trfed
supercritical steam and found it unacceptable, Even at a Mach number of 0.5 or
336 m/s, the film drop with steam is ~ 110 K, which is tooc high. Following
supercritical steam, we next considered helium, which also has greater safety
advantages. A rough optimum was found for 2.5 MPa high pressure helium
operating at a flow rate of 1074 kg/s or 30 m/s (0.05 Mach number), and Re =
. 137,000. Here the film drop was ~400 K. However, by using turbulence
promoters, small finned tube fluting, and swirl vane inserts, this film drop
was cut to~50 K. For this operating condition, we calculated a 5.5 KPa (0.05
atm) pressure drop and a pumping power of 1.5 MWa. A number of case studies
were done varying parameters to establish the near-optimum design given above.
further parametric studies may be able to reduce further this stil? large (150
K} fiTm drop.

9.5.4 503 Decomposer for the Lithium Oxide Blanket

The S04 Decomposer unit requires the highast temperature to be supplied
from the TMR; therefore, the design of this unit and 1ts relationship with the
whole G.A. Cycle dictates the TMR interface concept. We have selected approxi-
mately 7 atm and 1250 K as the process conditions for the decomposer with the
aim of obtaining a high decomposition yield, while.eliminatinmg the need for
catalysts. The fraction of 503'converted-to S0z + D2 {quenched) under these
conditions is expected to be around 84%. We have elected to supply the
required 1250 K temperature by means of electrical heating; thus, this unit is
called a Joule-Boosted Decomposer.

the design. The heating elements are commercially available SiC electric (AC
power) furnace elements. The vessel and headers are simple in design and can
be silica brick-1ined, Teflon-coated steel. From a materials standpoint SiC
and silica brick should offer an acceptable 1ife under the 1250 K, 7 atm S03,
S02, 02, Hg0 environment. Eight units in parallel are needed to handle the
required hydrogen production rate.
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Th? Joule-Boosted Decomposer aoffers the best possible safety isolation of
the Op-containing process gases from the hot, 1iquid metal-containing fusion -

btanket.

9.6.5 503 Decomposer for the Two-Zone Blanket

For the Two-Zone blanket, the decomposer is a catalytic fluidized hed
reactor operaling at 1050-1100 K. The unit contains internal heat exchanger
tubes to provide the fieat for the highly endothermic $S03 decomposition. It can
achieve up to a 55% conversion using 1 Cul catalyst, if suifation of the
catalyst does not become a prablem around 1050-1%00 K. If sulfation presents a
serious problem, our alternative is to use a more expensive platinum catalyst
on a titania support. The detaiis of this Fluidized Bed Decomposer were given
in the 1980 Annual Report(lgl, s™ only a brief overview is provided here.

Figure 9.5-5 shows some of the details of the fiuidized bed design, using
0.2 mm diameter catalyst spheres. The fluidized bed is on the shell side of
the unit with the heljum on the tube side. Thex Ts across the helium film
within the tube are about 20 K, and thes Ts on the outside of the tubes in the
fluidized bed region are expected to be around 14 K. The heliums T presents a
difficult design problem and the 20 K is a compromise between higher helium
source temperatures and helium pressure.

The Fluidized Bed Decomposer requires seven units in parallel to handle
the needed production rate. This approach of coupiing the blanket tn the
process with helium offers good safety isolation for the process. More
optimization work is needed to reduce tne overall capital and operating costs
further. This concept saves the costs of a large turbo-electric generator
required in the Joule-Boosted Decomposer, at the expense of running a hotter
fusion blanket and a more complex decomposer design.

9.5.6 Decomposer Recuperator

The Decomposer Recuperator is a heat exchanger unit that simultaneously
preheats the feed to the decomposer using heat from the hot S02, 02, H0, and
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S0z that leave the decomposer. This unit is particularly important, since
without it, a larger quantity of sensible heat in the temperzture range of 680
K to 950 K would have to be supplied from the blanket. In the Joule-Boosted
Decomposer design the feed is further heated from 950 K to 1250 K using
electrical heat. In addition ta the sensible heat requirement, there is, of
course, additional heat required to supply the endothermic heat for decomposing
S03 into SDp and D». Recuperation is insufficient to provide the total
sensible heat required to treat the sulfuric acid vapors from the boiling point
to the decomposer inlet temperature because the heat of decomposition of HoS504
to Hz0 and S03 must be provided over this temperature range. The Recuperator
thus includes a "boost" loop of THMR-supplied heat. This Decomposer Recuperator
is a difficult design to accomplish since it is a gas-to-gas heat exchanger,
and these types of units characteristically have very low heat transfer
coefficients. The result is a high pressure drop, high pumping power, large
and expensive heat transfer areas, and high alloy temperatures. The design we
evolved was again a techno-economic compromise. We used a standard shell and
tube configuration as shown in Figure 9.5-6 and held the temperature low enough
for Incoloy-80CH.

The heat transfer amalysis involved varying fluid temperature, wall
temperature, heat =xchanger surface areas, and pumping power, in order to
produce a near optimum design. We found that the hot decomposed gases could be
dropped from 1170 K to 730 K, while the feed could be preheated from 680 K to
950 K. The 950 K was selected to hold the average wall temperature to 1050 K
so that the Incoloy-800H wall thickness could be kept at 3mm, with a maximum
calculated creep rate of 1% in 20 years. The heat exchanger area was found to
be 14,814 mZ and the pumping power was 1.24 Mde equally split between the shell

and tube side.

The gas velocity within the tubes was 13.6 m/s with a Reynolds number of
Re = 78,0L0 based on the tube diameter. A Nusselt number of 284 and heat
transfer coefficient of 78.8 cal/m2-s were used to obtain a gas to wall~ T of

50 K.

~o s AP P Wt P Bty
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Figure 9.5-6

Material: Incoloy 800-H

2 units, 4366 tubes per unit
Total heat transfer area per unit = 7407 m?2

Design for the 503 Decomposer Recuperator
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9.5.7 Decomposer Coolers

The Decomposer Cesler continues cooling the decomposer product after
recuperation is no longer possible. Heat removed in the decomposer coolers 1is
supplied to the atmospheric sti11 and the multistage isobaric flash preheater.
Sulfuric acid condenses out as the decomposer products are cooled. This
sulfuric acid ¥s removed in several stages, twice for the Joule-Boosted
Decomposer case and three times in the case of the Fluid Bed Decomposer. The
11quid phase from the final cooler is predominantly water; therefore, it is
returned to Section I along with the gases.

Silicon carbide is required where sulfuric acid is condensing. At high
temperatures, before the onset of condensation, IncoToy B0OH would suffice
except that silicon carbide is required for boiling suifuric acid duty on the
cold side of the tubes. After the majority of the sulfuric acid has been
condensed and decanted, more conventional materials of construction are
permitted. In the low temperature region the requirements of heating 57%
sul furic acid demonates the material selection.

9.6 HI CONCENTRATION VIA HBR EXTRACTION-CASE STUDY (SECTION III)

9.6.1 Design Considerations

A first cut flowsheet was made for HI concentration via liquid HBr
extraction({2). The design goal was to separate HI from the HIy product of
Section I in a cost effective manner. The flow diagram which resulted is shown
in Figure 9.6-1. The design easily met the goal of low capital cost, but
energy conservation in this new system has not progressed to the point where it
can challenge the phosphoric acid based separation process.

9.6.2 HBr Extraction System

The HBr extraction (XC305) may be viewed as a traditional solvent
extraction system employing partially miscible solvents. The two solvents HBr
and Hz0 counter currently contact each other in either a packed or plate type
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column or possibly in a multi-stage mixer-settler train. The HBr strips HI and
12 from the Ha0. The selubility of Ho0 in the HBr is very small, but HBr has a
very significant solubility in Hp0. One factor which sets this system apart
from most soivent extraction systems is the large heat liberation associatad
with the dissolution of HBr in Hz0. XE320 is provided to remove this
exothermic heat. The temperature varies with position along the extraction
system, but is allowed to build to 420 K at the HBr-HI-1p outlet. System

pressure is 9.0 MPa.

9.6.3 Dry Phase Processing

The dry phase from the extraction system is subjected to two distiTlation
steps to separate the HBr-HI-I» mixture. The first distillation column (XC303)
removes the HBr and HI in the overhead and the Iy in the bottoms. The colu.a
operates at 1.9 MPa which gives 633 K as the bottoms temperature and 330 k for
the overhead temperature. The second distillation cotumn {XC304) separates the
HBr and HI at 4.2 MPa. The bottoms temperature is 380 K and the overhead 330

K.

Some energy savings would result if the [2 distillation column were
operated at the same pressure as the HBr/HI column. The column overhead would
operate in a partial condensation mode sending a vapor feed to the HBr-HI
column, thus reducing the its reboiler duty. A partially compensating effect
would be the increase in reboiler temperature for the I distillation column.

“076.4 Met Phase Processing

The H20-HBr phase cannot be easily separated by distillation. Initially,
the Ha0-HBr stream is superazeotropic, thus pure HBr can be distilled away from
azeotrope (XC301)}. The azeotrope cannot be completely broken even at thz 22
MPa operating pressure of XC302, but it {is shifted from 47% HBr to 25%. The
ditute HBr is then recycled to Section 1 where the distillation column XC301
operates at 4.3 MPa. This pressure is set by the requirement that the nverhead
HBr be Tiquid at 330 K. Lowering the assumed coolfing water temperature would
permit the column pressure to be decreased. The boitoms temperature could also



be reduced from its present 546 K. Heat to the distillation column is provided )
by multiple reboilers. The overhead from XC302 is fed to XC301 which also
delivers substantial heat to XC301.

The final distillation column, XC302, operates at 22 MPa and delivers a
25% HBr bottoms product to Section 1. The HBr, along with sufficient water to
form azeotrope (48% HBr}, acts as a diluent in Section 1 and the remaining
water is free to participate in the prime reaction. OQOperating pressure of this
column js set by the critical pressure of HBr.

9.6.5 Energetics of HBr Extraction Based HI Purification

Although the net enthalpy change was quite Tow, 132 ki/moTe Ha, the
present version of the HBr based process, has excessively high heat flow to
waste heat. This can most readily be seen in the large amount of low-grade |
heat produced in the extraction column XC305. 470 kJ, resulting from the heat ‘
of solution of HBr in water, is 1iberated over the temperature range of 420-330
K. There is 1ittle need for heat of this quality in the .ocess; therefore, its
only use would be in the power bottoming system where its efficiency of
conversior to electrical enegy would be very low. Additionally, 190 kJ is
transferred to cooling water at 330 K in the condensers of XC301, 303, and 304
{mostly from XC301).

An analysis of the flowsheet shows some potential for reducing the
condenser 1osses to cooling water, but a means of efficiently using the heat of
solution of HBr in water must be found to make this process step viable.

9.7 HI CONCENTRATION STEP {SECTION III)

8.7.1 Design Considerations

The hydroge: iodide concentration step, Section 111 of the process,
entails separation of a mirture ¢f hydrogen iodide, iodine, and water (HIy)
into fts componeni parts. A simplified flow diagram of Section III is
presented in Figure 9.7-1. The jodine and water are separately returned to
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Section I, the main solution reaction step, and the hydragen iodide is
decomposed in Section IV of the process. The use of phosphoric acid as an
extractive distillation agent, first proposed in 1975(20), remains as the
reference process for HI purification. The alternative of Tiquid HBr
extraction, although attractive from a theoretical standpoint, is not yet able
to compete with the H3P04 process on an efficiency basis.

The system HI-Hp0 forms a maximum boiling azeotrope at a composition of
57% HI which is approximately the comppsition of HIy on an iodine free basis.
Todine is held in the HI-Hz0 solution through the formation of polyiodides such
as H13, Hls, HI7, etc., which are formed only in the presence of water.
Addition of H3P0s Towers the activity of water which performs two functions;
first, it destabilizes the polyiodide complexes permitting iodine to form a
separate 1iquid phase; secondly, {1t breaks the azeotrope which allows the HI to
be distilled from the mixture. The HI distillation is performed under pressure
s0 that tiquid HI is avaiiable for decomposition in Section I¥. Water is
removed from the phosphoric acid by evaporation, and the phospharic acid is
recycled back into the process.

9,.7.2 lodine Separation

Liguid iodin: s separated from the HI, in two steps. Both operational
steps are performed in fluorocarbon-lined mild steel vessels packed with 20-mm
ceramic saddies. In the iodine knock-out column (C-302), the HIy is contacted
counter-currently with 96% HgP04. The HI and Hp0 are extracted into the H3Plq,
leaving molten iodine saturated with H3POg. H3P04 is washed away from the
jodine with water in the iodine wash column (C~301). The wash column is
operated at 0.3 MPa=ame=333"K 80 &s*to matntaih” both iodine and water in the
1iquid state.

9.7.3 Hydrogen Iodide Distillation Column

HI is distilled from the H3PO4 solution in a plate column operating at 0.9
MPa. Operation at this pressure requires a higher temperature in the bottoms
than would be required at low pressure, but an expensive HI liquefaction step



is eliminated. Efficient use of the thermal energy, required for operatjon of
the HI Distiilation Column, is made possible by producing the HI product as a
liquid and thus eliminating the thermodynamic inefficfency associated with a
liquefactions compressor and that associated with production of power to
operate it. Additianally, an intermediate condenser allows part of the
condersing heat to be withdrawn from the column at a useful temperature.
Although a majority of the heat required to preheat the feed and to operate the
column is obtained by heat recovery within Section 111, 355 MW is required from
Section ¥ at 523 K.

Design of the HI Distillation Column entailed a trade-off between capital
and operating costs. Use of an intermediate condenser and operation at a
relatively Tow reflux ratio reduce thermal energy requirements, but require
more trays in the column for adequate chemical separation. The final design
included 50 Hastelloy-C trays in a Hastelloy-C clad mild steel tower. The
trays selected were the trough type, being a reasonable compromise between the
higher efficiency, higher cost of bubble cap trays and the lower efti.izncy,
Tower cost of sieve trays.

An additional small design complication arises because the feed to the HI
Distillation Column is saturated with {odine. Liquid iodine wmust be removed
continuously from the middie of the column to avoid buildup. A stream, con-
taining two 1fquid phases consisting of phosphoric acid and liquid jodine, is
withdrawn from the fodine buildup region. The phosphoric acid returns to the
column from the top of a 11quid-1iquid separator and the bottom fodine phase
passes to the iodine wash column for phgsphoric acid removal before returning
to Section I.

The small quantities of HpS04 and S02, remaining in the lower phase
product from Section I, react chemically with HI in the feed preheater for the
HI Distillation Column. The product of the reactions are Hz0, Iz, H2S, and S.
The quantities involved are so small that the relative amounts of S and HzS
have not been determined. For flowsheeting and cost estimating purposes, it
has been assumed that half the suTfur Tn H2S504 and 507 ends up as HzS and half
as S. The Hys will leave the column in the overhead product and the S is
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assumed to exi€ the coTumn with the F3P0s. The [iquid S ¥$ separated from the
H3P04 and oxidized back io SOz in Section II.

9.7.4 Phosphoric Acid Concentration

Removal of water from the phosphoric acid is accomplished in three stages
of vapor recompression-driven flash evaporation. The operating condition of
each stage has been modified so as to reduce capital cost for hext exchange.
Each ctage now operates at a different pressure with the pressure decreasing as
the acid concentration increases. The major cost saving came through
elimination of the heat exchanger which conditioned the evaporator feed. Only
the first and last stages require any heat input from the fusion reactor, but
all three stages require significant quantities of power for vapor recompres-
sion. A rotal of 641 MW pf shaft power is required to operate the compressors
vhereas only an additional 104 MW of thermal power at 484 K is required from
Section V to heat the high temperature evaporator. Heat is recovered within
each evaporation stage from interstage cooling of the six-stage compressor,
from the condensation of the compressed steam and from the concentrated
phosphoric acid product.

The phosphoric acid concentration step is simple in concept put capital
costs of the turbine compressors and heat exchangers are significant in the
overall hydrogen production cost. Even though a considerable reduction in the
cost of H3PO4 concentration has been made, alternative chemical systems are
under continuing investigation with the goal of eliminating H3POq from the
process.

9.8 HI DECOMPOSITION STEP (SECTION 1V)

9.8.1 Design Considerations

The HI decompasition step (Section IV of the process) requires the
following operations;

o Decompose HI{1) to Ha(g) and I2(1)
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o Separate HI from the I3 and recycle to the decomposer
o Separate HI from the H2 and recycle to the_decomposer
o Scrub the H2 product in preparation for distribution

A simplified schematic flow diagram of Section IV is presented in Figure 9.8-1.

Three process variables dominate the design of Section IV and have a
direct ijmpact on the fusion reactor interface. The temperature and pressure of
the HI Decomposition Reactor govern the eguipment size and amount of recycle
through the reactor, whereas the HI-Iz Distillation Column pressure determines
the maximum process temperature required from the fusion reactor. Variables
governing the cleanup of the hydrogen product have a smaller, but still
significant, fmpact on the hydrogen production cost.

9.8.2 HI Decomposition

Hydrogen jodide decomposition is accomplished in the HI Decomposition
Reactor {R-401). The extent of the decomposition reaction is limited by
thermodynamic equilibrium. Therefore, to 1imit the amount of recycle of HI
back through the reactor, process conditions must be chosen so as to give a
high conversion per pass through the reactor. Previous studies at the General
Atomic Company(IO) have demonstrated that when decomposition is carried out
under high pressures so that HI and Iy are present as Tiquids, s much higher
decomposition yield is obtained than with the analogous gas phase
decomposition. Selection of the temperature and pressure involve a number of
tradeaffs. The critical temperature of H] places an upper limit upon the
initial reaction temperature of an adiabatic flow reactor, while the required
hydrogen delivery pressure places a lower bound upon the system pressure.

For this system design we still rely upon an adiabatic flow reactor using
an activated charcoal catalyst. The recently developed homogeneous catalysis

concept(2) became available after this year's design base was fixed.

The reactor was sized for a 4-minute residence time. The mild steel
vassel is lined with fluorocarbon to protect it from the HI and fodine. The
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reactor operates at 8.3 MPa. the reaction temperature increases from 415 K at
the inlet to 424 ¥ at the outlet due to the slightly exothermic nature of the
reaction under these conditions. The majority of the energy required to bring
the HI to reaction temperature is supplied by heat reuse within Section IV.
Only 6% of the enerdgy (10.6 MW¢) must be supplied from the fusion reactor.

