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ABSTRACT

A high-temperature first rail/blanket which would
take full advantage of the absence of tritium
breeding in a d-d reactor was designed. This
design which produces steam at p • 7 IFa and
T > 538°C at the blanket exit eliminates the
requiresent for a separate steaa generator. A
steaa cycle with steaa-to^steaa reheat yielding
about 37.5 percent efficiency is cospatible with
this design.

INTRODUCTION

A part of an assessment of the engineering
and technology differences between d-d and d-t
fueled Reversed Field Pinch (RFP) reactors is the
design of a first wall/blanket which would take
full advantage of the absence of tritium breeding
in the d-d reactor- The primary objective for
the first wall/blanket design are: use of
conventional technology to the greatest extent
possible; production of high temperature heat
suitable for use in a high efficiency generating
cycle; •iniaization of the quantity of
radioactive material produced; high neutron
eneivy Multiplication to Maximize the thermal
plant power; and reasonable cost.

The BFP assessment focuses on a compact
reactor (CRFPR) because the annual generating
cost of electricity for a compact reactor is
projected to be significantly lower than that of
an equal capacity conventional fusion reactor.1
Two design points for a d-d/CRFPR have been
proposed?1 fl) fully "cost optinized" design
with a first wall thermal load of 17 UW/m* and
neutron wall loading of 10.6 UK/a2; and (2) a
"cost degraded" design with a first wall thermal
load of 4.87 M/ar sod neutron wall loading of
3 MW/m2. The degraded design is obtained by
reducing the power density of cos*, optimized
design until the first wall surface beat flux is
equal to the "cost optimized" d-t/CRFPR.

The results of soother study indicate that

for the fully cost optimized reactor the first
wall thermal load is beyond the critical heat
flux.3 In addition, at high coolant pressure
(12.4 UPa) the first wall material, which is a
high strength copper alloy, cannot withstand the
combined stress due to the coolant pressure and
the thermal gradient or creep rupture stress
depending on the first wall thickness without,
even considering the negative effect of neutron
irt-adiation. This led us to use the degraded
design f<-r this study.

The design chosen represents a series of
compromises in trying to achieve the objective*
given above. However an attempt was made tJ
avoid using advanced materials or unconventional
applications and to try to focus the attention on
changes in design strictly related to the
differences in fuel cycles.

LQHTER/FIBST WALL/HLAHCET DESIGN AND MATERIAL

Compact reactor first wall and blanket
design requirements differ from those of
conventional fusion reactors in the following
respects: (1) the thermal load on the 1 muter is
not very much different than the load on the
first wall and therefore will not be separately
^signed; (2) the compact reactor first wall
thermal toads are considerably higher than
conventional loads, (factor of 5 compared with
WILDCAT); and (3) the compact reactor neutron
wall load ir higher than conventional loads
(factor of b compared with WILDCAT) ind therefore
the blanket power density is higher.

The d-d/CEFPE first wall and blanket design
is a water/steam cooled structure that functions
as an integrated feedwater heater, boiler, and
steam superheater that drives « steam turbine
directly. The first wall is a l.S ms corrugated
high strength copper alloy plate In-axed to a flat
plate structure that can tolerate a high surface
beat load. It is similar to the STARFIRE and
WILDCAT liaitar designs.4'5 The. blanket consists
of four banks of austenitic steel tubes,



2-2.8 ca o.d., that are separated in the radial
direction by layer* of graphite. Each bank
consists of two rowa of tubes which can be
connected in series or parallel. The first wall
channel dimensions are equivalent to
.4 ai x 1.2 ca. Figure 1 shows schematically the
high tesperature first wall/blanket design which
accomplishes the above goals in the following
ways:

thin walled steel tubes. Thicl sections of
stainless steel with their atUndent thermal
stress and high tempr;«tures are not
required because the layers of graphite aid
in neutron absorption.

(2) Neutron energy Multiplication of about 1.7
is achieved trough the use of stainless
steel in the blanket, mainly via (n,i)
reactions in Ftr*.

(3) Reduction of activated material is achieved
through fa) a thin blanket to reduce mass
and volume; and (b) the use of low
activation graphite ana a minimal amount of
highly activating steel.

Figure 1. High Temperature First WaiI/Blanket
Design Used in d-d Compact RFP Study.

