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SUMMARY

Fusion energy has several advantageous features as a source of hightemperature process heat when compared with other possible sources.

First,

it is based on inexhaustible fuels source (deuterium and lithium) that do
not have significant non-energy applications.
over fossil-based fuels.

This is an important advantage

Second, a far greater fraction of the energy is

carried by the neutron than in fission processes (80 versus 5 % ) . This
presents an inherent means of transporting the energy from the nuclear
reaction zone to a high-temperature region that can be isolated from contamination by radioactive species inherent to the nuclear process.

This

advantage of fusion over fission is further enhanced by the fact that the
neutron emitted by the (d,t) reaction is considerably more energetic than
is a fission neutron (14 versus 2 MeV).
The purpose of this report is to present the status of the joint ANL-IGT
program to analyze the feasibility of generating synthetic fuels from fusion
energy.

This program was initiated in June, 1978 as a parallel effort in

which the IGT expertise would be used to identify the best method of generating synthetic fuels from the high temperature process heat produced by
the fusion reactor.

The immediate ANL objective has been to develop a high

temperature blanket design that would be considered both feasible and reliable from an engineering viewpoint.
The design effort is based on the use of a tokamak fusion source that
has a major radius of 7 m, an aspect ratio of 3, an assumed $

of 0.07, a

plasma elongation factor, K , of 1.6, and a thermal output of 2400 MW.

All

the reactor design parameters were chosen as a result of previous efforts
to produce the most economical, least technologically complicated design
except for K where a higher than normal value has been assumed to ease the
design of the high-temperature blanket.
The blanket design took as its basis four major goals.
1)

These were:

The capability to produce process heat at a temperature in excess
of 1000°C.

2)

The development of a design that would allow the direct use of
a non-activated process heat stream without recourse to the use
of a high-temperature heat exchanger as a means of isolating the
primary coolant loop due to concerns over transported radioactivity.

3)

The elimination of ceramics as structural materials in the reactor.

4)

The system should be nearly self-sustaining with respect to tritium
breeding and this should be done in a way to ensure no contamination
of the process heat stream.

The approach to a high-temperature fusion reactor blanket design
suggested by this report attempts to avoid the problems of static designs
through the use of a ceramic falling bed. As a high-temperature blanket
concept, the falling bed is particularly attractive in that it allows the
(2)
decoupling
of the structural materials from the high-temperature heat
transfer medium. As shown in recent studies, by actively cooling the structural walls, modest temperatures (^ 400°C) can be maintained while producing
a high (> 1000"C) temperature in the falling ceramic pellets. From a feasibility point of view, this may prove much more reasonable than would the
construction of an integral structure capable of withstanding 1000°C tempera
tures. Such a system also minimizes the pumping requirements to a few hundred
kilowatts of power due to the fact that it can be operated at low pressures.
Because of the high density of the falling particle bed compared to more
conventional coolants, a relatively small volume throughput is sufficient
to absorb the energy output of a fusion reactor. For example, if A1 2 O 3 is
used as the coolant media at an entrance temperature of 300°C and an exit
temperature of 1000°C, a throughput of less than 2 tons per second is required to absorb an output of 1000 MW of thermal energy.
Results to date have indicated the general feasibility of the falling
bed design. The vertical refractory lined ducts are intended to sustain
internal pressures up to ^ 10 atmospheres. The falling pebbles will be
either AI2O3 or MgO and from 0.5 to 2 cm in diameter. The heat exchanger
area is governed mainly by the desire to maintain a free fall of the pellets.
About 30 square meters of heat exchanger area are required per 50 MW of
thermal output. The working gas stream (either air or steam is envisioned)
can remove the thermal energy from the pellets without being activated itself.

^^

The entrainment of ceramic particles by the stream is the major source of
concern in determining whether or not the process heat stream can be used
directly.

For either MgO or AI2O3 the only relatively long lived species

formed is Na-24.

Spectrum tailoring can minimize the concentration of this

contaminant.
The first analysis of the thermal performance of the high temperature
region of the blanket has identified two potential problems.

The first of

these is the high maximum temperatures that result when a moderate (1100°C)
average outlet temperature is specified.

The second is the relatively high

fraction of the total energy deposited in the high temperature portion that
is removed by a low temperature heat through the active cooling of the
structure.

In the initial scoping calculations no mixing of the falling

particles was assumed and the structural material was taken to be very low
(93°C).

The use of baffles, incorporation of a low pressure gas flow, and

the development of a variable pellet density within the bed all offer some
promise of reducing the severe radial temperature gradient that is currently
calculated.

Similarly the operation of the structure in the temperature

range of 500°C will serve to limit the flow of energy from the high temperature portion of the blanket.
Tritium breeding is conducted in solid Li7Pb2 located both in front of
and behind the high temperature region.

Two tritium breeding schemes are

being pursued, one involving a continuous removal by circulating a low
pressure helium stream through the material and the other a "fuel pin"
approach in which the bred tritium is gettered in place and removed during
periodic processing.

Tritium breeding ratios greater than one are achievable

while depositing about 50% of the total energy into the high temperature
zone.

Future work in this area will concentrate on varying the arrangement

of the tritium breeding zones with the intent of improving the engineering
aspects of the design while maintaining the tritium breeding capability.
The IGT portion of the study has attempted to define the pressure and
temperature requirements of coal gasification and high temperature electrolysis
as a first seep toward finding a good match for the high temperature heat
produced by the fusion reactor.

Ideally a low pressure (< 10 atm) appli-

cation can be found so as the necessity of a high pressure heat exchanger
can be avoided.

If high pressures are a requirement, several approaches are

possible.

These include the use of rotating discs to separate the reactor

from the high pressure, prestressed concrete, pebble bed heat exchanger; the
use of an air heated boiler that offers the possibility of high thermal
efficiencies; a gas turbine-driven steam compressor; and a steam heated
boiled with an organic Rankitie engine to boost the systems efficiency.
In a consideration of the coal gasification process from a thermodynamic
viewpoint, little incentive was found to produce temperatures greater than
*v< 12OO°G at pressures of <v< 10 atm.

However, when this same analysis was

conducted in te?Tns of the actual Hygas process, it was noted that pressures
of ^ 60 atm are indeed required as input to the pipeline.

A first look at

the potential economic incentive for applying fusion energy to coal gasification was not very encouraging.

Significant increases in coal prices would

have to occur before there would be a clear cut incentive to use fusion for
this application.
The high temperature electrolysis assessment concluded that an efficient
system could be developed if 1100°C steam was provided at a pressure of 60
atm.

This high pressure requirement makes necessary the additions to the

system of the complicating devices previously discussed.

Future work by

IGT will include an assessment of other possible matches to the process heat
stream emanating from a fusion reactor.
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1.0

Introduction
The high temperature falling bed conceptual design work has consisted

of a coordinated effort in neutronics, materials science, thermal hydraulics
and mechanical design.
The neutronics work has been based on a one-dimensional transport
analysis and has been used to scope the implication of blanket dimensions,
breeding materials, ceramic pebble material and coolant choice on both tritium
breeding capabilities and energy deposition into the high temperature region
of the blanket.
The materials science effort has concentrated on defining the selection
of a particular ceramic material in terms of its resistance to radiation
damage, in-reactor sintering, thermal cracking and induced radioactivity.
The thermal hydraulic analysis has been concerned with sizing the heat
transfer system and defining the temperature gradients in the high temperature
blanket as a function of the fusion reactor's wall loading, the density of
the pebbles within the falling bed and the overall bed dimensions.
The mechanical design work, to date, has evaluated how such a system
might be constructed from the point of view of maintainability and structural
support.
Future work on ihis system will consist of finding adequate solutions
to those problem areas identified '>y the current study.
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2.0 Neutronlc Analysis
A one-dimensional transport analysis lias been conducted in a parametric
fashion so as to scope and define the potential of various design possibilities.
This neutronic study was conducted so as to determine the following parameters
as a function of design geometries and material selection:
•

tritium breeding ratio,

•

energy (both absolute and fraction of total) deposited in the hightemperature bed,

•

induced radioactivity in the system,

•

the rate of atomic displacement and gas generation as a function of
material selection, and

•

the shielding characteristics of the blanket design.

The neutronic calculations were conducted in terms of the schematic shown
in Figure 1. Two different breeding materials, liquid lithium and solid lithium
lead (Li Pb 2 ) were included in the assessment along with MgO, A1.0, and SiO2 as
candidate pellet materials. Stainless steel was assumed to be the structural
material and a carbon reflector was also included.
The performance of 23 different blanket designs Is presented in Table 1.
The key points to be noted from this study include:
1)

Tritium breeding ratios near 1 can be achieved for any of the combinations of breeder and pellet materials while depositing a minimum
of 27% of the total energy in the high-temperature zone. A maximum
deposition of 54% of the total energy was achieved in one of the
designs.

2)

The total energy produced by the system was higher when MgO or A1 2 O 3
beds were chosen instead of SiO2.

3)

For a given system, the choice of MgO or SiO resulted in higher
tritium breeding ratios than did Al 0,.

4)

The use of H O instead of He as a structural coolant gave relatively
higher tritium breeding ratios and lower fractions of the total energy
deposited in the high-temperature bed.
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Figures 2 and 3 present the tritium breeding results and energy generation
characteristics, respectively, of a Ll ? Pb 2 /H 0/MgO system.

First Wall
(1)

Plasma

Breeding
Zone-A
(2)

(1)
(2)

High
Temperature
Zone

Breedinq
Zone-B

(3)

(4)

Carbon
Reflector

Shield

(5)

Type 316 stainless steel, 3-mm thick.
10? stainless steel, 5% coolant (H20 or He), 85% breeder (L1 or
Li 7 Pb 2 ).

(3)

75% of theoretical density of A12O,, MgO or S102.

(4)

10% stainless steel, 5% coolant, 85% breeder.

(5)

5% stainless steel, 5% coolant, 90% carbon.

Figure 1.

