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ABSTRACT

One of the major problems facing Light Water Reactors (LWRs)
is the radiation fields on out-of-core components from corrosion
product transport back and forth between core and ex-core surfaces.
To support the effort to understand the complex mechanisms that
govern the release/transport/deposition of corrosion products so as
to devise means to alleviate this problem, an in-pile loop has been
designed, constructed, and operated in the MIT Research Reactor.

The PWR Coolant Chemistry Loop (PCCL) has been designed to
closely simulate the thermohydraulic, as well as the chemical coolant
environment of a representative full scale PWR. The present thesis
describes in detail all subtasks involved in refinement of the
conceptual design, construction of the loop and auxiliary facilities,
shakedown tests and de-bugging of operational problems. Once
successful operation was achieved, the PCCL was used to evaluate the
effect of coolant pH on corrosion product release. Four one-month-
long in-pile runs were completed; two of them at pHsggec = 7.0, one
at low pH, pH3g9°c=6.5, and one at high pH, pH300°c=7.5. These
chemistry conditions were chosen to ensure that precipitating or
dissolving conditions existed on the core when operating at a low or
high coolant pH, respectively.

At the completion of the runs, the simulated core and steam
generator surfaces were assayed for radionuclide surface densities
(nCi/cm2 of Co-60, Co-58, Fe-59, Mn-54, Cr-51). The differences in
deposition of activity on the Inconel steam generator tubes and core
Zircaloy tube show the significant benefit of operating in the
PH300°¢c=7.0 to 7.5 range, as opposed to a lower pH. These results give
strong support to the postulation of a solubility-driven mechanism as



the factor, which controls transition metal radionuclide transport in
PWR primary coolant.
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{  INTRODUCTION

1.1 Foreword

One of the major problems facing Light Water Reactor (LWR)
operators is the exposure of maintenance personnel to radiation
fields. In Pressurized Water Reactors (PWRs), the primary source of
radiation is associated with the primary reactor coolant loop:
corrosion products are transported by the circulating coolant and
made radioactive in the core; some of these radioactive corrosion
products are then deposited on the ex-core surfaces, thus increasing
‘radiation doses to maintenance personnel [H-1]. This prolongs
expensive downtime for maintenance, and makes it more difficult to
achieve the high quality needed to insure high plant reliability. The
status of this situation, and the scientific basis for understanding the
phenomena involved are reviewed and documented in detail in what
are generally referred to as the Bournemouth Conferences [B-1], [B-
2], [B-3], [B-4], [B-5].

While LWR maintenance doses worldwide have stabilized and
even decreased in the past several years, there remains considerable
room and incentive for continued research to improve the situation
further. In the long term one has the competitive goal set by
alternative reactor systems such as the Liquid Metal Reactor (LMR)
and the High Temperature Gas Cooled Reactor (HTGR), prototypes of
which have maintenance dose rates due to corrosion product
activation an order of magnitude lower than that in ILWRs. Motivated
by these considerations, a research team proposed a program focused

around small in-pile loops, for which a conceptual design was
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developed [W-1] under MIT Electric Utility Program auspices.
Support to construct and cperate these loops was then provided by
the Electric Power Research Institute (EPRI) and the Empire State
Electric Energy Research Corporation (ESEERCO). The present thesis
reports the results of the final design and construction phase of the
PWR loops and their use in an initial campaign of runs to evaluate
the efficacy of pH control (by LiOH/H3BO3 adjustment) in minimizing

activity transport.

1.2 PBackground

In the past decade, occupational radiation exposure in the U.S.
PWR nuclear power plants has levelled off, as shown in Fig. 1.1 [B-6].
Nonetheless, the occupational exposure remains higher in the United
States plants compared to those in other countries. To reduce
operator doses, the nuclear industry has concentrated its effort in
several areas: reducing maintenance by corrosion prevention,
minimizing the time spent by workers in radiation fields, and
reducing the radiation fields in out of core components [W-2]. It is
clear that a combination of all of these approaches is needed to
further reduce exposure.

The present study focuses on one of these areas, namely; how
to minimize the radiation fields in out of core components. Studies
[W-3] have shown that the radiation from out of core components in
PWRs is mainly due to the radioisotopes cobalt-60 and cobalt-58.
Cobalt-60 has a half life of 5.27 years and is formed when cobalt-59,
which is the only naturally occurring isotope, absorbs a neutron. On

the other hand, cobalt-58 has a half life of 71.3 days and is formed
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when nickel-58, which is 68% of the naturally occurring nickel,
captures high energy neutrons. Ccobalt and nickei ions associated with
corrosion product films are released to the coolant from which they
deposit on the core, where radioactivation takes place, followed once
again by release/transport/deposition to create out-of-core radiation

fields.

Average Occupationral Radiation
1400 - Exposure for U. S. PWR

1 Nuclear Plants
1200 ~
1000
: 4
2 800+
By 4
5 o0]p
[ ) -
B 400 -
0 ]
o L) LE 1 L T v v T v LI | LR B Ty | L |
1969 1972 1975 1978 1981 1984 1987 1990
Years
Figure 1.1 Average Occupational Radiation Exposure in U.S. PWRs [B-

6].

The source of cobalt in a PWR primary circuit is mainly hard-
facing materials, such as Stellite, which is the material used in valve
seats, pump journals, and other components. Nickel, on the other
hand, is found in great quantities in nickel base alloys, such as
Inconel-600, which is the material used in PWR steam generator
tubes. As shown in Table 1.1 [C-1], approximately 75% of the surface
area in the primary circuit of a PWR is Inconel-600, which contaias

75% (by weight) nickel. Cobalt, as an impurity, accounts for only 0.2%
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of SS and Inconei-600§ whereas, the cobalt content of Stellite is 50 to

60%.

The nuclear industry has pursued the reduction of radiation

fields through a program which includes:

1. The reduction of cobalt in primary circuit components.

2. The reduction of corrosion release by pre-conditioning the
primary circuit surfaces.

3. The control of water Chemistry to minimize the release of
corrosion products to the coolant.

Table 1.1 Principal Alloys used in PWR water reactor coolant

circuits [C-11,

Surface area of coolant circuit (%)

Stainless Steel 5
Inconel-600 75
Zircalox ( fuel claddin&) 20

As noted earlier, the major contributor of cobalt in PWR

primary circuits is Stellite, which is found in components that require

outstanding wear resistance such as valves. The cobalt input to the

coolant can be reduced if Stellite is replaced by an alloy with lower

cobalt content and better corrosion resistance, such as 440C SS.

Another approach to reduce the cobalt input to the coolant is by

reducing the cobalt impurities in SS and Inconel-600.

Pre-conditioning of surfaces prior to plant start-up reduces the

subsequent release of corrosion products. It is well known that when
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fresh surfaces are exposed to water, the initial corrosion release is
quite high until an oxide film layer is formed. This film inhibits to
some extent the release of corrosion products. Thus, Westinghouse
PWR guidelines strongly recommend the pre-conditioning of surfaces
for a period of four weeks at a temperature of 500° F for new plants
prior to plant start-up [W-3]. Research is currently under way on
other beneficial practices, such as post manufacture electropolishing.

Finally, the control of water chemistry is probably the easiest
and most effective method to reduce the release, transport,
activation, and deposition of corrosion products. Previous studies
have suggested that this goal can be achieved when there is a strict
control on the primary water chemistry to ensure operation near the
minimum in transition metal solubility as a function of temperature
and pH.

To permit evaluation of such stratagems, the subject PWR loop
facility was designed, constructed, and operated. Figure 1.2 shows
the final as-built design of the MIT-PCCL. The Pressurized Water
Reactor Coolant Chemistry Loop (PCCL) simulates a PWR primary
circuit (actually one unit flow cell: steam generator tube and fuel pin
channel) by matching as close as possible coolant temperatures and
temperatures 'differences, flow rates, heat fluxes, heat transfer
coefficients, construction materials, surface area ratios, and neutron
fluxes. Table 1.2 presents a comparison of the characteristic and
operating parameters of the PCCL and a typical Westinghouse PWR
nuclear plant.

As seen in table 1.2, average heat fluxes, buik temperatures

(inlet and outlet) and boundary layer temperature differences for a
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Table 1.2 Parametric

Comparison between a Representative PWR

and the MIT PCCL.

Parameter PWR MIT PCCL
Core inlet T, °F (°C) 545 (285) 530 (277)
Core outlet T, °F (°C) 608 (320) 600 (316)
Hydraulic dia., in. (cm)

Core 0.47 (1.2) 0.256 (0.65)

Steam Gen. 0.82 (2.1) 0.242 (0.62)
Boundary layer AT,

OF(OC)
Core 32.4 (18) 8 (19

Steam Gen. 10.26 (5.7) 315é.8 ((7.'19))

Coolant Velocity
Core (m/sec) 4.8 2.8
Steam Gen.(m/sec) 5.9 3.0
Core Average, neutron
flux, n/cm2-sec
Thermal 2.3E13 2.6E13
Fast(>1 Mev) 9.4E13 5.0E13
Average Heat flux,
(kW/mZ2)
Core 614.6 550.0
Steam Gen. 178.2 194.5
Material surface
ratios:
Total Inconel/Zircaloy 2.73 4.94
Cooled
Inconei/heated 3.44 2.63
Zircaloy
Total SS/Inconel 0.15 0.24
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typical PWR plant and the MIT PCCL are quite similar, which
properly models the primary mechanism of solubility-difference-
driven mass transfer.