A design based upon a continuous stirred tank reactor deserves luture
consideration. It would require a considerably longer residence time than the
adiabatic flow reactor, but the system pressure could be Towered to 5 MPa,
which may lead to reduced capital costs.

9.8.3 HI-I1z Distillation

The 1iquid product from the HI Decomposition Reactor passes through a
pressure reducing turbine to the HI-I» distillation column (C-401). The
pressure of the still (5.1 MPa) sets the temperature of the still bottoms at
713 X, which is the highest temperature required from the fusion reactor helium
in the Joule-Boosted concept. The still pressure and temperature may be
decreased further, thus decreasing the high temperature heat load on the fusion
reactor but at the expense of increased low temperature heat requirements to
reheat the still overhead product for recycle to the HI cracker. In addition,
the heat now supplied from the overhzad condenser to the evaporative
refrigerator and from the bottoms product to the 1iquid HI heat exchangers,
would instead have to be supplied from other sources.

In addition to the 41 MW required from the fusion reactor helium stream,
an additional 36 MW is required at 522 K. This additional heat may be used at
a Tower temperature because the distillation coiumn is designed with
intermediate reboilers. The use of intermediate reboilers increases the
capital cost due to the cost of both the boilers and additional trays ir the
column, but the overall thermal effic.ency is improved significantly.

Each distillation column, constructed from Hastelloy-B clad mild steel, is

2.7 m in diameter for the bottom 12 m and expands to 4.7 m in diameter for the
upper 3 m. There are 25 Hastelloy-B trough type trays in the bottom section
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and 6 in the top. The expanded top section is required by both the :..gher flow
rates and lower density encountered in this section of the column,

9.8.4 Hydrogen Cleanup

The hydrogen from the decomposer is cleaned in three operations. First,
the bulk of the hydrogen iodide is removed by condensation. Second, remaining
lit 1s removed with a water wash. Finally, the trace of H2S is removed by a
combination of chemical reaction and water wash.

The gaseous product of the HI Decomposition Reactor is cooled in three
stages. A heat exchanger removes the high temperature portion of the heat to
the power bottoming cycle and dumps the Tow temperature heat to cooling water.
The stream is further cooled from 303 K to 291 K via an absorption
refrigeration system. The LiBr based refrigerationle) is driven by waste heat
from the condenser of the HI-Ip Distillation Column. After condensate
separation, only a small quantity of HI and possibly HsS remain in the
hydrogen.

The remaining HI is easily removed via a water wash (C-402}. A minimum
anount of water is employed because any water added at this point must be
removed by distillation in Section III. In the absence of iodine, HI is not
corrosive to nonmetallics; therefore, hydrocarbon-lined mild steel is '
sufficient far this application. S$ince traces of iodine could enter the HI
scrub column due to process upsets in the HI condensation system, the lower
portic.s of the column are lined with fluorocarbon. The column is packed with
25-mm ceramic Raschig rings.

Due to the high acidity in the Tower portions of the column, HM»S cannot be
absorbed. HoS builds up slightly in the upper section of the column until at
steady state, HyS passes on to the HpS removal column (C-£03) at the same rale
it enters the HI scrub column. Since H2S has & relatively low solubility in
water, a simple water scrub would require that an excessive amount of water be
processed through Section IT to reconvert the HaS to SO2. The problem is
scTved by adding a small amount of S02 to the HpS absarber. NS reacts with
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S02 in the presence of water to produce a sulfur slurry. The sturry is con-
centrated via a filter with back-flush so oniy a small amount of water
accompanies the S back to Section II where it is converted to SOz via reaction
with S03. The mild steel column, packed with 25-mm ceramic Rashig rings, is
hydrocarbon 1ined to prevent corrosion.

The Hz pressure is dropped to the distribution pressure of 5.1 MPa via a
power recovery turbine and thus exits the process.

9.9 MATERIALS SELECTION FOR THE THERMOCHEMICAL PLANT

The corrosive nature of the chemicals involved in the GA cycle has
necessitated an extensive materials testing program be carried out during the
process development effort. Since sulfuric acid is common to other thermo-
chemical cycles and is industrially sianificant, other workers have extensively
investigated materials for the HpS04-H20 system.

9.9.1 Materjals SeTection for Section I

The extensive material testing program for the GA cycle has produced a
great deal of data on corrosion in fodine systems(22). Table 9.9-1 presents a
summary of the test results. Early results indicated that nfobium was an
additional material impervious to attach by the HI-Ip-HoD solutions typical of
the main solution reactor, but the most recent work regarding the effect of the
H25Ca upon the system questions the use of nijobiuir in this portion of the
pracess. Tantalum car. be substituted for the niobium, at higher cost, but this
has not been done in the present equipment design.

Although glass-lined steel is an ideal material for use with the HI-I3-Hp0
system, it is unavailable in the equipment sizes required for the TMR powered
plant. Fluorocarbon-lined steel performs the same function and is available in
the desired equipment sizes.
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TEMPERATURE

MATERIAL CANDIDATES FOR:

PRINCIPAL RANGE HEAT EXCHANGERS, VESSELS, PUMPS AND
UNIT-OPERATIONS FLUIDS % K HARDWARE
MAIN SOLUTION REACTION S0z +13 +HoO — 126 398 GLASS-LINED STEEL; CERAMICS — SiC, A1 ZOJ' CARBON
Hi + 1,50, (85 wi% ACID) ;l.é:s:;gg:‘l;:gﬂ PLASTICS !lhzl;“EPAVLIﬂ;S GRAPHITE
lp AND H30 SEPARATION HI, + H:PD‘ 120-158 393-431 | GLASS-LINED STEEL; HASTELLOY B-2;
TANTALUM-LINED STEEL: FLUOROCARLCON FLASTICS
12 RECYCLE lg 120 393 HASTELLDYS B-2, G, £-276; GLASS
EIEﬂcLlIJI':PHE:SITmN OF Hi, (LOW HgD); 1; Hy 120 393 HASTELLODY B-2; GLASS-LINED STEEL;
X FLUGROCARBON PLASTICS;
Table 9.9-1

Material candidates for handling process fluids containing HIX and 1,




9.9.2 Materials Selections for Section 1I

Materials selections need to be made for the following process units for
Section I1:

Multi-Effect Evaporator
KpS04 Boiler
Joule-Boosted Decomposer
Fluidized Bed Decomposer
Decomposer Recuperator
Decomposer Cooler

o a 9 o o ©

Table 9.9-2 presents a summary of the material {nvestigations by 6Al22) for the
sulfuric acid sections of the process.

Multi-Effect Evaporator and HoS04 Boiler

Materials problems are similar for the Multi-Effect Evaporator and the
H2504 Boiler. The main problem is to provide a heat exchanger that is tolerant
of hot concentrated sulfuric acid. A1T known metallic heat exchanger materials
{except for expensive noble metals such as Au and Pt}, are severely corroded by
these HpS04 solutfons above temperatures of ~500 K, A number of ceramic and
intermetallic materials have been tested in hot concentrated HzS04 at 633-693 K
in recent years at LLNL{23,24} and at Westinghouse(25!. The top candidate
materials from both corrosion resistance and heat exchanger design standpoints
are the following:

Sfliconfzed SiC
“CrSi2" coated Incoloy-800
o Durichlor-51 (Fe-14% S1-4% Cr}

A1l of these materfals depend upon the development of a corrosion resistant
$102 scale on the surface to provide protection against corrosfon by Ho504.
Similarly, it 1s well known that pure silica glass (S$102), such as in the form
of silica brick, 1s inert to corvosion by HzS04.
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PRINCIPAL

APPROXIMATE
FLUID TEMPERATURES

MATERIAL CANDIDATES FOA:

1UNIT OPERATION FLUIDS HEAT EXCHANGERS, VESSELS, PUMPS
o oK AND DTHER HARDWARE
WMAIN SOLUTION REACTION | 50, +1;+ Hpd —— 125 398 GLASS-LINED STEEL; CERAMILS-SIC,
WL 5 1.0, (65 o1 %) A1,05 CARBDA;
 + HaS04 65wt ELUORDCARBON IMPERVIDUS GRAPHITE
PLAST!CS & ELASTOMERS;  TANTALUM
CONCENTRATION Hy50,4 5555wt % 95 150 368-423 | WASTELLDYS 8—2 GLASS OR
R c-276 BRICK-LINED STEEL
IMPERVIDUS GRAPHITE
CONCENTRATION H,80, 65-7T5wt % 150-180 423453 | WASTELLDYS B-2 GLASS 0R
? QR C-276 BRICK-LINED STEEL
IS IMPERVIOUS GRAPHITE
CONCENTRATION H,S0;  75-98wt% | 180420 | 453-693 | BRICK-LINED STEEL:CAST Fe-1awt%Si
VAPOR FORMATION Hg804 —H,0+503 | 330-600 [ 603-873 | BRICK-LINED STEEL; CAST Fe- 14wt Si
AND DECOMPOSITION SILICIOE COATINGS ONSTEEL; MASTELLOY G
varor pecomposiiony | o0+ M2l 600850 | 873-1123 ||
Ml +50,+ 120, - INCOLOY 800H WITH ALUMINIOE COATING

Table 9,9-2 Candidates

construction materials for sulfuric acid




SiC currently presenis the best prospect as a heat exchanger material.
Siliconized SiC (a two-phase composition consisting of a mixture of SiC and Si)
is produced at the Norton{26) and Carborundun(27) companies and 1s especially
suited for this type of application. This type of material, which contains
about a 10-15% excess of silicon metal, is impervious to gases, has 2 high
thermal conductivity, high strength, good thermal shock resistance, and can be
fabricated in complex shapes and bonded together to form heat exchanger
assemblies(28) Corrosion testing of SiC for 1121 h and Si for 592 h in 97%
H2804 at 673 K at the Lawrence Livermore National Laboratory showed no evidence
of corrosion{23), thus confirming the corrosion resistance of both SiC and Si
for this application.

Specimens of Incoloy-800 coated with chromium siticide of nominal
composition CrSiz were tested for corrosion for 240 h at 673 K in 97% H2S04 at
the Lawrence Livermore National Laboratory(24) and found to show a very low
rate of corrosion {extripolated weight loss rate of 15 mg/cmz-y). The coatings
were about 120, m thick, uniform in thickness, well-bonded to the substrate,
and without evidence of fractures. The coatings were prepared by Dr. Charles
M. Packer of Lockheed Missiles and Space Company of Palo Alto, California,
using a slurry coat and rapid melt technique. Although the above results are
preliminary in nature, they are encouraging in that a conventional heat
exchanger material such as Incoloy-800 can be protected against corrosion by a
coating process.

Durichlor-51 is a commercial high silicon cast iron material that is yet
another candidate as a heat exchanger or container material. It {is basically
an intermetallic compound with a composition of approximately Fe5$i and, as
such, presents the disadvantages common to most intermetallics of poor
ductility, low tensile strength, and poor machining and fabrication
characteristics. Also, being a cast material, the control of internal
porosities and non-uniformities present production problems. Nonetheless, with
proper quality control and with good engineering design and practices, these
problems can be controlled. From a corrosion standpoint, tests of up to 524 h
on Durichlor-51(23} have shown only a moderate amount of attack (5um surface
penetration); but very importantly, corrosion appears to proceed very uniformly
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over the surface of this material. It therefore seems reasonable to
extrapolate to a 1ifetime of the order of 5 y for this application. In
contrast to Durichlor-51, duriron is another high silicon cast iron alloy that
shows a rather irregular corrosion behavior with grain pullouts, corrosion
pits, and spallation in similar H2SD4 corrosion tests at 673 K(23),

In view of ihc cevelopments thus far, our choice of material is
siliconized SiC for the H2504 heat exchangers for both the Multi-Effect
Evaporator and the Hp504 Boiler. We select silica brick as a liner material
for the vessels, both because of the inertness of silica to corrosive attack by
sulfuric acid, and to provide thermal insulation so that more conventional
materials (e.g., Teflon-lined steel) can be used for the vessel wall. We
select Durichlor-51 for the bodies of the 1iquid HpS04 circulation pumps.

Joule-Boosted Decomposer

For the Joule-Boosted Decomposer, we mainly need to select a material for
the heating elements. We are in the fortunate pasition that Tiegs at Dak Ridge
Mational Laboratory has recently exposed a number c¢v¥ materials to sulfuric acid
vapors at 1 atm pressure for up to 1900 h at 1273 K and 3300 h at 1498 K(28),
0f the materials tested, SiC proved to be the best and to give an extremely low
corrosion rate, €.9.,~ 0.5 m depth of corrosion in 1000 h at 1273 K. Further-
more, corrosion appears to proceed according to a diffusion controlled
mechanism through a protective silica (Si02} scale which, by extrapolating by
the indicated t1/2 1aw, we obtain~7 ur corrosion in 20 years - which is
negligible.

Inc, rase of precsure of gaseous su)furic acid vapors from the 1 atm
conditions used by Tiegs to the 7 atm required in the Joule-Boosted Decomposer
will increase the corrosion somewhat due to volatility of Si102 in steam as
gaseous S1(0H)z, but the effect is not expected to be significant at 1250 K.

Two materials approaches are available for the vessel walls of the
Joule-Boosted Decomposer. The wall can either be 1ined with silica brick
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backed by 316 stainless steel maintained abtve the condensation temperature ¢
sulfuric acid ( 680 K}, or it can be constructed of Incoloy-B0OH which is
Timited to a maximum temperature of 050 K because of creep strength
Timitations (see further details on Incoloy-800H properties in the discussiorn
of the Fluidized Bed Decomposer below). Selection of the materials approach to
use will depend upon engineering considerations.

Fluidized Bed Decomposer

The main materials problem in the Fluidized Bed Decomposer is selection of
a heat exchanger material to meet corrosion resistance and creep strength
requirements.

Corrosion tests on a number of heat exchanger alloys for HoSO4 vapor
decomposers have been carried out at JRC Ispra and at the General Atomic
company at temperatures in the 773-1173 K range. Their resu1ts‘29) indicate
that as bare uncoated alloys, Incoloy-800H and Inconel-625 provide the best
materials with anticipated 1ifetimes of a few years. A substantial gain in
1ifetime can be achieved by using an aluminide-coated Incoloy-80CH on the
surface exposed to the decomposing 303 gas. This gives an unusually stable
coating-substrate combination that stabilizes in coating thickness and weight
change after an exposure of 200-300 hours to the gaseous H2S04 products(25”.
Corrosion protection is apparently afforded by an A1203 film, and imperfections
in the coating are self-healing. The useful 1ife of aluminide-coated Incoloy-
800H for this application is believed to be of the order of 20 years. On the
high pressure helium side, corrosion is not a problem.

From a consideration of creep strength, cost, and fabrication jssues,
Inconel-617, Inconel-625, and Incoloy-800 {or Inceloy-800H) appear to provide
the best alternatives. Stress rupture and creep properties for Inconel-5625 and
Incaloy-800 are comparablef30).  Although creep strength data are not available
for Inconel-617, it shows 1000-hour stress rupture strengths that are three
times higher(30) than for the other two alloys. Thus, extrapolations of the
available data for Inconel-625 and Incoloy-800 suggest a tensile creep strength
for 1% creep in 100,000 hours of 2000 + 50% psi (1.4 x 107 Pa) at 1100 K and



1200 + 30% psi (8.2 x 106 Pa) at 1150 K. We estimate the corresponding values
for Inconel-617 to be 6000 + 50% psi (4.1 x 107 Pa) at 1100 K and 3600 + 30%
psi (2.4 x 107 Pa) at 1150 K based on the argument that the creep strengths
scale as a fraction of the Tong-term creep rupture data similar to Inconel-625
and Incoloy-800. Although no c¢reep data are available for Incoloy-800H, it is
a material that has been designed for higher strength than Incoloy-800 and
shauld give a better performance.

From a consideration of both corrosion and creep strength we select
Incoloy-800H as Lne heat exchanger material for the Fluidized Bed Decomposer.
A minimum wall thickness 3 mm is regquired to maintain material integrity after
allowances for~ 0.5 mm corrosion penetration. An aiuminide protective coating
is recommended on the S03 side of the heat exchanger to obtain a tonger equip-
ment life.

Selection of a vessel material for the Fluidized Bed Decomposer involves
the same considerations as for the Joule-Boosted Decomposer., Either a silica
brick-tined 316 stainless steel vessel or an Incoloy-800H vessel would be
suitable.

Decomposer Recuperator

The main materials problem for the Decomposer Recuperator is for the Heat
Eichanger, and as was the case for the Fluidized Bed Decomposer, corrosion and
Tong-term creep sirength are the main considerations. Temperatures are suf-
ficiently Tower here (~1050 X) that the problems are less severe. Therefore,
an aluminide coating should not be needed. We select Incoloy-BOOH at a wal)
thickness of 3 mm as the preferred material with Inconel-617 as a backup for
the Decomposer Recuperator heat exchanger. Selections far the vessel walls are
either silica brick-lined 316 stainless stee? or Incoloy-800H.

Decomposer Cooler

Transport piping from the Decomposer Recuperator to the Decomposer Cooler
would be made from Incoloy B00H. The Decomposer Cooler heat exchanger is an



integral part of the Multi-Effect Evaporator and the heat exchanger tubes would

be made from siliconized SiC.

Summary of Materfals Selections for Section II

The selection of materials for Section II are summarized below in Table

9.9-3.

Table 9.9-3 Summary of Materials Selections for Heat Exchanger and Vessel
Materials for Sectionm 10 of the GA Thermochemical Cycle

PROCESS UNIT

MuTti-Effect Evaporator

H2S04 Boiler

Joule-Boosted Decomppser

Fluidized Bed Decomposer

Decomposer Recuperator

Decomposer Cooler

Hx MATERIALS

Siliconized SiC tubing,
DBurichinr-51 pumps

Siliconized SiC tubing,
Durichior-51 pumps

SiL heating elements
Aluminide-coated
Incoloy-800H

Incoloy-800H

SiTiconized SiC tubing

VESSEL MATERIALS

Sitica brick liner on
Teflon-1ined mild steel

Silica brick liner on
Teflon-Tined mild steel

Incloy-800H, or silica
brick liner on 316 S.S.

Incoloy-800H, or silica
brick liper on 316 S.S.

Incoloy-800H, or silica
brick 1iner on 316 §.S.