The schematic of the high-temperature fusion blanket used in neutronic calculations.
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3.0

Selection of Pebble Materials for a High-Temperature Fusion Reactor
It is of primary importance to the falling bed design scheme that the final

process heat stream not be contaminated with long-lived radioactive species.
Alumina, Al 0 , has been chosen as the reference material for this application
due to its short half-life and commercial availability at high purity levels.
The purpose of this report is to give the preliminary results of a study
that is being conducted to evaluate the suitability of Al_0 3 , and other candidate ceramics, as pebble material. A major concern, in addition to induced
radioactivity, is the formation of "clinkers" caused by the sintering of several
pebbles into a single mass, causing a blockage in pebble flow to occur. Dimensional instability of pebbles, brought about thermally, mechanically or by
irradiation, is also being evaluated.

3.1

Induced Radioactivity

A broad spectrum of thermal, epithermal, fast and 14.5 MeV neutrons is,
in principle, available for absorption In the high-temperature blanket. Absorption of low energy thermal and epithermal neutrons leads to (n,y) reactions
with most nuclldes. At energies greater than approximately 0.1 MeV, cross
sections for (n,y) reactions are very small and (n,p), (n,a) and (n,2n)
reactions become important.

All of the latter are threshold reactions, which

means that up to a certain neutron energy, the cross section is zero. Above
this threshold, the cross section is energy dependent. Therefore, by the proper
placement of absorber materials in front of the high-temperature blanket, the
neutron energy spectrum in the blanket can sometimes be tailored to avoid unwanted activation products that are due to higher energy reactions. We show
below that spectral tailoring may, in fact, be necessary even for A12O,.
Table 2 gives the activation products of (n,y)» (n,p), (n,a) and (n,2n)
reactions for A l 2 7 along with the reaction threshold energy,* the half-life
of each reaction product, the saturation activity level and the energy abundance of the main y lines.

The threshold energy was arbitrarily selected from reaction cross-section
curves to correspond to a cross section of 1 millibarn.

o

Table 2. Neutron Activation of Al

Saturation Activity

Threshold Energy
Reaction

Main Y Lines

(MeV)

Half-Life

(Curies/g)

A l 2 7 (n,Y)Al28

-

2.25 m

1.43

1.78 (100)

A l 2 7 (n,p)Mg27

< 3.0

9.45 ™

2.41E-3

0.834 (72); 1.014 (28)

A l 2 7 (n,a)Na2"

< 6.0

15.02 h

4.38E-4

1.369 (100); 2.754 (100)

A l 2 7 (n,2n)Al26

<14.5

3.03E-3

0.511 (164); 1.809 (100)

*

7.2E5 y

(MeV, Photons/100 decays)

Threshold energy arbitrarily taken to correspond with a 1-milliborn reaction cross section.
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From Table 2 we see that for neutron energies less than approximately
6 MeV only the (n,y) and (n,p) reactions are operative and that their reaction products have relatively short half-lives.

The (n,2n) reaction will not

occur and the (n,a) reaction should be avoided due to its longer half-life and
to the relatively high vapor pressure of the sodium oxide that is formed.

The

combination of a longer half-life and high vapor pressure would probably introduce radioactive sodium vapor into the procc=si heat stream, which is undesirable
due to both the radioactivity and the- chemical reactivity of Na-24.

Therefore,

steps nay need to be taken to ensure that the neutron flux in the high-temperature blanket has energies no greater than approximately 6 MeV.
Routine hands-on maintenance of the heat exchanger and blanket-related
systems exterior to the reactor is an important goal to be realized in the
high-temperature blanket design.

This requires that, in a short period of

time, the activity of reaction products be reduced to levels that are safe
enough for maintenance personnel to work in close vicinity of the circulating
pebble bed.

We can obtain an estimate of the time required to attain safe

radiation fields by considering the activity of a single A 1 2 O 3 pebble.
a 2-cm diameter A1 2 O 3 pebble that is approximately 53% Al by weight.
mass of Al per pebble is then 8.7 g.

Assume
The

From Table 2, the activity of one

pebble due to the (n,y) reaction is 12 C at saturation.

The radiation

field at one foot is R/hr = 6 CEn where C = activity in Curies, E = y energy
in MeV, n = number of photons per decay, and R/hr = roentgens per hour.
Again, using Table 2, the radiation field of one A 1 2 O 3 pebble at one
foot due to the (n,y) reaction is 130 R/hr at saturation.
at a time t after removal from the reactor is A = A
the saturation level and ti

is the half-life.

The activity

(1/2)*"

h, where A

is

If we assume that a radiation

field of 1-mR/hr is an acceptable exposure level,

the time to reach safe

levels of activity is 38 minutes.

On a one-day-a-week maintenance schedule, a worker would receive no more
than 400 mr/year total, which is an acceptable level.
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Similar calculations for the Al 2 7 (n,p)Mg 2 7 reaction result in a time of
64.5 minutes.

Therefore, a throughput of once per hour would allow the sys-

tems exterior to the reactor to be operated at relatively low radiation
levels.
Other candidate pebble materials being evaluated include MgO, MgO'Al 2 O 3
spinel, SiO 2 and SiN^. Nitrogen, like oxygen, should form only stable or
short-lived reaction products, the only exception being the N1'*(n,p)C1'* reaction.

Although C1** has a very long half-life, there is no associated y.

The

activation products of importance to Mg and Si nuclides are given in Table 3
and Table 4, respectively.

Due to the Na2lf reaction product from the Mg 2U (n,p)

N a 2 U reaction, which has a threshold energy of 5.0 MeV, this reaction should
be avoided.

Activity due to the Mg 2 5 (n,y)Mg 2 7 reaction will reach safe levels

in approximately 20 minutes.

Ceramics containing silicon should probably not

be used as pebble material, since approximately 15 hours are required to reduce the activity due to the Si 3 0 (n,Y)Si 3 1 reaction to safe working levels.
In summary, the induced radioactivity of either A 1 2 O 3 or MgO should be
sufficiently short-lived, so long as high energy (> 3 MeV) reactions are
avoided, to make them suitable as pebble materials.

3.2

Sintering

As the temperature of the pebble bed exceeds 0.5 of the absolute melting
temperature, there will be an increasing tendency to form sintered contacts
between pebbles, which may in some way impede pebble flow.

However, there

appears to be insufficient information available to predict with confidence
under what conditions a flow blockage will occur.

For example, vibrational

motion of the bed may break pebble contacts as soon as they form, or thermal
shock on entering the coolant stream may break contacts if they are sufficiently small.

Experiments are required to determine the effectiveness of

these conditions in breaking pebble contacts.

Even if sintered masses form,

flow blockage may not occur provided the pebble sorting and circulating systems
are designed to handle larger clumps of pebbles.

However, pneumatic systems,

which are of the simplest and most reliable methods for sorting, routing and
lifting the pebble bed, require single pebbles having uniform shapes and
dimensions.
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Table 3.

Threshold Energy
Reaction

Mg21+(n,p)Na2t*
Mg 26 (n,y)Mg 27

Si28(n,Y)Si28

Saturation Activity
(Curies/g)

(MeV)

Half-Life

5.0

15.02 h

8.11E-4

9.45 m

2.85E-4

Table 4.

Reaction

Neutron Activation of Mg

Threshold Energy
(MeV)

Half-Life

Main Y Lines
(MeV, Photons/100 decays)

1.369 (100); 2.754 (100)
0.844 (72); 1.014 (28)

Neutron Activation of Si

Saturation Activity
(Curies/g)

Main Y Lines
(MeV, Photons/100 decays)

2.25 m

3.43E-2

1.78 (100)

29

6.52 m

1.52E-2

Si 3 0 (n,Y)Al 3 1

2.62 h
9.45 m

2.16E-2
2.78E-6

0.511 (200); 1.273 (91);
2.028 ( 3 . 4 ) ; 2.426 (5.5)
1.27 (0.07)
0.844 (72); 1.014 (28)

29

Si (n,p)Al

30

Si (n,Y)Al

27

i.5

10
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We have attempted to obtain an estimate of the tendency for the pebble
bed to sinter. Unfortunately, there is no information available that will
allow an estimate of the effect radiation may have nor have we been able to
include, as yet, the effect that contact forces between pebbles, due to the
weight of the pebble bed, may have on the sintering rate. Both are potentially
large effects and experiments are needed to determine their importance.
If we ignore the effects of irradiation and pressure, there is sufficient
experimental data available to estimate the temperature at which sintering of
an Al_O, pebble bed may become important. We assume that pebble flow will
be inhibited if a pair of sintered pebbles will not separate when one is
suspended freely below the other. This assumption gives a maximum allowable
contact area between pebbles that in turn, for an assumed time at temperature,
determines the temperature at which sintering may become important. This is
probably a conservative estimate since pebble contacts will experience forces
that tend to break them when the pebbles rotate and slide past one another
as the pebble fed flows from the reactor region into the heat exchanger. Also,
as discussed before, vibrational motion of the bed may prevent stable contacts
from forming when the sintering rate is sufficiently low.
When the stress in the neck formed between sintered pebbles becomes
greater than the tensile fracture strength, the neck will fracture and the
pebbles will separate. Since the maximum stress is approximately
4/3

* f pg fl
|i + ty*™

(3a)

•n x z

and
X/R = 4 a/X

(3.2)

then

(f
gives the limiting neck size to ensure sintered pebbles will separate. In
these equations
X = radius of neck

12

25
a = pebble radius
R = radius of curvature of neck
p = density of A1 2 O 3 = 3.6 x 103 kg/m3
g = 9o8 m/s 2
a = maximum stress
c
a - fracture stress = 193 Mpa.
As an example, Figure 4 shows that when a = 0.01 m, Equation (3.3) is
satisfied when X/a < 7.9 * 10" 3 .
(3)
From sintering experiments

using A12O 3spheres

= 320 F(T) t/a3

(%
a

(3<4)

whore
T) y a 3
F(T) - —j^r-9-

(3.5)

T) = volume diffusion coefficient
7 = surface free energy
a 3 = ionic volume
o
T = temperature
K = Boltzmann constant
t = time
Therefore, when
(3.6)
where X/a is obtained from Equation (3.3), there will be no tendency to form
lasting pebble contacts and, therefore, no impedence to pebble flow.
example, suppose t = 330 s* and a = 0.01 m. Using y
l.A x 10~

23

=

3

2

As an
3

1°~ kgs/cm , a =

3

cm , and

D = 3.6 x 10 8 exp [_ "gjSSoJ

cm2/s,

(3>?) (4)

we must have T < 1580°C as illustrated in Figure 5 . Note that when a = 1 mm,
we must have T < 1150°C.
* Preliminary estimates of reactor dimensions indicate that residence time in
the blanket is approximately 330 s.
13
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Figure 4, Maximum pebble radius needed to ensure fracture of sintered
pebble contact having a fractioi: contact radius x/a.
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Figure 5. Use of the temperature function, F(T), to determine the minimum
pebble radius, a, needed to ensure against sintering at temperature T.
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Firm conclusions are difficult to draw from the above but the analysis does
seem to illustrate the dependence of pebble bed sintering on temperature and
pebble size. We observe that a static pebble bed, having reasonably sized
(a = 1 cm) pebbles, may operate at temperatures approaching 1600°C for short
periods up to about 5.5 minutes if the effects of irradiation and contact
pressure are not large. Note that the maximum allowable operating temperature
is not very sensitive to time at temperature, being reduced by only 100°C for
a ten-fold increase in time. We may speculate on the magnitude of pressura and
radiation effects by noting that if these effects can be simply expressed as
an enhancement of the temperature function, F(T). Inspection of Equation (3.4)
shows that a ten-fold increase in F(T) can be accommodated and sintering
avoided by an increase in pebble radius by a factor of only 2.2.