As noted in this table, the major construction materials are the
same for both systems. An effort was made to match as closely as
possible the area ratios of the different materials. However, the
constraints imposed by the MIT reactor core tank configuration and
the need to employ an externally located circulating pump prevented
a perfect match.

Another important parameter that needs to be considered is
the neutron flux. The MIT reactor has approximately the same
thermal neutron flux, and about half the fast neutron flux compared
to a typical PWR. Thus, essentially real time simulation of activity
buildup histories is possible.

The main objective of the initial series of PCCL in-pile runs is to
determine the optimal coolant chemistry conditions which minimize
the deposition of actiyity in out-of-core components.

Prior to irradiation, the loops are pre-filmed and pre-
conditioned for a total of seven weeks to establish stable corrosion
product coated surfaces, and also to simulate, to some extent,
recommended plant start-up practice. Once the loops have been pre-
filmed and pre-conditioned, they are installed in the MIT reactor
(Fig. 1.2), one at a time, and irradiated for about a month. Parameters
such as those presented in table 2.1 (core inlet and outlet
temperatures, flow rates, film differential temperatures, heat fluxes)

are monitored and controlled.
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In summary, a concerted effort has been made to simulate as
closely as possible the dominant mechanisms that govern the release,
transport, deposition, and activation of corrosicon products in a PWR

primary circuit in the design and operation of the subject loops.

1.3 Qutline of Present Work

The present report is divided into chapters and sections that
describe the final as-built design, construction, and operation of an
in-pile loop used for the study of release, transport, deposition, and
activation of corrosion products in an environment similar to that of
the primary coolant system of a PWR nuclear plant.

Chapter 2 discusses the construction and design of the in-pile
loop and the auxiliary facilities used for handling and transporting
the different loop components. Each section in this chapter includes a
brief discussion of major loop components and how they are
configured to form an overall system arrangement.

Chapter 3 describes the pre-filming and pre-conditioning
techniques used to prepare the loops for an in-pile run. In addition,
the out-of-pile and in-pile tests to determine the heat rejected and
the gamma heating component, respectively, are also discussed.

Chapter 4 discusses the data obtained to date on the loop for
the four runs which constitute the first campaign of studies.
Emphasis is given to the results obtained from the Inconel S/G tubes,
which are the major out-of-core components.

Chapter 5 summarizes the above material and suggests future
improvements in loop design, operating procedures, and test

program.
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Appendix A describes the chemical analysis methods used to
monitor loop water chemistry. Appendix B discusses a computer
program used to calculaie loop parameters sich as heat fluxes, mass
flow rates, surfaces area of materials, etc. Appendix C summarizes
the procedures that must be followed when using the hot cell facility

located inside the reactor containment building.
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The following sections describe the final design of the MIT-
Pressurized Water Reactor Coolant Chemistry Loop (PCCL). Emphasis
is given to the description of major components and how they were
configured to form an overali systém arrangement. The final as-built
version is described; for a historical perspective K. Burkholder's, A.
Morillon's and J. Wicks' theses [B-7] [M-1] [W-1] should be referred
to; these reports also summarize the philosophy and engineering
~principles behind the scale-down process adopted in designing the
loop. The auxiliary facilities for handling the PCCL loop are also
discussed in the present report. Figures 2.1 through 2.17 show in-
and out-of-pile schematics of the loop and the associated handling
facilities. In the sections which follow, each of the depicted features
will be described in sufficient detail to enable the reader to
appreciate their function in the achievement of design goals. Tables
2.1, 2.2 and 2.3 list the location of engineering drawings, as well as
component manufacturer information and project reports which

provide more detailed discussion of the different PCCL components.

2.2 Aluminum_ Thimble

The purpose of the aluminum thimble is to enclose the PCCL
components and at the same time comply with MITR-II technical
specifications, which define the materials that can be exposed to the
MITR-II coolant water. The thimble is made of 6061-T6 aluminum.

Figure 2.1 shows the major components of the MIT-PCCL loop. As
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Table 2.1 Information on PCCL Fauricated components.

Component File Drawing Number Q/A_File Number
-{1. Dummy Element R3L-1 M-86-2
2. Thimble . R3L-2 M-86-2
3. Titanium Test Tube R3L-3 PCCL Project File
4. S/G Support Assy. R3L-4 PCCL Project File

Note: Engineering drawings and Q/A files are located in the MITR
Operations Office, under the custody of the Nuclear Reactor
Laboratory (NRL) Quality Assurance (QA) officer (617) 253-4211.

seen in this figure, the thimble is divided into three major sections,
namely; the Pod Section, the Steam Generator (S/G) Section, and the
Core Section.

The Pod Section is 12 inches (30.48 cm) in length and 8 inches
(20.32 cm) in outside diameter with a 1/4 inch (6.35 mm) wall
thickness. The Pod Section was originally designed to house the main
circulating pump. However, the custom-built pump commissioned for
this application was not completed by the manufacturer in time for
the first series of out-of-pile experiments. A decision was made to
use a more robust commercially available pump, located external o
the MITR-II core tank [H-2]. Thus, the Pod Section presently contains
the thermocouple and heater connectors and unions to allow
connection of the S/G tubing to the tube sections which penetrate the
thimble lid. The top of the pod is flanged for bolting and sealing the
thimble lid. The status of the qualification test program on the
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Autoclave Engineers,

’ iing

Pump Inc.
2930 W. 22nd St. Box 4007 § Model# MP2040 05 65 60
Erie, PA 16512 USA
(814) 838-2071

Heater Delta M Corp.
525 Warchouse Rd. Custom L.MFBR fuel pin
Oak Ridge, TN 37830 simulator capable of
Mr. R McCullough delivering up to 20 kW.
(615) 483-1569 ‘

Inconel Tubing Teledyne-Scottdale Seamless type

Box 302.
Scottdale PA 15683

see section 2.4.1.2 for
more details.

Stainless Steei Tubing

Salem Tube, Inc.
P. O. Box 144
Greenville, PA 16125

Seamless type
see section 2.4.1.2 for
more details.

Aluminum Tubing

Edgcomb Metals

C. S. 2015 ;
Nashua, NH 03061-2015
(603) 883-7731

Seamless type

Aluminum Plate

Edgcomb Metals

C.S. 2015

‘ashua, NH 03061-2015
(603) 883-7731

Charging Pump

American LEWA
ARMAC Co.

1 Wakefield, MA 01880
Mr. R. MacDonald
(617) 245-2600

Type EK16

Pulsation Dampener
(used in the first two
runs) - |

Liquid Dynamic Pulse

Inc.

SR 1563, Sloop Point

P.O. Box 506

Hampstead, NC
28443-0506

Back-Pressure Regulator

TESCOM Corporation

Pressure Control

Division

12616 Industrial

Boulevard

Elk River, Minnesota
55330

Rated up to 4000 psig
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Fittings, Ultraseals Parker Haanifin Corp. {P/N; Unions: 2-2 HBZ-SE,
Instrumentatiox 4-2 HBZ-SS, 4-4 HBZ-SS,
Connectors Division 5-4 HBZ-SS, 5-5 HBZ-SS,
P.O. Box 4288 Union Tee: 5-5-5 JBZ-SS,
Huntsville, Alabama 4-4-4 JBZ-SS; Ultrascals,

35802-4288 64 Q1W, 6-4 QHW

(205) 881-4288

Feedthroughs Conax Co. P/N: PG4-312-A-L

2300 Walden Ave.
Buffalo, NY 14225
(716) 684-4500

Charging System Ball
Valves

Parker Hannific Corp.

Instrumentation

Conncctors Division

P.O. Box 4288

Huntsville, Alabama
35802-4288

(205) 881-4288

P/N: 4Z B6LIJ-SS, 4Z,
B6XJ2-SS

High Pressure Stop
Valves

NUPRO Company

4800 East 345th Street

Willoughby, OH
44094

P/N: SS-4UW-TW-(PH)
with 17-7 PH stainless
tip instead of Stellite.

Uninterruptible Power
Supplies

Best Power Technology,
Inc.

P.O. Box 280

Necedah, WI 54646
(608)565-7200

Model# MDI1.5KVA, and
MD2KVA.

Heater Controller

PAYNE ENGINEERING
Box 70

Scott Depot, W. Va. 25560
(304) 757-7353

Model# 18D

Pump Controller

MagneTek Drives &
System

16555 W. Ryerson Road
New Berlin, WI 53151

Lancer GPD 502

Computer/Data Logger

Martindale Distribution
212 Main Street

North Reading, MA
01864

Equipped with 20 MB
hard disk drive, 80286
CPU, 1.2 MB floppy drive,
512 KB RAM memory,
DAS-8 A/D converter
timer board, and EXP-16
multiplexor board.

Heater Process
Controller

Taylor Instrument
Combustion
Engineering,
P.O. Box 110
Rochester, NY 14692
(716) 235-5000

Inc.

Model# 500R Model A

* The manuals for the components listed above are kept in the PCCL

Project File.
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Table 2.3 List of Progress Reports which Discuss PCCL Components.