(4) Lor cost is achieved by avoiding expensive
materials, using a simple mechanical design
that is easy to fabricate, and keeping the
blanket thin.

The design presented and analyzed here is in
the early conceptual stages. Detailed analyses
of the mechanical problems associated with its
construction and assembly and its overall
response to attaining operating teepiratures have
not been performed. Analyses and descriptions
presented here generally refsr to a typical
outboard section of the first wall ar.d/or
blanket. The inboard blanket has been studied
briefly, and it appears that the same design as
used for the outboard blanket will be suitable.
The first wall and blanket can be factory
fabricated as narrow flat segments and assembled
into a polygonal torus by welding the various
steam and water headers together.

FUSION POmai DEPOSITION IN FIRST WALL/BLANKET

The power deposition in first wall tri
blanket are given in Table 1 based on plasma
power splits. The values in this table are based
on the following assumptions and results.

(1) The superheated steam exits at 538°C and
drives a steam turbine with an efficiency of
37.5 percent, compared to the 36 percent
assumed for a lower tesperature STARFTBE
blanket. This is lower than the 40.5%
efficiency for the d-d tokamak design due to
lower coolant pressure. This high steam
outlet temperature can be: achieved without
affecting the lateriahi lifetime by using
the first wall for feedwater heating and

_ boiling. In the blanket, where the
kinder of the boiling and the high

temperature superheating is performed, the
steel temperature is kept low by the use of

Table 1. Power Deposition in
First Wall/Blanket

First Wall Blanket

Total Equivalent Surface
Beat Load (M/m2)

Equivalent Power Density

Average
Peak

S.6

700
700

4.3

9.3
23



The charged particle energy is assumed to be
deposited evenly across the first wall and
the radiation energy is assuaed to be
deposited as a surface heat load.

The neutronics analysis was performed using
the ANISN one-dimensional discrete ordinate
transport code and the resulting neutron
energy Multiplication is about 1.7 for the
first wall/blanket system.

The first wall and blanket absorb 56.5 and
43.5 percent of the 97.6 percent of the total
reactor thermal power, respectively. The other
2.4 percent of the total power leaks out to the
region outside the blanket, which may be a
radiation shield (if superconducting signets are
used) or noimlly conducting signets.

THERMAL HYDRAULICS

Selection of coolant pressure is an
important consideration in thermal hydraulic
analysis since theraal efficiency of the energy
conversion cycle improves rith increase of
coolant pressure. The coolant pressure could be
increased but the resulting increase of first
wall thickness would reduce the creep rupture
lifetiae. Based on these considerations a value
of 7 MPa for coolant pressure was selected to
provide both adequate first wall lifetiae and
relatively high reactor theraal efficiency.

There are three flow regimes in this super-
heated steaa cycle: (1) feedwater heating to
saturation; (2) evaporation; and (3) super-
heating. Water enters at 7 MPa and 250°C to the
feedwater heating section and after evaporation,
in the evaporating section at 285°C, it goes to
the superheating section where it is heated to
538°C.

Based on the fusion power distribution given
in the preceding section and the goal of keeping
the first wall at the lowest temperature, the
flow scheme shown in Figure 2 was selected. The
first wall is used for all of the feedwater
heating and most of the evaporation. The blanket
does the remainder of the evaporation and al1 of
the superheating. A recirculation rate in the
evaporation section of 4:1 was used.

First Wall Theraal Hydraulics

(a) Feedwater Region - The first wall Material
is AMAX, a high conductivity and high strength
copper alloy that can handle the high surface
thera&l load of ~ 5 Mf/a2. The inlet water
temperature to the feedwater section is 25O°C and
the outlet Bust be 285°C to coaplete the feed-
water heating. The teaperature differences

needed to drive a flux of 5 MW/a*across the fila
and the AUAX are 110°C and 30°C, respectively.
The temperature difference across the fila has
been calculated baaed on a single-phase
convective heat transfer coefficient which is
highly conservative but sufficient for conceptual
design purposes. Actually the flow could be at
the fully developed subcooled boiling regiae
where the fila teaperature difference would be
less than half that for the single-phase
convective regiae. The aaxiaua temperature in
AMAX is about 425% which is below the tempera-
ture at which allowable stress declines rapidly.
The channel length is about .44 a with a flow
rate per channel of 900 kg/hr for a flow velocity
of 7 a/sec. The required number of channels is
about 16 per a2 of first wall with a total flow
of 14,750 kg/hr/a3 of first wall area. The
coolant pressure drop is about 20 kPa.