Vessel is integral part
of Multi-Effect Evapo-
rator



9.9.3 Material Selection for Sections III and IV

Material selection for Sections III and 1V is similar to that selected for
Sextions [ and II. The information in Table 9.9-1 is applicable to the
iodine-HI regions of Sections 111 and IV. Phosphoric acid adds no new
complexity except in the high temperature portions of the process, acid brick
is necessary as a thermal protection for teflon liners. In addition, Hastelloy
C has been recommended{31! for use with boiling concentrated phosphoric acid.

9.10 SAFETY CONSIDERATIONS

The main safety issues involve the control, handling, and containment of
tritium, 'iquid lithium, and sulfuric acid. The safety issues regarding
tritium and 1iquid 1ithium were reviewed and discussed in some detail in the
1980 reportflg), and it was concluded that adequate controls were designed int)
the system to maintain proper safety. We have applied similar consideratoins
in the current designs, including particular atteation to both residual and
accidental ieakages of tritium into the enviroament or product, tritium
inventories in the system, and potential problems of 1iquid lithium fires. We
feel that the safety issucs have been well met, and many of the details have
been covered in this year's text. MWe refer the reader to last year's report
for further details.

I regard to safety of sulfuric acid, 1t is important that conservative
designs be maintained on the vessels and piping containing hot 1iquid and
gaseous sulfuric acid and its decomposition products, since sulfuric acid
introduced into the environment is a serfous health hazard. HWe feel that we
have taken adquate easures in our design siudics, and vecegnize further that
the sulfuric acid industry has been a large and well-established 1ndusicy aiu
one that we can draw on for future design information as needed for assuring a
safe plant.
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9.11 PLANT LAYOUT AND PLOT PLAN
9.11.1 Plant Layout

A complete plant process layout, assembling all of the sections, was
prepared for last year's :eport(ll and is given earlier in the report in Figure
9.0-1, compiete with important process parameters and labels on key process
sections and on process units. The legend describes the symbolic
representation used, Generally we have attempted to arrange the highest tem-
perature processes at the top of the figure and the Tower temperaturz processes
at the bottom. At the #mmediate left is the Tandem Mirror Fusion driver and
the associated helium coolant streams aperating turbo-generators and process
heat exchangers as a topping cycle and bottoming into a steam-Rankine cycle for
additional electricity generation.

A larger version of this complete process flow diagram and flowsheet are
available upon request. However, this reduced-size figure has been included to
help one grasp the overall picture of the Fusion/Synfuels Process concept.

This year's verwion of the flowsheet has iot been integrated into a
simitar one full layout but simplified flowsheets for each section have been
presented in the text of this section. Last year's composite flowsheet still
serves the purpose of presenting tne scale of the total thermochemical process.

9.11.2 Plot ?lan

An artist’s conceptual drawing of the plot plan as given in last year's
report{1) is shown in Figure 9.11-1. Changes in this year's design did not
materially affect space requirements so this plot ptan still gives a rough idea
of the approximate land area and relative sizes of the TMR nuclear island,
turbine-generator, steam generator and process heat exchanger building, as well
as the rest of the chemical plant. We conclude from the plot plan that
this plant is quite compact, and raises no new issues regarding heat transport
distances, safety, etc.
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10.7 POWER AND TEMPERATURE MATCHING

10.1.1

Matching Philosophy and Procedure

In order to satisfy the interfacing reyuirements, the tandem mirror
reactor (TMR) interface must be designed to supply all the electrical and
thermal power demands.of the thermochemical nlant (TCP) after satisfying all
the TMR internal and auxiliary demands. In addition, the TCP thermal power
demands must be supplied to each sectian of the synfuel plant at the correct
temperatures. The heat exchangers, steam generators and power plants which
comprise the actual interface are shown on Fig. 10.1 in greatly simplified
form for the Joule-Bousted decomposer (JBD) concept.

One possible procedure for accomplishing the matching of both the power
and temperature demands of the TCP is as follows:

Step 1:

Step 2:

Step 3:

Step 4:

Step 5:

Step 6:

Do the internal power balance for the TMR for seiected plasma Q
and component efficiencies.

Evaluate the power demands of each sectign ¢f the TCP and group
them into an overall thermal demand and an overall electrical
demand.,

Seiect tentative efficiencies for the steam power plant (SPP) and
bottoming plant.

Do a tentative interface power balance and determine the tentative
values of the hydrogen production rate and the TCP efficiency.

Construct a temperature-enthalpy (T-H} demand curve fur the TCP.
Select tentative inlet and outlet temperatures for the various TMR

coolant flows which will meet the demands in Step 5 and construct
a tentative T-H supply curve.
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Step 7: Draw a tentative interface arrangement showing the various inter-
mediate heat exchangers required (steam generators in this study).

Step 8: By trial and error, determine the optimum steam flows and
temperatures in each part of the interface so that the steam T-H

curve fits in between the supply and demand curves.

Step 9: Estimate the actual efficiencies of the steam power plant and the
bottoming plant based on the actual temperatures at which heat is

available to them.

Step 10: If these efficiencies are very different than those assumed in
Step 3, or if same power or temperature demand cannat be
satisfied, redo the praocedure starting at Step 3.

When the final results are reasonably self-consistent, then one possible
solution to the interface matching has been found. However, it may not be
the "optimum" solution, so that it may be necessary to try other heat
exchanger arrangements to see if a better matching can be obtained.

For this FYB2 study, we set as our primary objective to try to minimize
the first wall, blanket and direct converter material temperature:s reguired
for the JBD concept; obtaining a high overall TCP efficiency was made a
secondary objective., It is felt that the low materials temperatures will
lead to a highly credible and cost effective design even with relatively low
TCP efficiency, as discussed in Section 1,

The abave ten-step procedure has been used in this conceptual design
study to give reasonably rapid, approximate results for a wide varjety of
cases. In the following sections, the procedure will be iilustrated in
detail for the reference case selected for this FY82 Final Report.
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10.1.2 Power Balance for the TMR (Step 1)

The power balance for a2 TMR (Step 1 above) for a plasma Q = 25 and a
fusion power of 3500 MW is already indicated on Fig. 10.1. It can be seen
that the first wall (FW), the blanket (BL} and the direct converters (DC)
supply a total of 3780 MHt of thermal power to the TCP. In addition, the
UC supplies a net electric power of 120 Mwe to the TCP.

This power balance is obtained as follows. The thermal power output
from the TMR blanket and first wall is assumed to be egqual to the neutron
power times the blanket muliiplication, M = 1.2:

Pt{BL + FN) = (0.8 Pfus XM= 3360 th

About 8.5% of this power {285 th) is deposited in the first-wall helium
coolant, while the remainder (3075 MNt) is carried out by the blanket
helium coolant.

The remaining 20% of the fusion power is assumed to eventually fiow out
the mirror exits to the direct converters as ion leakage (including the
"halo" power) and be converted to electric power at an effective efficiency,

Moe = 50%:

Pe(DC) = 0.20 x Pfus X Mpe = 420 Mwe

For a plasma §§ = 25, the overall circulating power reguired to power the TMR
(including neutral beam injectiorn, RF neating, etc.) is:

[
. _fus
Pe(C]RC) Tnyyy 233 M,

where Mg is the overall average efficiency of all the injection
devices, taken as 60%.

We assumed that roughly 67 Mwe would be required “or auxiliaries such
as vacuum pumps, helium refrigerators, etc. This leaves a net electric power
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to the TCP of 120 Mwe as shown on Fig. 10,1,

The total thermal power to the TCP consists of the 3360 th from the
first wall and blanket plus 420 th rejected at high temperature fr¢n the
direct converters. This sum is the 3780 i, shown in Fig. 10.1.

In Section 10.2, the power and temperature matching for the TCP

employing the Joule-Boosted decomposer concepi is described. Then in Section
10.3 the matching for the TCP employing the fluidized bed decomposer concept

is discussed.
10.2 JOULE-BOOSTED DECOMPOSER SYSTEM

10.2.1 Energ; Demands of the Thermochemical Plant (Step 2)

The overall TCP is divided into Sections I, II, I1I, IV and vV as
described in Section 9 of this report. Section V of the TCP is the inter-
face itself. Several different options for the TCP equipment and processes
were investigated this year in an attempt to find the arrangement which
appeared to be most cost effective, i.e., the lowest overall cost per mole

of hydrogen produced.

The arrangement selected for the FYB2 reference cas for the Joule-
Boosted decomppser (JBD) concapt retained vapor recampression (VR} in Sectian
III and added pressure stagi. j (PS) in Section II. The final energy recuire-
ments for each section assum 1 in this FY82 study are summarized in Tables
10.1 and 10.2. {Some minor Aaanges in these vaiues were made by GA after
this table was prepared. Th. effect of these small changes will be treated
by a sensitivity analysis in Section 10.2.7.) The very important HZSG4
process stream requirements are shown on Fig. 10.2. It can be seen from
Table 10.1 that the TCP requires a total of 285 kJe of electric energy and

331 th of thermal energy per mole of hydrogen produced.

The temperatures at which each thermal energy demand is required are
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Table 10.1 Thermal and electrical demands of the TCP for the reference
FY82 Joule-Boosted decomposer concept (with vapor recompressior
(VR) in Section 111 and some pressure staging (PS} in Section II)

Electric Thermal
Demand Demand Temperature
(kdg/mole hy) (kdg/mole Hp) Range

Section 11
Oecomposer 97 - -
Preheater 57 -- --
Preheater -- 26 680 » 722 K
Bailer -- 108 680 K
Evaporator (with PS) - 85.4 400 + 680 K
Section I11
HX E303 - 72.4 523 K
HX E308D -- 21.2 484 K
TC 301, 302, 303 (WR) 131 -- -
Section IV
E404A €.7 713 K
£404B2 1.7 616 K
£404C2 7.4 522 K
£402C 2.2 393 - 415K
TOTALS Ee = 285 Et = 331
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Table 10.2 Usable waste heat flows from the TC processes

(for use in the freon bottoming plant)

Source Amount Temperature
(kJy/mole Hz)
Section I m 393 K
21 425 K
Section II 44 430 K
Section III 56 368 + 417 K
TOTAL E, = 232
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aley given in Table 10.1. These temperatures can be seen to range from
393 K to 722 K for the JBD concept. These temperature demands are not
considered in detail until after a tentative interface power balance has

been made (Step 4).

10.2.2 Simplified Power Balance Model (Steps 3 and 4)

The simplified interface power balance is illustrated in Fig, 16.3. The
TCP total demari?s for the JBD concept (with vapor recompression in Section

111} are:

£
e

285 kJe/moTe H2

By

331 th/mole H2

It is necessary to know the number of males of hydrogen produced per second,
N, befare the power balance can be made, since the electric and thermal power
demands of the TCP are ﬁEE and ﬂEt, respectively.

In order to determine N in a self-consistent manner, it is first assumed
that some fraction,f],uf the TMR thermal power is required to satisfy the
TCP thermal demand, and the remainder is available for electric power gener-
ation to help supply the TCP electric demand. The first relation which must
be satisfied in thus the thermal power balance:

f1P, = R (10.1)

where Py is the total thermal pawer available from the TMR (3780 th), f] is
the fraction of this power which goes directly to the TCP, E, is the total
thermal energy requirement of the TCP (331 th/mcl H2). and N is the number
of moles of hydrogen produced per second.

The second relation which must be satisfied is the electrical power

balance:
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Pae + (1 = F1)Prgpp + E Nrgprr = NEg (10.2}

where Pde is the net electric power available to the TCP from the direct

converters (120 Mwe), ngpp is the thermal efficiency of the steam plant,

Ew is the waste heat from the TCP which is at high enough temperature to be
usable in a bottoming pTant (such as a freon cycle), ﬁEOTT is the effective
thermal efficiency of the bottoming plant (which depends on the temperature
at which the various waste heats are available), and Ee is the total elec-

trical energy demand of the TCP (285 kJe/mo1e Hz).

Solving these two simple algebraic equations for the two unknowns:

. P..+P.n
M= de ~ "t SPP (10.3)

Ee * E¢Nspp = Magrrty

£
fl | (10.4)

o+

For the reference case of Fig. 10.3, we find that N = 3.942 k moles Hzlsec
and f] = 0.345. These vaiues are for an estimated steam power plant
efficiency, Ngpp = 35%, and an effective bottoming plant efficiency estimated
to be 15%. The values of ngpp and nggry are our best guesses at this

point {Step 3).

The overall efficiency of the thermochemical process {(TCP) can now be

calculated using the definition:
HHVFI

YMep EFT P P P = 0.298 (10.9)
where AHHHV is the higher heating value of the hydrogen produced plus a
small amount of pressure energy (286 + 9 = 295 kJ/male Hz) While this
TCP eificiency is rather Tow, the maximum helium coolant temperatures
required will be shown to be only 825 K for the blanket and 625 K for the
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first wall. These temperatures are considered to be very low compared to
other thermochemical process concepts. As a result, it is felt that these
low THMR temperatures will result in a credible TMR reactor and a cost-

effective synfuel plant.

10.2.3 TCP Temperature-Enthalpy Demand Curve (Step 5}

{f the thermal energy demands of the thermochemical process are broken
down in terms of the requirements in each temparature increment, we obtain
the results shown in Table 10.3. When these results are plotted, we obtain
the TCP demand curve as shown by the bottom curve of the

temperature-enthalpy (T-H) plot on Fig. 10.4.

16.2.4 Interface Heat Exchanger Arrangement and Helium Coclant
Temperatures {Steps & and 7)

As discussed above, one of the primary abjectives of this design for
tre interface for the JBD concept was to try to obtain the minimum possible
temperatures for the first-wall structure, the blanket structure and the
direct converter collector plates. A second important objective was safetly.
This jwplies isolating the helium coolant streams from the TCP by use of
intermediate heat exchangers. It was decided to use steam as both the heal
Loaaspert fluid into the TCP and also as the working fluid in the main
electric power plant. Thus, the intermediate heat exchangers arz sSteam

gerierators.

These objectives resulted in the interface diagram shown in Fig. 10.5.
(It should be noted that this diagram has been simplified for the sake of
clarity: for example, the TCP heat exchangers shown are strictly suggestive.)
After considerable trial and error, it was found that the first-wall heljum
thermal power of 285 MW (about 8.5% of tie total blanket puwer) matched the
low temperature demands of the TCP very well. As a result, the first-wall
helium coolant temperatures were chosen at 525 K into the TMR and 625 X out
as shown on Fig, 10.5. The relitively low bulk temperature rise of 100 K
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Table 10.3 Construction of the TCP demand (or load) curve

(starting with H = 0 at 393 KO

Temperature Approx. aH at Each Temp ZAH
393 » 415 K 2.2 kg 2.2
400 + 484 K 25.5 27.7
484 21.2 48.9
484 + 523 K 11.8 60,7
523 72.4 + 7.4 = 75.8 140.5
523 + F80 K 47.7 188.2
680 (+ 616) 108 + 1.7 297.9
680 » 713 K 20.4 318.3
713 6.7 325.0
713 + 722 K 5.6 330.6 331
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yields high heat transfer coefficients and relatively low temperatures for
the first wall structure. This results in desirably high allowable creep
strength {see Section 5 for details).

The first-wall thermal power can be converted to kd/mole H2 far
plotting on Fig. 10.4 as follows:

P
- _t{FW) _ 285 _
. 7547 72.3 th/mo1e

Ery

Using this value and the temperatures sited above, the low temperature
partion of the heljum supply curve can be drawn as shown at the left-hand
side of Fig. 10.8 {defined as the “low temperature" region). The total
first-wall helium flow rate required is thus calculated from:

P 6
- t(FY) 285 x 10
M., = = = 548 kg/s
W CDATB(FW) 5200 x 100

(52e Section 5 for further details.)

In order to construct the medium and high temperature portions of the
helium supply curve, we first must chouse helium blanket and direct converter
cootant temperatures. After several iterations we found that reasonable
helium inlet and outlet temperatures for adequately high AT's between the
s.eam and the helijum were 625 K and 825 K, respectively, as indicated on
rig. 10.5. These temperatures not only match the blanket design well, but
also provide a low enough bulk temperature rise in the blanket canisters for
good heat transfer without excessive pressure drops. It should be noted
that these "high" temperatures for the JBD concept are much lower than the
corresponding high helium temperatures for the FDB concept.

Far the high temperature portion of the supply curve on Fig. 10.4, it
was determined that the entire thermal power from the blanket and direct
converters would have to be used. This conclusion was reached when it was
determined that the total helium flow rate from the blanket and direct
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converters was just sufficient to give the desired slope of the high
temperature helium supply curve shown on Fig. 10.4 between 331 kJ/mole (at
825 K) and 198 kJd/mole {at 795 K). This slope results in adeguately high
AT's between the supply and demand curves at all points. This, in turn,
helps insure that the steam generator designs will be cost effective,

The total helium flow rates for the selected bulk temperature rise of
200 K fu the blanket and direct converter flows are given by:

p 6
s _ t{BL) (3360 - 285) x 10
M, = = = 2957 kg/s
BL CpATB(BL) 5200 x 200
p 6
= _ _t(DC) 420 x 10
My~ = = = 404 kg/s
DC CpATB(DC) 5200 x 200

The choice of the point at which to stop using all the thermal power in
the helium flow (at 795 K and 198 kJ/mole on Fig. 10.4} is not unigue, Other
choices would lead to slightly different helium supply curves and steam
conditions, but these changes would have a minor effect on the TCP efficiency

for this reference design.

Finally, the medium temperature thermal demands can be met by the
partial helium power curve shown connecting the high and low temperature
portions of the supply curve on Fig. 10.4. It should be noted that this
choice is also not optimum {because the AT's are larger than necessary
around 140 kd/mole), but it does lead to simple steam generator arrangements.

