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ABSTRACT 

In support of the Accelerator Production of Tritium 
(APT) project, safety analyses for the blanket system have 
been performed based on the conceptual design for the 
Targemlanket (TB) Facility. During mitigated event 
sequences safety engineered features, such as the residual 
heat removal (RT3R) and cavity flood systems, provide 
sufficient protection for maintaining the structural 
integrity of the blanket system and its components. 
During unmitigated (with beam shutdown only) event 
sequences, passive features such as natural circulation, 
thermal inertia, and boil-off provide significant time for 
corrective measures to be taken. 

I. INTRODUCTION 

In the initial hazard analysis (HA), it was recognized 
that during various unmitigated event sequences without a 
beam shutdown, a potential exists to release a significant 
fraction of the tungsten target inventory and some of its 
spallation products as radiological source terms. Within 
the blanket modules, lead and mercury (one of the 
spallation side products) were also considered as potential 
source terms. Due to the very low vapor pressures for 
molten lead and mercury, the blanket modules themselves 
contribute a negligible amount to the overall radiological 
consequences resulting from these unmitigated events. 
However, a loss in coolable geometry of the massive 
blanket modules (i.e.y slumping over) can have a 
detrimental impact on the cooling capability of 
neighboring target ladders. Since the tritium bearing 
helium tubes are closely distributed throughout the blanket 
modules, slumping could also rupture the helium gas 
system, resulting in the release of gaseous tritium product. 

The blanket modules are composed of lead/aluminum 
components whose current structural endurance limit is 

conservatively set to 150°C for times less than a 10k hour 
exposure and 115°C for steady-state operations. For each 
accident class, accident analyses of varying degrees of 
complexity are performed in an attempt to address all 
major branches of the event tree. Consistent with DOE 
Standards' analyses for a wide spectrum of design basis 
accidents (DBAs) and beyond DBAs (BDBAs) have been 
considered. Highlights from the safety assessment of the 
Blanket System are presented below. 

11. BACKGROUND 

The conceptual design of the APT Faci l ig  includes 
several major interacting facilities as shown in Fig. 1: a 
linear accelerator that generates a high energy proton 
beam; a T/B Facility that converts the high energy protons 
into neutrons, thermalizes the neutrons, and creates tritium 
gas; and a tritium separation facility that performs online 
cryogenic extraction of tritium from its helium carrier gas. 
This paper focuses attention exclusively on the blanket 
system and its components housed in the T/B building. 
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Fig. 1. Basic schematic of major APT facilities. 
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Figure 2 provides a schematic highlighting the 
various cooling systems associated with the overall 
blanket system. The conceptual design consists of one 
100% capacity primary heat removal (HR) loop and two 
100% capacity primary RHR loops with light water as the 
working fluid. Both RHR loops remain inactive during 
normal operation and are automatically actuated only if 
accident conditions are observed or are manually actuated 
prior to and during normal shutdown conditions. 

Fig. 2. Schematic of blanket heat removal systems. 

The primary HR and RHR coolant loops are 
connected to common fixed inlet/outlet headers that reside 
within a cavity vessel. System pressure is controlled with 
a large pressurizer connected to the inlet fixed header. 
Multiple (16) heat generating leadaluminum module units 
are also connected in parallel to these fixed headers and 
reside within the cavity vessel as shown in Fig. 3. A 
reflector zone to minimize neutron leakage that is cooled 
by a separate coolant system surrounds the low-powered 
outer blanket modules. The cavity vessel represents one 
level of confinement, while a second level of confinement 
is established within the TA3 building using a ventilation 
system exhausting through HEPA filters. 

As an ultimate heat sink for certain classes of 
accidents a cavity flood system has been provided. A 
cavity flood pool dumps light water by gravity flow into 
the cavity vessel. Upon actuation of the cavity flood 
system all T/B components are covered with subcooled 
water in less than 100 s, and by 800 s the tops of the fixed 
headers are covered. Secondary and tertiary cooling 
systems exist as shown in Fig. 2. 