3.3

Dimensional Instability

Dimensional instabilities that pebbles may suffer include:
1)

Fragmentation due to mechanical interaction between pebbles, thermally
induced cracking brought about by thermal shock and thermal fatigue,
and irradiation induced cracking.

2)

I'niform reduction in size due to mechanical interaction with other
pebbles and fine particles in the coolant stream.

3)

Irradiation-induced growth.

Fragmentation and powdering of pebbles should be avoided since fragments
of pebbles may cause blockages in the pebble elevator system, especially if a
pneumatic system is used, and a dispersion of fine particles may act as a
binder to enhance the sintering of pebbles. Additionally, the greater the
amount of fine particles produced, the greater the demand is on coolant stream
filtering systems. Finally, if a pneumatic system is used, pebble diameter
changes due to wastage or irradiation growth may reduce the effp.ctiveness of
the system or cause blockages.
Relatively little is known about the irradiation behavior of Al.,0, at
the high temperatures being considered here.
at low fluences (^ 1 0
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Radiation-induced microcracking

nvt) is k n o w n ^ to occur in 99.5% purity, 91.7'A dense

16
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sintered Al 0

at 700°C.

Growth of these materials leads to a 17, volume in-

crease prior to the occurrence of cracks.
integrated after a dose of only 2 * 1 O
in Al 0

20

Lower density AI2O3 completely dis-

nvt.

Radiation-induced microcracking

is thought to be due to anisotropic growth of the noncubic polycrystal-

line material.

Of course, thermal cycling aggravates the problem.

Solution of

this problem may require very high density, single crystals of A1 2 O 3 or polycrystals of MgO or >fgO*Al2O3 spinel, as the latter two have cubic lattices.
Heating and cooli.ng of the pebble bed may lead to pebble center-to-surface
tenperature gradients and, therefore, thermal stresses.

IJhen the pebble sur-

face is cooler than the interior, tensile stresses at the pebble surface can
cause fracture of the pebble if the stresses are large.

Pampuch

claims

that the naximun tensile stress developed during the transient forced convection
of a spherical particle is

E

B
°max

'CTo - V

3.25 + 1.5 B

<3'8>

1-v

where
fi = ah/K , Biot number
s
a = pebble radius
b = coefficient of heat transfer
K

= thermal conductivity of coolant gas

E = Young's modulus
a = coefficient of linear thermal expansion
v = Poisson's ratio
T

= temperature of coolant stream

T

= initial temperature of pellet.

The design of a counter-flow pebble bed heat exchanger is such that during
steady operation of the reactor the temperature of the coolant gas approaches
the temperature of the pebbles at the top of the heat exchanger where pebbles
enter the coolant stream.

The temperature difference between the pebbles and

the coolant gas increases towards the bottom of the heat exchanger but the
temperature difference is never a large fraction of the difference between the
maximum pebble temperature obtained in the reactor blanket region and the
minimum coulant temperature at the heat exchanger entrance.

17

However, on
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reactor start-up, the high temperature pebbles will enter a cold heat exchanger
and the maximum temperature difference will be realized. Therefore, a number
of pabbles will be subjected to excessive thermal shock on each reactor startup unless we choose pebble size and material and coolant gas flow velocity so
as to ensure against pebble fracture under the more severe start-up conditions.
An analysis was conducted to determine the conditions necessary for
pebble fracture.

Briefly, by placing a limit on maximum pebble ten-

sile stress, a limit on the coefficient of heat transfer, h, from the pebble
to the cooling gas is obtained:
h < 1/3 K /D,

(3.9)

where T) is the pebble diameter and K is the thermal conductivity of the pebble.
This in turn limits the maximum mass flow velocity, G, of the cooling gas
once a pebble size and cooling gas are chosen:
u /,T.\ 1.67
G (lb/hr-ft2) < 5.24-2.1^1

(3.10)

where u and K are cooling gas viscosity and thermal conductivity, respectively.
B
6
The velocity of the cooling gas determines the rate of heat extraction and,
therefore, the minimum residence time in the heat exchanger required to remove
the heat gained in the reactor region.

Minimum heat exchanger residence time

required to remove a fraction (e - l ) / e of the heat acquired in the reactor
region i s given by a time
(3.11)

where p and C are pebble density and specific heat capacity, respectively, and
B is the maximum permissible value of the Biot number to assure against pebble
fracture.

Since heat exchanger residence time is determined by heat exchanger

size and discharge rate, heat exchanger sizing considerations will determine
the maximum practicable pebble size. However, from sintering considerations,
we know that a pebble radius of approximately 1 cm is desirable.

If this is

chosen, a heat exchanger residence time of 192 s is required to remove 63% of
the heat acquired by A1 2 O 3 pebbles of this size. To remove 99.9% of the heat,
1321 s are required.
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Large pebble-to-pebble contact stresises may develop at the lower levels
of the pebble bed due to the weight of the pebbles above. The maximum compressive contact stress Is
a

= 3/2

P/ub2,

(3.12)

z
where P is the vertical load supported by each contact and b is the radius of
the contact circle given by
b = 0.721 [2Pa (l-v 2 /E)].

(3.13)

The radial component of the contact stress is tensile and has a maximum value
of
a r = <1-2M)/3 O Z .

O m U )

E is Young's modulus, v is Poisson's ratio and a is pebble radius.
The total load P due to a pebble bed of height h is
P = f p ia2 h

(3.15)

where f is the packing fraction and p is density of the pebble material.
Then the maximum compressive stress is given by

a

= 0.847

(fph)

f /3

,,- .

(3.16)

Random loose packing of pebble beds having pebbles of a single size has
a packing density of about 60% and about 4.9 contacts per pebble.
Assumin
half of these support the weight of the pebble bed above the pebble, we find
a z < 1.67 x iO5

psi

and
a r < 3.12 * 101* psi
when the height of the pebble bed is 33 feet (10 m ) .
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The radial tensile stress is approximately equal to the tensile fracture
stress indicating that pebbles near the bottom of the pebble bed will fracture
at their points of contact.

This calculation ignores the fact that the walls

of a narrow (compared to the dimensions of a pebble) duct will support part of
the weight of the pebble bed due to "bridging" of the space between walls.
Experiments have shown that the load at the bottom of the pellet column approaches
a constant value for bin heights in excess of 2,5 times the bin diameter.

This

experimental observation, if upheld for the current bin design, will minimize
cracking of the pellets by primary loads.

4.0

Thermal Hydraulic and Flow Considerations
The work, to date, includes an appraisal of the methodology available

for predicting and controlling the movement of the pebble, a determination
of the criteria for pebble size selection, an approximate sizing of the heat
exchangers and a more detailed thermal analysis of the falling bed blanket
based upon the engineering design and layout presented in Section 5.

According

to this layout, the blanket will consist of 72 bins, placed side-by-side.

The

bin walls will have an outer layer of hollow steel panels actively cooled, and
an inner layer of refractory brick.

Figure 6 shows the cross-section of one

of these bins.

A.I

Gravity Flow of the Packed Pebble Bed

A study of this problem has established several important points:
1)

The rate of particle flow can be controlled by a suitable design of
the bin outlet, its value being determined by the shape of the funnel
at the bottom of the bin, the diameter of the outlet orifice and the
pebble size and material.

2)

The pressure forces acting at the bottom of the bin increase with
bed height only up to a certain point, reaching a saturation value
when the bed height equals 2-1/2 times the bin diameter.

This is

expected to maintain the compression load on the pebbles within
acceptable limits.
3)

The velocity of the pebbles is constant throughout the bin volume,
except for a small region around the sides of the bin, where it is
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reduced by 10%, and another region next to the outlet orifice, where
the pebble trajectories are no longer vertical and where the velocity
increases towards the center of the bin. The length of this zone of
perturbed trajectories is a function of the material.
No major problems are anticipated that would preclude the use of gravity
bulk solids flow in the system.
4.2 Pebble Diameter Selection and Heat Exchanger Sizing
The selection of pebble size is likely to he a trade-off between the
conflicting requirements of reducing both the pressure drop through the pebble
bad and the thermal stresses at the pebble surface. More work is being done
in this area to determine the pebble diameter that will be satisfactory on
both accounts. Some preliminary calculations, however, have shown that very
small pebbles result in pressure drops greater than the weight of the bed,
thus impeding the pebble flow, while very large particles may undergo fracture
during the cooling process due to the generation of thermal stresses that are
larger than the tensile fracture stress of alumina. The air velocity is, of
course, a major factor determining the pressure drop in the heat exchanger. The
mechanical design requirements preclude the use of high pressure gas, while the
large amount of heat generated and the low specific heat of air or steam necessitate high volumetric flow rates; this can only be achieved with high gas
velocities and/or heat exchanger flow areas. Figure 7 gives the results of
parametric calculations of pressure drop (performed following the methodology
of reference 8 ) as a function of gas velocity (v), pebble diameter and the
product of heat exchanger area and gas temperature rise (A • AT). The gas
properties were taken to be those of air at 2 atm and 527°C; the total
heat removal rate is 50 MW. The curves correspond to constant values of the
pressure drop per foot of bed height. It is seen that, for the above postulated values of heat exchanger cross-sectional area and coolant temperature
rise (A • AT = 28,000 m 2 o C ) , a pebble diameter of 1.1 cm results in a pressure
gradient of 0.045 atm/m with an air velocity of ^ 1.8 m/s. This pressure drop
is well below the value of ^ 0.223 atm/m that would be required to support the
weight of a b«d of A1 2 O 3 packed with a 37% void fraction. Therefore, it is
expected that this pebble size would result in adequate solid particle flow.
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Figure 7. Effect of systems parameters on pressure drop.
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Calculations of the rate of heat transfer between the pebbles and the
gaseous coolant have shown that the solid and gas reach thermal equilibrium
within a very short distance from the gas inlet; this is due, primarily, to
the large heat exchange surface per unit volume that results from the packed
pebble bed geometry. Consequently, the outlet temperature of the gas will be
essentially equal to the inlet temperature of the pebbles, and the heat exchanger height will be determined by the residence time required for sufficient
decay of the pebble radioactivity.