Project Reports .
No._(Date) Topic
Monthly #11 (Nov/87) Heater Problem
Monthly #14 (Mar/88) New Heater Design
Monthly #18-24 (Jul-Nov/88) Main Circulating Puinp
Safety Evaluation Report, MITNRL-
020, (Feb/1987) Safety Issues of PCCL
Pump Task Force Report, MITNRL- . . .
038 (Aug/1987) Main Circulating Pump
An In-Pile Loop for Corrosion .
Transport Studies in a PWR by K. Early PCCL Design
Burkholder, M.S. Thesis (May/1985)
Modelling of Radionuclide Transport]|Modelling of Radionuclide Transport
in Simulated PWR Environment by A.|in PWRs.
Morillon, M.S. Thesis (May/1986)
Design, Construction and Testing of] Description of PCCL in nearly final
an In-Pile Loop for PWR Simulation form
by J. Wicks, M.S. Thesis (May/1986)

original pump is documented in a thesis by A. Esteves [E-1].

The Steam Generator Section is divided into two subsections;
the Plenum Subsection and the Heat Rejection Subsection. The
Plenum Subsection is 4 inches (10.16 c¢cm) in outside diameter and
has a 1/4 inch (6.35 mm) wall thickness. Its function, as indicated in
reference [W-1], is to house the inlet plenum and to serve as a
transition piece between the Heated Section and the Heat Rejection
Subsection. The Heat Rejection Subsection is 75 inches (190.5 cm) in
length and 4 inches (10.16 cm) in outside diameter. Its wall
thickness is also 1/4 inch (6.35 mm) thick. The primary function of
this section is to house the heat transfer medium (copper shot) (sec.

2.4.2.1) as well as the Inconel tubes.
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Finally, the Heated Section (sec. 2.5) is 36 inches (90.72 cm) in
length and has an elliptical cross section with a major diameter of 2-
1/2 inches ( 6.35 cm), a minor diameter of 1-13/32 inches (3.57 cm)
and a wall thickness of 1/8 inches (0.3175 cm). Its function is to
house the Titanium Test Tube, the Zircaloy-4 U tube, and the Liquid
Lead Heat Bath. The Heated Section is connected to the 4 inch (10.16
cm) S/G Section through a 1/4 inch (6.35 mm) thick transition piece.
The function of the transition piece is to minimize the impact of the

PCCL on MITR-II core cooling flow.

2.2.1 Thimble Penetrations

The aluminum thimble has several penetrations, namely; the
copper shot drain port, which is located in the bottom of the S/G
section, and six feedthrough penetrations in the thimblie lid.

The copper shot drain port is designed so that the heat transfer
medium (copper shot) can be easily drained out, but with a highly
reliable seal to prevent escape of the shot from the thimble into the
MITR core tank. A circular stainless steel plate 1/8 inch (0.3175 cm)
thick with six‘ 8-32 Allen head screws is used to cover the port. The
heads of the bolts are wired to prevent inadvertent loosening
sufficient to permit escape of the shot. The port is sealed against
thimble fill gas (12 psig) leakage or water ingress using a lead coated
'Inconel C-ring. To prevent hang up of the thimble shot port on
obstacles during thimble handling, trapezoidal aluminum pieces were
welded at either side of the shot port. Figure 2.2 shows a side view of

the thimble and the welded pieces around the shot port area.
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Figure 2.2 Side View of Thimble (Shot Port Region).
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Figure 2.3 Schematic of Thimble Lid.
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Feedthroughs in the thimble lid are provided for the high
tempcrature and pressure loop circulating lines (main circulating
inlet and outlet), the helium inlet and outlet lines, the heater power
leads and thermocouple wires. Two of the penetrations are 1-1/4
inches (3.175 c¢m) in diameter with welded Cajon fittings. The other
four penetration are 3/4 inches (1.90 cm) in diameter and have
welded pipe couplings. Figure 2.3 shows a top view of the thimble lid

and the locations of the feedthrough penetrations.

2.2.2 Thimble Helium Purge and Overpressure Protection
System

During thimble construction and pre-irradiation testing, a
helium leak detector was used to verify the integrity of the thimble
welds. The thimble is also pressure tested at 150 psig (1.03 MPa)
using helium to simulate the pressure buildup in the event of a loss
of coolant accident (tube break) inside the thimble. During normal
operation, the thimble is pressurized to 12 psig (0.082 MPa) with
helium. For the first two in-pile runs the thimble was evacuated with
a vacuum pump first and then back filled with dry helium. However,
when the loops experienced fitting and plenum leaks, the high
humidity caused condensation on the heater connectors, particularly
when a vacuum was pulled in the thimble (cloud chamber effect),
thus causing electrical shorts. Therefore, for subsequent runs a purge
system was installed (other measures are also described later).
Figure 2.4 shows the locations where these leaks and electrical shorts
occurred.

To supply helium into the thimble, there is a helium supply
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line 3/4 inches (1.9 cm) in diameter. In addition, there is also a 1/4
inch (0.635 cm) helium bleed line connected to a humidity detector
and ventilation system (Fig 2.8). This line extends through the shot
bed into the plenum region. If a water leak develops in the interior
of the thimble, feed and bleed of helium removes the moisture from
the interior and the humidity detector indicates the efficacy of the
purge and the magnitude of the leakage. The normal purge rate is on
the order of 0.4 ft3(STP)/hr.

The helium supply line has a safety relief valve set at 19 psig
(0.131 MPa) so that the thimble pressure can be relieved in case of
pressurization due to a loop leak. In addition, the helium bleed line
has a rupture disk that will protect the thimble against any sudden

pressure transient. The disk will rupture at 65 psig (0.44 MPa).

223 Core Tank Support Bridge

The core tank support bridge is designed to align the thimble
with respect to the core and suﬁport its total weight and that of
other in-pile facilities. The support bridge is made of Aluminum
6061-T6 and is capable of supporting approximately three times the
weight of the thimble. Figure 2.5 shows the arrangement of the

support bridge in the core tank.

2.3 Pod Section
2.3.1 Main_Cooling Pump
, ,
The main coolant pump, as noted before, is not housed in the

Pod section of the aluminum thimble because the original pump

37



Heater Connectors
Ceramic Electrical

Shorts
(early runs)

4

Boral
Shielding

P AN Y

Inlet
Plenum

Thimble Wall

Plenum and Fittings Parker

Leaks (early runs)/V Fittings

Delta M
Heaters

.Figure 2.4 Schematic of PCCL Internals.
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manufactured by Northern Research and Engineering Corporation
(NREC) was not ready in time for use. The NREC pump has since been
tested and evaluated in detail by A. Esteves (E-1); this reference also
describes its physical characteristics in greater detail. An extensive

search for a new pump was conducted and an Autoclave Engineering

Reactor Core
Primary Water

Drain

Shim
Blade
Mechanism

Aluminum Thimble

Not to
Scaie

Core Tank
Support Bridge

Figure 2.5 Support Bridge in Reactor Core Tank.

(AE) pump was chosen as the one that best met the requirements [H-
2]; it is interesting to note that this is the same pump recommended

by K. Burkholder in his initial conceptual design. Table 2.4 shows
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some of the most important parameters for the AE pump. The AE

pump is larger and much heavier than the specially designed NREC

canned rotor pump, hence it had to be mounted outside the MIT

reactor tank.

Table 2.4 AE Pump Parameters.

Design Conditions Maximum System 5000 psi
Pressure (34.475 MPa)
Maximum 650 °F
Temperature (343 °C)
Operating Speed 4000 RPM max
Magnet Cooling Water cooling must
be used
Pump Construction Part Material
Pump Head 316 SS
Impelier 316 SS
Shaft 316 SS
Fasteners 300 series SS
Bearings Graphite
Seals Inconel
C-Ring
Port Size Inlet 1.0" tubing, LD.
0.688"
Outlet 1.0" tubing, I.D.
0.688"
Motor Rating variable frequency Voltage 115/230
Up to 70 Hz VAC, 60 Hz
single phase
3/4 HP Three Phase
General Information Mounting Position Horizontal
Weight 170 1bs
Maximum. Flow 19 GPM
Maximum Head 17 psi
Compietely metal sealed construction,
no rotating seals, magnetic drive,
cooled permanent magnet rotor system
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The AE pump is a centrifugal type which operates under the

following conditions in the present application.

*  Operating fluid temperature 565° F (315° C)

* Operating pressure 2250 psig

* Flow rate 1.5 GPM

* Rotor can temperature 200-250° F

* Pump differential pressure 15 psig

* Pump instrumentation consists of a thermocouple

on the rotor can in the vicinity of the cooling jacket

* Continuous operation for a month at a time

The AE pump head water volume is 130 cc and its internal wetted

surface area is approximately 225 cm2. Because the AE pump is
mounted outside the reactor core tank, the area and volume ratios
among the various PCCL materials have changed from those cited in
earlier design descriptions; for instance, the total length of quarter
inch Inconel tubing was increased from 16.36 to 33.09 ft. A
summary of the as-built area and volume ratios will be presented in
the next section.

During the first in-pile run, the AE pump experienced two trips
because its Variable Frequency Power Supply (VFPS) was unduly
sensitive to line voltage dips. A more versatile and forgiving VFPS
was purchased, which permits the AE pump to run through or restart
after voltage dips or outages of up to 2 seconds in duration. In
addition, two unminterruptible power supplies (UPS) were also

purchased; one provides emergency power for a period of 45
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minutes 0 the AE pump in the event of a total electric power failure,

and the other supports the PCCL control and instrumentation circuits.

2.4 Steam Generator Section
2.4.1 Plenum__Subsection
2.4.1.1 Function

The main purpose of the plenum subsection is to house the
inlet plenum and to provide room for the iniet and outlet
thermocouple and heater connectors. This subsection also houses a
cylindrical boral shell that encloses the inlet plenum and the muliiple
.connectors so that the neutron activation of these items can be

reduced as much as possible.

