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Abstract

Under the APEX program the He-cooled system design task is to evaluate and recommend high power density
refractory alloy first wall and blanket designs and to recommend and initiate tests to address critical issues. We
completed the preliminary design of a helium-cooled, W—5Re alloy, lithium breeder design and the results are
reported in this paper. Many areas of the design were assessed, including material selection, helium impurity control,
and mechanical, nuclear and thermal hydraulics design, and waste disposal, tritium and safety design. Systems study
results show that at a closed cycle gas turbine (CCGT) gross thermal efficiency of 57.5%, a superconducting coil
tokamak reactor, with an aspect ratio of 4, and an output power of 2 GWe, can be projected to have a cost of
electricity at 54.6 mill/kW h. Critical issues were identified and we plan to continue the design on some of the critical
issues during the next phase of the APEX design study. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Under the APEX program [1] the goal for the
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ket) design options; and to recommend and in-
itiate tests to address critical issues. Because of the
projected high allowable operating temperature of
the refractory alloy, it has the potential of leading
to a high thermal efficiency FW/blanket design.
We initiated our task by designing for an average
neutron wall loading of 7 MW/m?, a surface heat
flux of 2 MW/m?, and a peaking factor of 1.4. To
meet these severe design goals, we evaluated the
use of refractory alloys like Ta, Mo, W, Nb and V
alloys in 1998. In 1999, with support from the
APEX team, we performed the preliminary design
of the W-alloy FW/blanket concept. We projected
the properties of W—5Re alloy and evaluated the
issue of material compatibility. For the first wall
heat transfer design we evaluated the possible use
of porous medium and swirl tube options. We
performed thermal hydraulics, nuclear, activation
and safety designs and analysis. High-pressure
helium coolant at 12 MPa was used and coupled
to a closed-cycle gas turbine (CCGT) power con-
version system (PCS). These results were then
used in a systems code design to evaluate the cost
of electricity (COE). At the same time the critical
issues related to this blanket were identified. A
summary of the preliminary design of the refrac-
tory alloy helium-cooled breeder FW/blanket con-
cept developed under the APEX program is
presented in the following sections.

2. Material selection and compatibility

The APEX goal for high operating tempera-
tures (~ 1000°C) for the structure in the high
power density He-cooled concept severely limits
the structural materials that can be considered.
Pure tungsten or tungsten alloyed with ~ 5%Re
(to improve fabricability) appear to be suitable
candidates. The unirradiated mechanical proper-
ties of tungsten are strongly dependent on ther-
momechanical processing conditions. The best
tensile and fracture toughness properties are ob-
tained in stress-relieved material. In order to be
conservative, since data are not available on the
possibility of radiation-enhanced recrystallization
of W, and also to account for the presence of
welds in the structure, the preliminary design is

based on recrystallized mechanical properties.
There are no known mechanical properties data
on tungsten or tungsten alloys at irradiation and
test temperatures above ~ 800°C. There are no
known fracture toughness or Charpy impact data
on tungsten irradiated at any temperature. Pro-
nounced radiation hardening is observed in W
and W-Re alloys irradiated at temperatures of
300—-500°C to doses of ~1-2 dpa, which pro-
duces significant embrittlement in tensile tested
specimens ( ~ 0% total elongation). Simple scaling
from existing data on irradiated Mo alloys sug-
gests that the operating temperature for W should
be maintained above ~ 800-900°C in order to
avoid a significant increase in the ductile to brittle
transition temperature (DBTT). The upper oper-
ating temperature limit for tungsten will be deter-
mined by thermal creep, helium embrittlement, or
oxide formation issues. The thermal creep of W
becomes significant at temperatures above
~1400°C. Helium embrittlement data are not
available for tungsten; however, based on results
obtained on other alloys, helium embrittlement
would be expected to become significant at tem-
peratures above ~ 1600°C ( ~ 0.5 melting temper-
ature, Ty). The formation of volatile oxides is
another potential problem in tungsten at tempera-
tures above ~ 800°C, especially during an up-to-
air event. However, if the oxygen partial pressure
in the helium coolant can be maintained at or
below 1 appm, then the rate of corrosion is calcu-
lated to be less than 2 pum/year for temperatures
up to ~ 1400°C. In summary, the selected upper
temperature limit for tungsten in the structure of
the preliminary design He-cooled system is
1400°C, depending on the applied stress.