An extremely reliable and diverse beam shutdown 
system with a backup shutdown capability exists. With 
detection of a trip signal, beam shutdown occurs very 
quickly with decay powers for the APT T/B facility 
dropping off rapidly and falling to much lower levels than 
observed in fission reactors. Figure 4 compares decay 

power for the APT to a Savannah River Site (SRS) 
production reactor (a heavy water reactor previously used 
for U.S. tritium production missions). 

ssel 
Wall 

Fig. 3. Facemap of targethlanket vessel components. 
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Fig. 4. HWR versus APT T/B decay power curves. 

Each module unit is composed of numerous plate- 
type components welded together longitudinally. The 
plates are massive lead/aluminum composite structures 
with large thermal inertia. As shown in Fig. 5, the main 
feature of the plate-type design is a continuous heat 
structure at the module level with discrete 1-D flow 
channels (of simple well known shapes) dispersed 
throughout the metal. For events where the cavity flood 
system is actuated, the plate-type design takes advantage 
of the low decay heat conditions, as illustrated in Fig. 4, 
by using heat conduction as a major means of heat transfer 
from the modules to the cavity space. 

There are significant power density variations within 
certain module units. For example, modules closest to the 
target ladders experience strong neutron flux fields that 
are significantly attenuated over their lateral dimensions. 
The power density variation parallel to the beam can vary 
by a factor of 5. Axial power density variations are also 
larger than typically seen in reactors (i.e., a peak-to- 
average of approximately 2.0 versus 1.2 to 1.5 in 
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reactors). Given these large power density variations 3-D 
solid heat conduction models are necessary for detailed 
modeling at the plate level. 

Fig. 5. Cross-sectional view of plate-type component. 

Numerous parallel flow paths exist throughout the 
blanket coolant systems. For each module hundreds of 
discrete flow channels are connected to common plenums. 
At high flowrates an approximately uniform flow 
distribution among the module channels exists; however, 
for fixed heat loads buoyancy assisted and opposed mixed 
convection occurs under suffrciently low flow conditions. 
A parametric study for a lateral Row-1 module at 1% of 
nominal power is shown in Fig. 6. Below 4% of nominal 
flow, flow redistribution within the module occurs. 
Above this threshold, which is a function of power level, 
simple 1-D lumping strategies are adequate, while below 
the threshold multi-dimensional effects become important. 

I I Channel Model 
at 1 % Nominal Power u ) .  
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g :  
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0 .  I 

laminar regime < 6% 
.o.040 ’ ’ ’ 2 3 4 5 6 

Percent of full llowrate 

Fig. 6. Channel flow redistribution within a module unit. 

111. DBA ASSESSMENTS 

The initial HA performed for the blanket primary HR 
system identified a host of DBAs requiring accident 
analyses. The strategy for providing blanket system DBA 
analyses relies on a separated modeling approach. The 
detailed modeling of every module and its individual sub- 
components within the blanket system is unnecessary and 
perhaps not currently achievable. For example, with the 
plate-type designs literally thousands of discrete flow 

channels exist within the blanket system. Due to the sheer 
numbers, complexity of flow paths, and geometric shapes 
of the heat structures, the blanket system has been 
subdivided into two basic analysis models: 

0 First, an integrated 1-D system model was developed 
that contains all the major components, systems, and 
heat structures deemed necessary, but makes use of 
varying degrees of lumping wherever possible. The 
integrated system model uses the TRAC code3. 
Second, the integrated 1-D system model provides 
local boundary conditions (BCs) to a more detailed 
multi-dimensional model of a single “hot” plate (see 
Fig. 5). The detailed plate model uses a version of 
the FLOWTRAN-TF code4 modified specially for 
APT applications. 

Each model is further discussed in the following two 
subsections. Representative results are presented for an 
external to the cavity vessel large break (LB) loss-of- 
coolant accident (LOCA) where mitigative actions such as 
shutting down the beam, tripping the HR pumps, and 
actuating the RHR systems are assumed. 

A. Integrated System Model 

Lumping within a given module is used to reduce 
each module to an equivalent 1-D flow passage. The most 
detailed system model would contain 16 lumped modules 
consistent with the current number of modules within the 
design. However, a balance between the level of lumping 
used to achieve reasonable simulation run t i e s  versus the 
desire for accuracy and completeness was necessary. To 
reduce computation demands, we developed a simpler 
system model based on “composite” modules with several 
of the individual modules lumped together. This model 
contains about 400 TRAC cells, including a single 
primary coolant loop, a large pressurizer, two heat 
exchangers (HXs) and pumps, and a single RHR system. 
Key efforts to simplify our model include: 

0 

A feasibility study indicated that a negligible impact 
results by omitting the helium heat structures. 
The two HXs were left separated out to address break 
location impacts, but coarse nodalization was used. 
Using symmetry and heat load arguments, various 
module units were combined together. 