2.4.1.2 Loop Plenum
The inlet plenum is 9.625 inches (24.44 cm) in length and has a

one inch (2.54 cm) ID. It is made .of 316 stainless sieel (SS) and its
purpose is to match the area and volume ratios between SS, Zircaloy,
and Inconel as closely as possible to those in a real PWR plant. During
the pre-filming and pre-conditioning stages of the loops (see sections
3.2 and 3.3), the inlet plenum contains coupons of actual plenum
material which provide information about the composition and
thickness of the oxide layer formed.

The size of the inlet plenum was based on matching the SS
:Zircaloy:Inconel ratios using the NREC pump and inlet plenum as a
source of SS. Since the AE pump is used in the final configuration, the
area and volume ratios have changed from those calculated by J.
Wicks [W-1].
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The PCCL consists primarily of three type of materials: 316 SS,
Inconel-600, and Zircaloy-4. The 316 SS components are: the AE
pump bead whose areaz and volume are 34.9 in2 (225 cm?) and 7.93
in3 (130 cm3), respectively; the inlet plenum with an area of 31.71
in2 (204.6 cm?) and a volume of 7.56 in3 (123.9 cm3); and SS tubing
whose area and contained volume are 5.71 in2 (36.83 cia2) and 0.35
in3 (5.68 cm3), respectively. The Inconel-600 components are the
steam generator tubes which extend throughout the S/G section, and
their uncooled extensions through the thimble lid, in and out of the
core tank, ending in the inlet and outlet ports of the AE pump; ihe
total area is 296.82 in?2 (1915.0 cm?) of which 107.9 in2 (696.1 cm?2)
are in the S/G cooled region. The total Inconel-contained volume is
18 in3 (295 cm3) of which 6.54 in3 (107.2 cm3) are also in the S/G
cooled region. The Zircaloy-4 component is the Zircaloy U tube, which
is located in-core and immediately above. The Zircaloy tubing has a
surface area of 60.03 in2(387.31 cm?2) of which 40.7 in2 (262.5 cm?)
are in-core and 41.1 in? (265.1 cm?2?) are heated in the lead bath. The
total Zircaloy volume is 3.84 in3 (63 cm3) of which 2.61 in3(42.7 cm3)
are in-core and 2.63 in3 (43.2 cm3) are in the lead bath. Hence the

MIT-PCCL area and volume ratios are as follows:

Area Ratios

Inconel/Zircaloy-4(total) = 4.94
Inconel/Zircaloy-4(in core) = 7.29
SS/Zircaloy-4(total) = 1.20
SS/Zircaloy-4 (in core) = 1.78
SS/Inconel-600 = 0.24
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Volume Ratios

Inconel/Zircaloy-4(total) = 4.68
Inconel/Zircaloy-4(in core) = 6.90
SS/Zircaloy-4(total) = 4.11
SS/Zircaioy-4 (in core) = 6.07
SS/Inconel-600 = 0.88

Table 2.5 summarizes these ratios and compares them with the

corresponding values for a representative Westinghouse PWR  plant

Table 2.5 Comparison of PCCL Using AE Pump and PWR area and
volume ratios.

PWR (Westinghouse) PCCL

Material Area Ratios Volume Ratios § Area Ratios Volume Ratios
Inc-600/Zr-4
(Total) 2.73 NA 4.94 4.68

Inc-600/Zr-4
(in core) 2.73 NA 7.29 6.90

Inc-600
(Cooled) 3.44 NA 2.63 2.48

/Zr-4(Heated)

SS/Zr-4
(Total) 0.39 NA 1.20 4.11

SS/Zr-4
(in core) 0.39 NA 1.78 6.07

SS/Inc-600 0.15 NA - 0.24 0.88
SS (no AE
Pump) ] ] .
/Inc-600 0.26 1.65
(S/G)
In-Core/Ex-
Core 0.33 0.055 0.11 0.074
In-Core/Ex-
Core (S/G)(No . 0.19 0.05

LAE Pumg)




[W-1]. Note that the added Inconel lines to and from the AE pump
and the SS in the pump account for most of the differences in the
PCCL vs PWR comparison.

2.4.1.3 Boral Shielding

To reduce the neutron activation of the inlet plenum and
thermocouple connectors, a cylindrical Boral shell 1/8 inch (0.32 cm)
thick surrounds these components. The Boral shell is made of 30 to

50 weight percent boron carbide in aluminum.

2.4.2 Heat Rejection Subsection

As noted before, the Heat Rejection Subsection is approximately
75 inches (190.5 cm) in length with a 4 inch (10.16 cm) outside
diameter and a 1/4 inch (0.635 cm) wall thickness. It contains the
copper shot heat transfer medium, the steam generator tube support
assembly, the shot drain port, the Inconel S/G tubes and the heater

and thermocouple wires.

24.2.1 Copper Shot Heat Transfer Bed

The purpose of the copper shot and the helium gas in the Hzat
Rejection Subsection is to provide a reliable, reproducible and
passive heat flow path in which the heat flux through PCCL S/G tubes
is similar to that in a standard PWR plant. Copper shot and helium
gas were chosen as the heat transfer medium because calculations
and experiments performed by Wicks [W-1] and Burkholder [B-7]
showed that this combination provided a larger effective thermal

conductivity compared to other shot-gas combinations and one in the
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range which permitted a convenient internal configuration. It was
also found in out-of-pile experiments (sec. 3.4) that the effective
thermal conductivity was essentially independent of the helium
pressure in the thimble. However, 2 thimble pressure of 12 psig is
maintained at all times to prevent any reactor primary water from
entering the thimble if a thimble leak develops.

The copper shot is screened to a particle size between 0.1 inch
(6.254 cm) and 0.14 inch (0.3556 cm). This size prevents the shot
from passing through the fuel plates (spacing 0.078 in. (0.198 cm)) in
the MIT reactor core and assures that several of them can fit
between the S/G tubes and the thimble wall to assure good heat
transfer.

In addition to the properties that have been discussed before,
it is worth mentioning that the copper shot/helium gas combinaticn
exhibits a low neutron activation cross section, which results in a
relative low induced activity. This is important whenever the loop is
disassembled since the loop operators will be subjected to less

exposure.

2.4.2.2 Steam Generator Tube Support
The S/G Tube Support, as shown in Figs. 2.6 and 2.7, consists of

top and bottom support plates, and a 1-1/4 inch (3.175 cm) OD spinal
tube with welded 90° angle pieces.

The 1/4 inch (0.635 cm) top support plate is made of
aluminum and has several penetrations. One of these penetrations
(shot-fill-port) allows the shot to be loaded into the S/G section. It is

important to point out that the shot is always loaded with the
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thix;\ble in a vertical position. In addition, while the loading of the
Shot is taking place, the thimble is gently tapped with a rubber
mallet to help the shot settle into a more compact geometry. The
other two penetrations in the top support plate serve as a
passthrough for the S/G Inconel tubes. The top support plate is
welded to an aluminum tube to form a spine. In addition, the top
support plate is boited to the bottom of the Pod Section. The spinal
aluminum tube is approximately 1-1/4 inch (3.175 cm) in OD and
houses the power leads for the electric heaters and the inlet and
outlet thermocouple leads. As mentioned before, it has two 90° angle
_pieces welded along its length. The purpose of the angle pieces is to
increase the effective thermal conductivity of the shot bed. The
location of thése angles and the S/G tubes relative to one another and
to the thimble wall are crucial determinants of the overall thermal
conductivity of the heat rejection system and hence the total PCCL
input/output power balance.

Finally, the bottom support piate is made of stainless steel and
is split to allow installation after make-up of the loop tubing. The
clearance between this plate and the tubing is minimized to prevent
leakage of the copper shot into the plenum and in-core regions. The
bottom plate is inclined at a 45° angle to facilitate draining of the

copper shot.

2.5 QCore Section
2.5.1 Zircaloy-4 Fuel Rod Simulator

The fuel rod simulator is located at the bottom of the thimble.

It consists of a Zircaloy-4 seamless U tube which is the same material
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used as cladding in PWR fuel eleménts. It was provided by EXXON
Nuclear. Table 2.6 shows the composition of the Zircaloy-4 tubing

used in the PCCL. Neutron activation analysis was used to determine

Inlet and Outlet
inconel tubes Passage Holes Shot-Fill-Port

e v s ——

S/G
Aluminum Top

Support Plate
B I NS

90° Angie Aluminum
Pieces

A r———

1 I Bottom SS Support Plate
inclined 45° to
spinal tube

Spinal Aluminum
Tube

Figure 2.6 S/G Tube Support Assembly.

the Zircaloy-4 composition. Table 2.6 also shows the ASTM material
composition specs.

The Zircaloy tube is 6 ft (182.9 cm) in length and has a 5/16
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inch (7.94 mm) outside diameter and a wall thickness of 0.028 inches

(0.71 mm) hence an ID of 0.2565 inches (0.65 cm). The Zircaloy U

I 7“
C ] — 1/4"°
3-1/4"
Iy
Side
View
68"  ofS/G
Tube
Support
Not
to
Scale 1
1-1/8" /J"—p s— 1-1/4'

2-1/2"

~_— ___— Rotate 30° CCW

Figure 2.7 Side View of S/G Tube Support.

tube is imbedded in a lead bath which is contained in a titanium test

tube. It is estimated that approximately 50.5 inches (128.27 cm) of

this tubing are within the MIT reactor core, and 56 inches (142.25

cm) are submerged in the bath (and therefore subjected to hzat flux).
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Table 2.6 Compcsition of Zircaloy-4 Tubing.