FKDWATER MATING SUtfRHEATING

IJi'C

JM*C

Figure 2. Schematic of tiater/Steaa Flow through
Each of the Regions by Flow Regime.

(b) Evaporation Region - Most of the first wall
functions as an evaporator that is in parallel
with the evaporation section of the blanket. The
coolant leaving the evaporation region is 25
percent steaa and 75 percent water. The water is
recycled to the entrance to the evaporation
region and the steaa flows to the superheating
region of the blanket. The teaperature
differences needed to drive a flux of
approximately 5 MK/nr across the boiling fila and
the AMAX are QCTC, 30°C, respectively. The
channel length is .55 a with a flow rate per
channel of 512 kg/hr for an inlet flow velocity
of 4 a/sec. The required number of channels is
about 91 per a2 of first wall with a total flow
of 46,600 kg/hr/a2 of first wall area. T V
coolant pressure drop is about 300 kPa. If
coolant channels with greater cross sections are
used they could be made longer with higher flow
rates and still have acceptable pressure drops.



Blanket Theiml Hydraulics

A larse fraction of the energy reaching and
generated in the blanket is absorbed in the
graphite. This power aust be transferred to the
stainless steel coolant tubes so that it say
ultimately be absorbed by the coolant. At the
same time for high radiation damage levels
(greater than 20 dpa) the graphite must be
maintained at temperatures around 1500°C in order
to avoid unacceptable swelling resulting from
neutron irradiation. If the graphite were
allowed to radiate heat directly to the stainless
steel tubes it would operate at about
1500°C-1600°C in the first, second, end third
layers down to 1200°C in the fourth graphite
layer. But since the fourth layer dpa level at
the end of the blanket lifetime is small
(*• 10 dpa), it would not swell but only tend to
shrink at the operating temperature.

(a) Evaporation Region - The greater part of the
first of the four banks of steel tubes in the
blanket is used for evaporation. Even though the
thermal stresses would be lower in series flow
between the two rows of tubes in the first bank,
parallel flow was chosen to allow all flow in the
evaporation region to be in the upward vertical
direction. The channel length is 2 a with a flow
rate per channel of 320 kg/hr for an inlet
velocity of .8 a/sec. The required number of
channels is about 38 per r of first wall with a
total flow of 12,400 kg/hr/a2 of first wall. The
coolsjit pressure drop is about 10 kPa.

(b) Superheat Region - The last three banks of
steel tubes plus 23 percent of the first bank are
used for superheating. Since the heat flux on
th« tubes are relatively high (~ .8 UW/B 2 for
tubes in the second bank) a parallel arrangement
of tubes will cause tne combined stress due to
coolant pressure and radial temperature gradient
to go above the ultimate strength of the
material. Therefore a series arrangement was se-
lected which does, in turn, increase the coolant
pressure drop, but not significantly. The inside
diameter of tubes increases from 1.6 cm to 2.4 ca
in the direction of flow to avoid using high
steaa velocities in the tubes. The coolant path
lengths in the last three banks are 2.4 a, 2.9 a,
and 3.5 a with a constant flow rate per tube of
870 kg/hr for inlet velccities of 35, 31, and
25 a/sec. The required number of chancels in
each bank are about 17 per row per a2 of first
well. The coolant pressure drop is about
190 kPa. Table 2 sumaariies tfcs thermal
hydraulics parameters.