Table 10.4 summarizes the helium thermal nowers available and required
by the TCP in each temperature range. It can be seen that about 496 Ml
from the blanket and direct converter helium flows is reguired to satisfy
the medium temperature demands of the TCP. This Teaves about 2475 th at
helium temperatures from 795 K down to 625 K available tc produce steam for
the electric power demands of the TCP. The steam flow requirements and the
steam supply curve which we arrived at will be discussed next.
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Table 10.4 Thermal powers for the Joule-Boosted decomposer concept

HeTium Helium Source Thermal Thermal Thermal
Supply Temp. Power Pawer Pawer Left
Range Available Required for Elec.
from by Power
TMR cp Generator
High temp. 825 + 795 K Blanket 524.3 524,3 0
+ 0C
Medium temp. 795 + 625 K Blanket 2970.7 495,5 2475.2
+ DC
Low temp. 625 + 525 K First ¢85.0 285.0 0
Wall
TOTALS 3780 Muy 1304.8 Mg 2475.2 Mg

10-18



10.2.5 Selection of the Steam Temperatures and Flows (Step 8)

The gbjective of this step is to select steam flaw rates and temper-
atures so es to produce a steam curve which fits well in between the helium
supply curve and the TCP demand curve of Fig. 10.4, i.e., a curve which gives
adequate AT's for both heat transfer from the helium inta the steam and fo-
heat transfer from the steam to the process. In addition, it is felt to be
desirable to keep the steam flow arrangements as simple as practical at this
stage of the conceptual design study.

A1l the steam and water flows are at a nominal pressure selected as 8.0
MPa (where Toar = 568 X}. This pressure has been purposely chosen to be
higher than the helium coolanrt pressure of about 5.0 MPa to insure that
minimal tritium would get into the steam generators in the event of a leak
{see Section 5.4 for details). In addition, this steam pressure is felt to
be acceptable in the TCP equipment.

The arrangement finally selected for the steam flows is shown in Fig.
10.5. The total steam flow is required to supply heat to the TCP in the high
temperature region. Superheated steam can be genzrated up to a maximum
temperature, TS] = 775 K, as shown on Figs. 10.4 and 10.6. This steam flow
is cooled to Tg, = 710 K and transfers:

ﬁS(HIGH) = faH oy = 3-942(331 - 180) = 595.2 Md,
to the thermochemical process as indicated by the high temperature portion of
the steam supply curve on Fig., 10.4, The end point for this portion ef the
steam supply curve was chosen to give adequately large AT's between the
helium and the steam flows on one side and between the steam and the TCP
flows on the other side of the heat exchangers. However, it should be noted
that this end point is not a unique choice nor even the optimum value. It
is a reasonahte compromise to give simple heat exchanger arrangements,

The total steam flow rate is calculated from the power balance:
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M (rom) (51~ fs2) = Ospwien) ~ sos.2 mi,

Thus

- 3
. __595.2 x 10 -
MS(toT) = 73407 - 3236.7) - 001 ks
vhere hSi and h52 are the superheated steam enthalpies {in %J/kg) at states
S1 and S2, respectively, on Fig. 10.€.

This flow them divides intc¢ three parts as indicated on Fig. 16.5, The
first part of the steam fiow, referred to as ﬁS(MED)’ has been chosen to be
Just sufficient to transfer the medium temperature heat down to the satur-
ation temperature of 568 K and H = 72.3 kJ/mote, as shown on Fig, 10.4. The
second part, referred to as ﬁS(SPP)’ is chosen to carry the 2475 MW of
thermal power (shown on Fig. 10.3 and Table 10.4) to the steam power plant.
The remaining third part, referred to as ﬁS(RECIRC)’ is recirculated
cirectly back to the steam generator as shown on Fig. 10.5.

These three steam flows are determined quantitatively for the reference
case as follows. From Fig. 10.4, we need a medjum temperature steam flow

rate to supply:

QS(MED) = N X MHyep = 3.942 (180 - 72.3) = 424.6 M
We choose the steam state S3 on Fig. 10.6 at 135 kJ and 568 K. This is the
point on Fig. 10.4 where condensation of the steam at TSAT = 568 K begins
and appears to give the besi match to the TCP demand curve in this region.
Tnis choice fixes the mass flow rate for the steam which supplies the medium

Lemperature heat:

i |, NdMsas3 | 3.942(180 - 135) x 10°
svep) © Thoy - Neg) | (3296.7 - 2757.5)
1774 % 10° 300 o0
§79.2 9
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Only a part of the enthalpy of condensation is used in providing the
remaining medium temperature energy from H = 135 kJ/mole down to H = 72.3
kd/mole on Fig., 10.4, At the final steam state S4 of Fig. 10.6, the quality
is still about 54%. Thus, this steam still has about 286 th of power
remaining as enthalpy of condensation.

One place to use this remaining heat of condensation is in the final
stage of regeneration (i.e., feed water preheating)} of the water fiow out of
the steam power plant condenser. This can raise the feed water to the satur-
ated liguid state while reducing the MS(MED) two-phase steam flow to the
satur ited state. This alsc avoids having to pump a two-phase mixture to make
up for the pressure losses in the ﬁS(MED) flow.

The steam flow to the steam power plant is then determined from the
following povier balance:

% spp) sz = Mss) = Qspp(rom) = Q(sa-ss)

where dSPP(TOT) is the total thermal power available to the SPP from the TMR
(2475 MW, as shown on the power balance diagram of Fig. 10.3)}. 0(54_55) is
that portion of the steam paower plant heat input supplied by the remaining
enthaipy of condensation of the ﬁS(MED) steam flow, i.e., 286 th. Thus,

P _ (2475 - 286) x 10°
S(sPP} ~ (3236.7 - 1317.0)

= 1140 kg/s

The third part of the steam f'ow which is recirculated directly back to
the steam generator at state S2 is thus given by:

-

Ms(RECIRC) S(T0T) ~ ﬂS(MED) - r:’s(spp)

3601 - 370 - 1140

2091 kg/s

This is about 58% of the total steam flow, It indicates that over half the
superheated steam acts as a very effective gaceous heat transport fluid to
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the TCP without ever condensing.

The low temperature heat is supplied by pressurized hot water heated by
the first-wall heat exchanger (the bottom heat exchanger on Sig. 10.5). The
heat required by the TCP is:

Qg(Lou) = (72.3 kd/mole} x § = 285.0 M,

The water at 8.0 MPa is heated by the first-wall helium from state S5 at
450 K to state S5 at 568 K (shown on Fig., 10.6}., For an average pr of the
water of 4.86 kJ/kg-K, the regquired water mass flow is calculated from:

. _ QLw
ow T 1
pw' 54 Ss

= 598.3 ko/s

The total thermal power supplied by the steam and hot waier flows in
thus:

bserory = dsquaeny * Osomep) * 6S(LDH)

»

595.2 + 424.6 + 285.0

]

1304.8 MHt

This exactly balances the thermal demand of the TCP, as it must:

ﬁt(TCP) = EtN = 331 x 3.942 = 1304.8 M,

This compietes the preliminary design of a reasonable interface between
the TMR and the TCP which meets both the piwer and temperature demands of the
TCP. The final remaining questions regard the tentative choices for the
steam powerr plant efficiency, Nspps and the bottoming plant efficiency,
rgoTre Made in Step 3, These wiil be checked next.
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10.2.6 Estimation of the Power Plant Efficiencies (Step 9)

A simplified sketch of the steam power plant block diagram and cycle are
given on Fig. 10.7. (Note that the steam cycle numbering on Fig., 10.7 is
totally different from that for the process steam on Fig. 10.6.) The turbine
receives the superheated steam flow éS(SPP) at state 1 (710 K and 8.0 MPa)
and expands it to state 2 in the high pressure part of the turbine., End
state 2 is Tixed hy the maximum allowzble moisture content of about 10%.
Moisture is separated fram the steam flow, which then flows to the medium
pressure part of the turbine. The turbine from state 3 to state & js very
much like those designed for light water reactors and hence is conventional
nuclear steam turbine technology, and the overall turbine is estimated to

have an efficiency of 90%.

In addition to moisture removal from the steam flow, some steam is
extracted at various points to preheat the compressed water from State 8 to
state 9 (referred to as regene-stion), as indicated on the block diagram of
Fig. 10.7. T7The final stage of the preheating from state 9 to state 10 is
accomplished using the medium temperature ~.eam flow as described jn Section

10.2.5.

The steam exiting from the turbine at state 6 is assumed to be condensed
at about 0.01 MPa and 319 K. This temperature is high enough to parmit use

of conventiional cooling towers.

Preliminary estimates of the thermal efficiency of this steam power
plant indicate that it may be as high as 37% tc 38% (compared to the guess
of 35% on Fig. 10.3). Rather than redo the entire interface using an
improved Mspp (as recommended in Step 10}, we will first evaluate the effect
of small changes in the steam power plant efficiency on the overal} thermo-
chemical plant efficiency using a sensitivity analysis in the next section.
Then if the effect on Nyea is large, a complete recalculetion of the
interface matching is probably justified. On the other hand, if the effect
on nrep is small, use of the results of the sensitivity anal:.:is to correct
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Yrep is probably sufficient for prelininary design purposes.

The bottoming plant receives usable waste heat flows from the TCP at a
variety of temperatures, as indicated in Table 10.2. Evaluation of the
average efficiency of a freon bottoming cycle using these waste heat flows
indicates that ?@OTT may be as high as 15.6%. Conseguently, the use of
15% in Fig. 10.3 is considered to be a reasonable, conservative estimate.

10.2.7 Sensitivity Analysis

Using the equations for N and Nrep derived in Section 3, it is very
straightforward to show that the sensitivity coefiicient is:

a”rcp=[ Pe - NEy ]n - o.51
Ispp | Pye * Pyigpp | TCP

for our reference case. This implies that three percentage points improve-
ment in Nepp (from 35% to 38%) would result in about one-and-a-half
percentage points improvement in nrep (from about 30% to about 31.5%).

This small improvement in Nrep does not justify redoing the entire inter-
face matching at this point in time. We can simply assume that nrep is about
31.5% for the Joule-Boosted decomposer (JBD) concept, assuming that an Ngpp
of 38% can be realized.

In order to further itlustrate the usefulness of the senpsitivity
analysis, we will look next at some hypothetical improvements in the TCP
energy demands. Suppose that the total thermal demand, Et' can be reduced
while all other parameters remain unchanged. The sensitivity coefficient is
then given by:

-4
, — = -2.85 x 107% L
ab ¢ Pae * Pinspp mo.}

. Y ’ -1
dhrep _ Prepfppl (k‘]t)

This impiies that a 100 th/mo]e H2 ceduction in Et can increase Nrep by
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2.85 percentage points, Such improvements appear possible for the JBD

concept.

Finally, assume that it is possibie to atsc reduce the electrical demand
o7 the TCP, Ees holding ail other parameters fixed. Thic sensitivity

coefficient becomes:

. 3 . |

8opgp Tyl ) af g

L0 R {3 = -g.30 x 1077 2
8 de * FtNspp 0

This impiies that a 20 kJe/male H2 reduction in Ee can increase Ncp by about
1.6 percentage points. Such an improvement also appears possibile.

Thus, if both these improvements can be accomplished along with a steam
power plant efficiency of 38%, the averall thermochemical process efficiency,
Trcps Can be raised to about 36% for the Joule-Boosted decomposer cancept.

Recent refinements in the calculation for the usable waste heat from the
evaporator of Section Il of the TCP {see Fig. 10.2) indicates that as much as
103 kJL per mote of hydrogen may be available at 430 K in the water vapar
stream. This is an jncrecse of 59 th/mole over the value of 44 kd; /mole
shown in Tabiz 10 2. Usirg the sensitivity coefficient,

1

Sree _ _Mrep™Botr N L, ot (f_‘]_t)
aEw Pde + Pt“SPP mal

we see that 59 th/mole additional usable waste can raise rcp by about 0.7

percentage points,

10.2.8 Summary for the Joule-Boosted Decomposer System

A straightforward procedure has been presented for performing the inter-
face power and temperature matching between the TMR and the thermochemical
plant (TCP) for preliminary design purposes. For the Joule-Boosted
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vecomposer {JBD) concept, an overall TCP efficiency of about 30% is predicted
for the reference case (with a steam power plant efficiency of 35%).
[mprovements in the thermochemical plant which reduce the thermal demand by
100 th/mo]e H2 and the electrical demand by 20 kJe/moie H2 can raise the

TCP efficiency to about 36% (using the improved estimate of the steam power

plant efficiency of 38%).

This TCP efficiency appcars to be achievable with remarkably low helium
covlant temperatures compared to most other processes for synthetic H2
production, The helium exiting the hlanket and direct converters need only
be at about 825 K, while the heiium exiting the first wall need gnly be at
about 625 K, This should lead to a rery credible and cost-effective synfuel

plant.

Section 10,7 has presented the nasic procedurs for matching the TMR to
the TCP and Section 10.2 has presentec tne details of matching for the Joule-
tonsted decomposer system. This section is concerned with the terails of
matening the fluidized-bed decomposer TCr Lo the THMK.

10030 TMR Fower Balance

Figure 10.8 shows the cverall nower balance arrangement tor the TMR and
filuidized bed TCP system, Following the discussiun in Section 10,2, the THR
i assumed to have a 0 of 25 and an irjection energy of 140 MW giving 3500 MK
fusion power. Twenty perc_nt of this eneroy {alphas} plus the injection
enerqyv is assumed to be transferred to the direct converter (840 Mut),
:i7hly percent of the fusion energy is available as high enéergy neutrons to
the vlanket (2800 MW). Assuming an average M = 1.2, the thermal epergy
availabie 1n the blanket is 3360 MWt. This energy is split into two temper-
ature ranges--one at high temperature for the fluidized bed decomposer and
the othier at low temperature for the TCP and elect-ical energy Production.
The Tow temperature streams are assumed to consict af thermal erergies from
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the Yow temperature blanket, first wall cooling, and direct converter thermal
discherge. The direct converter is assumed to have an efficiency of 0.5,
giving 420 MNe and 420 MWt. The direct converter electrical output provides
237 Mde to the injectors, 50 Mie to TMR auxiliary pumps and 137 MWe tc the
TCk. The remaining TCP electrical demard is supplied by steam and freon
bottom cycles. The combined direct converter and blanket thermal energy is
3780 mMWt.

The relative split of Tow and high ‘emperature thermal energy from the
TMR depends upon the specific requirements of the TCP; however, it is
possible to construct a set of algebraic rolationshifs regarding the power
balance as done in Section 10.2, The thermal enecgy balances for tra Ipw
and high temperature portions of the process can be written as

f,P = fE, (10.6)
!
and
f, P = fiE (10.7)
2t -,

where fy is the fraction of blinket thermai power used directly in the low
temperature TCP, f2 js the fraction used in the high temperature TCP. The
quantity (1-f]-f2) 95 the fraclion of blanket thermal energy used to produce
electricity. Other nomenclature is the same as that in Section 10.2.

The electrical energy balance can be written as

Pa, * O-Fy 0Py npp + BN ngeey = NE, (10.8)
All guantities except f], f2 and ﬁ are known or ran be assumed in the above
equations so they can be solvec simultaneously to give the hydragen
production rate
) Pa, * Py Nsse oo
N = — 10.9
Fe = {Fe VB ) Mosp = Ey Mgare

10-30


http://balanr.es

The fractions f] and f2 can be calculated directiy from Eqs. (10.6) and
(10.7) once N is known. The plant efficiency can be ca.culated from

Ay,
L (10.10)

10.3.2 Energy Regquirements of the Thermochemical Plant

Table 10.5 presents a summary of the thermal and electrical energy
requirements for the system using the fluidized bed decomposer system. They
are the same as for the Jouiz-Boosted system escept for Section II of the TCP
where high temperature the-mal energy is used for the decomposer and its
preheater. The distribution of energy for the various components in Section
11 also change because the conversion ratio for SO3 decomposition at 1100
is 65% as compared to B4¥ at 1250 K.

Figure 10.9 shows the energy inputs calculated* for the various
components cf Section II. The important point te be noted here is that the
energy for the decomposer and its preheater is supplied by thermal energy
from the high temperature blanket rather than by Joule (electric) heating.
The recuperator provide: an important preneat and energy re:opvery functicn
that separates the high and low temperature energy ranges.

The evaporator has iwo energy inputs as shown in Fig. 10.9. One is 29
kd/mole from low temperature thermal energy and the other is 195 kJ/mate from
recovery of energy from the decomposer cooler, The evaporator energy
requirement is calculated by assuming that 55% of the water can be condensed
by pressure staging. Condensation of the remaining vapor permits a further
energy recovery of 103 kd/mole at 430 K. The other recaverable energies are
listed in Takle 10.6

* Appendix 4 presents details of the th ichemical calculations used for
Section I1.
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Table 10.5 Thermal and electrice] demands of the TLP for the reference
FY82 fluidized-bed decomposer concept {with vapor recompression
(VR) in Section III and some pressure staging (PS) in Section II)

Electric Thermal Temperature
Demand Demand Range
(kde/mole Hp)  (kdg/mole Hp)
Section 1] (High Temperature) (a)
Decomposer -- 98 ) E 1100 K
t

Preneater -- 73 ; 2 825 + 1100 K
Section 11 (Low Temperatu.e) (a)
Preheater .- 34 680 + 722 K
Boiler -- 140 680 ¥
Fvaporator* (net) -- 29 400 » 680 K
Section 111 (b)
Hr 303 - 72.4 523 K
HX E308D - 21.2 484 K
TC 301, 302, 303 (VR) 13 -- -
section IV (b)
FAD4A 6.7 713 K
E404tz 1.7 616 K
Fa0ac? 7.4 522 K
F40?2( 2.2 393 + 415 K
TOTALS Ee = 131 Ef 1 Et = 486

{a) d<alculated by using method described in Appendi. 10A.

fb} Provided by General Atomic (see Section 9).
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Table 1G6.6 Usable waste heat flows from the TC processes

Source Amount Temperature
{kdg/mote Hyz)

Section I T 393 K

21 425 K
Section 11 103 430 K
Section III 56 368 » 417 K
TCTAL Ew = 291
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Sufficient information is now available to determine the hydrogen
production rate for an assumed set of efficiencies for the stream and freon
power systems. The results are summarized as follows:

nssp = 0.35]
assumption
Bott 0.15 |
Pt = 3780 MWt
P = 137 MWe
dg

Et = 315 kd/mole

1
Et = 171 kd/mole

2
Ee = 131 kd/mole
Ew = 291 kd/mole
N = 5.67 k mole/sec  Eq. (10.9)
f = 0.473 Eq. {10.6)
f2 = 0.257 €q. (10.7)
i-f]-fz = 0.270
Nrep = 0.43 Eq. (10.10)

10.3.3 TCP Temperature Enthalpy Demand Curve

The energy requirements of the TCP can be presented on a plot of temper-
ature versus enthalpy. While several arrangements are possible, Fiy., 10.70
shows a workable arrangement. The energy demands are shosn by the arrows
Jirected to the right. The numbers and tenperature ranges for constrreting
the nlat are given in Table 10.7. This is a reordering of the data presented
in Table 10.5.