The lumping strategy resulted in a total of six 
composite lumped modules that reduced computational 
requirements significantly. Current assessment studies 
suggest that these six composite lumped modules are 
adequate for most safety analysis purposes. The TRAC 
system model corresponds to the flow network presented 
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in Fig. 7 where the six composite modules are connected 
to the two fixed headers in parallel. 

RHR Pump RHR Heat Exchanger 

C 
Pressurizer 

Fixed Headers 

Inlet ' 
Plenum 

Fig. 7. Flow network showing external break locations. 

B. Detailed Plate-Type Model 

Detailed modeling of the thermalhydraulic behavior 
of a single plate was performed using the FLOWTRAN- 
TF code4. This code was developed at SRS to solve 
transient conjugate heat transfer problems associated with 
single and two-phase flow in multiple flow channels 
connected to common inlegoutlet plenums. The code 
contains constitutive relations applicable to low pressure 
and temperature two-component (air-water) flows in 
narrow channels and maps out a complete boiling curve. 
For APT blanket applications, the solid heat conduction 
module in the code was enhanced with a 2-D implicit 
finite element calculation on an unstructured mesh. An 
explicit axial heat conduction scheme using a finite 
difference formulation couples adjacent axial levels and 
allows the code to model 3-D conjugate heat transfer 
within a blanket plate of arbitrary cross-sectional design. 

Figure 8 shows 3-D and cross-sectional views of the 
finite element mesh employed. This model focuses on the 
model domain shown in Fig. 5"and contains 12 half-flow 
channels. Seven of the channels are trapezoidal shaped 
slots while the remaining five are annuli between the plate 
and the ribbed helium tubes. Twenty axial levels are used 
with 673 finite element nodes at each axial level. The 
plate is approximately 0.1 m deep, 0.025 m wide and 2.78 
m high. In Fig. 8, the vertical direction is drawn to a 
much smaller scale than in the horizontal plane. 1-D fluid 
cells using the same axial mesh as the solid and giving a 

total of 240 fluid cells represent each flow channel. Both 
the left and right faces on the model domain are in contact 
with the cavity space (under partial vacuum during normal 
operation), with the left face pointing toward the target 
ladders. 

60 65 70 75 80 85 90 95 100°C 

Fig. 8. 3-D and plan views of lateral Row-1 plate model. 

A 2 mil layer of aluminum oxide with a thermal 
conductivity of 2.16 W/m-K is assumed to be present on 
the outer surface of the plate. Also, a 1 mil air gap with a 
thermal conductivity of 0.10 W/m-K is assumed to be 
present at the aluminum cladding and lead interface. The 
air gap represents a conservative model of the contact 
resistance between the two metal regions. Transient BCs 
specifying total coolant flow, the TRAC system model 
provides inlet temperature, outlet pressure, and inlet void 
fraction. Pressure at the inlet to the coolant channels is 
also input to evaluate physical properties. The helium 
tubes are treated as adiabatic boundaries, For DBA 
analyses an adiabatic boundary condition is also applied 
to the lefthight faces of the model domain. For BDBA 
analyses surface heat transfer coefficients on these 
boundaries can be specified. 

To provide a starting point for accident calculations, 
FLOWTRAN-TF was run until steady-state conditions 
were reached under normal operating conditions. TRAC 
results provided the pre-incident conditions: inlet water 
temperature of 53"C, inlet pressure of 0.686 MPa, and 
outlet pressure of 0.584 MPa. The nominal pre-incident 
deposited power in a single lateral Row-1 plate is 61.5 
kW and the total nominal pre-incident coolant flow to the 
12 half channels around the plate is 1.49 kg/s. Figure 8 
shows the calculated temperature distribution on the 
surface of the mesh during normal operation. The 
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maximum aluminum surface temperature of 100°C occurs 
on the left face of the plate at the axial location where 
deposited power is highest. The maximum temperature in 
the lead is 113°C at the same axial location. A cross- 
sectional slice through the plate at the location of peak 
temperatures is also shown in Fig. 8. 

