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ABSTRACT

The Inter-Building Fuel Transfer Cask, referred to as the IBC, is a lead shielded cask
for transporting subassemblies between buildings on the Argonne National Laboratory-West
site near Idaho Falls, Idaho. The cask transports both newly fabricated and spent reactor
subassemblies between the Experimental Breeder Reactor-II (EBR-II), the Fuel Cycle
Facility (FCF) and the Hot Fuel Examination Facility (HFEF). The IBC will play a key
role in the Integral Fast Reactor (IFR) fuel recycling demonstration project.

The existing IBC technology, designed and fabricated in the late fifties, is outdated
and is a source of personnel exposure at ANL-W. The current IBC system requires forced
argon cooling and has extremely limited passive cooling capabilities due to existing design
features.

A conceptual redesign of the IBC has been performed. The objective of the
conceptual design was to increase the passive heat removal capabilities, reduce the
personnel radiation exposure and incorporate enhanced safety features into the design. The
heat transfer, radiation and thermal-hydraulic properties of the IBC were analytically
modelled to determine the principal factors controlling the design. The scoping studies that
were performed determined the vital physical characteristics (i.e., size, shielding, pumps,
etc.) of the IBC conceptual design.

The conceptual design for the IBC allows subassemblies with up to 800 Watts of
decay heat to be passively cooled, a significant increase over the existing system. The new
design which incorporates better passive cooling mechanisms will prevent inadvertent
damage to the subassembly during postulated loss-of-power and loss-of-flow accident
scenarios. The new design also decreases the radiation hazard to personnel by having fewer
external systems, a better shield plug design, and surfaces that are easier to decontaminate.
The control and monitoring system will also be state-of-the-art technology.

INTRODUCTION

The IBC is a shielded leak-tight container used to transfer subassemblies, control
rods, and thimbles from the EBR-II reactor building to the IFR Fuel Cycle Facility. The
subassembly transfer process is shown in Figure 1.

When a subassembly is selected for transfer, it is withdrawn from the reactor vessel
into the Fuel Unloading Machine (FUM). While the subassembly is in the FUM, it is
purged with argon gas for cooling and to remove the bulk sodium. The FUM is then sealed
and positioned above the IBC. Once the FUM is above the IBC, they are mated and a seal
is formed.

The IBC is then purged with argon gas, and the subassembly is lowered into the IBC.
The IBC is then closed and sealed. The IBC is lifted out of the pit and placed on a cart in



the reactor building equipment air-lock. After the cart is positioned below the exit hatch
of the air-lock, the IBC is lifted out and placed on a cart in the corridor of the Fuel Cycle
Facility (FCF). There is a sodium washstation in the FCF corridor, which is used to remove
residual sodium from the subassembly while it is within the IBC. Once the residual sodium
is removed, the IBC is positioned below the air-cell and opened. A cooling grapple is then
attached which maintains coolant flow through the subassembly. The subassembly is then
drawn into the air cell. Subassemblies are dismantled in the air cell and then reprocessed
in the argon cell. Reprocessed subassemblies are returned to the reactor by the reverse
process, and the IBC is returned to the storage pit in the reactor building.

The IBC must be able to perform various tasks, transfer several different types of
subassemblies, control rods, and thimbles, and function properly with the existing
equipment in both the reactor building and the Fuel Cycle Facility, while maintaining public
safety. Because of these requirements, the IBC is destined to be a large, complex, and
expensive piece of hardware. The IBC will also need to have many diverse systems to
adequately monitor all important parameters and insure personnel safety while the IBC is
in operation.

GENERAL DESIGN REQUIREMENTS

The function of the IBC is to provide a container to safely transfer reactor
subassemblies from the reactor building to the air cell in the Fuel Cycle Facility or the
argon cell in HFEF.

The functional requirements of the IBC are:

(a) to provide adequate shielding for the highly radioactive fuel and be leak-tight
to prevent the possible escape of gaseous fission products,

(b) to provide a means of removing fission-product decay heat generated within
the subassembly,

(c) to have the capability of handling several different types of subassemblies,
control rods, and thimbles (hereafter referred to as subassemblies) present in
the reactor,

(d) to integrate with the existing fuel handling systems in the subassembly transfer
process, and

(e) to have provisions for removing residual sodium from the different types of
subass'mblies.

These functional requirements are discussed in greater detail later with regard to the
design analyses and optimization studies that were performed.