Figure 10.10 also shows the energy supply as indicated by the arvcws
moving to the left. The details of this supply and the intermediate stream
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Table 10.7 Incremental and integral thermal energy demands for TCP

Component Temperature Energy Integral Energy
Required Required
(kd¢/mole) {kJp/mole)
E402C 393-415 2.2 2.2
E 3080 484 21.2 23.4
E404(2 522 7.4 20.8
E£303 523 72.4 103.2
E40482 616 1.7 104.9
Steam Power 569-710 180 284.9
£404A 713 6.7 291.6
Evaporator 400-680 224 515.¢6
Boiler 680 140 655.6
Preheater 680-722 34 689.6
Recuperator (in) 722-825 67 796.6
Decomposer 825-1100 73 829.6
Decomposer 1100 58 827.6
Recuperator {out) 1100-730 -67 860.6
Decomp Cooler 730-430 -195 665.6
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or water loops [dashed lines) are covered in the following section.

10.3.4 System Matching

Now that the energy demand curve has been constructed, it i5 necessary
to construct a match with the energies available from the TMR and the energy

recoveries in the TCP.

Table 10.8 summarizes the sources of thermal energy available to satisfy
the process. The low temperature energy contribution totais to 495 kdt/mo1e
which can satisfy the 315 th/mo1e used directly as thermal energy by the
TEP and 18D th/mole which is used to make part of the electricity required
for shaft work, The four low temperature enérgy sources represent four
separate heat transport streams. Since two of them cén be contaminated with
tritium and they all have different temperature ranges, each heat transport
stream is keot separate. Each source has its own heat transport loop and
intermediate helium-to-steam {or water) heat exchangers to isolate the TMR

from the TCP.

The high temperature energy stream is presently assumed to be directly
coupled to the 303 decomposer and its preheater. The use of an intermediate
heat exchanger could be of value here to provide some pressure staging, but
would increase the blanket temperature unacceptably.

The TCP demands and the available thermal energies can be matched
reasonably weil by selecting comparable energy matches. The arrangemert
shown in Fig. 10.10 is a workable one and has reasonable temperature
differences for the intermediate steam or water heat transport leops (dashed
lines). The steam-Rankine power cycle is the same as that discussed in
Section 10.2. The pressure is 8 MPa, saturation temperature of 568 K, and

superheat to 710 K, as suown in Fig. 10.7.

Figure 10.11 shows a schematic arrangement of the heat transport loops
from the TMR, the intermediate steam (or water) isolation loops and the TCP
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Table 10.8 Available thermal energies

Source Amount Temperature

kdg/mole (k)

High Temperature Energy (a)

HTZ Primary Coolant 171 1040~1160 K
171

Low Temperature Energy (b)

Total

HTZ First Wall Coolant {c) 33 750-800 K
LTZ Primary Coolant 355 61G-825 K
LTZ First Wall Coolant (d) 33 525~625 K
Direct Converter Coolant 74 580~680 K
495
666 (e)

{a)
(b)
(c)
(d)
(e)

N th/mole required

315 + 180 kd,/mole required

16% of HTZ deposited energy to first wail coolant

B.5X of LTZ deposited energy to first wall coolant

Total blanket thermal energy is 592 kJ; /mele (excludes direct

converter)
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process Toops. The temperatures indicated provide reasonable temperature
differences for the heat exchangers involved.

10.3.5 Summary for the Fluidized Bed System

Figure 10.11 presents an overall summary of how the TMR is coupled to
the TCP. The arrangement shown is workable, but it is not necessarily
optimum. Better matching of the suppiy and load curves to reduce some of the
larger temperature differences could provide a more optimum system.

The energy that must be generited in the nigh temperature blanket is 171
th/mole plus 33 kdt/mole which is transferred to the first wall cooling.
This is to be compared with the 592 th/mo]e totally supplied by the TMR
blankets.* This raquires high temperature blanket coverage of 0.34 which is
not obtainable with an overall tritium breeding ratio of 1.1 and where all
breeding js done in the low temperature blanket. A more realistic fraclion
would be about 0.25. The impact is that the system matching must find
additional high temperature energy or must use a decomposer and recuperator
design that has better thermal energy use. One possible source of
additional high temperatur emergy is the thermal discharge from the direct
converter., Assuming it could be designed to supply 74 th/mole over the
temperature range from B25 to 1100 K, the decomposer would need 97 th/mole
from the high temperature blanket. This would reguire a total of 115 th/mo]e
to be deposited in the high temperature blanket to cover the 15% transferred
to the first wall coolant. The result would be a drop in the encrgy fraction
from 0.34 to 0.19, which is feasible.

The following conclusions can be made regarding the fluidized bed
decomposer system:
1. A reasonable match exists such that the TMR can supply the thermal

* Total blanket thermal energy excludes direct converter thermal; 666-74=592.
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and electrical energy demands of the TCP. This conclusion requires

that the high temperature blanket provides 0.34 m of the total blanket

thermal energy.

2. If the tritium breeding is 1imited to the laow temperature blanket,
the high temperature blanket energy must be supplemented from
another source or the high temperature thermal demand of the
decomposer must be reduced to allow a feasible match. Use of the
direct converter thermal energy could reduce the high temperature

blanket energy fraction te 0.19.

3. With resolution of the high temperature energy fraction issue, the
system could achieve an overall efficiency of 43%.
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APPENDIX 10.A

THERMOCHEMICAL CALCULATIONS FOR
H2$OAAPROCESS STREAM ~ SECTION If

B8y 0. S. Rowe

As part of the University of Washington's support to LLNL, an independ-
ent calculation was done tu define the energy requirements for the HZSO4
process stream. The discussion presented here grew cut of work done by Mark
Abhold as part of a student design project and computations performed by
Oscar Kirkorian at LLNL.

The calculations considered the H2504 process stream as represented by
Fig. 10.A-1, The objective of the calculation was to calculate the energy
requirement for each component based upon the enthalpy of the inlet and out-
let streams. Each numbered stream could have up to 7 chemical species and
the molar flow rates were defined based upon the chemical processes taking
place in each of the components.

The total mass flow rate for each stream (j) was calculated from

r;lj = N ? n'i,jMi
where 55 = mass flow in stream j (g/sec);
LI mole fraction of species i in stream j normalized to
production of 1 mole of hydrogen (molej/moleyz);
Mj = molecular weight of species i (g/mole);
N = molar production rate of hydrogen (moleyz/sec).

The mass balance for each component was calculated from i

‘?‘ (midout - JZ (m)ip =0 .
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The stream enthalpy was calculated from

- 2 [ni,j (n§ - hg98) N, Ahof]

1

=
|

where hj = mixture enthalpy of stream j (kd/mo]eHz);
h? - hgga = enthalpy of species i above 298 K (kJ/moiei)

Ahg = enthalpy of formetion for species i (kJ/mo]ei)

The thermal energy regui-ement for each component was calculated from

q=f }; (i) - ? thy)in

where g = net thermal power (th/sec).

The enthalpy data for each species was taken from the JANAF tables.(A})

The enthalpy of mixtures of Tiquid H20 and H2504 was interpoiated from the
tables cantaining the various hydrates of H2804 and thus includes the enthalpy
of mixing.

The molar flow rates for each species was taken from the compositions of
Kirkorian(Az) and where the following assumptions were made for each stream:

Stream 1 -~ Input mixture of liquid HZSO4 and H20 at 400 K.

Stream 2 - Partially condensed vapor (55%) as output from evaporator
available for energy recovery at 430 K.

Stream 3 - Azeotrope mixture of liquid H20 and H2504 at 680 K.

Stream 4 - Equilibrium molar composition of vapors (HZO' 503 +.o) based
on calculations of Krikarian.(Az)

Stream 5 - Same as Stream 4.
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Stream 6 - Same as Stream 4.
Stream 7 - Same as Stream 4.
Stream 8 - 503 decomposition has occurred at the conversion ratio:
0.65 Fluid bed 1100 K
0.84 Joule-Boosted 1250 X
Stream 9 - Sensible cooling of decomposer products to 730 K only--no
recombination of S0, and 0,.
Stream 10 - Cooling of products to 400 4 without recombination of 502
and 02 but with recombinatici of 503 and HZO to yield H2504.
Stream 11 - Liquid H20 and HZSD4 recycle at 400 K.

Stream 12 - Product stream gases at 400 K.

The calculations were autcmated for a microcomputer and were perfarmed itera-

tively to obtain stream temperatures that would alluw energy matching of the

recuperator. Stream temperatures, molar flow rates and entha.ny results for

the fluidized bed and Joule-Boosted decomposers are presented in Tables

10.A-1 and 10.A-3. The energy reduirement results are presented in Tables

10,A-2 and 10.A-4, .
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Table 10.A-1 sto4 process stream thermochemical ca’culations for fluidized

bed decomposer.

H2804 FROCESS STREAM THERMGCHEMICAL CALCULATIONS
FLUIDIZED EBED
CONVERSION RAYLD 0.64
HYDROGEN PRCDUCTIDN 5670 MOL/SEL

THERMOCHEMICAL CALCULATIDNbL TASED ON 1 MOL/SEC OF HYNROGEN
MOLAR FLQW H-H2%8 DELTAH H FLOWRH
MOL/SEC KCalL/HOL KCAL /MOL NCAL/HOL KCAL /SEC

STREAM 400 K

H2SD4(L > 1.000 ?.877 -488.079 ~478.197 -478.197

H20{L) 4,107 0.000 0,000 0,000 0.000
STREAM 2 430 K

H2D(G) 2.120 1.674 ~-57.7%98 =36.724 -120.354

H20(L> 2.560 ©.000 -48.315 ~-48.313 ~174.886
STREAM 3 480 K

H2804¢L; 1.591 16.737 -202.957 ~186.220 -2B8.827

H20(L) 0.174 ©.000 0+000 0.000 0.000
STREAM 4 680 K

H2504(6) 1,032 ?.633 -175.700 -1646.067 -17!.Z@1

H2U(GY Q+693 3.214 -57.798 ~54.584 -37.827

Sp3G)Y 0,519 5644 ~94,590 -BB.944 =4¢4,182
STREAH 5 722 K

H2504(G) 0.73% 10.8351 =175.700 —144.899 =124,535

H20(¢B)> 0.270 3990 -37.798 ~54,208 -52.571

503G} 0.796 &.352 -9*.390 -98.238 ~70.1%4
STREAM 6 825 -

H2SDA(G} 0.240 13.721 -175.700 =1461.779 -38.903

H20(8? 1.48C 4.535 ~57.798 -53.263 -79.083

S@3{G) 1,311 g.127 ~24.570 -B6.462  -113,312
STREAM 7 1100 K

H2804(G) 0.021 22.552 -175.700 -153.148 -1,422

H20(G)> 1.715 7210 ~57.798 -50.588 -8£.742

5D3(D? 1.540 13.072 -94.570 -81.513 -125.563
STREAM 8 1100 K

H2504(G) 0,002 22,5352 -175,700 ~152.14¢ -0.304

H2D1B) 1.723 7.210 -57.7%8 ~50.588 ~87.143

503(6) 0.54% 13.077 -%4.5%0 ~B81.513 -44,751

02(G) 0.500 6.265 0,000 6.26% 3.133

£a24(6) 1.000 ?.540 -70.947 ~&1.407 -61.,407
STREAH % 730 K

H2804(G) §.002 11.087 ~175.700 —-164.613 -0.3%29

H20(G6? 1,723 T 463 ~-57.7%98 ~54.135 ~%3.,225

S03(6? 0.54% 6.489 -24.590 ~8B.:1Iul -48,348

o2e; 0.500 3.226 0.000 3226 1.4613

802¢6) 1.000 4,804 -70.747 ~6&4,143 -66.143
STREAN 10 00 K

H2S04(L) 0,551 5.880 -294,9469 -289.089 -159.288

H20(G) 0.427 0.825 -537.798 ~54.972 ~24,327

02(G}) 0,500 0.723 0.000 0.723 0.3467

802(G) 1,000 1.014 -70.947 ~69. 931 ~63.937

H20(L) 0.747 3,000 0.000 0,000 Q.00
STREAM 11 400 K

H2504 (L) 0,551 S. 880 —-294.,949 -2B%.089 -159.208

H20¢L) 0,747 0.000 Q0,000 .00 0.000
STREAH 12 400 K

H20(G} 0.427 0.825 =37.798 ~56.973 -24.327

D2(B} 0.500 0,723 0.000 0,723 0.362

502(G}) 1.000 1.016 -70.947 =69.931 —. 7,931
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MASS FLou
G/BEC

78.000
73.924

38.140
44.080

151.998
3.132

121,132
10,4714
44.520

74,07
17.%80
43.4644

23.568
26.736
104,843

1.038
30.3¢64
123.2323

0.19¢
31.014
A3.920
15.000
&4.000

0.194
35.012
43,920
1£.000
£4.000

53.998

7.£846
16.000
44.000
13.444

53,998
13.494

762,
16.0¢0
&4 .200



Table 10.A-2 HZSO4 process stream thermochemical summary results--fluidized

bed decomposer.

FRBCESS STREAM SUMMARY

TEMFERATURE

NQO i\

1 400,060
2 430,00
3 480.00
4 680.00
o 722.00
& 825,00
7 1100.00
8 1100.00
? 30,00
10 400.00
i1 400.00
12 400.00

TOTAL MASS BALANCE

COMFONENT SUMMARY

EVAFORATOR
BOILER
FREHEATER
RECUF (IN)
RECUF(OUT)
RECUF (NET)
BECOUF(FREHT )
DECOMF (REACT)
COOLER

TOTAL

SYSTEM TOTAL

ENTHALFY
KJ/MOL~H2
~2Q00. 73
-1234.87
-1208.45
~1068.,47
-1034.,72

-9467.75

-895.067

~797.03

~864.00
-1059.33
—bb66.44
"392086

ERROR 1.525

ENTHALFPY CHE
RJI/MOL-H2
223,91
139.98
33.75
6697
-66,97
-0.00
72.468
78.04
-195.32
373.04

373.04
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MASS FLOW
KG/SEC
?74.82
477 .64
B79.59
B79.59
B79 .61
879,41
874,61
879.59
879,59
87%.59
382.41
497.18

88E-05

NET FOWER
M
1269.57
793.71
191.34
379,71
~379.74
_0103
412,09
555.91
-1107.4%
2115,12

2115,12

ENERGY FLOW
MbJ
=11344.40
=7001 .73
-6831.93
-6058.22
-5B&&.B6
~3487.15
-3075.06
~4519.1¢
-48%8.89
-6006.38
-3778.83

-2227.54



Table 10.A-3 st04 process stream thermochemical calculations for Joule
boosted decomposer.

H2504 PROCESS STREAM THERMOCHEHICAL CALCULATIONS
JOULE BOOSTED
CONVERSIDN RATIO
HYRRDGEN FRODUCTION

THERMOCHEMICAL CALCULATIONS BASED ON 1 MOL/SEC
MOLAR FLOW

STREAM 1
H2804(¢L)
H20<(L)

STREAN 2
H20¢6)
H20(L >

STREAN 3
H2504 (1)
H2O(L:

STREAM 4
H2504(G)
H204(G)
SD3<(G)

STREAM ©
H2504(G)
H20(G)
S03<G)

STREAM &
H25G4(6)
H20(G)
S03<¢Gy

STREAM 7
H2504(5)
H20(G)
803¢(6)>

STREAM 8
H20(G)
503¢(6)
a2(6)
S02(6)

STREAM ¢
H20(G)
S03(G)
Q2¢5»
802(B)

STREAM 10
H28D4¢L)
H20(G?
D24(G>
SO02(6)
H20(L}

STREAN 11
H2804 (L }
H20(L)

STREAM 12
H20(G?
024G>
S02(G)

MOL/SEC
400 K
1.000
4.107
430 K
2.120
2.560
480 K
1.19¢
0.132
480 K
0.793
0,532
0.3%8
722 K
0.580
Q.745
0.611
200 K
0.067
1.258
1.1:4
1250 K
0.003
1,322
1.188
1250 K
1.325
0.121
0.500
1.000
0 K
1,323
0.173
0.500
1.000
400 K
0,191
0.427
0.500
1,000
0.707
400 K
0.191
0.70?
460 K
0.427
0.500
1.000

0.84

3940 MOL/SEC

H=HI%8
KCAL/MOL

?.877
¢.000

1.074
0.000

14.73%
0.000

?.433
3.214
5.486

10.851
3.590
&,352

156,213
54240
448

27.470
8,749
15.846

B.749
15,888
7.541
11.536

3:5663
&6.489
3.226
4.804

?.217
0,825
0.7223
1.016
0,000

9.217
0.000

0.825
0.753
1.014

NELTAH
KCAL/MOL

-488.074
0.000

~57.798
-68.315

-202.952
0,000

~175.700
-357.798
-94,590

~-175.700
-57.798
=-94,590

-175,700
-97.798
-94,590

~175.700
~57.798
-94.590

-57.798
-94.590

0.000
=70.947

-57.798
-94.5%0

0.000
-70.947

-459.%47
~57.7%8
0.000
-70.247
a.000

-459.%47
0.000

~57.798

0.000
~70.947
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OF HYLROGEN
H FLOWRH
KCAL/MOL KCAL/SEC

-478.197 =178.197

¢.400 0.000
-54.724 -120.256
-6B8.215 ~174,886

-1B&.242 ~-221.815
0.000 0.0C"
-144.0467 -131.5691
-54.5B4 -29.039
-88.%44 =-35.400
-1464.84% -25.5630
~-54.208 -40,346%
-89.238 -53,905
-159.487 =10.675
~52.558 -66,111
-85.142 =259.703
~-148.230 -0,385
~19.,029 —~64,828
~78.724 -93.356
-49.029 -64,943
-78.724 -15.036

7.541 3.771
-59.411 -59.411
-54.135 =71.729
-88.101 -16.827

3.224 1,613
-b6t.143 -466.143

-4350.729 -864.08%
—56.973 -24.327

0.723 0,362
-69.931 -6%.931

¢.000 0000

-450.722% -8&.08%

0,000 0,000
-56.973 -24,327

©.723 0.3562
-67.931 ~69.931

HASS FLOW
G/SEC

F8.000
73.926

Ig.160
44.¢ .50

116.718
2.412

77.714
?.574
31.840

56.B30
13,465
48.822

5£.560
22,442

89,925

0.254
23.§00
?3.972

23.950
15.280
14.000
$4.000

23.850
15.280
16.000
6£4.000

18.718

7.484
14.000
64,000
12.726

iB.718
12.728

7.486
14.900
64,000



Table 10.A-4 H2504 process stiream thermochemical summary results--Joule
boosted decomposer.