STRESS AND MATERIAL ANALYSIS

The first wall and blanket should be

designed to insure that designated stress limits
are not exceeded. Since at present there is no
design stress code for fusion reactors, the ASME
pressure vessel code has been used as a guide to
estimate the allowable stresses and lifetime. It
is likely that future stress codes developed for
fusion reactors will contain several changes from
the reference design code because of the
additional influence of radiation on material
properties. A two-dimensional stress code (SAF-i)
was used to estimate the thermal stresses ns well
as stresses due to coolant pressure and gravity
for the first wall. The result indicates that
for a thermal wall load of 5 Ufl/m2 the combined
stress due to coolant pressure and temperature
gradient is about 150 UPa which is under the
ultimate strength of 400 UPa at the operating
temperature for copper alloy. The maxiauD pri-
mary tensile stress is about 115 UPa which will
result in one percent creep after around
100,000 hours of operation. However it is knovn
that neutron irradiation induces swelling,
accelerates creep, alters the strength, and
decreases the ductility, which all shorten the
material life. Therefore the creep rupture will
be a limiting factor in the lifetime and limits
the lifetime to less than ten years. The result
of the stress analysis in the blanket indicates
that the combined stress due to coolant pressure
and radial temperature gradient will be about
90 UPa which is substantially below the ultimate
strength of the material at this temperature.
The primary stress responsible for creep rupture
is about 46 UPa which is well below the creep
rupture strength of 130 UPa for 100,000 hours of
operation. The axial stress analysis in the
blanket tubes is based upon the assumption that
the tube is completely constrained against all
bending but is free to expand axially. Based on
serial configuration of tubes in the blanket, the
maximum axial stress occurs at the location cf
maximum tube temperature and it is about 400 UPa
which is below the ultimate strength of the
stainless steel at the operating tenperature.

The response of the first wall and blanket
materials to stresses and thermal effects and
irradiation-induced effects such as spelling and
irradiation er«en is suaaarized helow:"'"irradiation creep is

• The copper alloy, AUAX, has an extremely
limited data base. The existing data
indicate that swelling is not expected to be
significant at the first wall design temper-
ature of about 430°C and at the expected
lifetiae of about three to five years.

• Swelling of the graphite is virtually
eliminated at the first three layers of the
blanket and the fourth layer graphite tends
to shrink at the operating temperature.



Table 2. Summary of Thermal Hydraulics Parameters

Regime

Feedwater Heating
Evaporation"

Superheating?

First Wall
First Wall
Blanket 1st Bank
2nd Bank
3rd-Bank
4th Bank

Inlet Water
Temp. (°C)

250
285
285
300
390
490

Inlet
Velocity
(m/s)

7
2
.6

35
31
25

No. of
Channels
or Tubes*

16

19̂
17J
17J
17d

Total Flo*
(kg/hr)*

14750
46600
12400
14750
14750
14750

Coolant
Pressure

Drop (kPa)

X
300
10

U0

"Per 1 in2 of first wall area.
^The first wall evaporation zone and blanket evaporation zone are in parallel.
jThe superheating banks are in series to each other.
dPer row.

• The blanket lifetime is controlled by total
neutron load. Based on a 10-15 MWy/m2
neutron wall load limit,2 the lifetime is
expected to be about 3-5 years.

• Blanket tube ductility loss should 1:
acceptable for the lifetime period

DISCUSSION OF RESULTS

One of the major concerns cf this conceptual
design is that the first wall, with a surface
load of 5 Mft'/nr, is designed for both subcooled
and two-phase boiling to maximize the thermal
efficiency of the reactor. One of the
limitations on the surface heat flux is the
critical heat flux consideration. There are many
experimental data correlations available dealing
with this issue in both subcooled and two-phase
regimes. Almost all the data is for a uniformly
heated tube or rectangular channels which do not
closely resemble the first wall coolant flow
conditions. Therefore only an estimate could be
made on ths value of the first wall critical heat
flux based on available data. A critical heat
flux analysis has been performed and the results
indicate that for the subcooled regime the
critical heat flux will not put a limit on the
thermal-hydraulic design of the first wall.3 For
the two-phase regime, the critical heat flux
varies from 3-16 Iff/sr depending on which
correlation is used. This suggests an experimen-
tal investigation is required to resolve this
question for the configuration and the coolant
flow conditions of the first wall.

It should be pointed out that there are
methods by which the heat transfer rates can be
improved with acceptable penalty in pressure
drops. One method is to establish a vortex flow

in tubes so as to create a significant inward
radial transport of steam bubbles. The maximum
or burnout flux which is believed to occur at
some critical boundary layer quality would
accordingly be larger. It is of interest to ncte
that some of the highest steady state heat fluxes
to flowing water ever measured were reported to
be about 172 MW/n2 with vortex flow in short
smooth tubes.7 Another method is to braze fins
to the internal surface of the first wall
channel. A panel with this design was built to
withstand an average heating rate of 20 MV.'/n2
pulses of 30 sec duration for neutral and ion
bean duaps.

Other issues like fouling of the surface,
corrosion and erosion have not been considered in
this conceptual design and it is believed that
they do not pose a problem which could not be
resolved.
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