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ABSTRACT

Boron Neutron Capture Therapy (BNCT) is a binary form of cancer therapy that has 1
to selectively kill cancer cells while sparing normal tissues. This can be accomplishe
selectively localizing B10 in the tumor cells and delivering thermal neutrons to the ta
B10 nucleus absorbing a thermal neutron will decay into an alpha particle and Li7 nu
an accompanying energy release of 2.79 MeV.

he potential
d by

rget. A
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An epithermal neutron beam based on a fission converter plate driven by the neutrons from the

Massachusetts Institute of Technology Research Reactor-1I (MITR-II) has been desig

ned at MIT.

A study has been conducted to provide the necessary information required for the licensing of
the MITR Fission Converter Facility by the U.S. Nuclear Regulatory Commission (NRC) and to

demonstrate the safe operation of the fission converter. The result of the study indica;

tes that the

fission converter can be safely operated. No credible accident can be identified that would result

in damage to the fuel elements.

Technical specifications for the fission converter are also included in this thesis. These

specifications constitute limitations for operation of the fission converter. These limits are based
on the information provided in the Safety Analysis Report of the MITR Fission Converter

Facility.

An analysis has been conducted to determine the cost of the fission converter. The re
analysis indicates an estimated cost of $2 million for the fission converter facility.
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Introduction

The Fission Converter Based Epithermal Neutron Beam is being designed at vVIIT for use
in Boron Neutron Capture Therapy and Epithermal Neutron Research. The objective of this
thesis is to provide a Safety Analysis Report (SAR) necessary for licensing of the MITR Fission
Converter Facility by the U.S. Nuclear Regulatory Commission (NRC) and to demonstrate the
safe operation of the fission converter. The thesis also includes the Technical Specifications and

the Cost Analysis of the Fission Converter.

The information needed to complete this thesis were provided by MIT Nucle
Engineering Graduate students and MIT Nuclear Reactor Laboratory staff. Balendra Sutharshan,
a Ph.D. candidate in Nuclear Engineering provided the design for the thermal hydraulic, shutter,
and medical therapy room. The neutronic design was contributed by Stead Kiger, a Ph.D.
candidate in Nuclear Engineering and Shuichi Sakamoto, Engineering Degree candidate in
Nuclear Engineering. Instrumentation and control design has been provided by Dr. Takahashi, a
visiting Professor from Tokyo University. Many members of the MIT Nuclear Reactor
Laboratory staff were consulted for their specific expertise. They include Prof. Harling, Dr.
Bernard, Tom Newton, Dr. L.W. Hu, Paul Menadier, Ed Block, and Dr. Gordon Kohse. Fred
McWilliams from the Radiation Protection Office has also contributed information regarding
radiation safety. And finally, Joe Burns, former MIT graduate student in Nuclear Engirleering

has provided some of the data for the cost analysis.

The thesis required gathering information from the members mentioned above jand
incorporating the necessary data into the SAR, Technical Specification, and the Cost Analysis.

To facilitate this process, I have established a Fission Converter Weekly Meeting. As the




coordinator, I identified the unresolved areas of the design and provided initial solutions to the
problems. They included instrumentation and control, cover-gas system, pre-operational tests
procedures, fuel handling procedures, all accident analyses except for thermal hydraulic items.
For the Cost Analysis, I have outlined all the components needed for the fission converter,
fabricated the timeline and procedures for construction, calculated the required man-power, and
summed up the total cost of the Fission Converter. In the meetings, these topics were discussed

and resolved. The information gathered from these meetings were incorporated into this thesis.

The thesis is subdivided into three sections. Section 1 is the Safety Analysis Report.
Section 2 is the Technical Specifications. Section 3 is the Cost Analysis Report for the Fission

Converter.



SECTION 1

SAFETY ANALYSIS REPORT
OF THE
MITR FISSION CONVERTER FACILITY
FOR
NEUTRON CAPTURE THERAPY
AND
EPITHERMAL NEUTRON RESEARCH
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1 Introduction

Boron Neutron Capture Therapy (BNCT) is a binary form of cancer therapy t‘:'lat has the
|
potential to selectively kill cancer cells while sparing normal tissues. This can be accomplished
by selectively localizing B10 in the tumor cells and delivering thermal neutrons to the target. |

Compounds such as p-boronphenylalanine (BPA) can be used to localize B10 in the tlilmor by

taking advantage of the higher metabolic rate of the tumor cells. A B10 nucleus absorbing a
thermal neutron decays into an alpha particle and Li7 nucleus with an accompanying ¢nergy
release of 2.79 MeV. ‘

Recently, BNCT trials have been conducted at Massachusetts Institute of Technology

(MIT) using the M67 beam that has an epithermal neutron flux of 2.1E+8 n/cm2s. The M67

beam was first used for BNCT Phase I clinical trials of subcutaneous melanoma of the
extremities on September 6, 1994.2 This was the first epithermal neutron irradiation u?sed for
BNCT. Brain cancer trials were initiated in 1996. Both of the phase [ trials are continiping.

The M67 beam takes approximately 2.5 hours to deliver a dose of 1000 RBE %Gy to
healthy tissue and correspondingly more to tumor. Because of the long irradiation tim?k, a new
beam capable of treating a patient in a few minutes is necessary for advanced clinical tirials and
for routine therapy.l If BNCT proves to be successful, a need for the beam will be evé:ident.

The new beam design is based on a fission converter plate driven by the neutrqE:ns from
the Massachusetts Institute of Technology Research Reactor-II (MITR-II). Neutrons f{'om the
reactor are converted to a fission spectrum by the fission converter plate. A filter is thdi!;n used to
tailor the fission spectrum to eliminate unwanted fast neutrons and photons without siginiﬁcantly

decreasing the epithermal neutrons (I1eV to 10 keV).! The cooling of the fuel will be provided

by natural convection of HpO or D20 enclosed in a double-walled tank.




The purpose of the design is to deliver approximately 2 to 10E+9 n/cmZs with specific
fast neutron and specific incident photon doses lower than 2E-11 ¢Gy cm2/epi n to minimize
non-selective dose components. The epithermal neutron flux at this amount would result in an
irradiation time of 1 to 10 minutes. !

The purpose of this report is to provide the necessary information required for the
licensing of the MITR Fission Converter Facility by the U.S. Nuclear Regulatory Commission
(NRC) and to demonstrate the safe operation of the fission converter. Technical specifications
that constitute limitations for operation are submitted to identify those features of the facility,
whether functional or operational. These technical specifications are based on the information

provided in this Safety Analysis Report of the MITR Fission Converter Facility.
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2 Fission Converter Neutronic Design

In this section, the design of the fission converter is summarized. As a part of the fission
converter study, a wide range of possible designs were considered. The results obtained by using
the calculation methods described in the following sections have been used throughout this

report. Accident analysis of the facility is covered in Sections 6 and 7.

2.1 General Description of the Fission Converter

The isometric view of the MIT Fission Converter Beam and the medical therapy room
are illustrated in Figure 2.1. The fission converter tank will be located between the reactor’s
graphite reflector and the thermal column. The fission converter plate will be centered on the
35.6 cm (14 inch window) in the graphite reflector. A cadmium curtain (Section 4.1.1) located
between the fission converter plate and the MITR-II core is used to control the neutron flux from
the MITR-II and, therefore, controls the fission converter power. To further reduce radiation
dose in the medical therapy room, additional shutters are located in the collimator region
(Section 4.1.2).

The neutrons from the reactor are converted to a fission spectrum by the fission
converter plate. A filter is then used to tailor the fission spectrum to eliminate unwanted fast
neutrons and photons without significantly decreasing epithermal neutrons (1eV to 10 keV). A
collimator then directs the epithermal neutron beam onto the patient. |

The cooling of the fuel will be provided by natural convection of HyO or D70 enclosed
in a double-walled tank.2 The double wall design will prevent coolant leakage in the event of
inner wall failure. The primary coolant will be cooled by a heat exchanger connected to the
MITR-II cooling tower through the reactor’s secondary cooling system. The thermal hydraulic

design is further discussed in Section 3.
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A new medical therapy room will be located in the MITR-II’s hohlraum location. A
heavily shielded door and a labyrinth will give access to the medical therapy room. The medical
therapy room will be adequately shielded to maintain a low radiation dose outside theiifacility.

Written instructions and detailed procedures will be prepared for the disassembly of the
original components and assembly of the new components. These instructions and prdi)cedures

will be reviewed and approved in the manner prescribed for MIT Reactor documents Qf this type.

2.2 Fuel Design

The fission converter is an array of MITR-II fuel elements in the fuel housingjassembly
located in the fission converter tank. The fission converter plate can contain up to ele\i(en MITR-
II fuel elements. These elements have experienced a wide range of successful burnups.

The fission converter is designed to use MITR-II fuel elements. Each fuel elelinent is
composed of fifteen fuel plates. The fission converter will use eleven MITR-II fuel eléments
spaced 0.159 cm apart. Because the fission converter uses the same fuel element as Mi[TR—II, the
fuel specifications given in the MITR-II SAR Section 3.3.5.2 and MITR-II Technical

Specification Section 5.2 shall apply for the fission converter.

2.3 Criticality and Power Distributions
2.3.1 Criticality Calculation for the Fission Converter

The criticality of both the fission converter and the coupled core-converter sysffem were
studied.l>3 The Monte Carlo N-Particle (MCNP) code has been used for the neutronic%studies of
the fission converter. The MNCP model of the MIT Research Reactor has been extensiively

validated in the core region and in the thermal column region where the fission convertlLer will be

located. !4



To calculate the kefr of the fission converter, criticality calculations of the fission
converter beam and core albedo model were performed using the kcode option of MCNP.! The
effective multiplication factors (keff) calculated are listed in Table 2.1. The keff calculated for
the DO cooled system are 0.268 for burned MITR-II fuel and 0.344 for fresh MITR-II fuel. For
the HpO cooled system, keff calculated values are 0.514 and 0.618 for burned and fresh MITR-II

fuel, respectively. Because the keff closest to unity is 0.618, a criticality accident is not credible.

Table 2.1 Criticality of the fission converter. The statistical uncertainty listed with

each value represents one standard deviation. Values from Reference 1.

Coolant Fuel Converter Alone
g ~3°U keff

D70 312 0.268+0.001
(Spent MITR-II fuel)

D70 510 0.344+0.001
(Fresh MITR-II fuel)

HyO 312 0.514+0.001
(Spent MITR-II fuel)

HpO 510 0.618+0.001
(Fresh MITR-II fuel)

2.3.2 Reactivity Worth of the Fission Converter

The keff values of the coupled core-converter system were calculated similarly using the
kcode option of MCNP.3 The criticality calculations to estimate the reactivity insertion caused
by the fission converter were done to study the interaction between the reactor and the fission
converter. These results are shown in Table 2.2. These calculations show that operation of the
fission converter by opening the cadmium curtain will cause a change in reactivity of

0.00035+0.00060 Ak/k for the D7O system using spent fuel and 0.00125+0.00071 Ak/k for HRO

system using fresh fuel.
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The reactivity worth of the fission converter was also calculated using the diffusion
theory code CITATION. This was done by modifying the CITATION input file for tl':xe MITR-II
model to include a simplistic model of the fission converter facility in the thermal colg_hmn region
with and without fuel. The results of these runs show the reactivity worth to be 0.000%)257
Ak/k.5 The actual reactivity worth of the fission converter will be determined during %pre-
operational testing (Section 12.3.1), but the above referenced calculations indicated thiat itis
quite small.

MITR-II Technical Specifications provide several approaches for limiting theireactivity
associated with an experimental facility. MITR-II Technical Specification 6.1 imposais limits
depending on whether the experiment is classified as moveable, non-secured, or securé:d. MITR-
II Technical Specification 6.4 imposes a limit on the allowed period for experiments ré:lated to
reactor control research. The latter approach provides more flexibility because it perm:its any
combination of reactivity given that a certain minimum period is not exceeded. Accor%dingly,
this approach is used for the fission converter. The fission converter will be exempt frbm MITR-
IT Technical Specification 6.1, instead, the reactor period limit of 50 seconds shall appiy.
Reactor controls can be used to compensate for the change in reactor power due to the ?presence

of the fission converter as long as the reactor period is longer than 50 seconds when the cadmium

curtain is being opened.



Table 2.2 Reactivity change due to opening of the cadmium curtain.
The statistical uncertainty listed with each value represents one standard
deviation.

Values from Reference 3.

Coolant Fuel Cadmium Cadmium Reactivity

Curtain Closed Curtain Opened | Insertion

g +>°U keff keff Ak/k

D70 312 1.00455+0.00048 | 1.00490+0.00036 | 0.00035+0.00060
(Spent MITR-
Il Fuel)

HyO 510 1.00417+£0.00051 | 1.00543£0.00050 | 0.00125+0.00071
(Fresh MITR-
II Fuel)

2.3.3 Fission Converter Power

The Monte Carlo N-Particle (MCNP) code has been used to calculate the fission

converter power. The calculated values are summarized in Table 2.3. As the calculations show,
the maximum power generated by the fission converter is 251 kW with MIT reactor power at 10

MW.1 At this power level, each fuel element generates an average of 22.8 kW compared to an

average power of 208 kW per fuel element in the MITR-II core.
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Table 2.3 Fission converter power calculated in the criticality run. The statistical

uncertainty listed with each value represents one standard deviation.
|
|

Values from Reference 1.

Coupled Core Converter Criticality Calculation
Coolant Fuel Fission Converter Fission Converter
Power at 5 MW Power at 10 MW
reactor power reactor power
g23°U kW kW
D20 312 81.5 163.0
(Spent MITR-II Fuel) | 0.3% 0.3%
D70 510 105.4 210.8 !
(Fresh MITR-II Fuel) | 0.2% 0.2% ?
H>O 312 83.4 166.8
(Spent MITR-II Fuel) | 0.2% 0.2%
HO 510 125.5 251.0 :
(Fresh MITR-II Fuel) | 0.2% 0.2%
2.4 Filter

The thermal neutrons from the reactor is converted to a fission spectrum by thq:
converter. A filter is then used to tailor the fission spectrum to eliminate unwanted fadit neutrons
and photons without a significantly decrease in epithermal neutrons (1eV to 10 keV). iFiltration
can be accomplished with the use of resonance scattering materials with large scatterirqig neutron
cross sections in the fast energy range, 1/v behavior in the thermal region, and a relativiely low,
flat cross section at epithermal energies.] To reduce contamination from thermal neut%ons,
thermal neutron absorbers such as Cd, 0B, or 6Li can be used. High Z material such is bismuth
or lead is used to reduce the contamination from photons.

Material selection for the filter will be made to insure that phase change can bq

prevented under normal and accident conditions. In addition, the selection will minimize

25




decomposition and accumulation of long term activities.! Adequate shielding shall be provided

to limit the radiation dose outside the target area.

2.5 Collimator

The resulting beam from the filter is collimated by a rectangular collimator that is lined
with a 15 cm thick layer of lead. In addition to positioning the epithermal neutron beam onto the

patient, the collimator serves as the location for additional shutters for the beam (Section 4.1.2).
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3 Thermal Hydraulic Design

In this section, the thermal hydraulic design of the fission converter (Refereni:e 1)is
summarized. The fission converter has been designed to accommodate either an szi ora D70
primary coolant system. The design limits of the thermal hydraulic system have beeni chosen to
provide a reasonable safety margin beyond the desired operating range. The design li?tnits also
include consideration of the consequences of credible deviations from the operating rénge.
Specifically, the limiting condition for operation is set to prevent incipient boiling of dihe primary

|
coolant. Such a conservative design assures a wide margin to the real safety limit set io prevent

critical heat flux. Accident analysis of the facility is covered in Sections 6 and 7.

3.1 General Description of the Thermal Hydraulic System
3.1.1 Design Bases
1. The system is designed to transfer 300 kW of heat from the primary to thei secondary
coolant system. |
2. The coolant pool above the fuel elements provides shielding for the ﬁssiori! converter
top and a reservoir of coolant for emergency conditions. '

3. The system is designed to act as a barrier to the escape of fission product dictivity to

either the reactor building or the secondary coolant system.

3.1.2 System Description

The MITR Fission Converter is designed to be cooled by natural convection udging either
the H2O or DO primary coolant. Natural convection was chosen over forced convect‘on after
comparison of the two systems.! The primary coolant is enclosed in a double-walled tank

(Section 3.5.1) and is cooled by a heat exchanger connected to the MITR-II cooling tower
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through the MITR-II’s secondary coolant system (Section 3.6). The schematic of the fission
converter heat removal system is shown in Figure 3.1.

The primary coolant system consists of two pumps, one or more heat exchangers, an ion
column, a make-up coolant system, a chemistry control system, cover-gas system, and associated
valves and piping. The pumps can be operated singly or in parallel. Part of the primary coolant
flow is diverted to the ion column and the chemistry control system to purify the coolant and
control water chemistry. The make-up coolant system provides a surge volume to compensate
for coolant volume changes associated with heating and cooling. A pump will be used to
maintain a flow through the clean-up loop and the heat exchanger after fission converter
shutdown to remove the decay heat.

At the top of the fission converter tank, an air tight cover-gas system is provided to
prevent radiolytic decomposition species from escaping (Section 3.5.3). During normal
operation, pressure in the converter tank is maintained at atmospheric by the cover-gas system.
Protection against overpressure of the coolant system is afforded by a 5 psig relief valve on the
helium gasholder.

The primary coolant components including pumps, heat exchanger, clean up system, and
make-up coolant system are located on top of a skid. The skid is designed to be water tight with
surrounding curbs to contain the spill water in the event of any leakage from the coolant
equipment. The skid will be located on the reactor top floor. The primary coolant system is
discussed in Section 3.5.

The secondary coolant is light water. The secondary coolant is sent to the existing
MITR-II cooling tower where it is cooled by water evaporation and air circulation. The
secondary coolant system is discussed in Section 3.6.

The computational method and the thermal hydraulic design limits are discussed in

Section 3.2 and Section 3.3 respectively.



3.2 Computational Method for Thermal Hydraulic Design

The primary computational tool for the thermal hydraulic studies was TEMPI%ZST
(Transient Energy Momentum and Pressure Equation Solution in Three dimensions). iTEMPEST
code has been developed by D.S. Trent and L.L. Eyler at the Pacific Northwest Laboréqlltories in
Battelle, Washington. TEMPEST can analyze a broad range of coupled fluid dynamigs and heat
transfer systems in complex three dimensional geometry that can be modeled using either
Cartesian or cylindrical coordinate systems. Once the fission converter power profile, the
geometry, the primary coolant inlet temperature, and the friction factors for the different regions

are provided, TEMPEST will generate the velocity, temperature, and pressure fields.

3.2.1 TEMPEST Modeling of the Fission Converter

The fission converter was modeled in the Cartesian coordinate system. The ﬁésion
converter was divided into finite cells arranged in rows, columns, and tiers in three dininensions
as shown in Figure 3.2. Each cell represents a volume of either coolant, fission converter tank,
or a fuel element.

Gravity is in the negative Z direction. There are 11 cells in X direction, 45 cells in Y
direction and 96 cells in Z direction. Cell thickness vary from 0.8 inches (2.03 cm) to 6 inches
(15.24 cm). An extra plane of cells surrounding the converter tank represents the bounﬁary
conditions (boundary condition cells are not shown in Figure 3.2).

To save computation time, each MITR-II fuel element (which is composed of ﬂifteen fuel
plates spaced 1.981 mm apart) was modeled by two TEMPEST cells in the Y coordinaﬁe as
shown in Figure 3.3. The solid cell represents the fifteen fuel plates of a fuel element, éﬁmd the
other represents the fifteen coolant flow channels of a fuel element. By representing eaich fuel
element by two TEMPEST cells, the cross sectional area dimensions are correctly repreisented.
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However, the hydraulic diameter between the actual fuel element and the TEMPEST model is

different. Adjustments for this difference is outlined below:

1. In TEMPEST, the change in pressure of the primary coolant as it passes across the

fuel element is calculated by the following equation:

N
AP= (Df ) Lp2V (Equation 3.1)

model

where AP is the pressure difference across the fuel element,
fis the friction coefficient,
Dpodel is the hydraulic diameter of the TEMPEST model,
L is the height of the fuel element,
p is the density of primary coolant,
V is the velocity of the primary coolant, and
N is a constant.
2. The actual fuel element consists of fifteen fuel plates and fifteen coolant channels.
The change in pressure of the primary coolant as it passes across the fuel plate is

given by D’Arcy’s equation:

AP = fp °D y? (Equation 3.2)

actual

where AP is the pressure change across the fuel plate,

_9L5S  9l5u
Re pVD

uctual

for finned plates in laminar flow,

f

p is density of primary coolant,
L is the height of the fuel plate,

Dgctual is the hydraulic diameter of the actual system, and
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3.

4.

5.

V is the average velocity of the primary coolant.
(see Figure 3.4 for the cross sectional view of a flow channel)
By substituting the expression for f into Equation 3.2, the following equation is

derived:

915 LYy
£ ] P (Equation 3.3)

AP =
(p chlual 2

Equation 3.3 is in the form of Equation 3.1 where

S 9l5u

2
D mod e/ p D actual

N=1
Equation 3.3 for the TEMPEST code accounts for the difference in the frii.ction
coefficient and the hydraulic diameter between the TEMPEST model andthe actual
fuel element. |

The validity of the model is discussed in Section 3.2.3.

The height of the fuel elements are modeled by eleven cells in the Z coordinate. The entrance

and exit effects are modeled by an entrance and exit cells. In the X coordinate, the fuel elements

are represented by 2 cells.

Solid cells in the TEMPEST model represent cells where no calculations are performed. The

eleven fuel elements are represented by solid cells. The heat transfer from the fuel elements to

the primary coolant have been modeled using the following steps:

1.

The heat generated by each element was calculated by MCNP (Monte Car[o N-
Particle).2 In Table 3.1, the power generation of the eleven fuel elements for

different primary coolant and MITR-II Research Reactor powers are listedf; The
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MITR-II is a S MW research reactor. However, a study is in progress to increase its
power to 10 MW. A maximum fission converter power of 251 kW is generated
using fresh fuel at a reactor power of 10 MW with HpO as the primary coolant. Asa
conservative measure, a fission converter power of 300 kW was used for the thermal
hydraulic design. In Table 3.2, MCNP calculations of individual fuel element

powers normalized to a total fission converter power of 300 kW are listed.

Table 3.1 The fission converter power using fresh fuel elements.2

Primary MITR-II Power MITR-II Power

Coolant SMW 10 MW
HyO 125.5 kW 251 kW
DO 105.4 kW 210.8 kW
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Table 3.2 The power generation rates for the eleven fuel elements from MCNP

calculations!

Fuel Element Number | Normalized Power (kW)
1 19.8
21.9
26.6
31.0
33.9
35.0
342
30.8
25.8
21.1
11 193
Total 299.4

O oo ] O] v K] W N

(=]

2. At steady-state, the heat generated by the fuel elements are transferred to the primary
coolant. In the TEMPEST model, the heat generated by each fuel elemenﬁ is
transferred directly into the adjacent primary coolant. By using this methq:’d,
computation time is reduced and accuracy is strengthened as the need for heat

transfer coefficient is avoided.

For the secondary coolant system, heat sink cells are used in the TEMPEST model. The
heat transferred from the primary to the secondary coolant system is represented by heat sink
cells located at the primary coolant inlets. The hot primary coolant from the fuel elemients rises
to the upper plenum of the fission converter tank. The primary coolant is then directed; to the

down comer region by the natural convection circulation as shown in Figure 3.5. The primary
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coolant that enters the heat sink cells is cooled to 40°C before leaving the cells. The heat sink
cells represent the fluid leaving the converter tank to be cooled by the secondary coolant system
and returned to the converter tank. The amount of primary coolant that leaves the fission
converter tank to be cooled by the secondary coolant system can be varied by altering the size of
the heat sink cells. The cooled primary fluid from the inlet (heat sink cells) and the recirculating
fluid then mix in the down comer region. The coolant than moves downward in the down comer
and is directed upward through the fuel elements. To decrease the amount of heat transfer from
the hotter fluid rising from the fuel elements and the cooler fluid in the down comer, the inner

walls of the down comer are composed of two plates of aluminum with a small gap.

3.2.2 Calculated Results of the Thermal Hydraulic System

The results of the calculations are shown in Table 3.3. The primary coolant inlet
temperature is 40°C, and the average outlet bulk temperature is 72°C. The maximum primary
coolant temperature above the hottest fuel element is 80°C.

The clad surface temperatures and the fuel center line temperatures were calculated
using the following steps:

1. The flow between the fuel plates is laminar.! Therefore, the Nusselt number, Nu, is

given as:

hD
Nu= o = 8.235 (Equation 3.4)

h is the heat transfer coefficient, & is the thermal conductivity, and D is the hydraulic
diameter. The hottest channel heat flux (g”pqy ) is 19.5 kW/m2. The maximum clad

surface (Tjqx, clad) temperature can be expressed as:

T +— (Equation 3.5)

max.clad — T;nax.ctmlmn h
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T max,coolant is the coolant exit temperature from the hottest channel. From Equations

3.4 and 3.5, the maximum clad temperature is calculated to be 880 C.

2. For the fuel center line temperature:

q x 1000

Tfuel centerline = k

+T

surface

(Equation 3.6)

Suel
thickness

kfuel = 20.957 W/m°C
thickness = 1.016E-3 m
From Equation 3.6, the fuel center line temperature from the hottest fuel plate was

calculated to be 87.6°C.

Table 3.3 Calculated Results of the Thermal Hydraulic System

Primary Coolant Inlet Temperature 40°C
Average Primary Coolant Temperature at Fuel 59°C
Element Entrance

Maximum Primary Coolant Temperature 80°C
above the Hottest Fuel Element

Primary Coolant Outlet Bulk Temperature 72°C
Maximum Clad Surface Temperature 87.55°C
Maximum Fuel Center-Line Temperature 87.6°C
Mass flow rate in the primary loop 2.24 kg/s
Mass flow rate through the eleven fuel 3.4 kgls
elements
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The results of these calculations demonstrate the conservative nature of the design. The
primary coolant temperature above the hottest fuel element is 80°C. The clad surface
temperature and the fuel center line temperature from the hottest fuel plate are 87.55°C and
87.6°C respectively which are far below the melting temperature of 649°C.4 In Figure 3.6, the
primary coolant temperature profile at the inlet and outlet of the eleven fuel elements are shown.
In Figures 3.7, the power profile and coolant velocity profile are shown. Complete calculation of
the thermal hydraulic design of the fission converter is discussed in Reference 1. Accident

analysis of the fission converter is discussed in Sections 6 and 7.