2.1. He coolant impurity control

Refractory metals like W, Mo, and V are sensi-
tive to grain boundary oxidation and embrittle-
ment. However, if the oxygen (including H,O,
CO,, CO..., etc.) partial pressure in the helium
coolant can be maintained at or below 1 appm,
then the rate of corrosion may be acceptable.
With the use of CCGT as the PCS, without the
need of using high temperature water as the sec-
ondary coolant, the ingress of oxygen impurities
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should be much lower than the system that uses a
high temperature intermediate heat exchanger.
For impurity extraction, several powder metal
solid getters have been developed. Most are based
on zirconium metal (ZrAl, ZrVFe..., etc.). With
these materials, hydrogen can be pumped re-
versibly by temperature control. These solid get-
ters will pump active gases (oxygen, oxides, N,
and C.H,) irreversibly and have been used on the
tokamak experiment TFTR. In the semi-conduc-
tor industry, getters have recently achieved the
control of impurities to a level lower than 1 appb.
These are commercial modular units with no
moving parts and are self-monitoring in design.
Sandia National Laboratory is planning to install
a prototype on the helium loop fusion high heat
flux testing facility.

3. Mechanical design and reliability

The mechanical design of the helium cooled
refractory blanket concept must satisfy the basic
APEX design goals. These goals include minimum
requirements on heat removal, shielding, tritium
breeding, and availability as well as provisions for
heating and diagnostic penetrations, vacuum

Blanket Inlet
First Wall/Blanket 19 cm dia.
Inlet - 19 cm dia.

First Wall Shroud with
(12) 2.2 cm dia.
Cooling Passages per shroud @

pumping, and plasma exhaust (divertor). Several
first wall and blanket system configurations were
evaluated. The mechanical design is shown in
Fig. 1. The helium cooled refractory alloy design
includes a high temperature helium-cooled first
wall and a lithium bath that is also cooled with
high temperature helium. The first wall is made
up of separate units, which in this case are con-
nected to separate cooling manifolds at the back
of each module. The first wall units consist of
multiple parallel passages connected through an
integral manifold to round inlet and outlet con-
nections. The large modules contain the lithium in
a single volume, with pure lithium in the breeding
zone and a combination of lithium and steel balls
in the shielding zone. The temperature is relatively
uniform, although there will be some gradients,
albeit transient, between the front and back struc-
tural walls. There are two inboard and three out-
board modules to each of the 16 sectors arranged
in the toroidal direction. The piping is routed in
two circuits. The first circuit includes the first wall
and part of the interior heat exchange tubing.
Helium at 800°C enters the first wall through the
supply manifold and exits into the first wall outlet
manifold at 950°C. The helium is then routed
inside the lithium can to the first supply manifold

Blanket Tubes

Blanket Outlet
22 cm dia.

22 cm dia.

First Wall Outlet
Blanket Inlet
19 cm dia.
Lithium
ucan ”

Fig. 1. Helium cooled first wall and divertor design module.
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Fig. 2. Thermacore circumferential flow design porous Ta
implant.

for the heat exchange tubes. The first tube circuit
exits into a return manifold at 1100°C. The sec-
ond tube circuit is fed at 800°C and exits at
1100°C.

One of the primary goals of the APEX study is
to increase the availability of fusion reactors by
increasing the mean time between failures and by
decreasing the mean time to repair. To this end,
we recommended the approach of sector mainte-
nance, modular maintenance for everything and
pre-tested modules for all components.