PROCESS STREAM SUMMARY
TEMFERATURE ENTHALFY MAES FLOW ENERGY FLOW

NO. N KJ/MOL~-H2 KG/SEC MW

1 400.00 ~2000.78 877,39 -7883.04
2 430.00 -1234.87 331,71 -4845.40
2 680.00 -928.07 469.37 ~3636.61
4 680.00 -820.61 469437 ~-3233.19
=] 722.00 -794.95 469 .36 =3130.54
4 900.00 =-721.70 4469 .36 -2843.51
7 1250.00 -564.28 469 .34 -2617.27
8 1250.00 -567.52 469,37 -2334,02
9 730.00 -540,51 469.37 ~2523.62
10 400,00 ~753.06 469,37 ~2967.07
it 400.00 -360.20 123.89 ~1419.,18
12 400.20 -392.Bs6 345.48 -1547 .89

TOTAL MASS EBALANCE ERROR 1.335314E-00

COMFDNENT SUMMARY
ENTHALFY CHG NET FOWER

KJ/MOL=-HZ My
EVAFORATOR 198.03 780,23
BOILER 107,44 423,41
PREHENTER 256.05 102,66
RECUPCIN) 72,85 287.03
RECUP¢(OUT) =72.99 -287.60
RECUP (NET) -0.,14 -0.57
DECOMF (FREHT) 57.42 226,24
OECOMF(REACT) 98,76 381,24
COOLER -112,35 =443, 45
TOTAL. 373.04 1469.77
SYSTEM TOTAL 373.04 1469.77
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11.0 PRELIMINARY COST ESTIMATES

Hydregen production costs were estimated for two chemical plant -- fusion

plant combinations. The plant based on a TMR with a two temperature zoned
blanket and a Fludized Bed Decomposer (FBD)} in the chemical plant gave a
slightly lower hydrogen cost than the plant with a single temperature zone
blanket and & JouTe Boosted Decomposer (JBD). Assuming public utiTity
financing (100% debt), the hydrogen cost for the FBD case was approximately
$12/GJ (July 1980 dollars) and $15/60 for the JBD case. Higher costs were
indicated for the private utility (50% debt, 50% equity) and chemical industry
{100% equity) financing methods. These costs are very tavorable and indicate
that fusion synfuels will be competitive in the time frame for the emergence
of fusion in approximately 2030.

11.1 THE ECONOMIC BASIS

We assume that the plant would be operated at a time when fusion electric
plants have been in operatiion for at least a decade (approximately 2030 to
2050). We present costs based on constant, July 1980 dollars, and use
currently available chemical plant technology. Since the chemical portion of
the plant will be manpower intensive and cannot be operated with as few people
or as 1ittle supplies or maintenance as in an electric power plant, we have
used chemical plant experience(T) in estimating all labor costs,

Ultimately, a Fusion-Synfuel Plant may produce a combination of pipeline
quality synthetic natural gas (e.g. 10% Hp, 80% CHgq, and 10% CoHg and higher
hydrocarbons and other gases) together with Tiquid transportable fuel (e.qg.
CH30H) and chemical feed stocks for plastics, fertilizers, and solvents (e.g.
CoHy, CoH3,0, acetic anhydride, NH3, etc.). If the production is mostly
synthetic natual gas for pipelines, a utility is 1ikely to finance, build, and
operate the plant; whereas if the products are fuels and chemicals, a chemical
company would be involved. Thus the method of financing could be by either



utility (public or private) or chemfcal fndustry. We will present costs for
these three kinds of financing.

11.2 COSTING PROCEDURES

Both the rusion community and chemical industy have developed
considerable expertise in estimating the capital cost as well as the projected
operating costs of their respective plants. The basis of TMR capital costs
were independently derived at LLNL(Z) whereas the TMR operating costs ar well
as utility financing are calculated in the manner specified by Battelle(3) as
the standard for fusion reactor conceptual designs.

The hydrogen production rate of the Joule Boosted Decomposer/Moderate
Temperature Blanket based hydrogen plant is significantly Jower than that of
the Fluid Bed Decomposer/Two-Zone Blanket. Complete design of two different
chemical plants was avoided by designing a standard size chemical piant and
scaling the results to the two different cases. The standard plant, producing
4900 moles per second of hydrogen, is the same sfze as that reported last year
(4), a significant fraction of the plant is unchanged from last year
(Sections I, TV and part of III) and thus was not recasted. Sectfon 11 was
rosted separately for both the Joule Boosted and Fluid Bed Decomposer
concepts. The sfze of the chemical plant is such that multipte parallel
trains are used throughout most of the plart; therefore, a 1inear scaling law
was used to produce cost estimates for the resized plants,

Costs for the Chemical Plant and the power systems interface are obtained
by standard chemical engineering costing techniques. These casting techniques
are based upon using actual construction experience from many chemical plants
to predict capital and operating costs from FOB equipment costs, The new
veference work by Peters and Timmerhaus(!) was used to augment the older
Guthrie methods(5,6) both for estimating the FOB costs of equipment, as well
as deriving from the FOB cost estimates of the installed direct capital cost,



the total plant investment and the operating cost. Where standard works could
not provide capital costs, as in most of Section Il and the power recovery
systems, vendor estimates or other special sources of FOB cost data were used.
The industry standard, Marshall and Swift (M&S){7), equipment cost index was
used to reduce all costs to the same basis, July 1980.

It is recognized that some of the best costing techniques are maintained
as proprietary by A&F, chemical and ofl companies. A proprietary costing
method, available at GA was used to spot check costs for a representative
number of items., No overall bias could be observed although variatiors
between different types of equipment i=ire noted.

We beiieve that our cost estimates are well within our goal of + 302
accuracy.

11.3 PRELIMINARY CAPITAL COST

11.3.1 Main Solution Reaction Step (Section 1)

The simplified schematic of Section 1 was presented in Figure 9.3-1.
Table 11.3-1 presents a detailed 1ist of the equipment required for performing
the main solution reaction step, together with size ~nd cost data. With the
exception of the Heat Exchanger Reactor (R-101), all 1tems have been costed by
the Guthrie method.(5,€)

The structural material used throughout Section I is mild steel, If
other than dry $0», oxygen and or water are present, the steel must be
protected by an appropriate coating or lining. Although spray on hydrocarben
based coatings are adequate when moist S0z is present, liners of bulk
fluorocarbon are specified when H2S04, HI or [z are present. The installed
cost of fluorocarbon linings is estimated to be $1100/m2.
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Table i1.3-1

Preliminary Capital Ccits for Section 12 - M$ July 1980

Primary scrubbing raactor
Lower phase SOz Scrubber
Boost reactor

Secondary scrubbing reactor

Righ pressura Flash drum

Low pressure flash drum
Primary water knockout drum
Secondary water knockout drum

Heat exchanger reactor

S0z heat exchanger
Sec, 111 water heat exchanger
Sec. II water heat exchanger

Water feed pump
Reactor feed pump from C101
Todine feed pump
Reactor feed pump from C103
Reacior feed pump from C103

TE101 02 power recovery turbine
TE103 lodine power recovery turbine

Tota) Capital Cost

Parallel
Units

6

OO A

W o

641
6+1
61
6+1

——

Diameter

Meters

3.8
§.1

- wwew S0
Ni-N @ Dol i

———
R

2 gased on a hydrogen plant producing 4900 motes per second.
Adder includes the field installation of Tiner,
€ Adders include field installation of liner.

Length
Meters

9.
18.
19.

8.

oo v Lo anwo

v

Equivalent Actual FQR Installed

Mild Steel Cost Plus Direct

FOB Cost Adders Capital Cost
0.326 1.353h¢ 2.211
0.847 3.8680¢ 6.096
0.847 3.8680¢ 6.096
0.361 1.651b¢ 2.653
0.489 1.743€ 2.929
0.452 1.692¢ 2.875
0,173 0.113 0.337
0 419 0.019 0.056
1.175 20.171 2.206
0.713 1.084 2.023
0.174 0.174 0.403
0.276 0.275 0.638
0.002 0.002 0.008
0.009 5.017 0.031
0.018 0.036 0.065
0.033 0.066 0.118
0.046 0.092 0.169
0.971 0.971 2.095
0.057 0.165 0.204
6.987 37.358 5.253

Total Plant

Investment

Basis

2.934




The Heat Exchanger Reactor is unique because of the material involved,
niobium. The $220/kg cost of the niobjum tubing dominates the reactor cost.
Added to the $15.8M cost of the tubing is an appropriate amount for
installation of the tubing {$3.2M), plus the FOB cost of the eguivalent mild
stee? heat exchangers {$1.2M), giving and FOB cost of $20.2M. Installation
cost was estimated from the cost of the equivalent mild steel heat exchanger
since niobium is required only for the heat transfer surfaces.

The Guthrie method allows specification of the piping materials separate
from the specification of the materials of construction of the equipment.
Either mild steel or standard fluorocarbon 1ined mild steel piping was
specified as appropriate. Pumps are either cast iron for water, or cast iron
with a molded Fiuoracarbon liner for corrosive solutions.

Since Section I operates essentially as six systems in parallel, 83% of
production capacity may be maintained if any one system is down for repairs.
Pumps are cross-connected such that one installed spare backs up the active
six. The power recovery turbines are not spared except by a by-pass valve.

The cotumn labeled "Total Plant Investment Basis" is Table 11.3-1
indicates that the major unit costs of Section I are associated with the Heat
Exchanger Reactor (R-101}. The cost of R-101 may be decreased if more of the
heat load is shifted to water-based heat exchangers. If the power bottoming
cycle were eliminated the cost of R-101 would be significantly decreased due
to the much larger differential temperatures across the exchanger.



1.3.2 H2S04 Processing Step (Section I1))

The simplified schematics for the Joule Boosted Decomposer were presented
in Figures 9.4-1 and 9.4-2. Detailed 1ists of the equipment required for
HoS04 conc. ntration and decomposition together with cost data are presented in
Tables 11.3-2 ard 17.3-3 for these two cases. All cost estimates were made
using Guthrie's techniques{5:6) except for the decomposers. Details of the
decomposer cost assumptions were presented in Jast year's report‘41.

The major costs in Section II are associated with heat transfer
equipment. Silicon carbide is the material of choice for heat transfer
surfaces where 1iquid-gas interfaces cccur. Silicon carbide is used for all
heat transfer involving con~etrated sulcuric acid except in the
Recuperator/Decomposer Preheater. 1Incoloy-BOOH is used in the
Recuperator/Decomposer Preheater as only gases exist at the temperatures
encountered.

Vessels are fabricated from Fluorocarbon-lined mild steel, with this
Tining thermally insulated from the process via acid brick Tinings. At the
higher acid concentrations, steel s passivated; and the fiuorocarbon linings

dre unnecessary.

Zasts of silicon carbide and vessel 1iners are treated as adders to the
base carbon steel equipment costs. Silicon carbide U-tube costs are estimated
to be $32.7/M(8) for the 5 cm diameter tubes specified for the HpS04
vaporizar, and this cost was used in estimating the rest of the siiicon carban
heat exchangers.

11.3.3 HI Concentration Step (Section I11)

Capital costs for Section III are presented in Table 11.3-4. The
simplified flow diagram for this section was presented in Figure 9.7-1.

LT
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Table 11.3-2 Preliminary Capital Cost for Section [I@ Based on the Joule floosted Decomposer - M3 July 1980

Equivaient Actual FOB Installed Total Plant

Item Parallel Diameter Length #ild Steel Cost Plus Direct Investment
No. Units Meters Heters FOB Cost Adders Capital Cost Basis
£201 Atmospheric Distillation Column 1 6.3 .o J1e 5,424 5.840 6.87
5201 Intermedinte Flash Drum 4 3.6 9.0 14 .39 .B20 1.242
5202 Acid Sepirator #2 2 3.8 5.0 127 .434 9 1.380
S203 Acid Separator #2 2 3.8 9.0 RFi 434 91 1.380
E201 Vaporizer Preheater 10 3.0 8.0 .976 4,388b 7.366 8.937
E202 Sulfuric Acid Vaporizer 20 3.0 10.u 2,333 11,3052 18.424 23.077
E203 Recuperator/Decomposer Preheater 25 5.6 10.0 3.125 15.624b 25.161 31,4586
£204 Joule Boosted Decomposer 8 3.0 4.0 1.500 20,000 21.000 24,150
€208 Reboilers an €201 20 2,1 10.7 1.976 8.8140 14.898 18,733
E209 Steam Condenser on C201 5 2.5 6.0 .900 .800 2.052 3.088
£210 Concentrator Pretreater 25 3.0 9.0 3.252 16.525D 26.461 33.064
E211 Isobaric Flash Concentrator 50 3.0 9.0 6.341 31.804D 51.189 63.968
P201 Vaporizer Feed Pump 541 - - 124 .373 .690 .897
P202 Quench Feed Pump 541 - - 016 049 091 18
9203 Condensate Feed Pump 541 - - .023 .03 .054 .082
P204 Concentrator Feed Pump §+1 - - .372 11189 2.070 2.69
TE20T Power Recovery Turbine 1 - - .053 161 .265 .349
TE202 Power Recovery Turbine 1 - - .180 .180 .427 .642
Tatal Capttal Cost 21.522 117,958 178.600 222.095

2 Based on a hydrogen plant producing 4900 moles per second.
b Adders include installation of silicen rirbide tubing, acid brick and fluergcarbon.
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Table 11.3-3 Preliminary Capftal Cost for Section 113 Based on the Fluid Bed Decomposer - M$, July 1580

Equivalent Actual FOB Installed Total Plant

[tem Parallel Oiameter Length #ild Steel Cost Plus Direct Investment
No. Units Metars Meters FOB Cost Adders Capital Cost Basis
©20) Atmospheric Distillation Column 1 7.0 1.0 ¢.147 7.882 7.732 9.044
$201 Intermediate Flash Drum 2 3.6 9.0 J14 2391 820 1.242
§202 Acid Separator #1 2 4.4 9.0 .168 575 1.206 i.827
5203 pcid Separator #2 2 4.4 9.0 .168 .575 1.206 1.827
$204 Acid Separator #3 2 4.4 9.0 .168 575 1.206 1.827
E201 Vaporizer Pretrester 10 3.0 10.0 1.14z 5.13gb 8.618 10.456
£202 Sulfuric Acid Vaporizer 20 3.2 10.0 2. 13.227b 21.556 27.000
£203 Recuperator/Decomposer Preheater 25 5.6 10.0 3.125 15.624 25.162 31.466
E208 Fluid Bed Decomposer 7 6.0 10.0 10.000 45.000, 50.000 57.500
E20B Reboflers on €201 20 2.3 10.7 2,312 10.312v 17.43 21.918
E209 Steam Condenser on {201 5 2,5 6.0 .800 .50 2.052 3.088
E210 Concentrator Preheater 25 3.0 9.0 3.262 16,5350 26.461 33.064
E211  Isobaric Flash Concentrator 50 3.3 9.0 6.341 31.804 51.158 63.968
P20l Vaporizer Feed Pump 541 - - 24 373 -690 .897
P203 Condensate Feed Pump bl - - .022 .023 054 .082
P204 Concentrator Feed Pump 54 - - 312 1.i19 2.070 2,691
TE201 Liquid Expander-Condensate from C202 1 - - .053 161 265 .349
TE20? Liquid Expander-Condensate from 5201 1 - - .180 .180 2427 642
Total Capital Cost 31.335 119.489 218,205 269.006

2 Based on a hydrogen plant producing 4900 moles per second.
b Adders include installation of silicon carbide tubing, acid brick and fluorocarbnr .
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Table 11.3-4 Preliminary Capital Costs far Sectiam III2 - M§, July 1980

Equivalent Actual FOB Installed Total Plant
Ttem Parallel Diameter Length Mild Steel Cost Plus Direct Investment
No., units Meters Heters FOB Cost Adders Capital Cost Basis
€30 ledine wash column 3 4.5 18.0 0.339 2.7000C 3.263 4,036
€302 Igdine knockout calumn 10 1.7 26.0 3.059 28, 537b¢ 33.618 41.220
C303 HI distillatien 3 6.9 21.6 0.889 21.6420 23.334 26.745
$301 Surge drum - £303 refiux 3 2.7 10.2 0,125 0.41% 0.737 0.945
$303 Flash drum - 1st H3PO4 stage 6 6.0 9.0 0,487 1.619¢ 2.876 3.686
$308 Flash drum - 2nd H3P04 stage 5 3.6 16.2 0.348 1.162¢ 2.061 2.641
5305 Flash drum - 3rd H3PO, stage ) 6.6 10.7 0.451 3.156 5.653 6.852
$306 S-H3PO4 separator 3 5.9 22.2 0,544 3.810 6.620 8.037
E302 Intermediate condenser on C303 3 1.6 12.0 0.148 1.459 2.029 2.450
€303 Reboiler on €303 3 1.1 12.0 0,881 3.863 4,993 6.444
E304 Condenser on C303 6 1.6 12.0 0,800 3.962 5.344 $.794
E305 Iodine cooler 1 1.4 12.0 . 0.998 1.388 1.676
E306 Heater - 1lst H3POg stage 65 1.5 12.0 3.246 25.057 34,105 41.852
E307 Heater - 2nd H3P04 stage 50 1.5 12.0 2.573 20.884 26,534 34.899
E308 Heater - 3rd H3PO4 stage 49 1.5 12.0 1,730 12.758 17.279 2].269
E309 Concentrated H3PD4 cooler [ 1.8 12.0 2.095 21.161 29.418 35.528
£310 Water cooler - Ist H3PD4 stage 1 1.7 1.0 0.233 1.719 2.327 2.865
E311 Water cooler - 2nd H3POg stage 1 1.8 12.0 0.218 1.606 2.174 2.577
E312 wWater cooler - 3rd H3PO4 stage 1 1.7 12.0 0.156 1.152 1.560 .92
P301 Lower phase feed pump 1041 - - 0.207 0.414 0.794 1.084
P30Z ledine wash water pump 3+1 - - 0.006 0.006 0.013 0.0%Y
P304 Feed pump - C303 1041 - - 0.724 1.449 ¢ 2.653 3.656
P305 Concentrated H3PO4 pump 1041 - - 0.456 0.932 1.706 2.346
TE302 1st H3P04 stage PR turbine 1 - - 0.388 0.388 0.723 1.065
TE303 2no H3POg stage PR turtime 1 - - 0.251 0.251 0.548 D.870
TE304 3rd H3PO4 stage PR turbine 1 - - 0,234 0.234 0.503 D.738
TE305 lodine power recovery turbine 1 - - 0,085 0.167 0.28% 0.386
TC301 1st H3PDg stage steam comp. 6 - - 16.890 16.890 36.448 §9.93B
TC302 2nd H3PO4 stage steam comp. 5 - - 14,075 19,075 30.374 45.781
TC303 3rd H3PO4 stage steam comp. & - - 11.260 11.260 24,299 36.625
Total Capital Cost 63,003 2:1.732 306.706 397.046

g Based on a hydrogen plant producing 4900 moles per second.

