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CALOPORTEURS ORGANIQUES ET APPLICATIONS
POUR LES REACTEURS A FUSION

par

P. Gierszewski* et R. Hollies

RESUME

Les caloporteurs organiques offrent un ensemble unique d'avantages
qu'on peut appliquer pour la fusion, à savoir: fonctionnement à haute
température (670 K ou 400°C) mais à basse pression (2 MPa) , réactivité
limitée avec le lithium ou l 'all iage lithium-plomb, corrosion et activation
réduites, bonne capacité de transfert de chaleur, absence d1effects
magnétohydrodynamiques (MHD) et gamme de températures allant jusqu'à la
température ambiante. Les principaux inconvénients sont la décomposition et
1'inflammabilité. On a cependant étudié de façon poussée les caloporteurs
organiques au Canada, en particulier pendant dix neuf ans dans un réacteur
en service de 60 MWth refroidi au réfrigérant organique. L'attention
approprié accordée à la conception et à la chimie du réfrigérant a permis de
limiter ces problèmes possibles à des niveaux acceptables. L'expérience
acquise a permis d'obtenir une importante base de données pour l'étude dans
des conditions de fusion.

On donne des valeurs de décomposition dans un milieu de fusion.
On a prévu que les vitesses de décomposition seront inacceptables en raison
de la forte quantité d'énergie primaire transportée par les neutrons dans un
réacteur à fusion. Les simples valeurs antérieures ne reflètent cependant
pas les avantages uniques des caloporteurs organiques et autres possibili-
tés . On peut, en particulier, réduire considérablement la vitesse de
décompition nette par le choix du concept et une conception minutieuse, par
l'emploi de la technologie de l'hydrocraquage pour la récupération du
caloporteur décomposé et par l'addition de deuterium (hydrogène lourd) pour
la conversion des fluides en une forme deutériée.

On décrit les avantages des fluides organiques d'une façon
suffisamment détaillée pour permettre aux concepteurs de systèmes à fusion
d'évaluer les caloporteurs organiques pour des applications particulières.
Pour mettre en évidence et évaluer les applications possibles, on présente
des analyses d'enveloppes refroidies par réfrigérant organique, de premières
parois, d'éléments de flux thermique et de cycles de puissance thermique.
On identifie des systèmes qui tirent avantage des caractéristiques des
caloporteurs organiques et dont le coût est cependant l ié à la décomposition
des fluides et représente un faible pourcentage du prix de revient total de
l ' é l ec t r i c i t é . Par exemple, les premières parois refroidies par
réfrigérants organiques rendent possibles les enveloppes d'alliage
lithium-acier ferritique dans les tokamaks à flux thermique superficiel
élevé et les diaphragmes refroidis par réfrigérants organiques (chauffage
superficiel jusqu'à environ 8 MW/m2) sont une autre possibilité plus sûre du
refroidissement par eau pour le concept d'enveloppe a métal liquide. En
outre, on peut se servir des réfrigérants organiques dans les boucles
d'échangeurs de chaleur intermédiaires pour assurer un transfert de chaleur
efficace à faible réactivité et une barrière importante contre le tritium.
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ORGANIC COOLANTS AND THEIR APPLICATIONS TO FUSION REACTORS

by

P. Gierszewski* and B. Hollies

ABSTRACT

Organic coolants offer a unique set of characteristics for fusion
applications. Their advantages include high-temperature (670 K or 400°C)
but low-pressure (2 MPa) operation, limited reactivity with lithium and
lithium-lead, reduced corrosion and activation, good heat-transfer capabili-
t ies , no magnetohydrodynamic (MHD) effects, and an operating temperature
range that extends to room temperature. The major disadvantages are decom-
position and flammability. However, organic coolants have been extensively
studied in Canada, including nineteen years with an operating 60-MW organic-
cooled reactor. Proper attention to design and coolant chemistry controlled
these potential problems to acceptable levels. This experience provides an
extensive data base for design under fusion conditions.

Estimates for decomposition in a fusion environment are provided.
Decomposition rates have been anticipated to be unacceptable due to the high
fraction of primary energy transported by neutrons in a fusion reactor.
However, previous simple estimates do not reflect the unique features of
organic coolants and design options. In particular, the net decomposition
rate can be substantially reduced through choice of concept and careful
design, through the use of hydrocracker technology to recover decomposed
coolant, and by deuterium gas addition to convert the fluids to a deuterated
form.

The organic fluid characteristics are described in sufficient
detail to allow fusion system designers to evaluate organic coolants for
specific applications. To i l lustrate and assess the potential applications,
analyses are presented for organic-cooled blankets, f i rs t walls, high heat
flux components and thermal power cycles. Designs are identified that take
advantage of organic coolant features, yet have fluid decomposition related
costs that are a small fraction of the overall cost of electricity. For
example, organic-cooled f i rs t walls make lithium/ferritic steel blankets
possible in high-field, high-surface-heat-flux tokamaks, and organic-cooled
limiters (up to about 8 MW/m2 surface heating) are a safer alternative to
water cooling for liquid metal blanket concept. Organics can also be used
in intermediate heat exchanger loops to provide efficient heat transfer with
low reactivity and a large tritium barrier.
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1 . INTRODUCTION

The search for simple, efficient fluids for cooling fission
reactors led to consideration of organic coolants in the 1950s. Research on
these fluids led to the use of terphenyl coolants in the U.S. PIQUA and OMRE
reactors in the 1950s and 60s. These reactors experienced coolant/moderator
coking problems, and organic coolants were largely dropped with the success-
ful emergence of the water-cooled reactor [1].

Research continued in Canada, however, and developments included
separation of moderator and coolant, modifications to the base coolant, and
methods for surface fouling control. These led to the WR-1 organically
cooled, heavy-water-moderated research reactor at the Atomic Energy of
Canada Limited (AECL) Whiteshell Nuclear Research Establishment (WNRE) at
Pinawa, Manitoba. This 60-MW reactor operated successfully for 20 years,
until i t was shut down in 1985 for replacement by a new research
reactor [2],

In addition, an organically cooled loop was successfully operated
in the NRU research reactor at the AECL Chalk River Nuclear Laboratories
(CRNL) during the 1960s and 70s to explore fuel and coolant performance for
an organically cooled CANDU power reactor (CANDU-OCR). Design studies in
the mid-1970s indicated that CANDU-OCRs were cost-competitive with existing
heavy-water CANDUs (actually 5-15? cheaper), and were preferred for advanced
converter fuel cycles based on thorium and 233U [3]»

The search for suitable fusion reactor coolants has also led to
consideration of many coolants. Table 1 summarizes the major advantages and
disadvantages of these organic coolants, and Table 2 compares the character-
istics of reactor-grade terphenyls with other possible coolants. The
terphenyl coolant is a high-density, moderate-heat-capacity fluid with a low
thermal conductivity. The operating range extends from room temperature up
to about 670 K at fairly low pressures (1-3 MPa). It is electrically non-
conducting. Scoping experiments indicate only minor reactions with liquid
lithium and lithium-lead. These properties lead to the possibility for
unique design opportunities in fusion reactors.

The largest possible application would be as the primary blanket
coolant. Here, organic coolants offer lower pressure and higher temperature
operation than water, better cooling than helium, and a lack of magneto-
hydrodynamic (MHD) effects compared with liquid metals. A particularly
interesting combination might be liquid metal bulk cooling (and breeding and
tritium recovery), with organics cooling the surface heat flux to the f i rs t
wall. This could lead to attractive lithium/organic/ferritic steel blankets
for tokamaks.

Since organic coolants have good heat transfer capabilities, with
no magnetic field effects, they could provide high heat flux component cool-
ing. Although water offers higher overall heat transfer because of higher
thermal conductivity and lower viscosity, i t may require higher pressure
operation and it reacts with liquid metals. An organic-cooled limiter
option might make liquid metal blankets much more attractive for safety
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TABLE 1

MAJOR ADVANTAGES AND DISADVANTAGES OF ORGANIC COOLANTS

Advantages

Low-pressure coolant with good heat transfer, leading to simpler, more
reliable mechanical designs with an improved tritium breeding rate

High-temperature coolant, leading to higher thermal efficiency

Low corrosion with a wide variety of structural alloys

Low activity of the primary heat transport system due to the reduced
corrosion and the low mass transport of corrosion products in the
nonpolar organic coolant.

Possibly compatible with lithium and lithium-lead

Simplified maintenance since leaks are self-revealing, i . e . , the area
around a leak becomes coated with black material

Improved heat transfer relative to helium

Disadvantages

Flammable in air, therefore requiring careful design and operation

Decomposes by radiolysis and pyrolysis, thus requiring coolant
replacement and fast flow to avoid coking

Fouls heat transfer surfaces, thus requiring coolant chemistry control

Reduced heat transfer relative to water
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TABLE 2

COMPARISON OF CANDIDAS FUSION COOLANTS

Parameter

Typical Properties:

Density (kg/m3)
Viscosity

(x 10~" kg-m-'-s"1)
Thermal conductivity

Specific Heat, cD

Min. Temperature (K)
Max. Temperature (K)

Typical Operating Par am«
Temperature (K)
Temperature Rise, 4T(K)
Flow Speed (m/s)
Pressure (MPa)
Pressure Drop, AP(MPa)
Pump Power Rat io 0

{% of thermal)

Typical Cost:
($/kg)

Organic
Coolanta

850
6

0.11

2500

340*
670b

ters:
650
100

10-20
3
2
1

5d

Helium

3.5
0 .3

0.18

5200

20
> 1000

700
200

20-100
5

0.1
3

« 1

Water

800
0.8

0.6

6000

-300
610

570
40

3-10
15.2

0 .2
0.1

<< 1

Draw
Salt

1760
11

0.57

1550

410
-750

650
80

1-5
0.4
0.3
0.1

1.5

Lithium

490
3

46

4200

450
1620

700
250

0.1-1
3
3

0.06

40
natural

17Li-83Pb

9330
20

22

180

508
> 1000

700
150

0.1-1
2.4
2.2

0.09

6.2
30$ 6Li

Flibe

2000
1000

0.8

2300

636
> 1000

870
100
< 2
0.3

0.06
0.01

l i n

a 40$ high boiler OS-84, reactor-grade terphenyls
b Minimum practical temperature limited by increasing viscosity,
c Ratio defined as AP/cD AT from above,
d Maximum temperature limited by thermal decomposition.

1985 price for small amounts (WR-1)



reasons. Other cooling applications where a good nonconducting coolant
compatible with liquid metal blankets may be desired include the shield
(organic coolants could provide a thinner shield than helium due to the
better heat transfer per coolant volume), magnets (mirror choke coils or
normal conducting coils), and electrical grids (organic coolants may be
better than water or helium due to electrical properties, in addition to
high-heat-flux capabilities).

Organic coolants could also serve as the heat transfer fluid in
the power cycle. An organic intermediate heat exchanger loop between a
liquid metal blanket and a steam power cycle might reduce chemical reacti-
vity and tritium transfer compared with a sodium loop or no intermediate
loop. Organic compounds, such as toluene or napthalene, could be uced
directly as the working fluid in the Rankine cycle, operating supercritical
or with a phase change at higher temperatures than possible with the
water/steam fluid. Alternatively, low-temperature organic Rankine cycles
could recover some of the low-grade heat in high-heat-flux components.

In this report, the characteristics of radiation-resistant organic
coolants are described. The key issues of thermalhydraulics, decomposition
and fouling, compatibility and safety are first addressed. Then the major
potential applications of organic coolants are considered in some detail.

2. COOLANT CHARACTERISTICS

2.1 COOLANT MATERIAL

A v a r i e t y of organic compounds have been used as coolan ts in
industrial applications. However, in the presence of irradiation, molecular
bonds break and most organic compounds are rapidly degraded. Nonetheless,
coolant screening tests in the mid-1950s indicated that terphenyl (thrse
benzene rings) isomers had good relative radiation and thermal stabili ty,
soluble decomposition products, and ready availability at low cost. The
basic materials were classed under the generic name Santowax, a proprietary
name of the Monsanto Company. A particular commercial partially
hydrogenated terphenyl mixture, OS-84 (originally designated HB-MO), was
adopted as the feed material for the Canadian program [1].

The reasons for the radiation resistance are s t i l l uncertain.
Early research identified the benzene ring structure as fairly tolerant of
incident gamma radiation and nuclear particles; presumably the energy could
be rapidly shared and diluted around the ring. Under irradiation, reaction
products generally are soluble benzene-ring-type compounds when rings are
broken.

Further damage tends to occur at the broken ends rather than the remaining
ring structure. As a result, an init ial terphenyl fluid develops into a
range of molecules, including gases, phenyls (e.g., benzene), biphenyls,
terphenyls, quaterphenyls and higher molecular weight compounds. Once de-
veloped, this mixture is more resistant to further decomposition than the
init ial material, presumably because some degree of equilibration is
achieved between radiation and thermally induced decomposition and recom-
bination among the various compounds.



- 5 -

The steady-state composition of these organic coolants is a func-
tion of the feed fluid composition, but is also affected by coolant tempera-
ture, fresh feed rate, system pressure, degasser pressure and flow rate,
in-core to out-core volume ratio, method of coolant processing (e.g., with
or without recycling of volatiles), and coolant dose rate. The physical
properties for a given starting terphenyl fluid generally correlate with the
high molecular weight material or high boiler (HB) concentration. Typical
operating steady-state fluid compositions obtained for the WNRE WR-1
A-coolant-circuit and for the U-3 coolant loop at the CRNL NRU reactor are
given in Table 3-

2.1.1 Coolant Properties

All the important thermophysical and chemical properties have been
measured and are available in correlated form as functions of temperature
and high boiler weight fraction (Appendix A). Typical values are given in
Table 2. For present purposes, where radiolytic decomposition is likely to
be controlling the coolant decomposition rate, the MO vt.% HB content
terphenyl is a reasonable reference coolant, with a C/H atom ratio of 1.23
and a molecular weight of 291 g/mol.

The fluid vapor pressure can be manipulated to some extent and is
a function of system parameters. Figure 1 shows the vapor pressure plotted
against temperature for coolants from two WR-1 circuits (A and B), from the
U-3 loop, for OCR-5OO, and for fresh feed OS-8M fluid. For a typical fluid,
the steady-state U-3 loop fluid, the ooolant vapor pressure is 1.2 MPa at
670 K. Somewhat higher pressures may occur if volatiles (C6-Cl2) are
recycled.