Then, if the inlet air temperature is taken

to be 100°C and its outlet temperature 10Q0°C, then for the above value of
AAT the cross-sectional area of the heat exchanger should be 31 m 2 ,

A heat

balance then gives a value of ^ 0.06 m/min for the pebble velocity for a pebble
temperature use of 800°C, and a heat exchanger height of 2.4 m would result in
a residence time of 40 min, or 19 times the half-life of the activated pebbles.
A representative schematic of the system is shown in Figure 8.

4.3

Thermal Analysis of the Falling Bed Blanket

The thermal analysis of the falling bed blanket is based upon a two-dimensional finite difference solution of the energy equation. Correction factors
are then applied to the results yeilded by this model to take into account the
heat losses through the small sides of each bin.

It is anticipated that only

a very small gas flow will sweep the pebble bed inside the blanket. As a
result, the heat capacity of this gaseous current will be much smaller than
that of the solid stream, and the gaseous heat convection inside the blanket
can be neglected.

Since, as stated above, the pebble trajectories are straight

vertical lines, all the transverse heat transfer inside the bed can be described in terms of an equivalent bed thermal conductivity. The heat conduction
through the ceramic walls and pebble bed in the longitudinal direction has been
neglected. This is reasonable, since the longitudinal temperature gradients
in the wall are found to be much smaller than the transversal ones, and since,
inside the bed, convection is the dominant heat transfer process. With these
assumptions, the energy balance i\i the bed reduces to:
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under s t e a d y - s t a t e c o n d i t i o n s , and where t h e e q u i v a l e n t bed thermal c o n d u c t i v i t y
k. w i l l be d i s c u s s e d below.

q"f + \

For t h e ceramic w a l l s , t h e energy balance g i v e s :

.

0"O

(4.2)

The temperature of the outside faces of the ceramic walls was assumed to be
constant, as determined by the intense cooling of the steel panel walls.
Figure 9 gives a schematic representation of the system in its finite
difference description. Equation (4.2) can now be written for each of the n
nodes at a given axial position.
T 2 - Tj

AT2
Gc

Ay"

Ti - T w l

T 3 - T2
=

qt

"

+k

b

AT

T

- T

T

rj
rj-a = q
q«' + hz22 - S-—a
J S a _ v
Ay

^

z

Ax

T>

- T

"A

Ax 2

The volumetric heat generation q 1 " decreases exponentially with distance and
its value was taken from Section 2, with appropriate correction factors
for the different densities of wall and pebble bed. Thus:

q'" = q " T e~ ax .

Equation (4.2) can be solved analytically using the appropriate boundary conditions. The outer wall surfaces are assumed to exchange heat with the steel
panels through a gas-filled gap of width 6. Then, if T_ is the panel temperature and k

the thermal conductivity of the gas in the gap, the continuity of

the heat flux at the outer brick wall surface requires that

atx = 0: T = Ts + kw ^dX1 k"
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whereas the continuity of the heat flux at the inner wall surface provides the
second boundary condition:

at x - a: -k, g - h (T - Tfe)
The resulting temperature distribution in the wall is:

T

. „ k°a* «-ae + (B - JTa) e + D - |k^ Ta
k
w

w

g

with

B

.k*
w

q"»

X _ e"«a

Tb

k o
w

q"

i

q' " 6

6k
B ,

a,k
g

k~c
w

g

and the temperature of the wall surface facing the blanket is:

~ ka"z

e

a

=

T

a

1 +

k ~ + k~
w
g

Both ceramic walls are treated similarly, using appropriate values for T , h,
a and T, in each case.
Since the gas v e l o c i t i e s inside the blanket are expected to be very small,
the equivalent thermal conductivity of a pebble bed with stagnant gas, as given
by references 9 and 10 is used:

o

It .

rv

D\

,, _.
3

kf
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where $ is a function of e and k /k,, and where

<T°KK>> 3

h r g = 0.1952

0.1952 (T°F

rv

The thermal conductivity of the bed in the immediate vicinity of the wall
differs from that inside the wall given by equation (4.3) and is given by an expression similar to equation (4.3), only using a corrected value for e and <j>. It
should be noted that the equivalent thermal conductivity thus obtained takes into
account the effect of thermal radiation, which is apt to be very significant at
the high temperatures anticipated for the blanket.

The heat transfer coefficient

between a packed bed of flowing particles and a surface is given by reference 11

as:

1 -

R
w
2R

(
1

with

tit
4k

b

(4.4)

and
c p

R

represents a thermal resistance of the bed in the region near the surface.

R

is an additional contact resistance at the bed-wall interface. These

expressions are based on an analysis of heat transfer at low temperatures
where the thermal radiation effects are not significant and are neglected.

In

the present study, the radiative heat transfer is taken into account by assuming
it to be independent of, and additive to, the convective mode (reference 12). A
radiative thermal resistance (the inverse of an equivalent heat transfer coefficient for radiation) is therefore combined with the value of R
(4.4).
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given by equation
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The above equations allow the determination of a complete temperature
distribution throughout the blanket provided the inlet temperature and the
velocity of the solid stream are known.
these calculations.

A computer code was prepared to perform

Although this program was written specifically for the

design under consideration, it was made general enough so that it can handle
changes in geometry, materials and model layout.
based on an inlet temperature of 260°C.

The following results are

The pebble velocities used were

obtained by iteration, such that the outlet bulk temperature was always
1090 ± 11°C.

The resulting pebble velocities are of the order of 0.5 m/min.

The heat load on the steel panel cooling system could be computed from the
temperature distribution if each blanket element was of a length much greater
than its thickness.

In actual fact, the ratio of these two dimensions is

expected to be only ^ 1.5; therefore, a correction must be applied to the
losses obtained from the present two-dimensional model.

Since the heat

generation decreases exponentially with increasing distance from the plasma
region, it seems reasonable to also expect an exponential decrease in the
heat losses from the blanket to the wall (and, of course, in the heat generation in the radial walls themselves).

With these assumptions, the heat loss

per square foot of radial wall was estimated to be 43% of that for the. inner
wall.

4.4

Discussion of Results

A series of parametric calculations were performed using tentative base
values (and ranges) for the following design parameters:
pebble diameter

1.27 cm

wall loading

2 MW/m 2 (range:

inlet pebble temperature

260°C

outlet pebble temperature
(bulk)

1090°C

steel panel temperature

93°C

ceramic wall density

75%

ceramic wall material

Al 0

30

(and SiO )

1 to 3 MW/m 2 )
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Unless otherwise stated, the outer surface of the ceramic walls was assumed
to be kept at 93°C by the wall cooling system.
ation was taken from Section 2,

The volumetric heat gener-

Furthermore, in an attempt to obviate some of

the possible problems identified from these calculations, the ceramic wall
thickness and the overall thickness of the blanket were varied within the
ranges of 1 to 3 cm and 20 to 40 cm, respectively.

Figure 10 presents the

pebble bed and wall temperatures for the base case dimensions of Figure 6
and a wall loading of 2 MW/m 2 at three axial positions corresponding to
30, 304 and 638 cm from the inlet (approximately, inlet, midpoint and outlet
of the blanket).

Both the wall and the pebbles exhibit very large transversal

temperature gradients.

This has two unfavorable effects:

potentially large

thermal stresses in the wall and high (near melting point) temperatures in
wall and pebbles.

Since the pebble temperature rises are largely determined

by the local heat generation and since the bulk outlet pebble temperature is
fixed by the temperature requirements in the gas stream out of the heat
exchanger, it follows that the maximum pebble temperature can only be reduced
by either reducing the thickness of the pebble bed (and, thereby, the spread
of the values of the volumetric heat generation) or by adjusting the pebble
velocity to the local heat generation rate.

The latter effect can be ob-

tained by dividing the blanket into several regions and designing the outlet
orifice of each region so as to produce the required mass flow rate.

It is

also interesting to note that at the top of the bed, the wall surface is
hotter than the bed, and the heat generated in the wall contributes to raise
the temperature of the pebbles.
Figure 11

shows the heat output (for the entire reactor) from the pebble

stream and from the steel panels as a function of wall loading.

The relative

proportion of heat carried by the panel coolant is larger for the lower wall
loadings.

This is due to the following:

the inlet pebble temperature is

taken to be constant (independent of wall loading); on the other hand, the
wall heat generation (and wall temperature) increases with wall loading; as
a result the transfer of heat from the wall to the pebbles near the top of
the blanket, mentioned in the previous paragraph, is larger for large wall
loadings.

Correspondingly, the total net heat transfer from the pebbles to

the wall (also shown in the figure) decreases with increasing wall loading.
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Figure 10. Typical temperature map (base case)
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A heat balance confirms the validity of this reasoning.

This effect may be

significant through its influence on the thermal efficiency of the system,
particularly if no use is made of the panel coolant heat.
Figure 12 shows the maximum pebble temperature at the outlet.
2

point of alumina is reached for wall loadings of ^ 1.5 MW/m .

The melting

The inside sur-

face temperature of inner and outer ceramic walls at the top and bottom of
the bed are also given.
^ 1.5 MW/m 2 .

Again, the melting point of alumina is reached at

The effect of a reduction In the wall thickness on the power

and temperature distributions is given in Figures 13 and 14.

It could be

expected that a reduction of the wall thickness, with its corresponding increase of the pebble bed volume, would result in an increase of the total
heat transported by the pebble stream; the latter is seen, however, to decrease slightly at the lower wall thicknesses.