Adder includes field installation of packing.
€ Adder includas field nstaltation of limer.



Materials of construction and costing techniques are similar to those of
Section I. Where, because of thermal or mechanical limitations, fluorocarbon
linings are not acceptable, we have used Hastelloy-C.

The hydrogen iodide concentration step is the most capital intensive
portion of the chemical plant. Although significant costs are associated with
iodine knockout and hydrogen iodide distillation, the Targest costs are
associated with phosphoric acid concentration.

The high cost components of the phosphoric acid concentration system are
steam compressors and heat exchangers. The compressor costs are based on
vendor estimates{9) and reduced to the 1980 base using the M&S{7) cost index.
These compressor costs appear to be fixed unless future developments bring
down the relative cost of turbine compressors. Flowsheet modifications have
the potential for reducing the heat transfer costs, particularly if direct
contact heat transfer is employed between immiscible streams in Sections I and
11! and between Sections III and IV. The Targe amount of rotating machinery
in the phosphoric acid concentration system makes this part of the process a
potential sovrce of downtime. The compressors in the third evaporation stage
were delibarately oversized to make them identical to the first and second
stage units. If any one of the 15 units is down, intermediate pressures may
be shifted to permit operation at 93% of capacity with only a slight overall
efficiency 1oss,

11.3.4 HI Decomposition Step {Section ]V)

The HI decomposition step has the lowast flow rates and lowest costs of
the four chemical process steps. The costs are as high as given in Table
11.3-5 only because of the high pressures fnvolved. The simplified flowsheet
for Section IV was given in Figure 9.8-1.

11-10



-1l

T P A 1Y

E400

P306
P4a?

TE401

TE402 Hydrogen power recovery turbine

Total

Table 11.3-5 Preliminary Capital Costs for Section IV& - M§, July 1980

HI-15 Bistiliation column
HI Absorber
H2S Scrubber

Reactor effluent V-L separator
H2-HI vapor liquid separator

Reflux surge drum - C401
Hi decomposition reactor

Misc. integrated heat exch.
Rbsprption refrigeration unit

Reactor feed pump

HI recycle feed pump
RefYux pump - C401
Make-up water feed pump
Recycle pump - C402
§02-H20 pump to C403
Recycle pump -C403

HI-I2 power recovery turbine

Capital

anoco

Paratiel
Units

1
[
2

—_—

2+1

Diameter
Meters

4,

4.
3.
2.
2.

w
w

7

Sw e

»

Based on a hydrogen plant producing 4900 moles per second.
Adder includes field installation of packing.
Adder includas field installaticn of line«s.
The absorption refrigerator includes heat exchangers £408, E41Q, and E 1.

Length
Meters

15.0
9.6
27.3

3.2
'

Equivaient Actual FOR Instatled Total Plant
Mild Steel Cost Plus Direct Investment
F08 Cost Adders Capital Cost Basis
0.170 1.746b 2.143 2.597
1.050 1.3gy0¢ 4,301 5.704
0.700 1.023b¢ 2.828 3.981
0.162 0.293¢ 0.710 0.984
0.121 0.201€ a.514 a7
0.07% 0.248¢ 0.364 0.497
1.750 3.688bC 8.202 11.245
1.300 6.461 9.222 11,799
1.689 1.689 2.819 4.562
0.638 1.845 2.906 3.876
0.287 1.406 2.218 2.954
0.013 0.037 2.058 0.075
0.020 0.020 0.048 0.072
0.024 0.069 0.109 0,145
0.018 0.018 0.042 0.063
0.015 0.015 0.035 0.052
0.348 1.007 1.483 1.997
1.628 1.625 3.507 5.286
10.005 22,695 41.506 56.606



11.3.5 Power Systems Interface (Section V)

The cost basis for Section V includes all of the helium coolant pumping,
heat exchange, heat recovery, and shaft or electric power generation, except
for the blanket heat exhangers (as covered in Section 11.3.6) and the process
side (tube side) of the heat exchangers which are located within the Chemical
Plant. We cost, in Section V, the shell side of all of the in-process heat
exchangers.

The results are shown in Table 11.3-6. The most significant costs are
those for the helium gas turbine generator sets which are costed at $189/kiWe
or $54.10/kMy.{10) This cost compares closely with those quoted by Pratt and
Whitney Co.(11) at $137.81/kWe ($49.34/kW;) for an installed bare turbine
generator set, and $174.61/kHa ($62.51/kW¢} for installed units in a complete
power station with land, buildings, accessory electric and power plant
equipment and other minor expenses. Since we are not including land and power
plant buildings, etc., the GA cost of $54.10/kWt appears a very reasonable
compromise for our July 1980 dollar cost., Our application was discussed with
Westinghouse(12) and Brown-Boveri(13), and they confirm our choice of $54/kW¢
as a good estimate for July 1980 dollar costs.

The next most significant item is the steam generator. Using a quotation
to GA by United Engineers and Constructors{10), we take a value of $16.80/kK¢
in July 1980 dollars for a fabricated and installed steam gemerator unit
including some indirect costs. Thus, a 2293MW¢ unit would cost $38.56M for
the Heat Pipe Blanket, and a 1853 MWy unit would cost $31.13 for the Two-Zone
Blanket.

Helium piping in both blanket designs is simple and inexpensive. We use

a mild steel outer pipe which is from 10D to 200 K cooler than the helium. A
580 K stainless steel inner liner is perforated and spaced away from the cool,

11-12



TABLE 11.3-6
Power Systems Section V Capital Costs (Fabricated, Installed and
Indirect Costs} - M$§, July 1980

Joule Boosted Fluid Bed

Decompuser Decomposer
System System
STEAM RANKINE SYSTEM
Steam Generators (378072810 MWt)2 75.6 56.2
Steam Power Plant (866/358 Mig)2 173.2 7.6
Cooling Tower 26.0 10.7
Electric Plantard Instrumentation 34.6 14.3
Freon Botoming Power Plant (137/247 MWg)3 54.8 98.8
DIRECT CONVERTER DC TO AC
Main RV Transformer Station 3.44 3.44
Inverter Banks 1.72 1.72
Secondary Transformer Station 4.24 4.24
Electrical Distribution System 0.39 0.39
HELIUM PIPING
Main Blanket:
Mild Steel Quter Pipe 2.61 2.61
Perforated 304-5.S. Liner 0.52 0.52
Kao-Wool Insulation (Instailed) 0.46 0.46
Direct Converter Heat Recovery:
Total (Similar to Main Blanket) 0.61 Q.61
To Fluidized Bed Decomposer 0 3.62
WATER TREATMENT PLANT 5.75 5.75
Total Direct Plus Indirect Capital Cost 383.94 274.960

@ The first number refers to the JBD System and the second number to the FBD
System.

171-13
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mild stee]l outer wall by 5 ¢m, and the space s insulated with Babcock and
Wilcox "Kao-Wool" spun mineral insulation.

A water treatment plant has been added to recondition the recirculated
process water and to a minar extent precondition the make-up feed water.
Water treatment consists of softening with ion-exchange and demineralization
with reverse osmosis units, organic removal by carbon adsorption, and other
«.andard waste treatment operations. The plant is sized for a total
recirculated water flowrate of 2.0 x 10% moles H20/s (B million gallons per
day), and costed at $5.00M.

11.3.6 Fusion-Driven Nuclear Island

For the Tandem Mirror Reactor, we have adopted the capital costs of W.
Neff{2) as indicated in Table 11.3-7. MWe applied a 1.5 factor to the two-zone
blanket to account for the higher temperatures and additional comglexity. We
have not inciuded any tubo-generator and electrical distibution equipment as
part of the TMR costs, since they are included in Section V.

11.3.7 Summary of Capital Costs

Table 11.3-8 summarizes the capital costs developed above for the
Thermochemicai Plant and for the TMR Fusion Driver. The Thermochemical Plant
estimates included the appropriate installation and indirect charges plus a
contingency {usually 15%) to cover jtems not specified at this level of design
effort. A 3% contactor’'s fee has been added, and a 5%/y interest charge has
been carried over a 3-year construction period which the amount of increases
uniformiy. We have assumed a 30-year chemical plant Tife. Chemical plant
casts have been scaled from the standard piant size of 4900 mole Hp/sec to the
actual size of 3942 mole Hp/sec for the JBD plant and 5670 mole Hp/sec for the
FBD plant. We have added a 35% direct charge and contingency as expected for
utility industries{3) to construct the TMR Fu. on Driver. We have carried a

11-14



TABLE 11.3-7
Capital Cost Estimate for 3500 MWt TMR(2) _ M$, July 1980

Single Zonu Two-Zone
Blanket Blanket
CENTRAL CELL
Magnets (1.5M$/meter)} 225 225
Blanket {1.5M$/meter)d 225 338
TWO-END PLUGS
Magnets 556 556
Cryo Pump 20 20
Direct Converter 100 100
Direct Converter Services 20 oty
Neutral Deam Injectors 220 e J
ECR Hardware [$4/watt) 260 260
Direct Capital Cost 1626 1739

4 T1.5 cc plexity factor for Two-Zone Blanket.
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TABLE 11.3-8

Surmary of Capital Costs for the Thermochemical Plant and
TMR Fusion Driven - M§, July 1980

JBp FBD
L1072 Blanket  Two-Zone Blanket

THERMOCHEMICAL PLANT
Direct Plus Indirect Capital Costs:@

Section 1 531 76.3
Section 11 178.7 311.3
Section II1 319.4 459.4
Section IV 45.5 65.5
Section ¥V 383.9 275.0
Total 980.6 1187.5
Total Capital Cost:P
Pubtic Htility (100% Debt) 1066.8 1291.9
Private Utility (50% Debt, 50% Equity) 1038.5 1257.6
Chemical Industry (100% Equity) 1016.0 1223.1
TMR FUSION DRIVER
Direct Capital Cost 1626.0 1739.0
Direct Plus Indirect CSpitaI CostC 2195.1 2347.7
Tota? Capital Cost:
Public Utility (100% Debt} 2568.3 2746.8
Private Utility (50% Bebt, 50% Equity) 2381.8 2547.3
Chemfcal Industry (100% Equity) 2195.1 2347.7

¢ Includes installation, indirect charges, and contingencies, scated to
thermochemical hydrogen plant operating rate of 3342 mole/sec for the JBD
and 5670 moTe/sec for FBD case.

b pdds contractor’s fee of 3% and interest during construction for 3 y
investment at 5%/y interest on debt capital only.

€ Adds indirect costs of 15% for construction facilities, 15% for engineering,
and 5% fo(3)owner's costs for a total of 35% indirect costs according to
Battelle.

d pdds interest duri(lg) corstruction for B y Investment at 5%/y interest on
debt capital only.
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5%/y interest charge over an 8-year period where the amount of investment
increases uniformly over the periocd on the construction. These interest
charges vary depending on whether the utility is public (100% debt) or private
(50% debt, 50% equity); and for the chemical industry, there is no interest
charge since at 100% equity the investment {s carried by the chemical firm.

We have assumed a 30-year fusion plant life as recommended by Battelle(3),

11.4 HYDROGEN PRODUCTION COSTS

11.4.1 Plant Availability

We assume the operating personnel of the Thermochemical Plant to consist
of a day crew of three chemical engineers, one electrical engineer, five plant
daerators, one alectronics technician, one computer systems-programmer, and ‘
orie analytical process chemist; and four shift crews with 16 plant operators ;
with the professional staff on call for four hour shifts or longer if '
reguired. Staffing of the TMR follows the guidelines set up by Battelie for
costing purposes.(3)

We have taken a 90% stream factor for the Chemical Plant, which takes
into account 5% unscheduled and 5% scheduled downtimes. We have assumed that
owing to the process unit redundancies that we have designed into the
Thermochemical Plant that plant failures can only reduce the stream factor to
80%. This results from the fact that there are at least 5 parallel process
trains that are configured in a redundant fashion. One of the redundant
trains could be shutdown 50% of the time, without reducing availability below
the stated 90% level.

We have taken a 77% TMR fusion plant availability as given by the

Battelle report,{3! and assumed that this availability results from an 11%
fraction of unscheduled shutdowns and 12% of scheduled shutdowns.
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The combined overall system availability, therefore, can be calculated
from the above information as follows: The unscheduled avajlability is
1.00-0.11 or 0.8°, for the TMR Driver and 1.00-0.05, or 0.95, for the Chemical
Plant, producing a combined availability arising from random shutdowns as the
product, which is 0.89 x 0.95 = 0,846. The scheduled fraction shutdown must
be the iarger of that for the TMR Driver or the Chemical Plant; thus, 0.12 for
the TMR Driver. The total availability is, therefore, the product of the
scheduled availability times the unscheduled availability, i.e.:

A = (1.00-0,12) x 0.846 = 0.744 (or 74.4%).

i1.4.2 Estimates of Hydrogen Production Costs

The purpose of this section is to obtain the hydrogen production costs
{$/G3} from the estimated capital costs in Table 11.3.8, the chemical Plant
operating costs in Table 11.4-1, and the Battelle methods(3) for the TMR and
electrical power systems. This will involve three different analyses: one
based on public utility fimancing, ¢ne on private utility financing, and one
on chemical industry financing. Table 11.4-2 summarizes for the Heat Pipe
Blanket the computation of Hp production costs utilizing the three different
financing methods, while Table 11.4-3 summarizes the same information for the

Two-Zone Blanket.

The computational procedure for both tables is identical. First, we need
to separate the capital costs from Table 11.3-6 into the appropriate debt
capital and equity capital portions depending upon how these capital cost
expenditures are fipnanced. Since the public utility is all debt financed
either though prepayments of the rate payers under the justification of
"future expansion” .or-under a utility.bond, the gapital costs are 100% debt
financed. The private utiTity divides its capital between debt and equity
capital {we assume 50% debt and 50% equity), while our model chemical industry
takes it as entirely Tnternally (100% equity) financed.
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TABLE 117.4-1

Estimated Operating Cost of the Chemical Plant Sections 1-1IV Qperating Costs
Are Based on the Capital Cost of an Equivalent Chemfcal Plant Constructed
of Mild Steel - M$, July 1980

JBD Gase FBD Case

DIRECT CAPITAL COST (MILD STEEL)A

Section 1 5.6 8.0
Section I1I 25.2 24.9
Section III §0.7 72.9
Section 1V 8.0 11.6
Total 81.5 117.4
DIRECT PLUS INDIRECT CAPITAL COST FOR
SECTIONS I-1V (GUTHRIE, 248.2% QF ABOVE) 202.3 291 .4
ANNUAL OPERATING COST FOR SECTIONS I-IV GUTHRIE,
20%/y OF DIRECT + INDIRECT CAPITAL COST 40.5 58.3

9 The wmiTd steel capital costs for the chemical plant are from Tables 11.3-1
through 11.3-5 scaled to 3942 mole/sec for the JBD case and 5670 moles/sec
for the FBD case.
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TABLE 11.3-2
Estimates of Operating Costs and Hydrogen Production Costs of a TMR Driven

Thermochemical Plant Based on the Jaule Boosted Decomposer - M$, July 1980

PRIVATE
PUBLIC UTILITY CHEMICAL
UTILITY (50% debt) INDUSTRY

{100% debt) (50% equity) (1002 equity)

TOTAL CAPITAL COST2

T/C Plant "~ 1066.8 1038.5 1010.0
THR 2568.3 2381.8 2195.1

ANNUAL OPERATING COST

Financing Cost:

T/C Plant (5%/y, 30y) 66.7 36.0 0

TMR (5%/Y, BQg) 165.3 82.6 0
Production Cost:

T/C Sec. I-1V 40.5 40.5 40.5

T/C Sec. V 7.7 7.7 7.7

TMR 43.9 43.9 43.9
Other Fixed Costs:

T/C Sec V and TMRC 82.5 170.2 170.2
Gross Profit (before taxes):

10% Profit 0 171.0 320.5

20% Profit 0 342.0 641.0
Total Annual Operating Cost: :

10% profit 406.6 551.9 . 582.8

20% Profit 106.6 722.9 908.3

HYDROGEN PRODUCTION COSTY

$/6J, 10% Profit 14.84 20.14 21.27
$/GJ, 20% Profit 14,84 26.38 32.97

T Total capital costs are taken from Table 11.3-8.

b Annual production costs for Section I-IV are from Table 17.4-1. Operating
and maintenance for the TMR and Section V use the Battelle{3) estimate of
2%/y of the direct plus indirect capital cost obtained from Table 11.3-8.

