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ABSTRACT 

A conceptual design was developed for the tar- 
gethlanket system of an accelerator-based system to pro- 
duce tritium. The targetblanket system uses clad tung- 
sten rods for a spallation target and clad lead rods as a 
neutron multiplier in a blanket surrounding the target. 
The neutrons produce tritium in 'He, which is contained 
in aluminum tubes located in the decoupler and blanket 
regions. This paper presents the thermal-hydraulic de- 
sign of the target, decoupler, and blanket developed for 
the conceptual design of the Accelerator Production of 
Tritium Project, and demonstrates there is adequate mar- 
gin in the design at full power operation. 

I. INTRODUCTION 

The Accelerator Production of Tritium (APT) Proj- 
ect, sponsored by the U. S. Department of Energy, has 
developed a conceptual design of an accelerator-based 
system to produce tritium. The design uses a target 
made of clad tungsten rods, and a blanket containing lead 
as a neutron multiplier with 'He for the production of 
tritium. Located between the tungsten and blanket is a 
decoupler containing 'He, where additional tritium is 
produced. Reflector and shield regions surround the tar- 
getblanket system. 

The target is made up of 13 ladders, with Inconel- 
clad tungsten rods inside stainless steel tubes forming the 
ladder rungs and vertical inlet and exit coolant supply 
pipes forming the ladder rails. The tungsten rod thermal- 
hydraulic design is driven by the high power densities in 
the target and the large power density variations between 
the front and back ladders. Five different bundle designs 
are used, with small rods and tubes located in the highest 
power density, front region, and progressively larger rods 
and tubes located in the back regions. Design require- 
ments for full power operation include maintaining sub- 
cooling margin at the hottest rod surface temperature, 
maintaining the departure from nucleate boiling ratio 
(DNBR) above 2.0, and keeping the Reynolds number 
above 6000 to stay out of transition. 

The blanket and decoupler are designed using lead 
and aluminum, and therefore must be operated at low 
temperatures. There are also large power density varia- 
tions with position that must be accommodated. The 
decoupler region contains 'He in aluminum tubes with 
light-water coolant flowing inside bin structures enclos- 
ing groups of tubes. The lead blanket region comprises 
arrays of cruciform-shaped aluminum tubes containing 
lead, interspersed with circular aluminum tubes contain- 
ing 'He. Similarly, groups of these lead and helium 
tubes are enclosed in bin structures, with water flowing in 
the passages between them and along the bin walls. The 
sizes of the tubes and coolant flow passages are varied by 
distance from the tungsten neutron source, to accommo- 
date the large power density variations in the blanket 
region. Two separate coolant systems are used to cool 
the blanket: the first is a moderate-pressure loop for the 
high-power regions, and the second is a low-pressure 
loop for the low-power regions. Flow is turbulent in the 
high-power loop modules and laminar in the low-power 
loop modules. Design requirements for the blan- 
ketldecoupler region are to maintain low structure tem- 
peratures, to minimize coolant pressures in the bin struc- 
tures, to maintain subcooling at the hottest channel sur- 
face temperature, and to keep the DNBR above two. 

11. TUNGSTEN NEUTRON SOURCE 

The h c t i o n  of the tungsten neutron source is to 
efficiently use the high-energy proton beam to produce a 
primary source of neutrons and high-energy particles. The 
tungsten neutron source region is designed and operated 
at low temperatures, so that material temperatures are not 
limiting for normal operation. Instead, the primary ther- 
mal-hydraulic design goal is to maintain subcooling even 
at the hottest rod surface temperature. Thus, with single 
phase liquid flow throughout the bundle, there will be no 
bubbles to cause flow instabilities. Other thermal- 
hydraulic design goals for the tungsten region include: 

0 Maintain a Reynolds number above 6,000 in the 
tungsten bundles. 



0 Maintain the minimum DNBR greater than 2. 

9-10 
11-13 

Limit the pressure drop from the entrance to exit 
manifold to less than 0.34 MPa (50 psi). 

Minimize flow-induced vibrations that could lead to 
prematurefailure. 