IBC STRUCTURE

The structure and appearance of the proposed IBC will remain similar to the current
IBC. The proposed IBC will be cylindrical in shape and tapered at the bottom consisting
primarily of lead contained within a steel support shell. There will be more shielding in the
central region around the fuel portion of the subassemblies so the proposed IBC will appear
to bulge out in the central region compared to the existing IBC. The crane lifting structure
and support yoke will remain unchanged due to restrictions imposed on the IBC by the
existing equipment in the Fuel Cycle Facility corridor.

Argon is the preferred gas in use with EBR-II equipment, so the proposed IBC will
be cooled with argon gas. The argon will be forced upward through the subassembly and
spiral downward within circular pipes. The argon will flow almost totally within the lead
shielding in the proposed IBC except a very small amount of external flow due to the
blowers being located outside the lead shielding. The proposed design contains two blowers
each with 100% capacity, one operating while other is on standby. This way, full flow can
always be maintained if required during the transfer process. The IBC will be supplied with
power from the building power supplies and will also have a battery power supply contained
on the IBC This will insure that power will always be supplied to the IBC instrumentation,
but for redundant safety the IBC will also have adapters for building emergency power
supplies. A central control panel that contains all monitoring and instrumentation
equipment readouts has been proposed for the IBC. This central control panel will be
computer controlled and monitored to allow easy accessibility to all pertinent information
while the IBC is in operation. All external equipment on the IBC will have removable
covers to protect the equipment from any sort of paniculate contamination and damage due
to projectiles and debris.

An important requirement of the IBC is that it be leak-tight when transferring a
subassembly. Because of this, a liftable rotating shield plug was designed with dual O-ring
seals to maintain leak-tightness and reduce surface contamination. The individual systems
will be discussed in further detail later. The proposed design for the IBC is shown in Figure
2.

CONTAMINATION AND SHIELDING REQUIREMENTS

To provide adequate shielding and limit the total exposure of personnel, the IBC has
been designed to reduce the radiation dose rate at 5 cm from the surfaces to less then 1.0
mR/hr from a subassembly with a nuurimum decay heat of 1000 watts, and less then 03
mR/hr from a subassembly with a mayimuni decay heat of 500 watts.

An initial gamma shielding analysis has been completed for the conceptual redesign
of the IBC. MICROSHIELD, a shielding code from Grove Engineering, Inc. using the point
kernel method, was used for dose rate calculations.



The shielding analysis was performed to estimate the minimum amount of shielding
required to maintain reasonable and safe radiation exposure levels. The radiation dose limit
for normal operational exposure is set at 1.0 mR/hr which has been determined to be a
reasonable dose rate and as-low-as-reasonably-achievable (ALARA).

Irradiated driver subassemblies will be the most radioactive subassemblies transferred
in the IBC, therefore, shielding calculations were performed using photon spectra from
Mark-IV driver subassemblies. The photon spectra were generated with ORIGEN.
ORIGEN calculates fission product inventories within a subassembly given the initial loading
and irradiation history of the subassembly. Mark-IV ternary fuel (U-26 Pu-10 Zr) with an
average power of 822 kW, an in-core time of 933 days, and a burn-up of 722 MW-
days/tonne (18 atom percent) was used as the ORIGEN model. The photon spectra
obtained from collapsing the ORIGEN energy groups is shown in Table 1.

Table 1
Subassembly Photon Spectra

Decay Power

Cooling Time (days)

1000 Watts

36

500 Watts

117

Energy Group

030 MeV

0.63 MeV

1.10 MeV

1.55 MeV

1.99 MeV

2.38 MeV

2.75 MeV

325 MeV

Total (MeV/sec)

Photons/sec

4.61 E14

3.85 E15

7.20 E13

223 E14

9.40 E12

7.74 E12

5.96 E10

1.89 E09

3.03 E15

Photons/sec

2.27 E14

1.84 E15

3.11 E13

9.43 E12

7.26 E12

7.65 E l l

5.09 E10

1.61 E09

1.91 E15

The three locations external to the IBC where the radiation doses would be highest were
investigated: around the fuel region, directly below the subassembly, and directly above the
subassembly. See Figure 3 for details about the geometry used to model the IBC.

Several recommendations can be made for shielding the IBC. First, the fuel portion
of the subassembly must be shielded with at least 18 inches of lead or its equivalent to



reduce the dose rate to less than 1.0 mR/hr at 5 an from the surface of the IBC. The IBC
must also have at least 4 inches of lead or its equivalent below the subassembly to maintain
the radiation dose below the acceptable level. The top of the IBC must have a total of 11
inches of lead or its equivalent to provide adequate shielding for personnel. Figures 4, 5,
and 6 show these results graphically.