4. First wall blanket thermal-hydraulics design
and analysis

4.1. Design inputs

With the mechanical design concept described
in Section 3, we determined the material volume
fractions and power generation from different
FW/blanket zones. We performed iterative calcu-
lations between thermal hydraulics and nuclear
analysis. The normalized volumetric power den-
sity for W-alloy as a function of distance x from
the first wall is approximated by PW(x)=
9 e~ w/cc per neutron wall loading in MW/m?>.
The normalized volumetric power density for Li-
breeder is approximated by PLi(x) =4 ¢ =3 w/cc.
Other input parameters are:

Reactor power output 2005 MWe
Helium pressure 12 MPa
Helium mass flow-rate 2528 kg/s
Helium 7,,/T,,, 800/1100°C
Structural material W-5Re
Max. neutron wall loading 7.49 MW /m?
Max. surface heat flux 2.16 MW/m?

4.2. First wall design

The use of helium as a FW/blanket, divertor
coolant has been proposed in various fusion de-
sign studies. For example, helium cooling was
selected for the ARIES-I tokamak reactor design
[2]. Analysis of the effectiveness of heat transfer
enhancers such as surface roughening and fins
was done for helium-cooled divertor options for
ITER [3], and a further review of heat transfer
enhancement was performed by Baxi [4]. To han-
dle the high surface heat load, extended heat
transfer enhancements by porous medium and
swirl tape were evaluated.

4.2.1. Porous medium

A porous medium enhances heat transfer from
the wall to the helium thereby reducing the film
temperature drop and the absolute temperatures
of the first wall. The design activity reported here
was based in part upon development activities by
two small US businesses. One of the companies,
Thermacore, Inc. uses a porous medium to en-
hance heat transfer. Thermacore designed and
built a series of helium-cooled modules that were
tested at Sandia and elsewhere [5-7]. One ad-
vance in their development of a helium-cooled
heat sink was the development of designs that
connected open axial inlet and exhaust passages
to circumferential flow passages that contained
the porous medium, as shown in Fig. 2. The other
company, Ultramet, Inc. has experience in fabri-
cation of refractory materials. Ultramet has de-
signed and built commercial products made of
refractory metals for rocket nozzles and other
applications in which they use a metallized foam
that is integrally bonded to fully dense material
[8], as shown in Fig. 3. Their experience demon-
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strates that a tungsten channel with integrated
porous medium structure can be fabricated.

4.2.2. Swirl tape first wall design

Another method for extended surface heat
transfer is to use a swirl tape insert. Swirl tape
increases the heat transfer coefficient by increas-
ing the effective flow velocity of the coolant and
increasing mixing. There is a large amount of
reliable data available on this method. However,
the corresponding increase of coolant flow friction
factor has to be accounted for.

For this calculation the enhancement in heat
transfer coefficient is given by, h., =2.18/Y%%,
and the increase in friction factor is given by
fon =2.2/Y%4%  where Y is the twist ratio defined
by pitch/2 x diameter of the tube. Therefore, the
equivalent h., =h,, x h and equivalent friction
fractor f., = f., ¥ f, where /i and f are heat trans-
fer coefficient and friction factor for a simple
circular tube, respectively. In the following calcu-
lation we used Y =2.

Using a maximum neutron wall loading of
7.11 MW/m?, and maximum surface heat flux of
2.06 MW/m?, and the swirl-tube first wall coolant
velocity range of 54—62 m/s, the W-alloy maxi-
mum temperature was found to be in the range of
1073-1242°C. With simple tubes in the blanket,
the W-alloy maximum temperature is 1199°C, and
the lithium maximum temperature is 1228°C.

The first wall and blanket system pressure drop
was also estimated. Including frictional losses,

Fig. 3. Porous Ta implant, diameter = 0.75 in.

turns, contractions, expansions, and main helium
inlet and outlet pipes, the total pressure drop was
estimated to be 0.61 MPa, which gives a AP/P of
5.1%.

4.3. Thermal stress analysis of APEX first wall
design

A ‘ground rule’ of the APEX study was that
structures should be robust, and specifically, 3
mm was taken as a nominal first wall thickness. A
central challenge in the design is to relieve the
primary and secondary stresses that results from
the high helium pressure, surface heat load and
the related steep thermal gradient in the heated
surface. The FW is permitted to flex to relieve the
thermal strain (bending stresses) form the surface
heat load.