Within the accuracy of the

present two-dimensional calculations, it appears that the increase in bed
volume is offset by the larger amount of heat loss from the pebbles through
the thinner and cooler ceramic wall.

As stated above, the heat losses through

the radial walls were only estimated in the present study.

A subsequent three-

dimensional analysis of the blanket will allow a more accurate evaluation of
this phenomenon.

It seems, however, that a reduction of the wall thickness

is not likely to result in a significant increase of the pebble stream output
power.

Figure 14 shows that thinner walls exhibit lower maximum temperatures,

but they are subjected to higher temperature gradients (note that a three-fold
increase in the wall thickness does not correspond to a three-fold increase in
the temperature difference between the inner face of the front wall and its
outer face, which is found to be at ^ 260°C) .
Figure 15 shows the reduction in the maximum temperatures and temperature
differences between walls that can be achieved by a reduction in the overall
blanket thickness while keeping the bulk outlet pebble temperature constant.
Figure 16 shows the penalty paid in terms of a lower power output.

As men-

tioned above, an alternative solution to the problem posed by high wall and
pebble temperatures would involve the use of baffles to divide the bed into
regions of different pebble velocities.
yet.
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This situation has not been analyzed
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Calculations were also performed for ceramic walls of silica bricks.
Figure 17 shows the power distribution as a function of wall loading. The
power yield of the pebble stream is seen to be considerably improved over
the base case with alumina walls. This is due to the very low thermal conductivity of the silica bricks, and is attained at the expense of excessively
high wall temperatures (well above the melting point). These results indicate, however, that a good thermal efficiency for the blanket can be achieved
with the use of a material of low thermal conductivity, but such a material
would have to have an extremely high melting point.
4.5

Conclusions

1)

The concept of a falling bed blanket appears feasible as regards the
control of the bulk solids flow.

2)

From pressure drop and thermal stress considerations, the pebble
size is anticipated to be within the 0.5 to 1.5 cm range. The heat
exchanger height, dictated by pebble residence time requirements,
will be in the 3 to 5 m range. The total cross-sectional area of
the heat exchangers, for a 500-MW output in the pebble stream will
be *v> 300 m^, distributed in several heat exchangers placed around
the periphery of the reactor.

3)

The heat load on the cooling system is significantly dependent on
the wall loading for the reactor, lower wall loadings resulting in
higher fractional heat losses.

4)

The maximum ceramic wall and pebble temperatures can be reduced by
decreasing the blanket thickness or dividing the blanket into regions
of different pebble velocity.

5)

An increase of the thermal efficiency of the system as determined by
its yield of high temperature heat can be achieved through the use
of ceramic walls of low thermal conductivity.
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Nomenclature

a

wall thickeners

c

specific heat of solid

Dp

pebble diameter

G

solid mass velocity

h

heat transfer coefficient at wall-bed interface

k,

equivalent thermal conductivity inside the bed

k?
a

equivalent bed thermal conductivity near the wall

k~

gas thermal conductivity

k

wall thermal conductivity

p

emissivity of solid surface

q1''

volumetric heat generation

qo"

maximum volumetric heat generation

T

temperature

T

wall temperature at x = a

SL

T

bed temperature

t

residence time of the pebble on an element of wall surface

a

exponential decrease rate of the heat generation

e

bed void fraction
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5.0

Mechanical Design
The high-temperature falling bed has been Incorporated into a 7 meter

major radius tokamak design.

Figures 18 and 19 present a vertical section

and a plan view of the envisioned reactor.

Table 5 presents some of the more

Important plasma engineering parameters for this system which i s designed to
produce 2400 MW(th) of thermal energy.
Major features of the tokamak design that are documented elsewhere

(13)

include:
•

Dual vacuum vessel containment

•

External ohraic-heatlng (OH) and equilibrium-field (EF) superconducting pulsed coils

•

Vertical maintenance system

The current effort, to include a ceramic falling bed as a means of producing high-temperature process heat, has influenced the selection of the
plasma elongation factor, K, and the approach to tritium breeding. It was
quickly realized that higher plasma elongation factors simplified the falling
bed design since they allowed vertical ducts to be used. The tritium breeding
is done in a manner to ensure that the process heat stream will not be contaminated. A solid lithium-lead (Li_Pb2) breeder is used. Two approaches
are under consideration; the first encapsulates the breeder with a zircaloy
foil to effectively trap the bred tritium. These elements must be periodically
removed and reprocessed. The second approech uses a flow of helium to remove
the tritium continuously from the solid breeder.
Key features in the design a'-.: discussed separately in the following
sections.

5.1 Reactor Description
5.1.1

High Temperature Extraction System

This system is served by 68 vertically mounted trapezoid-shaped ducts
"*• 7.5-m long sandwiched between a 6-cm and a 45-cm thick breeding blanket
(Figures 20, 21 and 22).

These ducts serve as guides for the gravity flow of
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Table 5. Basic Machine Design

R

major radius

7.0 m

a

minor radius

2.33 m

A

aspect ratio

3.0

K

elongation factor

1.6

A

vacuum scrape off
region

0.2 m

B
max

maximum TF field

9 T

V

plasma volume

950 m 3

wall area

792 m z

toroidal beta

0.07

B
P

poloidal beta

1.75

q(a)

q(o) = 1

3.0

plasma current

11.6 MA

average electron
temperature

8 keV

average ion temperature

7.95 keV

average ion density

1.5 x 1 0 2 0 m" 3

confinement parameter

3.2 x 1 0 ? 0 s-m

P

A
P
M

t

p
T

e

T

l

average alpha particle
density

FW

Z

average electron density

1.83 x 1 0 2 0 m~ 3

peak thermal power

2380 HW

peak average neutron wall
loading

2.41 MW/m2

peak average total
wall loading (no divertor)

3.00 MW/m2
l n

eff

-

Burn Time

30 min

Down Time

1 min
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the high temperature ceramic pellets as they move vertically through the
reactor. The stainless steel structure of the ducts is water cooled on its
exterior and insulated by refractory brick on the interior. Section 4 discusses the energy balance between the structure, the insulating brick and the
falling pellets.
The ducts guide the falling ceramic spheres into an insulated collector
header located beneath the reactor that feed, in turn, into a series of vertical process heat exchangers. Once the spheres have passed through the
heat exchanger they are transported back to the upper extremities of the
reactor using a mechanical or pneumatic lift and fed back into the reactor
heating duct via a helium gas control valve. Accommodations have been made
for the large vertical heat exchangers in a sub-basement area of the reactor
building with its own isolation capability for reactor safeguards purposes.
Insulation is provided for all piping and bed duct work. Shielding is also
provided as needed for reactor neutron streaming as well as gamma radiation
areas.

5.1.2

Neutral Beam Heating

Neutral beam heating has been selected as the primary system with rf
heating as an alternative. A hybrid combination of both has definite advantages and is worthy of further consideration. Four high-temperature ducts
have been removed to accommodate the neutral beam injection ports and the
vacuum systems. Two oblong ports, 0.8-m wide by 1.2-m high, are used to
join a tri-beam injection unit, a modification of the dual-beam port shown
C13}
in the ANL/EPR design.
Two sets of these tri-beam injectors will be
used at each of the four faces for a total of 24 beams of 180 keV D+ offering
some redundancy. The beams can be isolated individually along with their
vacuum equipment.

5.1.3

Plasma Vacuum System

There are a total of 32 large cryopumps used to exhaust the plasma
chamber at the end of the burn cycle. These pumps will be attached to the
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neutral beam ports. Four pumps will be attached to a single port mounted in
pairs with shield/isolation valving. Redundancy is provided. A minimum of
apertures into the vessel are made by integrating the neutral beam and the
vacuum systems.

5.1.4

Plasma Vacuum Containment

A primary vacuum vessel is utilized at the outer boundary of the blanket.
This vessel is about 8-cm thick and also forms the boundary between the thermally hot blanket and cooler shield. A secondary vacuum vessel is formed at
the juncture of the toroidal-field (TF) coils by the torque shell that is
also required to balance the TF system reaction forces. This secondary enclosure backs up the primary vacuum system as well as serves as a safeguard
against undue release of tritium to the reactor containment.
5.1.5

Equilibrium-Field and Ohmic-Heating Coil System

The current design shows all EF and OH heating superconducting coil
systems located outside the TF coil boundaries. This feature allows a
realistic approach to assembly and maintenance/repair as well as allowing
reactor access to equipment such as neutral beams, vacuum pumps, etc.

5.1.6

Power Conversion System

The heat captured in the first wall blanket system, aside from that
utilized by the high-temperature falling bed, is readily and efficiently converted to electrical energy using conventional modern steam plants. The rear
blanket section is cooled with pressurised water that exits at "v. 2200 psi and
375°C while the front blanket and first wall panels are cooled with steam that
leaves at ^ 1000 psi and 520°C. This dual cycle coolant system can utilize
turbines currently employed by fossil power plants and would be expected to
provide efficiencies as high as 42%.
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5.1.7

Tritium Breeding

Two schemes of tritium breeding are being considered.

The most detailed

work has been on a scheme where low pressure helium i s used to remove the
tritium continuously from a solid Ll7Pb2 breeder.

If this cannot be done or

if the tritium cannot be prevented from entering the high temperature region
with this approach then a fuel pin design w i l l be used where the tritium i s
gettered by zlrcaloy and periodically removed (see Figure 6 ) •

Tne

continuous

removal scheme i s discussed in Section 5 . 2 . 1 .
5.1.8

Maintenance

Each of the reactor components has been designed with vertical reactor
maintenance access as a basic approach. This approach has the advantage that
all reactor support components such as the neutral beam injectors, vacuum
pumps and magnet systems, can remain intact and in stand-by operation during
removal or repair operations on the first wall, blanket or high-temperature
bed components. This is accomplished by designing the top of the toroidal
shield system so that a few sections of the torque shell can be removed along
with one OH ring coil to give complete access to the reactor internals. This
system has been used in other ANL reactor designs.

5.2

Reactor Blanket System

The outer vertical reactor blanket system consists of four major components housed inside of a 7-cm thick vacuum vessel. From the inner plasma
side, these components are:

the first wall panel, the front breeding blanket

section, the bed duct structure housing the falling spheres, the rear breeding
blanket section and the vacuum vessel, all shown in Figures 20 and 22. All
components within the blanket region are vertically placed rectangular, crosssectioned units with support and coolant connections made at the top and bottom
extremities.