TABLE 3

TYPICAL OPERATING COOLANT COMPOSITIONS [1]

Component

H2 (mL/kg)
CH„ (mL/kg)
C 2 - C 5 g a s e s (mL/kg)
C 6 - C 1 2 ( w t . $ ) a

B i p h e n y l , <J>2 (vt.%)
Methyl-<J>2 ( w t . f l )
T e r p h e n y l , if>3 ( w t . ï )
H-4>3 (wt .%)
Q u a t e r p h e n y l , $„ + H-<f>„ ( w t . ? )
HB ( w t . * ) °

Concentration

WR-1 A-Circuit
670 K

no
45
50

3
5

11
16
28

7
30

NRU U-3 Loop
670 K

50
70

200
7
8
9

12
7

Benzenes to Biphenyls
Higher boiling than quaterphenyls
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2.2 THERMALHÏDRAULIC PROPERTIES

2.2.1 Phase Change Points

For multicomponent fluids, phase changes occur over a range of
temperatures. Boiling point for various liquids may be inferred from the
vapor pressures in Figure 1 (boiling occurs where the vapor pressure equals
the system pressure). Since the operating fluids are jet black, the
liquidus point or melting point cannot be easily determined. The WR-1 and
U-3 operating organic coolants were liquid at room temperature.

2.2.2 Heat-Carrying Capacity

The heat-carrying capacity of a coolant is

Q/A = p v cp AT (1 )

where Q/A i s the r a t e of heat removed per un i t c ro s s - s ec t i ona l area of the
tube or channel; p i s f l u i d dens i ty ; v i s the l i nea r ve loc i ty ; c_ i s the
f lu id s p e c i f i c hea t ; and M i s the temperature r i s e along the channel .

Typical Q/A values for the organic coolant are compared with those
for other fusion coolants in Table 4. The organic coolant i s normally used
as a high ve loc i ty coolant in order to have good hea t -ca r ry ing capaci ty and
heat t r a n s f e r , to minimize the "exposed" coolant volume, and to minimize
fou l ing . Under these nominal cond i t ions , the organic 1 s hea t -ca r ry ing capac-
i ty i s be t t e r than tha t of water .

TABLE 4

COMPARISON OF HEAT-CARRYING CAPACITY OF VARIOUS COOLANTS

Helium
17Li-83Pb
Lithium
Water
Draw Salt
Organic

s

(kg/m3)

3.5
9300
500
800

1760
855

v

(m/s)

25
0.5
0.5
5
5
15

°P
(J.kg-'-K"1)

5200
150

4200
6000
1550
2570

Tin
(K)

550
570
570
550
570
570

T
exit
(K)

780
720
820
590
650
670

AT

(K)

235
150
250
40
80
100

pve AT = Q/A

(MW/m2)

100
100
260
960

1100
3400
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2.2.3 Heat Transfer Coefficient

The modified Dittus-Boelter heat transfer equation established
for these fluids is [1,4].

Nu 0.0224 Re°-83Pr0'4 (2)

where Nu = hD/k is the Nusselt number, Re = pvD/u is the Reynolds number,
Pr = yCp/k, h is the heat transfer coefficient, k is the fluid thermal con-
ductivity, y is the fluid viscosity, and D is a characteristic dimension
such as the tube diameter. This relation predicts slightly better (-10%)
heat transfer than the standard Dittus-Boelter form. Due to property
differences, the organic heat transfer coefficient is typically five times
less than that of water but twenty times greater than that of helium at the
same velocity.

2.2.4 Critical Heat Flux

The upper limits to the heat flux supportable by these coolants
are set by the dryout or departure from nucleate boiling condition. Experi-
ments for the WR-1 coolant (30% HB) indicate that the critical heat flux,
(Q/A) C H F (MW/m2), is a function of the subcooling, AT (K), and the fluid
velocity, v (m/s) [1,5]:

(Q/A) C H F = 3.00 + 0.0075 (ATsub)°-
8v1-2. (3)

The sub-cooling AT, A T s u b , is defined as the difference between
the onset of boiling (0B) temperature and the test bulk coolant temperature.
This 0B temperature was determined experimentally with a small probe fouling
rig (SPFT). It was established at normal system pressure as that temper-
ature where the convective heat transfer heat flux, Q/A, no longer increases
linearly with an increase in driving force AT.

Measured values exceed 10 MW/mz at 10 m/s and 150 K subcooling.

2.3 DECOMPOSITION AND FOULING

At high temperatures and in radiation fields, organic coolants can
decompose, leading to high coolant replacement costs, heat transfer surface
fouling or channel plugging (from insoluble decomposition products). These
were significant problems in early organic fission reactor experiments, but
were successfully resolved and practical solutions demonstrated in the
operation of the WR-1 reactor and U-3 loop at the NRU reactor. The key
factors were reducing the coolant in-core volume, maintaining adequate flow
and strict coolant chemistry control.
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2.3.1 Decomposition Rates

The total decomposition r a t e , D, is estimated as the sum of the
radiolysis r a t e , Dp, and the pyrolysis ra te , Dp. For most fusion reactor
cooling applications, radiolyt ic decomposition will dominate because of the
high fast neutron fluxes (5 MW/m2 or 2 x 1 0 " I1) MeV neutrons «m~2 «s"1 ) .
Pyrolytic decomposition will be important'only for bulk outlet temperatures
at or above 670 K.

As summarized in Table 5, the radiolysis reaction rates are corre-
lated assuming second-order kinetics and the rate is proportional to the
square of the non-HB concentration. The rate is also proportional to the
product of the absorbed dose rate and the yield per unit dose.

Whether the radiolysis yields established for fission reactors can
be applied to fusion systems must be established. I t has been determined
[6,7] that nearly 70% of the dose to the coolant in WR-1 is attr ibuted to
fast neutrons and tha t , with driver fuel, the normal peak fast flux is
2.6 x 1017 n«m~2«sl (mostly 1 to 4 MeV neutron energy, with 1 to 2% at
9 to 10 MeV). Clearly the WR-1 reactor coolant measured yield has been
established in a radiation environment with a strong fast neutron component,
and presumably with a consequent high LET (Linear Energy Transfer) level .
The yield per energy absorbed can increase only if there is a significant
increase in the LET effect such that there are local high concentrations of
reacting species. So the question is whether there is a higher LET effect
in a fusion reactor environment than in the fission reactor coolant. As
shown in Figure 2 for water [8] , the LET for electrons, protons, and carbon
nuclei a l l appear to be decreasing or nearly level with par t ic le energies
increasing from 2 MeV to 20 MeV. I t is reasonable to assume that the LET
conditions are similar for the hydrogen-bearing organic coolant and for
water.

TABLE 5

COOLANT DECOMPOSITION RATE FOR THE WR-1 AND U~3 COOLANTS

T o t a l r a t e : D = Dr +

Radiolysis ra te :

Dr = Cr (100-HB)2 x

where Cp (100 - HB)

for 40 vt.% HB and

Pyrolysis ra te :

DP

(Absorbed dose r

2 = 0.0096 kg.«IV

the WR-1 neutron

Dp = Z (Coolant mass at temperature

where Kp = 2.14 x 1

-ate)

•'•kvr1

spectrum.

T) x KP (T) x (100

09 e"2 1 7 6 7 / T kg/h per kilogram of

- HB)

c o o l a n t
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In both fission reactors and fusion blankets, a significant fraction of the
coolant-deposited energy comes from recoil protons from fast neutron
scattering and from electrons from gamma radiation interactions. Therefore,
it is plausible that the radiolysis yields for organic coolants measured in
fission reactors can be applied. However, detailed calculations of the LET
effects and measurements of radiolytic decomposition would be needed to
confirm this .

Measured yields [9] for terphenyls and hydroterphenyls have shown
that the yields are sensitive to temperature and that LET effects may be
annealed out at higher temperatures in the range of 645 to 670 K. They show
that, as the temperature increased from 570 K to about 670 K, the neutron-
dose to gamma-dose yield ratio decreased from 3.0-4.5 to nearly unity. The
relatively higher yield from the neutron dose at the lower temperatures
shows the expected LET effect for the fast neutrons. However, thermal de-
composition dominates at high temperatures and so LET effects may not be
important.

With this justification, radiolysis rates for terphenyl coolants
in fusion breeder blankets may be calculated based on yields measured in
fission reactors. The coolant absorbed dose rates can be exactly determined
by neutronics calculations.

The basis for estimating pyrolysis or thermal decomposition rates
is also summarized in Table 5. The pyrolytic reactions were correlated
assuming first-order kinetics such that the rate was proportional to the
non-HB concentration. The pyrolysis rate has an Arrhenius temperature
dependence. The pyrolytic rate is therefore expressed as the integral over
all temperature intervals of the coolant mass at temperature times the
radiolysis rate at that temperature, Kp. If the maximum coolant temperature
is 570 K or below, the pyrolytic rates will be negligible.

2.3.2 Replacement and Reprocessing

For low decomposition rates, a fraction of the coolant can be
simply withdrawn and replaced with fresh feed material. With a vacuum
distillation column, it is possible to remove the high boiler material and
off-gases and recover the 60 wt.$ of the coolant that is s t i l l good [1j.

To achieve higher coolant recycling, more complex coolant process-
ing has been considered. A high boiler hydrocracking process [10,11,12]
could recover up to 9056 of the decomposed material for coolant outlet tem-
peratures £ 620 K, or 75% at 670 K. In this process, hydrogen is added to
the high boiler material at high temperature and pressure, with appropriate
catalysts, and the material converted back into usable coolant. The main
features of this process and representative flow rates and costs are provi-
ded in Appendix B.

The additional concern of tritium in the coolant due to permeation
from the first wall and breeder will change the design of the waste treat-
ment more than the processing system itself. Rather than simply discarding
or burning off-gases and solid or liquid wastes, i t is likely to be neces-
sary to burn the material and recover the HTO.
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With a deuterated coolant , lower decomposition r a t e s are expected
because of reduct ions in the absorbed dose (a factor of three in one calcu-
l a t i o n ) , in the pyrolysis r a tes (possibly a factor of two at 670 K), and
possibly in the r a d i o l y t i c y ie ld . Since the reprocessing system i s l i k e l y
to be ful ly contained and connected to t r i t ium recovery equipment, i t may be
easy to convert the coolant to a deuterated form by using deuterium gas
instead of hydrogen as feed to the hydrocracker. In t h i s case, heavy water
would be used to purge chlorine from the coolant , and ef for ts would be made
to recover and recycle the gaseous decomposition products. Isotope separa-
tion processes required for t r i t ium recovery could be used for deuterium or
heavy-water recovery. There i s no reactor i r r a d i a t i o n experience at WNRE
with deuterated organic f l u id s .

2.3.3 Coking and Fouling

Coking is the formation of carbonaceous deposi ts in low-flow
regions due to p rec ip i t a t ion and growth of decomposition products . Fouling
is the formation of films on high-temperature heat t r ans fe r surfaces , norm-
a l ly dependent on the nature and concentration of the coolant impur i t i es .
Coking is control led by reducing the t o t a l decomposition r a t e and by main-
ta in ing high-flow ra tes to remove decomposition products in solut ion before
they exceed the s o l u b i l i t y l i m i t . Fouling is prevented through coolant
chemistry con t ro l .

The AECL chemistry control measures are summarized in
Table 6 [ 1 ] . An on- l ine measurement of the "fouling po ten t ia l " was an
essen t i a l f i r s t requirement. The Small Probe Fouling Test was developed for
t h i s purpose and has been successful ly employed in the operation of WR-1 and
the various AECL organic-cooled loops [13.11*]. In t h i s pa r t i cu la r t e s t , the
weight of a deposited film i s determined from a probe operated at a surface
temperature of 750 K and a heat flux of 0.8 MW/m2 over a 24-h period. The
coolant i s continuously purif ied in a by-pass stream by an Attapulgus clay
column. Water i s added to the coolant to purge water-soluble contaminants
such as ch lo r ine /ch lo r ides , and possibly to poison acid c a t a l y s t s , which
promote polymer formation. Oxygen i s also excluded or purged from the cool-
ant where poss ib le .

TABLE 6

FOULING CONTROL MEASURES USED IN WR-1

(1) Fouling potential measurement

(2) Clay column purification for C1/02 control

(3) Water purge, 0.25 g H20'h"' per kilogram of coolant

(4) Dissolved water at 700 ug/g to poison polymerization catalysts

(5) Rigorous exclusion of chlorine

(6) Removal of dissolved oxygen before heat up.
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From the various WR-1 fuel i r r ad i a t i on experiments, a summary of
typ ica l performance is presented in Table 7. These fuels are l i s t e d in
order of decreasing coolant ve loci ty and are ra ted according to e i ther when
they fa i led due to fouling or when they were removed at end-of~life without
f a i l u r e . I t can be inferred tha t at low ve loc i t i e s (£ 4 m/s) there i s some
r i sk of heat t r ans fe r surface foul ing, especia l ly in wire wrap subchannels
with eddies . In fuel bundles that fa i led by blockage of an inner subchannel
at a veloci ty of 4 m/s, the adjacent channels at ve loc i t i e s of 6 m/s were
e s s e n t i a l l y c lean . Fouling was not observed under the heat t ransfe r and
flow condit ions of most i n t e r e s t to fusion app l i ca t i ons .

2.4 MATERIALS COMPATIBILITY

2.4.1 Ferr i t ic and Austenitic Steels

The primary coolant c i rcui ts in WR-1 and other organic loops are
fabricated from A106 carbon steel (a f e r r i t i c s t e e l ) . The average corrosion
rate estimated by Finlay et a l . [15] for WR-1 is 0.1 to 1.0 g/m2 per month,
for which the to ta l corrosion rate is 0.4 to 2.5 um/a. This is similar to
rates measured for exposure to Santowax by several others [16,17,18] and a
mean rate of 1.0 g/m2 per month (1.5 pm/a) is reasonable. Boulton [19] has
shown that these carbon steel corrosion rates are similar to those obtained
by Garnsey et a l . [20] for steam at similar temperatures. The corrosion
rate for Type 410 f e r r i t i c s tainless steel exposed in the rolled joint area
of some of the WR-1 channels was not measured but was obviously low. This
was expected in that the Type 410 stainless steel data obtained by Neymark
[17,18] for Santowax at up to 700 K with 1500 pg H20/g and at velocities up
to 4 m/s showed low rates of weight gain of not more than 0.5 g/m2 per
month. These weight gain rates were not affected by velocity in the range 2
to 4 m/s. For the low alloy s teel SAE 4130 (1% Cr) for similar conditions,
the weight gain rate was higher, at up to 2.0 g/m2 per month. Neymark con-
cluded tha t , with f e r r i t i c s t ee l s , corrosion decreased with increasing alloy
content of the s t e e l . For f e r r i t i c s teels of interest in fusion applica-
tions such as HT-9 [21], penetration rates would be less than 0.8 pm/a in
organic f lu ids .