Zircaloy-4
Element MIT NRL* | MIT NRL* MHI ASTM (Spec)
[F-1)
1990 1989 1989 1988
Sn (%) - - 1,47 1.2 to 1.7
Cr (%) 0.1 +2% 0.1 £2% 0.1 0.07 to 0.13
Fe (%) 0.22 +5% 0.21 £5% 0.21 0.18 to 0.24
Ni (%) - - - <0.007
Co (ppm) 0.72 + 8% 0.72 £8% 10 <20
Sb (ppm) - 0.93 + 10% - -
W (ppm) - - - <100
Hf (ppm) 52 £7% - - -

* By Neutron Activation Analysis

2.5.2 Titapium Test Tube

The earlier Titanium Test Tube (TTT) design consisted of a
Titanium tube bent into an elliptical shape with a welded plate at the
bottonﬁ. The major problem of this TTT design was the bulging of the
tube at high temperatures. To mitigate the bulging, a weld bead was
welded along its length. Nonetheless, high temperature tests showed
that the bulging of the tube still existed. Thus, a new TTT design was
implemented.

The new TTT is machined to shape from solid bar stock and

seam welded to form a container. The TTT contains the electric
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heaters, the Zircaloy U tube, and the lead bath. A titanium flange is
welded to the top of the can to support the TTT at the bottom of
transition section. Underneath this flange, there is a 1/8 inch thick
boral shield to reduce, to some extent, the streaming of neutrons into
the S/G sectior.

Titanium was selected as the material for the TTT because of
its high strength and corrosion resistance at elevated temperatures
as well as the low neutron activation cross section of titanium. The
TTT cross section is shown in Fig. 2.8. Its length is approximately 36
inches (91.44 cm). The average clearance between the TTT and the
thimble wall is 0.15 inches (0.38 cm). This space was kept at a

minimum so that in the event of thimble leakage or a loop loss of

coolant accident (LOCA) the water-floodable volume will not insert

more than 20 mp of reactivity. This gap also determines the heat loss
by conduction in the in-core segment of the loop, which has been
shown to provide sufficient passive heat rejection to maintain
maximum temperatures below the 2200° F Zircaloy-steam

exothermic reaction during LOCA without reactor shutdown [H-3].

2.5.3 Eleciric Heater

The electric heater used in the heated section performs two

main tasks:

a). While operating in-pile, the heater provides the energy
necessary to match prototypic core (and steam generator) heat
fluxes (hence film temperature gradients) while maintaining
the loop water bulk temperature at 300° C.

51



373"

0.125"

Seam
~welds

Titanium
Test
Tube

| \\_—// \ Aluminum

- 1.840" —— Thimble
=t .188"

Scale 1:1
Figure 2.8 TTT Cross Section

b). It provides sufficient heat to conduct out of pile
experiments that determine, for instance, the effective
thermal conductivity of the copper shot bed or the heat
rejected in the S/G section.

The most confining constraint on heater design was the
requirement (because the heater and thimble are grounded to the
reactor structures) not to employ a common grounded sheath type
design. An initial prototype using a multipass axial filament proved
failure prone. The successful final design is shown in Fig 2.9. It is
based upon use of proven Liquid Metal Fast Breeder Reactor (LMFBR)
fuel simulator technoelogy.

The heater consists of two legs, side by side, and joined at the
bottom end in a junction box. Each leg contains a helical filament, as
shown in Fig 2.9. This arrangement has a reduced linear heat flux
(hence internal AT values) because the heated length in a U

configuration is approximately twice that of a rod design. The heater
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Figure 2.9 Schematic of Heater.

is capable of delivering approximately 20 kW at a constant heat flux
of 5.7 kW/ft over a length of 42 inches (106.7 cm), however, the
heater normally operates at 12 kW when the reactor is at full power,
due to the contribution of 7 kW of reactor gamma heating. When the
reactor is shut down, it is necessary to reduce the outlet temperature
from 600° F to 570° F to avoid operating the heater at excessive
power. The heater is insulated with Magnesium Oxide (MgO) which
gives a 10 Megohm resistance between the heater element and the
outside steel sheath. The heater sheath is fabricated of low cobalt
1018 low carbon steel with an outside diameter of 0.422 inches (1.12

cm). There are two thermocouples aitached to the surface of the
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heater sheath to moritor the lead bath temperature.

The principal shortcoming of this design is its susceptibility to
moisture pickup through the epoxy end seal (which degrades at high
temperatures and gamma doses). This can lead to heater faiiure by
filament to sheath electrical shorts. Hence periods of post-incident

bake out of the heaters are routinely required.

2.5.4 Liquid Lead Heat Bath

The purpose of the liquid lead bath in the heated section is to
uniformly distribute the energy generated by the heaters to the
Zircaloy tubing. When the MIT Reactor is at poweI: approximately 7
kW of thermal energy is also deposited in the lead bath, due
primarily to gamma ray interactions. Thus, the heater power is
decreased by this amount, since the heater is operated in a mode
which keeps ;1 constant loop water outlet temperature. The amount
of lead in the heated section must be limited such that passive
rejection of the gamma heating can be achieved during loss of flow
incidents, without excessive lead bath, hence Zircaloy, temperatures.
Since gamma heating is also lost following a reactor shutdown, a high
value in this component would lead to excessive poweér demands on
the electric heaters to replace the lost energy input. Also, if the
‘Teactor scrams, the resulting rapid ramp-up of the heater power can
cause excessive thermal stress in the heater. The need to limit
nuclear heating is the principal reason why the liquid lead is
contained in an elliptical TTT instead of a circular one.

According to the Safety Evaluation Report (SER) for the PCCL

[H-3], the in core gamma dose rate produces an average of 1 watt of
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energy per gram of material in the core. The total weight of the TTT
(lead, heaters, and Zircaloy tubing) accounts for 5.68 kg, hence
approximately 5.68 kW of gamma heating. The actual gamma heating

~ determined by heat balance during in-pile experiments is 7 kW.

The instrumentation of the heated and S/G sections consists of
six thermocouples (TCs), two of which are attached to the sheath of
the heaters. They measure the lead bath temperature at two
different locations. One is located 16 inches (40.64 cm) from the top
of the TTT and the other is 6 inches (15.24 cm) from the bottom of
the TTT. Their outputs are connected to an Omega controller and to a
thermocouple readout located in the MIT Reactor control room,
respectively.

The other four thermocouples (2 TCs per inlet and outlet) are
located at the junction of the Inconel or Stainless Steel (SS) and
Zircaloy tubing in Swagelok connectors. They measure the water inlet
and outlet temperatures. The output of the outlet thermocouple is
connected to the heater controlier, which automatically shuts the
heaters off if the outlet temperature exceeds 650° F. The output of
the inlet thermocouple is comnected to an Omega controller for
monitoring purposes, except that one can switch to inlet T control

should the water outlet thermocouple fail.

2.6 Control Instrumentation
As mentioned in sec. 2.5.3, there are two thermocouples

attached to the surface of the heater sheath, and they both monitor
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the lead bath temperature. One of the thermocouple outputs is
connected to an Omega controller which will cut off the electrical
power to the heater if the lead bath temperature exceeds the normal
operating range of 950 to 1100 °F by more than 150° F. This value
was selected to insure that the maximum heater element
temperature does not exceed 1600° F, the value specified by the
manufacturer (Delta M Corp. of Oak Ridge Tenn). The other
thermocouple output is connected te a thermocouple readout in the
MIT reactor control room so that the reactor operator can monitor
the lead bath temperature. |

The heater power supply is a phase firing silicon control
rectifier (SCR) type. The heater power is controlled with a
proportional power controller which tries to maintain an outlet
temperature of 600° F. If for any reason, the outlet temperature
exceeds the 650° F alarm set point; the controller will automatically

shut the heater off.

2.7 Safety and Data Logging Systems

The most important safety features of the PCCL are
summarized in Fig 2.10. An alarm system has been incorporated in
the final PCCL design to warn reactor or loop operators about any
abnormal condition existing while the PCCL is running. There are
nine alarms that can be activated if an abnormal condition exists. In
addition, once the alarm has been activated, an audible sound is
emitted and a light corresponding to the particular alarm condition in
the front mezzanine and reactor control room alarm panels is lit. The

nine alarms are:
{
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Alarm

. High Tempcrature #1 (HT#1)

. High Temperature #2 (HT#2)

. Low Pressure (LP)

. Pressure Relief Valve Lifted
(PRVL)

. Low Level Charging Tank
(LLCT)

. High Thimble Humidity (HTH)

. Low Thimble Pressure (LTP)

Condition

When lead bath temperature
exceeds the normal operating
range by 150° F, this alarm is
activated. The heater power will
be automatically cut off.

This alarm is activated whenever
the outlet water temperature
exceeds 650° F. As soon as this
alarm is activated the electric
power to the heater is
automatically cut off.

This alarm is activated when the
systern pressure drops below
1800 psig.

This alarm is activated if the
system pressure exceeds the PRV
set point of 2500 psig or, in the
event of PRV failure, the burst
disk set point of 2850 psig.

This alarm is activated whenever
the charging tank#l level drops
below 17 inches.

This alarm is activated when the
humidity in the purge line
exceeds the expected value
(which can vary from run to run,
typically 10%).