3.2.3 Validity of the Calculated Results

An alternative method was used to validate the TEMPEST results. In the alternative
method, an assumtion for the mass flow rate through the eleven MITR-II fuel elements was
made. The skin ‘friction and pressure loss (Apf) along the flow path were calculated for the
assumed flow rate. Under natural circulation, the flow is driven entirely by the buoyancy
generated by the pressure head (App). Thus, the steady state momentum equation can be reduced
to: Apf= App. The above procedure was performed until the mass flow rate for the total pressure
loss and for the buoyancy pressure head were equal. The results of the total flow rate, the
temperature difference across the fuel element, and the pressure loss in the fuel and the down
comer were listed in Table 3.4. As shown in Table 3.4, the results from the TEMPEST

calculation and the alternative method correlated reasonably well.
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Table 3.4 Comparison of the Alternative Method and TEMPEST calculation for steady state. |

Alternative Method TEMPEST

Temperature difference across 26° 25°

a fuel element

Total flow rate through eleven 2.8 kg/s 3.4 kg/s
MITR-II fuel elements

Pressure loss across the fuel 542 Pa 530 Pa!
elements ‘
Pressure loss in the down 60 Pa 58 Pa !
comer ‘

3.3 Thermal Hydraulic Design Limits

The fission converter has been designed to be safe under all reasonable conditions. In
this section, the design limits are outlined. These limits have been chosen to provide a
reasonable safe margin beyond the desired operating range. The design limits also incilude
considerations for deviations from the normal operating range. Specifically, with regards to the
thermal hydraulic limits, the operating limits are set to prevent incipient boiling on the? fuel
plates and the safety limit is set to prevent critical heat flux.

The normal operating characteristics were described in Section 3.2. The operajﬁional

limits and the safety limit are discussed in the following subsections.

3.3.1 Operational Limits

The fission converter operating power limit has been chosen to be 300 kW. This
operating limit provides a margin to set the safety system trip points, with reasonable
uncertainties, for a maximum power of 250 kW during normal operation.

The temperature of the hottest spot on the hottest fuel plate shall not reach the ci:ondition
of incipient boiling. The operating condition of the fission converter is established at vialues

sufficient to prevent the temperature in the coolant, the clad, and fuel from reaching thib limit.
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The operating limit is set by the primary coolant temperature above the hottest fuel
element. This temperature is 88°C. It is measured by a temperature probe located above the
hottest fuel elements as discussed in Section 8.1.2. Onset of nucleate boiling occurs at a clad
temperature of 106°C corresponding to the coolant temperature above the hottest fuel element of
96°C. Therefore, a margin between the operating limit and the onset of nucleate boiling is
provided. Incipient boiling always precedes the initiation of critical heat flux; thus, the
prevention of incipient boiling will assure that the Safety Limit (Section 3.3.3) will not be

exceeded.

3.3.2 Limiting Safety System Setting

Limiting safety system setting is the parameter beyond which an action by the fission
converter safety system is necessary. The limiting value is considered on the bases of whether a
particular set of conditions could lead to fuel damage. It is defined in terms of primary coolant
temperature above the hottest fuel element. It is set to prevent the onset of nucleate boiling.
Incipient boiling precedes the initiation of critical heat flux as discussed in Section 6.1 of this
report. Therefore, prevention of incipient boiling will assure that the Safety Limit (Section
3.3.3) is not exceeded. This is a conservative limit because critical heat flux does not occur until
47 minutes after the onset of nucleate boiling (Section 6.1).

If the coolant temperature suddenly increases, the cadmium curtain is capable of
reducing the thermal neutron flux from the MITR-II core to lower the fission converter power by
a factor of 100 so that the safety limit for the fission converter is not reached. Accident analysis
is discussed in Sections 6 and 7. The limiting safety system setting is the: coolant temperature
above the hottest fuel element set at 94°C. Because boiling occurs at 96°C, there is a margin

between the safety system trip point and the onset of nucleate boiling.
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3.3.3 Safety Limit

The goal of a safety limit is to assure that the structural integrity of the fuel elEments are
maintained. This will prevent fission products from being released. The MITR-II fuel element
clad is made of Aluminum-6061, which melts at the temperature of 649 0C. The Aluminum
melting point is much lower than the fuel (UALX) melting point of 1200 0C. Therefore, by
preventing melting of the aluminum clad, MITR-II fuel element disruption will not occur.
Although aluminum does not melt until approximately 649°C, it begins to soften significantly at
about 490°C; thus, this temperature is a suitable criterion for guaranteeing the structural integrity
of the fuel elements.4

The safety limit of the fission converter is set to prevent critical heat flux (CH_F ). At
CHF, the maximum clad temperature is 106°C (Section 6.1). Simple calculation showis that the
difference of about 384°C between the aluminum softening point of 490°C and the clad
temperature at CHF (106°C) could not be reached if CHF is prevented. In Section 6.1 of this
report, the condition for critical heat flux has been derived for total loss of primary codlant flow
and continuous operation of the fission converter power at 300 kW. During the first phase of the
transient, the coolant in the converter tank continues to recirculate by natural convectiQn. The
coolant temperature will begin to rise with passage of time due to continual operation Qf the
fission converter at 300 kW. When the surface clad temperature reaches 106°C, onset bf
nucleate boiling will occur on the fuel plates. Bulk recirculation of the coolant continues until
the liquid level in the fission converter drops below the top edge of the down comer walls 51
minutes into the transient. Critical heat flux is possible once the fluid level drops below the top
edge of the down comer walls. Therefore, the safety limit for the fluid level is set at the height
of the down comer wall (2.54 meters above the top edge of the fuel elements) to preveﬂt the
possibility of reaching critical heat flux.
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3.4 Decay Heat Calculations

The decay power of the fission converter was calculated using DKPOWR. DKPOWR is
a code for calculating decay power, energy, activity, and 3 +y spectra in LWR fuel using fission
pulse functions. The code was prepared by Los Alamos National Laboratory, Applied Nuclear
Science Group, Theoretical division, University of California, Los Alamos, New Mexico. The
basic DKPOWR code was prepared originally to incorporate the 1979 ANSI/ANS 5.1 decay
power standard using U.S. Department of Energy funding.

The fission converter power changes with the position of the cadmium curtain. In Figure
3.8, the decay power of the fission converter as a function of time is shown. At time zero in
Figure 3.8, the cadmium curtain is fully closed and the fission converter power drops from 300
kW to 18.4 kW. The power decays from 18.4 kW to a steady state level of 2.1 kW. The fission
converter power does not decay below 2.1 kW because the cadmium curtz;in can only absorb
99% of the neutron flux from the reactor. The neutrons that are transmitted through the
cadmium curtain will produce a constant power of 2.1 kW in the fission converter. The thermal

hydraulic system is designed to adequately remove the decay power after shutdown.

3.5 Primary Coolant System

Starting from the converter tank, the coolant entrance velocity into the outlet pipe is the
same as the coolant velocity in the upper plenum region. As a result, the suction power created
by the pump in the primary outlet pipe will not disturb the natural convection in the fission
converter. The coolant velocity in the upper plenum ranges from 0.1 to 0.13 m/s in the vertical
direction. Because the primary loop volumetric flow rate is 2.3E-03 m3/s, setting the inside
diameter to 0.17 m would result in coolant velocity of 0.1 m/s in the outlet pipe. The outlet pipe
leads into the tube side of the heat exchanger. This is a single pass, counterflow unit. The outlet
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lines of the heat exchanger form a single 1.5 inch (3.81 cm) I.D. line that splits into two pipes to
enter the suction sides of the two parallel single stage pumps. The outlet lines from each pump
join to form a single 1.5 inch (3.81 cm) I.D. line. The coolant than enters each side of the fission
converter tank as shown in Figure 3.1. The inlet flow enters the fission converter tank in the
down comer region where the coolant flows downward. The fluid is then directed upwards

through the fuel elements and finally is drawn through the outlet line.

3.5.1 Fission Converter Tank

The primary coolant is enclosed in a double-walled tank. Figure 3.9 illustrates the
fission converter tank design. The inner tank is 1 inch (2.54 cm) in thickness except for the front
plate (nearest to the reactor core) which is % inch (1.905 cm). The outer tank is Y inch (0.635
cm) in thickness. There is a % inch (0.635 cm) gap between the inner and outer layers.

Calculations were performed using ADINA, a finite element computer program used for
displacement and stress analysis.3 The design of the inner layer of the fission converter tank
shall comply with Section IV of the ASME Boiler & Pressure Vessel Code. The innerétank will

be pressure tested at a minimum of 100% over maximum normal operating pressure.

3.5.2 Fission Converter Fuel Housing Grid Design

All structures are designed conservatively with respect to stresses such that they are well
below fatigue cycling limits. Deflection under load is also designed to be small relativt; to all
required clearances. The fuel housing grid is designed within the ASME code stresses, and
deflections will be limited to 0.015 inches (0.0381 cm) at the working load of 1100 Ib. K4889 N)
uniformly distributed. Cycling and fatigue limits will not be exceeded because of the low

operating stresses and long cycling periods.



Fuel restraint is based on a closed-packed of the fuel elements in a sturdy casing with
fixed upper and lower grid plates with side walls as shown in Figure 3.9. The fuel elements are
held down by gravity and the maximum hydraulic lift created by the coolant is negligible.] The

results of the calculations of the hydraulic lift are listed in Table 3.5.

Table 3.5 Fuel Restraint Calculation Results

Fuel Element Downward Force 29.89 N

Maximum Hydraulic Lift Generated 2.13N

3.5.3 Cover-Gas System
At the top of the fission converter tank, an air tight cover-gas system is provided to
prevent radiolytic decomposition species from escaping. All free surfaces of heavy water system
are blanketed with helium which is supplied from a common gasholder. The helium blanket
performs three functions:
1. Prevent air with entrained moisture from entering the system and coming in contact
with the D70, and degrading it;
2. Inhibit the corrosive effect resulting from nitrous oxide formation from air in the
presence of high radiation fields;

3. Provide an inert nonradioactive atmosphere.

Helium from a high pressure manifold is supplied through two reducing stations to a

constant pressure gasholder. From there, helium is supplied to all free surfaces in the primary

coolant system. There are alarms for high and low gasholder levels. If the pressure builds up
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despite the large volume available, steam will be vented into the MITR-II stack through the 5
psig rupture disc on the gasholder.

As indicated in MITR Technical S;\>eciﬁcation 3.3, flammable concentration of Dy is
achieved at 6.87 volume percent at a temperature of 200°C. The maximum temperature in the
helium system will be less than 200°C under all foreseeable circumstances. Disassociation of
the heavy water in the fission converter should be considerably less than in the MIT Research
Reactor where the D70 is subject to a higher fast neutron flux. As discussed in MITR Technical
Specification 3.3, experiments were conducted at 2 MW reactor power with the recombiner shut
off for varying times up to 2-1/2 hours to measure D7 concentrations. The largest concentration
of D7 during these experiments was found to be 1.448%. Extrapolation of this data from 2 MW
to 250 kW fission converter power indicates that the rate of D70 dissociation is insignificant.

Continuous operation of the fission converter without a recombiner is considéred

acceptable because of the reasons given above. The quarterly frequency for performing D7

analysis are also based on the rationale presented above.

3.5.4 Clean-Up System

A portion of the primary coolant from the heat exchanger flows through an ion column
inlet filter, a mixed bed ion exchanger, and an ion exchanger outlet filter. The puriﬁed coolant
then flows to the suction side of the pumps to join the rest of the primary coolant to be pumped
back into the converter tank. The clean-up loop is located downstream from the heat exchanger
to maintain a low coolant temperature sufficient enough to protect the temperature sensitive
resin.

Two conductivity cells (one at the inlet and one at the outlet of the clean-up lojop) are

used to monitor the conductance of the primary coolant flowing through the clean-up loop.
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There is also an on-line temperature monitor system for the inlet and the outlet line of the clean-

up loop.

3.5.5 Make-Up Coolant System

The purpose of the make-up coolant system is to provide a surge volume to compensate
for coolant volume changes associated with heating and cooling. If DO primary coolant is
used, the make-up system will also serve as a storage tank for the D20 primary coolant in the
event that the fission converter tank needs to be emptied. The storage fank fluid level is checked
once a week.

The coolant level in the fission converter tank is monitored by a redundant system
(Section 8.1.3). If the fluid level in the converter tank is below a preset level, a make-up water
will be provided by opening the manual valve that connects the make-up water tank to the

primary coolant system.

3.5.6 Coolant and Cover-Gas Sampling

In order to monitor the physical characteristics of the primary coolant, sampling loops
have been installed on the primary coolant flow system and the helium cover-gas system.

The purpose of the primary coolant sampling system is to permit access for sampling at
any time from the primary loop during operation. A primary water analysis is taken monthly for
gross beta activity. For the D7O system, tritium content is determined quarterly and is routinely
sampled for isotropic purity.

A pH meter can be installed as part of the sampling station for the primary coolant.

A helium sample analysis is taken quarterly for the following purposes:

1. To obtain an argon spectrum to check for air contamination,
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2. To determine D7 or H concentration by means of a combustible gas indicator, and

3. To measure tritium concentrations (for D70 system).

3.6 Secondary Coolant System

The secondary HO coolant system contains the pump, piping, and valves. The
secondary HpO coolant from the MITR-II Research Reactor is also used for the ﬁssioh
converter. Cool secondary HyO is drawn from the basins of the MITR-II cooling towers outside
the reactor containment. It combines into a single pipe which penetrates thé reactor’s
. containment shell leading into the equipment room. The flow is then separated to provide
secondary coolant to the MITR-II and the fission converter. The pump provides flow fo the shell
sides of the fission converter heat exchanger. The exit flow from the fission converter heat
exchanger combines with the exit flow from the MITR-II Research Reactor heat exchangers to
form a single exit pipe. This exit pipe penetrates out of the containment shell and returns to the
cooling towers. Return flow to the cooling towers can be directed either to the cooling tower
basin or to the spray top of the cooling towers either directly or through booster pumps. Forced
air convection up through the cooling towers removes the heat from the secondary Hg@ by
evaporation to the atmosphere.

Because the fission converter uses the existing MITR-II secondary coolant, m()nitoring
and maintenance specifications from the MITR-II SAR are applicable to the fission converter.
For specification of the MITR-II secondary coolant system, refer to the MITR-1I SAR Section
9.1.

A study has been conducted to calculate the impact of the fission converter on the
MITR-II secondary system.! The reactor was designed for 6 MW with normal operation at 5

MW. The addition of 300 kW to the reactor’s secondary system was calculated to be negligible.
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3.7 Material Selection
Material selection shall be based on:
1. structural requirements,

2. nuclear properties,

W

availability, and

4. cost.

All materials, including those of the converter tank, in contact with primary coolant,
shall be aluminum alloys, stainless steel, or other materials that are chemically compatible with
H»O and D70 coolant, except for small non-corrosive components such as gaskets, filters, and
valve diaphragms. The converter tank shall be designed in accordance with the ASME Boiler &
Pressure Vessel Code Section IV. Bulk shielding for the medical therapy room will be made of
conventional materials. The cadmium curtain is composed of 0.0508 cm cadmium sandwiched
between 0.635 cm aluminum on each side (Section 4.1.1). The water shutter may contain 1%
10B by weight (Section 4.1.2.1). Lead and plastic are used for the mechanical shutter (Section

4.12.2).
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Figure 3.1 Schematic diagram of the fission converter heat removal system.
Figure from Reference 1.
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Figure 3.2 Fission Converter Finite Difference Cell Structure
Figure from Reference 1.
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FIGURE 3.6: Core Inlet and Oulet Temperatures
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4 Fission Converter Shutter and
Medical Therapy Room Design

4.1 General Description of the Shutter Design

The shutters for the fission converter provide several functions. The cadmium curtain
located between the reactor core and the fission converter plate controls the neutron flux to the
converter and, therefore, controls the power. Additional shutters in the collimator reduce the
radiation dose to the medical personnel working in the medical therapy room. The shutters are
also used to provide the correct irradiation dose to the patient. The shutters for the fission
converter consist of a cadmium curtain (Section 4.1.1), a water shutter in the collimator (Section
4.1.2.1), and a mechanical shutter at the end of the collimator (Section 4.1.2.2). The MCNP
(Monte Carlo N-Particle) code was used for the shutter design. See Reference 1 for a complete

report.

4.1.1 Cadmium Curtain

The cadmium curtain located between the reactor core and the fission converter reduces
thermal neutrons incident on the fission converter to less than 1%.2 Figures 4.1 and 4.2 show the
fission converter power, epithermal neutron flux at the patient position, and fast neutron dose at
the patient position as a function of cadmium curtain height above the fuel centerline. The
cadmium curtain is composed of a 0.0508 cm layer of cadmium sandwiched between two 0.635
cm layers of aluminum.

Two stainless steel cables, attached at the top corners of the cadmium curtain, are used to
raise and lower the curtain by an electric motor. The control system is designed to give adequate
cadmium curtain movement in both speed and distance. This design provides a smooth and

stable control of the fission converter power. The control system contains the following features:
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redundant drive in-limit, redundant drive out-limits, constant or variable speed drive, automatic
control of the cadmium curtain, and automatic rundown provisions. The drive in-limit and drive
out-limit circuits are used to stop the motor and prevent the cadmium curtain from being driven
beyond its physical limitations.

Limit switches are used to inform the operator of the curtain’s position, indicatir;g it to
be fully closed or fully opened. In the event of cadmium curtain failure to fully close, the reactor
operator can lower reactor power or scram the reactor to shutdown the fission converter.

The maximum speed for opening the cadmium curtain will be limited by the reactor
period. Reactor controls can be used to compensate for the change in reactor power due to the
presence of the fission converter given the reactor period is longer than 50 seconds (Section
2.3.2).

The time for the cadmium curtain to be fully closed from a fully opened position will be

measured as part of the pre-operational testing (Section 12), and at least annually thereafter to

ensure proper functioning. Normal closing time shall be less than 30 seconds.

4.1.2 Collimator Shutter Design
Shutters in the collimator are needed to ensure the safety of personnel working in the
medical therapy room. A two-part shutter design will be used: a water shutter (Section 4.1.2.1)

and a fast acting mechanical shutter (Section 4.1.2.2) at the end of the collimator.

4.1.2.1 Water Shutter

The water shutter located in the collimator provides good neutron and gamma
attenuation and does not, or only marginally, reduces the collimator efficiency when the shutter
is in the open position. Figure 4.3 illustrates the water shutter design. To increase neutron

attenuation, 1% of the fluid may consist of 10B.
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At the start of the irradiation, the water shutter is full and the upper storage tank (located
on top of the thermal column or the medical therapy room) holds enough water to refill the water
shutter. To open the water shutter, water is emptied by de-energizing a solenoid valve, which
allows the water to drain by gravity into the lower storage water tank (located in the MITR
basement equipment room). To close the water shutter, a solenoid valve between the upper
storage tank and the water shutter is de-energized. Water from the upper storage tank drains by
gravity into the water shutter. In the event of an electrical failure, the upper solenoid valve
automatically de-energizes and fills the water shutter. Manual control of the solenoid valves will
also be provided. A pump is used to refill the upper storage tank with water from the lower
storage tank. However, in the event of pump failure, the reservoir water in the upper storage
tank can refill the water shutter. Figure 4.3 illustrates the hydraulic system of the watér shutter.
Conductivity probes will be used to inform the operator (at the medical control panel) of the
water shutter position, fully closed or fully open. When the water shutter is emptied, the tank
may be filled with helium to reduce the production of Ar*l. The time frame necessary for the
water shutter tank to fully close and fully open will be initially checked as part of the pre-
operational testing and tested at least annually thereafter to ensure proper functioning. Normal

opening and closing time shall be less than 120 seconds.

4.1.2.2 Mechanical Shutter

A fast acting mechanical shutter composed of lead and hydrogenous material such as
polyethylene is located at the end of the collimator to provide shielding from gamma radiation
and fast neutrons. The mechanical shutter is operated by a pneumatic or hydraulic cylinder. The
shutter closes automatically when pressure is loss and in the event of electrical failure. Manual
control will also be provided. Limit switches are used to inform the operator (at the medical
control panel) of the mechanical shutter position, fully closed or fully opened.
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The time frame required for the mechanical shutter to fully close and fully open will be
initially checked as part of the pre-operational testing, and tested at least annually thereafter to

ensure proper functioning. Normal opening and closing time shall be less than 4 seconds.

4.2 Shutter Controls

Controls for the fission converter shutters are located inside the medical therapy room,
outside at the medical control panel, and in the reactor control room. The controls at the medical
control panel consist of open and close buttons with appropriate position indicators for each
shutter. All of these control buttons are activated by means of a key switch. When the key is
removed, these controls cannot be used. In addition to the above items, there is a reactor scram
button located at the medical control panel. The controls inside the medical therapy room
consist of “close” buttons for the cadmium, water, and mechanical shutters. The shutters cannot
be opened from inside the medical therapy room. The reactor control room is supplied with
“fully closed” indicator lights for the cadmium, water, and mechanical shutters. The cadmium
curtain can also be closed from the reactor control room.

The irradiation time for patient treatment with the fission converter beam is less than 5
minutes. Because of the short treatment time, the fission converter shutters will be controlled by
an automatic timing system coupled with a provision for manual control of the shutters at
anytime. The water and the mechanical shutters can also be closed manually from a location
adjacent to the medical control panel. Because of the manual closing capability, the system is

considered adequate and, therefore, is not part of the emergency power system.
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4.3 Medical Therapy Room Design

The new medical therapy room for the ﬁss.ion converter based epithermal neutron beam
will be located in the MITR-II’s hohlraum area (Figure 2.1). Medical therapy room shielding is
discussed in Section 9.3. Curved pipe ducts to prevent radiation streaming will be provided for

the necessary connections and cable runs from the medical therapy room to the control centers.

4.4 Medical Therapy Room Door

Access to the therapy room is provided by a motor driven sliding door. During
irradiation, the shielded door at the entrance to the therapy room is closed. This door is motor
driven and is normally controlled by push buttons stationed inside and outside the door, and at
the medical control panel. In an emergency, the drive mechanism can be disconnected from
either side of the door, the door can then be operated by hand. Lamps on the medical control
panel and in the reactor control room signal the position of the shielded door. An interlock shall
prevent opening of the shutters that control beam delivery unless the medical therapy room’s
shielded door is closed. Furthermore, the shutters shall also close automatically when the door
opens. If required by a particular experiment, this interlock may be bypassed for runs at low
fission converter power or when adequate shielding can be provided to allow personnel to work
in the area without radiation hazard. In all cases, sufficient warning is afforded by the radiation
warning lamp outside the door.

The medical control panel receives indications of high radiation levels and the
positioning of the door. The same signals are received and indicated in the reactor control room.
Thus, anyone entering into this area would be observed by two separate control centers;
Communications exist between both of these centers and the medical therapy room. The

shielded door can be locked when the facility is not in use.
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Figure 4.1 Fission converter power and epithermal neutron flux at the patient position as a function of

cadmium curtain height. From Reference 2.
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5 Fission Converter Component Handling

Handling of the fuel elements or irradiated fission converter components requires careful
administrative control as well as special purpose equipment to provide safe manipulation of
these components. The procedures and handling equipment are designed to limit exposure of
personnel to radiation and to prevent excessive heating of the fuel plates. Handling procedures
of these components are described in the following sections. Should a need arise for handling of
any other fission converter components, (such as structural components of the fission converter)
special procedures, including a step by step check sheet will be established. The check sheet will
be approved by the Director of Reactor Operations or his designate, and by the Reactor Radiation

Protection Officer prior to the actual handling process.

5.1 Fuel Element Handling

During normal refueling, depleted or partially depleted fuel elements may be removed
from the fission converter and stored in one of the MITR-II fuel storage areas (MITR-II SAR
Section 9.4.1.1). Partly depleted fuel elements may be moved from one fuel position to another
or removed from the converter fuel housing. New or spent fuel elements may be inserted into
the converter. The main problems associated with handling spent fuel handling are shielding
fission gamma rays and preventing excessive heating of the fuel plates. A shielded transfer cask
provides the necessary shielding for movements and temporary storage.

A study was conducted to calculate the fuel plate temperature during fuel handling
procedure.! The following assumptions were made: 1) heat transfer by radiation alone 2) fuel
element is removed from the converter tank immediately after steady state operation at 300 kW.

The maximum clad temperature was calculated to be 348°C which is well below aluminum-6061
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softening temperature of 460°C. Therefore, radiation heat transfer alone is sufficient to prevent
fuel damage.

Any transfer of irradiated fuel out of the converter tank will be made by lifting the fuel
element through the upper grid plate of the fuel housing into the specially adapted fuel transfer
cask (Section 5.2). The fuel transfer cask will be positioned on the access hole of the converter
lid. Prior to positioning the transfer cask over the access hole, an adequate shielding will be
provided between the transfer cask and the water in the converter tank. After the fuel element is
fully lifted into the transfet; cask, the shutter in the cask bottom is closed. The cask is then
transferred by crane to the spent fuel storage pool in the basement where it is positioned over the
discharge funnel. The bottom shutter is then opened and the fuel element is lowered into the

pool and placed in one of the cadmium lined boxes in the storage pool.

5.1.1 Tritium Production Rate

For the primary DO system, a study has been conducted to calculate the radiation dose
to personnel during refueling procedures.1 Data from MITR-II heavy water reflector tank was
used to estimate the tritium production rate. Adjustments have been made to correct for the
differences in the neutron flux and the operating schedule between the MITR-II and the fission
converter. MCNP calculation was also performed and compared to the corrected data from the
MITR-II heavy water reflector tank.2 The results in Table 5.1 indicate a strong agreement

between the MITR-II data and the MCNP calculation.
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Table 5.1 Tritium Production Rate for the D20 Coolant (Assuming fission converter operation

at
81.5 kW for 608 hrs/yr)1,2
Production Rate
From empirical MITR-II Heavy Water 1.8E-04 Ci/kg yr
Reflector Tank Data
From MCNP Calculation 1.47E-04 Ci/kg yr

To calculate the heavy water evaporation rate, the following assumptions were used:

1. fission converter operate at 81.5 kW for 608 hrs/yr

2. average temperature of the primary coolant is 57°C

3. reactor containment dry bulb temperature is 27°C

4. relative humidity is 50%

5. fission converter lid opens for 2.5 hours
The dose to personnel during refueling was also calculated. The calculation was based on a the
following assumptions:

I. equilibrium activity (after 150 years of operation) of tritium is 3.1 mCi/kg

2. saturation of air

3. breathing rate of 20 liter/min
The result of the calculation for 2.5 hours of exposure was 639 mRem to the personnel. The
results of the activity released during a 2.5 hour refueling procedure as a function of years

between refueling are listed in Table 5.2.
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Table 5.2 Activity Released during a 2.5 hour refueling procedure as a

function of years between refueling. !

Years in Operation Activity Released
Between Refueling (Gi)

0.004

0.007

0.011

0.014

0.018

0.022

0.025

0.029

0.033

0.036

0.040

0.043

0.047

rq Ry ey g = -1 K- ENT RS N RVY BEN EORY N )

0.051

5.2 Fuel Element Transfer Cask

The cask for transferring spent fuel is a steel weldment, filled with lead for shielding and
equipped with a bottom shutter. The cavity has a diameter of 6.5” and a length of 40” above the
shutter, so that its capacity is a single fuel element. It is normally used only in the containment
building. The same fuel element transfer cask used for the MITR-II (MITR-II SAR Section

9.4.1.1.6) will be used for the fission converter.