5.2.1

First Wall and Front Blanket

The first wall panel section is integrated with the front blanket block
section to facilitate support and for the use of common coolant connections.
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Due to the relatively thin section of breeder material (^ 6 cm), the design
requires that the integrated first wall front blanket unit be removed should
either piece experience a failure. There are 272 assemblies that are approximately 7.5-m high and 20-cm wide by 8-cra thick in cross-section. Three crosssectional shape variations are required to fulfill the geometrical constraints.
First Wall Panel - The first wall is made of a corrugated panel fabricated
from two formed sheets of stainless steel (reference material) and resistance
welded together. The panel in its finished form provides longitudinal coolant
channels that are approximately 1-cm in diameter, spaced 1.8-cm apart and that
cover the full 7.5-m height. Steam coolant at pressures up to 8.3 Mpa (1200
psi) enters an integral header section at the bottom of the panel and flows
upward to the top of the panel. Several redistribution header functions are
placed over the length of the panels to alleviate undue pressure differentials.
The tubular panel (20-cm wide by ^ 2-cm thick) completely covers the front
blanket section absorbing the electromagnetic radiation and particle transport
losses from the plasma. Support for the panel is made by bending the longitudinal edges of the panel to form a shallow "C"-shaped section and by welding
the bent edges to the casing of the blanket block at appropriate intervals
to assure enough flexibility to accommodate the expansion from transient heat
loads. Coolant supply and exit connections are made directly to the blanket
connections with appropriate orificing to match the variation in heat loads
between the panel and blanket sections.

The first-wall panel weighs ^ 100 kg

(225 lbs.).
Front Blanket Module (Continuous Tritium Removal Approach) - Each of the
272 front blanket modules is 7-cm thick by 20-cm wide in cross section and
750-cm high, and consist of a stainless steel container filled with solid
lithium-lead (Li?Pb2) breeding material. The Li ? Pb 2 is cast around the heat
removal system which is comprised of 1-cra diameter stainless steel tubes
arranged in a graded array to match the expected heat generation gradient in
the module. The coolant tubes are manifolded together at the top and bottom
of the module into single inlet and outlet connectors.
In addition, the module contains a network of small channels made of
porous tubes of ^ 0.2-cm in diameter that are complete with a header arrangement
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and parallel the coolant system. This serves as the on-line tritium removal
system using low pressure (1 atmosphere or less) helium as the carrier. The
system inlet and outlet connections are 2.5-cm in diameter.
The basic structure of the front blanket section is formed by a 20-cm
wide channel with its base away from the plasma. Several stiffeners, running
the length of the channel section, will provide dimensional stability. The
channel will be closed lengthwise with a thin stainless steel skin so as to
minimize the fraction of structural material in the module. Sheet steel ribs
and wires tying the coolant tubes and casing into a skeletal form serve to
stiffen the structure and form a reinforced integral structure with the
lithium-lead breeder material. Support of the module is made at the top and
bottom where the weight is carried at the >>ase with alignment and restraint
at the top. Intermediate support is made with the inner duct. Coolant connections are made at the top and bottom along with the helium and tritium
system. The first-wall panel is attached to the plasma face of the blanket
module as previously mentioned. The front blanket module weighs ^ 500 kg
(1200 lbs.) and with the attached first-wall panel it weighs •* 650 kg.
Module - The high temperature module consists of a metallic water-cooled
structure

trapezoidal in cross-section and ^ 7.5-m tall. Three such modules

make up a plane surface segment and twenty-four segments ring the torus. The
modules are supported from the bottom and restrained at the top. Coolant for
the stainless steel structural wall enters at the bottom and exits at the top.
The structure is seen in cross section in Figure 21. It consists of
four metallic, honeycomb structural sides insulated from the falling bed
spheres by a 2.5-cm thick Al 0

lining. The four sides are joined by welding

to form the trapezoidal duct. Each panel section is fabricated from two
sheets of stainless steel, 0.6-cm thick, with an axially positioned diagonal
stainless steel divider/separator. This structure is made in six sections
joined by welding with cooled internal (alumina zone) stiffeners as required.
The honeycomb coolant channels are joined to a header section at both the top
and the bottom of the duct on all four sides. Each of the side headers are
manifolded into a common inlet and outlet fitting. The alumina insulation
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is locked into the duct and retained vertically between the lateral metallic
stiffeners.
Channel connections to the 7.5-m long duct are made on the top and bottom
for both the moving pellet bed and side panel coolant connections.

The moving

bed connections ara flange-sealed at both ends using remote connectors with
metallic seals at the cooler inlet and welded joints at the hot exhaust port.
Coolant connections are oval-shaped fittings that transition to conventional
pipe connectors (Mormon clamps) utilizing metallic seals.
The 7.5-m long duct is installed vertically from above the reactor and
supported from below on a specially formed combination duct connector/support
ring pedestal.

An upper support clamps the duct into position.

Support lugs

on the front edge of the duct mate with retainers on the front blanket section
locking the two units thereby mutually reinforcing them structurally.

To

repair the duct, the adjoining front blanket modules must first be removed.
Each module weighs ^ 670 kg (1500 lbs.).

5.2.2

Rear Blanket Module

The rear breeding module is a 7.5-m long (45-cm by 40-cm in cross section)
lithium-lead filled, stainless steel canned assembly weighing ^ 6300 kg (7 tons),
There are 132 modules in the outer blanket that are backed up to the vacuum
vessel forming the demarcation between che thermally hot blanket and the cold
shield.

Each rear blanket module is constructed similarly to the front blanket.

A graded array of stainless steel coolant tubes, ^ 1-cm in diameter, run the
entire 7.5-m length of the lithium-lead filled, stainless steel-contained
module.

The entering coolant is pressurized water at ^ 2800 psig, 270°C, which

flows upward through the lithium-lead collecting heat and exiting at 340°C
through a single outlet nozzle.
A low-pressure, on-line tritium extraction system operating through a
series of 0.25-cm diameter channels (similar to those described for the front
blanket in Section 2.1) is incorporated into the module design.

A single

helium inlet and helium/tritium outlet nozzle are used to connect the system
to the gas handling manifolds.
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The structural design incorporates a U-shaped support structure running
the height of the module with the open end facing the plasma. Spar and rib
reinforcement pieces integrate the coolant tubes, channel and breeder material
into a mbmollthic structural assembly. A thin stainless steel front skin completes the enclosure along with the end fittings. The design minimizes the
amount of structural (non-breeding) material in the inner (plasma) face of the
module in keeping with the highest attainable breeding ratio. Support of the
module is on the bottom foundation of the blanket (Figure 22) with guides
along the length of the module and constraint of the top section.
Maintenance of the rear blanket modules is accomplished by removal vertically between the TF coils. Those sections directly beneath the TF coils
require removal of adjacent modules and duct fittings. The life of the rear
blanket Is expected to be relatively long with a minimal amount of predicted
maintenance.

.- psr-
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1.0.

INTRODUCTION
Conventional technology stresses the conversion of the energy of a

controlled thermonuclear reactor into electricity for delivery to the customer.
However, electricity is not readily storable, it is expensive to transmit,
and it is not immediately useful for a large percentage of industrial and
residential energy-consuming equipment.

Fusion offers the potential of

supplying energy through the consumption of an inexhaustible fuel (deuterium)
and is therefore an important potential energy source.

Removal of this source

from the electricity grid is attractive from two vantage points.

First, it

allows more flexibility in modes of operation; second, the nonelectrical
energy requirements are currently about 80% of the total in the U.S. and
thus, the application of an inexhaustible energy source to this large market
is of extreme potential importance.
To expand on this latter point it should be noted that the U.S. economy
is highly dependent on the utilization of gaseous fuels.

In 1977, approxi-

mately 19 trillion cubic feet of gas were consumed, representing approximately
25% of the total U.S. energy market.

Gas will continue to play a major role

in the energy market because a) it is clean and its use permits environmental
standards to be achieved, b) it is flexible and can be used in all stationary
applications, and c) there is in place a transmission, storage, and distribution system representing a $50 billion investment.

Gas is expected to

maintain its present share of the U.S. energy market, partially because of
futur - availability of synthetic fuels.
The production of synthetic natural gas (SNG) is likely to play an important role in our energy delivery system for an extended period.

In the

longer range, hydrogen will be an important chemical fuel because it combines
the desirable characteristics of conventional gaseous fuels with an essentially
unlimited supply and the absence of carbon dioxide pollution effects.

Schemes

for the production of both these fuels consume large quantities of thermal
energy, and are therefore potentially capable of integration with a fusion
reactor.
The present program was undertaken to investigate how the high-temperature
thermal energy produced by a fusion reactor could be integrated with production
schemes for gaseous fuels.

The two schemes currently under study are coal

gasification for SNG production and high-temperature water electrolysis for
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hydrogen production. This program is a joint effort between the Argonne
National Laboratory and the Institute of Gas Technology.

The fusion reactor

design aspect (carried out by Argonne National Laboratory) is considering
the use of a falling bed heat exchanger to transfer the high-temperature
thermal energy of the reactor to a process heat gas stream in a form that
can be used directly.
The objective of this report is to address the efficiency of coal
gasification and high-temperature electrolysis as a function of temperature
and pressure as to provide guidance to the reactor design effort.
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2.0.

COAL GASIFICATION
2.1.

Introduction

Coal may be gasified to produce a high-, medium-, or low-Btu gas, as
shown in Figure 1.

Medium-Btu gas (200 to 300 Btu/SCF) may be used as clean

industrial fuel, or for the production of hydrogen, methanol, ammonia, or
hydrocarbon liquids,

High-Btu gas (1000 Btu/SCF) is mainly for commercial

and residential uses as a substitute for natural gas.

In order to provide

a comparison with the low-Btu gas production scheme investigated in another
part of the study (Section 3 ) , this part of the study investigated the integration of a fusion reactor with a synthetic natural gas (SNG) plant for the
production of a high-Btu gas.

Coal gasification is expected to be the first

major source of synthetic gas supplies in the U.S.

It could become commercial-

ized in the mid-1980's with improved second-generation processes coming
on-stream in the 1990's.
2.2.