C. Analysis Results 

As an example of a DBA analysis, we will briefly 
discuss results from a large break LOCA with a pipe break 
in the HR system external to the cavity and near the inlet 
fixed header (location D in Fig. 7). Simulation results 
show rapid drops in temperature, pressure and flowrate 
within the flow channels in the six composite modules 
during the first 100 s of the LOCA. TRAC results show 
that pressure at the cold leg fixed header decreases to 
atmospheric pressure in 3.5 s and the hot leg pressure 
drops to below atmospheric pressure within 1 s. After a 60 
s pump coast-down, the hot leg fixed header pressure rises 
to near atmospheric pressure. Pressures in both fixed 
headers stabilize about 60 s after the accident starts. 

Figure 9 shows mass flowrates in the pressurizer 
surge line; the HR cold leg on the HXs and inlet header 
sides; and in the RHR cold leg. During the first 20 s of 
rapid depressurization, cavitation occurs at HR pump 
suctions. At the same time, the RHR check valve opens 
and RHR coolant water at 4OoC is introduced into the 
modules. As a result, fluid temperatures in the six 
modules drop quickly. By 150 s, RHR liquid flow to the 
six modules is fully established at 4% of pre-incident 
flow. Figure 9 shows that the pressurizer provides liquid 
inventory through the inlet fixed header to the blanket 
during the accident. During this LOCA, about 25% void 
fraction occurs in Row-1 modules during the first 60 s of 
the transient and a brief episode of flow reversal occurs at 
about 80 s. 

Some results from the FLOWTRAN-TF calculations 
are shown in Fig. 10 where maximum surface heat flux, 
fluid temperature, and surface (aluminum) temperature in 
flow channel 1 are plotted as functions of time. Channel 1 
is the rectangular flow channel nearest the decoupler side 
of the plate, which absorbs the largest fraction of the 
deposited power, and also has a larger fraction of the 
coolant flow. Following beam shutdown, metal surface 
temperatures in the flow channel fall well below boiling 
conditions as indicated by the local saturation temperature 
(T,,J in Fig. 10. To further illustrate safety margins, the 
maximum operating surface heat flux (+&) is compared to 
the heat fluxes predicted by correlations for the onset of 
nucleate boiling (+onb), onset of significant void formation 

and critical heat flux ($&. The closest approach of 

the operating heat flux to these limiting values typically 
occurs in flow channels 1 or 8 within 2 s of the transient. - Prz Surge Line - HR Cold Leg (Hx side) 

--o- HR Cold Leg (Header side) 
... - RHRColdLeg 

Time after break (s) 

Fig. 9. Mass flowrates during an external LBLOCA. 

Channel 1 
I 

Channel 1 
I 

l ime (s) Time (s) 

Fig. 10. Heat fluxes and temperatures during the LOCA. 

Simulations using the TRAC system model and the 
FLOWTRAN-TF detailed plate model show that the APT 
blanket modules maintain coolable geometries during this 
and other LOCA scenarios. Material design criteria are 
imposed on the maximum lead and aluminum metal 
temperatures to ensure that a coolable geometry can be 
maintained throughout the expected lifetime of each 
module. The peak metal temperature of 113°C in the lead 
plate is well below the lead melting point of 327.5"C. The 
peak aluminum temperature of 100°C is below the long- 
term temperature limit of 115°C. Since the power decay 
is steeper than the flow decay the reported maximum 
metal temperatures are essentially pre-incident values. 
Maximum temperatures are reached 1 s after the start of 
the accident when the beam trips. However, the thermal 
inertia of the solid is such that this brief time delay is 
negligible. Blanket conditions during the LOCA fall 
within all specified thermalhydraulic design criteria and 
no off-site impact to people or the environment would 
occur. The only on-site consequence would result from 
the release of contaminated cooling water. 
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IV. BEYOND DBA ASSESSMENTS 

The BDBAs considered are largely unmitigated 
except for a beam shutdown. These accident analyses 
provide insight into the inherent safety characteristics of 
the facility and also help in determining the proper safety 
classification (safety class, safety significant, or defense- 
in-depth) for structures, systems, and components (SSCs). 
For certain partially unmitigated loss-of-flow accidents 
(LOFAs) and LOCAs, bounding special purpose 
thermalhydraulic models were developed. These 
analyses quantify system behaviors that help to 
demonstrate the level of safety inherent within the APT 
facility. Three of the key models developed are discussed 
in the following subsections. 