5.3 Fuel Element Storage .

Because the fuel element for the fission converter is the same as the MITR-II, the same

storage areas will be used as described in MITR-II SAR Section 9.4.1.1.
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5.4 Fuel Element Transfer

Refueling operations for the fission converter are scheduled by the operations
superintendent, based on the following fuel burnup, experiment requirements, and scheduled
power operation. Records of fuel element transfer will be entered in the reactor log book. The

refueling preparation and fuel element transfer procedures for the MIT Research Reactor will be

utilized. These steps are outlined in Section 9.4.1.3 of the MITR-II SAR.

5.5 Cadmium Curtain Handling
Two types of cadmium curtain handling operation are anticipated:
1. Maintenance and repair of the vertical drive mechanism,

2. Maintenance of the cadmium curtain due for structural failures.

Each of these operations will be briefly described below.

5.5.1 Maintenance of the Cadmium Curtain Vertical Drive Mechanism

To gain access to the drive mechanism, the shielding blocks above the drive mechanism
will be removed with the crane. Radiation levels will be checked. However no high radiation
levels are anticipated during this operation. A detailed checksheet prescribing the procedures in

chronological order and the necessary tools will be available.

5.5.2 Maintenance of the Cadmium Curtain

The first part of this procedure is identical with the procedure for maintenance of the
vertical drive mechanism. After gaining access to the vertical drive mechanism, it is decoupled
from the frame holding the cadmium curtain. Depending on the radiation level, the cadmium
curtain can be lifted and transferred unshielded to the spent fuel storage pool. The residual

70



activity will be allowed to decay in the storage pool. Reinstalling the cadmium curtain is
essentially the same process in reverse order. Again, a detailed checksheet will be available for
this procedure. A member of the radiation protection office will be present to monitor radiation

levels throughout the operation.
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6 Safety Analysis - Facility

The design of the fission converter has been made with emphasis on safety and
effectiveness of operation. In this section, various accident conditions are considered and the
inherent safety of the design is analyze'd. These results are used to establish certain operation
limits such as the response times of the safety system. The results of these analysis indicate the

conservative nature of the design. The safety analyses is base on calculations from Reference 1.

6.1 Transient Analysis

The objective of the transient analysis is to ensure that there exists an adequate safety
margin in the design and operation of the fission converter. Consideration has been given to all
possible types of accident scenarios including loss of the primary and secondary coolant flow

and fission converter tank failure.

6.1.1 Loss of Primary Coolant Flow

The primary coolant system of the fission converter consists of two pumps operating in
parallel. Loss of pump power due to an electrical system failure is a credible occurrence.
Therefore, a study was conducted to calculate the fuel plate temperature for simultaneous double
pump failure. A conservative calculation has been made by assuming: 1) instantaneous loss of
flow rate 2) no heat loss out of the converter tank.

Figure 6.1 illustrates the five phases of the transient. In phase 1 (Figure 6.1a), the
coolant in the converter tank continues to recirculate by natural convection. The coolant
temperature will begin to increase with time due to continual operation of the fission converter at
300 kW. When the surface clad temperature reaches boiling, onset of nucleate boiling will occur

on the fuel plates. This is illustrated in Figure 6.1b as phase 2. Bulk recirculation of the coolant
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continues until the liquid level drops below the top edge of the down comer walls (Phase 3).
Figure 6.1c illustrates phase 3 (no bulk recirculation flow). In phase 4, the liquid level drops
below the top edge of the fuel elements. The fission heat is extracted by the vapor produced by
the liquid below (Figure 6.1d). In phase 5, the liquid level drops below the bottom edge of the
fuel elements and vapor is no longer generated (Figure 6.1¢). Therefore, the heat from the fuel is
transferred by air circulation and by the radiation heat transferred to the surrounding structures.
The computational method used for thermal hydraulic design, TEMPEST (Section 3.2),
was also used for phase 1 calculation. As in the steady state, the power is inputted directly into
the primary coolant. This is a conservative approach compared to the actual transient where the
energy produced by the fuel is used to raise the internal energy (temperature) of the primary
coolant. It is also used to raise the internal energy of the fuel. In this approach, the energy used
to raise the fuel’s internal energy is neglected. After obtaining the temperature and mass flow
rate through the fuel elements using TEMPEST, the fuel clad temperature was calculated by
hand. The heat transfer coefficient between the coolant and the finned surface of the fuel plates
is calculated using the following Dittus-Boelter equation:
h= (—S—J x 0.023Re*® Pr%* (Equation 6.1)
h
where A = heat transfer coefficient

k; = liquid thermal conductivity

Dy, = hydraulic diameter.

Re = Reynolds number

Pr = Prandtl number
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In phase 2, onset of nucleate boiling (ONB) occurs. The surface clad temperature at the
ONB is calculated using the Davis and Anderson correlation, with constant (c=12.5) found by

experiments on finned fuel plates. |

. 12
1 2.5q " UT sat ! «
———-———) (Equation 6.2)

Tyons = T = |: heki (o - p,
where Ty onp = Wall temperature required for nucleation Oc)

T4t = Saturation Temperature

T*g4¢ = Coolant saturation absolute temperature (K)

q" = Heat Flux

o = Stefan-Boltzmann Constant

hfg = Enthalpy of vaporization

k; = Liquid thermal conductivity

piI = Density of liquid

py = Density of Vapor

Then the coolant bulk temperature can be calculated using the following equation:

q" .
Tons = Thons = n (Equation 6.3)

where Ty, onvB = Wall temperature at ONB
T, oNB = Coolant bulk temperature at ONB
g " = Heat Flux

h = Heat transfer coefficient

The TEMPEST code can only perform single phase calculations, therefore, calculations were
terminated after the coolant in the fission converter reached the Tp oy temperature. [n phase
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2, the coolant is assumed to be at the saturation temperature of 106 0C. The clad surface

temperature (7, np) during the nucleate boiling is calculated using the following equations:

Ty —Tow = -qh_ (Equation 6.4)

where A is an overall heat transfer coefficient which is calculated by using Chen’s correlation:
h=hyp + h, (Equation 6.5)
where h)p = Nucleate boiling heat transfer coefficient
h, = Convective heat transfer coefficient.
For the following Ditter-Boelter correlation, only convection to the liquid has been considered.

An empirical factor was used for the vapor contribution.

038
G(l-x)D k,
h, = 0.023 SA-x)D, Pr)f R (Equation 6.6)
H D,
where the factor F is given by,
1
F=1 For — < 0.1 (Equation 6.7)
X,
F'=235(0713+-1—)0'736 For --1—>01 (Equation 6.8)
. - XII Xll . q .
with,
1 £ )% 5 05 u 0l
—_ = = L v ;
X, (l n x) (p..) (#,) (Equation 6.9)

where G = Mass flux
x = Vapor quality
Dy, = Equivalent heated diameter

4 = Saturated liquid viscosity

My = Saturated vapor viscosity
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ks = Saturated liquid conductivity.

The nucleate boiling heat transfer coefficient, g, has the same form as the Forster-Zuber

correlation, but contains a factor S to suppress it during low-quality flow.

K0.79c0.45p0.49
By = S(0.00122)[ e ]AY}Z;“AR.S‘,’S (Equation 6.10)
ag

024
R P
with,

1
L17
G(1 —x)D,.) 2

4

S =

(Equation 6.11)
1+253x 10'6(

The mass flux calculated by TEMPEST was used for the above calculations. The equilibrium
quality x is calculated at the exit of the hottest fuel element using the following equation;
0

mh ”

X = (Equation 6.12)

where Q = Total heat transfer rate

m = Mass flux

hfg = Enthalpy of vaporization

The above equations are applicable if the critical heat flux (CHF) is not reached.
Therefore, CHF calculated for phase 2 and 3 are compared with the operating heat flux to
determine if CHF can ever reached. The correlation proposed by Y.Sudo and M.Kaminaga was
used to calculate the CHF in phase 2 and phase 3.1 Equation 6.13 is applicable in phase 2 where
bulk recirculation exists (Figure 6.1b), Equation 6.14 is applicable for phase 3 where there exists

no bulk recirculation (Figure 6.1c).
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+0.611

Genr = 0.005G (Equation 6.13)

. /4
9enr = 0-7Ai /4 PRy (Equation 6.14)
o (1+op 1 20"
with,
"= G (Equation 6.15)
JAeo, (o - p,)
Qenr = Je (Equation 6.16)
hjg Jlgpg(‘)l - pg)
and
112
A= [—-—E-——) (Equation 6.17)
(o -P)E '

The critical heat flux and operating heat flux are presented in the Table 6.1. The results of the
calculations indicate that CHF will not be reached during phase 1 and 2. However, CHF may be

reached during phase 3.

Table 6.1 Operating hear flux and critical heat flux

Operating Power Operating Heat Flux Critical Heat Flux
(kW) (kW/m2) (kW/m2)
Phase | 300 18.4 484 + 160
Phase 2 300 18.4 484 + 160
Phase 3 300 18.4 25+8.25
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As the coolant continues to boil, the coolant level in the fission converter tank will drop.
To determine the time required for the coolant to drop below the top edge of the down comer
walls, a conservative assumption of no vapor condensation was used. Using this assumption, the
time requirement was calculated to be 51 minutes. This region is classified as phase 3. The
fission converter system may experience CHF because the operating heat flow of 18.4 kW/m?2 is
within the CHF calculation of 25+8.25 kW/mZ2,

In Figure 6.2, maximum clad surface temperature as a function of time for loss of
coolant flow is shown. As illustrated in the figure, the maximum clad surface temperature of
106°C is maintained until 51 minutes into the transient before CHF may be reached. Therefore,
there is sufficient time for safety intervention such as closing the cadmium curtain or shutting

down the reactor.

6.1.2 Loss of Secondary Coolant Flow

If the secondary coolant flow is lost while the converter continues to operate, the
primary coolant inlet temperature will begin to rise. For this analysis, it was assumed that there
was instantaneous loss of secondary flow and that no heat was lost from the converter tank.
With these assumptions, there would be no change in the primary inlet and outlet temperatures.
Therefore, the analysis for lost of primary coolant flow (Section 6.1.1) is also valid for this

situation.

6.1.3 Fission Converter Tank Failure

The fission converter uses a double walled tank. The double wall design will prevent
coolant leakage in the event of inner wall failure. The inner tank is | inch (2.54 cm) in thickness
except for the front plate which is % inch (1.905 cm). The outer tank is %4 inch (0.635 cm) in
thickness. There is a Y inch (0.635 cm) gap between the inner and outer layers.
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In the event of simultaneous double wall failure, the converter tank fluid level safety
system (Section 8.1.3) will initiate an automatic fission converter shutdown by lowering the
cadmium curtain. The complete loss of coolant requires a simultaneous massive rupture at the
bottom of both the inner and outer tanks. This is a very unlikely scenario because there is no
penetration of the tanks below the inlet pipes which are located near the top of the tank. The
structures around the tank is made of heavy concrete and graphite. No sharp protruding object is
identified near the tank. The primary safeguard against fuel overheating, due to this extreme

failure, is radiation heat loss.

The following assumpti;)ns are made to perform the analysis for total loss of coolant:

1. Steady state power of 300 kW,

2. The coolant in the converter tank is completely emptied in 120 seconds and the
fission converter is shutdown within this time. This is a conservative assumption
since no credible scenario can be identified that can drain the converter tank in less
than the time needed to fully close the cadmium curtain or scram the reactor,

3. The decay heat is either lost to outside structures by radiation heat transfer or used to
increase the internal energy of the fuel and its clad,

4. q; (see Figure 6.3) is assumed to be zero because the fuel plates resistance for
radiation heat transfer is much higher in the Y direction compared to the resistance
in the X direction. This assumption leads to a uniform temperature distribution in

the Y direction,
5. The heat transfer along the plate (X direction) is by conduction,

6. The average temperature of the surrounding structure is 150 0C.
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Since the temperature in the Y direction is assumed to be uniform, one fuel plate with average
heat generation rate has been used to model the fuel elements. The model of a fuel plate is
depicted in Figure 6.3. The temperature of the fuel plate T(x,?) is given by the following partial

differential equation:

ZACHINNi(€:

,t) m

where p = Density of fuel plate
C p= Specific heat at constant pressure

k = Thermal conductivity
q"" = Average heat generation rate in a single fuel plate

T(x,?) = Fuel plate temperature

The following boundary conditions are:

dl(x=0,1)

1. &
121

0

2. Tx=at}=Ty()

with the initial condition of T{x,r=0) = 106 0C.

The average heat generation rate in a single fuel plate is obtained by dividing total decay
power by the total number of fuel plates. The g, is related to the end plate temperature, Tp(2),
by the following equation:

q/'= F,o(T," - (150 +273)")
Here F|7 is a radiation transfer factor between the end plates and the surrounding heavy

concrete.
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The maximum clad temperature as a function of time for the cadmium curtain to fully
close is shown in Figure 6.4. As indicated, the maximum clad temperature of 348°C is well
below aluminum-6061 softening temperature of 460 0C. Therefore, fuel integrity is maintained.

This demonstrates the conservative nature of the fission converter design.

6.2 The Fission Converter Automatic Shutdown System

The fission converter is equipped with multiple automatic shutdown circuits which are
discussed in Section 8.1. Each circuit can lower the cadmium curtain. The automatic shutdown
circuit will also close the water shutter and mechanical shutter in the collimator.

The position of the shutters are monitored at the medical control panel and in the reactor
control room. In the event of cadmium curtain failure, the reactor operator can reduce reactor

power or scram the reactor.

6.3 Accident Analysis

In the following subsections, various accident conditions are analyzed. The results of

these analyses indicate the conservative nature of the design.

6.3.1 Loss of Primary Coolant Flow

For the conservative assumption of instantaneous failure of both primary pumps with
total loss of primary flow, boiling does not occur for 3.5 minutes during continuous operation of
the fission converter at 300 kW (Section 6.1.1). In the event the operator fails to implement
safety measures, an increase in primary coolant temperature will activate the primary coolant
temperature safety system (Section 8.1.2) before any fuel damage can occur. The safety limit
(critical heat flux) may be reached 51 minutes into the transient with continuous operation at 300
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kW. Therefore, there is sufficient time for safety intervention in the event of cadmium curtain

failure by reducing reactor power.

6.3.2 Pipe Breakage in the Primary Coolant System

The primary coolant system (including pumps, heat exchanger, clean-up loop, pipes) is
located on the reactor’s top floor above the fission converter tank. Therefore, a siphon effect can
not be generated by a major leak or pipe break in the primary coolant system. The pool of water
above the fuel element will eliminate the decay heat once the cadmium curtain is closed or the

reactor is shutdown, without threatening the integrity of the fuel.

6.3.3 Fission Converter Tank Failure

The fission converter tank is a double wall design. A break in the inner tank will not
cause loss of coolant and therefore, does not jeopardizes the safety of the system or the patient.
In the event of a simultaneous double wall failure, a decrease in fluid level will activate the
converter tank fluid level safety system (Section 8.1.3) to shutdown the fission converter. As
discussed in Section 6.1.3, even a massive simultaneous double wall failure below the fuel

elements will not disrupt fuel integrity.

6.3.4 Loss of Secondary Coolant System

For the conservative assumption of instantaneous loss of secondary flow, boiling does
not occur for 3.5 minutes during continuous operation of the fission converter at 300 kW
(Section 6.1.1). In the event the operator fails to implement safety measures, an increase in
primary coolant temperature will activate the primary coolant temperature safety system (Section

8.1.2) before any fuel damage can occur. The safety limit (critical heat flux) may be reached 51



minutes into the transient with continuous operation at 300 kW. Therefore, there is sufficient

time for safety intervention in the event of cadmium curtain failure by reducing reactor power.

6.3.5 Spillage of Primary Coolant

Precautions to preserve the heavy water inventory in the unlikely event of a major breach
in the primary coolant system have been taken in the fission converter design. Two scenarios of
possible coolant leakage in the fission converter will is discussed. First, if the breach occurs in
any of the fission converter components (pumps, heat exchanger, clean-up loop, make-up water
tank), the coolant would collect on the floor of the water tight skid. Conductivity probes on the
skid will signal the presence of a leak at the medical control panel and in the reactor control
room. Second, in the event of a major breach of the fission converter tank, the heavy water
would be contained in the thermal column and drained through the pipe tunnel to the MITR-II
basement utility room. A sump is installed at the low point of the equipment room floor from
which the coolant can be recollected. A leak detector in the pipe tunnel and the sump will set of
an alarm in the reactor control room (MITR-II SAR Section 4.4). A seal around the filter will

prevent any heavy water leakage into the medical therapy room.

6.3.6 Cadmium Curtain Failure

The position of the cadmium curtain is monitored from the reactor control room and the
medical control panel. The safety limit (critical heat flux) may not be reached until 51 minutes
with total loss of primary coolant flow and continuous operation of the fission converter at 300
kW. Therefore, there is sufficient time for safety intervention in the event of cadmium curtain

failure by reducing reactor power.
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6.3.7 Fire or Explosion

Fire alarm boxes are located in the reactor building in the basement setup area, the
equipment room, and on the main floor. Portable carbon dioxide fire extinguishers are available
at several locations.

Fire or mechanical damage to one or more adjacent electronic panels could possibly
result in partial loss of the safety system (i.e., loss of all period amplifiers). However, such
damage would most likely cause a loss of power. If the cadmium curtain cannot be lowered
because of fire or mechanical damage, the reactor shutdown will be used as a back-up. If the
damage extends into the reactor system, the loss of power will scram the reactor.

The use of a potentially explosive material is restricted as stated in MITR-II SAR

Section 10.4.

6.3.8 Seismology

In MITR-II SAR Section 2.5, seismology study of the Cambridge area has been
conducted. The Cambridge area lies in the Boston Basin which has been relatively free of
earthquakes in recorded times. [t is impossible to state that an earthquake will not occur in the
Cambridge area and that it will not damage the fission converter facility. However, in view of
the past seismology records and the conservative design of the fission converter (Section 6.1.3),
it is unlikely that an earthquake damage poses any hazard. Furthermore, reactor shutdown is

expected to occur in the event of a significant earthquake and therefore, would also shutdown the

fission converter.

6.3.9 Lightning
As far as lightning is concerned, MITR-II Research Reactor containment shell is
grounded to a heavy copper conductor buried below the natural water table. Lightning arrestors
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are attached to the ventilation exhaust stack, and are grounded to the buried copper conductor.
Consequently, lightning is not expected to directly affect the facility. However, an electrical
power outage may occur. During an electrical power outage, the reactor is automatically

scrammed and, thus, would shutdown the fission converter.

6.3.10 Loss of Electric Power

Loss of electrical power will scram the reactor. The water and the mechanical shutters
are designed to automatically close in the event of power failure (Section 4.1.2.1 and 4.1.2.2
respectively). Emergency power is supplied by MITR-II as specified in MITR-II SAR Section
8.2. Emergency power for at least 1.5 hours will be provided for the following equipment and
instruments:

1. medical therapy room radiation monitor,

2. intercom between the medical therapy room and the medical control panel area,

3. emergency lighting of the medical therapy room and the medical control panel area.

6.4 Fuel Self Protecting
To provide fuel self protection, the fission converter will be operated to maintain

>100R/hr one meter from the fuel elements.

6.5 Design Based Accident

The fission converter is located inside the MIT Research Reactor Containment Building
and uses MITR-II fuel elements. The proposed design based accidents for both the fission
converter and MITR-II are coolant blockage. Accordingly, analysis for the design based
accident for MITR-II is also applicable to the fission converter. The summary of the MITR-II
design based accident analysis is discussed in Section 6.5.1.
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A review of the primary coolant flow system indicates that a flow blockage in a fuel
element is very unlikely. The coolant flows from the pool, above the converter tank, through
small diameter tubes in the heat exchanger, and then through the pumps before entering the
converter to flow up through the fuel elements. Any foreign material that might start to circulate
in the system must be small enough to pass through the heat exchanger tubes before reaching the
fuel elements. Therefore, the object would be too small to cause a significant flow blockage.

The possibility of blockage can occur if a foreign object falls to the bottom of the tank
during refueling. When the pumps are started, the flow would pick up this object and block the
entrance of the fuel element coolant channel. In order for this to happen, the object would have
to fall through the fuel housing matrix when a fuel element is removed. The size of the opening
of the fuel housing matrix would restrict the dimension of the object to that of the fuel element or
smaller. If the material is small enough to enter the triangular entrance in the element nozzle, it
might possibly reduce the flow by more than a factor of three in a maximum of five coolant
channels. Since the fuel plates on the outer regions of the flow blockage will be cooled from one
side, the only fuel melting that might occur would be on the inner four fuel plates. To prevent
foreign material from failing into the tank, continuous visual observation during the refueling
procedure is provided.

Experiences with fuel plate melting both at the Material Testing Reactor (MTR) and at
the Oak Ridge Research Reactor have shown that fuel plate melting due to flow blockage does
not propagate beyond the affected flow channels. Although the nearby plates were discolored,

cooling by the unaffected channels was sufficient to prevent propagation of the melting.2,3

6.5.1 Summary of the MITR-II Design Based Accident Analysis
A study has been conducted to calculate the maximum radiation dose to an individual
located at the exclusion area boundary of the reactor during the first two hours of MITR-II’s
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Design Based Accident.4 The design based accident for MITR-II is postulated to be a coolant
flow blockage in the hottest channel of the center fuel element. This will lead to an overheating
of four fuel plates maximum. It is conservatively assumed that the entire active portions of all
four plates will melt completely to release their inventory of fission products to the coolant
water.

Escape of fission products to the containment 'due to fuel melting is restricted by the pool
of water above the fuel elements. The following approaches were used for the design based
accident to evaluate the major release pathways to the exclusion area:

1. An analysis of the reactor system was made to determine the fission product released

from the containment shell. The dose frorﬁ the leakage was calculated using a
standard Guassian diffusion model and local meteorological data,

2. A determination of gamma radiation reaching the boundary area by direct

penetration of the containment shell was made from standard shielding calculations.
A Compton scattering model was developed and applied to photons scattering from
air (skyshine) and from the steel containment roof.

3. A check for radiation streaming was conducted for the truck airlock which is the

largest containment penetration.

For the MITR-II accident analysis, the fission products in the fuel at the time of the
accident are assumed to be in equilibrium at steady state reactor power of 5 MW. This is a
conservative assumption for the fission converter for the following reasons. First, the fission
converter operates at a maximum power of 251 kW. At this power level, each fuel element
generates 22.8 kW, compared to 208 kW per fuel element for the MITR-II core. Second,

irradiation time for treating a patient with the fission converter beam is less than 5 minutes.
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Given this short operating cycle, most of the important fission products, including 1131, will not
reach saturation.

The calculated results for the MITR-II design based accident are given in Figure 6.5. A
summary of the estimated doses are listed in Table 6.2. Even with the conservative assumptions,
the estimated maximum dose to an individual located at the exclusion area during the first two
hours of the MITR-II design basis accident would be 5.95E-01 rad to the whole body and 1.18E-
01 rad to the thyroid. Because the fission converter operates at <10% of the MITR-II’s power
density and has a much lower capacity factor, the dose is expected to be considerably lower.
According to 10 CFR 100, the limits are 25 rem to the whole body or 300 rem to the thyroid.
Based on the results of the analysis, it can be concluded that the reactor containment shell meets

this requirement.

Table 6.2 Estimated Doses from all Modes of Radiation Release

during a MITR-II Design Based Accident.4

Component of the Dose Dose
(rad)
8m 2lm
Whole body:
Containment Leakage 2.66E-02 2.66E-02
Steel Dome Penetration 3.49E-03 2.71E-02
Shadow Shield Penetration 4.33E-02 2.05E-02
Air Scattering 1.14E-01 1.47E-01
Steel Scattering 1.92E-01 3.73E-01
Total 3.79E-01 5.95E-01
Thyroid:
Containment Leakage 1.18E-01 1.18E-01
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Figure 6.1

Phase 1: Single-Phase Liquid Flow Regime
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The Maximum Clad Temperature During Simultaneous
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7 Safety Analysis - Patient

The design of the fission converter has been made with emphasis on safety of the facility
as well as safety to the patient and medical personnel. Safety analysis for the facility was
discussed in Section 6. In this section, the safety analysis for the patient and the personnel are

discussed.

7.1 Redundant Mechanism for Beam Shutoff

In order to provide adequate termination of the medical beam at any time, the buttons for
closing the fission converter shutters are located in the medical therapy room and at the medical
control panel. In addition, reactor control room is equipped with cadmium curtain closure
button. It shall also be possible to initiate a minor scram of the reactor from the medical control
panel. In the event that the medical facility minor scram is inoperable, the reactor control room

scram can be used via communication.

7.2 Shutter Failure
The positions of the cadmium curtain, water shutter, and the mechanical shutter are
monitored from the medical control panel and in the reactor control room. Furthermore, the
radiation level in the medical therapy room is continuously monitored. Hence, any shutter
failure will be promptly detected and the radiation level in the medical therapy room known.
The MITR-II Emergency Plan covers the fission converter facility. The various possible
recovery tasks including safe evacuation of the patient are discussed in the MITR-1I Emergency

Plan.
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7.3 Physical Safety

In order to prevent any injury to the patient, all equipment able of causing harm will be
held firmly in place by a mechanical device or by gravity. The restraining forces will be
substantially greater than those created during any credible malfunction. The patient will be

secured to the therapy bed during the treatment period to prevent a fall.

7.4 Patient Monitoring System

It shall be possible to observe the patient by two independent means: 1) two closed circuit
TV cameras with different power sources, or 2) one closed circuit TV camera and a viewing port.
Both methods of patient visualization shall be operable at the outset of any patient irradiation.
Adequate lighting to permit such viewing shall be assured with the provision of emergency
lighting. There will also be an intercom system between the therapy room, the medical control

panel, and the reactor control room.

7.5 Access to the Medical Therapy Room

As discussed in Section 4.4, access to the therapy room is provided by a shielded door.
This door is motor driven and is normally controlled by push buttons stationed just inside and
outside of the door and at the medical control panel. In an emergency, the door can be hand

operated by disconnecting the drive mechanism from either side of the door.
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8 Instrumentation and Electrical System

Instrumentation and control (1&C) of the fission converter system are vital to ensure
consistency in safe operations. The controls and monitoring of the fission converter will be
located at the medical control panel. Redundant safety monitoring and controls are located in the
reactor control room. The fission converter monitoring system is made up of three types of
channels: neutronic, thermal hydraulic, and auxiliary. To ensure that safety is paramount, the
[&C system must be reliable, redundant, and fast acting.

The fission converter instrumentation and controls are completely independent from the

MITR-II instrumentation and controls.

8.1 Protective Systems

The protection system includes all channels which initiate the fission converter
automatic shutdown system and/or activate engineering safeguards. The function of the
protection system is to close the cadmium curtain in the event of abnormal functioning by any
essential component of the fission converter. The protective system also closes the water shutter
and mechanical shutter in the collimator. The position of the shutters are monitored by the
medical control panel and the reactor control room. In the event of cadmium curtain failure, the
reactor operator can reduce reactor power or scram the reactor.