0 

15 7.43 
15 7.39 

0 Use tungsten rod pitch-to-diameter ratios not smaller 
than 1.07. 

0 Maintain adequate rung-to-rung flow distribution. 

0 Size the tungsten rods to match the power density 
while maximizing the tungsten volume fiaction. 

A ladder configuration with short rungs was adopted 
to provide a low pressure drop design that maximizes the 
amount of tungsten in each bundle. The beam dimen- 
sions of 16 cm wide by 160 cm high were selected to 
ensure acceptable power densities and heat fluxes for the 
tungsten neutron source, decoupler, and blanket regions. 
The spacing of the thirteen ladders was set at 30 cm, 
which provides near-optimal flux trap performance be- 
tween the ladders, and further limits power densities in 
the decouplerhlanket regions. A low temperature system 
ensures large safety margins. The maximum bulk outlet 
temperature of 85 "C provides assurance that in the case 
of a depressurization, bulk boiling will not occur. 

Coolant flows fiom an inlet manifold into large- 
diameter downcomer tubes, where it is distributed to each 
rung of the ladder (Figure 1). After passing through the 
rod bundles in each ladder, the coolant is collected in 
large-diameter riser tubes and directed to an outlet mani- 
fold. As shown in Figure 1, the rung tube diameter and 
tungsten rod size increase from fiont to back in accordance 
with the decrease in power density. To match power and 
flow, all but the highest power density ladder are orificed 
near the connection to the inlet manifold. To reduce the 
potential for flow blockages, each downcomer tube con- 
tains a strainer in the inlet manifold to retain any possible 
debris. 

Figure 1. Tungsten neutron source subassembly 
isometric. 

The tungsten rods in the ladder rungs are 22 cm 
long, which provides a 3 cm margin on each side to ac- 
commodate possible misalignment of the 16 cm wide 
beam. This ensures the vertical risers and downstream 
blanket regions remain outside the direct beam footprint. 
Similarly, the overall height of the ladder rungs provides 
a 10 cm margin of tungsten above and below the 160 cm 
height of the beam. 

The elevations of the ladder rungs are staggered from 
ladder to ladder to produce a near-uniform tungsten thick- 
ness through the target assembly. Rung tubes vary in 
diameter from 4.04 cm at the front to 7.43 cm near the 
back, to accommodate the steep drop in power density. 
This minimizes the differences in total power per ladder. 
Table 1 lists the number and rung sizes of each of the 
ladders, starting from the front. 

Table 1. Rung Numbers and Dimensions 

Ladder Rungs per Rung OD 
Numbers Ladder 

7-8 6.58 

Both clad and bare rods were investigated as design 
options for the tungsten neutron source. Bare rods have 
better neutronic performance, giving higher tritium pro- 
duction. Cladding the rods produces a small reduction in 
tritium production, but presents important design advan- 
tages. The cladding seals the tungsten rod, providing 
surface protection from coolant corrosion. With the rods 



contained in a clad, concerns over fracture toughness of 
the tungsten are largely eliminated. Also, by encapsulat- 
ing the rods, the potential source term during postulated 
accidents is greatly reduced. Because of these advantages, 
clad rods were chosen for the conceptual design. 

5 - 6  
151 

0.3175 

12 

0.1936 

5.52 

During preliminary design, trade-off studies will be 
performed to optimize the cladding design, considering 
physics and thermal-hydraulic performance, safety, and 
mechanical design requirements. Important considera- 
tions include the cladding material, thickness, fabrication 
process, heat transfer characteristics, structural integrity, 
and cost. The selected cladding material and process 
must be compatible with the radiation environment, the 
tungsten rods, and the coolant. Uniform heat transfer from 
the rods to the cladding, by either good mechanical con- 
tact or a uniform gap thermal conductance, is necessary to 
minimize localized hot spots on the rods. A number of 
fabrication techniques will be assessed, including heat 
shrinking of the cladding onto the rods, hot or cold 
isostatic pressing of the cladding onto the rods, and rod- 
to-clad slip fit with minimal radial clearance. 

7 - 8  9 - 1 0  11-13 
151 151 109 

0.3969 0.4762 0.5556 

12 12 12 

0.2486 0.3076 0.3826 

6.58 7.43 7.39 

Slip fit designs were developed and are currently 
being tested in the materials irradiation test program at 
Los Alamos National Laboratory. These rods were suc- 
cessfully assembled with a 0.0013 cm (0.0005 in.) radial 
gap and backfilled with an atmosphere of helium gas to 
enhance the interface thermal conductance. The cladding 
material used was S S  304L. These rods are being tested 
at prototypic proton and neutron fluences, operating tem- 
peratures, and pressures. 