A thermal analysis of a dual channel FW struc-
ture (without including the porous medium) was
performed using 2-D plane strain models (PA-
TRAN/ABAQUS) for a surface heat load of
2 MW/m? and an internal pressure of 10 MPa. At
1000°C, the maximum von Mises stress is 80
MPa, this is well within the suggested stress limits
stated below. Further iteration will be needed for
the reference case of 12 MPa pressure but the
result should not be significantly different. The
double tube wall design will then be incorporated
into the porous medium design in the next design
phase.

The thermal stress due to a prescribed tempera-
ture distribution along a single tube first wall of
the APEX FW/blanket was also analyzed using
the COSMOS finite element code. The structural
model consisted of 2-D beam elements intercon-
nected along with the defined temperature distri-
bution. The first wall tube has an ID of 1.6 cm
and an OD of 2.2 cm. The beam elements repre-
senting the lithium case are 0.2 x 2.2 cm for the
inner case and 3.8 x 2.2 cm for the outer strong
back case. The lithium case is supported by a
guide structure attached to the vacuum vessel. It
is assumed that the guide structure allows free
thermal expansion of the lithium case in the verti-
cal and radial directions. The following W-5Re
alloy properties were taken at 1000°C:

Young’s modulus = 392 GPa
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Poisson’s ratio = 0.267

Coefficient of thermal expansion = 3.96 x

10~6/°C

Thermal conductivity = 110 W/m°C

The deformed shape and maximum stress due
to the prescribed assigned temperature distribu-
tion and boundary conditions were calculated.
The tangential thermal growth of the first wall
tube of 2.0 mm requires that the blanket modules
be installed with 4.0 mm gaps in the cold condi-
tion to prevent contact with one another during
operation. The radial thermal growth of the
plasma facing tube is 4.4 mm.

Since we projected that the irradiated W-alloy
should be treated more as a brittle than ductile
structural material, we proposed that the stress
criteria for evaluating calculated stress intensities
for tungsten materials be taken as 1/2 the ultimate
stress (133 MPa) at 1000°C for welded joints and
2/3 the ultimate stress (177 MPa) away from
joints. Adopting these criteria, the allowable stress
intensity at the weld joint due to all load combi-
nations is 152 MPa at 1000°C.

Since the proposed support structure will allow
free thermal expansion of the lithium case, only
the temperature difference between the first wall
tube and lithium case will induce thermal stresses.
The maximum thermal stress occurs in the first
wall tube at its junction to the lithium case and is
only 6 MPa.

Although the proposed concept for supporting
the blanket induces low thermal stress, details of
how to implement the support concept will cer-
tainly result in higher thermal stresses. Also, the
stresses due to dead weight, pressure, and disrup-
tion loads have yet to be calculated. This will be
performed in the next phase of design.

5. Nuclear analysis

Based on the material volume fractions gener-
ated, we iterated with the thermal hydraulics task
and assessed the impact of W-alloy on the nuclear
heating profiles across the blanket and power
multiplication (PM), and on the tritium breeding
profiles and the tritium breeding ratio (TBR). The
impact of Li-6 enrichment on these profiles and

on TBR and PM is also assessed. In addition, we
assessed the damage indices, expressed in terms of
DPA, helium, and hydrogen production rates at
several key locations, including the vacuum vessel
(V.V.) and TF coil case. When compared to other
refractory alloys like TZM and Nb-1Zr, the best
local TBR performance is with W and Li breeder.
The TBR increases with Li—6 enrichment and
starts to saturate at a value of ~ 1.43 when the
Li-6 enrichment is ~ 35%.

The damage parameters, dpa rate, helium and
hydrogen production rate at various locations
were estimated in the W-alloy design. Compared
with the liquid breeder Flibe, liquid lithium is the
less effective material in attenuating the nuclear
flux at the V.V. and TF coil by a factor of 6-10.
However, adequate shielding is provided to satisfy
the shielding requirements of the V.V. and TF
coil.