The fission converter automatic shutdown system is made up of two types of channels:
nuclear and thermal hydraulic. In addition, the fission converter protective system includes
channels which actuate engineering safeguards. These are individually discussed below.

All electronics and wiring for the safety system with the exception of detectors and

connecting wiring are located at the medical control panel. Redundant safety monitoring and
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controls are located in the reactor control room where there is an operator present at all times
during reactor operation.

The abnormal and accident circumstances which are considered possible include
reduction or loss of electrical power, fire, and electrical or mechanical damage to parts of the

protective system. The possible effects of these abnormal conditions are discussed in Section 6.

8.1.1 Nuclear Safety System

The nuclear safety system monitors the fission converter power by sensing the thermal
neutron flux at several locations. In the event the converter power exceeds the operating limit,
the nuclear safety system must shutdown the fission converter by closing the cadmium curtain.
At least one independent power level channels must be in operation before the fission converter
can be started up or operated. Each neutron detector has an independent D.C. power supply.
Each level channel consists of a thermal neutron detector, located near the outer edge of the
converter tank, which supplies a neutron flux level signal to a automatic shutdown amplifier.

In addition to the neutron detectors for the fission converter, the nuclear safety system of
the MITR-II monitors the reactor power and its rate of change (MITR-II SAR Section 7.1.1). In
the event either of these parameters exceeds operating limits, the nuclear safety system will
shutdown the reactor by inserting the control blades before the integrity of the fuel clad is
compromised. Subsequently, the nuclear safety system described above is a redundant system to
prevent fission converter power excursion. Startup check of the protective system prior to

operation of the fission converter ensures prompt detection of any abnormal situation.
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8.1.2 Primary Coolant Temperature Safety System

To prevent the safety limit (Section 3.3.3) of the fission convert from being reached, the
primary coolant temperature above the hottest fuel element (which will be determined during
pre-operational test in Section 12 of this report) will be monitored by a redundant on-line system.
The coolant temperature is converted into an electrical signal that will open the automatic
shutdown network when the limiting safety system setting is exceeded (Section 3.3.2). As
discussed in Section 6.1, the safety limit (critical heat flux) does not occur until 47 minutes after
the onset of nucleate boiling. Therefore, there is adequate time for the safety system to
shutdown the fission converter before a threat to fuel integrity occurs.

At least one independent temperature channel must be in operation before the fission
converter can be started up or operated. Startup check of the protective system prior to operation

of the fission converter ensures prompt detection of any abnormal situation.

8.1.3 Converter Tank Fluid Level Safety System

In normal operation, the fluid level in the converter tank is monitored by redundant on-
line detectors. A decrease of fluid level is sensed by a submerged conductive probe. When the
fluid level falls below a preset limit, the fluid level safety system will open the fission converter
automatic shutdown circuit.

At least one independent fluid level channel must be in operation before the fission
converter can be started up or operated. Startup check of the protective system prior to operation

of the fission converter ensures prompt detection of any abnormal situation.

8.2 Medical Therapy Room Radiation Monitor
The basis radiation monitoring equipment consists of an ionization chamber mounted at
one corner of the therapy room. This survey meter is simultaneously displayed in the reactor
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control room and at the medical control panel. The detector automatically switches to the
emergency power system during electrical power loss. Radiation level inside the medical
therapy room is recorded continuously in the reactor control room.

In an event radiation level exceeds the preset limit in the therapy room, the following
indications will be given:

1. awarning lamp at the medical control panel and in the reactor control room,

2. an radiation sign outside the shielded door,

3. an audible signal in the therapy room which may be muted if patients find it

objectionable.

8.3 Medical Beam Monitoring System

The purpose of the beam monitors and associated readout systems is to assure that the
desired dose is delivered during irradiation. Beams used for neutron capture therapy are
comprised of mixed radiation fields which include slow, epithermal, and fast neutrons, as well as
gamma rays. By using multiple detectors and independent signal processing modules, sudden
failure of a particular detector, a cable, or a nuclear electronics module will not cause a total loss
of the monitoring system. |

The current beam monitoring system used in the M67 medical beam has been designed
by O.K. Harling and D.J. Moulin.1-2 It has been investigated for the use in the new higher
intensity fission converter beam by H. Takahashi.3 It was concluded that no major modification

is needed for the current beam monitoring system to be used for the fission converter beam.
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8.3.1 Medical Beam Monitor Calibration

The beam monitoring system will be calibrated annually against an experimental
characterization of the beam using a realistic phantom.4 The beam monitoring output readings
and the in-phantom measurements of fast neutrons, total gamma-ray dose rates, and thermal
neutrons are made at the same time. These measurements are used for accurate cross

calibrations.

8.4 Tests and Surveillance

To ensure that all systems operate properly and all indicators are kept accurate, a test and
surveillance system is used. The surveillance consists of routine calibrations as specified in
Table 8.1. Startup checks are specified in Tables 8.2. The startup checks listed in Table 8.2 and
the interlocks listed in Table 8.3 will be tested or checked (and adjusted if required) at least
monthly in any month the facility is in used. In the event of a hiatus in the scheduled
performance of any given surveillance, that surveillance shall be performed prior to operation of

the fission converter during the interval in question.
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Table 8.1 Routine Surveillance Tests

Test Frequency Specification
. Neutron level channels Annual Detector circuits and plateau
calibration characteristics normal
2. Safety channel response Annual < 1.0 min

and time for the cadmium
curtain to fully close

3. Primary coolant Annual +2°C
temperature above the
hottest fuel element and
recorder calibration

4. Medical therapy room Quarterly Normal
radiation monitor source
check

5. Manual operation of Semi-annually Normal
medical therapy shielded
door

Table 8.2 Startup Checks

Function Surveillance
1. Neutron level channels fission converter automatic shutdown test
2. Primary coolant temperature above the fission converter automatic shutdown test
hottest fuel element
3. Converter tank fluid level operation test
4. Medical therapy room radiation monitor level set and trip point test
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Table 8.3

The following interlocks or channels shall be tested at least monthly and prior to

treatment of human patients if the interlock or channel has been repaired or

deenergized.

Interlock or Channel

Surveillance

Medical therapy facility minor scram

Reactor scram test

Shutters will not open unless shield door is
closed

Operation test

Shutters close upon both manual and automatic
opening of shield door

Operation test

Shutters close on loss of electrical power and
reduction of pressure in pneumatic or hydraulic
operators, if applicable

Operation test

Shutters can be closed manually from within
the facility

Operation test

Shutter status lights

Operation test

Radiation monitor alarm

Operation test

Radiation monitor and/or alarm enabled upon
opening of shield door

Operation test

Intercoms

Operation test

8.5 Calibration of Safety Channels

Each safety channel is calibrated periodically to establish the relationship between its

reading or trip point and the value of the parameter associated with its protective function. The

parameters involved are fission converter power, primary coolant temperature, and converter

tank fluid level.
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8.5.1 Nuclear Safety System

The nuclear power level channels are calibrated against thermal power as indicated by
the temperature difference between the inlet and outlet coolant and the primary coolant flow rate.
The final level channel readings and thermal power readings for one operating cycle are used as
the initial calibration for the next operating cycle. The nuclear power level channels are

calibrated annually.

8.5.2 Primary Coolant Temperature Safety System

The primary coolant temperature measurement channels are calibrated annually. A pre-
calibrated thermal couple is placed inside the converter tank next to the temperature channel to
be calibrated. The measurement from the pre-calibrated thermal couple will be used to calibrate

the temperature channel.

8.5.3 Converter Tank Fluid Level Safety System
Converter tank level scram is checked before each startup. The calibration (actual tank
level at the trip point) is fixed by the physical location of the probes and is not subject to change.

The operational test is all that is required to insure adequate performance of these channels.

8.6 Electrical System

The electricity for the fission converter facility is supplied by MITR-II. See MITR-II
SAR Section 8.1 for normal electrical power supply and MITR-II SAR Section 8.2 for
Emergency Power Supply. In Section 6.3.10 of this report, the loss of electric power is

discussed.
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9 Radioactive Waste and Radiation Protection

9.1 Radioactive Waste

Radioactive waste from the fission converter is in solid, liquid and gaseous forms. Solid
waste consists mainly of contaminated paper towels and gloves, small components, such as resin
from the ion columns, and experimental waste. Spent fuel handling is described in Section 5.
The primary components of liquid wastes are corrosion products from the fission converter
systems such as Co60, Cr31, Fe59 etc. The gaseous effluent is mostly Ar41, formed from
activation of air in the medjcal therapy room, and small amounts of tritium resulting from
leakage if DO coolant is used. Because the fission converter will be a part of the MITR-II

Research Reactor Facility, the radioactive waste disposal system of the MITR-II will be utilized.

9.2 Effluent Radioactivity Production and Control

Neutrons and gamma rays from the fission converter causes the production of some
radioactive effluents. The primary activity in the gaseous effluent is Argon-41. To minimize
Argon-41 production, air is excluded from the high flux regions. CO is used to flood the
thermal column region where the fission converter tank will be located. The supply of CO7 is
discussed in MITR-II SAR Section 9.8. Water shutter in the collimator may be filled with
helium when the water is drained from the shutter to reduce the production of Argon-41.

In addition to the Argon-41 activity, a small amounts of tritium (if D20 coolant) and
some detectable traces of other isotopes (such as noble gas fission products) may be released
from the facility. These effluents are both gaseous and liquid which come from the very small
leaks of the primary system. Care is taken to keep the primary system sealed to prevent the loss

of coolant and to control the tritium effluent. In all cases, the intent of the operation is to
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maintain the radioactive effluent releases from the fission converter as low as practicable in

accordance with 10 CFR Part 20.

9.3 Shielding

The medical therapy room will be shielded by concrete on all sides, except for the door
opening which is shielded by a lead door. The radiation levels outside the medical therapy room
are kept as low as reasonably possible. The exposure to personnel shall be kept well below the
NRC limits given iﬁ 10CFR20.

The fission converter tank is located between the reactor’s graphite reflector and the
thermal column. The shielding for the fission converter is provided by the reactor’s biological
shield (MITR-II SAR Section 3.2.2). The shielding at the top of the fission converter will
consist of shield blocks and the water reservoir in the converter tank. An air tight cover-gas

system is provided to prevent radiolytic decomposition species from escaping.

9.4 Radiation Protection
The radiation protection program for the MITR-II will also serve as the radiation

protection program for the fission converter. Refer to MITR-II SAR Section 12.3 for complete

description.
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10 Conduct of Operations

The MITR Fission Converter based Epithermal Neutron Beam is designed for use in
Neutron Capture Therapy. The radiation treatments provided by the MITR Fission Converter
Facility medical beam will be administered by a physician authorized user as discussed in the
Fission Converter Technical Specification Section 6. The operation of the fission converter
facility, other then radiation treatment of patients, will be conducted by the MIT Research

Reactor Division as discussed in the MITR-II SAR Section 13.
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11 Quality Assurance

The MITR Fission Converter Facility is designed for use in Neutron Capture Therapy.
The Quality Management Program for human therapy is discussed in the Fission Converter
Technical Specification Section 7. The quality assurance program including design,
construction, maintenance, and operation activities, other then human therapy, will be conducted

by the MIT Research Reactor Division as discussed in MITR-II SAR Section 11.
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12 Initial Tests and Operation

12.1 Introduction

This section is divided into three major parts. First, a series of acceptance tests are
outlined which are designed to determine that the fission converter has been constructed in
accordance with the MIT plans for the fission converter as presented in this Safety Analysis
Report. These tests are to prove that the components operate in a safe and satisfactory manner.
Second, the initial operation of the fission converter is described. Third, an experiment to
determine the neutron characteristics of the fission converter medical beam is described. These
experiments will provide information needed for the safe operation of the fission converter.
Furthermore, the results of these experiments will give information about the medical beam
characteristics. Therefore, the initial tests and experiments are necessary in assuring that the
MITR Fission Converter is a safe and useful tool for research.

The basic rules for the pre-operational period are as follow:

1. The provisions of Chapter 10, “Conduct of Operations” shall be used,

2. A startup check for the safety systems shall be made once a day before operation

begins (process equipment which is not in operation for the initial experiments will

not need to be included in the “startup check”),

The three sections of this report contain the following information. Section 12.2 is an
outline of the pre-operational tests. Section 12.3 is a description of the first approach to
operation of the fission converter. Included in Section 12.3 is a discussion of the first
calibrations of the control system which will be needed in order to proceed with the rest of the
startup experiment in a safe manner. In Section 12.4, initial characterization of the medical

beam is discussed. Section 12.5 contains an outline of the variety of experiments which may be
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performed during this startup program. This summary list of startup experiments has been

included to illustrate the principles to be used in these experiments and their general scope.

12.2 Pre-Operational Tests

After the construction has been completed, the pre-operational tests will be made to
assure that the entire installation will operate as designed. These tests will be used to establish
initial compliance with the approved technical specifications. The tests include:

A) Leak checking and performance testing of the coolant system: This will be conducted using
H2O in the primary coolant system. If DO primary coolant is planned for use, the HO in
primary system will be drained after all leak and performance tests are conducted. The
system will be thoroughly dried and a deuterized ion column installed before adding the
D70. An isotopic analysis of the D2O will be made before and after the D70 is charged into
the system. The following systems will be checked for leaks and performance:

1) primary coolant system
2) secondary coolant system
3) water shutter system

4) Helium cover-gas system

B) Performance testing and inspection of the fission converter control and instrumentation
system:

1) cadmium curtain, water shutter, and mechanical shutter controls and instrumentation
2) nuclear instrumentation
3) beam monitor system

4) medical therapy room radiation monitoring system

113



C) Operator Retraining

An operations manual for the fission converter will be generated to incorporate the
information in this SAR and the Technical Specifications for the MITR Fission Converter
Facility. The manual will be written by members of the Reactor Operations group, MIT Neutron
Capture Therapy Principle Investigator, and medical staff (the medical physicists and the
physician authorized user). As the manual is completed, all persons involved in reactor
operation, MIT Neutron Capture Therapy Principle Investigator, and the medical staff will be
given a copy for review and comment. Comments and corrections will be returned to the author
for final revision. The final draft will be approved by the Reactor Director, Director of Reactor

Operations, MIT Neutron Capture Therapy Principle Investigator, and the medical staff.

12.3 First Approach to Fission Converter Operation

The first approach to operation will be made after all pre-operational testing has been
satisfactorily completed. The procedure for the first approach to operation will be the fission
converter fuel loading. The reactor will be shutdown and the cadmium curtain fully closed
before any fueling of the fission converter begins. The pattern for loading the fuel will be kept
symmetric.

At the start of each new operating period, a startup checksheet procedure will be used to
assure that:

1. fission converter instruments are in their proper operating condition,

2. the control and safety systems are operational,

3. and all safety trip settings are properly adjusted.

Redundant neutron detecting pulse counters will be positioned near the sides of the
converter tank. Each level channel consists of a thermal neutron detector, located near the outer
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edge of the converter tank, which supplies a neutron flux level signal to a fission converter scram
amplifier. The detector positioning and sensitivities are chosen to provide linear response to
fission converter power from low power up to the scram point.

The procedure for the first approach to operation will be the standard technique
involving plots of the inverse counting rate as the fuel elements are loaded. Initial counting rates
will be measure after the fifth fuel element is loaded and after each additional fuel element. The
reactor at low power may be used as the neutron source. After the counting rates are measured, a
plot of the inverse counting rate versus the mass of U-235 loaded into the converter will be
made. This plot will be extrapolated after each loading. The fission converter is a subcritical
facility and, therefore, criticality is not expected to be achieved (Section 2.3.1). The reactor will
be shutdown and the cadmium curtain fully closed before any fuel additions are made. Fuel
additions during this first approach to operation will not be more than one fuel element at one
time. Each element will be checked to assure that it is properly installed into the correct position
in the fuel housing.

After the fission converter has been brought to steady state power for the first time, a set
of initial calibrations will be made. These calibrations will be used as a basis for safe operation

in the next phase of the pre-operational experiments.

12.3.1 Calibration of the Cadmium Curtain

The limiting rate on raising the cadmium curtain will be limited by the reactor period.
Reactor controls can be used to compensate for the change in reactor power due to the presence
of the fission converter as long as the reactor period is above 50 seconds. Therefore, the
standard period measurement techniques will be performed. This consists of measuring the
period of the reactor at two positions of the cadmium curtain and relating the periods to the
change in reactivity by using the “inhour™ equation. This is continued in a stepwise manner over
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the entire length of travel. The period will be kept above 50 seconds for each step. Using these
measurements, the limit on the rate of raising the cadmium curtain during fission converter
operation will be set.

At the initial startup of the fission converter, reactor period will be measured. After any
future significant change in fuel design or fuel loading is made, the limiting speed for opening

the cadmium curtain will be re-evaluated.

12.4 Initial Characterization of the Medical Therapy Beam

A characterization of the beam shall be performed as part of the pre-operational test.
Characterization of the beam refers to the process of obtaining the dose-versus-depth profile in
phantoms as described in Reference | and 2 or an equivalent process. Fast neutron, thermal
neutron, and gamma ray components are determined in the characterization. These results are
then used to normalize the beam monitors. The characterization of the medical beam will be

compared with the design calculations.

12.5 Summary of Pre-Operational Experiments and Stepwise Power Tests

This summary list of pre-operational experiments has been included to illustrate the
principles to be used in these experiments and their general scope. These experiments will be
scheduled so that the number of actual reloadings of the converter will be minimized as mush as

possible.
12.5.1 Stepwise Rise to Fission Converter Operating Power
The neutron flux from the MITR-II controls fission converter power. Therefore, the

fission converter power depends on the reactor power, the position of the cadmium curtain, the
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type of primary coolant, and the type of fuel used in the fission converter as discussed in Section

2.3.3. In this section, an outline for stepwise increase in the fission converter power is presented.

I.

All process systems and radiation monitoring systems will be put into their normal operating
condition with instruments checked out and calibrated. Relative flows through each fuel
element will be checked at normal operating primary coolant flow rate of 2.24 kg/sec.
The fission converter facility will be checked to assure that all experimental materials have
been removed and that proper shielding of the medical facility and the converter top has been
installed.
The cover-gas system will be checked for proper seal in order to reduce the potential for
Ar#! production and release.
The converter power will be raised in steps. Checks on the radiation levels and system
temperatures will be made at each step. The first power level step will be 20 kW.
Measurements listed in step 5, as discussed below, will be made once steady state is
achieved. This procedure will be repeated at converter power stepwise increments of every
40 kW until normal operating power is reached.
For the fission converter steady state power operation listed in step 4, the following
measurements will be made:
a) Temperature Distribution Measurements
As the power is escalated in a stepwise manner, the temperature distribution will
be measured by thermocouples above the coolant channels. The measured temperatures
will be used to confirm the heat transfer design. The temperature distribution will be
measured at fission converter power of 60 kW. The results at this power will be used to
predict the coolant temperature at normal operating power. If the predicted maximum
fuel plate temperature is below the incipient boiling temperature for the specified
operating limits (Section 3.3.1), then the stepwise rise to full power can continue.
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The results of the temperature distribution measurements will be used to locate
the hottest fuel element. At least one thermocouple placed above the hottest fuel
element will be used during normal operation to monitor the primary coolant
temperature. These measurements are used to set the automatic shutdown trip point.

b) Radiation Surveys: A complete radiation survey on the outside of the fission
converter facility as well as inside the medical therapy room will be made.
¢) Instrumentation Adjustments and Calibrations
i) The safety channels will be adjusted to scram the converter if the power rises
20% above the planned steady state power.

ii) The power calibration on the basis of AT times flow will be made and

compared with the power measured with the neutron detectors.

iii) Warning alarm settings on all radiation monitors in the fission converter

facility will be established.
d) Loss of Primary Coolant Measurements

At fission converter power of 60 kW and at normal operating power,

thermocouple above the hottest fuel element will be used to measure the coolant

temperature as a function of time during loss of primary coolant flow. The
fission converter will be shutdown before the onset of boiling. The resulting
temperature transient will be compared with predicted results. The results of the

last step will be used to predict the next step before another experiment is made.
Finally, there will be a general performance inspection of all components. Planned
fission converter automatic shutdown to simulate possible failures will be made. These tests are

to prove that the converter and components operate satisfactorily.
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Included in this document are the Technical Specifications and
the “Bases” for the Technical Specifications. The basis, which
provides the technical support for the individual technical
specifications, are included for information purposes only. They
are not part of the Technical Specifications, and they do not
constitute limitations or requirements to which the licensee must

adhere.
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1 Definitions

1.1 Fission Converter Plate

The fission converter plate is an array of MITR-II fuel elements in the fuel housing
assembly located in the fission converter tank. The fission converter plate can contain up to

eleven MITR-II fuel elements.

1.2 Fission Converter Secured

The overall condition where there is no fuel in the fission converter or all of the

following conditions are satisfied:
1. the fission converter is shutdown

2. the medical control panel key switch is in the off position and key is in proper

custody

3. there is no work in progress within the converter tank involving fuel

1.3 Fission Converter Shutdown
The condition where the cadmium curtain is closed or the MIT Research Reactor is

shutdown. The fission converter is considered to be operating whenever these conditions are not

met.

1.4 The True Value

The true value of a parameter is its actual value at any instant.
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1.5 The Measured Value

The measured value of a parameter is the value of the parameter as it appears on the

output of a measuring channel.

1.6 A Measuring Channel

A measuring channel is the combination of sensor, line amplifiers, and output devices

which are connected for purpose of measuring the value of a parameter.

1.7 A Safety Channel

A safety channel is a measuring or protective channel in the fission converter safety

system.

1.8 The Fission Converter Safety System

The fission converter safety system is that combination of safety channels and associated

components which forms the protective system for the fission converter.

1.9 Operable

A component or system is considered operable when it is capable of performing its

intended function in its normal manner.

1.10 Operating

A component or system is operating when it is performing its intended function in a

normal manner.
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1.11 Immediate
Immediate is defined as the required action to be initiated without delay in an orderly

manner by using written procedures where applicable.

1.12 Channel Test

A channel test is the introduction of an input signal into the channel to verify that it is

operable.

1.13 Channel Check
A channel check is a qualitative verification of acceptable performance by observation of
channel behavior. This verification may include comparison of the channel with other

independent channels or systems measuring or responding to the same variable.

1.14 Channel Calibration
A channel calibration is an adjustment of the channel such that its output responds,

within an acceptable range and accuracy, to known values of the parameter which the channel

measures.

1.15 Shutters That Control Beam Delivery

The medical therapy facility is equipped with shutters that are used to control beam
delivery. They include cadmium, light water with or without boronation, and a high Z material
such as lead and may contain hydrogenous material as described in Section 4.1 of the Fission
Converter SAR. It is conceivable that these designations may if it is desirable to alter the beam
configuration. Accordingly, the phrase “shutters that control beam delivery” refers either to the

aforementioned three existing shutters or to any future shutter or group, thereof, that would



provide a reduction in beam intensity adequate for irradiation control. Shutter-effect analyses
shall be documented through the standard safety review process including, where necessary, a

Fission Converter SAR revision and submission to NRC under 10 CFR 50.59.

1.16 Medical Beam Calibration Check

The term ‘calibration check’ refers to the process of checking the beam intensity and
quality via one or more of the following: foil activation; use of a fission chamber; use of an ion
chamber; or an equivalent process. The purpose of a calibration check is to ensure that the beam
has not changed in a significant way (e.g., energy spectrum or intensity) from the beam that was

characterized.

1.17 Functional Check of the Medical Beam Monitors
The term ‘functional check of the beam monitors’ shall consist of verifying that system
output is consistent (310%) with previously measured values upon normalization to a common

neutronic power level.

1.18 Medical Beam Characterization

The term ‘characterization’ refers to the process of obtaining the dose-versus-depth
profile in phantoms as described in Reference 1 and 2 or an equivalent process. The dose-
verses-depth profile from the surface of the phantom to a depth at least equivalent to the total
thickness of the body part to be treated on a central axis is deemed adequate for a
characterization. Fast neutron, thermal neutron, and gamma ray components are determined in a

characterization and monitors are normalized by this characterization.
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1.19 Calibration of the Medical Beam Monitors

The term ‘calibration of the beam monitors’ refers to the process whereby the beam
monitors are calibrated against instruments that measure dose including a tissue-equivalent
chamber and a graphite or magnesium wall ionization chamber (or the equivalent to any of these

three) that have in turn been calibrated by a secondary calibration laboratory.

1.20 Radiation Fluence

The term ‘radiation fluence’ means the measured neutron counts by the on-line
detectors. The dose-verses-depth characterization as discussed in Specification 1.18 of this
report is used to determine the ratios of gamma, fast neutron, and thermal neutron fluences to the
on-line neutron counts. Knowledge of these ratios allows the total radiation fluence to be
monitored by the on-line detectors. Compliance with the limits specified on radiation fluence by

Specification 6.2-11 is determined by reference to the fluence monitored by these detectors.

1.21 Misadministration of a Radiation Therapy
The term ‘misadministration’ means the administration of a radiation therapy:
(a) Involving the wrong patient, wrong mode of treatment, or wrong treatment site; or

(b) When the treatment delivery is not in accordance with Specification 6.2-11.

1.22 Written Directive
The term ‘written directive’ means an order in writing for a specific patient, dated and
signed by a physician authorized user prior to the administration of radiation and which specifies

the treatment site, the total radiation fluence and radiation fluence per fraction.
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1.23 Human Therapy

a) The term ‘human therapy’ means radiation treatments that are expected to be of
direct therapeutic benefit to the patient.
b) During investigatory studies involving humans, the term ‘human therapy’ means

experimental irradiation of human subjects.

1.24 Physician Authorized User

The term ‘physician authorized’ user means a medical physician approved for neutron

capture therapy by an NRC-approved medical use licensee.

1.25 Certified Medical Physicist

The term ‘certified medical physicist’ means a medical physicist certified in either
radiological physics or therapeutic radiation physics by the American Board of Radiology, or in
therapeutic radiation physics by the American Board of Medical Physics and who also has

specific training in neutron dosimetry and neutron capture therapy.

1.26 Medical Beam Design Modification

The term ‘design modification’ as applied to the medical therapy facility beam refers (a)
to a change that is shown to alter the dose-verses-depth profile of the fast neutrons, thermal
neutrons, or gamma rays in the beam as indicated by the calibration check and (b) to a change
that has the potential to increase significantly the amount of activation products in the medical

therapy facility when the beam is to be used for the treatment of human patients.



1.27 Reportable Occurrence
A reportable occurrence for the fission converter facility is any of the following:

1. Any actual safety system setting less conservative than specified in these
Technical Specifications except during periods with the fission converter
shutdown.

2. Operation in violation of a limiting condition for operation.

3. Safety system component malfunction or other component or system
malfunction which could, or threaten to, render the system incapable of
performing its intended function.

4. Release of fission products from a fuel element in a quantity that would indicate
a fuel element cladding failure.

5. An uncontrolled or unanticipated change in reactor power due to opening of the
cadmium curtain resulting in reactor period of less than 50 seconds.