Small Rod 
Tungsten 
Diam. (cm) 

A typical rod bundle is shown in Figure 2. It con- 
sists of clad tungsten rods in a close-packed triangular 
array within the rung cylinder. Twelve smaller-diameter 
rods are located at the periphery to minimize flow maldis- 
tribution and to increase the tungsten volume fraction in 
the cylinder. The circular tube design was chosen because 
it can be easily and reliably fabricated, it provides rela- 
tively uniform heat transfer throughout the bundle, and it 
reduces the amount of structure directly in the beam. The 
rods are centered at each end of the assembly by support 
plates. A second set of holes through the support plates, 
located at the rod interstices, provides entrance and exit 
coolant flow passages. The support plates are welded to 
the rung tube to mechanically position bundle assemblies 
in the rung cylinders. 

0.2286 

1.5 

Tungsten Rods 
3/32” Diameter 

Typical Rod Bundle 
Section 

Figure 2. Rod bundle cross section. 

Table 2 summarizes the bundle and ladder geometry 
data for the tungsten neutron source design. Five different 
large tungsten rod diameters are used, ranging in size 
f?om 0.3 175 cm to 0.5556 cm. They are clad and assem- 
bled in bundles containing 73 to 151 large rods. Each 
bundle contains 12 small-diameter rods ranging in size 
from 0.1936 cm to 0.3826 cm. 

Table 2. Dimensions of the Tungsten Rods 
and Rungs 

Large Rods 

Tungsten 
Diam. (cm) 

Number SmallRods Of I l2 

(cm) RungOD I 4.04 

Ladder Number 

Table 3 shows bundle powers and tungsten power 
densities. The table contains two columns for the power 
densities. One is for “nominal” and the other is for 
“design.” The nominal power density assumes a uniform 
beam profile and no power measurement uncertainty. The 
ccde~ignyy power density includes a 20% power peaking 
factor, and a 3% uncertainty in the calorimetric power 



measurement. To be conservative, all thermal-hydraulic 
margin parameters were calculated using the design val- 
ues, and therefore include the 1.236 factor in power. 

Table 3. Bundle Powers and Tungsten 
Power Densities 

2 
3 

Nominal 

sity (MWA)  

346 2.45 3.03 
257 1.79 2.2 1 

Design Tung- 
sten Power 

Density 
(MwN 

2.73 

7 
8 

47 1 1.12 1.39 
440 1.06 1.31 

416 1.53 

12 
13 

2.60 I 

192 0.32 
133 0.22 

1.97 I 
1.89 I * 

0.41 0.50 I 
0.40 I 
0.28 I 

As shown in Table 3, the power density peaks in 
ladder 2 at a nominal power density of 2.45 MWA. By 
ladder 13 the tungsten power density has dropped to 0.22 
MWA. While the peak power density decreases by over a 
factor of 11 along the ladder structure, the bundle power 
varies by less than a factor of four, with the largest power 
bundle being in ladder 7. The tungsten volume fractions 
increase from 53% in ladder 1 to 68% in ladders 11-13, 
due to the diminished cooling requirements. 

The pressure drop from inlet to exit manifold is 0.18 
MPa (26.5 psi). This is governed by the flow needed to 
cool the ladder 2 bundles, which have the highest power 
density. Inlet orificing is used in the 12 other ladders to 
produce the required flow distribution among the ladders. 
The strainers and ladder orifices are located about 15 pipe 
diameters upstream of the bundle inlets and do not intro- 
duce a flow maldistribution. The inside diameter of the 
downcomer and riser tubes is nominally 8.89 cm (3.5 
in.). 