This alarm is activated any time

the thimble pressure drops
below 10 psig.
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8. Low Heater Current (LHC)

9. Low Level Test Tank (LLTT)

A summary list

conditions, and action taken is next presented. Some of these
scenarios have actually occurred and will be discussed in more detail
‘in Chapter 4. The Safety Evaluation Report (SER) for the PCCL [H-3]
and Abnormal Operating Procedures for the PCCL should be referred

to for additional detail.

Scenario

Loss of Coolant

Accident (LOCA) caused
by rupture of piping or
safety relief valve stuck
in the open position.

Failure of Main HT#1, HT#2
Circulating Pump
Failure of Charging LP

Pump

of different

Alarm

PRVL, LP, HTH, HT#1

This alarm is activated when the
PCCL heater current is below 10%
of its normal maximum operating
current.

This alarm is activated either
because a low water level exists
in the test tank or because the
main circulating pump magnet
region temperature exceeds 285°
F. The test tank water is used to
cool the main circulating pump.

accident scenarios,

Action Taken

Turn off main
circulating pump,
charging pump, and
heated autoclave
heaters. Reactor must
shut down.

Reactor must shut down.
Shut down main
circulating and
charging pumps and
isolate loop for long
outage.

Cool down in-pile loop,
turn off main
circulating pump and
heated autoclave
heaters. Reactor must
shut down.

alarm
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Figure 2.10 Safety Features of the PCCL.
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Heater Failure LHC . Tum off main coolant
and chavging pumps
and heated autoclave
heater. Reactor must
shut down.

Loss of Electrical Power LHC The UPSs will
auiomatically provide
clectrical power to
instruments and main
circulating pump for a
period up to 45 minutes.
However, heater power
will be cut off . Boiling
in the loop will be
prevented by the heated
autoclave pressurizer.
No action is required by
PCCL operators.

Failure of Heater HT#1 Turrn off main coolant

Coniroller - and charging pumps.
If heater controiler is

not repairable in a
short period of time,
reactor must shut down.
The data logging system consists of a personal computer with
data acquisition capability that displays and records inlet and outlet
temperature, heater power and system pressure. In the event of a
rapid transient, the data logging system retains the previous
variables over a five second interval so that the loop personnel can
evaluate and diagnose the transient scenario. When the loop is
operating in steady-state mode, the above mentioned variables are

recorded at five minute intervals, thus, reducing the computer

memory requirements.

2.8 Charging System
The charging system, shown in Fig 2.11, consists of two main

components; the charging pump and the make up water subsystem.
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The charging pump in combination with the let-down line back
pressure regulator maintains the loop pressure at its normal
operating point (2200 psig) and supplies the make up water at a
constant flow rate. This pump (LEWA type EK16) is a positive
displacement type capable of delivering a flow rate from 0 to 2420
cc/hr at a maximum operating pressure of 4600 psia (31.72 MPa).
The loop pressure is controlled with a TESCOM back pressure
regulator located in the letdown line. The normal letdown flow rate
is 300 cc/hr. A pulse dampener was originally installed at the outlet
of the charging pump to reduce pressure pulsations. This device was
found not to be essential and was removed following the first two in-
pile runs after it developed a leak.

The make up water subsystem provides make up water for
the loop. It consists of two 50 liter storage tanks made of Pyrex glass
and capable of withstanding up to two atmospheres of hydrogen
overpressure. It is normally operated at 5 psig. This subsystem has
two major auxiliary circuits; the hydrogen sparging circuit and the
chemistry analysis loop.

The hydrogen sparging circuit consists of a valveless metering
pump -capable of delivering up to 450 ml/min of hydrogen gas and a
platinum-carbon-teflon wet catalyst, used at the outlet of the
valveless pump, to recombine oxygen and hydrogen so that the
water chemistry in the storage tanks can be maintained at less than
one ppb oxygen content.

The chemistry analysis lcop is designed for the purpose of
monitoring the oxygen (usual) or hydrogen (occasional) concentration

in the charging tank water. The oxygen and hydrogen electrodes
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(ORBISPHERE Models 2713 and 2730) are swapped periodically to
check that the hydrogen and oxygen are within PWR specifications.
The chemistry loop employs a Teflon gear pump to circulate the
water from the charging storage tank through the detector chamber
and back into the tanks. This pump is also capable of charging new
batches of water chemistry into one of the storage tanks, where the
water is deoxygenated piior to its transfer to the adjacent charging
storage tank. At a makeup/ietdown riow :a2te of 300 cc/hr a single
charge lasts approximately 165 hrs (7 days). As shown in Fig 2.11,
the PCCL contains an overpressure protection system (OPS) which
- will protect the PCCL loop and the charging system in the eveat of an
overpressurization incident. The OPS consists of a Parker pressure
relief valve and a burst disk which are set at pressures of 2500
(17.24 MPa) and 2850 psig (19.71 MPa), respectively. Both of these
relief mechanisms relieve to a quenching tank, where steam is
condensed, and a leak detector activated if an overpressure condition

exists.

The Cooiant Sampling and Let-down System (Figure 2.12)
consists of a discharge tank, an ion exchange column, a Stainless Steel
(SS) deposition monitor filter, a TESCOM back-pressure regulator, and
a recirculating ion exchange pump loop.

The discharge tank is made of acrylic plastic and is capable of
holding up to 70 liters of discharged liquid. It has a 5-1/4 inch
(13.33 cm) OD with 1/4 inch (0.635 cm) wall thickness. The discharge

tank has a helium cover gas to avoid accumulation of a hydrogen-
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oxygen -explosive mixture. In addition, the helium cover gas and
hydrogen can be vented out througk the MITR ventilation system, or
if the pressure exceeds 19 psig, through a safety relief valve whose
~ outlet is connected to the same ventilation system.

The lon Exchange Column is also made of acrylic plastic. Its
dimensions are 7/8 inches (2.22 cm) OD with a 1/8 inch (0.3175 cm)
wall thickness and 6-1/4 inch (15.87 cm) length. It contains a2 mixed
bed resin to remove radiocactive corrosion products from the coolant
water. The long tubing run and low flow rate ensure that the letdown
water has reached room temperature before it reaches the IX column
inlet. The Ion Exchange Column is used as a monitor during each in-
pile run. A Nal(Tl) photomuliiplier detector connected to a Canberra
Series 20 Multichannel Analyzer is placed in front of this column so
that proper identification of radioactive corrosion products being
deposited in the mixed bed resin can be determined. The Ion
Exchange (IX) Column is discussed in more detail in sec. 2.9.

The SS deposition monitor filter, as shown in Fig. 2.13, consists
of a SS housing in which the SS sintered filter and spring element are
placed (Parker CPI/ MI-106). The sintered filter has a 10 pm pore
size and is replaced, on the average, every third day during each in-
pile run. To determine the radioisotopes deposited on the sintered
filter, a high purity Germanium detection system is used outside the
containment building where the background is considerably lower
than inside the containment building. The SS filter normally operates
at approximately 195 °F [90° C] (about 370 °F [188° C] lower than the

loop operating temperature due to considerable heat losses).
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Figure 2.13 SS Deposition Monitor Filter.

The TESCOM back-pressure regulator is designed to maintain
the system pressure of 2200 psig. The back-pressure regulator is
made of 316-SS and is rated up to a maximum inlet pressure of 4000
psig.

Finally, the Recirculating Ion Exchange Loop is designed to
remove any of the residual activity still left in the discharged liquid
prior to its disposal. It consists of a Ryton gear pump capable of
delivering up to one liter per minute. This gear pump is used to
recirculate thé water contained in the discharge tank through an ion
exchange column (not to be confused with the ore in the let-down

{
line {ses Fig 2.12)) and back into the discharge tank. After two or

66



three hours of continuous operation, a water sample is taken to the
MITR Radiation Protection Office for a radioisotope analysis. The
Radiation Protection Officer determines whether or not the sample is
below the maximum permissible concentration (MPC) so that the

discharged liquid can be¢ disposed of properly.

2.9.1 (A1SaLE
The HAAP is designed to prevent boiling in the PCCL due to

rapid cooldown because of a loss of an electric heater. A reliability
and prototype component test study was performed by T. Achorn [A-
1] to show that in the event of a heater loss, the heated pressurizer

would be able to supply the water volume needed to compensate for

the loss of volume due to the rapid cooldown. Thus, the saturation

temperature in the HAAP at its (and the loop's) final system pressure
will be above the system temperature. In this way, boiling in the
PCCL is prevented.

The final HAAP design is shown in Fig. 2.14. It consists of a
pipe made of 304-SS closed by welded plugs at top and bottom, a K-
type thermocouple, two Chromalox heaters, an Omega Controller, and
fiber glass pipe insulation.

The pressurizer's 304-SS is approximately 2-7/8 inches (7.30
cm) in outside diameter with a 0.203 inch (0.515 cm) wall thickness.
Its total volume is 54.92 in3 (90 ¢m3). In addition, the pressurizer
has a venting fitting at the top, a tube with an open top and sealed
bottom for K-type thermocouple access, and a fitting at the bottom of

the pressurizer for connecting it to the let-down sampling line.
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Figure 2.14 Heated Autoclave Auxiliary Pressurizer.

Two Chromalox Heaters connected in series are wrapped
around the pressurizer. These heaters provide the necessary heat to
maintain the average temperature in the pressurizer at 630 °F

(332.2° C), to ensure that the pressurizer is the hottest point in the



system.
The Omega Controller is responsible for maintaining the
pressurizer temperature at 630° F by turning the heaters on and off.
The entire pressurizer is wrapped with fiber glass pipe
insulation to reduce unnecessary heat losses and to ensure that the
pressurizer always remains the hoitest (hence first to boil) point in

the system.