Thermodynamic Considerations

For the production of high-Btu gas, the coal is reacted with steam and
oxygen at a relatively high temperature (1900° to 25OO°F) to produce hydrogen
and carbon oxides.

The reaction of carbon with steam, producing carbon

monoxide and hydrogen, is highly endothermic:
C + H20

-*• CO + H 2

(1)

Reaction 1 does not occur unless the requirad heat of reaction is supplied to
the system.

Usually this heat is supplied by burning some of the coal:

C + 02

-»• CO 2

(2)

The other reactions taking place in the gasifier are:
CO + H 2 0

•+ CO 2 + H 2

(3)

C + 2H 2 ->
The fusion reactor can provide the energy for reaction (1) by preheating steam
that eliminates the need to burn coal (Equation 2 ) , thus eliminating the need
to produce oxygen.

This will result in a net savings of coal.

This savings

is important because coal is expected to provide a major fraction of liquid
fuels in the future, and its application for the production of thermal energy
should be minimized.
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Therefore, the objective of this investigation was to evaluate whether
coal gasification is a good process to match with a fusion reactor and to
determine the energy savings with this process.

The initial study involved

evaluating the benefits of operating at high temperature and pressure in order
to identify the conditions for which the heat exchange should bo developed.
Initially, these calculations were carried out using thermodynamic data;
subsequently, IGT's HYfiAS modeling computer program was utilized In order to
investigate coal gasification with a practical system.

Tin.1 temperature range

was limited to 600° to 2000°C, and the pressure range to 1 to 250 atm.

The

lower temperature was limited by the rates of pracLLcnl i-'is i f i cat ion reactions,
and the upper by the materials problems involved in the heal-exchanger system.
Figure 2 shows the equilibrium constants for the r.ajor reactions occurring
during coal gasification as a function of temper-it ure.

These d.it.a were then

used to calculate the efficiency of the process for methane formation, that
is, the emphasis in this work was to maximize the amount of methane in the
gasifier product gas.

The process efficiency (n/) is defined as:

heating value of methane
heating value of coal + energy from
reactor — heat thaL car he recovered
The maximum methane yield is obtained with a steam/carbon ratio of 1.5
(Figure 3 ) , and this value was used in the remainder of Hie calculations.
The fraction of carbon gasified is essentially independent of temperatures above 1000°C (Figure 4 ) . The moles of methane formed are a complex
function of temperature and pressure (Figure 5) with high pressure and
moderate temperature methane formation.
In a practical SNG plant (Figure 6 ) , part of the gasifier product gas
is passed to a water gas shift reactor (operating at 300 c C) and part directly
to the methanator (operating at 300°C).

The methanator then converts the

gas to SNG containing 99%+ of methane.
Figure 7 shows the methane content in the gas at the methanator exit as
a function of the temperature and pressure of the gasifier.

This graph shows

that the methane content of the final product is essentially independent of
the gasifier pressure and is a maximum at a gasifier temperature of 1200 D C.
The system efficiency (Figure 8) is dependent on temperature and pressure in
a similar way.
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2.3.

Application to the HVGAS Process

To further evaluate the thermodynamic predictions, we investigated the
effect of supplving the thermal energy to a practical SNG plant.

The second-

generation plant studies were IGT's HYGAS Process.
The HYGAS Process is very flexible, and can use any source of hydrogen.
Figure 9 stows the material balances for the HYGAS Process with a steam-oxygen
gasifier.

The steam-oxygen gasifler produces a hydrogen-rich gas hy reacting

the hot char from the hydrogasifier willi steam and oxygon.

The hydrogon-rich

gas is then fed to the gasification system that comprises a gasifior, watergas shift reactor, and a methanation reactor.

The gas ifier opt/rates at 1000

psin (6H atm) to produce the gas for direct introduction into the pipeline.
Figure 10 shows the effect of gasifier operating temperature on the
gasifiei product gas, with the maximum methane being formed at the lower temperature.

Similarly, Figure 11 shows the gas composition at point 2

in

Figure 6 as a function of temperature, an:! Figure 12 shows the methane concent
in the gas after methanation per unit weight of coal as a function of temperature.

At all stages, it can be seen that the methane content in the gas per

unit weight of coal decreases with increasing gasifier temperature.

This

indicates that lower gasifier temperatures are desirable commensurate with
rapid kinetics, and higher operating temperatures would require an increase
in the C0 ? adsorption system prior to introduction of the SNG into the pipeline.

Frr

'hese results, the system efficiency was calculated as a function

of temperature (Figure 1) and similar to Figure 8, there is a decrease in
efficiency with increasing temperature (Figure 13). These results substantiate
the earlier theoretically-based conclusions that the best gasifier operation
temperature is from 1000° to 1200°C.

This temperature range, therefore, will

be used as the goal for the outlet temperature of the fusion reactor design
effort.
2.4.

Incentives for the Application of Fusion Energy to Coal Gasification

The integration of a fusion-based process heat source with the HYGAS Process
will reduce coal consumption in t i ways:

First, it will not be necessary to

burn coal to produce the heat to drive the endothermic gasification process,
and, second, an energy savings will be achieved because it will not be
necessary to produce oxygen.
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In an attempt to better quantify the potential savings, conbider that a
2400 MW (th) fusion reaction will gasify 341 tons/hr of coal and product
16.1 X 10 g Btu of SNG/hr (16.1 million cu ft/hr).
fc

coal, or 2.87 X 10

tons/yr.

This will save 328 tons/hr of

In addition, energy (as electricity) will

be saved because of the elimination of the oxygen plant; this will amount to
a coal savings (at 40% conversion efficiency) of approximately 0.05 X 1 0 &
tons/yr.
Therefore, there will be a 25% savings in coal by using the fusion reactor
as an energy source.

Similarly, there will be a savings in the gasifier plant

capital cost (estimated to be 20%) associated with the elimination of the oxygen
plant and with the associated coal burning equipment.

Nevertheless, with

current coal costs, there appears to be no economic incentive to use the
fusion reactor because its probable capital cost more than outweighs the
savings of a gasification plant.

This system can only be attractive with a

marked increase in coal costs.

18
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3.0.

HIGH-TEMPERATURE WATER ELECTROLYSIS
3.1.

Introduction

Although the technology for producing hydrogen from the electrolysis of
water is currently available, it is not widely used due to the relative
inefficiency of the water electrolysis system.

The major limitation in the

system is the electricity production step because it is restricted in
practice to an efficiency of only --35%.

Thus, even with the incorporation of

advanced electrolyzers that are 90% efficient, the overall process is restricted to efficiency levels of about 30%.
High-temperature water electrolyzers are currently under development;
they offer the potential of high efficiency because part of the energy required
for water decomposition can be supplied as heat (alleviating the need for
electricity production).
In water electrolysis, only the free energy of reaction, AG, can be
interchanged with electrical energy, that is —
AG = nFE

(4)

where E is the cell EMF, F is the Faraday constant, and n is the number of
electrons transferrtj per mole.

The enthalpy change for the reaction, AH, is

given by —
AH = AG + TAS = -nFE + n FT(6E/6T)p

(5)

where (6E/<5T)p is the EMF coefficient.
From Equation 5 it can be seen that the difference between the free
energy change and the total energy change (the enthalpy, AH) is accounted for
by an entropy change in the process.

Because the entropy change cannot be

converted to electricity, it must be supplied or liberated as heat.
From the enthalpy change, AH, a thermoneutral cell voltage, E^, can be
defined where —
E t = AH/RT

(6)

E t is an abstract quantity, and it represents a voltage where heat is neither
generated nor absorbed by the cell.

Thus, at cell voltages during electrolysis

between E and Efc, heat is adsorbed by the cell; whereas, at cell voltages
greater than E t > heat is generated by the cell.
19

Thus, if the cell can be
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operated during electrolysis at a voltage between E and E , a fraction of
the energy to decompose the water can be supplied as heat.
This possibility of substituting thermal for electrical energy is the
basis for current developmental efforts to produce a reliable high-temperature
water electrolyzer.
Current development programs are focused on operating temperatures of
~1000°C, but in principle even higher operating temperatures are possible.
Thus, this is another possible application for a fusion-based high-temperature
process heat system that could produce hydrogen for use as a fuel directly or
as an input stream for other processes.
A .schematic diagram of a high-temperature water electrolysis cell is
shown in Figure 14.

The cell is supported on a porous support through which

steam can be fed to the individual cells and steam and hydrogen removed after
the electrochemical reaction.

The advantage of this approach is that the

electrolyte thickness can be reduced significantly because it has no load to
bear, thus reducing the ohmic contribution to the total cell polarization.
The electrolyte is commonly zirconia that is dc,ed with yttria to stabilize
the preferred cubic structure and Co produce the oxygen vacancies necessary
to produce the 0

conductivity.

The anode is a sintered nickel stabilized

with zirconia, while the cathode is a metal oxide, such as indium oxide doped
with tin oxide.

In practical systems, multicellular stacks are required, and
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Figure 14.

HIGH TEMPERATURE WATER ELECTROLYZERS
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the anode and cathode are connected in series by a conducting material.

This

interconnecting material must a) be capable of withstanding the strong reducing
and oxidizing atmospheres at the cathode and anode, b) have high electronic
conductivity, c) have a low gas permeability, and d) have a good thermal
expansion compatibility with the electrolyte and electrodes.

The most promising

interconnecting materials are those based on lanthanum chromice doped with
magnesium.
High-temperature water electrolysis units are not commercial technology
and severe materials problems and fabrication techniques still need to be
resolved.

However, it is felt that the development of this technology is

roughly on the same schedule as the development of fusion reactors and
should he considered as a possible u e of fusion energy.
3.2.

System Design

An initial scoping study lias been carried out to identify the important:
considerations for integrating a high-temperature water eiectrolyzer with the
fusion reactor.
The important consideration in the design of the system is to maximize
the heat input (and, hence, minimize the electrical input) into the water
electrolysis cell.

The reason for this can be seen by reference to Figure 15,

which shows the variation of AH and AG with temperature.

We see that the

enthalpy of the water decomposition process is essentially independent of
temperature, whereas the free energy decreases markedly with increasing
temperature.

Therefore, from thennodynamic considerations, it is preferable

to operate at the maximum temperature because the beat can be used more
efficiently directly in the electrolysis step than in first producing electricity.

For example, at 1000 K, approximately 70% of the energy must be

supplied as electricity and the remainder as heat, whereas at 3000 K only 30%
of the energy must be supplied as electricity.