Corrosion data for austenit ic s teels in WR-1 is limited, but 34
channels fabricated from Type 347 stainless steel were installed for WR-1
star t-up and operated for a period of 2 x 10* h. These channels operated
sa t i s fac tor i ly , though one channel failed at a weld after five months. Weld
procedures and post-weld treatment were probably not adequate. Also, 304L
stainless-steel-sheathed fuel elements were irradiated at the start-up of
the X-7 loop (NRX reactor) with a Santowax-OM coolant during 1960 July to
October.

Fuel sheath temperatures up to 740 K were obtained with no corro-
sive attack or carburization observed. Neymark's [17,18] data also showed
that this austenit ic Type 304 stainless steel (both annealed and sensitized)
was corrosion res i s tan t . Even with Santowax coolant at 700 K and with
1500 ng/g dissolved water, the weight loss rate for the annealed Type 304
stainless steel was only 0.5 g/m2 per month (0.8 ym/a) at a velocity of
4 m/s. Austenitic s teels such as PCA (a fusion-relevant Ti-modified 316SS)
or the low activation variant, Fe-15Mn-15Cr, would be expected also to be
very corrosion resis tant with penetration rates of < 0.5 um/a.



TABLE 7

FISSION REACTOR (WR-1) FOULING EXPERIENCE

Fuel
type

Prototype
OCR UC fuel

Wr-1 UC fast
neutron rod

WR-1 UC
driver fuel

WR-1 low
flow expt.

Operating
time
(h)

6 500

10 000
19 000

8 000

7 940

Coolant

Toutlet
(K)

670

600

670

670
600
600

HB
(wt.%)

30-45

30

30

30
30
30

Heat transfer condition

V

(m/s)

14

12

7.5

2.4

D
(mm)

6.6

5.3

5.3

4.02
4.02
4.02

Re
(x 10^)

16

8.3

7.5

3.3
2.2
1.3

Q/A
(MW/m2)

1.5

1.7
1.0

1.7

0.35
0.66
0.37

ATfilm
(K)

79

110

131

41
100

Fouling
Failure

None

None

None

None
Failed^
Failed"1"

Subchannel with lowest flow
Low flow subchannel blocked, then failed

-Er

I
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The corrosion rates for the ferr i t ic carbon steel are not as low
as those for the austenitic Type 304, but the higher rates for carbon steel
do not appear to give rise to mass or activity transport. Mclntyre et a l .
[22] showed that the magnetite corrosion product forms beneath a thin (5 um)
carbonaceous film by the diffusion of oxygen through the film. The mag-
neti te , if released, is not soluble in the fluid and does not exchange with
material held in-core but is removed as particulates by the high-surface-
area, Attapulgus clay columns without being highly activated. I t is possi-
ble that these carbonaceous films, containing oxides, may also reduce t r i -
tium permeation.

A comparison of the steel alloy compositions for proposed fusion
blanket system materials with those for organic-coolant-tested materials is
shown in Table 8. Also shown are the penetration rates for the tested mate-
r ia ls and an estimated rate for the best proposed alloys. From these rates,
i t is obvious that corrosion on the organic side of coolant tubes will not
limit tube l i f e .

2.4.2 Zirconium and Vanadium Alloys

Over 50 Ozhennite 0.4 (Zr-0.2Sn-0.1Ni-0.1Nb) pressure tubes were
installed in WR-1 and exposed to the 0S-84 based fluid for some 8 x 1ü" h
with low, but not measured, corrosion. Similarly, at least two Zr-2.5Nb
pressure tubes were installed in WR-1 for 8 x 10" h. One of these tubes was
in the A-circuit with the coolant at 670 K outlet temperature, and was re-
moved for examination after four years of total exposure [23]. The inside
surface generated a 36-um film in that period, which represents an oxide
film weight gain rate of 3.2 g/m2 per month or the equivalent of a 6.0 \im/a
penetration rate. In addition, Zr-2.5Nb sheathing for UC driver fuel
bundles during 670 K operation of WR-1 was irradiated for periods up to
13 000 h. About 90 such bundles were irradiated with mean lifetimes of
8 000 h and with surface temperatures up to 770 K. This alloy, Zr-2.5Nb, is
the reference material for organic-cooled fission reactors for both fuel
sheath and pressure tubes.

There is no organic coolant corrosion data for the proposed fusion
V-Cr-Ti alloys (e.g., V-15Cr-5Ti). However, by analogy with zirconium
alloys where a renewable protective oxide film is formed, which prevents
rapid oxidation and hydriding, a Cr203 film on this Vanadium alloy is likely
to be effective in controlling corrosion or oxidation. This film may also
prevent metal hydriding. The hydrogen that does penetrate the oxide film is
quite soluble so that embrittlement by hydride precipitation on cooling
should be less of a problem for this vanadium alloy than that for zirconium
alloys. (The hydrogen solubility in vanadium is 13 400 ug/g at room tem-
perature and 0.1 MPa partial pressure, and 3 400 ug/g at 673 K [24]. It is
also speculated that the Cr203 film will not dissolve as quickly in the
matrix metal as does oxygen in zirconium (the oxygen solubility in vanadium
is low at 0.25 wt.% 02 at 1 270 K [25]), so that less or no dissolved water
will be required to maintain the protective film.

2.4.3 Other Materials

Neymark's [17,18] corrosion data for copper, 1100 aluminum and
beryllium, exposed in Santowax at 670 K (with a velocity of 4 m/s) are



TABLE 8

COMPATIBILITY OF STEELS WITH ORGANIC COOLANT

Material

Ferritic steels:

HT-9

Low activation

Carbon Steel

SAE-413O

Type 410 SS

Type 406 SS

Austenitic steels:

PCA (316)

Low activation

Type 304 SS

Type 304L SS

Type 347 SS

Composition
<*>

Fe-9Cr-lMo-V-W

Fe-llCr-25W-0.3V-0.15C

Fe-0.45Mn-0.2C-0.lSi-
0.05S-P

Fe-0.9Cr-0.6Mn-0.3C-0.3Si-
0.2Mo-0.1Ni-0.02S-0.008P

Fe-12Cr-0.5Mn-0.4NÏ-0.4Si-
0.lCu-0.05Mo-0.O1S-P

Fe-13Cr-4Al-0.15C

Fe-18Cr-llNi-2.5Mo-0.1C

Fe-15Mn-15Cr-0.05C-0.01Ni

Fe-19Cr-9Ni-0.9Mn-0.4Si-
0.2Cu-O.08Cr-O.O2P-S
Fe-19Cr-10Ni-0.03C

Fe-18Cr-10Ni-0.4Nb-0.1C

Organic
Coolant

-

-

Santowax
OS-84

Santowax

Santowax

Santowax

-

-

Santowax

Santowax

OS-84

Test
Temperature

(K)

-

-

700
620-670

700

700

700

-

-

700

740

620-670

Test
Time
(h)

-

-

-

-

-

-

-

~ 100C

20 000

Water
Content
(Mg/g)

-

-

1500
700-1000

1500

1500

500

-

-

1500

200

700-1000

Penetration
Rate
( Mn>/a)

0.8*

0.8*

1.3
0.8

1.3

0.32

0.13

< 0.5*

< 0.5*

0.32

Clean

Carbon film
* Estimated
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shown in Table 9 as a function of water added. With no water, 1100 aluminum
and beryllium corrosion rates are very low but the release rate for copper,
9 g/m2 per month, is an order of magnitude higher. At this rate, the copper
penetration would s t i l l be only 12 vim/a.

Beryllium corrosion rates are very low throughout, even with
2000 ug/g water added. The 1100 aluminum corrosion rate is acceptably low
at 0.4 g/m2 per month without water added, but the corrosion rate is very
sensitive to water content. I t rises unacceptably by nearly three orders of
magnitude to 250 g/m2 per month with 200 ug/g added water. Copper, on the
other hand, with a higher rate without water added, is nearly unaffected by
water addition and rises only to 14 g/m2 per month (18 pm/a) with 2000 pg/g
added water. Copper is a candidate material for high-heat-flux components
in fusion reactors.

In Neymark's tes ts , where poor zirconium alloy performance was
noted even at high water contents, i t is clear from later experience that
other impurities such as chlorine and sulfur must have been present. In
fusion systems with water content controlled and with good impurity-removal
systems, i t is likely that copper would perform satisfactorily. Even alumi-
num alloys might corrode at acceptably low rates. Aluminum gaskets operated
in high-temperature but stagnant regions in WR-1 without observable corro-
sion attack,

2.5 SAFETY

2.5.1 Toxicity

A toxicologica l assessment of the OS-84 based WR--1 coolant [26]
has es tabl ished maximum permissible concentrations in a i r and water of
4.4 mg/m3 and 8 mg/L, re spec t ive ly . This water concentration l imi t i s dif-
f i c u l t to achieve because the s o l u b i l i t y (in water) i s exceeded. These
l imi t s were es tabl ished based on work [27,28,29] where the coolant was fed
to r a t s . Only in one study [30] where diphenyl was fed to r a t s was there a

TABLE 9

CORROSION OF VARIOUS METALS BY ORGANIC COOLANT AT 670 K£

Metal

Zr-2.5Nb
Copper
1100 Aluminum
Beryllium

0

9
0.
0.
4
1

Corrosion rate

Water

1000

6.0
28
1.6
13

(g/m2

level

per month)

(ug/g)

1500

—
45
— —

2000

14
250
0

Santowax, 4 m/s



mention of possible gut carcinogen:city. Others [28,29] could find no such
evidence. Studies with rats whose skins are highly sensitive to skin cancer
found that the unirradiated 03-84 is noncarcinogenic, and the irradiated
material is slightly carcinogenic but much less so than standard industrial
tar [31]. The WNRE staff clinical surveillance program [32] shows no sig-
nificant difference between exposed and control populations.

2.5.2 Flammability

The flammability of organic fluids is potentially their most
serious disadvantage. However, experience with the OS-84 coolant in nine-
teen years of operation of the WR-1 reactor has proven that this hazard is
easily managed. Four distinct combustion mechanisms have been identified
and are summarized in Table 10, along with design solutions [1,2,333.

The first mechanism is the ignition (external) of a pool of organ-
ic fluid. The combustion is slow but generates black smoke, which makes
fighting such fires more difficult. The design response is the normal fire-
control methods such as in-situ mounted or hand-held C02 or Halon-type con-
tainers (water may not be an option for fusion applications), and a well-
trained crew with experience and equipment to fight fires with black smoke.
Such fires will be minimized with good housekeeping and by avoiding ignition
sources. Since the coolant is jet black, leaks are easily identified and
therefore repaired. This type of fire would be more likely to occur at
shutdowns during maintenance activit ies. The heat of combustion for the
coolant, about '10 kJ/g, is not unusual and is similar to t-hat for toluene
and benzene but slightly less (10%) than that for gasoline.

The second mechanism, auto-ignition [3**], is probably the most
serious in that i t might occur without a source of ignition. The auto-
ignition temperature (AIT) of the fluid is routinely measured and maintained
at 20-25 K above the peak bulk coolant operating temperature. The measured
AIT for 40 wt.? HB operating at an outlet temperature of 670 K is 690 K. It
is essential to maintain the air around piping and equipment near normal
room temperature by ventilation and good insulation, to detect leaks or
fires promptly, to provide an automatic air-inerting system or use inert
atmosphere in critical high-temperature zones, and to provide flame arres-
tors between rooms.

An auto-oxidation mechanism was identified where an organic-soaked
region, especially piping insulation, can be the source of a fire and can be
initiated with fluids at fairly low temperatures of about 570 K. If there
is sufficient oxygen available and if the heat of combustion is retained, a
fire can develop slowly with time such that the pipe or vessel will reach
temperatures of 900 to 1000 K. This mechanism of fire initiation can be
alleviated or eliminated by ensuring that all insulation is installed and
maintained such that i t has an airtight outer layer (fiberglass coated).
The reactor should never be started if any insulation is soaked with
coolant.

The deflagration of a vapor cloud [35,36] cannot be completely
discounted as a possible event, but the normal design techniques used in the
petroleum industry (refineries) can be used, such as excluding ignition
sources (explosion-proof motors) and limiting vapor concentrations by high
ventilation flows in critical areas.
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TABLE 10

ASPECTS OF ORGANIC COOLANT FLAMMABILITY

Mechanisms

(1) Pool burning
(External ignition source,
slow burn, black smoke)

(2) Auto-ignition of hot vapor
mixture in air
(No source ignition)

(3) Auto-oxidation of liquid
in heat-retaining fiber

CO Deflagration vapor cloud
(external ignition)

Design solutions

-normal fire control methods: C02/Halons
-good housekeeping, fix leaks promptly
-inert atmosphere
-no ignition sources

-cool air around pipes/equipment
-inert atmosphere
-detect leaks
-flame arrest zones

-airtight piping insulation
-remove organic-soaked insulation
-inert atmosphere

-limit vapor concentration
(0.5-5 vol.% for ignition in air)

-no ignition sources
-i;park-free electrical equipment
-inert atmosphere

The use of an inert atmosphere in the reactor vicinity may be
desirable for many reasons (e.g., liquid metal blankets) in a fusicn reac-
tor. Any non-oxygen atmosphere would virtually eliminate coolant LLur-
mability concerns.

2.5.3 Lithium Reactivity

A major advantage for organic coolants is their relative compat-
ibi l i ty with lithium. This has led, for example, to the choice of an organ-
ic heat exchanger fluid for cooling the FMIT lithium primary loop [ ;7].