2.10 )

As described in sec. 2.8, the Ion Exchange/Let-down Line

Detection System provides information about the radioactive
corrosion preducts transported in the coolant. As seen in Fig. 2.12, a
detection system composed of a 2x2 inch Canberra Model 802-3
Nal(Tl) crystal and photomultiplier tube, a 2000 Volt Power Supply,
and a Canberra Series 20 Multichannel Analyzer is used to record
gamma spectrums of the different radioisotopes deposited on the Ion
exchange Column. The Nal crystal and photomultiplier are enclosed
in a lead pig to reduce the background when the reactor is at full
power. The decay time in the let-down line (3000 sec) is sufficient
for the decay ;)f short lived species such as N-16. A small window in
the lead pig facing the Ion Exchange Column is used to reduce the
count rate and dead time of the detector. Figure 2.15 shows the
'arrangement of the different components.

The mix'ed bed resin is Amberlite IRN-150 nuclear grade type
capable of removing anions and cations from the water. The resin
consists of 0.025 inch diameter spherical beads which are in a

hydrogen/hydroxide form. This resin is designed specifically for use
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in water treatment applications, particularly in once through
applications such as primary water chemistry control in nuclear
power plants.

Daily spectrums are taken when the loops are in-pile and
running. Once the run has ended, the resin is poured out of the IX
column into a standard sample container and counted outside the

containment building with a high resolution semiconductor detector.

2.11

To determine the specific activity of loop water samples, and
S/G Inconel tubes, a data acquisition system was assembled as shown
in Fig. 2.16. This system consists of a High purity Cermanium (HpGe)
detector, a Series 35 multichannel analyzer, a stepping motor
programmable motion controller (MITAS), a stepping motor, and a
printer (EX-1000). The arrangement and integration of the
components mentioned above is described in detail by G. Solares [S-
1].

Once the loop has been disassembled, the Inconel S/G tubes are
cut with a tube cutter approximately 15 cm above and one cm below
the shot bed region. The S/G tubes are then placed one at a time in a
horizontal tube support channel and a stepping motor driver chain is
attached to béth ends. The stepping motor is used to pull the S/G
tube in front of a shielded High purity Germanium detector in 4 cm
increments every 1000 seconds. A gamma spectrum is then taken
and recorded for approximately 50 positions of each S/G Inconel

tube.
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Figure 2.16 Post Irradiation Data Acquisition System.

2.12 Loop Handling System

The loop handling operation is best described as a two step



operation:

1. When the thimble (Loop) is being installed in the reactor
core.

2. When the thimble (Loop) is being removed from the reactor
core.

The loop handling system (Fig. 2.17) consists of a 3-ton polar
reactor crane hoist, a shielding cask, a manual hoist, a cask support
plate, and a boom hoist.

The 3-ton polar reactor crane hoist is capable of lifting and
transporting the thimble and shielding cask anywhere along the
reactor floor or reactor top. The reactor crane can only be operated
by an authorized crane operator.

The shielding cask is made of lead and has a 4-1/2 inch (11.43
cm) diameter central hole. It is constructed in a hinged clamshell
configuration to permit it to pass the large diameter pod atop the
thimble. The thickness of the shielding cask is approximately 3-1/2
inches (8.89 cm) which is enough to reduce the exposure dose rate to
300 mR/hr at contact with the cask while the loop is being removed
from the reactor core. (Because the same TTT and lead bath were
used in the last two runs, the exposure dose rates were a bit higher
than previous runs.) Since personnel are normally more than five
meters from the cask during handling, their absorbed doses are quite
small. A wedge is used to hold the thimble in place in the shielding
cask. In addition, the shielding cask has a shutter at its bottom that
can be opened to allow the thimble to be lowered into the reactor

core.

Once the thimble is set in place on the top of the shielding
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Schematic of the Loop Handling System.
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support plate, the manual hoist is used to lower the thimble into the
reactor core. The hoist line has a spring in series whose tension
indicates the degree of free motion when the thimble is lowered into
the dummy element and provides a flexible lifting system to prevent
a sudden high load due to a hang-up of the thimble.

The cask support plate is made of Carbon Steel and its purpose
is to provide support and a limited amount of shielding when the
thimble is being lowered into or removed from the core. The support
plate is approximately one inch (2.54 cm) thick and covers the top of
the reactor core tank.

The boom hoist is used to remove/install the loop internals
from/in the thimble. The boom hoist is attached to the containment
wall and can be swung out of the way to provide room for the
reactor crane to rotate a full (360°).

The following steps are taken when installing the thimble in

the reactor core:

1. The cask support plate is placed on the top of the reactor
core tank.

2. The secured thimble and shielding cask are transported with
the 3-ton crane hoist to one of the top holes in the hot cell.

3. The cask shutter is opened and the thimble is lowered into
the hot cell to reduce the exposure dose from the thimble
heated section.

4. The clamshell shielding cask is opened and cleaned with a
vacuum cleaner.

5. The clamshell shielding cask is closed and the thimble pulled
out of the hot cell.
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steps

6. The cask shutter is closed.

7. The clamshell shieilding cask and thimble are then
transported to the cask support plate on the reactor top.

8. The cask shutter is opened.

9. The thimble is lowered until the thimble pod rests on the top
of a securing wedge.

10. The marnal (hand) hoist is rigged to the thimble.

11. The clamshell shielding cask is opened and the thimble
lowered with the 3-ton hoist until the pod is level with the
cask support plate.

12. The thimble is lowered with the manual hoist into the
dummy element. The spring tension is monitored to verify free
motion while lowering the thimble into the dummy element.

13. The thimble is secured to the bridge using pull-down bolts.

14. The. loop umbilicals are made up between the thimble and
penetration shield block.

For removing the thimble from the core tank, the following

are taken:
1. The loop umbilicals are disconnected.

2. Using the 3-ton hoist, the cask support plate is placed on top
of the reactor core tank.

3. Using the 3-ton hoist, the shielding cask is positioned on the
top of the cask support plate.

4. The clamshell shielding cask is opened.

5. The manual hoist is rigged to the top of the thimble and to
the 3-ton reactor crane hoist.

6. Using the manual hoist, the thimble is lifted, cbserving the
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spring tension to verify that free motion exists until the
thimble heated section clears the dummy element.

7. The thimble is lifted with the 3-ton hoist until the pod
section clears the top of the cask.

8. The clamshell shielding cask is closed.

9. The manual hoist is detached while the thimble pod rests on
the top of a securing wedge.

10. The 3-ton hoist is reattached to the thimble.

11. The reactor top is cleared and the thimble lifted to its fully
withdrawn position.

12. The cask shutter is closed and the thimble and cask
transported to the disassembly area.

Table 2.7 lists the loop handling (sec 2.12), and abnormal
operating (sec. 2.7) procedures which discuss in more detail the
installation/removal of the PCCL and abnormal loop conditions. Loop
operating procedures with the reactor at power or in shutdown mode

are also listed in this table and will be discussed in the next chapter.

2.13 Hot Cell and Disassembly Area

The hot cell (inside the containment building) is used to melt
the radioactive lead (once the heated section of the loop has been
disconnected from the rest of the loop) and to chop up the activated
Zircaloy tubing. The internal dimensions of the hot cell are 57 inches
(144.78 cm) by 80 inches (203.20 cm); it has three 6 inch (15.24 cm)
diameter holes on its top. A large lead glass window (22 inch by 34
inch) is located at the- front of the cell. In addition, two hand

controlled manipulators are available to handle activated tubing.
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Table 2.7 List of PWR Loop Procedures.

Procedure

Procedure or QA Number

Maintenance of Schematic

Diagrams PCCL-1
General Safety Requirements PCCL-2
Loop In-Core Installaiion PCCL-3
Loop Removal From In-Core PCCL-4
PCCL Hydrogen Inventory PCCL-5
PCCL Charging Tank PCCL-6
PCCL Rigging Checklist PCCL-C1
PCCL Cask Cleanliness Checklist PCCL-C2
PCCL Hydrogen Checklist PCCL-C3
PCCL Charging Tank Checklist PCCL-C4
Abnormal Operating Procedure Q/A M-86-2
for PCCL (SR#-0-89-2)
Pre-operational Testing of the Q/A M-86-2
PCCL (SR#-0-88-14)
Special Procedure for Initial PCCL Q/A M-86-2
Startup and Operational Testing (SR#-0-89-3)
In-core with Reactor Shutdown

Special Procedure for Initial PCCL Q/A M-86-2
Operation with Reactor at Power (SR#-0-89-6)

Q/A files are located in the MITR Operations Office, under the
custody of the Nuclear Reactor Laboratory (NRL) Quality Assurance
(QA) officer (617) 253-4211. PCCL files are located in the project

scientist's office, NW13-260.

The hot cell contains a 800 watt furnace, a scale, and a tube

chopper.

The 800 watt furnace is used, as mentioned above, to melt
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radioactive lead so that the Zircaloy tubing can be removed from the
lead bath. _

The 20 kg scale is used to weigh the Titanium Test Tube (TTT)
with the tubing and lead in it. If there is a discrepancy in the total
weight, more lead is added to the TTT.

Finally, the tube chopper is designed to cut the activated
Zircaloy tubing into pieces of desired length. The chopper is a
commercial rod shear (Bench model #5), motor driven, that can cut
the Zircaloy tubing in a single stroke with minor distortion of the
metal. The Zircaloy pieces are placed into labeled test tubes and
taken in a lead pig to the decontamination laboratory for further
treatment and analysis (see thesis report by E. Cabello [C-1]).