Thus, it takes 1.5 times as

much original thermal energy to drive the 1000 K process as it dosu to
support the 3000 K system,

In addition to these straightforward benefits,

reductions in the electrode polarization and ohmic polarization r* elevated
temperatures may make the high temperature system even, uiore efficient.
The data in Figure 15 were calculated on the basis of unit activities of
steam, hydrogen, and oxygen in the electrolysis cell.

In practice, the

fraction of steam decomposed in the electrochemical cell, that is percent
21
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conversion, will be determined after a trade-off study between system
efficiency and capital cost.

Figure 16 shows the effect of percent conversion

on the electrical and thermal energy required for water decomposition.

At low

steam conversions, the electrical energy requirements are low and the electrolyzer system efficiency can be maximized.

Nevertheless, to minimize the

hydrogen cost, the hydrogen production rate per unit electrolyzer must be
maximized, that is, high conversions are required.
The system studies in this initial assessment is shown in Figure 17.
High-temperature steam is fed to the electrolyzer where a fraction is decomposed into hydrogen.

Additional steam is supplied to the electrolyzer to

maintain a constant electrolyzer temperature.

The product gas of the elec-

trolysis reaction is separated via a membrane diffusion process (i.e., the
product gas is not cooled), and the steam is fed to the turbine along with
additional high-pressure steam.

The low-temperature steam exiting from the

turbine is condensed and make-up water is added to the heat exchanger prior
to feeding.

The electrolyzer is assumed to consist of individual cells

connected in parallel, that is, no allowance is made for gas phase concentration polarization in the electrolyzer (that is, Nernst effect).

Similarly,

the efficiencies were calculated on the basis of thermodynamic data, and no
allowance was made for electrode polarization.

The mass and energy balance

around the electrolyzer was made by initially assuming a power input into
the cell per unit weight of hydrogen.

Then the heat input into the cell, at

constant temperature, was obtained from Figure 16 with a variable steam conversion.

Additional steam was then fed to the turbine and an iteration process

was carried out to balance the electricity generated with that required by the
electrolyzer, using efficiencies for the pumps, turbine, and generator of 90%,
88%, and 98%, respectively.
Figure 18 shows the water conversion percent as a function of the
electrical input required by the electrolyzer.

The electrical input per

pound of H2 is somewhat higher from that predicted from Figure 16 because of the
inefficiencies in the system components.

The system efficiency, r\', was

calculated from the data in Figure 18, and was based on —
HHV of Hydrogen
Thermal Input
The results of the system heat ^nd mass balance is shown at 1600°C, in
Figure 17, and the system efficiency as a function of temperature in Figure 19.
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The results In Figure 19 show that the maximum system efficiency was
attaiHed at iiOb°C.

The decrease in efficiency with increasing temperature

was found to be associated with the heat lost by condensing the steam at the
turbine outlet. Additional energy loss is associated with the thermal energy
lost in the evolved hydrogen and oxygen.
Alternative systems are now being evaluated to minimize these energy
losses, as well as to take into account the polarization losses associated
with electrolyzer cells connected in series, to more fully investigate the
potential of going to temperatures higher than 1100°G.
The hydrogen production of a characteristic system is expected to be about
3 X 10 12 cubic feet of gas per year if a 2400 MW(th) fusion source is assumed.
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4.0.

PRODUCTION OF A HIGH-PRESSURE/HIGH-TEMPERATURE STEAM
As noted in the previous two sections, there are certain advantages to

haying relatively high pressures (10. to 100^atmospheres) as well as Mfghtemperature process heat available.

However, from a. fusion reactor design

viewpoint, much simplification results from building a low-pressure, hightejnperature system.

Two possible avenues suggest themselves as a means of

producing a high-pressure, high-temperature process heat stream while operating
the '• 'i« .-temperature portion of the reactor at low pressures.
The first of these is to isolate the falling bed blanket from the pebble
bed heat exchanger in a manner that allows a continuous flow of particles while
providing a reliable pressure barrier.

In this case a high-pressure gas

coolant could be used in a concrete-reinforced pebble bed heat exchanger to
provide a elf n, high-temperature, high-pressure process heat source.

A basis

for this approach lies with the scheme devised for the on-line refueling of
pebble bed fission reactors.

In this system a series of three rotating disks

are used to allow a flow of pellets while maintaining a pressure barrier.

The

opening in the rotating disks are arranged so that when the disks are spinning
at a given rptn no direct path between the reactor and the fuel-handling
machine exists.

A similar approach is currently under study for use with

the high-temperature falling bed.
The second avenue involves the development of systems that include a
high-temperature heat exchanger is some way, so as to isolate the low-pressure
primary circuit from the high-pressure secondary side.
Three possible approaches along this avenue have been identified.

In

two of the approaches steam is used to extract the heat from the reactor.
One of these makes use of a high-pressure boiler and superheater and includes
an organic Rankine engine.
is employed.

In the other, a gas turbine-driven steam compressor

In the third approach, which requires practically no moving

parts, the heat is carried from the reactor by a stream of air or by a neutral
gas; this substitution of a gas for steam is not likely to present any problems
from the point of view of the heat transfer, since the thermodynamic behavior
of highly superheated steam at atmospheric pressure is not too different from
that of a perfect gas.

29
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As for the relative merits of these three systems, it must be pointed
out that because of the relatively high temperatures and pressures, that must
be dealt with, there are some components in each of these systems that exceed
currently accepted technological limitations. While it is expected that this
will no longer be the case 20 to 30 years from now, the use of economic
criteria in the present evaluation of the relative merits of the systems is
premature. Therefore, the comparison of the systems presented here is based
solely on their thermodynamic effectiveness. The thermodynamic features of
the three systems are presented in the following.

For the purposes of this

analysis, the systems were treated as ideal, that is, frictional losses and
all other sources of inefficiencies were neglected.
4.1. Alternative I — Steam-Heated Boiler With Organic Rankine Engine
This system, shown schematically in Figure 20, is centered on a boilersuperheater producing steam at 1000 psi and 1750°F by cooling the low-pressure
steam (which arrives from the reactor at 1850°F) to 615°F. The rate of flow
from the reactor corresponding to an assumed thermal output of 2400 MW(th) is
1210 lb/s. The rate of flow of high-pressure steam produced in the boiler is
considerably less (400 lb/s) because of the large amount of heat absorbed by
the high-pressure fluid during the evaporation and because of the relatively
high temperature of the low-pressure steam at the exit from the superheater.
The latter is a consequence of the saturation temperature of 565°F at 1000 psi.
To improve the overall efficiency of the system, it is proposed to utilize
this exiting low-pressure steam as the source of heat for an organic Rankine
cycle and thereby cooling to 250°F at the exit from the system.

This Rankine

engine utilizes refrigerant R113 as the working fluid and operates between
the temperatures of 565° and 1000°F.

It is estimated to have an efficiency

of 25% and it is found that it produces 52.3 MW(e) of electrical power.
4.2. Alternative II — Gas Turbine Driven Steam Compressor
In this approach (Figure 21), which circumvents the need for a highpressure boiler, the process steam for the gasifier is produced by directly
utilizing the steam coining from the reactor and compressing it mechanically
to the desired 1000 psi in a multi-stage compressor developing a pressure
ratio of 68:1. To prevent the steam temperature at the compressor discharge
from increasing beyond 1850°F (as a result of the compression), the steam
temperature at the compressor entrance is reduced to 500°F in a steam to gas
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heat exchanger. The heat that is extracted from the steam in this process
provides heat to a gas turbine that, in turn, drives the compressor.

If the

efficiency of the gas turbine is 30%, the rate of high pressure steam flow
provided by the compressor is 360 lb/s with the remaining 850 lb/s being
discharged to the surroundings at 500°F.
4.3. Alternative III - Air-Heated Boiler
The most striking feature of this approach (shown in Figure 22) is its
mechanical simplicity. As can be seen, there are no moving parts except the
circulating pump.

This simplicity is achievable in principle, by using the

approach shown in Figure 20 with air or a peutrol gas replacing m e steam in
the low-pressure stream.

In this manner, the limiting temperature of 615°F

at the superheater discharge (corresponding to the saturation temperature of
565°F at 1000 p:i) has been circumvented; then it becomes possible, as shown
in Figure 22, to reduce the temperature at the superheater exit to 150°F and
to produce high-pressure steam at a much higher rate.
4.4. Comparison of Systems
As mentioned previously, it is appropriate to assess the relative merits
of the different schemes based only on their performance. For this purpose,
one can define a "system efficiency" —
n

H
r

where H = gasifier heat input, P

= generated excess power, and H

= reactor

heat output.
From the data shown in the figures, the following quantities were obtained
for the three systems:

System

V
ns

I

815

52

2400

0.36

II

758

0

2400

0.32

III

2230

0

2400

0.93

As these results demonstrate, Systems I and II are quite similar from the view
of performance, with System I having a slight edge over System II. It is also
apparent that the benefits derived from the Rankine engine are so small that it
can be omitted.

Even without this engine, System I is likely to outperform
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System II, and because it is also much simpler, it is bound to also be superior
from the economic point of view.

Furthermore, it is demonstrated by the

superior performance of System III that in this application, the use of a gas
is decidedly preferable to that of low-pressure steam.
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5.0.

CONCLUSIONS
Based on this preliminary study of the application of a fusion reactor as

a high-temperature process heat source for the generation of synthetic fuels
the following conclusions may be drawn:
1.

Coal gasification processes are best served by a steam supply at
approximately 1200pC and at 68 atmospheres. There is no benefit
to be gained from operation at higher temperatures.

2.

The economic incentive for using fusion energy for coal gasification
is uncertain. It probably cannot be justified only in terms of the
tons of coal saved.

3.

The high-temperature electrolysis study indicates an efficient
system can be developed based on the presence of 60 atm, 1100°C
steam. Other input parameters still being studied could lead
to the identification of even more efficient systems.

4.

If high pressure (> 10 atm) steam is required, two possible paths
of development offer promise. The first follows pebble bed fission
reactor experience and uses rotating disks to separate the lowpressure reactor from the high-pressure heat exchanger. The second
involves the use of one of several possible schemes that incorporate
the heat exchanger as the division between the low-pressure primary
circuit and a high-pressure secondary side.
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