A calculation for the dose rate during emergency maintenance was also performed.
This was included because a rotating shield plug and a screw-in shield plug have been
proposed. The dose rate received during emergency maintenance is the radiation dose at
5 cm from the rotating shield plug. It is recommended that the rotating shield plug be at
least 9 inches of lead or its equivalent If the shield plug is 9 inches thick the dose rate
during emergency maintenance would be 21.5 mR/hr when the IBC was carrying a
subassembly with 1000 Watts decay heat and 4.7 mR/hr when the IBC was carrying a
subassembly with 500 Watts decay heat These results are shown graphically in Figure 7.
These doses are not within the normal operation dose rate requirements but are not
required to be within the limits because they are for emergencies only. Emergency
maintenance would be required only if the rotating plug failed to operate while the IBC
contained a subassembly.

The IBC has also been designed to have a minimum number and length of external
piping to maintain the radiation dose as low as reasonably achievable (ALARA).

For decontamination purposes, the IBC has been designed with the following:

(a) The IBC has smooth internal surfaces.
(b) The IBC has a minimum number of internal corners.
(c) Internal corners have a minimum radius of 025 inch.
(d) The IBC has a minimum number of sliding and grinding surfaces.
(e) The external surface of the IBC is stainless steel which has been highly

polished.
(f) Whenever possible, external structures have a cover or enclosure to minimize

surface contamination.

COOLING REQUIREMENTS FOR NORMAL OPERATION

One of the primary functions of the IBC is to remove decay heat from the stored
subassembly during transfer. The heat is transferred from the subassembly to the lead
shielding which is used as a heat sink via the circulating argon gas. A heat transfer and fluid
dynamic analysis was performed to determine the optimum operating conditions and the
amount and size of internal piping needed for the IBC. The BBC is required to remove a
minimum of 1200 watts of heat This heating load is caused by the decay heat from fission
products (1000 W) and a gas blower motor (200 W).



The heating load is first transferred to the argon gas, which is forced upward through
the subassembly at flow rates of IS cfin to 30 cfm which depends on the blower size. The
argon gas then passes through a spiral winding of stainless steel tubing inside the lead
shielding. The spiral winding, in contact with the lead, transfers the heat by conduction to
the outside of the cask; where natural convection of the air removes the heat Then the
argon gas is drawn back through the subassembly and the heat transfer cycle continues.

A conservative model for the analysis has been assumed because good heat transfer
is essential to the proper functioning of the IBC. The model is a simple cylindrical
geometry centered around the spiral piping and does not account for all the lead within the
IBC. See Figure 8 for details. Because the lead is a major heat sink and the model
accounts for only about half the volume of the lead, the analysis is very conservative. Also,
any direct conduction from the subassembly to the lead was ignored, further contributing
to the conservatism of the analysis.

The studies indicate that the main pressure drop in the system is due to the surface
of the internal stainless steel piping. Therefore, the tubing diameter is the most important
parameter for determining pressure drop through the system. The pressure drop was shown
to vary by five orders of magnitude when the pipe diameter was varied from 02 inches to
2.0 inches. It was also determined that the flow rate of the argon gas had a very small effect
on the pressure drop in the system. See Figures 9, 10, 11, and 12 for the results of the
studies. From these studies, it was determined that eight feet of stainless steel piping with
a diameter of one inch would be sufficient to cool a driver fuel subassembly with 1000 watts
fission product decay heat, assuming a minimum argon flow rate of 25 cfm. With these
requirements, the subassembly would be maintained at the temperature that it exited the
sodium reactor pool, and the average IBC temperature would rise by less than 4 degrees
Fahrenheit

The pressure drop through the cycle would be 03 psi, which is reasonable for
acquiring a pump that operates under these conditions and is of a size to be mounted on
thelBC.

COOLING REQUIREMENTS UNDER ACCIDENT CONDITIONS

A critical function of the IBC is the capability of passively cooling a subassembly with
a maximum decay heat of 500 Watts. Additionally, it is desirable to have the passive cooling
capability for a subassembly with 1000 Watts of decay heat For the purpose of this design
study, passive cooling has been defined as the ability to maintain the subassembly
temperature below the critical value of 1090°F during accident conditions. The
subassemblies must be maintained below 1090°F (maximum subassembly temperature in the
reactor) so the integrity of the subassembly can be assured.