The experimental effort on chemical reactivity consisted of scop-
ing tests where several grams of organic and liquid metals were mixed to-
gether and the reaction observed [38,39]. These are summarized in Tnble 11.
VP-1, Therminol-66 and Dowtherm-A are industrial organic coolants that are
loosely similar to the organic fluid of interest here. In general, the
reactions were mild with l i t t l e heat release. The largest responses were
observed when the lithium exceeded the organic boiling point. The results
indicate some breakdown of the organics, and the production of a carbon film
on the metal. In the one reported measurement, only a small amount of
lithium carbide was observed. The lead in 17Li-83Pb did not react.
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TABLE 11

EXPERIMENTAL RESULTS ON ORGANIC/LIQUID METAL REACTIVITY

Experimental

2 g Li § 810 K
(Li ignited)

1 g OS-84 @ 500

1 g VP-1

1 g OS-84 ë 500

5 g Li ë 560 K

20 g Li @ 500 K

OS-84

17Li-83Pb ë 670

Therminol-66

17Li-83Pb ë 670

Dowtherm-A

Pb @ 670 K

Pb ë 670 K

K

K

K

K

added

added

added

added

added

added

added

added

added

added

added

added

added

to

t o

t o

t o

t o

tu

t o

to

to

to

to

to

t o

conditions

13 g OS-84 ë 500 K

3 g Li § 560 K

3 g Li § 560 K

3 g Li g 700 K

21 g OS-84 ë 500 K

21 g OS-84 § 500 K

Li § 700 K (Ar cover gas)

excess Therminol-66

excess 17Li-83Pb ê 670 K

excess Dowtherm-A

excess 17Li-83Pb @ 670 K

excess Therminoi-66

excess Dowtherm-A

Result

Li extinguished;
oi l ignited

Mild reaction;
carbon film on Li .

Mild reaction;
carbon film on Li.

Pressure surge;
1 mm C film on Li.

Oil vapor, no f i r e .

Oil vapor, no f i r e .

Mild reaction

Mild reaction

Mild reaction

Mild reaction

Mild reaction

Almost no reaction

Almost no reaction

Thermodynamic estimates to bound the reactivity indicate that if
the reaction went to completion in producing lithium carbide and hydride
(not experimentally observed), then the energy release per unit volume of
coolant would be about a factor of three less than with water.

2 .5 .4 Activation

The 0S-8^ based terphenyl coolant does not generate troublesome
quanti t ies of activation products in fission reactors . Only the impurities
in the fluid provide measurable Y-emitters. The arsenic impurity in the
feed coolant gave r i se to 76As by the 7sAs(n,Y)76As react ion. Also, in
WR-1, the 56Mn source (2.6-h ha l f - l i fe ) was the released (part iculate)
carbon steel corrosion product from the reactions 55Mn(n,Y)56Mn (thermal
neutrons) and S6Fe (n,p)56Mn (fast neutrons). The "'Ar source was the 1*°Ar
from air dissolved in the coolant that had not been properly degassed prior
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to reactor start-up. Activation products from Type 304, Type 410 or
Type 347 stainless steels were not usually detected, presumably because the
stainless steel corrosion product concentrations were very low.

For organic coolant applications to fusion blankets, i t is antici-
pated that steel corrosion rates will be very low for most cases, e.g.,
penetration rates of < 0.5 pm/a and < 0.8 pm/a for austenitic and ferritic
steels, respectively. The experience with thermal fission reactor systems
suggests that there will be l i t t l e activity transport because the corrosion
products are likely to form under a tightly bound carbonaceous film. The
corrosion products would be released, if at a l l , as carbon-coated particles
with l i t t l e or no activity dissolved in the fluid. The concentration of the
particles carried by the fluid is controlled at a low level of about
500 pg/g (£ 0.2-pm diameter) by direct removal using Attapulgus clay
columns. There would be l i t t l e in-reactor deposition and even less isotopic
exchange between deposited in-reactor activated nuclides and the nuclides in
the circulating carbon-bound particles. Therefore, there is no mechanism
for transfer of activity from in-reactor to out-reactor surfaces.

For applications with copper or copper alloys (e.g., high-heat-
flux components), the penetration rate of 9 g.m~2.month"', or 14 pm/a, at
670 K is higher than desirable. Such higher rates might affect the organic
coolant corrosion mechanism, as illustrated by carbon steel where oxygen is
transported through a carbon film to the metal surface, and might lead to
higher rates of activity transport.

The copper corrosion rates may be sufficiently high to disrupt the
formation of a protective carbon film, thus directly releasing oxides to the
fluid euch that the particulate material is not carbon coated. Some of the
active species (of copper) in the particulates may be soluble in the fluid
and therefore be available to transfer to out-reactor surfaces.

The longest-lived activation product is the 12.8-h half-life 61*Cu.
Such short-lived nuclides, even if transported to out-reactor surfaces,
would not lead to persistent high radiation fields. Even so, with good
chemistry control, i t is anticipated that the 14 pm/a copper penetration
rate would be much reduced, as has been the fission reactor experience with
zirconium alloys.

However, since copper or copper oxides may catalyze organic fluid
decomposition reactions, the effect of these surfaces on coolant stability
must be studied.

2.6 SUMMARY

Organic coolants include a diverse range of fluids with widely
varying properties. A particular class of coolants, hydrogenated terphenyl
mixtures, has been identified as having reasonable radiation resistance,
heat-carrying capacity and operating conditions for application to nuclear
reactors. These coolants have been used successfully in fission reactors,
and the properties and behavior of the coolants have been measured. During
exposure to radiation and high temperatures, these organics develop into a
new steady-state fluid mixture with significantly different behavior.
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The recommended feed material for fusion nuclear applications i s a
pa r t i a l l y hydrogenated terphenyl mixture OS-84 from the f iss ion program, but
maintained at a larger (40 wt.%) high boiler f rac t ion . I t i s a moderate
densi ty, moderate heat capacity fluid with low thermal conductivity. The
operating range extends from near room temperature (limited by viscosi ty) to
over 670 K (limited by thermal decomposition). Radiation-induced decomposi-
t ion ra tes in a fusion environment have been estimated by analogy with f i s -
sion condit ions. Reprocessing technologies exis t that can recover a large
fract ion of any damaged coolant. This coolant i s known to be compatible
with many f e r r i t i c s t ee l and zirconium al loys from thousands of hours of
operating data , and i s expected to be compatible with vanadium over a
reasonable temperature range.

The terphenyl mixture is flammable, but operating experience indi -
cates that t h i s i s a manageable concern. Scoping t e s t s that mixed mult i -
gram quant i t ies of l iquid metals and these organic coolants indicated no
violent reac t ions . The organic coolant i t s e l f does not a c t i va t e , and i t
coats surfaces with thin carbon layers which inhibi t dissolut ion and t r ans -
por t . The coolant does not in terac t with magnetic f i e l d s . Overall , i t
offers a unique and in te res t ing set of cha rac te r i s t i c s tha t may have appl i -
cation in fusion r eac to r s .

3. FIRST WALL AND BLANKET APPLICATIONS

Firs t walls and blankets are moderate heat-flux environments with
high neutron fluxes and large overal l volume. The advantages of organic
coolants for these applicat ions are the i r lower pressure and higher tempera-
ture than water, bet ter heat t ransfer than helium, and lack of MHD effects
compared with l iquid metals. The key questions r e l a t e to decomposition,
t r i t ium control and safe ty . A simpler goal of a separate organic-cooled
f i r s t wall with a l iquid lithium blanket would decrease the amount of i r r a -
diated organic while allowing, for example, a lithium-cooled f e r r i t i c - s t e e l
tokamak blanket at 5 MW/m2 and 7 T.

To put the decomposition question into perspective, Table 12
summarizes the keycharacter is t ics of f iss ion and fusion systems. CANDU-OCR
is a 500-MWe organic-cooled reactor design [ 3 ] . Since the bulk of the
released energy i s in neutron radiat ion as opposed to f iss ion fragments, i t
i s more d i f f i cu l t to achieve low decomposition r a t e s in a fusion reactor
than a f iss ion reac tor . The design goal for an organic coolant (0C) blanket
can be approximately s ta ted as reducing the organic volume in the blanket to
as low as possible , consistent with other cons t ra in t s . The only previously
reported 0C fusion blanket designs minimized decomposition by using a dual-
blanket coolant system [40] with organic in the blanket rear (outer regions)
and another coolant for the high neutron and heat flux front (inner)
regions. Only s ingle coolant blankets are considered here, based on 40? HB
OS-84 as the reference organic coolant.

The present analysis i l l u s t r a t e s the charac te r i s t i c s of 0C f i r s t
walls and blankets. Thermal-hydraulic calculat ions f i r s t es tabl ish designs
that meet temperature l imi ts while minimizing organic volume. These form
the basis for assessing decomposition, t r i t i um, safe ty , and economic
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TABLE 12

COMPARISON OF ENERGY FLOW IN FISSION AND FUSION REACTORS

Reac tor Type

F i s s i o n Core

PWRa

W R " 1 h n
CANDU-HWRD'C

CANDU-OCRb

Fusion blanket

Water-cooled
Helium-cooled
Lithium self-cooled

Energy released
as nuclear
radiation

(%)

5-10
5-10
5-10
5-10

80
80
80

Coolant
volume in
core/blanket

(*)

> 50
5

< 10
< 5

5-10
5-10

90

Direct energy
deposition
in coolant

(*)

it
0.4-0.7

0.5
0 .5

10-20
0

90

a Pressurized water reactor
b Coolant and moderator are separate
c Heavy-water reactor

issues. Only blanket characteristics that are significantly different from
the Blanket Comparison and Selection Study (BCSS) [21] concepts are
evaluated.

3.1 FIRST WALL THERMALHYDRAULICS AND THERMALMECHANICS

There are many possible f i rs t wall configurations. A lobed f i rs t
wall is assumed here, with small coolant channels passing around the side
and front blanket surfaces (Figure 3). This design provides good mechanical
strength in a moderate-sized module, spreads the surface heat flux over a
large area, and avoids sharp flow channel bends in the high-neutron-flux
region (minimizing fouling and flow vibrations). The assumed heating rates
are 1 MW/m2 peak plasma heat flux and 50 MW/m3 (5 MW/m2) volumetric heating.
The f i r s t wall has a 3~mm erodable layer for a 3~a l ife at a net erosion
rate of 1 mm/a [21 ] .

The thermal and mechanical behavior were analyzed with 1.5-D
models [41J. Two organic-cooled f i rs t wall designs are summarized in
Table 13. The thermal plus pressure stresses were less than 250 MPa at
beginning-of-life (BOL) for the 1.5-mm ID channel design with 2 MPa at
internal pressure (to minimize mixing forces in the event of coolant rup-
ture, as well as for the pressure needed to circulate the lithium in the
Li/OC concept). The module side walls are supported by adjacent modules,
although stand-alone strength may be possible if the module sides are
thickened or braced towards the rear.
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TABLE 13

ORGANIC-COOLED LOBED FIRST WALL DESIGNS

Peak surface heat flux (MW/m2)

Volumetric heat ing (MW/m3)

Breeder region heat flux (MW/m2)

F i r s t wall radius (cm)

Module ax ia l length (m)

Erosion allowance (mm)

Beginning of Life (BOL) thickness (mm)

Coolant channel dimensions,
depth x width (mm x mm)

Back wall th ickness (mm)

Interchannel wall th ickness (mm)

Coolant i n l e t temperature (K)

Coolant temperature r i s e (K)

Peak surface temperature (K)

Flow veloci ty (m/s)

Coolant pressure (MPa)

Coolant pressure drop (MPa)

Peak BOL thermal
plus pressure stress (MPa)

1

50

0.02

15

2-3

3

3.5

2 x 2

1.5

2

573

19.4

807

10

0.5

0.25

-

1

50

0.02

15

2-3

3

3.5

1.5 x 1.5

1.5

1.5

573

25.8

807 (534°C)

10

0.6

0.4

250a

a Under 2-MPa module internal pressure, with or without freedom for thermal
expansion.
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A key feature of these OC first walls is the lower thermal
stresses and temperatures possible because the low coolant pressure allows
thinner first walls. No first wall grooving is needed since the surface
temperature is below 820 K and the thermal plus pressure stresses are within
the American Society of Mechanical Engineers code limits.

3.2 BREEDER REGION THERMALHYDRAULICS

The the rma lhydrau l i c design goal i s t o minimize the amount of
coolant in the b reede r , c o n s i s t e n t with the tempera ture and pumping con-
straints. This involved optimizing material, configuration and coolant
characteristics.

To maximize the spacing between coolant channels, a breeding mate-
rial with good thermal conductivity and high temperature limits is pre-
ferred. For solid breeder blankets, this suggests a ternary oxide such as
LiA102 with a 1270-K upper temperature, and high purge gas pressure to in-
crease the effective thermal conductivity. A "static" liquid metal blanket
could perform much better due to the high thermal conductivity.

Of the basic breeder configurations - breeder-inside-tube (BIT),
plate and breeder-outside-tube (BOT) - the latter is preferred since i t
leads to the minimum coolant volume. I t is most appropriate for coolants
with good heat transfer and heat-carrying capacity (such as water and
organics) since i t also tends to have the least heat transfer area and
coolant volume.

Finally, the coolant flow characteristics are chosen, consistent
with temperature and pumping limits, so as to maximize the heat-carrying
capacity of the fluid in the blanket, Q/A = pvcpAT. Typical values for
several coolants were given in Table 4, with inlets near 570 K, outlets
constrained by structure or coolant limits, and nominal operating veloci-
t ies. Organics have a heat-carrying capacity comparable to water at the
same velocity, with the larger allowable temperature rise compensating for
the reduced heat capacity,. Increasing the heat-carrying capacity, and so
reducing the coolant volume per input power (a A/Q), require increasing the
flow velocity.

The problems with high velocity water (over 10-20 m/s) include
corrosion (or erosion), a large pressure drop leading to lower boiling point
and higher pumping power, and flow vibrations in complex geometries. How-
ever, while organics have comparable density (and so inertia at the same
velocity), organics are generally less corrosive, have a high boiling point
even at low pressures, and prefer velocities over 10 m/s to prevent fouling.
Increased pumping power may be balanced by increased thermal efficiency from
the higher temperature organic coolant, and flow vibrations may be con-
trolled by proper stiffening. The CANDU-OCR was designed for 12-14 m/s
velocities in the core [3], and WR-1 operated with driver fuel about
8-12 m/s [2].

The blanket configuration analyzed consists of rows of coolant
tubes aligned axially (see Figure 3). The power generation is assumed uni-
form in each unit cell around each tube, but decreases exponentially into
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the blanket. Each coolant tube has the same radius and flow velocity for
ease of manufacturing, and equal pressure drop. Consequently, the coolant
temperature rise along each tube is not uniform. For a given tube radius,
coolant velocity, blanket dimensions and heating profile, the distribution
of coolant channels and pumping power is calculated subject to the temper-
ature constraints.

The blankets incorporate a reflector region at the module rear in
order to shield the coolant in the manifolds. Although no detailed calcula-
tions were made, i t is anticipated that the reflector would be cooled by
fast-flowing organic with about 5% volume (similar to near the module
front), and that the manifolds would contain much slower fluid, and thus
require larger volume.