Analysis shows that within a ladder, the rung-to- 
rung flow maldistribution is as large as 25% for this 
downcomer and riser tube size. Flow tests were performed 
that confirm the calculations. Design changes being con- 
sidered to reduce the flow maldistribution include: in- 

creasing the downcomer and riser tube diameters; intro- 
ducing the inlet flow at the bottom of the ladder and us- 
ing flow restrictions in the inlet pipe to help balance the 
flows in the rungs; using internal baffling in the inlet pipe 
to help distribute flow; and using orificing on each rung. 
As an example, increasing the inside diameter of the 
downcomers and risers to 10.14 cm (4.0 in.) or 12.70 cm 
(5.0 in.) reduces the flow maldistribution to 17% or 6%, 
respectively. The final design choice may be a combina- 
tion of more than one of these options. 

Flow testing was performed for two ladder rung 
types: a small bundle geometry (typical of ladders 1 4 ) ,  
and a large bundle geometry (typical of ladders 9 and 10). 
These tests were unheated, and provided bundle pressure 
drop versus flow characteristics, and data on the transition 
to turbulence. Good agreement between the measured and 
predicted pressure drops was obtained. This compari- 
son, shown in Figure 3 for the small bundle geometry, 
includes the pressure drop across the tube bundle plus the 
entrance and exit support plates. The calculation model 
uses standard entrance and exit loss coefficients for the 
form losses, and a rod bundle correlation for the frictional 
pressure loss. 
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Figure 3. Comparison of calculated pressure drop 
to measurements. 

Measurements of pressure drops as a function of Rey- 
nolds number show that the transition from laminar to 
turbulent flow occurs for a Reynolds number of about 
5,000. In the plant design, the bundle Reynolds number 
for ladder 2 is above 19,000 and for all ladders it is above 
6,000. Thus, the flow is expected to be turbulent 
throughout the target assembly. 

Table 4 shows thermal-hydraulic performance data for 
the tungsten neutron source. This assessment assumes a 
clad design bonded to the tungsten rod (no thermal resis- 
tance between them). For ladders 1 through 10, bundle 
exit temperatures of 85 "C were selected for the design to 
determine mass flow rates needed. To maintain the Rey- 



I .  

Ladder 
Number 

nolds numbers above 6,000 in ladders 11 through 13, 
exit temperatures were decreased to 80 "C for ladder 11 , 
70°C for ladder 12, and 65 "C for ladder 13. Bundle 
coolant velocities range from 1.76 m/s to 5.18 m/s. 

Reynolds DNBR Minimum 
Number Subcooling on 

Rod Surface 
("C) 

For this clad design, the maximum clad surface tem- 
perature is 164 "C (ladder 7), and the maximum rod cen- 
ter temperature is 198 "C (ladder 2). The maximum duct 
wall temperature is 135 "C (ladders 1 and 2). All tem- 
peratures are well below any temperature limits imposed 
by material considerations. The minimum DNBR is 2.26 
(ladder 2), and the minimum sub-cooling at the rod sur- 
face is 18 "C (ladders 7 and 8). 

2 
3 

Table 4. Tungsten Neutron Source Thermal- 
Hydraulics Performance Data 

19100 2.26 21 
14200 2.91 24 

4 
5 

I 1  I 17300 I 2.46 I 22 I 

16400 2.56 22 
12900 3.24 25 

6 
7 
8 

12300 3.36 25 
11300 3.36 18 
10600 3.53 18 

10 
11 
12 
13 

I 8600 
7500 3.58 24 
6400 4.53 30 
7000 6.09 60 
6200 8.57 77 

I 3.25 I 23 I 

Heated subchannel and small bundle tests are ongo- 
ing to determine the best correlations for heat transfer 
coefficient and ftiction factor, and for expressions for 
DNBR, onset of significant voiding, and onset of flow 
instability. These will be implemented in the prelimi- 
nary design analyses when available. 

The impact of cladding on circumferential heat flux 
peaking will depend on the cladding process chosen. 
With bare tungsten rods, there is a 1.26 circumferential 
heat flux peaking in the highest power bundle, because of 
the interaction in a close-packed tube bundle of the flow 
and rod heat transfer characteristics. If a process is se- 
lected where a uniform bond between the clad and rod is 
formed (such as hot isostatic pressing or shrink fit), the 
circumferential heat flux peaking will be lower than for 

the bare rod case. For the slip-fit fabrication option, the 
circumferential heat flux peaking will be larger, and will 
need to be quantified experimentally. 