To investigate the IBC cooling capability during an accident, the worst possible
accident condition was determined. To determine the worst possible accident, several



assumptions were made about: the location of the IBC along the transfer path, the position
of the IBC, the internal seal condition, the IBC power supply condition, and the site
emergency situation.

The location of the IBC along the transfer path was critical in determining the worst
possible accident There were several locations where the IBC could be located: before the
washstation, at the washstation, after the washstation, or near a location where the
subassembly is being placed in the IBC or removed from the IBC. If the IBC is at the
washstation there is no accident condition that poses a problem. The vapor or water being
circulated during the wash cycle provides a path for heat removal from the subassembly.
Also, if the IBC is near the beginning or end of the transfer process, there is no event that
poses a serious problem. The subassembly could be removed from the IBC within minutes
and placed into the FUM or into the air cell before reaching the critical temperature.
Other locations that can be excluded in the study are any IBC locations after the
washstation. The IBC could be flooded with water without incident if an accident occurred
because there would be no residual sodium on the subassembly or in the IBC to cause an
explosive reaction.

The physical position of the IBC was also another key factor. That is, in the event
of an accident would the IBC be maintained vertical, horizontal, or would it be tilted at
some unknown angle? The rotation of the IBC changes the method used for heat transfer
from the subassembly to the IBC. En the vertical position, the subassembly removes heat
primarily by radiation to the liner of the IBC, with some heat being transferred by
conduction to the liner and a small portion of heat being transferred by natural convection
through the normal cooling loop. In the horizontal position, the subassembly transfers heat
to the IBC liner primarily by conduction, with some heat being removed by radiation to the
liner. Natural convection within the hex can would also aid in heat removal from the fuel
rods to the hex can. If the accident left the IBC in a tilted position, the heat would be
removed by all the various methods that were described. Because it was difficult to
determine the worst position of the IBC, the percentage of heat transferred by radiation and
conduction was varied. Natural convection heat removal within the IBC was also neglected.

The condition of the internal gas seal was also important in determining the worst
case accident If the IBC were dropped from any height, it might be damaged. The
important consideration is whether the gas seal on the IBC was maintained or was upset
from the fall. Considering only heat transfer, the IBC would be maintained at a lower
temperature if the seal was broken and the argon gas escaped. This is due to two reasons.
First, air has a higher thermal conductivity than argon within the range of temperatures that
are being considered, and second, if the IBC seals were broken a chimney effect would be
created in the IBC due to the high temperature of the subassembly. This chimney effect
would aid in natural convective cooling of the subassembly, and further reduce the peak
subassembly temperature. For this study, analyses were performed assuming the seal was
maintained.
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To analyze the worst possible accident, the IBC power supply and pump operation
was considered. If the pumps are maintained functional then the IBC would continue to be
cooled as normal, so, the worst case accident would include either a multiple pump failure,
or main power supply failure along with battery power and emergency power failure. Also,
any combined failure that resulted in a loss of forced convecuve flow was considered.

Lastly, the site emergency situation was also a key consideration for safety of the
IBC. Under normal operation the IBC is monitored while transferring a subassembly, but
this might not be the case during an accident condition. If the site had to be evacuated for
any reason, the IBC would be left unattended. This is the worst possible time for an
accident to occur involving the IBC because there would be no personnel to mom'tor the
IBC and perform any corrective actions to correct cooling problems that might occur.
However, it can be argued that the only serious threat to the IBC that might occur while
unattended, is a total loss of power to the IBC. This situation would occur with a very
minute probability and can be reasonably and safely excluded from consideration.

Using the above criteria, the worst case accident assumed for this analysis was one
in which the IBC was dropped in a location prior to the washstation and lost all power to
the circulating pump while the internal argon seal was maintained.

The analyses that were performed using Radiant-5 indicate that for all fission product
decay power levels above 800 watts the maTi'mnm subassembly temperature exceeded the
critical value of 1090 degrees Fahrenheit For a decay power of 1000 watts the subassembly
temperature peaks at between 1152 and 1175 degrees Fahrenheit See Figure 13 for the
transient temperature distribution with respect to time. These values vary due to the
different percentage of heat being removed by either conduction or radiation. See Figure
14 for details of the peak temperatures with respect to heat transfer mode. Tests were also
performed using subassembly decay powers of 800 and 900 watts. These tests show the peak
temperature ranges of 1068-1086 and 111-1132 degree Fahrenheit, respectively. Figures 15
and 16 show the transient temperature distribution with respect to time for decay heats of
800 and 900 watts, respectively. The effect a one inch air gap between the hex can and liner
would have on the temperature distribution was also determined. See Figure 17 for details
of the transient temperature distribution for the one inch gap case with respect to time. The
peak fuel element temperature was found to be 1289 degrees Fahrenheit for the one inch
gap case compared to 1175 degrees Fahrenheit for the case without a gap, therefore the
design does not include gap between the subassembly and the liner.