3.2.1 LiA102/0C/FS/Be Blankets

LiA102 is a reasonably well-characterized solid breeder, with high
temperature limits. Beryllium provides good tritium breeding and energy
multiplication. The breeder and multiplier are generally compatible with
austenitic and ferri t ic steels (FS), with the latter preferred for i ts radi-
ation and tritium permeation resistance. The LiA1 02/H20/FS/Be blanket was a
highly rated BCSS solid breeder concept [21]. The key questions relate to
tritium recovery from the breeder, reliabili ty of multiple high-pressure
coolant tubes, tritium control in the coolant, and maintaining the breeder
temperature within operational limits. Replacing water with an organic
could yield a more attractive design since an organic-cooled version could
operate at lower pressure (decreasing reliabili ty concerns) and higher exit
temperature (increasing thermal efficiency).

Scoping neutronics calculations indicated that changing from water
to organic did not have a major effect on the blanket heating profile, which
was assumed as (Q/V) = (Q/V)o e~z where Q/V is the volumetric heating
rate, z is depth into the blanket, (Q/V)o = 50 MW/m3 and À = 0.13 m.

Representative 0C designs with minimized coolant volume are summa-
rized in Table 14, along with comparable BCSS blankets. Achieving under 3%
direct energy deposition in the coolant requires many small tubes with high-
speed flow. With pressure drops of 2 MPa in order to maintain the high
velocity, 0C blankets are s t i l l much lower pressure than water-cooled sys-
tems. This alleviates the coolant tube reliabili ty concerns somewhat, al-
though it is offset by the increased number of tubes. The higher minimum
breeder temperature without gap resistance (10 000 W.m~2.K~l assumed) leads
to a much lower tritium inventory in this ceramic by a factor of 5-10 [21],

3.2.2 Li/OC/FS and Li/OC/V Blankets

Self-cooled liquid metal blankets are attractive because of their
design simplicity (few materials, simple geometry, good breeding). The main
concerns are removing high heating rates (particularly at the surface) in a
magnetic field, and materials compatibility. An alternative is to keep the
liquid metal as a quasi-static breeding material (slowly circulating in
order to extract the tritium) and rely on a nonconducting fluid for heat
transport.
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TABLE 14

COMPARISON OF LiA1O2/FS/Be BLANKETS

Coolant

Width (m)
Depth to shield (m)
Length (m)

Multiplier region:
Form
Be/LiA102 (%)

Peak heating:
Surface (MW/m2)
Bulk (MW/m3)

1"D TBRa

Energy multiplication

Volume fractions:
Coolant (%)
Structure (?)
Breeder (%)
Multiplier {%)

Energy deposition
in coolant ((%)

Pump power/thermal (%)
Gross thermal eff. (%)

First wall:
Thickness (mm)
Channel dim. (mm x mm)
Flow speed (m/s)
Pressure drop (MPa)
Max structure temp. (K)
Coolant inlet temp. (°C)

Breeder
Geometry
Tube ID (mm)
Clad thickness (mm)
Minimum pitch (cm)
Number of tubes/module
Pressure (MPa)
Flow speed (m/s)
Pressure drop (MPa)
Coolant inlet temp. (K)
Coolant exit temp. (K)
Max Be/brdrDtemp. (K)
Min brdr temp. (K)

Organic

0.3
0.6 0.7
2

0.2 m
mixed
80/20

1
50

1.57 1.65
1.46 1.46

3 2
9 8

54 62
34 28

4.8 2.7

3 1.4
— —

7 6.5
2x2 1.5x1.5
10 10
0.25 0.4
807 807
573 573

BOT BOT
3 2
0.8 0.8
1.1 0.9
402 664
2.5 3
20 15
2.1 2.1
603 573
653 673
973/1273
673 654

Water
[21]

0.3
0.7
3

0.2 m
mixed
90/10

1
70

1.21
1.4

14
17
49
20

—

< 1
35.7

11.9
3.8x3.8
6
0.2
738
553

BOT
8-10
0.75-1
1.6
250
15.2
3
-
553
593
923/1273
623

Draw Salt
[21]

0.3
0.5
3

-

73/27

1
50

1.3
1.3

10
10
60
20

—

0.2
37.5

17
10x10
1-5
0.3
-
—

BOT
10
-
2.5
-
0.4
1-5
-
603
678
-
—

Helium
[21]

0.3
0.7
3

0.2 m
separate
Be rods

1
64

1.21
1.21

26
13
50
11

—

2-4
39.2

10.8
1 x 7
60
-
919
548

plate
-
-
-
-
5
23
0.13
573
783
703/1273
793

a TBR = tritium breeding ratio b brdr = breeder
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Again, i t is possible that organic coolants would yield a more
attractive blanket since they would provide good heat transfer, keep struc-
tural temperatures below liquid metal compatibility constraints, and have
limited reaction with the liquid metal in the event of breeder and coolant
mixing.

Lithium is usea in the present calculations because of i t s good
breeding without 6Li enrichment or a multiplier, good compatibility with
steels and vanadium, low density (reduced stat ic pressures), and good
tritium recovery characteristics (reduced tritium permeation because of high
tritium solubility), and laboratory-scale demonstration of extraction
methods. Both ferr i t ic steel and vanadium structures are considered, a l -
though there are some questions about the compatibility limits with the
vanadium alloy (Section 2.4.2). The same BOT configuration and integral
first wall/blanket with lobular first walls (Figure 3) are used, as with the
solid breeder blanket.

Minimizing the organic volume requires as high a breeder temper-
ature as possible, ultimately limited by the boiling point (1648 K for
lithium). The practical limits depend on whether there is uncooled struc-
ture in the peak temperature regions between the coolant tubes, or whether
the hot breeder can circulate into contact with structure. However, the
first wall and back surfaces are cooled directly, and the module end plates
are cooled indirectly by the high density of cooling tubes as they turn from
their axial position towards the rear manifolds. With respect to circula-
tion, there are three possible mechanisms - forced circulation related to
tritium recovery, natural circulation, and toroidal magnetic field transient
effects. The f i rs t should be subject to design control, natural convection
will be suppressed since the ratio of buoyancy force to magnetic force is
Gr°'5/Ha2 - 10~s [42], where Gr is the Grashof number and Ha is the Hartmann
number, and the field transient concern (thermal shock rather than corrosion
due to the short high-temperature contact time) is also not expected to be a
major problem due to the high liquid metal thermal conductivity.

Blanket heating rates are assumed similar to those in the Li/Li/V
BCSS blanket [21], or Q/V = (Q/V)Qe ~ z / A where (Q/VQ -25 MW/m3 and
X - 0.3 m. Tritium recovery is assumed similar to that in the Li/He/FS BCSS
blanket, where the lithium is slowly circulated, consistent with minimizing
both the lithium pressure drop and the tritium inventory. The breeder-
inside-tube Li/He/FS configuration analyzed in BCSS had a 1-MPa lithium
pressure drop (tokamak) with a 0.3-kg blanket tritium inventory.

Table 15 summarizes several possible Li/OC blankets, along with
two BCSS lithium blankets. The maximum breeder temperature in the Li/OC
concept is 1173 K, and is limited by the large heat flux per channel (from
minimizing OC volume), leading to large film temperature rises and, conse-
quently, high structure and/or low coolant inlet temperatures. With
ferr i t ic steel , the design limit is the maximum temperature for mechanical
strength and lithium compatibility (about 820 K). If the organic is compat-
ible with vanadium at temperatures up to 870 K, then the larger allowable
structure temperature (1020 K for mechanical integrity, higher for lithium
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TABLE 15

COMPARISON OF LITHIUM BREEDER BLANKETS

Blanket

Width (m)
Depth to sh ie ld (m)
Length (m)

Peak heat ing:
Surface (MW/m2)
Bulk (MW/m3)

1-D TBR
Energy m u l t i p l i c a t i o n

Volume f r a c t i o n s :
Coolant (?)
S t ruc ture (?)
Breeder (?)

Energy deposi t ion
in coolant (?)

Pump power/thermal (?)
Gross thermal eff. (?)

F i r s t Wall:
Thickness (mm)
Channel dim. (mm x mm)
Flow speed (m/s)
Pressure drop (MPa)
Max.structure temp. (K)
Coolant i n l e t temp. (K)

Breeder:
Geometry
Tube ID (mm)
Clad thickness (mm)
Minimum pi tch (cm)
Number of tubes/module
Pressure (MPa)
Flow Speed (m/s)
Pressure drop (MPa)
Coolant i n l e t temp. (K)
Coolant e x i t temp. (K)
Max. b r e e d e r temp. (K)
Max. s t r u c t u r e temp. (K)

Li/OC/FS
FW only

0.3
0.81
3

1
25

1.42
1.27

0.7
8

91

1.9

-
-

7.0
2 x 2

10
0.25

807
573

pool
NA
NA
NA
0
1-2
-

-1
-
-
-
—

Li/OC/FS

0.3
0.81
2

1
25

1.44
1.32

2
6

92

3.2

-
—

6.5
2 x 2

10
0.25

807
573

BOT
8
1
5.3

32
1.5

20
1.0

533
623

1173
823

Li/OC/V

0.3
0.81
2

1
25

1.48
1.27

2
6

92

3.0

-
—

6.5
2 x 2

10
0.25

807
573

BOT
8
1
5.3

32
1.5

20
1.0

583
673
1223
873

Li/Li/V
[21]

7.8
0.765
3

1
25

1.31
1.3

0
8

92

-92

-

42.3

65
24 x 45
1
1

-
-573

self-cooled
NA
NA
NA
0
3
0.1-0.3
-2

573
823
823
963

Li/He/FS
[21]

0.3
1.2
3

1
23

1 .16
1.23

30
8

62

-0

-

39.2

10.8
1 x 7

60
-

922
548

BIT
45

1.1
5.1

-
5
-

0.14
603
783
833
788

NA - Not applicable; BOT - Breeder-outside-tube; BIT - Breeder-inside-tube



compatibility) leads to 670 K coolant exit conditions with good thermal
efficiency and a design margin in the structure temperature.

Overall, for example, a reasonable thermalhydraulic and thermal-
mechanical design appears possible at 5 MW/m2 and 7 T with quasi-static
lithium for breeding, organic coolant for breeder and/or first wall cooling,
and ferritic steel for a structural material. There is also the possibility
of vanadium blankets with higher coolant exit temperatures, increased struc-
tural safety margin and low activation.

3.3 NEUTRONICS AND TRITIUM BREEDING

One-dimensional ANISN calculations (25n+13Y groups) were made to
determine the heating profile, energy mulitiplication, tritium breeding and
coolant energy deposition. Figures 4 and 5 show representative configura-
tions. The solid breeder blanket had a 20-cm mixture of roughly 80$ Be and
20$ LiA102 with 90$

 6Li at the module front. The liquid metal blanket uses
natural lithium. A 10 to 14 cm metal reflector is placed before the module
rear in order to cut down on the neutron flux reaching the large volume of
plenum coolant.

The heating profiles for the two blankets are shown in Figure 6.
It can be seen that the exponential heating profiles assumed in the thermal-
hydraulic analysis provide a reasonable estimate. The energy multiplication
for the blankets is indicated in Tables 14 and 15 and ranged from 1.2-1.3
for the liquid metal blankets (1.2 with vanadium structure, 1.3 with HT-9
steel) up to almost 1.5 for the LiA102/Be solid breeder designs.

The 0C designs summarized in Tables 14 and 15 have very good 1-D
tritium breeding ratios (TBR), ranging from 1.4-1.6. Differences with the
BCSS 1-D TBRs in Tables 14 and 15 reflect design and modeling differences.
Important design effects include the thinner first wall due to the lower
organic coolant pressure and good heat transfer, the reflector before the
coolant plenum, and the reduced structural volume in the blanket because of
the minimized coolant volume and low coolant pressure. Changing from
ferritic steel to vanadium increased the TBR by 0.08, but changing the cool-
ant (not its volume) to water or deuterated organic changed the TBR by less
than 0.01. In the solid breeder blankets, decreasing the 6Li enrichment
from 90$ to 50$ also did not affect the net TBR - a decrease in tritium
production at the blanket front was compensated by an increase in the rest
of the module. The relatively large values for these 1-D TBRs are aided by
the decreased structural volume that is a consequence of minimizing the
coolant volume and the low coolant pressure. Excess TBR margin could allow
additional structural reinforcement or a thinner blanket.

The direct deposition of radiation energy into the coolant ranged
from 1.9$ of the incident neutron energy (0.3 MeV/n) for an organic-cooled
first wall (including rear plenum absorption) on a Li/OC/FS blanket, to
3.5$ (0.5 MeV/n) for a Li/OC/FS blanket cooled by the organic, to
4.8$ (0.7 MeV/n) for a LiA102/OC/FS/Be solid breeder blanket. Typically,
about 0.1 MeV/n is deposited in the first wall region, where the neutron
flux is highest. However, the largest single contribution (0.1-0.2 MeV/n)
is in the rear plenum, where a large volume of slower fluid is needed to
supply all the blankets without an unreasonably large pressure drop. The
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reflector region reduced the plenum heating, but led to high heating rates
in the reflector itself in some cases.

These energy deposition rates compare favorably with the 2.2 MeV/n
and higher estimates in reference 40 and indicate the importance of optimiz-
ing the design specifically to reduce the coolant volume. Some further
reductions could be obtained if the coolant can be pushed through the blan-
ket at higher speeds or in smaller tubes, but the most useful design effect
would be achieved through careful design of the reflector (including mate-
rial) and plenum regions. A larger reduction in energy deposition by about
a factor of three could be obtained if a deuterated organic is used.

Molten salts have also been proposed as low-pressure coolants that
are similar to organics in many characteristics. The nitrate draw salt
considered in BCSS is also susceptible to decomposition in a radiation
field. It may be noted that the energy deposition into a draw salt coolant
is similar to that in an organic for comparable coolant volume.

3.4 DECOMPOSITION AND FOULING

The bulk of the d i r e c t coolant heat ing (over 90$) was from
neutrons ra the r than gamma r a y s . One s o l i d breeder blanket c a l c u l a t i o n
ind ica ted tha t 20$ of the neutron flux was over 13.5 MeV at the f i r s t wall
and under 4$ a t the r e a r , while 40% was under 0.74 MeV. As discussed in
Sect ion 2 . 3 . 1 , the WR-1 decomposition y i e l d , 9.63 kg.h'^MW"1 depos i ted , i s
a plausible estimate for these conditions.