€ Following Battelte(3), the other fixed costs are estimated from the Totai
Capital Cost (Table 11.3-8): depreciation 1.3%, interim replacement 0.3%,
property insurance 0.2%, Federal income tax 2.0%, state and local taxes
2.8%. For the pubTic utility case income taxes are elimirated and a 1.4%
property tax equivalent is assumed.
These costs are based on 74.4% plant availability and 27.4 x 1066 &J of H2/y.
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TABLE 11.4-3
Estimates of Operating Costs and Hydrogen Production Costs of a TMR Driven
Thermochemical Plant Based on the Fluid Bed Decomposer - M$, July 1980

PRIVATE
PUBLIC UTILITY CHEMICAL
UTIL TY (50% debt) INDUSTRY

{100% debt) (50% equity)} '100% equity)

TOTAL CAPITAL COsTa

T/C Plant 1291.9 1257.6 1223.1
TMR 2746.8 2547.3 2347.7

ANNUAL OPERATING COST
Financing Cost:

T/C Plant (5%/y, 20v) 83.2 43.6 0

TMR (5%/y, 30y) 176.8 88.4 0
Production Cost:

T/C Sec. I-1V 58.3 58.3 58.3

T/C S=c. ¥ 5.5 5.5 5.%

™R 47.0 47.0 47.0
Other Fixed Costs:

T/C Sac. ¥ and TMRC 83.9 173.1 173.1
Gross Profit (before taxes):

10% Profit 0 190.2 357.0

20% Profit 0 380.4 714.2
Total Annual Operating Cost:

10% Profit 454.7 606.1 641 .0

20% Profit 45: .7 796.3 998.1

HYDROGEN PRODUCTION ¢OSTd

$/GJ, 10% Profit 11.57 15.42 16.3
$/GJ. 20% Profit 11.57 20.26 25.40

4 Total capital costs are taken from Table 11.3-8.

Annual production costs for Sections I-1V are from Table 11,4.1. Operating
an¢ maintenance for the TMR and Section V use the Batte'l'le(:” zstimate of
%/y of the direct plus indirect capital cost obtained from Table 17.3-8.

€ ¥ollowing Batte]le(3), the other fixed costs are estimated from the Total
Capital Cost [Table 11.3-8): depreciation 1.3%, interim replacement 0.3%,
property insurance 0.2%, Federal income tax 2.0%, state and Yocal taxes
2.8%. For the public utility case, income taxes are eliminated and a 1.4%
property tax equivalent is assumed.

d These cost are based on 74.4% plant availability and 39.3 x 106 GJ of Ha/y .
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This interest rate is based on constant dollars and is taken from the
recommendations of the Battelle report.‘3) In an inflated economy as we have
today the true interest rate is the 5%/y constant doilar interest rate over
and above the current inflation rate.

The annual production cost for the Chemical Plant {Sections I-IV) is
obtained directly from Table 11.4-1 based on a 20% fraction of the mild steel
equivalent capital cost of the chemical plant. For the power systems (Section
V) of the chemical plant and for the TMR, the mev ~ds outlined by Battelle!3)
are followed as detailed in the footnotes to Tables 11.4-2 and 11.4-3. The
gross profit is obtained as a simple percentage of the total equity capital.

From the above analyses, we can now cobtain the hydroger production cost.
We use as our buisis a plant production rate of 3942 moles Hp/sec for the JBD
case and 5670 moles Hp/sec for the FBD case. At a total combined availability
of 74.4% (from Section 11.4-i) for the TMR/Thermochemical Plant, we obtain an
energy production rate of 27.4 ard 39.3 x 106 GJ/y for the two cases. This
energy equivalence of the Hp is obtained by using 285.77 kJ/mol Hy as the
higher heating value of Ho plus an added compressive value of energy of
RT In P (9,70 kd/mol H2) associated with the 50 atm pressure of the hydrogen
product, to obtain a total energy value of 295.47 KJ/mol Hp. The hydrogen
product cost in $/GJ is obtained by dividing the total annual operating costs
{$/y) by the yearly hydrogen energy production rate (GJ/y).

11.5 CONCLUSIONS ON PRELIMINARY COST ESTIMATES

1. Using conventionai costing methods established bv the fusion
community and chemical industry, we obtain a hydrogen production cost
of $12-15/GJ in July 1980 dollars for the FBD/Two-Zone Blanket
approach and the JBD/Single-Zone Blanket concept assuming public
utility financing. Private utility and chemial industry financing
give higher costs.
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2. The $12-15/GJ hydrogen cost obtained here is very favorable and
indicates that fusion synfuels will be competitive in the timeframe
for emergence of fusion in approximately 2030.
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12.0 SYNFUELS BEYOND HYDROGEN

Large amounts of hydrogen are used to upgrade hydrocarbon feedstocks for
use as transportation fuels. At present, the hydrogen is produced fram
fossil fuel resources, particularly natural gas. If a renewable hydrogen
source were used, the fossil resources wauld not be depleted so rapidly.
Also, the additional C02 produced during hydrogen production would not be
exhausted to the atmosphere. Feedstock upgrading is the first expected
large-scale use of hydrogen produced, according ta the Ontario Electralytic

Hydrogen Study.(l)

12.1 METHANOL

Other than upgrading existing feedstocks, the simplist convenient liquid
fuel that can be produced synthetically is probably methanol. This is a
commercial process that uses catalysts in a one-step synthesis to make
methanol according to the reaction

Co + 2H2 + CH30H (12.1)

The two companies' processes that dominate the world market are Imperial

Chemical Industries (British) and Lurgi (German).(z) Both use fixed beds
of catalysts based principally on mixtures of copper, zinc, and chromium.
The specificity of these catalysts is remarkably good, and few byproducts

are produced.

The equilibrium constant is not favorable as may be seen in Fig. 12.1.
At low temperatures, the kinetics are too slow to be useful, even with a
catalyst, so the reaction is normally operated hetween 250 o and 350 °C.
The higher temperature operation requires pressures of around 300 atm to give
the same yield as the lower temperature process that runs around 100 atm,
Even so, the unfavorable equilibrium allows only a few percent conversion per
pass, so extensive recycle with chemical separation processing is required,

The synthesis reaction is highly exothermic {about 24 K cal/mole of
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methanol) so cooling of the reactor is required. The heat produced is
recovered and i§ just adeauate to supply the energy requirements of the
compressors and distillation equipment.

An attractive long-term possibility would be to develop a fusion-
praduced liquid fuel from completely renewable resources. From reaction
(12.1) it can be seen that a source of carbon monoxide is needed. At the
very Teast a source of carbon must be available, Depending on the location
and demand, this could be municipat waste, agricultural waste, or energy
crops. In each of these cases the original carbon source js COZ in the air,
and photosynthesis combined with other processez has Separated it from the
air and converted it to a solid or liquid hydrocarbon form. It is possible
with today's technology to extract 002 directly from the air on a commer-
cial scale. Liquid 002 sells for abont 3100 per tonne.

The synthesis of CH30H can be done with CO2 directly rather than
with C0. The reaction is then written

co, + 3H2 + CH30H + H,0 (12.2)

Chemical kinetics are comparable with those of reaction (12.1) but the equi-
Vibrium constant drops by more than a factor of 10. This drop is depicter. by
the two circles on Fig. 12.1, and it is a very unattractive feature. It is
readily observed that reaction {12.2) uses half again as much H2 as reaction
(12.1) to produce the same amount of CH30H. That, too, i% unattractive as

is the fact that reaction {12.2) is only about half as exothermic, even
though the energy requirements for compression and chemical separation are

increased.

In Fig. 12.2, the equilibria of some simple chemical reactions are
shown. Some could be used to produce CO from CO2 by reacting with H2 or C.
The € could come from either a renewable or a nonrenewable source. One
common feature is that to show a favorable equilibrium, they all must operate
near 1000 K, and they all are endothermic. This would have a substantial
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influence on the final methanol cost. A reaction not shown but worthy of
consideration is the partial oxidation of biomass char with surplus oxygen
produced during hydrogen manufacturing. This oxidation is exothermic¢ and

the heat at the reaction temperature could produce the char in a conyentional
pyrolysis step. Regardless of the final choices made, many routes to
synthetic liguid fuels are available once the H2 can be produced in abun-

dance at Tow enough costs.,

A closing comment might be made here. With a two-step catalytic dehy-
dration process known as Mobi1l M, methanol can be converted to high octane

gasoline at about 90% efficiency.
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13.0 SIMULATION OF SECTION Il OF GENERAL ATOMIC THERMOCHEMICAL CYCLE AND THE
THERMODYNAMICS GF THE H2504-H20 SYSTEM

As pointed out in Section 9.4, the mass and energy balances in Section II
of the General Atomic Sulfur-lodine thermochemical process is especially crucial
to interfacing the thermochemical plant to the fusion driver. As stated in
Section 9.3 of this report, the primary design criterion of Section II is to
increase the thermal energy recavery of the HZSO4 concentration step while main-
taining a good match to the thermal heat source.

Determining the mass and energy balances for Section II involves calula-~
ting multiple recycle streams. Optimization of a pracess with multiple recycle
streams requires iteration over input parameters. ODue to the complexity of
Section II this can only be accomplished by computer simulation.

This section (13.0) describes the development of a structured approach to
the computer simulation of Section II of the process. As noted in Section 8.1
the present thermodynamic data for the HZSO4-H20 system as published in the
Titerature is not adequate for determining accurate mass and energy balances.

13.1 CHESS: THE U.W, PROCESS SiMULATION CODE
13.1.1  Description of CHESS

The process simulator available at the University of Washington is CHESS
(Chemical Engineering Simulation System). CHESS is based on a computer program
written at the University of Houston which was made available for academic
users. CHESS is designed primarily to simulate a large chemical process with
multiple recycle streams.

Ta simulate Section 1I of the General Atomic Sulfur-Iodine cycle, a
process simulator must be capable of modeling two phase equilibria. There are
three thermodynamic functions that must be calculated:

1. Vapor phase fugacity

v o_
fi = ¢i P ¥; 3. Enthalpy
2, Liquid phase fugacity H(T.P,{xi})
1 0
By i %
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where:

¢, = fugacity coefficient

P = total pressure

Y. = mole fraction of it species in the vapor phase
Y;: = activity coefficient

f. = fugacity of the pure liquid at it's vapor pressure for that
temperatue

th

mole frection of the i~ species in the liquid phase

>
n

=
[}

total enthalpy

The prediction method used by CHESS for enthalpy and fugacity coefficients
is the Redlich-Kwong-Suave equation of state. This method was chosen because
of the abiTity to select the constants appearing in the equation with a minimum
of data (critical pressure, critical temperature, and an accentric factor for
each chemical species). Because of it's simplicity, the Redlich-Kwong equation
could not be expected to be sufficiently accurate to be used in precision
calculations. It has, however, been used frequentily for mixture calculations
and prisé equilibrium correlations with reasonably good success,

“1e liquid activity coefficient is much more difficult to determine since
it depends on liquid-liquid interactions which vary greatly depending on whether
the molecules are polar, electrolytic, or neither. The simplest situation is an
ideal solution where the activity coefficients are one. The next most
complicated, is the regular solution theory used by CHESS. The regular solution
theory applies to solutions whose excess entropy of mixing is zero. This
approach is suitabie for non-polar of very weakly polar compounds. The 1iquid
phase fugacity is based upon an empirical curve which includes & correction for
the Pitzer-Curl acentric factor. Liquid activity coefficients are based on the
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Hildebrand solubility parameter method with coefficients provided by Chao and
Seader.

The CHESS system requires that the usar supply information on (1) the feed
streams to the process, (2} the process topology, and (3) designation of the
type of process equipment and its parameters {i.e. a heat exchanger, number of
shells, area, heat transfer coefficient etc.). CHESS then completes the mass
and energy baianc~s and provides a summary of (1) each stream, vapor fraction,
temperature, pressura, enthalpy, and composition, and (2) each process unit:
cooling required, work required. Although CHESS has some capability for design
it is primarily suited for simulation.

The process units included in CHESS offer the capability of doing the
following kinds of calculations (all multicomponent):

Absorber/Stripper -- separation using several theoretical stages
Flash -- isothermal or adiabatic
Distillation -- plate to plate

-= short cut

Heat exchangers

Reactor -- calculates stoichiometry only, no
equilibrium constraints

Pumps

Valves

Fired Heators

The restrictions on the system are:

(1) < 100 streams

(2) < 50 pieces of equipment

{3) < 20 components

{4) regular 1iquid solutions

(5) ideal vapor solutions !{i.e, vapor activity coefficients are ane)

i |



13.1.2 Modifications to CHESS for Electrplyte Systems

In orcder to simulate Section II of the General Atomic Sulfur-lodine cycle,
CHESS must be able to predict the vapor phase fugacity, 1iquid phase fugacity,
and enthalpy for the H2SO4 . H20 . 503 system. The prediction methods used by
CHESS assume vegular splutions and therefore are incapable of accurate
predictions for the components in question.

It iz necessary to add unit computation modules to CHESS to model! the vapor
1iquid equilibrium of H2804 . H20. The modules will utilize the thermodynamic
data discussed in Section 13.2 empirically.

The CHESS input Schematic for Section II is shown in Fig. 13.1-1. As the
Redlich-Kwong-Soave equation of state is adequate to predict vapor phase
enthalpys, the standard CHESS unii calculation modules will be used in the
vapor phase. For units which calculate vapor-1iquid equilibrium modules will
be added.

13.1.3 Fxampic Add-On Module for the Multi-Effect H,S0, Evaporators

The ADD1 module is an additional module added to the CHESS program to
carry out isothermal flashes, Fig. 13.1-2 shows a schematic of the ADD?
module. With the equilibrium data discussed in Section 13.7, the ADD] module
will solve an ispthermal flash with known K-vaiues.
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Fig. 13.1-2 Isothermal Flash Module

The variables are defined as follows:

-
"

total moles fed to process

total moles vapor

total moles liquid

= mole fraction of component i in feed
= mole fraction of component i ir apor
mole fraction of component i in liquid
= equilibrium constant of component i

n

e ot

= energy into process
= enthalpy of x-stream

N I O ®x x %< N T =
1}

temperature

The equations are:
Mass balance: ziF = x.iL + yiV
Energy balance: HF +Q-= HL + HV

Equilibrium: TF = 'rL = TV ¥y = lg X =
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Definition: I:yi = 1.0, Ex.i = 1.0
The mass balance can be rearranged as follaws:
Zy =Y.V (l-v)xi, where v = V/F

= [(Ki-l)v + 1]xi
Thus:
2

X = _.._l-_.——._..

i iK,i-Uv +]
However

or

2. 2
- =0
(K - 1)v +1 :E:(K1 - T +1
define:
z -'I)Z
) 2T
We can solve this equation with any of a number of unimodal search

techniques. Given z; and Ki we must find v such that F(v) = 0, Once v is
found we can solve for X and Y3 through the equilibrium relations,
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13.2 REVIEW OF RELEVANT DATA AND TS DEFICIENCIES

To provide an accurate result for the enthalpy requirement of Section TI
of the General Atomic water splitting cycle, accurate thermodynamic data for
the H2504—H20-SO3-502 system is needed, The r:ed for accurate data prompted a
review of the relevant thermodynamic data. The data for SO2 was consistent with
the JANAF tables.(T) Calculations based on the integration of recent cp data
for 503 were inconsistant. Table 1 shows 503 enthalpys ca]cu]ated(z), campared
with the JANAF values. The values differ substantially at temperatures above
1000%k. The differences have a significant impact on KP far SO3 and thus
influence the calculations of the compasition of the vapor phase.

Tabl: 13.2-1
50, Enthalpy Data

T (°K) JANAF Tables CALCULATED
300 0.022 0.024
400 1.322 1.29
500 2,768 2.74
600 4,328 4,32
700 5.975 5.99
800 7.687 7.73
800 9.448 9.54

1000 11.248 11.40

1100 13.077 13.32

1200 14.930 15.29

1300 16,802 17.29

1400 18.688 19.34
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Also of importance for separations operations are data on the vapor
1igquid equilibrium of the HZO—HZSO4 system, over the complete range of
concentrations and at elevated temperatures. To date the best estimation of
the properties of aqueous sulfuric acid have been made by Gnitro and
Vermeulen 3 They used an iterative procedure, normalizing to the azeotrope,
te calculate the partial pressures over sulfuric acid over the complete range
of dilution and up te temperatures of 400° C. Their calculations were
essentially extrapolations of room temperature data, the estimate of the
properties of agueous sulfuric acid not being of sufficient reliability for
the calculation of separations operations at high temperatures,

Excellent measurements of the vapor-liquid equiiibrium of aqueous sulfuric
acid have recently been made by Lennartz 4 They include Loth P-T-x and
T-x-y data. The P-T-x measurements span the range of concentrations from 20-
100% mole fraction HESO4, with a temperature range of 170-500°C. The resul*s
are shown in Fig. 13.2-1. The T-x-y measurements also covered a wide range
and are shown in Fig. 13,2z-2. The azeotrope was determined from both P-T-x
and T-x-y measurements and is shown in fig. 13.2-3,

Currently, no analysis of Lennart-s' data has been published. WNonetheless,
rough comparison between Gmitros' calculations and Lennartzs' data can be made
using the data as presented in figs. 13.2-1 to 13.2-3.

The comparjson between total pressures as measured by Lennartz and
calculated by Gmitro is shown in Fig, 13.2-4, The largest discrepancy in
total pressures lies in the region near the azeotropa. Calculations made at
the azeotrope as measured by Lennartz show that this is due to significant
errors in the partial pressures of 503 and H2504. These errors have a
significant {mpact on the distribution coefficients between the 1iyuid and
gaseous phases at equilibrfum., The discrepancy is demonstrated by comparison
of the partial pressures at the azeotrope as shawn in Figs. 13.2-5 to 13.2-8.
(At the azeotrope the partial pressures above the solution can easily be
found with the published data.) While such a limited comparison cannut indicate
the extent of error over the whole range of solutions, it shows that there are
points at which the discrepancy is on the order of 100% for both 503 and
HZSO4. Again, the implication 1s that the distribution coefficients are off
by a significant amount, Also note that the tetal pressure temperature
dependence {s significantly different from that measured at the azeotrope
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(see Fig. 13.2-4). This implies a large percentage error in the enthalpy of
zporization near the azeotrope.

Note that (see Fig. 13.2-6) the difference between the partial pressures
for H,0 is minor in relation to the errors in the partial pressures of 503 and
HaS0, (Figs, 13.2-7 and 13.2-8). This explains the excellent agreement between
the two sets of total pressure data at lower mole fractions of H2504 where the
partial pressures of H250 and 503 are negligible (see Fig, 13.2-4). Thus the

4
error in Gmitros' calculations is almost solely due to errors in the partial

pressures of H2504 and 803.

In view of the fact that the efficiency of the entire synfuel plant is
strongly impacted by the efficiency of the separations operations the current
thermochemical data being used for engineering analysis is inadequate for
process optimization. In 1ight of this situation the measurements made by
Lennartz are currently being reduced to provide the relevant thermodynamic data
for the HZO-HZSO4 system.
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