To reiterate, the design allows passive cooling of a subassembly with up to 800 watts
of fission product decay heat.



SHIELD PLUG AND SEALS

One of the main functions of the IBC is to provide a leak-tight container for
transferring subassemblies. This is important because sodium is explosively reactive with
water, even the small amount of water vapor in the air.

The rotating shield plug would be made of lead approximately nine inches thick and
circular in shape. It would be supported on a support plate made of stainless steel that is
attached to a rotatable shaft. The shield plug support plate has an O-ring on the under side
of it to maintain a leak-tight seal with the IBC and a hole on one side of it to allow
subassemblies to pass through while it is in the open position.

The simplest method of describing the system and the components of the system is
to describe the assembly sequence. The shield plug and the shaft would first be placed in
the shield plug chamber. A steel support plate would then be placed in the chamber and
screwed to the IBC. Two sets of tapered roller bearings followed by compression recoil
springs would then be placed around the tapered shaft. The shield plug motor and the two
pneumatic drive pistons are then mounted on the steel support plate. A support block, made
of lead, is placed over the motor, pistons, and shaft, and mounted to the steel support plate.
The shield plug lifting plate is then placed over the shaft and attached to the piston heads.
A tapered roller bearing is placed over the shaft on the shield plug lifting plate and a collar
is attached to the shaft The lifting plate hold-down cover is then placed over the lifting
plate and attached to the support block. A drive belt is then placed around the motor shaft
and around the rotating shaft A housing is placed over the entire assembly and bolted to
the support block to protect and contain the assembly. Finally, the shield plug cover plate
is mounted to the IBC. This cover plate also has O-rings to maintain a second leak-tight seal
with the IBC. See Figures 18,19, and 20 for details.

If the shield plug needed to be opened, the operator would start the opening
sequence at the computer console. The computer would then activate the pneumatic driven
pistons. The pistons would lift the shield plug by raising the shield plug lifting plate. The
shield plug would be lifted until the lifting plate reached the hold-down cover. This would
signal the computer which in turn would activate the shield plug motor. This would rotate
the shield plug 180 degrees. Once this was completed, the computer would signal the
operator that the shield plug was open. A subassembly could then be placed within the IBC.
After the IBC is loaded, the computer would signal the motor to rotate back to the dosed
position. Once this was completed, the pressure would be released from the pistons. Because
of the weight of the shield plug, the shield plug would lower and form a perfect seal with
the IBC. The tapered roller bearings are each loaded with a recoil spring to insure that the
seal is maintained under pressure and to align the shaft during this axial motion. Finally, a
small screw-in shield plug is added to produce a second leak-tight seal with the IBC.

This design offers several advantages and improvements over the existing shield plug
design. First, there are no sliding or grinding surfaces. This insures that surface
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contamination will be at a minimum, the contact dose will be lower, and decontamination
will be easier. Second, the IBC will have two leak-tight seals. This is accomplished by sealing
the top plate, the screw-in shield plug, and the rotating shield plug. This double seal insures
that the IBC will be leak-tight even if one of the seals is broken for any reason. Third, the
shield plug is designed for easy access and maintenance. Finally, in the event of a system
failure while the IBC is transporting a subassembly, the shield plug is quickly accessible for
emergency maintenance with only a slightly higher dose to maintenance personnel.

CONTROLS AND MONITORING

The control and monitoring systems are important systems, however at this time only
general ideas and concepts nave been developed. Requirements for the instrumentation and
controls are known and are discussed.

The IBC must have equipment to monitor and control the subassembly temperature
and be capable of determining the greatest cladding temperature within a subassembly. The
IBC is required to have a system to adequately monitor and control the internal pressure
and flew rates within the IBC and indicate whether the values are within a safe range. The
radiation level must also be monitored to determine if there has been a cladding failure
before the subassembly is washed at the sodium washstation. The position of the cask
sealing system and the status of the IBC needs to be indicated on a control panel. The
strength and status of the building and battery power supplies to the IBC should also be
monitored.