Based on the neutronics calculations, the direct energy deposition
in the coolant is 2$ of the incident neutron power in the Li/OC organic-
cooled first wall concept, 3.5$ in the Li/OC blanket, and 5$ in the
LiA102/0C/Be blanket. Since the f i rs t wall neutron load is about 60$ of the
reactor power (energy multiplication of 1.3), then the radiolytic decompo-
sition rate is 0.12-0.30 kg.h""1 .MW~l or 600-1500 kg/h for a 5000-MW reactor.
The pyrolytic decomposition rate depends on the volume of coolant at high
temperature - particularly above about 620 K. For the designs discussed
here, i t would range from under 10 kg/h for the first-wall-only concept to
-160 kg/h for higher temperature blanket designs with exit temperatures near
670 K.

At these decomposition rates, i t would be worth adding a hydro-
cracker to recover as much of the coolant as possible. Assuming an upper
limit of 90$ recovery efficiency (Section 2.3.2), the net decomposition rate
is about 40-160 kg/h for the designs presented here. Furthermore, if deute-
rium gas feedstock is used in the hydrocracker, then the primary coolant
will be converted into a deuterated organic within a short period from
start-up and the absorbed dose rate, and thus gross decomposition rate,
could decrease by a further factor of three.

A possible concern is that the higher gross decomposition rates,
compared with fission reactor experience, might lead to increased fouling.
However, the decomposition rate per unit coolant volume per pass is not
large ( « 1$) compared with the 40$ high boiler content of the coolant. In
addition, the in-reactor coolant flow rates are appreciably higher than in
the 0C fission reactor.
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3.5 TRITIUM RECOVERY AND CONTROL

Tritium recovery will be through purging the solid breeder with
helium gas or by slowly circulating liquid lithium to an external
extractor, as in the BCSS LiA102/H20/Be and Li/He blankets, respectively
[21], The major differences are that the higher solid breeder temperature
(650-670 K minimum) reduces the inventory from 2.3 kg to 0.3-0.6 kg, while
the lithium blanket may have slower circulation velocity and reduced
pressure drop due to the larger lithium volume.

The tritium permeation rate into the coolant has been estimated to
be between 0.1 and 200 g/d for a 5000-MW reactor, with considerable
uncertainty due to surface conditions and their effects [21], The lower
limit applies to a ferritic steel structure with an oxide layer on the cool-
ant side, while the upper limit is for a lithium-cooled vanadium blanket and
thus no oxide layer. An organic coolant (with controlled water content)
will have an oxide layer. Consequently, the estimated permeation rate into
the 0C is 0.1-1 g/d. It is assumed that the tritium equilibrates by iso-
topic exchange with the coolant hydrogen and is only removed through the
removal of decomposed and nonrecoverable coolant.

The maximum allowable coolant tritium content is set by tritium
transport across the steam generator. Leakage is not significant since the
primary system is at a lower pressure than the secondary side - 3 MPa versus
8 MPa. For less than 10 Ci*/d tritium permeation in a 5-GW reactor with
HT-9 steam generators (2.4 x 10" m2 at 673 K), it was estimated that the HT
partial pressure on the primary side should be less than
PHT = ^PH #PT )°'5- where PT -6 x 10~7 Pa [21], assuming square-root
pressure âepenâènce of the permeâèîon and isotope swamping.

Due to decomposition and the general need for coolant chemistry
control, there is already a coolant reprocessing system in place. The simp-
lest tritium control option would be to use this system. Assuming that any
tritium equilibrates with the coolant hydrogen at reactor conditions, then
the required coolant removal rate for a given tritium input rate and steam
generator permeation rate is

where mr, rL and mgg. are the coolant removal rate, tritium input rate and
tritium loss rate through the steam generator, respectively; tns_ ^ Q = 10
Ci/d; mc/mT =5.1 is the molecular weight ratio of coolant to tritium; and
fT is the tritium fractional removal rate in the coolant processing system.
Assuming that 50$ of the vapor is hydrogen (the rest is mainly methane),
then Pu = 300 kPa at 670 K. Figure 7 shows that the anticipated permeationn2

rate will be acceptable for an 0C blanket if the tritium is removed with the
processed coolant. Figure 8 shows the corresponding coolant tritium inven-
tory in the coolant. This is comparable to that in water-cooled blankets.
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If organics are only used as the first wall coolant, then the
decrease in decomposition and removal rate will be compensated for by a
similar or larger decrease in the required steam generator heat transfer
area (and not a concern at all if used as feed heater for a lithium blanket
coolant). Of course, tritium permeation across the steam generator from the
primary blanket coolant would have to be added.

The tritium would be extracted from the processed coolant in two
stages. First is a deaerator or degasser stage in which gases and volatiles
are removed. Hydrogen, and trit iated hydrogen, could be separated by cryo-
genic dist i l lat ion. Separately, the liquid coolant is distilled to separate
out the heavy boilers. This would probably be recovered in a hydrocracker.
The waste streams would include largely hydrogen off-gases and carbon depos-
i t s . The latter could be burned and any tritium recovered with the HTO
vapor, or disposed of directly depending on volume. The addition of
deuterium to the hydrocracker would have l i t t l e direct effect since the
system is already designed to be leaktight because of tritium and flammabil-
ity concerns, although an extra distillation column might be required.

Thus, the coolant reprocessing/tritium recovery/waste treatment
systems appear to combine standard chemical engineering and tritium proces-
sing technology. While i t is desirable to determine the tritium flow rates
and concentrations, no detailed design was attempted here.

3.6 SAFETY

The key aspects of blanket safety ident i f ied in the BCSS [21 ] are
accident-source-term charac te r iza t ion , accident fau l t to le rance , effluent
cont ro l , and maintenance and waste management.

Accident-source-term charac ter iza t ion r e l a t e s to the radioact ive
and chemical t ox ic i ty of the blanket ma te r i a l s . The primary change r e l a t i v e
to the BCSS blankets i s the subs t i tu t ion or addit ion of the organic (Ci.2H).
The ac t iva t ion of the organic i s not s igni f icant and, at l eas t in f i ss ion
reactor systems, impurity ac t iva t ion has proved to be extremely low.

Accident faul t tolerance describes the l ikel ihood and response of
the blanket to events such as coolant tube rup ture . The primary effects of
using organics in a sol id breeder blanket are (1) flammability of organic in
a i r and (2) the increased number of tubes, although at only 2 MPa, which may
affect the l ikel ihood of tube rupture . The primary effects on the l iquid
metal blanket are (1) chemical react ion with the l iquid metal , (2) flamm-
a b i l i t y of organic in a i r , and (3) double heat removal system providing
redundant cooling compared with the self-cooled case. The flammability and
r e a c t i v i t y data were summarized in Section 2 .5 . Basical ly, there i s reactor
operating experience showing that flammability can be control led , and some
experimental r e s u l t s indicat ing that the r e a c t i v i t y of lithium and l i thium-
lead with OS-84 i s l imi ted . If the coolant tubes rupture , the mixing of the
organic and the breeder could r e s u l t in some organic vaporizing, some r e a c t -
ing to form gaseous products, and some decomposing to form a heavy t a r - l i k e
mater ia l . If the net r e s u l t is a s igni f icant increase in in ternal pressure
and temperature, the f i r s t wall could rup ture . I t i s estimated that the

* 1 Ci = 37 GBq



lobed first wall design described above could withstand at least 2-MPa
internal pressure, and can be strengthened further.

The third safety category is effluent control. This is expected
to be dominated by tritium, which was discussed in Section 3.5.

The fourth safety category is maintenance and waste management.
It is known from fission reactor experience that organic systems are very
clean, with virtually hands-on maintenance possible due to the low corrosion
and mass transport rates. While activation of neutron-sputtered impurities
in a fusion reactor spectrum can be significant, this may be less important
in an OC system where the coolant volume (and thus coolant/structure contact
area) is minimized, and where a 10-20 ym carbon film will probably coat the
interface. Overall, the low corrosion and activation of the coolant are
attractive features of organic systems.

Waste management concerns for the breeder and structure are
unchanged - near-surface burial is possible with lithium and vanadium, while
i t is not with LiA102 and HT-9. Disposal of the tr i t iated decomposed
organic coolant requires some care. Based on a 5-GW reactor, with the de-
composition rates calculated here and assuming enough recycling to recover
90? of the decomposed material, the net disposal rate is 1.4-3.8 Mg/d
(1.6-4.5 mVd). One option would be to burn this (about 0.7 MW) and recover
the tritium from the water vapor.

3.7 ECONOMICS

Changing the blanket coolant t o organic compounds can a f fec t the
o v e r a l l cost of e l e c t r i c i t y in severa l ways. The primary changes are the
cost of process ing and r ep l ac ing the decomposed coo lan t , changes in net
e l e c t r i c a l e f f i c i ency due to the 670 K coolant ex i t temperature and pumping
power, and changes in blanket th ickness due t o the high t r i t i u m breeding
and/or the need to add reflectors.

For the blanket designs presented here, net decomposition rates of
40-200 kg/h are expected in a 5-GW reactor (Appendix B). At 5 $/kg, the
coolant makeup costs are 0.2-1.5% of the cost of electricity. Cost es t i -
mates for the hydrocracker system are about 3 M$. Adding tritium and gen-
eral coolant chemistry control costs, then overall blanket coolant proces-
sing, purification and replacement costs are similar to those estimated in
BCSS - 10 M$ for coolant purification and 10-40 M$ for tritium recovery and
purification [21].

The net electrical efficiency is affected by the coolant inlet and
exit temperatures and i ts pumping power. Relative to water, the exit tem-
perature and pumping power are both higher and tend to cancel each other's
effect. The blanket designs with a small-volume and low-pressure organic
coolant also tend to minimize structural material and have very good 1-D
tritium breeding rates. This could be translated into a thinner blanket,
which would be particularly useful on the tokamak inboard wall.

There are many other potential effects, for example, increased
fire protection equipment because of coolant flammability, decreased mainte-
nance costs because of reduced primary loop activation product transport, or
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increased reliability due to the generally improved blanket mechanical inte-
grity, or decreased reliability due to unforeseen fouling problems.

A complete assessment of the reactor costs was not attempted.
However, in the BCSS cost of electricity estimates, the variation among the
top-ranked blankets was less than 20? in spite of a wide diversity of
design concepts, and probably within the uncertainty in the estimates [21].
On the basis of the information presented here, i t is probable that an
organic-cooled blanket could be designed with a similar overall cost of
electricity.

3.8 SUMMARY

In t h i s Sect ion, key features of organic-cooled f i r s t walls and
blankets were considered. In genera l , gross decomposition r a t e s of
0.1-0.5 %/h are an t i c ipa ted for fu l l b lanke ts . Even at t h i s decomposition
r a t e , the costs of replacing the organic coolant are s t i l l small contr ibu-
to r s to the t o t a l cost of e l e c t r i c i t y . With hydrocracking, the net decom-
posi t ion i s reduced by up to a factor of ten , and with deuterium gas feed-
s tock , i t could be reduced by a fur ther factor of t h r e e . I t i s worth empha-
s i z ing tha t the r e s u l t i n g net decomposition r a t e s are up to a factor of 150
less than might be an t i c ipa ted from simple es t imates .

In general , the 0C blankets seemed to have more s t r u c t u r a l design
margin due to the combination of good heat t r ans fe r (low film AT) and low
pressure (low-pressure s t r e s s e s ) . Of i n t e r e s t i s a separate 0C f i r s t wall
for a l i qu id metal b lanket . The ana lys i s here considered small modules with
lobed f i r s t walls due to the increased mechanical s t rength of t h i s pod geom-
e t r y . This OC-cooled f i r s t wall has very good thermal hydraulic and mechan-
i ca l c h a r a c t e r i s t i c s , and is able t o withstand high surface fluxes and la rge
erosion allowances without surface grooving.

4. HIGH-HEAT-FLUX COMPONENT APPLICATIONS

High-heat-flux (HHF) app l i ca t ions include plasma i n t e r a c t i v e com-
ponents such as l i m i t e r s and d i v e r t o r s , halo scrapers and RF antennae;
h igh- f ie ld normal-conducting magnets such as mirror choke c o i l s , "bean"
plasma pusher c o i l s , and possibly primary confinement and control c o i l s ; and
e l e c t r i c a l grids such as in RF sources , neu t ra l beam sources , and d i rec t
conver te r s . These components see heat fluxes of 1-10 MW/m2 and higher if
thermomechanically poss ib le , and may cover 10-100 m2 of surface a rea .

The primary thermal-hydraulic f ac to r s for HHF coolants are
(1) high heat t r a n s f e r , (2) low-pressure opera t ion , and (3) long cooled
length c a p a b i l i t y . High heat t r ans fe r leads t o removing large powers in
small a reas , which eases access and t r i t i um breeding concerns. Low-pressure
operat ion i s necessary because the temperature drop across thick s t r u c t u r e s
i s large at high heat f luxes . Long-length capab i l i ty i s a function of temp-
era ture and pressure l im i t s (coolant and s t r u c t u r e ) , and i s des i rab le to
minimize manifolding complexity. High-temperature operation and low-pumping
power, both des i rab le for thermal ef f ic iency, are secondary f a c t o r s .
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4.1 HIGH-HEAT-FLUX CHARACTERISTICS

Organic fluids such as the hydrogenated terphenyls (Section 2.2)
offer reasonable heat transfer capabilities, with other desirable features
such as compatibility with liquid metals and steel alloys. The heat trans-
fer coefficient is lower than that of water, but much larger than that of
water at the same velocity. The Nusselt number (Nu) is slightly better
than the standard Dittus-Böelter correlation predicts. There is substantial
operating experience at 1-2 MW/mz with the WR-1 reactor driver fuel bundles
at 100-500 length-to-diameter ratios and 8-12 m/s flow rates [2].

Organic coolants also offer good coolant temperature and heat
transfer limits. The Jeffries-Arrison correlation for Critical Heat Flux
(CHF) (WR-1 type coolant, OS-84 with 30$ high boiler) predicts over 10 MW/m2

at 100 K sub-cooling and 15 m/s velocity. The onset of subcooled boiling
has been estimated for WR-1 conditions as about 30 K above the saturation
temperature, where

Thus, 1-MPa pressure provides a subs t an t i a l (well over 670 K) high-
temperature margin before boi l ing begins . The p r a c t i c a l coolant temperature
l im i t i s about 670 K based on thermal decomposition.