The radioactive waste characteristics of the dif-
ferent components of the machine were evaluated
according to both the NRC 10CFR61 [9] and
Fetter waste disposal concentration limits (WDR)
[10]. According to Fetter limits, the first wall,
module wall, blanket, and transitional zone would
not qualify for disposal as class C waste. As a
matter of fact the W—5Re alloy produces such a
high activity that the first wall would have a
WDR which is more than order of magnitude
higher than the class C WDR limits. The high
WDR is due to the !3¢mRe, '®mAg and **Nb
isotopes. '8¢mRe is a product of nuclear interac-
tions with base elements in the W—5Re alloy.

6. Power conversion system

The major incentive for employing high-tem-
perature refractory alloy FW/blanket with helium
cooling in this design is to enable direct coupling
with a CCGT (Brayton Cycle) for high efficiency
power conversion. This has the advantage of elim-
inating an intermediate high-temperature He/He
heat exchanger (HX), which would be a signifi-
cant technical challenge. However, the potential
for tritium contamination in the power conversion
system (PCS) must be addressed, and appropriate
design measures must be taken to prevent further
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For Blanket Outlet Temperature = 1100°C
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Parameter values ideally chosen as follows:
Recuperator effectiveness  96%
Turbine efficiency %
Compressor efficiency 88%

DP/P @ 120 atmos; 1100°C  6.0%
Number of intercoolers 2
Wet bulb temperature 18°C

Fig. 4. Effect of FW/blanket inlet temperature on power
conversion system gross efficiency.

spread of contamination and to facilitate mainte-
nance of PCS components. Fig. 4 shows the effect
of FW/blanket inlet temperature variation on
PCS performance for the selected outlet tempera-
ture of 1100°C and a 2 to 1 pressure ratio. Based
on this the selected gross efficiency for the prelim-
inary design is 57.5%.

7. Tritium migration and control

Tritium produced in the lithium has to be re-
covered with an acceptable tritium inventory. The
design goal of the tritium recovery system for
lithium is usually to limit the tritium concentra-
tion to ~ 1 appm. This goal is to limit the total
tritium inventory in the lithium to less than 200 g.
The 200 g tritium inventory in one unit in the
fusion power plant is the safety limit selected for
the ITER design.

Many processes have been proposed to recover
tritium from lithium. A recent proposal is to
recover tritium using the cold trap process [11].
This process has been demonstrated to recover
tritium from lithium to the saturation concentra-
tion [12]. However, the saturation tritium concen-
tration at 200°C is ~ 250 appm, far exceeding the
design goal of 1 appm. The new proposal is to

add protium to the lithium. With the total hydro-
gen concentration at the saturation limit of
250 appm, the tritium concentration can be below
1 appm. The design of the process and the cost
associated with the separation of T from H was
calculated for ITER [11] and was judged to be
acceptable.

The lithium flow rate for tritium recovery is
20 kg/s. This is a very small flow rate. To main-
tain uniform tritium concentration, the local flow
rate has to be controlled. The tube bank configu-
ration of the preliminary design is amenable to
radial segmentation, but the detailed design of
lithium flow control from all regions inside the
blanket will still be a challenge. If the lithium flow
rate is non-uniform, certain local tritium concen-
trations will be high, and higher tritium inventory
can be expected. This design impact will have to
be assessed.

Tritium will permeate to the He coolant both
by pressure driven from the blanket and by
plasma driven permeation across the first wall, so
a tritium clean up system will be required. Recent
experimental results from Tritium System Test
Assembly (TSTA) [13] shows that a permeation
window can be used for tritium cleanup from a
gas. This process is capable of removing tritium
from a gas to ~ 1 Pa. The effect of this tritium
partial pressure on the operation of the pumps
and valves will have to be assessed. As presented
in the last section, the problem of PCS contami-
nation will have to be addressed also.