A computer controlled central operating panel is believed to be the best method of
maintaining and insuring safe operation of the IBC. The panel could warn the operator of
any system parameter that is approaching a critical or near critical value and suggest
alternatives to reduce or eliminate the problem. Also, the information could be recorded
for future reference. Having all pertinent information output at one location is a must for
insuring the easiest and safest operation of the IBC. The computer console could also be
linked to the sodium washstation to aid in removing the excess sodium safely and effectively.

CONCLUSIONS

Argonne National Laboratory-West has two inter-building fuel transfer casks that
have become antiquated and highly contaminated from 25 years of use. This preliminary
design for a new IBC offers several advantageous features while maintaining a general
similarity to the existing IBCs. Improvements have been suggested that will eliminate the
problems of the existing IBCs while improving the safety of operating the IBC.

The proposed IBC will have more lead shielding than the existing IBCs. This is due
to reasons: the proposed IBC must be capable of carrying subassemblies with higher burn-
ups, and stricter radiation dose limits have been imposed within the Fuel Cycle Facility. The
proposed IBC also has a minimum of external piping. The piping will be internal except
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where the blower must be attached to maintain cooling flow. This will reduce the radiation
exposure by shielding the argon gas flowing in the pipes.

The existing IBCs have a mercury dump tank. In the event of a loss of flow, the
mercury would be dumped into the tank to maintain the cooling of the subassembly by
conduction. It has been determined that this dump tank would no longer be needed because
redundant blowers and power supplies have been supplied to insure that adequate flow can
be maintained. This further reduces the amount of external equipment on the IBC. External
equipment on the new IBC will be protected with equipment guards and covers to protect
the equipment from damage and contamination due to projectiles and debris.

The liftable rotating shield plug offers several advantages over the existing shield
plug. The rotating shield plug offers no surfaces to grind paniculate contamination into the
surface because there are no sliding surfaces. This significantly reduces the radiation hazard
and makes decontamination easier. Also, there are dual seals on the proposed IBC. This
insures that a leak-tight seal can be maintained and reduces the potential hazard of
releasing argon gas into the facility.

Stricter structural limits have been imposed on the new IBC Any new equipment
must be seismically tested and must be able to withstand shock or impact forces. These
forces would be equivalent to the BBC being dropped several feet onto a flat surface.
Because of these stricter guidelines, the BBC will have to be stronger and more durable then
the existing IBCs. External equipment must be protected by equipment guards as previously
mentioned and leak-tightness must be guaranteed in the event of an accident

The controlling and monitoring equipment will be improved over the existing
equipment This will be accomplished by using state-of-the-art detectors and monitors and
by maintaining a central control panel. The proposed BBC will also be computer controlled
which offers many advantages over existing equipment

The proposed design for a new BBC is a sound preliminary design but needs to be
investigated further.



Cask Positions

1. Cask in pit in reactor plant
2. Cask on cart in equipment air lock
3. Cask in sodium washstation
4. Cask in basement of fuel cycle facility

Reactor
Plant

FUM

Fuel Cycle Facility Corridor

3

///////////Zl
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Figure 1

Movement of the Interbuilding Fuel Transfer Cask between EBR-II and the Fuel Cycle Facility
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FIGURES
Doses at 5 cm from the bottom of the IBC
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Dose at 5 cm from IBC Shield Plug for Emergency Maintenance
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lead shielding is not
cylindrical around the
stainless s teel tubing.

Lead Shielding
k = 35.3 V/n*K

Stainless Steel
k = 14.9 V/n*K

Natural Convection
h.alr « 5 \J/n

T.lnfm • 293 K

T.surf » 298 K

T.OVQ *"* "^ T.surf T.lnflh

th<DR/IR)
2«p(«ik.ltod 2Kp|KRCaskwh.alr

Figure 8

Heat Transfer Diagram
Thermal Resistance Modrl
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FIGURE 9
rtessorc Drop through tbc Cooling System
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HGURE 10
Flow Rate vs. Tube Length
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FIGURE 11
Tube Diameter vs Tube Lengdi
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HGURE 12
Pressure Drop vs. Tube Diameter
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FIGURE 13
Center Element Temperature for 1000 Watts Decay Heat
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FIGURE 14
Maximum Temperatures of the Center Subassembly for 1000 W Decay Heat
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FIGURE 15
Center Element Temperature for 800W Decay Heat
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HGURE 16
Center Element Temperature for 900W Decay Heat
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FIGURE 17
1-inch Gap vs. No Gap for 1000W Decay Heat
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