A detailed analysis was performed for a peak power 
density (ladder 2) rung to provide additional confidence 
in the thermal-hydraulic performance of the tungsten neu- 
tron source. In this analysis, the three-dimensional ther- 
mal-hydraulic effects were studied using a computational 
fluid dynamics tool called ESC. A one-twelfth symmetric 
section of a peak rung was modeled. For this study, a 
nominal rod diameter of 0.3 175 cm and a pitch-to- 
diameter ratio of 1.15 were chosen. Although the current 
reference design clad rods have a slightly larger diameter, 
the hydraulic results are qualitatively the same and serve 
to illustrate the flow distribution within the bundle. In a 
planar slice through the bundle, approximately 150 ele- 
ments were used to resolve each subchannel. The full 
three dimensional model comprised approximately 
80,000 elements. The model included detail of both the 
heated and unheated portions of the rod bundle, but did 
not include entrance or exit effects associated with the 
support plates. Across the heated length, both rod and 
rung housing power densities were assumed to be uni- 
form. 

Using prototypic inlet velocities and design power 
densities, the range in hlly developed velocities within 
the bundle was calculated to be 2.2 to 8.6 m/s. As ex- 
pected, the fluid tends to redistribute preferentially toward 
the perimeter of the bundle. Within a given subchannel, 
the velocities are naturally depressed near the rod or rung 
surfaces, as well as in the small gaps between rods. 
Therefore, the coolant temperatures in the small gaps tend 
to be slightly elevated. With an inlet temperature of 50 
"C and a bulk average exit temperature of 85"C, the peak 
coolant exit temperature is calculated as 101°C. The peak 
local heat flux on the rod surface is required to compute 
the DNBR. The computed peak-to-average heat flux ratio 
varies from 1.26 in an interior subchannel to 1.40 in the 
perimeter subchannels. 

Using this same basic model, the effect of pitch-to- 
diameter ratio on heat flux peaking was also investigated. 
For approximate prototypic power and flow conditions, 
the calculated ratio of peak circumferential heat flux to rod 
average heat flux varied from 1.17 (at a pitch-to-diameter 
ratio of 1.20) to 2.20 (at a pitch-to-diameter ratio of 
1.02). The results were generated for laminar (Re = 1700) 
and turbulent (Re = 17,000) flow regimes. In addition, 
turbulent flow cases were investigated with two turbu- 
lence models: a fixed turbulent viscosity model and the 
k-epsilon turbulence model. The highest heat flux peak- 
ing value of those calculated was used for each pitch-to- 
diameter ratio in design calculations. Based on these 
results, a minimum P/D of 1.15 was chosen for the peak 
ladder bundles. For the low power bundles, the mini- 



mum P/D of 1.07 can be used with more than adequate 
design margin. 

111. DECOUPLER 

The decoupler is interposed between the tungsten 
target and blanket. In effect, it fbnctions as a check valve, 
readily passing high-energy particles scattered out of the 
tungsten neutron source into the surrounding blanket 
modules, but capturing most of the low-energy neutrons 
returning from the blanket region. A major fraction of the 
total tritium production occurs in the decoupler. 

A typical decoupler region is shown in Figure 4. It 
consists of three to four rows of spaced aluminum tubes 
containing 3He, with light water coolant flowing outside 
the tubes under moderate pressure. The helium pressure 
level in the tubes is maintained at 0.90 MPa (130 psia) 
to ensure the necessary tritium production in the decou- 
pler is obtained. Because there is no lead in the decou- 
pler, powers and operating temperatures are very low. 
For example, the peak aluminum temperature in the lat- 
eral row 1 blanket (highest power density module) is 82 
"C. This temperature occurs in the module housing wall 
facing the target. The peak 3He tube temperature is only 
62 "C. 

The design requirements for the decoupler are similar 
to those for the blanket region, and are presented in the 
blanket discussion. 

,250, 1--9.607-k. 125 

\\ ,--0 3.630 

Figure 4. Detail of ladder riser, decoupler and 
lateral row 1 blanket (dimensions are in inches.) 