A. Natural Circulation Capability 

The natural circulation (NC) capability of the blanket 
primary HR system is demonstrated by system response to 
a facility loss-of-power that results in the simultaneous 
loss of both the T/B primary and secondary coolant pumps 
(a LOFA with beam shutdown only). The T/B systems 
are cooled by NC assuming stagnant water on the 
secondary sides of the heat exchangers as transient heat 
sinks. The systems would ultimately dryout by boiling off 
the coolant inventories. This occurs much sooner in the 
target system than the blanket because of the differences 
in both metal and coolant masses. The target can survive 
high temperatures where thermal radiation to the blanket 
is an effective heat removal mechanism, whereas, without 
cavity flooding, the blanket cannot maintain its structural 
integrity very long after dryout. 

A transient NC model of the blanket primary HR 
system was developed to determine the duration of 
effective passive cooling of the blanket during a LOFA. 
The blanket modules are modeled using a flow network 
with three parallel legs between the inlet and outlet fixed 
headers, Fig. 11. One leg models the lateral Row-1 
modules, the second leg models the rest of the vertical 
modules, and the third leg models the horizontal modules. 
A fourth leg models the external portion of the HR system 
that contains the heat exchangers. The heat sink for this 
flow network is the fluid and metal on the shell sides of 
the heat exchangers. The shell side fluid is assumed to be 
stagnant so it continually heats up. 

The upflow and downflow sections of a module are 
modeled separately. The impact of buoyancy 
assistedopposed mixed convection flow is accounted for 
through a Rayleigh Number dependent friction 
correlation5. After 24 hr the target decay power is 
deposited in the Row-1 module decouplers, representing 

post dryout radiation heat transfer from the target. This 
results in a flow reversal in the leg containing the lateral 
Row-1 modules and consequently in the horizontal 
modules and the heat exchanger leg of the network. 
Figure 12 shows the flowrates within the network, while 
Fig. 13 shows the metal temperatures in the modules. The 
blanket modules reach the fluid saturation temperature of 
-170°C in just under 3 days. 

Balance of 
Vertical Modules 

Horizontal 
Modules 

Fig, 11. Schematic of the blanket transient NC model. 
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Fig. 12. Natural circulation flowrates during a LOFA. 
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Fig. 13. Blanket module temperatures during a LOFA. 
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B. Thermal Conduction Capability 

The plate-type design is very robust from a thermal 
perspective. For the higher-powered modules allowing 
each plate component to be in direct contact with 
neighboring cavity vessel spaces minimizes the horizontal 
conduction path lengths. For conservatism the component 
with the highest power density is considered @e., the 
downstream Row- 1 component). An evaluation model 
(EM) was developed based on several conservative 
assumptions to demonstrate the robust capability of the 
cavity flood system. This EM consists of the 3-D finite 
element plate model (conduction only) within 
FLOWTRAN-TF driven by conservative BCs for the 
cavity vessel response to flooding. In this analysis, credit 
is taken for the cavity flood system and a beam shutdown. 
For this analysis the cavity flood system becomes the 
ultimate heat sink. Figure 14 illustrates the relative 
elevations of various key cavity vessel components. 

Patm 

-4.27111 - 
Fig. 14. Vertical cross-sectional view of cavity vessel. 

Upon actuation of the cavity flood, all blanket 
modules and thermal shields are submerged under 
subcooled water in less than 100 s and by 800 s the tops 
of the fixed headers are covered. For LOFAs flywheel 
inertia extends the period of forced convective flow out 
beyond 100 s after beam shutdown. For LOCAs the initial 
pressurizer inventory replenishes the HR system for -950 
s. Dryout conditions within modules cannot occur until 
the pressurizer inventory is exhausted. 

Conservatively assuming an instantaneous loss of 
module liquid inventory at 100 s, bounding analysis 
indicates that the conductive capability of the plate-type 
modules . maintains metal temperatures below the 
structural endurance limit for reuse of components. The 

plate-type design by heat conduction alone transfers all of 
its decay heat to neighboring flooded cavity spaces. 
These analyses demonstrate the effectiveness of the cavity 
flood system's mitigative capability. Maximum metal 
temperatures based on the above EM are shown in Fig. 
15. For early times, the maximum metal temperature 
exceeds the steady-state design criteria of 115OC, but then 
drops below this limit beyond -80 hours. At no time 
during this event sequence does the maximum metal 
temperature excee4its 10k hour exposure limit of 150°C. 