6. An observed inadequacy in the implementation of either administrative or
procedural controls, such that the inadequacy could have caused the existence or
development of an unsafe condition in connection with the operation of the

fission converter.
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1.28 Recordable Event
The term ‘recordable event’ for human therapy means the administration of:
1. A radiation treatment without a written directive; or
2. A radiation treatment where a written directive is required without reporting to
the medical use licensee in writing each fluence given within 24 hours of the
treatment; or
3. A treatment delivery for which the administered radiation fluence for any given

fraction is 15% greater than prescribed.

1.29 Review and Approve

The terminology “shall review and approve” is to be interpreted as requiring that the
reviewing group or person shall carry out a review of the matter in question and may then either
approve or disapprove it. Before it can be implemented, the matter in question must receive an

approval from the reviewing group or person.

1.30 Inadmissible Sample Materials
Those materials defined by the MIT Reactor Safeguard Committee as not allowable
within the Fission Converter Facility, MIT Reactor, or restricted from the Reactor Building such

as unapproved amounts of combustible, corrosive, or explosive materials.

1.31 Fission Converter Safety Analysis Report (SAR)
The Fission Converter Safety Analysis Report (SAR) is the document submitted to the
NRC entitled, “Safety Analysis Report of the MITR Fission Converter Facility for Neutron

Capture Therapy and Epithermal Neutron Research”.
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1.32 Frequency
Each required surveillance test or other function shall be performed within the specified
time interval with:
1. amaximum allowable extension not to exceed 25% of the specified surveillance
interval, unless otherwise stated in these Technical Specifications,
2. atotal maximum combined interval time for any three consecutive surveillance

intervals not to exceed 3.25 times the specified surveillance interval.

Surveillance tests may be waived when an instrument, component or system is not required to be
operable, but any such instrument, component or system shall be tested prior to being used as

required operable instrument, component or system.
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2 Safety Limits and Limiting Safety System Settings

2.1 Safety Limits
Applicability

This specification applies to the variables associated with the fission converter thermal
and hydraulic performance. These variable are:

L = the height of the primary coolant in the converter tank.

P = fission converter power

Objective

To establish limits to maintain the integrity of the fuel clad.

Specification

The measured values of the safety limits on the height of the primary coolant above the

fuel elements, L, and the power of the fission converter P, shall be as follows:

L =2.59 meters above the top edge of the fuel elements (minimum height of the coolant)

P =300 kW (maximum)

In Section 3.3.3 of the Fission Converter SAR, it is noted that critical heat flux is a
conservative limit beyond which fuel damage may occur from overheating. Therefore, the onset
of critical heat flux is a conservative condition for setting the Safety Limits.

In Section 6.1 of the Fission Converter SAR, the condition for critical heat flux has been

derived for total loss of primary coolant flow and continuous operation of the fission converter



power at 300 kW. During the first phase of the transient, the coolant in the converter tank
continues to recirculate by natural convection. The coolant temperature will begin to rise with
time due to continual operation of the fission converter at 300 kW. When the surface clad
temperature reaches 106°C, onset of nucleate boiling will occur on the fuel plates. Bulk
recirculation of the coolant continues until the liquid level in the fission converter drops below
the top edge of the down comer walls 51 minutes into the transient. Critical heat flux is possible
once the fluid level drops below the down comer walls. Therefore, the safety limit for the fluid
level is set at the height of the down comer wall (2.54 meters above the top edge of the fuel
elements) to prevent the possibility of reaching critical heat flux.

The above analysis was conducted for fission converter power of 300 kW. Therefore,

the fission converter power shall be limited to 300 kW.
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2.2 Limiting Safety System Settings (LSSS)
Applicability
" This specification applies to the set points for the safety channels monitoring primary

coolant temperature above the hottest fuel element and the height of primary coolant in the

converter tank.

Objective

To assure that automatic protective action will prevent incipient boiling in the fission

converter and to prevent the fission converter from exceeding the Safety Limits.

Specification

The measured values of the limiting safety system settings on primary coolant
temperature above the hottest fuel element, T, and the height of primary coolant above the fuel

elements, L, shall be as follow:

T = 94°C (maximum)

L = 2.65 meters above the top edge of the fuel elements (minimum height of the coolant)

Basis

[t is desirable to establish fission converter operating conditions that will prevent
incipient boiling which could result in higher fuel clad corrosion rates. Maximum coolant
temperature limit of 94°C above the hottest fuel element provides an adequate margin to prevent
onset of incipient boiling. Onset of nucleate boiling occurs at a clad temperature of 106°C
corresponding to the coolant temperature above the hottest fuel element of 96°C. Therefore, a

margin between the operating limit and the onset of nucleate boiling is provided. Incipient
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boiling is always initiated prior to the initiation of critical heat flux. Therefore, the prevention of
incipient boiling will assure that the Safety Limits are not exceeded.

In Section 6.1 of the Fission Converter SAR, the transient analysis during total loss of
primary coolant flow and converter power at 300 kW is discussed. The possibility of critical
heat flux is not approached until the coolant height drops below the top edge of the down comer
walls. The 2.65 meter limit for the height of the coolant maintains the primary coolant 6.0 cm

above the top edge of the down comer walls, thus, preventing the possibility of critical heat flux.
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3 Limiting Conditions for Operation

3.1 Temperature and Fluid Level Limits
Applicability
This specification applies to the primary coolant temperature and fluid level in the

fission converter tank.

Objective

To assure that the temperature of the primary coolant and fluid level during fission

converter operation will conform within the basis of the thermal and hydraulic Specification 2.2.

Specification

The measured values of the limiting conditions for operation on primary coolant
temperature above the hottest fuel element, T, and the height of primary coolant above the fuel

elements, L, shall be as follow:

T = 88°C (maximum)

L = 2.74 meters above the top edge of the fuel elements (minimum height of the coolant)

The primary coolant temperature profile is discussed in Section 3.2.2 of the Fission
Converter SAR. The maximum coolant temperature occurs at the center of the fission converter
plate. The hottest fuel element will be evaluated as discussed in Section 12.5.1 of the Fission
Converter SAR. By monitoring the coolant temperature above the hottest fuel element, every

fuel element in the fission converter plate can be predicted to be below the monitored



temperature. Onset of nucleate boiling occurs at a surface clad temperature of 106°C, which
corresponds to coolant temperature above the hottest fuel element of 96°C. Therefore, the
temperature limit of 88°C above the hottest fuel element assures that onset of incipient boiling

will be prevented.

In Section 6.1 of the Fission Converter SAR, the condition for critical heat flux has been
derived for total loss of primary coolant flow and continuous operation of the fission converter
power at 300 kW. During the first phase of the transient, the coolant in the converter tank
continues to recirculate by natural convection. The coolant temperature will begin to rise with
time due to continual operation of the fission converter at 300 kW. When the surface clad
temperature reaches 106°C, onset of nucleate boiling will occur on the fuel plates. Bulk
recirculation of the coolant continues until the liquid level in the fission converter drops below
the top edge of the down comer walls 51 minutes into the transient. Critical heat flux is possible
once the fluid level drops below the down comer walls. The limit of 2.74 meter for the height of
the coolant maintains the primary coolant 15.24 cm above the top edge of the down comer walls,

thus preventing the possibility of reaching critical heat flux.
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3.2 Reactor Period Limit during Fission Converter Operation

Applicability

This specification limits the reactor period during fission converter operation.

Objective

To assure that the integrity of the reactor fuel is maintained during operation of the

fission converter.

Specification

The opening speed of the cadmium curtain shall be limited to a reactor period of longer

than 50 seconds.

Bases

MITR Technical Specifications provide several approaches for limiting the reactivity
associated with an experimental facility. MITR Technical Specification 6.1 imposes limits
depending on whether the experiment is classified as moveable, non-secured, or secured. MITR
Technical Specification 6.4 imposes a limit on the allowed period for experiments related to
reactor control research. The latter approach provides more flexibility because it permits any
combination of reactivity provided that a certain minimum period is not exceeded. Accordingly,
this approach is used for the fission converter. The fission converter will be exempt from MITR
Technical Specification 6.1. The reactor period limit of 50 seconds is used instead, as discussed
in Section 12.3.1 of the Fission Converter SAR will apply. Reactor controls can be used to
compensate for the change in reactor power due to the presence of the fission converter as long

as reactor period is longer than 50 seconds during opening of the cadmium curtain.
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At the initial startup of the fission converter, reactor period will be measured. After any
future significant change in fuel design or fuel loading is made, the limiting speed of opening the

cadmium curtain will be re-evaluated.
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3.3 Limiting Conditions for Fission Converter Operation

Applicability

This specification applies to fission converter operating conditions.

Objective

To assure that fission converter conditions are maintained within the bounds used to

establish the operating limits.

Specification

I. The fission converter shall not be operated unless:
a. All positions in the converter plate are filled with either a fuel element
or another approved unit.
b. The fission converter top shield is in position or administrative controls

are in place to limit personal exposure.

All fuel elements must be in position to prevent mechanical damage of the components
and to assure proper flow distribution and cooling. As discussed in Section 3.5.2 of the Fission
Converter SAR, the fuel restraint is based on a closed-packed fuel elements in a sturdy casing
with fixed upper and lower matrix with side walls. The fuel elements are held down by gravity
and the hydraulic lift at maximum coolant flow is negligible.

The fission converter top shield acts as a biological shield.
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3.4 Fission Converter Safety Systems
Applicability
This specification applies to the safety systems necessary for the operation of the fission

converter.

Objective

To assure that the operator has sufficient indication of the primary coolant temperature,

converter tank fluid level, and that automatic protective actions are provided.

Specification

1. The fission converter shall not be operated unless the safety channels are operating
and the safety system is operable in accordance with Table I of this specification.

2. Emergency power with the capacity to operate the equipment listed in Table II of
this specification shall be available whepever the fission converter is operating and
capable of operation for at least one half hour following a loss of normal power to

the facility.

o
1+
A,
»

The parameters listed in Table I are monitored by the fission converter safety system.
This system automatically initiates action to assure that the appropriate safety limits and the
limiting conditions of operation are not violated.

The use of emergency power is not necessary for the fission converter because loss of
electric power automatically scrams the reactor and the primary coolant will continue to cover
the converter fuel elements to prevent damage to the fuel clad. Also, the shutters between the

fission converter and the medical room close automatically during loss of electric power to
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reduce the radiation dose inside the medical therapy room. The choice of a minimum of one half
hour is based on time necessary to provide personnel information to assure that the patient in the

medical therapy room can be safely evacuated.

Table I Required Safety Channels

Channel Action Limiting Setpoint Min No. Required
. primary coolant automatic shutdown 88°C 1
temperature

above the hottest
fuel element

2. primary coolant automatic shutdown 2.74 meters above the | 1
fluid level in the top edge of the fuel
converter tank elements

Table II Minimum Equipment to be Supplied by Emergency Power

1. medical therapy room radiation monitor

2. intercom between the medical therapy room and
the medical control panel area

3. emergency lighting of the medical therapy room
and the medical control panel area
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3.5 Radioactive Effluents and Radiation Monitors

Applicability

This specification applies to radioactive effluents released from the fission converter and

the radiation monitors.

Objective

To assure that the release of radioactive effluents to the environment are within the

limits of 10 CFR Part 20.

Specification

The release of radioactive effluents from the reactor site which includes the fission

converter facility shall be as specified in MITR Technical Specification 3.8.
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3.6 Fuel Element and Fission Converter Component Handling and Storage
Applicability
This specification applies to the operations of storing and handling fuel elements and

fission converter components.

Objective

To assure that fuel elements and fission converter components will be handled at all

times in a manner that will protect the health and safety of reactor personnel and the public.

Specification

1. Fuel elements shall be stored in accordance with MITR Technical Specifications
3.10-1, 3.10-2, and 3.10-3.
2. Handling of fuel elements shall be in accordance with MITR Technical Specification
3.10-4 with the following exception:
Prior to transferring an irradiated element, the element shall not have
been operated at a power level above 100 kW for at least four days
shall not apply for the fission converter.
3. Removal of cadmium curtain: Whenever the fission converter contains fuel
elements, the cadmium curtain may be removed from the thermal column only after

the reactor has been shutdown.
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Basis for fuel element storage is discussed in MITR Technical Specification 3.10.

The main problems with spent fuel handling are those of shielding personnel from the
emitted fission product gamma rays and preventing fuel melting from the heat generated by
fission products. The shielding requirement is met by utilizing a shielded transfer cask for
movements and temporary storage.

In Section 6.1.3 of the Fission Converter SAR, fuel cladding and fuel centerline
temperatures were calculated for heat transfer by radiation alone after the fission converter has
been operating at a steady state power of 300 kW. The maximum clad temperature was
calculated to be 348°C which is well below aluminum-6061 softening temperature of 460°C.
Therefore, radiation heat transfer alone is sufficient to prevent fuel damage.

The basis for reactor shutdown before removal of the cadmium curtain is to ensure that
the radiation exposure to personnel will be kept as low as reasonably achievable whenever the

fission converter contains fuel elements.



4 Surveillance Requirements

4.1 Fission Converter Safety System Surveillance
Applicability
This specification applies to the surveillance of safety systems whose operation is

important to fission converter safety.

Objective

To assure the reliability and accuracy of the instrumentation important for safe operation

of the fission converter.

Specification

1. The following instruments or channels for the fission converter safety system will be
tested at least monthly in any month the facility will be used. In the event of a hiatus in
the scheduled performance of any given surveillance, that surveillance shall be

performed prior to operation of the fission converter during the interval in question.

Instrument or Channel Surveillance
I. Primary coolant temperature above the fission converter automatic shutdown test
hottest fuel element
2. Converter tank fluid level operational test

2. The following instrument shall be calibrated and trip points verified when initially
installed and at least annually: primary coolant temperature channel above the hottest

fuel element
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The fission converter instruments important for safe operation will be tested according to

the specification above to ensure proper operation of the fission converter for the interval

specified.

As discussed in Section 8.7.3 of the Fission Converter SAR, the calibration of the
converter tank fluid level safety channel is fixed by the physical location of the probes and is not

subject to change. The operational test is all that is required to insure adequate performance of

these channels.
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4.2 Response Time Surveillance
Applicability
This specification applies to the surveillance of the response time to the automatic safety

systems.

Objective

To assure that fission converter safety systems function as required with adequate

response time.

Specification

Testing shall be performed at least annually to measure the response time from when the
fission converter automatic shutdown signal initiates to when the cadmium curtain closes. The

response time shall be less than 120 seconds.
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The response time for the safety systems is based on the analysis of total loss of primary
coolant flow as discussed in Section 6.1 of the Fission Converter SAR. The 120 second response
time is a conservative value because the possibility of critical heat flux will not be reached
before 51 minutes into the transient with continuous operation of the fission converter at 300
kW.

In Section 6.1.3 of the Fission Converter SAR, an analysis of a massive simultaneous
double wall failure of the converter tank below the fuel elements has been discussed. The results
of the calculation indicate that the integrity of the fuel cladding is maintained even after

complete loss of primary coolant once the fission converter is shutdown. The 120 second limit
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for the cadmium curtain to close is a conservative value because no credible scenario can drain
the converter tank within that time can be identified.

In the event of failure of the automatic shutdown system to close the cadmium curtain in
120 seconds, the MIT Research Reactor’s power can be decreased or shutdown to maintain fuel

integrity in the fission converter.



S Design Features

5.1 Primary Coolant System

Applicability

This specification applies to the design of the fission converter primary coolant system.

Objective

To assure compatibility of the primary coolant system with the safety analysis.

Specification

The fission converter primary coolant system shall consist of a converter tank, a single
cooling loop containing one or more heat exchanger, and appropriate pumps and valves. The
primary system can either utilize H)O or D20 coolant. All materials, including those of the
converter tank, in contact with primary coolant, shall be aluminum alloys, stainless steel or other
materials that are chemically compatible with HyO and D70 coolant, except for small non-
corrosive components such as gaskets, filters and valve diaphragms. The converter tank shall be
designed in accordance with the ASME Boiler & Pressure Vessel Code Section IV. It shall be
designed for a working pressure of 10 psig and 80°C. Heat exchangers shall be designed for 60
psig and a temperature of 80°C. The connecting piping shall be designed to withstand a 60 psig

hydro test.

Basis
The fission converter coolant system has been described and analyzed in the Fission
Converter Safety Analysis Report as a single loop system containing one or more heat

exchangers. Materials of construction, being primarily aluminum alloy and stainless steel, are
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chemically compatible with D7O and H7O coolants. The failure of the gaskets and valve
bellows, although undesirable, would not result in catastrophic failure of the primary system;
hence, strict material limitations are not required for technical specifications. Provisions have
been made to contain DO in the event of leakage as discussed in Section 6.3.5 of the Fission
Converter SAR.

The design temperature and pressure of the converter tank and other primary system
components provide adequate margins over operating temperatures and pressures, and it is
believed prudent to retain these margins in order to further reduce the probability of a primary
system failure. The converter tank was designed to meet Section IV of the ASME Boiler &
Pressure Vessel Code, 1996 edition. Subsequent design changes should be made in accordance
with the most recent edition of this code.

The safety analysis is based on the current design with current margins, and therefore, it

is considered necessary to retain this design and these margins or redo the analysis.
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6 Experiments

6.1 General Experiment Criteria other than for Human Therapy
Applicability
This specification applies to experiments using the fission converter other than for

human therapy.

Objective

To assure that experiments using the fission converter facility do not affect the safety of

the fission converter.

Specifications

All experiments other than for human therapy shall comply with the General Experiment

Criteria discussed in MITR Technical Specification 6.1.

Refer to MITR-II Technical Specification 6.1.
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6.2 Generation of Medical Therapy Facility Beam for Human Therapy
Applicability

The specification applies solely to the generation of the medical therapy beam used for
the treatment of human patients. It does not apply to any other use of the medical therapy
facility and/or its beam. Surveillances listed in this specification are only required if human
therapy is planned for the interval of the surveillance. However, in the event of a hiatus in the
scheduled performance of any given surveillance, that surveillance shall be performed prior to

the initiation of human therapy during the interval in question.

Objective

To provide for the protection of the public health and safety by ensuring that patients are
treated in accordance with the treatment plan established by the physician authorized user and

that the ALARA principle is observed for all non-therapeutic radiation exposures.

Specification

1. Patients accepted for treatment shall have been referred by written directive from a
physician authorized user of NRC Medical Use Licensee No. 20-03857-06 or NRC
Medical Use Licensee No. 20-00289-07 or of any other medical use licensee that has
been similarly authorized by NRC (or the Commonwealth of Massachusetts should the
latter become a common agreement state) to utilize the MITR Fission Converter’s

Medical Therapy Facility beam for neutron capture therapy for humans.

N

All medical treatments, including irradiations and analyses of the neutron capture agents
in the patients, are the responsibility of the physician authorized user in charge of the

therapy and the medical physicists from the NRC-licensed medical center. The
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Massachusetts Institute of Technology is only responsible for providing current and
accurate beam characteristic parameters to the medical use licensee and for delivery of
the desired radiation fluence as requested in the written directive. Before the start of a
therapy, both the certified medical physicist and the MIT principal investigator for
BNCT, or his designate, must agree that the therapy can be initiated. The physician
authorized user is responsible for monitoring the therapy and for directing its
termination. However, a radiation therapy can also be terminated at any time if either
the physician authorized user or the MIT principal investigator for BNCT, or their

designates, judge that the therapy should be terminated.

3. It shall be possible to initiate a minor scram of the reactor from a control panel located in
the medical therapy facility area. In the event that the medical facility minor scram is
inoperable, it shall be acceptable to use one of the control room scrams via
communication with the reactor operator as a temporary means of satisfying this

provision. Use of this temporary provision is limited to ten consecutive working days.

4. Access to the medical therapy facility shall be controlled by means of the shield door

located at its entrance.

5. The following features and/or interlocks shall be operable:
(a) An interlock shall prevent opening of the shutters that control beam delivery
unless the medical therapy facility’s shield door is closed.
(b) The shutters that control beam delivery shall be interlocked to close

automatically upon opening of the medical facility’s shield door.
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(c) The shutters between the fission converter and the medical therapy room shall be
designed to close automatically upon failure of either electric power or on loss of
pressure if the shutters are operated pneumatically or hydraulically.

(d) Shutters that control beam delivery and that are normally pneumatically or
hydraulically operated shall, in addition, be designed for manual closure.

(e) It shall be possible to close the shutters that control beam delivery from within

the medical therapy facility.

Each of the shutters that controls beam delivery shall be equipped with a light that
indicates the status of the shutter. These lights shall be visible at the medical therapy
facility’s local control panel. In the event of a status light malfunction, it shall be
acceptable to use the affected shutter provided that an alternate means of verifying
position is available. Use of this alternate means of shutter position verification is

limited to ten consecutive working days.

The medical therapy facility shall be equipped with a monitor that provides a visual
indication of the radiation level within the facility, that indicates both within the facility
and at the local control panel, and that provides an audible alarm both within the facility
and at the local control panel.
(a) This radiation monitor shall be equipped with a backup power supply such as the
reactor emergency power system or a battery.
(b) This radiation monitor shall be checked for proper operation by means of a
check source on the calendar day of and prior to any patient irradiation.

(c) This radiation monitor shall be calibrated quarterly.
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(d) The audible alarm shall be set at or below 50 mR/hr. This monitor and/or its
alarm may be disabled once the medical therapy room has been searched and
secured, such as is done immediately prior to initiation of patient therapy. If this
is done, the monitor and/or its alarm shall be interlocked so that they become
functional upon opening of the medical therapy facility’s shield door.

(e) In the event that this monitor is inoperable, personnel entering the medical
therapy facility shall use either portable survey instruments or audible alarm
personal dosimeters as a temporary means of satisfying this provision. These
instruments/dosimeters shall be in calibration as defined by the MITR Research
Reactor’s radiation protection program and shall be source-checked daily prior
to use on any day that they are used to satisfy this provision. Use of these
instruments/dosimeters as a temporary means of satisfying this provision is

limited to ten consecutive working days.

8. An intercom or other means of two-way communication shall be operable both between
the medical therapy facility control panel and the reactor control room, and also between
the medical therapy facility control panel and the interior of the facility. The latter is for

the monitoring of patients.

9. It shall be possible for personnel monitoring a patient to open the medical therapy

facility’s shielded door manually.

10. It shall be possible to observe the patient by two independent means. This requirement
can be provided by either two closed circuit TV cameras with different power supplies or

one closed circuit TV camera and a viewing port. Both methods of patient visualization
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shall be operable at the outset of any patient irradiation. Should either fail during the
irradiation, the treatment may be continued at the discretion of the physician authorized

user. Adequate lighting to permit such viewing shall be assured by the provision of

emergency lighting.

The total radiation fluence delivered by the medical therapy facility beam as measured
by on-line beam monitors shall not exceed that prescribed in the patient treatment plan
by more than 20%. If the treatment is delivered in fractions in accordance with standard
practice for human therapy, 20% criterion shall apply to the sum of the radiation
fluences associated with all fractions in a given treatment plan. A criterion of 30%
applies to the difference between the administered and prescribed fluence for any given
week (seven consecutive days). Finally, if the treatment consists of three or fewer

fractions, then a criterion of 10% on the total fluence shall apply.
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12. The following interlocks or channels shall be tested at least monthly and prior to

treatment of human patients if the interlock or channel has been repaired or

deenerigized:

Interlock or Channel

Surveillance

Medical therapy facility minor scram

Reactor scram test

b)

Shutters will not open unless shield
door is closed

Operation test

c)

Shutters close upon both manual and
automatic opening of shield door

Operation test

d)

Shutters close on loss of electrical
power and reduction of pressure in
pneumatic or hydraulic operators, if
applicable

Operation test

e)

Shutters can be closed manually from
within the facility

Operation test

f) Shutter status lights Operation test
g) Radiation monitor alarm Operation test
h) Radiation monitor and/or alarm enabled Operation test

upon opening of shield door

Intercoms

Operation test

In addition to above, the medical therapy facility minor scram shall be tested prior to

reactor startup if the reactor has been shutdown for more than sixteen hours.

opened fully shall be verified semi-annually.

. Manual operation of the medical therapy facility’s shield door in which the door is

. Use of the medical therapy facility beam shall be subject to the following:

a) A calibration check of the beam and a functional check of the beam monitors

that are described in provision 11 of this specification shall be made weekly for
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any week that the beam will be used for human therapy. These checks shall be
made prior to any patient irradiation for a given week. In addition, a calibration
check shall be performed prior to any patient irradiation in the event that any
component of a given beam design has been replaced. Finally, a calibration and
a functional check shall be performed prior to any patient irradiation in the event
of a design modification.

b) A characterization of the beam shall be performed every twelve months for any
twelve-month interval that the beam will be used for human therapy. This
twelve-month characterization shall be made prior to any patient irradiation for a
given twelve month interval. A characterization shall also be performed prior to
any patient irradiation in the event of a design modification. As part of the
characterization process, the proper response of the beam monitors that are
described in provision 11 of this specification shall be verified.

c) A calibration of the beam monitors that are described in provision 11 of this
specification shall be performed at least once every two years for any two-year
interval that the beam will be used for human therapy. The two-year calibration

shall be made prior to any patient irradiation during any given two-year interval.

15. Maintenance, repair, and modification of the medical therapy facility shall be performed
under the supervision of a senior reactor operator who is licensed by the U.S. Nuclear
Regulatory Commission to operate the MIT Research Reactor. The ‘medical therapy
facility’ includes the beam, beam shutters, beam monitoring equipment, medical therapy
facility shielding, shield door, and patient viewing equipment. All modifications will be
reviewed pursuant to the requirements of 10 CFR 50.59. The patient support and

positioning equipment, medical instruments, and other equipment used for the direct
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16.

medical support of the patient are not considered part of the medical therapy facility for

purposes of this provision, except insofar as radiation safety (i.e., activation and/or

contamination) is concerned.

Personnel who are not licensed to operate the MIT Research Reactor but who are

responsible for either the medical therapy or the beam’s design including construction

and/or modification may operate the controls for the medical therapy facility beam

provided that:

a)

b)

c)

Training has been provided and proficiency satisfactorily demonstrated on the
design of the facility, its controls, and the use of those controls. Proficiency
shall be demonstrated annually.

Instructions are posted at the medical therapy facility’s local control panel that
specify the procedure to be followed:

1) to ensure that only the patient is in the treatment room before turning the
primary beam of radiation on to begin a treatment;

ii) if the operator is unable to turn the primary beam of radiation off with
controls outside the medical therapy facility, or if any other abnormal
condition occurs. A directive shall be included with these instructions to
notify the reactor console operator in the event of any abnormality.

In the event that a shutter affects reactivity (e.g., the cadmium curtain),
personnel who are not licensed to operate the MIT Research Reactor but who
have been trained under this provision may operate the shutter provided that
verbal permission is requested and received from the reactor control operator
immediately prior to such action. Emergency closures are an exception and may

be made without first requesting permission.
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Records of the training provided under subparagraph (a) above shall be retained in
accordance with the MIT Research Reactor’s training program or at least for three years.