IV. HIGH AND LOW POWER BLANKET 

The blanket region is approximately 120 cm thick and 
350 cm high in the lateral direction, and about 50 cm 
thick above and below the target. The lead in this region 
provides an additional source of neutrons from spallation 
and (n,xn) reactions. Neutrons are moderated to low en- 

ergy by collisions in the lead and light water, and are 
captured in the 3He gas to produce tritium. The blanket 
lead is contained in cruciform-shaped aluminum tubes to 
form rods. The 3He gas is contained in blind circular 
aluminum tubes manifolded together at the top. As 
shown in Figure 5, the rods and tubes are assembled into 
aluminum housings, forming the pressure boundary for 
the light-water coolant. Ribs located on the outside of the 
cruciform rods and helium tubes maintain the alignment 
of the tubes and rods in the array and ensure coolant pas- 
sages between them do not close. Tritium produced in 
the 3He diffuses and advects upwyd to the manifold, 
where it is removed by a flow of He gas. The 3He and 
tritium mixture is continuously transported to the tritium 
separation facility located in close proximity to the tar- 
gethlanket building. 

Figure 5. Typical blanket assembly. 

Cruciform Rods 

Figure 6 provides a schematic representation of the 
blanket region. The blanket comprises several individual 
modules, the sizes and configurations of which are based 
on operational lifetimes, assembly and handling limita- 
tions, thermal-hydraulic and structural considerations, 
and safety requirements. Coolant flow to these modules 
is supplied from two sets of headers located above the 
upper shield, one for the high-power coolant system and 
one for the low-power coolant system. The diameters of 
the module-to-header pipe connections and the sizes of 
the coolant passages within each module were selected to 
produce the necessary partition of flow among the mod- 
ules within each of the two coolant loops. Each module 
contains a downflow section and an upflow section, sepa- 



rated by an aluminum wall and connected at the bottom 
by a common flow plenum. 

Decovp I er 

B 
b 
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Figure 6. Blanket row and module layout. 

Power density decreases across the blanket by more 
than a factor of 100. To accommodate this large power 
density variation and optimize tritium production, the 
volume fiactions of lead, 3He gas, aluminum, and light- 
water coolant are varied fiom module to module. This is 
accomplished by using progressively larger cruciforms 
and smaller coolant passages in lower-power modules, as 
shown in Table 5. 

Table 5. Blanket Design Parameters 

in.)* Lead 

*cruciform across-flats dimension 

YO 
Alum- 
inum 

22 
17 
18 

YO 
'He 

11 
11 
10 

System operating conditions were set by design re- 
quirements for the heat exchanger and pump. These in- 
clude a coolant inlet temperature of 50 "C, a bulk exit 
temperature of 65 "C and an exit pressure of 0.17 MPa 
(25 psia). Consistent with this operating envelope, the 
following blanket performance thermal-hydraulic design 
requirements were established for the conceptual design of 
the blanket and decoupler regions: 

0 

0 

0 

0 

DNBR > 2.0 
0 

0 

Peak aluminum temperatures < 115 "C 
Peak lead temperatures < 300 "C 
Bulk 3He temperature 4 2 7  "C 
Coolant pressure < 0.55 MPa (80 psia) 

Maximum surface temperature < (TWt - 20 "C) 
Reynolds number > 6000 (high-power blanket) 

the 3He temperature limit provides the 3He density in the 
decoupler and target regions needed to meet the tritium 
production goal. Coolant pressure is limited to allow the 
aluminum wall thickness in the module housings to be 
as thin as possible, to maximize tritium production. The 
DNBR limit of 2.0 and the subcooling margin of 20 "C 
(at component surface) were imposed to ensure single- 
phase flow in the blanket modules during normal opera- 
tion. A Reynolds number limit of 6,000 was specified 
so that flow in all high-power modules will be turbulent. 

A detailed thermal-hydraulic assessment was com- 
pleted for the decoupler and blanket modules included in 
the high-power coolant loop. For each module, a 
parametric analysis was performed, varying the coolant 
flow rate and calculating coolant pressures, and aluminum 
and lead temperatures. Once the necessary flow rate was 
determined, the sizes of the pipe connections to the high- 
power inlet and outlet headers were selected, to ensure the 
required partition of flow among the modules was ob- 
tained. An example of this process is provided below for 
the lateral decouplerhow 1 blanket module. 