150'C (1ok emsure limit) - - 9 150 

$ 140 
e 

1 1W "'61 
~ ~ ' " " " " ' ' " ' " " '  25 50 75 1w 

Time after beam shutdown (hr) 

Fig. 15. Downstream Row1 response to dryout conditions. 

C. Boil-off Time 

A conservative EM based on a lumped overall energy 
balance was used to analyze accident scenarios with 
significant coolant inventory losses, where only a beam 
shutdown occurs and no other mitigation actions are 
taken. The analysis chosen starts 950 s into an external 
LBLOCA at which point system behavior is independent 
of break location. We conservatively assume that beyond 
950 s the pressurizer inventory is depleted and external 
loop flow to and from the fixed headers has ceased. We 
also do not take credit for any water remaining within the 
loops including the fixed headers. Water inventory within 
each module is assumed to become completely isolated 
from neighboring modules. 

In the first phase of the EM an adiabatic sensible 
heat-up calculation is performed where credit is taken for 
the thermal capacitance of the metal and water within each 
blanket module and the water contained within the module 
plenums and inlevoutlet piping attached to the fixed 
headers. These calculations are performed until saturation 
conditions are reached within the heated sections of each 
module. During the second phase of the EM approach 
boil-off calculations are performed based on the latent 
heat of vaporization of water until the level of water 
remaining within each isolated module reaches the top of 
its lead/aluminum plate-type assemblage. 

Module 1, with the largest ratio of deposited power to 
mass of available cooling water, was determined to be the 
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worst case module that uncovers the quickest. Starting at 
50°C, the calculations predict that Module 1 will reach the 
saturation temperature of 114OC in approximately 4 hours. 
Once boiling occurs, the liquid level gradually drops until 
-29 hours after the initiating event when the top of the 
plate assemblage is uncovered (the lower power modules 
will take substantially longer to uncover). During the 
boiling phase, metal temperatures approximately follow 
the fluid saturation temperature. Therefore, as water is 
boiled away, the static pressures within modules drop and 
the metal temperatures slowly decrease. The estimated 
coolant liquid level and maximum aluminum metal 
temperatures within Module 1 are shown in Figs. 16 and 
17, respectively. Figure 17 shows that aluminum 
temperatures remain below the 115°C limit throughout the 
event. 

" " ; " " " ' " " " " " ' " " "  10 15 20 25 30 
Time after break (hrs) 

Fig. 16. Liquid level in Module 1 during boil-off. 
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Fig. 17. Metal temperature in Module 1 during boil-off. 

Without corrective measures, it is anticipated that 
peak metal temperatures would begin to rise and exceed 
the design criteria beyond 29 hours. However, this time 
duration is sufficiently long that it is realistic to assume 
that additional measures can be implemented, such as 
restoring the availability of either the RHR system, cavity 
flood system, or replenishing liquid coolant inventory that 
is boiled off using purification lines (initially about 0.35 
gpm would be required with demand decreasing as the 
residual deposited power decays). Beyond the EM 
calculations, preliminary FL0WTRAN-W results 

indicate that acceptable metal temperatures are maintained 
for channels partially filled with water. However, at some 
reduced liquid level the onset of a thermal excursion is 
expected to occur. 

V. CONCLUSIONS 

Based on the conceptual design for the APT blanket 
system, numerous DBA and BDBA analyses have been 
made. Even though material temperature limits are quite 
low (on the order of l5O0C), safety margins are 
maintained during all DBAs considered and for most 
BDBAs when a beam shutdown occurs along with 
actuation of either the RHR or cavity flood systems. 
Passive design features (e.g., natural circulation, thermal 
inertia, conduction paths, boil-off) significantly extend the 
time available to take corrective actions. Safety analyses 
such as those presented in this paper have a positive 
impact during the progression from the conceptual to the 
final design. The act of performing safety assessments 
early in the design phase better ensures mission and 
investment protection, as well as increased safety. 
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