A list of personnel so qualified shall be maintained in the reactor control room.

. Events defined as ‘recordable’ under definition in Specification 1.28 shall be recorded
and the record maintained for five years. Events defined as ‘misadministrations’ under
definition in Specification 1.21 shall be reported to the U.S. Nuclear Regulatory
Commission (24 hours verbal, 15 day written report). The 24 hour verbal reports will be
made to the Regional Administrator, Region I, or his designate. The 15 day written
reports will be sent to the NRC Document Control Desk with a copy to the Regional

Administrator, Region I, or his designate.

. The requirements of the Quality Management Program (QMP) for the Generation of
Medical Therapy Facility Beam for Human Therapy at the Massachusetts Institute of
Technology Research Reactor shall be observed for any human therapy. (Note: The
presence of this commitment to observe the QMP in these specifications does not
preclude modifying the QMP as provided in that document. Any such modifications are

not considered to be a change to the MITR Fission Converter Technical Specifications.)

The stipulation that patients only be accepted from NRC Medical Use Licensee No. 20-

03857-06 or NRC Medical Use Licensee No. 20-00289-07 or from any other medical use

licensee that has been similarly authorized by NRC (or by the Commonwealth of Massachusetts

should the latter become a common agreement state) to utilize the MITR Fission Converter’s
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Medical Therapy Facility beam for human therapy, ensures that medical criteria imposed by
NRC on such licensees for the use of the MIT Research Reactor’s medical therapy facility beam
for human therapy will be fulfilled. The second provision delineates the division of
responsibilities between the Massachusetts Institute of Technology and the medical licensee that
refers the patient. Also, it establishes administrative authority and protocol for initiating and
terminating a radiation therapy.

The requirement that it be possible to initiate a minor scram from a control panel located
in the medical therapy facility area assures the attending physician and/or medical physicist, and
the MIT principal im)estigator or his designate of the capability to terminate the treatment
immediately should the need arise. The provision that access to the medical therapy facility be
limited to a single door ensures that there will be no inadvertent entries. The various interlocks
for the shutters that control beam delivery ensure that exposure levels in the medical therapy
facility will be minimal prior to entry by personnel who are attending the patient. The shutter-
indicating lights serve to notify personnel of the beam’s status. The provision for a radiation
monitor ensures that personnel will have information available on radiation levels in the medical
therapy facility prior to entry. The purpose of this monitor’s audible alarm is to alert personnel
to the presence of elevated radiation levels, such as exist when the shutters that control beam
delivery are open. This monitor and/or its alarm may be disabled once the medical therapy
facility has been searched and secured so that it will (1) not disturb a patient and (2) not distract
attending personnel. The monitor and/or its alarm are interlocked with the shield door so that
they are made functional upon opening that door, and hence prior to any possible entry to the
medical therapy facility. One intercom provides a means for the prompt exchange of
information between medical personnel and the reactor operator(s). The second intercom is for

monitoring the patient.

169



The provision for manual operation of the medical therapy facility’s shield door ensures
access to any patient in the event of a loss of electrical power. The presence of two independent
means of viewing the patient provide the attending physician authorized user and/or medical
physicist redundancy in monitoring the patient visually.

The specification that the total radiation fluence for a therapy (i.e., the radiation fluences
for the sum of all fractions specified in a given treatment plan) not exceed that proscribed in the
patient treatment plan by 20% establishes a trigger limit on the delivered fluence above which
NRC has to be notified of a misadministration. The 20% criterion is based on the definition of
misadministration (clause 4(iv) as given in 10 CFR 35.2). The criterion that the difference
between the administered and prescribed fluence for any seven consecutive days is set at 30%.
This is also in accordance with the definition of misadministration (clause 4(iii) as given in 10
CFR 35.2). Finally, if a treatment involves three of fewer fractions, then a more stringent
criterion, 10%, applies to the difference between the total radiation fluence for a therapy and that
prescribed in the treatment plan (10 CFR 35.2(4ii)). The surveillance requirements for beam
calibration checks and characterizations provide a mechanism for ensuring that the medical
therapy facility and its beam will perform as originally designed. Similarly, the surveillance
requirements on the beam monitors ensure that these instruments are calibrated by a means
traceable to the National Institute of Standards and Technology. The chambers specified (tissue-
equivalent, and graphite or magnesium-wall) were chosen because they measure dose as opposed
to fluence.

The specification on maintenance and repair of the medical therapy facility ensures that
all such activities are performed under the supervision of personnel cognizant of quality
assurance and other requirements such as radiation safety. The provision on the training and
proficiency of non-licensed personnel ensures that all such personnel will receive instruction

equivalent to that given to licensed reactor operators in regards to the use of the medical therapy
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facility beam. (Note: Licensed reactor operators may, of course, operate the medical therapy
facility beam.) Also, this provision provides for the posting of instructions to be followed in the
event of an abnormality.

The specification on ‘recordable events’ and ‘misadministrations’ provides for the
documentation and reporting to the U.S. Nuclear Regulatory Commission of improper events
regarding the generation and use of the medical therapy facility beam. The requirement that the
Quality Management Program (QMP) be observed ensures that radiation treatments provided by
the medical therapy facility beam will be administered as directed by the physician authorized

user.
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7 Quality Management Program

for Generation of Medical Therapy Facility Beam for Human Therapy

1. Purpose: The objective of this quality management program is to ensure that radiation
treatments provided by the MITR Fission Converter’s Medical Therapy Facility beam will

be administered as directed by a physician authorized user.

2. Authorized Medical Use Licensees: Use of the MITR Fission Converter’s Medical Therapy
Facility beam, for the treatment of human subjects, is limited to the physician authorized
users authorized under:

a) NRC Medical Use Licensee No. 20-03857-06 or NRC Medical Use Licensee No. 20-
00289-07.

b) Any other medical use licensee that has been similarly authorized by NRC (or by the
Commonwealth of Massachusetts should the latter become a common agreement
state) to utilize the MITR Fission Converter’s Medical Therapy Facility beam for

human therapy.

3. Program Requirements: The following requirements are established as part of this quality
management program:
a) A written directive will, except as noted in subparagraph (iv) below, be prepared by
a physician authorized user of the NRC-approved medical use licensee prior to the
administration of any radiation therapy. This directive shall be written, signed, and
dated by the physician authorized user and it shall include the following information:

i) Name and other means of identifying the patient.



ii) Name of the physician authorized user and certified medical physicist in

charge of the therapy.

iii) The total radiation fluence to be administered, the radiation fluence per

fraction, and the treatment site.

iv) If, because of the patient’s condition, a delay in order to provide a written

revision to an existing written directive would jeopardize the patient’s
health, an oral revision to an existing written directive will be acceptable,
provided the oral revision is documented immediately in the patient’s record
and a revised written directive is signed by a physician authorized user

within 48 hours of the oral revision.

Also, a written revision to an existing written directive may be made for any
therapeutic procedure provided that the revision is dated and signed by a

physician authorized user prior to the administration of the next fraction.

If, because of the emergency nature of the patient’s condition, a delay in
order to provide a written directive would jeopardize the patient’s health, an
oral directive will be acceptable, provided that the information contained in
the oral directive is documented immediately in the patient’s record and a

written directive is prepared within 48 hours of the oral directive.

In order to ensure that the Staff of the MIT Research Reactor has the most
recent written directive from the medical use licensee and the correct
directive for the patient in question, a copy of that directive shall be hand-

delivered to the MITR Staff by the Staff of the medical use licensee who
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vi)

accompany the patient to MIT. This copy shall then be checked against the
most recent previous transmission. Any discrepancy shall be resolved by the
medical use licensee prior to the initiation of patient irradiation.

The MIT principal investigator for BNCT, or his designate, will date and
sign the written directive to verify that current and accurate beam
characteristic parameters were provided to the NRC-approved medical use
licensee prior to irradiation. The MIT principal investigator for BNCT, or
his designate, will date and sign the written directive after the irradiation to
verify that the correct fluence was delivered. A copy of this signed directive
shall be provided to the medical use licensee within twenty-four hours of a

treatment.

b) Prior to each administration of any radiation, the patient’s identity will be verified by

more than one method as the individual named in the written directive. An

authorized representative of the MIT Nuclear Reactor Laboratory will use any two or

more of the following acceptable methods of identification:

i)

Self-identification by patients who are conscious upon arrival at the MIT
Research Reactor. Information provided by the patient shall include any two
of the following: name, address, date of birth, or social security number.

The information provided by the patient is to be compared to the
corresponding information in the patient’s record.

Hospital wrist band identification with the wrist band information to be

compared to the corresponding information in the patient’s record.

iii) Visual identification against photographs provided with the written

directive.
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iv) Other methods as specified in U.S. Nuclear Regulatory Commission

Regulation Guide 8.33, “Quality Management Program.”

c) The plan of treatment is certified by the certified medical physicist to be in

d)

accordance with the written directive. In this regard, the Massachusetts Institute of
Technology is responsible for calibrating the output of the beam monitoring
instrumentation versus dose in phantom and for providing a central axis dose versus
depth profile. This information will then be used by personnel at the NRC-approved
medical use licensee to generate a plan of treatment. Conformance of the beam to its
design characteristics is confirmed through the measurements specified in MITR
Fission Converter Technical Specification Section 6.2, “Generation of Medical
Therapy Facility Beam for Human Therapy”. The beam is characterized
dosimetrically every twelve months (provision 14b), the ion chambers used for the
dose depth measurements are calibrated by a secondary calibration laboratory every
two years and their proper operation is verified semi-annually (provision 14c), and
calibration checks are made of the beam at least weekly for any week that the beam
will be used for human therapy (provision 14a).

Each administration of radiation is in accordance with the written directive subject to
the tolerances established in provision 11 of MITR Fission Converter Technical
Specification 6.2, “Generation of Medical Therapy Beam for Human Therapy”.

Any unintended deviations from the written directive shall be identified and
evaluated, and appropriate action taken. Such action shall include informing the
medical use licensee of the deviation. These reviews shall be performed monthly for
any month in which human therapy was conducted. For each patient case reviewed,
it shall be determined whether the administered total fluence and fluence per fraction

were as specified in the written directive. In the event of any deviation from the
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written directive, the licensee (MIT) shall identify its cause and the action required
to prevent recurrence. These actions may include new or revised policies, new or
revised procedures, additional training, increased supervisory review of work, or
other measures as deemed appropriate. Corrective actions shall be implemented as

soon as practicable.

4. Program Implementation: The following practices shall be observed in order to ensure

proper implementation of the quality management program:
a) A review shall be conducted of the quality management program. This review shall
include, since the last review, an evaluation of:
i) A representative sample of patient administrations,
ii) All recordable events, and

iii) All misadministrations.

The objective of this review is to verify compliance with all aspects of the
quality management program. For purposes of this review, the term
‘representative’ in statement (i) above is defined as 100% sampling up to twenty
patients; a sample of twenty for twenty-one to one hundred patients, and 20%
sampling for more than one hundred patients. In order to eliminate any bias in
the sample, the cases to be reviewed should be selected randomly.

b) The procedure for conducting the above review is as follows:
i) The review shall be performed by the Director of the MIT Radiation

Protection Program or his designate.

ii) The review shall be performed annually.
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iii) Patient administrations selected for review shall be audited to determine
compliance with each of the requirements listed in paragraphs (3) above.
iv) The review shall be written and any items that require further action shall be
so designated. Copies of the review shall be provided to the NRL Director,
MIT principal investigator for BNCT, and to the MIT Reactor Safeguards
Committee who will evaluate each review and, if required, recommend
modifications in this quality management program to meet the requirements
of paragraph (3) above. A copy of these reviews will also be provided to
each medical use licensee.
¢) Records of each review, including the evaluations and findings of the review, shall
be retained in an auditable form for three years.
d) The licensee (MIT) shall reevaluate the Quality Management Program’s policies and
procedures after each annual review to determine whether the program is still

effective or to identify actions required to make the program more effective.

5. Response to Recordable Event: Within thirty days after the discovery of a recordable event,

the event shall be evaluated and a response made that includes:
a) Assembling the relevant facts, including the cause;
b) Identifying what, if any, corrective action is required to prevent recurrence; and
¢) Retaining a record, in an auditable form, for three years, of the relevant facts and
what corrective action, if any, was taken.

A copy of any recordable event shall be provided to the affected medical use licensee.
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6. Records Retention: The following records shall be retained:
a) Each written directive for three years; and
b) A record of each administered radiation therapy where a written directive is required
in paragraph (3a) above, in an auditable form, for three years after the date of

administration.

7. Program Modification: Modifications may be made to this quality management program to
increase the program’s efficiency provided that the program’s effectiveness is not decreased.
All medical use licensees shall be notified of any modifications and provided with a copy of
the revised program. The licensee (MIT) shall furnish the modification to the NRC (Region

I) within 30 days after the modification has been made.

8. Report and Surveillance Frequency: Any report or other function that is required to be
performed in the Quality Management Program at a specified frequency shall be performed
within the specified time interval with:

a) a maximum allowable extension not to exceed 25% of the specified surveillance
interval, unless otherwise stated in the Quality Management Program;
b) atotal maximum combined interval time for any three consecutive surveillance

intervals not to exceed 3.25 times the specified surveillance interval.

9. Applicability: This Quality Management Program applies solely to the generation of the
medical therapy facility beam for the treatment of human subjects. It does not apply to any
other use of the medical therapy facility and/or its beam. Reports and surveillances listed in
this specification are only required if human therapy was conducted during the referenced

interval.
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8 Administrative Controls

Applicability

Operation of the Fission Converter is subject to administrative control. Measures
specified in this section provide for the assignment of responsibilities, review and audit
mechanisms, procedural controls, and reporting requirements. Each of the measures are

applicable as the minimum requirements throughout the fission converter facility’s life.

Objective

To assure that adequate management controls are available for safe facility operation.

Specification

The MIT Research Reactor Administrative Controls in MITR Technical Specifications
Section 7 shall assure that adequate management controls for the safe operation of the fission

converter will be provided.

Refer to MITR-II Technical Specification 7.

179






Section 3

COST ANALYSIS
OF THE
MITR FISSION CONVERTER FACILITY
FOR
NEUTRON CAPTURE THERAPY
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1 Introduction

The fission converter facility will be part of the MIT research reactor and therefore, the
cost of fabrication will be capitalized. Thus, the equipment cost will be exempt from overhead.
The equipment cost includes cost for components, reactor downtime, and MIT staff labor. Items
subject to overhead are contractor’s cost for the first $25,000 (Section 3), graduate student’s cost,

Prof. Harling’s salary, engineer’s salary, and furniture (if less than $500).
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2 Cost of Components

2.1 Cost of Coolant Components

Item Source Cost
1) Primary Coolant Pumps estimate from 7000
2 pumps at $3000 each Gordon Kohse
2 check valves at $500 each
2) Piping Metropolitan 1200 The stainless steel will be used for the
a. 1.5inchID sch40SS Piping primary coolant system.
b. $12/ft for 100 ft
3) Fittings 5564
a. female elbows (14 at $166 each)
b. female tee (10 at $226 each)
c. female hex coupling (14 at $70 each)
4) Heat exchanger Gustavo Preston 7270
a. heat exchanger ($4270)
b. filter ($3000)
5) valves 1.5” ball valve (5 at $536 each) 2680
6) Converter tank Ramsey Welding 55000 | Current price is to build the converter tank
a. Al 6061 and Fabrication to comply with ASME Code Section IX..
b. leak test Inc.
Need to work on which Section of the

Additions to the tank:

i. airtight cover

ii. pipe for the fluid level indicator

iii. two pipes for the thermocouples

iv. two pipes for the leak detector system and one opening for
the moisture detector

v. mounting area for float level detector

vi. line for the helium cover gas system

vii. fuel housing

viii. lip to hold the converter tank

ASME Code the converter tank will
comply with.

The delivery time for the converter tank is
between 12-15 weeks.
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7) Fission Converter Top 2861 estimate (material cost x 2)
Lead 25.4 x 203.2 x 61 cm (11.36 g/cm3) x (1 16/2200 g) x
($0.88/1b) x 2 =2861

Total 81575
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2.2 Cost of Auxiliary Components

Item

Source

Cost

1) Fuel transfer cask adapter
concrete cylinder 5 ft diameter and height of 39 inch with a
7 inch center hole
a. concrete cost ($1630)
b. 4m/d

2860

2) Clean-up system
Demineralizer housings (2 @ $155 each)
Cartridges (4 @ $55 each)
Filter housing ($150)
Resistivity instruments ($444)
i. cell
ii. controller
e. pump ($1000)

oo o

2124

3) Surge tank
a. volume 96 ft3 = 715 gallons (U.S.) aluminum tank
($3690)
b. sight gauge ($1000)

Ramsey Welding
and Fabrication
Inc.

4690

4) Cover-gas cover system

2000

The cover gas system will consist of
helium gas and gas holder. No blower or
recombiner.

Need overpressure blow off valve
connected to the reactor’s exhaust system.

5) Temporary shield
a. 16930 Ibs x $0.88/lb x 1.5 = $22348
b. $2000 for steel frame

24348

6) Relocation of MITR-1I make-up water system

500

$500 for equipment cost to move the
MITR-II make up water system.

7) Pump for the secondary system

1500

8) secondary piping and valves
a. pipes $6/ft for 200 ft ($1200)

2238

Secondary coolant system will not use
stainless steel. Therefore, the cost of
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b.

female elbow (8 at $66)

copper piping will be 2.5 less expensive

c. female tee (4 at $$90) than stainless steel.
d. female hex coupling (5 at $$30)
9) tools 10000
Total 50260
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2.3 Instrumentation and Controls

ID Process Display Description Cost Time to
Variable Install
Component
(hours)
FTI primary outlet Display at the Thermocouple and mounting equipment ($200) 1500 3
temp medical control The fission converter tank has to be designed to accommodate
(above hottest panel and reactor | the thermocouple and the mounting equipment.
fuel element) control room. signal converter ($300)
Alarm at the reactor | display for the med control panel ($500)
control room and | display for the reactor control room ($500)
medical control
panel.
Fission converter
automatic shutdown.
FT2 primary outlet Display at the Thermocouple and mounting equipment ($200) 1500 3
temp medical control The fission converter tank has to be designed to accommodate
(above hottest panel and reactor | the thermocouple and the mounting equipment.
fuel element) control room. signal converter ($300)
Alarm at the reactor | display for the med control panel ($500)
control room and | display for the reactor control room ($500)
medical control
panel.
Fission converter
automatic shutdown.
FT3 | primary coolant Display at the Need female tee (price included in Section 2) 950 2

temp after heat

exchanger and

before the ion
column

medical control
panel.
Alarm at the medical
control panel.
General alarm at the
reactor control
room.

Thermocouple ($150)

signal converter ($300)

display for the med control panel ($500)

General alarm in the reactor control room is a single alarm
warning any of the multiple non-critical system malfunction.
The cost for the general alarm is minimal and is not included
in the cost analysis.
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FT7 | secondary outlet local readout dial thermometer ($150) 150
coolant temp. need female tee (price included in Section 2)
FT8 secondary inlet local readout dial thermometer ($150) 150
coolant temp need female tee (price included in Section 2)
FF1 primary outlet Display at the Ultrasound flow meter and display. ($2500) 2500
flow rate medical control Ultrasound is used because of the small diameter of the
panel. coolant pipes (1.5” ID).
General alarm at the
reactor control
room. Alarm at the
medical control
panel
FF5 secondary local readout mechanical flow meter ($500) 500
coolant flow rate Display at the display and alarm ($500)
medical control
panel.
General alarm at the
reactor control
room,
Alarm at the medical
control panel
FLI1 converter tank Display at the The tube needed for this system will be part of the fission 2550
fluid level medical control converter tank design.
panel. Sensor ($2000)
Alarm at the reactor | display and alarm ($500)
control room and alarm at the reactor control panel ($50)
medical control
panel.
Fission converter
automatic shutdown.
FL6 converter tank Alarm at the reactor | Float level sensor ($200) 300

fluid level (trip
point)

control room and

medical control
panel.

Fission converter

The converter tank needs to be designed to have mounting
area for the float level detector.

Alarm at reactor control room ($50)

alarm at the medical control panel ($50)
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automatic shutdown.

FL8 converter tank General alarm at the | Float level sensor ($200) 250 1
level (over flow) reactor control The converter tank needs to be designed to have mounting
room. Alarm at the | area for the float level detector.
medical control alarm at the medical control panel ($50)
panel
FL2 inner converter | Alarm at the reactor | Two tubes for the helium (or CO7) will be part of the fission 2250 5
tank leak control room and | converter tank design.
detector medical control Moisture sensor ($2000)
panel The gas purge will be vented to the reactor exhaust system
($250 for hardware cost)
FL3 | storage tank level local readout Part of the storage tank design.
FL4 | gas holder level local readout The cover gas system will consist of helium cover gas and gas 500 5
for helium cover holder. No recombiner or blower.
system
FP1 primary system local readout 200 2
pressure
(after heat
exchanger)
FP2 primary system local readout 200 2
pressure
(pump #1 outlet)
FP3 primary system local readout 200 2
pressure
(pump #2 outlet)
FP4 | secondary system local readout 200 D)
pressure
FR1 | neutron monitor Display at the BF3 detector and mounting device ($5000) 5000 16
A medical control
(not part of SAR panel.
or Tech Spec)
FR11 med room local display and at | Stand alone unit ($1500) 4370 16
gamma monitor | the medical control | Sensor with display at the reactor control room
(need two) room a) control room unit ($1450)
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b) detector assembly ($945)
c) remote display ($475)

FCI ion column inlet Display at the 2500
FC2 and outlet medical control
conductivity for panel.
the primary General alarm at the
coolant system reactor control
room. Alarm at the
medical control
panel
FC3 | ion column inlet Display at the 2500
FC4 and outlet medical control
conductivity for panel.
the water shutter | General alarm at the
system reactor control
room. Alarm at the
medical control
panel
FX1 Cd shutter Display at the Part of Cd rail system. 150
position medical control Limit switch ($100)
(fully open) panel Display at the medical control panel ($50)
FX4 Cd shutter Display at the Part of Cd rail system. 200
position medical control Limit switch ($100)
(fully closed) panel and reactor | Display at the medical control panel ($50)
control room. Display at the reactor control room ($50)
FX2 mechanical Display at the Part of the mechanical shutter design. 50
shutter position medical control Display at the medical control panel ($50)
(fully open) panel
FX5 mechanical Display at the Part of the mechanical shutter design. 100
shutter position medical control Display at the medical control panel ($50)
(fully closed) panel and reactor | Display at the reactor control room ($50)
control room.
FX3 water shutter Display at the Conductivity probe located at the outlet pipe of the water 700
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tank level

medical control

shutter tank ($200)

(fully open) panel Display unit ($500)
FX6 water shutter Display at the Conductivity probe located at the air vent line of the water 250 3
tank level medical control shutter ($200)
(fully closed) panel and reactor | Can use same display unit as above for the medical control
control room. panel.
Display at the reactor control room ($50)
FX7 med room door Display at the Display at the reactor control room (open) ($50) 475 5
FX8 position medical control Display at the reactor control room (close) ($50)
(open and close) panel and reactor | Display at the medical control panel (open) ($50)
control room. Display at the medical control panel (close) ($50)
Interlock with Interlock system ($25)
shutters. Automatic stop mechanism in the event something or
someone is interfering with door operations. ($250)
FZ1 Cd shutter Controls in the Control at the reactor room (close only) ($50) 200 5
control reactor control room | Control at the medical room (close only) ($50)
(change in speed (close only), med | Control at the medical control panel (open) ($50)
with be done by room (close only) | Control at the medical control panel (close) ($50)
changing the and medical control
gearing) panel.
FZ2 water shutter Controls in the med | Control at the medical room (close only) ($50) 150 5
FZ5 control (for room (close only) | Control at the medical control panel (open) ($50)
valves) and medical control | Control at the medical control panel (close) ($50)
panel.
FZ3 mechanical Controls in the med | Control at the medical room (close only) ($50) 150 5
shutter control room (close only) | Control at the medical control panel (open) ($50)
and medical control | Control at the medical control panel (close) ($50)
panel.
FZ4 med room door local control
control
FZ9 reactor minor Minor scram control at the medical control panel ($50) 50 2
scram
FL9 leak tapes General alarm at the | If the pumps, heat exchanger, etc. are placed on a skid, instead 600 10
to reactor control

of using leak tapes on individual pipes, several conductivity
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FL20 room. Alarm at the | probes located on the tray can be used.
medical control
panel
primary pump #1 Control switch at the medical control panel ($150) 650 3
control Controller ($500)
primary pump #2 Control switch at the medical control panel ($150) 650 3
control Controller ($500)
secondary pump Control switch at the medical control panel ($150) 650 3
control Controller ($500)
valve controls The valves for the coolant system will be controlled manually.
Hardware for Hardware cost to display instruments in reactor control room 300 20
reactor control ($300)
room Time needed to machine control panel (20 hours)
control panel Hardware cost for control panel ($1875) 1875 20
hardware Time needed to machine control panel (20 hours)
TOTAL 35470° 185 hrs
23 days™”

* This only represents the cost of instrument components and does not include installation. The total cost presented here does not include beam

monitor components (Section 2.4).

** The time for installation of the instruments are only used as a guide to determine the construction time-line of the fission converter facility

and is not used to calculate the labor cost. The labor cost will be determine by using the construction time-line as discussed in Section 7 of this

report.
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2.4 Beam Monitor Components

FRS beam monitor Display at the
fission counter A medical control
panel
FR6 beam monitor Display at the
fission counter B medical control
panel
FR7 beam monitor Display at the
fission counter C medical control
panel
FR8 beam monitor Display at the
ion chamber A medical control
panel
FR9 beam monitor*

ion chamber B

Display at the
medical control
panel

computer,
software, etc.

Total

Estimated by Prof. Harling

56000
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2.5 Cost of Beam Components

Item Source Cost
1) Filter 172530 | Items a, b, and ¢ are averaged to a price
a. Al & AlF3 mixture ($210000) based on $60/kg VTT of $158000. Items d and e are added to
b. Alblock then a separate AIF3 block ($87500) this number to get the total.
i. AIT100 block 70x105x105cm ($14500) or
ii. Al6061 block 70x105x105¢cm ($11310) Industrial Al
ifi. AlFI3 block 20x107x107cm ($72000) City Metal
c. Alblock then a separate Alp03 block ($176500)
1. AI1100 block 70x105x105cm ($14500) or Industrial Al
i, Al6061 block 70x105x105cm ($11310) City Metal
iii. Al03 block 30x107x107cm ($162000) Coors Ceramic Co.
d. bismuth (dimensions: 8x130x130 cm) ($14500)
e. cadmium (dimensions: 0.05x130x130 cm) ($30) Alfa Aesar
2) Lead reflector 17508 | The lead reflector needs to be made in
4 lead blocks with dimensions: 10x106x125cm either one piece or with steel casing for
(estimated weight 13264 1b x $0.88/1b x 1.5 = 17508) strength.
3) Collimator Ramsey Welding 17636
a. lead (estimate. 9573 1b x $0.88/1b x 1.5 = 12636 + and Fabrication
cost of aluminum tank ($5000) Inc. (for the water
tank)
4) Water shutter system 3280 | Opening and closing time of 2 minutes by
a. plastic tanks (300 gal) (2 at $325 each) gravity.
b. 1.5”ID copper piping (50 ft at $3/ft)
c. fittings The volume of the water shutter is 0.3
i. valves (2 at $300 each) m3.
ii. female elbows (8 at $35 each))
iii. pumps ($1000)
d. clean up system ($300)
e. air ventilation system
i. Y inch piping ($200)
ii. valves (2 at $50 each)
5) Mechanical Shutter, drive system, and controls 46500
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6) Cadmium Curtain
a. cadmium curtain
b. rails

10000

7) Air table to move the filter and collimator units.