In HHF a p p l i c a t i o n s , i t i s des i rab le to use cold i n l e t condi t ions
to maximize the allowed temperature r i s e across the coolant and s t r u c t u r e .
Although reac to r -grade organics do not so l id i fy at room temperature, the
v i scos i ty of 40? high boi ler OS-84 coolant i s too large for HHF operat ion
below 370-470 K. Since reducing the high bo i le r content reduces the v i s -
c o s i t y , 5% high boi ler S-84 i s assumed he re . This implies some penalty in
decomposition r a t e , but i t i s an t i c ipa ted tha t the amount of coolant expo-
sure to neutrons i s l imi ted in HHF components compared with tha t in blanket
and f i r s t wall a p p l i c a t i o n s .

4.2 DESIGN-LIMIT COMPARISON WITH OTHER COOLANTS

It is not sufficient to rate a high-heat-flux coolant by its max-
imum heat flux or temperature limit. A peak heat flux of 20 MW/m2 is of
little value if it is limited to a 1-cm channel length. Ideally, the evalu-
ation should be based on component designs optimized separately for each
coolant for a particular application. However, this requires a substantial
design effort.

A recent comparison of water, helium and lithium coolants is pro-
vided in references 43 and 44 for a representative HHF channel condition
with 1-cm ID, 1.5-m length and 5 MW/m2 uniform surface heat flux. The abil-
ity of these coolants to meet this nominal HHF component condition were
described, generally as a function of coolant flow rate. Suboooled flow
boiling water, surface roughening with helium and the complexities of MHD
flow were considered.

In this section, a similar comparison philosophy is adopted. The
goal is to find the maximum possible length that can be handled by each
coolant for a given heat flux under comparable design conditions. The



common design constraints are (1) 5-MPa inlet pressure, (2) uniform heat
flux, (3) 820-K (550°C) maximum temperature at the coolant/structure inter-
face, and (4) 1-cm-ID channels. These constraints are more a function of
the application than of the coolant, and so are relatively independent of
the coolant type. For example, the coolant pressure is generally constrain-
ed by the stress limitations. Large thicknesses lead to large temperature
rises and possible excessive temperatures or thermal stresses. Small thick-
nesses lead to pressure stress limits. A 5-MPa inlet pressure is reasonable
for HHF components, although the ability to provide good cooling at lower
pressures would be preferred. A uniform heat flux around the tube applies
to high field magnet and electrical grid applications, but not plasma inter-
active components. However, there is l i t t l e heat transfer data available -
even for water - for predicting heat transfer with one-sided high heat
fluxes. The structural temperature limit applies, for example, to the
mechanical strength limit of ferri t ic steels. These calculations do not
directly concern themselves with the thermal-mechanical conditions outside
the coolant tube. Channel diameters might vary according to the coolant and
•application, with larger diameters providing more heat-carrying capacity for
a given velocity, or less velocity (and pressure drop) for a given heat-
carrying capacity. A 1-cm channel is probably near the maximum possible for
many applications requiring routing the coolant through complex and narrow
geometries.

Even though these constraints are largely external to the choice
of coolant, the ultimate cooled-length capability also depends on the heat
transfer limits and thermal-hydraulic conditions assumed for each coolant.

The minimum inlet temperature is 300 K in order to give the maxi-
mum possible temperature rise to boiling consistent with heat exchange to
atmosphere. Organics do not operate this low in practice because of the
high viscosity. Liquid metals are further constrained to 50 K above their
melting point, or 500 K for lithium.

While subcooled flow boiling enhances heat transfer capabilities,
it introduces uncertainties in pressure drop, heat transfer, design margins
to the CHF and flow stability that are difficult to quantify. Only single-
phase coolants are considered.

Flow velocities are typically (but not necessarily) pushed as high
as possible to maximize the heat transfer coefficient and the heat-carrying
capacity of the coolant. However, there are upper limits besides those
imposed by pressure drop. In particular, high velocities can lead to high
corrosion, erosion or flow vibration problems. Water velocity is assumed
limited to 15 m/s, consistent with general industrial practice. Organic
coolant velocities up to 20 m/s are allowed, based on their reduced corro-
sion characteristics relative to water and on operating experience up to
14 m/s. Helium velocities are ultimately limited by choking at high Mach
numbers and a practical limit is 1/3 sonic speed, or 300 m/s at 5 MPa.
Scaling from the flow vibration limits for water and organics based on the
inertial force, pvz, gives a similar limit of 300 m/s. Velocity limits for
lithium are usually dominated by MHD forces, but would be limited to 30 m/s
by a similar inertial momentum argument.

The channel friction factor is described by standard Moody fric-
tion factors for water, helium and organics. Since the coolants are pushed
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to high Reynolds numbers under the HHF conditions, the usual smooth-tube
assumption may not be valid. Here, a surface roughness of e/D - 6 x 10~",
between commercial steel and drawn tube, is assumed. This implies a lower
limit on the friction factor of 0.017

Finally, it is desirable to use a consistent model with full prop-
erty variations and compressible flow effects. The 1.5-D compressible flow
code CCAN [46] is used for water, helium and the organic, but lithium re-
quires special considerations because of the complexities of MHD effects.

Two illustrative (i.e., not necessarily optimum) lithium cases are
considered, with flow transverse and parallel to the magnetic field. In the
first case, operating with a transverse magnetic field of 5 T leads to cool-
ant velocities under 1 m/s with a 5-MPa pressure drop in 1 m (a wall conduc-
tivity ratio of 0.07, as in a 1-mm steel wall). The heat transfer estimate
includes entry length effects (laminar parallel flow, combined hydrodynamic
and hydrodynamic entry length [47]) and a 50$ increase in Nu based on the
effects of the magnetic field on the velocity profile at fully developed
flow conditions [48]. The second case with flow parallel to the magnetic
field allows higher flow velocity in the HHF channel, but raises other con-
cerns. For example, the pressure drop (and velocity) would be limited by
the flow and bends outside the HHF channel itself. It can be argued that
the external manifolds can be designed (e.g., made larger) so as to reduce
the pressure drop, but the pressure drop due to the turn from the manifolds
into the HHF channel is still significant. Global eddy currents, wall jets
and other phenomena may also occur. Heat transfer would be dependent on the
details of the geometry due to the possibility of wall jets, highly non-
uniform velocity profiles, and large entrance lengths [41], To provide a
rough estimate of the heat transfer under these conditions, the second lith-
ium case assumes 10 m/s velocity and a Nu of 25, independent of channel
length.

Figure 9 shows the results of the calculations. Organic coolants
can handle higher heat fluxes than lithium or helium coolant, and are com-
parable to water below about 8 MW/m2 uniform heat flux. This is due to the
better heat transfer and heat-carrying capacity than helium, the absence of
magnetic field effects compared with lithium, and the higher boiling point
compared with water. Above 8 MW/m2, under the assumptions here, the film
temperature rise becomes too large for the organic (and for helium).

Flow augmentation mechanisms (surface roughening, swirl flow)
would not clearly give a relative advantage to any coolant. Such methods
also increase pressure drop (e.g., factor of four in heat transfer, factor
of seven in friction factor for knurled surfaces and helium cooling [44]).
Consequently, there may actually be a reduction in the maximum heated length
if the pressure drop leads to choked flow or boiling sooner than the in-
creased heat transfer improves the film temperature drop.

It is useful to note the limiting constraints on each coolant.
Water was brought in at 300 K and 10-15 m/s, and the maximum length was
determined by the onset of subcooled boiling. Helium was also brought in at
300 K, but the length limit is set by trading flow velocity against length
such that the structural interface temperature limit and choked flow occur
at the same point. The organic coolant was brought in at 20 m/s, and the
inlet temperature was varied against length. Lower temperatures imply more
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tolerance for large film temperature drops, but higher viscosities and so
increased pressure drop. The resulting lirait represents the onset of sub-
cooled boiling, reaching the structural interface temperature limit, or
reaching the 670-K bulk coolant temperature limits. The use of lithium is
limited by the structural interface temperature. It must be cautioned that
the lithium curves are extremely design dependent, and both better and worse
behaviors are possible.

Table 16 summarizes the results, and includes additional inform-
ation on pumping power requirements. This table is normalized to cooling a
1-m2 surface area (100-m length of 1-cm-ID channels), so the capability for
long heated lengths leads to miniumum manifolding and minimum pumping power.
The minimum number of channels for helium cooling is based on a tube length
operating at the choking boundary where pressure drops and pumping power
can be large. A more practical solution is to use shorter channels and
avoid the onset of choking. This increases the number of channels but
decreases the pumping power, although it is still large.

TABLE 16

HIGH-HEAT-FLUX COOLANTS COMPARISON AT 5 MW/m2 and 1 m2 (a)

Coolant

H20
He
He
Organic
Li + B mLi B ( d )

Veloci ty

(m/s)

15
250

—
20

3
10

Channel
Pump Power

(kW)

1 .1
128

10
4.7
1.2

——

Pressure
Drop

(MPa)

0.56
2.1
0.4
1.9
5.0
——

Channel
Length

(m)

6.2
1.5
0.4
5.1
0 .3
2 .9

Total ( b )

Pump Power
(MW)

0.036
8.45
2.50
0.093
0.39
—~

Number
of

Channels

16
66

250
20

330
34

(a)

(b)

(c)

Uniform heating around tube, 100 m x 1-cm-ID tubes, 5-MPa inlet
pressure.

Excluding bends.

Flow perpendicular to magnetic f ield, Ap = 5 MPa in channel, 0.07 wall
conductivity ra t io , B = 5 T, entry length effects included.

^ ' Flow parallel to magnetic f ield, v = 10 m/s, Nu = 25.

4.3 SUMMARY

Under representative design conditions, organ;c coolants can be
considered good high-heat-flux component coolants, based on thermal-
hydraulic considerations, for heat fluxes below about 8 MW/m2. Consider-
ations of decomposition, fouling, tritium control and safety are important,
but are similar to those discussed in Sections 2 and 3, and are not repeated
here. However, i t should be noted that the smaller volume of the HHF com-
ponents, with their possibly reduced neutron exposure (e .g . , divertors,



mirror end ce l l components, aux i l i a ry heat ing sources) , leads to a substan-
t i a l reduct ion in overa l l decomposition r a t e r e l a t i v e to the use of organic
coolants as a primary blanket coolant .

5. POWER CYCLE APPLICATIONS

An addi t iona l app l ica t ion for organic coolants in fusion r eac to r s
i s as the working f lu id in power cycles outside of the reac tor ves se l . This
removes the organic coolant from the rad ia t ion environment and the assoc i -
ated problems of r a d i o i y t i c decomposition, while s t i l l r e t a in ing the advan-
tages of these coolants as a heat t r ans fe r medium. The three major a p p l i -
cat ions are as an intermediate heat exchange f l u id , as a high-temperature
cycle working f l u id , and as a low-temperature working f lu id . For the l a t t e r
two appl ica t ions in p a r t i c u l a r , i t may be noted tha t organic coolants need
not be r e s t r i c t e d to fusion or f i s s ion r e a c t o r s . There has been and i s
general i n t e r e s t in t h i s a rea , and i t wi l l not be described in d e t a i l here .

Once the organic coolant i s removed from the r ad i a t i on f i e l d , then
the p a r t i c u l a r terphenyl mixtures assumed in previous sect ions are not nec-
e s s a r i l y prefer red . Depending on the app l i ca t ion , other p roper t i e s such as
high-temperature s t a b i l i t y or low-temperature boi l ing point may be more
important .

5,1 INTERMEDIATE HEAT EXCHANGER

An in t e rmed ia t e heat exchanger (IHX) loop between the primary
blanke t coolant and a steam power cyc le may be necessa ry t o reduce chemical
r e a c t i v i t y and t r i t i u m l eakage . In BCSS [ 2 1 ] , for example, a sodium IHX was
included with the l i t h ium-coo led b lanke t s to reduce p o s s i b l e chemical r e a c -
tions if a leak developed across a water/lithium heat exchanger.

An organic IHX offers several advantages. First, i t appears rea-
sonably compatible with all major primary coolants, particularly lithium and
lithium-lead on the blanket side and water on the steam side. This compati-
bili ty led to the choice of an organic IHX for the FMIT lithium loop [37].

Second, an organic coolant offers good tritium control. With a
liquid metal primary loop, there will only be one oxide barrier (assuming
simple, single-walled, heat exchangers) between the primary and the steam
cycle if there is a sodium IHX or no IHX. An organic would allow three
oxide barriers. Recent Helium-cooled blanket designs use the primary
coolant system as the tritium recovery path ( i . e . , no separate purge), and
again i t is possible that an IHX could allow more tritium control. In
particular, tritium would be expected to remain in the organic due to the
high solubility of H2 and H20, and by isotopic exchange with the hydrogen in
the organic. Finally, because of its high boiling point at low press'res
(as with sodium), the organic IHX would be at a lower pressure thar ^ne
steam cycle so leaks would tend t j be into the organic. In TASKA [49], an
organic IHX was included to reduce tritium permeation from the lithium-lead
primary coolant into the steam cycle.

Third, the particular thermophysical properties of organic cool-
ants may enhance heat transfer capabilities by matching those of the primary



coolant ( e . g . , minimizing pinch point l i m i t a t i o n s ) . Also, many organic
coolants such as the terphenyls a re l i qu id down t o room tempera ture , so may
ease opera t ion c o n s t r a i n t s r e l a t i v e to sodium (371-K melting p o i n t ) .

The primary disadvantage of organic coolants r e l a t i v e t o sodium i s
thermal decomposition. For OS-84, the bo i l ing point i s 670 K at 0.2 MPa and
770 K at 1 MPa. However, decomposition prevents using the higher tempera-
t u r e s . At 770 K, the decomposition r a t e i s roughly 3 kg/h per kilogram of
coolant for OS-84, while i t i s reduced to 0.1 kg/h at 670 K (see Table 5,
note the rapid decrease at lower t empera tu res ) . OS-84 i s a p a r t i a l l y s a t u r -
ated compound, which i s des i r ab l e for a r a d i a t i o n environment, but unsa tur -
ated compounds exh ib i t more thermal s t a b i l i t y . For example, s a tu ra t ed t e r -
phenyls have a thermal decomposition a c t i v a t i o n energy of 230 kJ/mol as
compared with 180 kJ/mol for OS-84 [ 1 ] , Consequently, t h i s disadvantage may
be reduced by choosing the proper f lu id and by mir."'mi zing the hot coolant
volume.

In the OS-84 cooled IHX design for TASKA, the thermal decomposi-
t ion was ca lcu la ted as 1.4 kg/h, and the equi l ibr ium t r i t i u m inventory a t
11 Ci/kg or 15 g t o t a l . Several power cycle arrangements were considered
for t h i s 45-MW device . For a l i th ium- lead temperature ranging from
620-720 K and the OS-84 from 594-694 K (321-421°C), a power cycle was
defined with a net e l e c t r i c a l conversion ef f ic iency of 39?.