The lateral row 1 blanket is 280 cm high, extending 
fiom just below the bottom of the target assembly to the 
top of the targethlanket assembly. The total power in the 
lateral row 1 blanket is about 16 MW. As shown in 
Figure 7, most of this power is deposited in the 160 cm 
elevation across from the target. Power densities through 
the lateral row 1 blanket at the peak power elevation are 
shown in Figure 8. There is a reduction in power den- 
sity of about a factor of four across this 9 cm thickness. 
These local power densities include allowances of 20% 
for calculation uncertainty and 20% for design evolution 
margin. 

Distance from Top 01 Blanket (em) 

Figure 7. Lateral row 1 axial power peaking. 

The peak aluminum temperature requirement ensures 
the aluminum retains adequate yield strength over the 
operational lifetime of the module. The peak lead tem- 
perature is limited to below its melting point. Together 
with the 3He operating pressure of 0.90 MPa (130 psia), 
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Figure 8. Lateral row 1 material power densities. 

For the lateral row 1 blanket, calculations were per- 
formed varying the module flow over a range of from 272 
kg/s to 816 kg/s. The results from this analysis are dis- 
played in Figure 9, which shows the maximum alumi- 
num temperature in the Row 1 blanket versus coolant 
pressures at the decoupler entrance and at the row 1 blan- 
ket exit. The diameters of the inlet and exit pipe con- 
nected to this module were sized at 20.3 cm (8 in.). At 
the selected module flow rate of 544 kg/s, the pressure is 
0.43 MPa (63 psia) at the decoupler entrance. The peak 
aluminum temperature is 95 "C in the row 1 blanket. 
The pressure drop calculations assume the coolant flow 
areas are reduced by a 0.005 cm (0.002 in.) oxidation 
layer buildup on all aluminum surfaces. A friction factor 
15% above smooth tube values is used to account for 
roughness and channel aspect ratio affects. The oxidation 
layer is assumed to have a thermal conductivity of 2.2 
W/m-K in the thermal analysis. The results are within 
the performance limits established for the conceptual de- 
sign of 0.55 MPa (80 psia) for the module pressure and 
1 15 "C for the peak aluminum temperature. 

Pressure (psla) 

Figure 9. Lateral row 1 blanket thermal-hydraulic 
trade study. 

Figure 10 shows the axial temperature profiles 
through the row 1 blanket. The flow direction is up 
through the module, with peak temperatures occurring at 
elevations where the tungsten target is located. 
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Figure 10. Lateral row 1 peak blanket temperatures. 

Calculations for the other high-power loop modules 
indicate similar results. The loop pressure drop to the 
futed headers is about 0.29 MPa (42 psi), and the peak 
pressure in a module is less than 0.48 MPa (70 psia). 
Peak aluminum temperatures are close to the 115 "C, and 
flows in some channels in the lower-power modules have 
Reynolds numbers slightly below 6,000. However, with 
some straightforward optimization of the design, it is 
expected that all of the thermal-hydraulic design require- 
ments established for the conceptual design will be met 
with margin. 

Critical areas where data are needed to support the 
blanket design efforts include: 

Friction factor data for the narrow passages in the 
blanket lead cr~ciform/~He tube arrays. 

Accounting for the effect of oxidation of the alumi- 
num surfaces. 

Data on the contact conductance between the lead and 
aluminum clad in the cruciform rods. 

Crossflow data in the bundle arrays. 

Experimental proprams are in dace to movide these 
data on-a schedulico&stent with ihe overall APT de- 
velopment schedule. In addition, flow testing of proto- 
typic target modules is planned to demonstrate the re- 
quired flow distribution among the modules in each of 
the two blanket coolant loops is achieved. 



V. CONCLUSIONS 

Design requirements for the conceptual design of the 
targethlanket systems were developed consistent with the 
overall APT mission goals and requirements. Analysis 
and experimental programs completed to date for the tar- 
get and blanket indicate that these requirements can be 
met with margin. A technology development program 
was established to provide the required data for design 
methods and computer code validation, and that will 
demonstrate the thermal-hydraulic performance of the tar- 
gethlanket components. During the preliminary design 
phase, it is expected the design will evolve, as data from 
the supporting experimental programs become available 
and as additional analyses are completed, including as- 
sessments of limiting design duty cycle events and ac- 
counting systematically for uncertainties in design, analy- 
sis, and operation. It is expected, however, that these 

changes will remain with the framework of the conceptual 
design described in this paper. 
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