15000

$10000 for air table and $5000 for rental
of air compressor.

Total

282454
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2.6 Cost of Medical Therapy Room Components

Item Source Cost
1) Concrete blocks Brooks Brothers 75000
2) med room door Atomic 15000
International
3) intercom, TV monitors 3000
4) lighting 500
5) ventilation system 1500 | Inlet from the reactor floor. The outlet
ventilation can be connected to the
experimental exhaust system on the
reactor top or to the equipment room
where the outlet can be connected to the
existing medical room’s ventilation
blower.
6) patient positioning device 5000
Total 100000
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2.7 Cost of D,0

D70

volume of 508.2 gallons (converter tank) + 127
gallons (25% for surge tank) + 20 gallons (system
volume)

$400(Canadian)/L @ 99.78% purity with $1.38
trading

AECL

718658

Not part of the cost analysis.

Will borrow D70 from DOE.
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2.8 Summary of Cost of Components

Section 2.1 Total Cost of Coolant Components 81575
Section 2.2 Total Cost of Auxiliary Components 50260
Section 2.3 Total Cost of Instrumentation and Controls 35470
Section 2.4 Total Cost of Beam Monitor Components 56000
Section 2.5 Total Cost of Beam Components 282454
Section 2.6 Total Cost of Medical Facility Components 100000

Total 605759
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3 Cost of Contractors

Item Source Cost
1) Engineering Drawings $45/hr + $20/hr for computer time Stone & Webster 35131 Cost includes overhead
a. fuel transfer adapter (5 hrs) (59%).
b. converter tank (40 hrs)
c. water shutter system (8 hrs) ($22095x1.59)=35131
d. mechanical shutter (20 hrs)
e. medical therapy room (20 hrs)
f. system drawings (50 hrs)
g. as built drawings (40 hrs)
Engineering Review $120/hr
a. fuel transfer adapter (1 hr)
b. converter tank (16 hrs)
¢. water shutter system (4 hrs)
d. mechanical shutter (8 hrs)
e. medical therapy room (6 hrs)
f. system drawings (40 hrs)
g. as built drawings (10 hrs)
2) Crane Test The Shaughnessy 6360 Cost includes overhead.
Companies
$4000 x 1.59 = 6360
3) Remove concrete blocks out of the reactor containment building The Shaughnessy 15900 Cost includes overhead.
Company
$10000 x 1.59 = 15900
4) certified welder for Primary Coolant system ($500/day) 5565 5 days worth of welding to

assemble the coolant system
skid.

2 days to attach the primary
system from the coolant
system skid to the converter
tank.

Cost includes overhead.
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$3500 x 1.59 = 5565

5) Electrical contractor for power, circuit box, and conduit from 48250 Contractor’s cost is $33500.
reactor top to medical control panel and to the reactor control
room. Cost includes overhead for
the first $25000.
($25000 x 1.59) + $8500 =
48250
6) Contractor to drill holes in the reactor floor ($1000/hole) 6360 Cost includes overhead.
a. one hole for the water shutter
b. one hole for the secondary coolant pipe $4000 x 1.59 = 6360
¢. two holes for the mechanical shutter hydraulic system
7) Contractor to measure thermal column area before the
converter tank is built.
Total 117566




4 Radiation Waste Disposal Cost

Item Cost
1) Therma! Column Graphite disposal 50600
i. usetwo 90 ft3 box ($300 each)
ii. cost for disposal of the two boxes
(350000 based on $2000 for 55 gallon
barrow)
2) miscellaneous 25000
Total 75600

204




5 Regulatory Approval

Cost=$0
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6 Pre-Construction Preparation

Item Labor Total Time Reactor Comments
Labor Line Shutdown
Time
1) assemble filter component in house | 10 m/d 5 days no The lead reflector needs to be made as one
i. up to two aluminum (AlF3, Al & AlF3,0r | 2 men piece or have aluminum or steel casing. This
Al & Al»03) blocks team will allow handling of the filter as one piece.
ii. titanium (10 m/d)
iii. bismuth
iv. cadmium
v. lead
vi. lead reflector around filter
2) assemble collimator unit in house | 30 m/d 15 days no
i. lead collimator 2 men
ii. water shutter tank team
a. inlet pipe (30 m/d)
b. outlet pipe
c. air vent line
ili. supporting concrete
a. need to make casing for concrete
3) assemble mechanical shutter unit in house | 20 m/d 10 days no
i. lead shutter 2 men
ii. end of the collimator (20 m/d)
iii. concrete support
4) crane test contracto no By The Shaughnessy Company for $4000.
r
5) remove material/equipment attached to BTF in house 51.5 26 days no
a. 2% UO»> fuel bundle and barrels at 6CH1 2 men m/d
and 2CH1 (5 m/d) team
b. Cooling water unit for ICE (3 m/d) (51.5
c. Helium bottles for instruments (1 m/d) m/d)

d. Pneumatic sampling system shielding (2
m/d)
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e. cut the belly bands (0.5 m/d)

f. remove items on top right of BTF (3 m/d)

g. remove reactor instrumentation on the top
left of the BTF (10 m/d)

h. auxiliary reactor drain sump (4 m/d)

1. ventilation conduit (1 m/d)

J.  tool storage rack (4 m/d)

k. decking (3 m/d)

I. emergency cooling line on right (5 m/d)

m. ICE instrument lines on right (10 m/d)

6) relocate MITR-II make-up water tank (20 in house | 20 m/d 10 days no
m/d) 2 men

team
(20 m/d)

7) assemble coolant system “tray” in house | 40 m/d 15 days no One week for certified welder for the primary
i. heat exchanger 2 men system. The cost for the welder is included in
ii. clean up loop team Section 3 of this report.

iii. pumps (30 m/d)
iv. make-up water tank plus
v. instruments Paul to
vi. controls install
vii. upper water tank for the water shutter instrume
viii. test for operation and leaks nts
(10 m/d)
Total 171.5 Total labor cost = $60025™ (with overhead)
m/d

Total labor cost = $37730 (without
overhead)

" Refer to Section 9 of this report for calculation of labor cost.
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7 Construction Time-Line for Fission Converter Facility

green = reactor operating Team | = 1 RPO, | maintenance, 1 operations
black = reactor shutdown Team 2 = 1 RPO, 1 maintenance, 1 operations
—— reactor shutdown ¢ = contractor
st 1oth 20th 30th 40th 50th 60th 70th goth 9oth 100th 110t 120th 130th 140th

1) site preparation (day 1-2, 2d, RPO))
2)  removal of aluminum gas box and cadmium curtain (day 3-9, 5d, Team 1)
3) sccondary coolant system (day 3-8, 4d, Team 2)
4y water shutter system (only those components that will be located in the basement) (day 9-11, 3d, Team 2)
5) take measurements of the thermal column and order converter tank (day 10, 14, ¢)
6) installation of temporary shielding (day 11-17, 5d, Team 1)
7) reinstall regulating rod mechanism (day 18, 1d, Team 1)
8) removal of existing facility (day 19-29, 7d, Team 1 and Team 2)
9) removal of material inside primary shielding (day 30-37, 6d, Team 1 and Team 2)
10) measure space where the filter and collimator will be located and make adjustments as needed (day 38-43, 4d, Team ! and Team 2)
11) install filter (day 44-51, 6d, Team 1 and Team 2)
12) install collimator unit (day 52-53, 2d, Team 1 and Team 2)
13) gas seal (day 54-57, 2d, Team 1)
14) construct medical room (day 58-78, 15d, Team 1 and Team 2 + ¢)
15) install water shutter mechanism (day 79-85, 5d, Team | and Team 2)
16) install mechanical shutter (day 86-92, 5d, Team | and Team 2)
17) install coolant system skid (day 93-94, 2d, Team | and Team 2)
18) reactor control room (day 95-100, 4d, Paul + 1 man)
19) beam monitor (day 95-108, 10d, Guido)
20) remove temporary lead shield (day 95-100, 4d, Team 1)
21) medical control area (day 101-107, 5d, Paul + | man)
22) remove lead in the 14 inch window (day 101, 1d, Team 1)
23) install converter tank (day 102-116, 11d, Team 1)
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Table 7.1 Construction Time-Line for the Fission Converter Facility

Item Labor Total in | Time- Reactor Comments
house Line Shutdown
Labor
Time
1) site preparation in house 2 days no
a. Establish controlled material storage area 1 RPO (2
(1 m/d) m/d)
b. Establish work area boundaries (1 m/d)
2) removal of aluminum gas box and cadmium in house 10 m/d 5 days yes Need to work out how to test for the
curtain 2 men composition of the 14 inch window prior to
a. remove steel plates around regulating rod (10 m/d) start of construction. Also need to practice
shim motor (0.25 m/d) plus with mock ups.
b. remove regulating rod shim motor (0.25 RPO
m/d) (5 m/d)
¢. remove loose shielding (0.25 m/d)
d. remove concrete shielding blocks (0.25
m/d)
e. remove the gas box and cadmium curtain
(9 m/d)
f.  verify composition of blocks in the 14 inch
window
3) Secondary coolant system in house 12m/d | 4 days yes Drilling a hole in the reactor floor will be
i. pump 3 men done by a contractor. The cost for the
ii. bring piping from basement to reactor top | (12 m/d) contractor is included in Section 3 of this
iii. drill hole in the reactor floor for report.
secondary pipe
4) Water shutter system (only for those in house 6 m/d 3 days yes Drilling a hole in the reactor floor will be
components that will be located in the basement 2 men done by a contractor. The cost for the
equipment room) (6 m/d) contractor is included in Section 3 of this

i. install lower water tank in the basement
equipment room.

report.
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ii. install pump in the basement
ifl. install pipes
iv. drill hole in the reactor floor

5) take measurements of thermal column and contractor | 2 m/d 1 days yes Delivery time is 12-15 weeks.
order converter tank plus
2 men
(2 m/d)
plus
RPO
6) Installation of Temporary Shielding in house 10 m/d 5 days yes
i. install cadmium curtain (4 m/d) 2 men
ii. install temporary lead shield (5 m/d) (10 m/d)
a. need to hang the lead shield from one plus
of the shielding blocks RPO
iti. replace concrete blocks (1 m/d) (5 m/d)
7) reinstall regulating rod mechanism in house 2 m/d 1 days yes
a. install steel plates around regulating rod 2 men
shim motor (2 m/d)
b. install regulating rod shim motor plus
c. install loose shielding RPO
d. install concrete shielding blocks (1 m/d)
8) Removal of the existing facility in house | 28 m/d 7 days yes See figure 7.1 for block location.
a. remove top concrete blocks (2.24 m/d) 4 men
i. remove center plug unit (A) (0.39 (28 m/d) Place the concrete blocks in the established
m/d) plus control area.
ii. remove concrete block B (0.37 m/d) RPO
iii. remove concrete blocks C1 and C2 (7 m/d) The blocks will be moved later to the back

(0.75 m/d)
iv. remove concrete block D (0.37 m/d)
v. remove concrete block E (0.37 m/d)
b. remove Fast Spectrum Facility Access (1.5
m/d)
i. remove concrete block F (0.38 m/d)

of NW13 by The Shaughnessy Company for
$10000.

Some of the blocks will be incorporated into
the new medical therapy room’s wall.
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it. remove concrete block G (0.37 m/d)
iti. remove concrete block Hl and H2
(0.75 m/d)
c. remove Holraum material (1.87 m/d)
i. remove graphite lining [ (0.5 m/d)
it. remove graphite lining J (0.62 m/d)
iti. remove graphite lining K (0.75 m/d)
d. removal of Holraum support and internals
(2.25 m/d)
i. remove steel door gearing mechanism
(0.25 m/d)
il. remove concrete block L (0.39 m/d)
iii. remove concrete block M (0.37 m/d)
tv. remove concrete block N (0.37 m/d)
v. remove graphite block O (0.5 m/d)
vi. remove steel doors P (0.37 m/d)
e. remove gun barrels (4 m/d)

9) removal of material inside primary shield in house | 24 m/d 6 days yes Need extra planning to achieve ALARA.
i. remove thermal column Q 4 men
ii. remove lead shield R (24 m/d)
iii. remove graphite S plus
iv. clean area 2 RPO
(12 m/d)
10) measure space where the filter and collimator | in house 16 m/d | 4 days yes Think of ways to easily modify the filter
will be located and make adjustments as needed 4 men and collimator dimensions after the
(16 m/d) measurements are made.
plus
2 RPO
(12 m/d)
11) install filter in house 24 m/d 6 days yes Assuming air table will be used.
a. install air table 4 men Airfloat Platform
b. install filter (24 m/d) a. platform dimensions Im by S m
plus b. smoothness 1/8 inch at 10 ft
2 RPO c. two blocks - 1 m2 area, 10 ton each
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(12 m/d)

d. air flow rate 60-100 cfm (for
concrete finish)

e. price $10,000 for platform (does not
include the 25 hp air compressor)

Think of other ways of installing filter, i.e.
assemble the filter piece at a time.

12) Install collimator unit in house 8 m/d 2 days yes Think of other ways of installing collimator,
4 men i.e. assemble the filter piece at a time.
(8 m/d)
plus
2 RPO
(4 m/d)
13) gas seal around the collimator unit in house 4 m/d 2 days yes
2 men
(4 m/d)
plus
RPO
(1 m/d)

14) Construct Medical Room inhouse | 60m/d | 15 days no The old blocks from the existing facility
a. concrete blocks 4 men will be incorporated into the new medical
b. lighting (60 m/d) room shielding.

c. ventilation system plus
d. radiation monitor contractor Contractor to form and pour the concrete.
e. medical room door The cost for the contractor is included in
Section 2.6 of this report.
15) Install water shutter mechanism in house | 20 m/d 5 days 1no Water shutter - fully closed conductivity
i. upper tank on top of medical room 4 men probe located at the air vent line of the
ii. pipes (20 m/d) water shutter and the fully open
iii. valves conductivity probe located at the outlet pipe
iv. air ventilation system of the water shutter tank.
v. water filter
vi. conductivity probes

vii.

controls
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16) Install mechanical shutter in house 20 m/d 5 days no
i. guide rails 4 men
ii. hydraulics (20 m/d)
iii. controls
1v. instruments
17) Install coolant system skid in house 8 m/d 2 days no Assumption is that all components will be
4 men located on reactor top or on top of the new
(8 m/d) medical therapy room.
The coolant system skid will be pre-made as
discussed in Section 6.
18) Reactor control room in house 8 m/d 4 days no
1 man
(4 m/d)
plus
Paul
(4 m/d)
19) Beam monitor BNCT
Group
20) remove temporary lead shield in house 8 m/d 4 days yes
a. remove steel plates around regulating rod 2 men
shim motor (8 m/d)
b. remove regulating rod shim motor plus
c. remove loose shielding RPO
d. remove concrete shielding blocks (4 m/d)
e. remove temporary lead shield
21) medical control area in house 10 m/d 5 days no
| man
(5 m/d)
Paul
(5 m/d)
22) remove lead in the 14 inch window in house 2 m/d 1 day yes
2 men

(2 m/d)
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plus

2 RPO
(2 m/d)

23) Install converter tank and cadmium curtain inhouse | 44m/d | 11 days yes The cost of certified welder for the primary
i. install outer tank 4 men system is included in Section 3 of this
ii. install inner tank (44 m/d) report.

iii. establish air seal between inner and outer
tank The cadmium curtain rails will be part of
iv. install instruments the outer converter tank.
v. connect coolant system
vi. cover gas system with overpressure blow
off valve
vii. fill with water
viii, fit cover
ix. place shielding
Total 326 55 weekdays
m/d* of reactor
(total) shutdown
(from time
126 m/d line)
(when
reactor 77 total days
is up) (includes
weekends)

* Does not include RPO labor.




Table 7.2 Calendar

M T W T F S S

1 2 3 4 5 6 7

8 9 10 11 12 13 14
15 16 17 18 19 20 21

22 23 24 25 26 27 28
29 30 31 32 33 34 35

36 37 38 39 40 41 42
43 44 45 46 47 48 49
50 51 52 53 54 55 56
57 58 59 60 61 62 63
64 65 66 67 68 69 70
71 72 73 74 75 76 77
78 79 80 81 82 83 84
85 86 87 88 89 90 91

92 93 94 95 96 97 98
99 100 101 102 103 104 105
106 107 108 109 110 111 112
113 114 115 116 117 118 119
120 121 122 123 124 125 126
127 128 129 130 131 132 133
134 135 136 137 138 139 140
141 142 143 144 145 146 147
148 149 150 151 152 153 154
155 156 157 158 159 160 161
162 163 164 165 166 167 168
169 170 171 172 173 174 175
176 177 178 179 180 181 182
183 184 185 186 187 188 189
190 191 192 193 194 195 196
197 198 199 200 201 202 203
204 205 206 207 208 209 210
211 212 213 214 215 216 217
218 219 220 221 222 223 224
225 226 227 228 229 230 231
232 233 234 235 236 237 238
239 240 241 242 243 244 245
246 247 248 249 250 251 252
253 254 255 256 257 258 259
260 261 262 263 264 265 266
267 268 269 270 271 272 273
274 275 276 277 278 279 280
281 282 283 284 285 286 287
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8 Pre-Operational Testing

Item Labor Total Labor Time Reactor Shutdown
Needed for
Task
1) leak check with HpO in house 9 m/d 3 days no
3 men
(9 m/d)
2) fill with D20 (need to dry out HO) in house 4 m/d 2 days no
2 men
(4 m/d)
plus
RPO
(2 m/d)
3) fueling in house 30 m/d 5 days yes
6 men
(30 m/d)
plus
2 RPO
(10 m/d)
4) performance test of all systems in house 10 m/d 5 days no
i. instruments 2 men
ii. controls (10 m/d)
iii. interlocks
iv. safety systems
v. etc.
5) calibration of cadmium curtain in house 3 m/d 1 day at low power, but
3 men ' will be included in
(3 m/d) calculating reactor
downtime
6) temperature distribution measurement at low power in house 9 m/d 3 days at low power, but
3 men will be included in
(9 m/d) calculating reactor
plus downtime

RPO




yAY4

(3 m/d)

7) step wise power escalation in house 9 m/d 3 days at fow power, but
i. measure maximum coolant temperature 3 men will be included in
. measure coolant temperature during loss of coolant flow (9 m/d) calculating reactor
iii. radiation survey plus downtime
2 RPO
(6 m/d)
8) Beam calibration BNCT group 4 weeks
Total 74 m/d” 12 weekdays of
(total) reactor downtime

23 m/d (when
reactor is up)

* Does not include RPO labor time.




9 Labor Cost

Table 9.1 Labor available for construction of the fission converter.

Reactor up Reactor down
Maintenance 1-2 2-3
Operations 2-3 6-8
Radiation Protection 1 2
Two Graduate students 1 1
engineer 1 1
Prof. Harling 0.35 0.35

Table 9.2 Labor Cost per Day

Cost per Day including
benefits and overhead

Cost per Day including benefits
but no overhead

($/day) ($/day)
maintenance 390.62 245.67
operations 308.79 194.21
350.00 220.00

average cost
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Table 9.3 In House Labor Cost for Construction of the Fission Converter Facility

Personnel Hours Cost
1) Prof. Harling (35% of his salary) + 1 full time 2 years 480000
engineer ($60000 salary) (includes benefits
and overhead)
2) one Ph.D. level graduate student 2 years 80000
(includes benefits
and overhead)
3) one Master’s level graduate student 1 year 40000
(includes benefits
and overhead)
4) secretary 50% of time for 2 years 2 years 100000
(includes benefits
and overhead)
5) Section 6 Pre-Construction Preparation 171.5 m/d 37730
171.5 m/d * $350/m/d = 60025 (with overhead)
171.5 m/d * $220/m/d = 37730 (without overhead)
6) Section 7 Construction of Fission Converter 126 m/d 27720
326 m/d (total) * $350/m/d = 114100 (with
overhead)
326 m/d (total) * $220/m/d = 71720 (w/o overhead)
126 m/d (when reactor is up) * $350/m/d = 44100
(with overhead)
126 m/d (when reactor is up) * $220/m/d = 27720
(w/o overhead)
7) Section 8 Pre-Operational Testing 23 m/d 8050
74 m/d (total) * $350/m/d = 25900 (with overhead)
74 m/d (total) * $220/m/d = 16280 (w/o overhead)
23 m/d (when reactor is up) * $350/m/d = 8050
(with overhead)
23 m/d (when reactor is up) * $220/m/d = 5060
(w/o overhead)
Total 773500
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10 Cost of MIT Research Reactor Downtime

number of Cost
days ($6000/d)
Section 7 Construction of Fission Converter 77
Section 8 Pre-Operational Testing 12
Total 89
(includes
weekends)
Capacity Factor Credit 371664

In FY96, reactor operated 69.6% of total available time.

Therefore, the reactor downtime cost is:
89 days * $6000/day * 0.696 = 371664
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11 Summary of the Cost Analysis Report

Section 2 Cost of Components 605759
Section 3 Cost of Contractors 117566
Section 4 Cost for Radiation Waste Disposal 75600
Section 5 Regulatory Approval Cost 0
Section 9 In House Labor Cost 773500
Section 10 Cost of MIT Reactor Downtime 371664
Total (for everything) 1944089
minus medical room cost -100000
(Section 2.6)
minus beam monitor -56000
(Section 2.4)
Total 1788089
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APPENDIX 1

COMMUNICATIONS
and
PRICE QUOTES
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COMPANIES , MIT fax # 617-253-7300

1.

Stone & Webster: engineering expertise, architect review, Ron Boudreau @ 589-7762,

fax # 589-1854.
2. Ramsey Welding and Fabricating: water box, surge tank, collimator(Al), hold

tanks,Brent Marks @ 933-4900, fax # 933-5668

17.

. Nuclead: lead, Harold Feinberg @ 1-800-877-2244

LND: detectors, Bob Lehnert @ 516-678-6141

VTT Reactor Labs: aluminum flouride: liro Auterinen, Finland

Alcoa city metals: aluminum6061, Josua Deustch @ 1-800-461-6713

TGM: detectors, Dan Booten @ 201-887-8400 ex.252, fax # 201-887-4732

Canberra: signal processors, Reginald @ 1-800-243-4422 or 203-639-2346

Shaugnessy: riggers and crane load test, Mike Shaughnessy @ 268-3000
AECL: d20, Tony Bennet @ 905-823-9040

. Metropolitan pipe: piping, sch40

Cole Parmer: ion exchanger,
CPI: flowmeters, Joanne Angelone @ 401-722-5900

. NPS: recombination system, Tom Starr @ 508-898-0365

Alfa Aesar: bismuth, cadmium, Paul Zubio @ 1-800-343-0660
Graziano: concrete(normal)
Gustavo Preston: heat exchanger, 508-663-5555



MIT IMPORTANT NUMBERS

1. BNCT office: 617-253-5720

2. Dr. Harling: 617-253-4201

3. Clare Egan: 617-253-3814

4. Henry Bonda: 617-253-4199

5. Ed Block: 617-253-4205 or 4211

6. Tom Newton: 617-253-4211

7. Fred Mcwilliams: 617-253-4203

8. Registrar: 617-253-2658

9. Jennifer Gwynn: 617-253-5042

10. Reactor Floor: 617-253-4221

11. Neil Todreas: 617-253-5296

12. Gordon Kohse: 617-253-4298, home: 617-332-4565
13. Paul Menadier: 617-258-5861
(13>John Bernard: 617-253-4202

15. Suichi Sakamoto home: 617-536-9487
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THE SHAUGHNESSY COMPANIES

DA DT,
AR B DRSS!

Company:  MIT Nuclear Reactor Date: 7/8/36 .
Address: Albany Street Jub Name: Conc Block Rémoval
City/State/Zip: Cambridge, MA Location: NwW-12

Aftention: Joo Bums/ £d Block Estimatad Nata: -« « « =«

Telsphone:  (617) 253-0897 Fax No.: (617) 253-7002

G¥e ure plensed 1o submit cur essimate fort

Fumish labor and equipment necessary to assist with the removal and temporary storage
of misc concrete blocks (weight varies) as directed:

Estimated Cost $10,000.00

Additionally, wie proposs to load test the overhead crane for 125% of its rate’d capacity

as foliows:

Lump Sum Prica: $4,000.00

We look torward 1o assisting on the jeb and working with you towards It successiul
completion. Should you have any questions or require additional information, please call me at

- anytima.

We propasc o0 farmisd Lodor, equipment and materiel in cezordence writh sbuze, for the sum of:

Ses above (S- - - - - - - )

Foymen: Ters: Net 30 days

Mike Shaughnessy

Ris proposat vy de atmidrzan i noe acaried alzin W dags. AT aori 0 Se smplered in & wurlmadils samer aseording oo
L T Sezore an exsre risge oner end

Simasure;

N
se2rdovs rrazelisi. Aay wWeemesizn & Lrvistion S sfore will §e exmamed’ vpor amizzen ordees e=

. . PR
fove vie wamsw, I asomens emsigent wrem snbes, 2xcidinzs or Gflzw feumd g eomerll Cur wevex ert eoveree Sy Worgmns

Lo somiom Juurznie. .
i
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(Message /afs/athena.mit.edu/uses/w/o/worms/Mail/indox:1835)
Receivad: from PACIFIC-CARRIZR-ANNZX.MIT.EDU by po9.MIT.EDU (5.51/4.7) id AA08303;
Received: from cliff.swec.com by MIT.ZDU with SMT?

id AA06333; Wed, 3 Jul 55 10:48:39 =DT
Received: from boslO.swec.com (bosl0.swec.com [199.103.193.87]) by cliffi.swec.com (&
from: ronald.boudreau@swec.com
Receivad: by boslO.swec.com; Wad, 3 Jul 96 10:30:25
Date: Wed, 3 Jul 96 9:17:25 =DT
Message-Id: <vines.ffY¥7+jWcglA@bosl(.swec.con>
X-Priority: 3 (Normal)
To: <WORMSE@MIT.EDU>
Subject: CONVERTER WATER 30X

ty

DT

THE FOLLOWING ASSUMPTIONS WERE MADE IN PREPARING THIS ESTIMATE.
1.DRAFTING OF THE SXETCH WILL 3EZ DONE USING A 3D CADD SYSTEM
2.STONE & WEBSTER WILL DO A CRITIQUEZ OF THE DRAWING MAXING SURE
THE PROPER INFORMATION IS SHOWN TO HAVE THE PIECE FASRICATED
3.STONE & WEBSTER WILL NOT BZ RESPONSIBLE FOR THE TEZCHNICAL
ACCURACY OF THE INTORMATION USED IN DESVELOPING THE SKETCH

FISSION CONVERTER WATER BOX:
A.8 TO 10 HOURS OF DRAFTING TIME DZPENDING ON THE ANOUNT OF DETAIL

THAT NEEDS TO BE SHOWN.
DRAFTING TIME IS $45/hr COMPUTER TIME IS $20/hxr NORMALLY
COMPUTER HOURS AND DRAFTING HOURS = 1:1

B.CRITIQUZ OF DRAWINGS AND PRESENTATION TO THE AUTHOR OF THE
RESULTS OF THE CRITIQUE.
8 TO 1O0HRS @ $120/hxr
CRITIQUE AND PRESENTATION TIME MAY BE ABLE TO BE DSCREASED WE
PRESENTLY HAVE TWO PEOPLEZ WORKING IN YOUR FUSION LAB THAT COULD
POSSIBLY 3E AVAILASLE TO DO THE CRITIQUE IF THEY ARZ NOT
AVAILABLE I HAVE GIVEN YOU THE WORST SCENARIO.
PLEASE GIVE ME A CALL IF YOU IF YOU HAVE ANY QUESTIONS OR IF

CAN PROVIDE FURTHEIR ASSISTANCE.