In the FMIT organic IH [ 3 7 ] , 3.5 MW was removed from the l i th ium
through a conventional baff led , mul t ipass , tube-and-she l l heat exchanger.
The l i th ium was cooled from 540 K to 490 K.

5.2 HIGH-TEMPERATURE POWER CYCLES

Organic coolants can also be used d i r e c t l y as the working f lu id in
thermodynamic cycles such as Rankine power cycles (as in the standard
water/steam power generat ion system). The advantages of organics include
those mentioned above, plus o thers such as a higher bo i l ing po in t . For
example, the compat ib i l i ty of organics with l i q u i d metals and t h e i r t r i t i u m
r e t e n t i o n c h a r a c t e r i s t i c s may make i t poss ib le to go d i r e c t l y from a l i qu id
metal primary coolant to a power generat ion system with no IHX to reduce
efficiency. In addition, the higher boiling point in principle allows heat
to be transferred more efficiently at a constant higher temperature. The
disadvantages of organics are again their reduced thermal stability at very
high temperatures and their reduced heat capacity relative to water, which
increases the required mass-flow rate.

One particular cycle that has received considerable attention is a
supercritical toluene cycle at 640 K and 4.7 MPa. Versions of this cycle
for high-temperature industrial waste heat recovery are currently available.
For example, Sunstrand Corp. has four 0.6-MWe Organic Rankine Cycle (ORC)
engines in use [50,51]. Mechanical Technology Inc. markets a 1-MWe turbine
[52], and a Japanese steel mill is using a 1-MWe ORC to recover waste heat
from hot gases leaving the steel melt. Reviews of these applications are
provided in references 53 and 54. There is also recent interest in ORC
engines for s ace nuclear systems. A general characteristic of these appli-
cations is the single-pass high-speed turbines used to minimize equipment
complexity. These particular engines may not be the appropriate route for
electric uti l i ty primary power generation because of the high turbine speeds
(24 000 rpm rather than the typical 3 600 rpm) and lower efficiency.
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5 . 3 LOW-TEMPERATURE POWER CYCLES

The third power cycle application utilizes organics to recover
low-grade heat. This could be important in fusion reactors where high-heat-
flux components may require separate coolant loops with relatively low temp-
eratures, or where there are generally several sources of low-grade heat.

Since some organic compounds have low boiling points, they could
be used in simple power cycles to recover some of this energy. For example,
Freon-114 boils at 368 K. ORC engines with 5-6% net electrical efficiencies
are being developed to provide electricity cogeneration with AECL SLOWPOKE
heating reactors [55].

6 . SUMMARY

Organic coolants offer a unique set of characteristics for fusion
reactor applications. The advantages include high-temperature (670 K or
^00°C) but low-pressure (1-3 MPa) operation, limited reactivity with lithium
and lithium-lead, reduced corrosion and activation, good heat transfer capa-
bi l i t ies , no MHD effects, and an operating temperature range that extends to
room temperature.

The major disadvanatages are decomposition and flammability.
However, organics have been extensively studied in Canada, including nine-
teen years with an operating 60-MW organic-cooled reactor. Proper attention
to design and coolant chemistry controlled these potential problems to ac-
ceptable levels. This experience provides an extensive data base for design
under fusion conditions.

The decomposition rates anticipated by simple extrapolation are
very large due to the high fraction of primary energy transported by neu-
trons in fusion reactors. Even if the actual cost of replacing the decom-
posed coolant were tolerable, serious concerns over fouling and waste dis-
posal would remain. However, simple estimates do not properly reflect the
unique features of organic coolants and their possible applications to
fusion. It has been the intent of this report to carefully consider organic
coolant characteristics and optimize both the applications and the designs
to minimize decomposition.

For blanket coolant applications, designs are presented that are
based on attractive BCSS blanket concepts, yet have reduced gross decomposi-
tion relative to simple coolant substitution estimates by factors of three
to ten through choice of concept and careful design, have reduced net decom-
position by a further factor of up to ten through hydrocrackinc techno"1 ?ZYt
and could reduce gross decomposition by a further factor of three throi0-
deuterium gas addition. The result is blanket and first wall designs that
take advantage of organic features, yet have decomposition-related costs
that are a small fraction of the overall cost of electricity. For example,
organic/lithium/ferritic steel blankets are possible in high-field tokamaks
with high surface heat fluxes.
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Additional applications of organic coolants as high-heat-flux
coolants are favored by the higher heat transfer and temperature limits at
low pressures compared with water and helium, and by the absence of magnetic
field effects compared with liquid metals. Reasonable designs handling at
least 5 MW/m2, and possibly 8 MW/m2, surface heating are possible and at-
tractive compared with water- and helium-cooled versions.

Organic coolants can also serve in out-of-reactor applications,
particularly for intermediate heat exchanger fluids (but also for high - and
low-temperature Rankine cycle working fluids). The advantages for IHX ap-
plications include chemical compatibility with both liquid metal primary
coolants and water/steam secondary coolant, tritium control (additional
oxide and carbon layers compared with a sodium IHX, hydrogen isotope
swamping, tritium retention in the organic phase), and a better matching of
heat transfer characteristics through tailoring of the organic fluid.

The analyses presented here show a reasonable data and modeling
base for estimating costs and operational features of organic-cooled sys-
tems. One particular area where further analyses would be useful is in the
coolant waste disposal and tritium control system. Several issues where
relatively simple experiments could substantially resolve present uncertain-
ties are summarized in Table 17. These include decomposition rate in a
14-MeV neutron spectrum, compatibility with V-15Cr-5Ti, reactivity with
lithium, and fouling in small tubes at high decomposition rates.

In closing, organic coolants have been shown to offer unique
advantages for some fusion applications. A major thesis of this report is
that decomposition is not as limiting as simple inspection may suggest. We
have tried to present sufficient information on organic coolant characteris-
tics to allow designers to assess organics for their own particular
applications.



- 51 -

TABLE 17

NEAR-TERM ORGANIC COOLANT EXPERIMENTAL NEEDS

(1) Measurement of the decomposit ion r a t e due to 14-MeV n e u t r o n s .

Presen t e s t ima t e s a re based on models and da ta from f i s s i o n
neutron experience. It is expected that decomposition will increase
with higher energy neutrons due to the larger energy absorbed per
neutron, but i t is not clear whether the yield per unit energy absorbed
decreases or increases. No change is assumed here relative to the WR-1
reactor values. The yield should also be measured for deuterated
terphenyls to confirm their possible advantage.

(2) Compatibility of organics with vanadium alloys

The compatibility of organic coolants with vanadium alloys
would allow attractive vanadium designs with substantial margins on
mechanical integrity and advantages in terms of waste disposal.
Compatibility with V-15Cr-5Ti, based on organic/zirconium experience, may
be possible up to useful temperatures. A corrosion loop experiment could
resolve this question. Also, the rate of hydrogen pickup in these
materials must be measured in a dynamic system.

(3) Reactivity of organics with lithium

The reactivity of organic coolants with lithium has been
addressed in scoping tests . Due to the importance of this issue for
defining a particularly unique role for organics, further quantitative
experiments are desired to understand and model the reaction(s). For
example, measurements of lithium carbide and lithium hydride formation,
organic decomposition, and total energy released under well-mixed
conditions would be useful.

(4) Fouling in small tubes at high decomposition rates

In-reactor organic-cooled components may incorporate high-
velocity flow in narrow channels with high decomposition rates relative
to present fission experience. Small-scale experiments to understand and
control flow vibrations, corrosion and fouling in these geometries are
needed.
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APPENDIX A

COOLANT PROPERTY CORRELATIONS

The proper t i es of r eac to r organic coolants are a function of the
feed m a t e r i a l , opera t ing cond i t ions , and coolant processing system. The
following co r r e l a t i ons are for OS-84 f lu id opera t ing in a r eac to r system
such as WR-1 at a typ ica l v o l a t i l e s content of 3-5 w t . ? . The un i t s are T in
K, HB(high bo i l e r ) in wt . ? , p in kg/m3, u in N«s»m~2, c in J«kg~ l«K~J

f and
k in W'rrT1 -K"1.

Density: 300-670 K, 0-43 wt.? HB
p = 1219.8 - 0.73891 T + 1.7792 HB + 0.0016670 T HB

Viscos i ty : 420-670 K, 0-45 wt.? HB
In M = -11.626 + 0.026269 HB - 0.00053368 HB2+ 2 1 ä 5 ' b - 1 1 ' 5 b m

+ 0.54814 HB2 T T

T

Specif ic hea t : 370-570 K, 0-45 wt . ï HB
c p = 536.41 + 3.5476 T + 5.7661 HB - 0.019283 T HB

Thermal conduc t iv i ty : 400-670 K, 0-40 wt.% HB
k = 0.15643 - 1.0864x10-* T + 4.6489x10"" HB + 7.8045x10-8 T HB

In add i t i on , the l a t e n t heat of vapor izat ion i s about 200 J /g about 570 K
and for 1-50? vapor iza t ion; the heat of combustion i s about 40 kJ /g ; and

the d i e l e c t r i c constant i s about 2.1 at 570 K, 0 wt.? HB (OS-84). and
1 0 2 - 1 0 H Hz.

The s o l u b i l i t i e s of various decomposition products , H2, CHH, C2-Cs

gases , benzene-toluene, v o l a t i l e s , b iphenyls , and intermediate bo i l e r s have
been measured and are reported as p lo t s of Henry's law constant , H, against
temperatures in Figure A- l , where H = p i / x i , p i i s the p a r t i a l pressure of
the gas i , and x i i s the dissolved gas concentrat ion as mole f r a c t i o n .
Water becomes qui te so luble at high temperature , and s ince water must be
added to purge chlor ine from the coolant system, f a i r l y high dissolved con-
cen t ra t ions are poss ible without bubble formation on heated su r f aces .
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FIGURE A-1: Henry's Law Coefficient for Solubility of Various Constituents
in OS-84 Fluid
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APPENDIX B

COOLANT RECOVERY SYSTEM DESIGN

There are several options for recovering some or most of the
decomposed coolant, including vacuum distillation, steam distillation, sol-
vent extraction and catalytic hydrocracking [B.1], The first three simply
separate the decomposed material from the bulk coolant material that is
still usable. The decomposed coolant must be replaced by fresh material.
For the CANDU-OCR, the vacuum distillation method was adopted [B.2]. For
fusion applications with substantial decomposition, it may also be necessary
to convert some of this material back into usable coolant.

A high boiler catalytic hydrocracking process [B.3,B.4,B.5] is
considered here. In this process, the hydrocracker is fed the bottoms from
a vacuum flash tank, typically 70 wt.% HB, along with makeup hydrogen. The
hydrocracker operates at 750 K and 7 MPa, and with a suitable catalyst con-
verts the material back into usable organic. About 1.0 ut.% is lost as
carbon or coking on hydrocracker surfaces. This latter material is period-
ically removed by burning or catalyst replacement. The overall process is
about 90? efficient in recovering the high boiling material.

A representative flow diagram is shown in Figure B-1. The flow
rates are normalized to a gross decomposition rate of 866 kg/h. This corre-
sponds, for example, to a 5000 MWth organically cooled reactor with a blan-
ket energy multiplication of 1.25 and a direct coolant energy deposition of
2.3?. For a typical power cycle with about 250 m3 primary coolant at an
inlet temperature of 570 K and an outlet temperature of 670 K, there would
be about 160 kg/h pyrolytic decomposition. Of this, 53? would occur in the
hot let piping, 34? in the superheater, and most of the rest in the boiler.
At 670 K with full volatiles recycle, it is assumed that 75 wt.? of the
decomposition yield is HB, or 649 kg/h, and that 25 wt.? is lost as gas.

At a hydrocracker HB conversion efficiency of 31 wt.? per pass,
the required steady-state HB feed rate is 2094 kg/h. Consequently, the feed
rate of coolant (40 wt.? HB) to the vacuum flash tank is 5237 kg/h. The
bottoms, 2993 kg/h, are 70 wt.? HB with an average composition of C30H25
and a molecular weight of 387 g/mol. This is fed to the hydrocrackers,
along with 2.2 moles H2 per mole of feed HB (20.6 kg/h). The resulting
product, 2983 kg/h of 48.4 wt.? HB (C26.5Hs, 3. „, 341 g/mol), contains
dissolved hy- drogen and volatile hydrocarbons. This is separated out to
yield 2954 kg/h processed coolant for return to the primary system through a
final degasser stage. The coolant makeup is 257 kg/h, with about 2/3 of
this due to the lost gases.

When these gases were fully recycled in WR-1 B-circuit with the
outlet temperature at 613 K, the steady-state gas fraction only increased
from 1.8 to 3.3 wt.?, and the gas production rates did not increase [B.6].
These suggest that the recycled volatiles are converted at appreciable rates
to higher boiling compounds, which are also stable in the coolant system.
Therefore, volatiles recycling is orobably a viable method of reducing the
coolant makeup rate, especially with the fluid operating at temperatures
below 623 K.
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Costs estimates for this system are available, but must be scaled
to present dollars and flow rates. One detailed design study estimated
0.17 M$ in 1963 for a system with a high boiler feed of 208 kg/h [B.7].
Assuming that the capital cost scales as (flow rate)0'6 and based on the
change in Chemical Engineering Plant Cost Index from 1963 to 1985 of 30
[B.8], then the present example would cost 2 to 3 M$.

The effect on the Cost of Electricity (COE) would include the
capital charge and fixed operating charges for- this equipment, plus variable
charges including coolant makeup, catalyst and hydrogen. If the capital
cost is returned at 12% over 20 a, then the annual cost is about 0.2 M$.
Fixed operating charges (labor, maintenance) probably double this. The
variable charges at 70? load factor are 7-9 M$/a for coolant makeup at
5 $/kg, 46 k$/a for catalyst replacement, and 230 k$/a for hydrogen if there
is no recycle [B.9]. Thus the estimated total cost is 8.4 M$/a, and is
dominated by the remaining coolant replacement cost. These decomposition
rates were for a 5000 MW reactor with an outlet temperature of 670 K. At
34? net electrical efficiency, the coolant reprocessing and replacement is
estimated to contribute about 0.8 mil/kWh to the COE.

These costs do not include special provisions for handling tritium
and waste disposal. For comparison, the coolant processing/purification
costs for the BCSS blankets were 10 M$, with an additional 10-40 M$ for
coolant tritium removal and purification [B.10].
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