8. Safety

8.1. Decay heat removal

The use of tungsten as the structural material in
this concept poses some safety challenges. Tung-
sten is a radiologically hazardous material with
high decayheat, so we must ensure that the design
is such that long-term accident temperatures are
low enough that unacceptably large amounts of
tungsten are not mobilized during an accident.
Our preliminary calculations show that design
options exist that result in long-term temperatures
below 800°C. Details can be found in McCarthy
et al. [14].
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8.2. Other safety issues and reliability issues

Because liquid lithium is present in this design
to provide tritium breeding, safety design neces-
sary for the use of lithium in a power producing
system will have to be followed. As more design
details become available, further safety analyses
will be done to ensure that safety requirements are
met. Similarly, a reliability assessment will need to
be done when more design details are available.

9. Systems design

With the potential of the high performance
helium-cooled W-alloy FW/blanket design, the
economics of a tokamak reactor was assessed by
utilizing the GA-systems code [15]. Physics
parameters were based on the results from plasma
equilibrium calculations. This code uses ARIES-
RS [16] and ARIES-ST [17] as reference design
points, and the performance and cost of electricity
(COE) of superconducting and normal conducting
coil reactors could be projected for different as-
pect ratio, power output and neutron wall loading
designs [15]. Based on the projected gross thermal
efficiency of 57.5%, the maximum neutron wall
loading needs to be operated at 7.2 MW/m?, with
a corresponding maximum first wall heat flux of
2.07 MW/m?. In summary, at the thermal effi-
ciency of 57.5%, a superconducting reactor with
an aspect ratio of 4 and an output power of
2 GWe is projected to have a COE of
54.66 mill/kW h.

10. Key issues and R&D

We have completed the preliminary design of a
helium-cooled refractory alloy FW/blanket de-
sign. Many development issues are identified in
different areas of the design. The following is a
list of key issues, grouped by areas, which will
have to be addressed in order to have a viable
design.
Materials: irradiated and engineering de-
sign material properties of W-
alloy,

design criteria for W-alloy,
fabrication of W-alloy
components,

minimum cost of fabricating
W-alloy components,
compatibility between helium
impurities and W-alloy,

Design: coolant routing,
structural support,
high temperature piping,
develop robust high perfor-
mance components,
Thermal hy-  helium flow control, distribu-
draulics/ tion and stability,
MHD:
FW/blanket temperature man-
agement and startup,
removal of afterheat during
LOCA,
convective MHD effect,
Plasma W-surface compatibility with
interaction: high performance plasma,
Tritium: extraction, inventory and PCS

contamination

In addition, the availability of fusion power
core components will have to be demonstrated.

11. Conclusions

We completed the preliminary design of a high
performance He-cooled W—5Re alloy FW/blanket
design. A separate first wall that is permitted to
flex under heating and a lithium pool configura-
tion was selected. Due to the lack of irradiation
data, conservative assumptions on selecting the
W-alloy properties have to be used. With regard
to the compatibility of W-alloys with oxygen as
the primary helium impurity, commercially avail-
able solid gettering modules can maintain the
impurity level to < 1 appm and prevent embrittle-
ment. Potentially, based on the results of selected
analyses, the FW/blanket design could meet the
material temperature and structural design limits,
provided that the peak structural loading during
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disruptions can be mitigated. The 1-D tritium
breeding ratio of 1.43 can be reached with a Li-6
enrichment of 35%. However, the presence of
induced radioactivity will not allow the W-alloy
components to meet the criteria for classification
as low level waste. W-alloy will generate a high
level of afterheat, but, with the tritium extraction
system operating, long-term accident tempera-
tures remain below 800°C. A cold trap process
with added protium to the lithium could be used
for tritium extraction. At the CCGT gross ther-
mal efficiency of 57.5%, a superconducting re-
actor with an aspect ratio of 4 and an output
power of 2 GWe is projected to have a COE of
54.66 mill’ kW h. Critical issues were identified
and we plan to continue the evaluation on some
of the critical issues during the next phase of the
APEX design study.
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