BEST REGARDS,
RON BOUDREZAU
589-7752
FAX 589-1854
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TGM DETECTORS, Inc.

5 Eastmans Road, Parsippany, NJ 07054
Tel: (201) 887-7100 Fax: (201) 887-4732

Facsimile Transmittal Sheet

Number of pages including cover sheet: 1

DATE: 7/10/96

FROM: Daniet E. Booton PHONE: 1201/887-7100 x252
Director, Sales & Marketing FAX: 1201/887-4732

TO: Joe Burns PHONE: 1617-253-0879
MIT Nuclear Reactor Laboratory FAX: 1 617-253-7300

138 Albany Street
Cambridge, MA 02139-4296

Classification: Routine
Reference: Our phone conversation earlier today
MESSAGE:

Thank you for your inquiry today. The following is our quotation (price & delivery) for our
FC4A/100 U235 Fission Chamber:

PART NUMBER QTY. PRICE (ea.) DELIVERY
FC4A/100 4 $ 3575.00 14 - 16 Wks ARO

If you have any questions concerning this quote or the Fission Chamber, please do not
hesitate to contact me at your earliest convenience.

Best regards,

Dan Beoton

{ Computer transmission, no signature )
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bue avalawsie

CITY METALS

TEL: (718) 726-2496 ~ (800) 461-6713
FAX: (718) 726-2499 ~ (800) 461-6925

JUNE 20, 1996
MIT - FAX: 16172537300

ATTN: JOE BURNS

WE ARE PLEASED TO OFFER THE FOLLOWING QUOTATION:

ALUMINIUM TYPE 6061-F

PER QQ-A-367 & MIL-STD-2154 CL B

cm X 105 +/- 1cm X 105 +/- 1cm

3., 2¢ ’..:-_, 1O jifegrs o, - T Zr

2 PCS. 70 +/-

D T 2 z
'?‘ ?’g 'n"/

~

@514,533.00 PER/PC.
DELIVERY: 12 WEEKS

FOB LA, CA.

THANK YOU

JOSHUA DEUTSGH
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Gustavo Preston Company

Enpinecred Fluid Huaediing

Since 1881

Lid&

Nureriser

L/ QUOTATION
V

Aztention:
Qate

G Sty it Losl
7 //,7 Jﬁ/ Yz ’

M T Nurctar
(71 236 5860
A53 330

Referen

U pr

= PLEASTREFER 70 OUR
QUOTE ."-,‘ ‘;/HEN ORDLD“.—\

it
JenT MIT

MOOZL

1720
MUNSER

PRICE

i mMo.

| finafy gol a response from Sweden on budgetary N-stamp costs for the

sem-wealded ME-MMWTFG for MIT.

MEMWFG: Equipment Costs - 37250

I Biso got it for 3 fuity gaskated MS-MFG,

Documentation end tasting for ASME Section 3 - 87,600 —

N-smp - 318,000 ~—

*E-MFG: | Eguipeent Costs - $4470

' N-stamp - 818,000

; Documerraton and testing for ASME Section 3 - 465,325

The equipmerm cosis include seismic feet and nuclesr Guslfied materisss.
Documentation and testing includes compiete tracing of the mmterials 10 the
sowce, maeased QA requirements, renewel of the Afte Laval Thermal N-
samy, end sevece! typas of ieak and weld testing. The N-stamp cost s to

heve 8 nuciear quaified nspector witness the hydrotest.

Prassa cail me wath any guestions.
Regards,
/M&@ .

E’c.(v..—if.‘,

(afirmetim A ol LJ.L zgd_«.asagw T y—
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15 JoF
NUCLEAR REACTOR LABORATORY

AN INTERDEPARTMENTAL CENTER GF
MASSACHUSETTS INSTITUTE OF TECHNOLOGY

JUN 24 'S5 12:87  FROM MIT ‘\/\I/ PAGZ. 28!
:'...- QURQS L ' ,\l ‘
- : =Tl

0. K. HARLING 138 Abany Street, Camdrigge, Mass. 021394295 J. A 8ZRANARD, IR,
Oirector Telatax No, (617) 253-7300 Director ol Rezsiar Cperations
Tetex No. 92-1473-MIT-CAM ;
Tel. No. {817)  253.4220 ;

FAX COVER SHEET

- Brcnd /77476 Kﬁ

Narme Tide

V72 Earm sey fletping g ol Fabeisdn
Company 4 v/ )
Ciry - Stete or Country

FAX NUMBER TO WHICH SENT: 933 S8 .
RS \70_(_( gb{éﬂf)

j‘} .

ACCOUNT NUMBER:
DATE: 4] c;?‘/ qé
Month Day . Year

svsreer: _(ast  Entimmds  for “ Ca .
he (Lﬂmﬂzé,( %’ / F—“ﬁ: J\CD\J 70& 1R éﬁ"i’_/rzn’//';/rz;
e SurmiE 7:?7//{ AST . y}é?a"',pt
4 EL 3 e
- 2 4L Steses T foc ok 1T 68, En

! .
I e D J M
p .
NUMBER OF PAGES, INCLUDING COVER SHEET __~— \

MITNRL FAX NO. (617) 253-7300 §—aS- 76'

MITNPL TELEX NO. $2-i273-MIT-CaM
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3230 LAWSON BLVD., OCEANSIDE, NEW YORK 11572
516-678-6141 « FAX 516-678-6704

DESIGNERS & MANUFACTURERS OF NUCLEAR RADIATION DETECTORS
Facsimile Title Page « Fax # __5_5_6_7___
To: T REF: TELECON RE LND 732
ATT: I0E_SIRNS DATE: __JULY 2, 1996
' # OF PAGES SENT

FROM: R0ATIT 4 LEENERT INCLUDING TITLE PAGE: __2

Dear Joe:
- 1) Per our telecon we can supply an LND 732 5 days after receipt of order at a

——

unit price of $455.00 each.
2) Your requirement for an in line gamma detector may be filled by the 49529 series
Flow Thru Gas Sampling Detectors. These units can be made available 60/90 days after
receipt of order 2t a unit price of $930.00 each,
If we can be of any further service please do not hesitate calling upon us.

Sincerely,
Robert W. Lehnert
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49529 FLOW THRU GAS SAMPLING PROPORTIONAL COUNTER

The LN 49529749516 Scrles are Flow 1wy Gas Samphng Propostional Counters with active
volurmes ol 50 and 100 i which have been specitically designed 1o meosure low Wvels ot
activily  Those units are constructed entuely of OFHHC Copper and speclally designed Aly04

msulaturs

GENENAL SPECIFICATIONS

Cathode Matesial:

Maxunuin Diameter: (Inche /auny
Maxitnhurn Lengih: (inches /nun)
Active Voluine: (mit)

Operating Temperature Range: (0C)
Connector:

ELECTNICAL SPECIFICATIONS

Minimum Plateau Length: (volts)
Muaxunam Plateau Slope (%7100 volts)

DETECTOR TYPES

49529

OFHC Cu
1.0/25.4
10.25/260.4
50

-50 to +150
MHV

300
2

49518

OFHC Cu
1.0/25.4
14/255.6
100

-50 1o +150
MHYV

300

/

49529 FLOW THRU GAS SAMPLIMG PROPORTIONAL COUNIER

FLOY PORT {2)

HIY CORRECTOR

10,25
0.

5.0
12770
€FFECY. LC,

.50
YR



from: Alfa Resar at G 5865214358 S 86-27-36 83:59 ga 3 861 of 86t

=
1S
AT
d Date: 08/27/96 !’m]
Tima: 15:56:43 \, =
A Johnson Matthey Company st
FRACSIMILE TRANSMISSION
To: Mr Joe Burns From: Paul Zubiel
MIT Alfa Resar
A Johnson Matthey Company
30 Bond St.
617-2537300 USRA Ward Hill, MR 01835-80399
Fax#: 568-521-6366
(-]
[ncluding Caver Sheet: 01
If you have a problem with this transmission, please call:
§08-521-6324
Sir,

[ cannot offer you a formal quote at this time..but [ have discussed

if with the productian peaple. They feel that the plate can be done

you ar2 logking at argund 2900 Ibs of Bismuth and Y40 Lbs aof Cadmium
Estimated cost S1%,500 and $3300

We would be pleased tao provide you with a forma! quote if you so require.

Regards



T HZ FOxXx80R0 CaMPe AN
QUOTATION
TO: M.I.7
ATTN: JOT BURNS
617-253-4220 FAX: 7300
YOUR
INQUIRY:
Orders placed on or before the

expiration dare shown will

be billed at orices quotad,
F.0.3. FOXBORC ™A,
TERMS: Full payment 30 days

from cate of invoices.
ZSTIMATIO SHIFMINT:
5=-7 KEEKS ARO

THIZ CUOTATION ZIXPIRES: 07/27/G8
D A A LIS LD et L the nan
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QUQTATICON NO.: Q1497
Pigase refer
when ordaring.

ND YQUR
OROER TO:
THE FOX3O0R0 COMPANY
C/0 CPI CONTROLS,
29 MINDON AVENUEZ
PAUTUCRKRET, RI 02z8&1

2080 COMPANY

INC.

to this numbear

Cz;-<LJ1«~—1_

JCannI aNGELONE (] for:
NIIL CASSIDY
sted an the altached Form 7



GQUATATION FROM TrE FOXBORD COMPANY FAGE i
QUATATION NQ.: Ql&9% CATE UH/27 /94
ZQ GRC NO:
CUSTOMER: MLILT
REFZRENCE: PRICEZS IN W.5. QOLLARS
I7Zm auanN
1 1 FOX30UR0 VORTEX FLOWMETER
8ASE ™MODEL: B3W~AQ2S1SS5TNF
PRODUCT SPECIFICATION SHEET: #55 1-uAl U,E
FUNCTION:
Measures Liquid, Gas Jr Steam Flows Ry
Monitoring The Action QF Yorricews Formedd
in The Fluid Flouw Through The Metsr;
Uafer Style Construction ............ e B
SLECTRONIC TYpRE:
analogrsPulse Elactronics ... ...t A
NOMINAL METER SIZE, 800Y ANO NH ZOVER PQTE cial
2-Inch (50 mm): ASTM A3S1-CF-8&M
{316 =z) Cast SBody And Shedder ... .. ... ... [$ 5%
MOUNTING AND CENTERING SYSTEM:
ANSI Class 150 (No Hardware Required) ...... 1
ISOLATIUN VALVES:
None ........ t e e e e et e i e 3
SENSOR:
Silicone Fill O To 400 Deyr=es F
(~20 To 200 C) stainless Steel ....... Ceeean 3
MOUNMTING FOR ELECTRONIC HOUSING:
integral Top Mounted . ....... oo e I
DISPLAY/OUTPUT INDICATOR:
Monme L ...... e e ettt 1]
ZLECTRICAL ¢CE RTIFICATION-
F Iatrinsically Sare For Class [, ii,.
and III Qivigsion 1, ia, ia Connsction ..... F
INCLOSURE CLASSIFICATION:
Mesns xhe Requirements Of IEC IP&hH and Provides
The Envirammental Protection OFf NEMA Type &X.
SPRICE Zacs: 1,341.060 TaTaAL: 1.,331.00
~ CUSTOMER TaG: ADVISE
CUSTOMER [TEZM: ADVISE
CALISPATION IMSU REC ADVISE
= Facwo~ wnly Trnar/sN ADVISE
W Faltor Uniy MetY/H ADVISE
CA_ISRLT ™ T CUST alvISE
Darts MUST S2ECIFY ADWISE
: agviIss
ADVISE
4DV ISE
ADVYISE
apviss
CUONTINUED ON NIXT PagGE
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GUGTATION FRUM THE FORSQRSG COMPANY o3 T z
QUOTATION NO.: [sRN-A4 OATs (XTI Yy ¥
80 ORD NO:
SUSTAMER: M.ILT.
EFERENCE: PRIVES M WS, DOLLARS
ITEM CUAN
1 1 CUNT IMUSL

VISCOSIIY: AQVISE

MAX FLOW AT 20 mA: ADMISE

MIN FLOW AT a ma: ADVISE

GRAND TOTAL WET: 1,341.00
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Foxboro Vortex Meter Sizing

Foxboro Vortes Flowmerer Sizing Prograa Version 2.1

teport Date : Thu Jun 27 09:01:20 1996

‘ustomer Name
irder Number

.acation

‘ag Intfo

‘rocess Fluid : Water

‘lJow Rate
‘ressura

200.0 GPM
5.0 PSI(G)

femnerature : 90.0 degrees C.

Jensiny
fiscosity

60.257 Lb/CuFct
0.311 centipoise

{eter Type Standard
sensor Type : Standard Range
1.5 1in 2 in 3 in 4 in
NQ YES YES YES
4 Flow (URL) GPM 132.2% 237.2 520.6 9]16.6
~ ~ign LRV GEM 200.0 200.0 200.0 200.0
Linear G 4.6 5.9 8.8 12.1
n.~ Flow Curoff GoM 1.8 3.0 6.5 12.1
4in Analog URV Gpy 9.8 21.4 69.4 }é2.0
Rangeahilicy
Maximum 30.0 80.0 75.6
From URV 67.5 0.7 16.5
Maximum Uinear 40.0 59.2 75.6
f-inear fr. URV 33.7 22.8 16.5
At URV.
Praessure Drop PS1 5.69 1.18 0.38
Power Loss kWatcs 0.495 0.103 0.033
Revnolds Num. 1306300 1011600 682700 s14600
Fluid Velocity
at URL fearn/s 25.8 25.8 25.8 25.8
at URV feet/s 36.2 21.7 5.9 5.6
at Min Uinear feat/s 0.3 0.6 0.4 0.3
ar Minimum Flow feet/s 0.3 0.3 0.3 0.3
Nam Freq as LRV Hz 116.61 35.838 15.38

Full scale treq = Ref factor (pulsges/fo’1) = 0,344

339700

flow R-factor a Ret facrtor -~ 0.133 nulses/Gallon

(Multiply Ref Fac
oth multiplyving faacrors ave {ov
and include corrections

flowing condirions

Measurament =hich makes ma2ter unusable is markad by

239

for temperature and densjrty.

"
]

DoMWL

4o Lo N 0O

in Pulses/Gal by 7.4805 ro get Pulses/fr d.
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aQUOTATION
CUSTOMER:

REF ERENCE :

FROM THZ FONBORG CoOMPARY
NO.: Q1699 g9
m.[.T.
PRIL

I Vortex Flowumnzisr
S3U-A0ZS1IASINF

GRAND
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DATE:  Gerlei/En
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AL NEL H
1301 .00
NET: 1,331,060



10429 '3 12:15 [D:RD ADIIN 120 Fax:  CTTR ) by slert®E 1

BROOKHAVEN
NATIONAL LABORATORY
REACTOR DIVISION
FACSIMILE TRANSMISSION

—_— 10/49/9¢

T0: “Peor. OtTo_ Narijwe—

vax smamz: (o] 7- 253- 7300

COMPANY 1 M ( T

YRONM: DAVE ’ROR@\

YAX NUMBER: (516)344-2560

Mumber of Pages {including this cover sheet):

COMMENTS
OTTID:  THIS IS SWME INFoRMATION WE REKAVED
FRom Coorps  on Atvsmwva DXme —Tiuss LAST Jsar

Coie

——

If you bave any problems reading this fax please call
[516)344—-4070.
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1029 'S8 12:18 [D:RD ADMIN 120 Fax:
\ JUN. <09 §S(FRI} 13:19  COORS SALES TELi303 277 459 -

TO FAX: 516 282 2560
COMPANY; Brookhaven National Laboratory

SENT: 5/5/9S

ATTN:  Frank Pattl Y fréees
FROM: MITCH CLARK
PHONE: (303)-277-4040 PAX: 303-277-4596

V

SUBJECT: YouX fax of May 24

We are pleasad to quote per spec 800-900-CC1 fLor Coors AD-95 and
AQ-995 tiles per your ITequest. Price per tile is liasted on attached
copy of your size chazt along with applicable tooling charges.
Thank you for the opportunity to quote.

Best Regaxds,

Mizch Clark

Coors Ceramics Compeny
Swructural Products Group = 600 9th Street «» Golden, CO 80431 « (303) 278-3000 * FAX (303} 2774585

- e e



TEL:303 277 4895 P. 002
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Price eac!

Price eac)

NUMBER OF TILES
6.x 6 Tiles
LEVEL € x 6 23 6§ x 12 &€ x 1-1/2 OTHRR
1 9 6 6 1 - 13-1/2 x 3-1/2
2 9 6 3 1 - 4-1/2 x 4-1/2
3 9 12 I3 1 - 5-1/2 x §-1/2
4 9 € 6 3 1 - 6-1/2 x 6-1/2
5 16 8 1 - 1-1/2 x 1-1/2
6 16 8 1-2x2
9 16 8 8 1 - 3-1/2 x 3-1/2
8 16 8 - 4-1/2 x 4-1/2
9 16 16 B8 - 5-1/2 x 5-1/2
10 25
11 25 10 1 -1-1/2 x 1-1/2
Total 166 20 56 66 2 - 1-1/2 x 1-1/2
AD-96 | $29.70 | 425.00 |4 2360 | % 16.15 1-2x2
2 - 3-1/2 x 3-1/2
AD-99s |8 32.60 | $28.75 |4 2700 | 4 18.49 2 - 4-1/2 x 4-1/2
2 - 5-1/2 x 5-1/2
1 - 6-1/2 x 6-1/2
1EY Terip o fgAzdne
10X ynse 575.02 y
faX 22.9%- 1519.94
P [?,-"]'5 122954
415 2 1wede

AD-96

4 194.40

-

AD-995

4 213.84 ecach
"
11
"

1t
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CHEMICAL TECHNOLOGY TELEFAX

Attention: Jjoe Bumns
Nuclear Reactor laboratory
MIT

Number: 990 1 617 253 7300

From: firo Auterinen

Date: 30.8.1996

Number of page (incl. this page): t

Message: Dear Dr. Burns

Referring to your fax of 20.08.1996.
For your budget you caa use following figures:

1) 51 x 105 x 103 cm in 4 blocks

and
4 layers of 4.25 x 107 x 107 cm in 8 blocks

mategial - USS 180000
cutting to dimeansions USS 30 000

2) 20 x 107 x 107 e in 3 blocks

material USS 60 000

cutting to dimeasions USS 12 060
This is only a cost estimats for budgetary purposcs and does not form any
kind of binding offer from VTT.
The material (trade name FLUENTAL) is manufactured a=d sold by VIT
only for experimantal purposes, not to be used for any kiad of human

irradiations. Use for human irradiarions will require 2 licence from the patent

holder, Radtek [nc.
Could you specify the purpose and possible standards for the material

property data you have requested: mechanical sarength, conductivity and heat

rransfer cocflicients
Suncerely

VTT CHEMICAL TECHNOLOGY  Physics Bldg. Orakaari 3 A, Espoo Tel. +358 0 4566353

liro Auterinen
Seajor Research Scientist

o
[
&
W
o
<
[l
"
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P.O.Box 1404 Fax +358 0 256 6390

FIN-02044 VTT. Finland e-mail: liro.Autsrinen@vrt.fi
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G236 12017 [D:RD ADMIN 120 Fax: :
MATERIAL PROPERTIES
STANDARD 930
ALUMINA
' ADSY | AD-96 AD-9S.S  AD-93.9%  ALUMIN
PROPERTIES UNITS TS Al lmmna0, ttaaQ, lenMad, tnWINdD, mmWid%  NITRIC
oSy i (dics. 1) | ASTM CI0-8) | 341013 160 0.13) 170 0.13) 172(0.13) :.;: q;.m 1.:6’ (:;1 gz ((:.ll
16(8 .
sy 8| ) | oo | 8 | e i3 g | 38 -
anisH 000 o ®ISmmonst| 43 129 a3t 0.3 (12] O.I’ 9) :(.;i(’;z -
T 12 (1947 10 215 (194451 | 2-20 (13788) | &5 (197:1970) -
CHVSTAL fani. MTRGUEIRES | T LT e ) 3 o %l 18 N Sain b
WATIR . [ 0 0 0
ASSORPTION * AsTM 7372 ¢ ° 8 .
CAS PIAM. — - [ [ [ 9 9 9 (]
coLon — — WHTL WHITE wHITE WHITE VORY VORY GRAY
SLEXURAL {7] b1:) 352504 300 (4)
STRENGTH (o) TS MPa (pd % 107) | ASTM F41778 29640 FE Y 352(51) 354032 5
ELASTIC MODULLS GPa {pd x 104) 2100 276 303 m ( 3I12(%4) 85 (56) 0]
s:u: Moguw; Gn x 1& R z‘o'(&) m :z; 12 m g} g; g 3 -
YLK MOOULUS 39X x4 [7R -
TRANS. SONIC VEL 2QNx10 uus)xw u%g}uo: 9.t -w 980Yx 1 | 190Nx1¥ -
POLSSON'S RATIO o2 1 [} 02 -
STIFFNESSWEIGHT 0% Gwvc: - [3] 17 90 % 7 92
w’;r':w:'}'-'. x< P2 (ko) ASTM CT73-82 ¢ 1930 Qe0) a2 640) 210 005 2062 (300) 2620 06) 3792 (530) -
104 (1058 Tioes, 185t -
HARDNESS Gre (kgimmn | JNOCP L. X 9.4 g«» 104 unsq 1.8 mm 10.7 7;0“) ut ‘(,wm %2 s‘n [ =
1 3 I3 m m W08 08 310 =
Statnany ot MpOoa) | acwaTisTed | E.la) } ?3 96 (14) —t) 1 (B‘R .
FRACTURE NGTCHID R -
TouGwAEss MPem¥ SEAMTEST 4 ] iR &8 4 s ey
ThedMmAL WX 114
conouemnty T Broenun | ST c0e] o %2 (118 24089 U217 18624 P TYee ] e
COURCINT
OF THEAMAL 181300 10C (10 «¥} | ASTM Q7341 i 1240 L1.5) £2(48) L2(44) 1246 44Un L84 5/]
EXPANTION .
SPECIMC HEAT 1T RgX (eavg Q| ASTMGSH2 + 1200022) $20(0.22) 440 (2.2) 480 (021 880 Q21 080 @2 -
Ay 47¢ <m NOTE S 20(570) 250 (480) 250 (a4) 50 (@) 700092 x009)
e peiH <n Nobaderce | uxQssy | 1wowna | vwpmn | vwoma | mooun | moesd -
T TR el | el | B | | = =
Ligewn £ 00 -
QUMLTC | pmspee, | 20 | astsoriens | 113 172 167 Py 163 wt -
STAINGTH 1 T et | ool n4 0 214 @ 1 23 02 156
315 230 9 23 (01 p3Y] 3.4 315 (60 -
oieLecTue T ASTM 015081 o o ) 39 E] 39 -
23S Iy &t 0 2 27 [7] 20490
CONSTaNT | o ASTM D2520-01 Q- s et - b4 » »
Ters ASTM 0150.81 [0 0.0006 00007 80011 0.0002 00020 -
OUPATION 1ACTOD 1w 13T ASTM 5252041 0.0009 0.0004 0.0004 4.0001 a0003 oo 4.0001
Vo {000t 00007 00010 0.3002 0.0002 - -
. [T} 0.005 0807 2010 [ 2019 -
1038 mOL 1o ne | AgMosaall gon 2004 a4 0001 201 oo amot
t3m 2.010 0005 0903 0.002 a0 - -
334 >10% >10% >10% »1Qve >10% >101 >10'¢
o< 4§10 14100 124 100 J1x1an 1.6 <10 >10% 23x 13
VOLUME RESIST Ty w0 ommeaniion | ASTM D1829-64 40w 10w 28x10e 482100 40x100 2 x 10 1Ixon -
el 10¢10 70104 PRI S 13110 Laxnios 1.0 10v 19%10?
w0 - §6x10% $.0<10% 10« 108 - 1.ix10/ -—
TEMP AT WHIHT
e vaLLt <R REUSTIVITYS | 630 (1562 960 (17633 50 (1740 1000 (1832 - 170 2130 900 (1650)
1 MEGO=AM.CM B
954 H,50 00e 0.03 - o0 LL] o
(g L{e1 71 T o ey I [ 2ca<y 4 . - H
iwsrance ™ el lclm'c.:gr . 12 as - - a at -
i~ anG el 7 —~ | NOTES 120 0.4 051 | 063 047 [ —
[T ] - I w~aTes 1.60 0.36 - | 675 - ] 0.55 -
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BENNETT ELECTRICAL, INC.
o Electrical Contractors oo

FAX # 617-770-0131

Ocrober 29, 1996

Massachusetis Institute of Technology
77 Massachuserts Avenue

Cambridge, MA 02139

Amn: Mr. Paul Menadier

Re:  M.IT./ Building NWI2 Reactor
Bennerr Elecrrical Estimate No. 964-266

Deur Paul:

ONE BENNETT LANE
QUINCY, MASSACHUSETTS 02169
617-471-8000

Thank you for giving Bennett Electrical, Inc. the opportunity to work with your institution on

this budget proposal.

Our budget proposal per the site walk through is § 33,500.00 (Thirty Three Thousand Five

Hundred Dollars).

Our estimated amount of working days to complete project is 20 days. 2 ~s.,

All motor starters 10 be puckaged within new motor control center.

If you should have any questions or require additional information, please do not hesitate to

contact our office.

Yours truly,

BENN. ELECTRICAL, INC.
F v '
(CL/( L v
Michae! McKinnon
Project Manager

MM/lar

oo Esablished 1958 oo
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