It is important to point out that the hot cell cannot be operated
if proper ventilation does not exist. Procedures (Appendix C) for
proper utilization of the hot cell must be followed at all times.

The disassembly area (Fig 2.17) is located next to the hot cells
and is surrounded by concrete walls to reduce radiation exposure
from the loop to reactor and PCCL personnel. The loop is assembled
or disassembled in this area.

When the loop is being assembled, the internals are lifted with
the boom hoist and transported into the thimble. The shot port is
properly sealed and the copper shot loaded into the Steam Generator
(S/G) section. The heater and thermocouple connectors are checked
and connected at the bottom of the thimble pod. The thimble lid is
bolted down to the pod section and the screws are secured with SS
lock wire.

When the loop is being disassembled, the steps are reversed.
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For insiance, the copper shot is poured out, and so on.

2.14 Chapter Summary
In this chapter, the final design of the as-built PCCL has been

presented. Each PCCL component has been described, together with
its function in the loop. Operating procedures have been described at
a level of detail appropriate to the appreciation of how the loop is

employed for experiments: the subject of the chapter which follows.
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In this chapter, the pre-filming and pre-conditioning
techniques used to prepare the loops for an in-pile run are discussed.
A description of the out-of-pile tests to determine the actual heat
rejection through different heat transfer modes is presented. Finally,
a series of tests to determine the gamma heating component, to
characterize the weekend mode of operation, and to measure the

deposited activity in the deposition monitor are described.

3.2 Pre-filming of Loops

It is a well known phenomenon that when a fresh metal
surface is exposed to water, the initial rate of corrosion decreases
due to the formation of a protective oxide film [W-2], [L-1], [M-2].
These passive films protect against sustained high dissolution rates
by separating the base metal from an aggressive coolant
environment. The simplest method to develop this passive film is to
expose the surfaces of the new pipes and S/G tubes of the primary
reactor coolant sysiem to high temperature water for a period of two
«© four weeks before reactor start-up. For instance, Westinghouse
recommends a pre-filming period of four weeks at 500 °F for new
nuclear plants.

Following this philosophy, in the present program ten loops
composed of the S/G Inconel tubing and SS plena were pre-filmed
simultaneously. for 1000 hrs (41.7 days) inside a large oven built

expressly for this purpose, under the following conditions:
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Pre-cleaning - Degrease with acetone
and rinse with
deionized water

Li (Lithium) - 1.41 ppm

B (Boron) - 600 ppm
pH(300°C) - 7.0
Conductivity(umhos/cm) - 15.2
Temperature (isothermal

oven) - 600 °F (315° C)
H, (Hydrogen) - 24 cc-H2/kg-H20
O, (Oxygen) - less than 10 ppb
Let-down - 300 cc/hr

Flow Rate

Duration of hot exposure 1000 hrs

To develop a smooth interior surface, the SS plena were honed
using silicon carbide stones. Three specimens (coupons) were placed
in each plenum for documentation of the pre-filmed and pre-
conditioned (sec 3.3) surfaces. The specimens (1 by 1/3 inch)
consisted of sections cut from plena replicates with interior surfaces
honed in exactly the same way as the plena used in the test loops,
and with exterior surfaces polished. Of the three specimens provided
per plenum: one was removed after the pre-filming and the other
two after the pre-conditioning. After the 1000 hr run, the loops
were disassembled, rinsed with deionized water, and filled and
stored with nitrogen prior to their re-insertion in the oven for
individual loop pre-conditioning.

Because the let-down flow rate is small and the loops are in a

isothermal field, local differences in soluble transition metal species
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should be small. Thus, transport of corrosion products during the
pre-filming stage is kept to a minimum.

Water samples were taken to check pH, conductivity, and boron
and lithium concentrations during the pre-filming operation. Figures
3.1 to 3.4 show the trend of the above variables versus time. Also
shown are the "acceptable” parameter ranges according to current
PWR chemistry guidelines [W-5]. The pH and conductivity of the
discharged water samples were measured with properly calibrated
pH and conductivity meters at room (25°C) temperature. Boron
concentrations in water samples were determined by a B-10 prompt
gamma neutron activation analysis technique [W-4]. The amount of
lithium in the water samples was determined by a standard atomic
abso:ption technique. In addition, impurities in water samples (Table
3.1) were determined by Ion Chromatography (IC). These techniques
are described in more detail in Appendix A. The IC samples were
analyzed after more than one year of storage, hence the values

quoted represent upper limits on actual amounts present.

3.3 [Ere-conditioning of Loops

One to two months prior to a scheduled in-pile run, a prefilmed
set of Inconel tubes and a SS plenum were connected to a (cleaned
but previously untreated) Zircaloy U-tube and pre-conditioned inside
the same large oven used during the pre-filming stage under the

following conditions:

Lithium - Same as subsequent in-pile run

Boron - Same as subsequent in-pile run
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Table 3.1 Impurities in Pre-filming Water Samples.

PWR
PCCL
(EPRI PWR
Guidelines [S-2])

Chloride (ppb) 2 <50
Nitrite (ppb) <g -
Nitrate (ppb) <1 -
Sulfate (ppb) 93 <50
Bromide (ppb) 86 -

Pre-filming Operating Parameters
pH(300°C)=7.0

707 Discharge Line pH (25°C)
68 - T
T
a
6.4-.
6.2-:
6.0 e e S e
0 10 2 % ays 30 40 50
Figure 3.1 Discharge pH vs time during pre-filming.
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Discharge Line Conductivity (25°C)
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Figure 3.2 Discharge Conductivity vs time during pre-filming.
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Figure 3.3 Discharge Lithium vs time during pre-filming.
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Discharge Line Boron
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Figure 3.4 Discharge Boron vs time during pre-filming

pH(300°C) - Same as in subsequent in-pile run
Conductivity - Same as in subsequent in-pile run
(pomhos/cm)

Temperature - 600°F (315°C)

(Isothermal oven)

H, (Hydrogen) - 17 cc-Hy/kg-H,0

O, (Oxygen) - < 5 ppb

Let-down - 100 cc/hr

Flow Rate

Duration of hot - 3 to 4 weeks

exposure

Each loop was pre-conditioned for a period of three to four
weeks under the same water chemistry as the subsequent in-pile
run. A different charging system (Fig. 3.5), operating in a
recirculating mode, was used during the pre-conditioning stage.

Water samples were also taken periodically to check pH,
conductivity, lithium, and boron as described in the previous section.

The function of the pre-conditioning is to reach an equilibrium
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condition between surfaces and bulk coolant prior to the start-up of
the in-pile run. Again low fiow/low heat flux conditions are
employed to avoid corrosion product transport. C. B. Lee [L-2] has
shown that short in-pile runs best predict long-term behavior if

initial core region crud inventories are small.

Pump Bubbler

’ Chsarging i-lz

] Pump
10 um Yent
Fliter
>
10pum
Fiter g0 Liter
Maksup Tank >4
800 Watt Back-Pressure
Furnace Regulator

All loop components
Inaide furnace

Figure 3.5 Schematic of Charging System used in Pre-conditioning.

3.4 Qut-of-Pile Tests
3.4.1

A series of out-of-pile tests were carried out to determine the
optimal spacing of the Inconel tubes in the Steam Generaior

subsection with the intention of matching film differential
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temperatures believed to be importantw factors in the
release/iransport/deposition of corrosion productis. Hot and wet heat
rejection tests were also carried out to demonstrate that in the event
of a main circuiating pump trip or 2 loss of coolant accident (LOCA),
the heated section was capable of rejecting the 7 kW of gamma
heating without exceeding the 2200 °F (1204 °C) temperature limit

above which the rate of Zircaloy oxidation is excessive.

3.4.1.1

To match as closely as possible the core inlet and outlet

temperatures, flow rates, and film differential temperatures in the
PCCL with those in a representative PWR, the spacing between the
PCCL Inconel tubes (Fig 3.6) was adjusted. Based on a spacing
between Inconel tubes of 2.6 inches, the effective thermal
conductivity of the PCCL shot bed was calculated using the following
expression (Eq. 3.1) which treats each tube as an isolated off center

heat source

Q' = 2q9' = kegr S AT (3.1
where
Q' = Energy removed per unit length of thimble
q = Energy loss per unit length of tube

kegf = Effective Thermal Conductivity of shot bed
S, = Shape Factor
AT = Temperature difference between tube and thimble walls.

The shape factor is given by the following expression:



S; s 4% (3.2)
. In(u + Yu2? - 1)
with
(3.3)
b
D
¥

Figure 3.6 Cross Section of the Steam Generator Subsection

where
6 = Distance between Inconel tubes (2.6 inches)
D = thimble diameter (3.5 inches)

d = Inconel tubing diameter (5/16 inches)

J. H. Van Sant [S-2], J. C. Rowley and J. B. Payne [R-1] have shown
that the above expression for the shape factor is a good
approximation for the two tube case. For measured values of Q' and
AT, this expression yields a value of 1.03 BTU/hr-ft-°F (1.8 W/m-°C)

for the effective thermal conductivity of the shot bed. which is in
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good agreement with the experimental value obtained by J. Wicks
[W-1] using a centrally positioned heat source. Another approach to
calculate the effective thermal conductivity of the shot bed is to use

the following correlation developed in reference [B-§].

kegr = 40 Ina - IDky, (3.4)

where
keff = is the effective thermal conductivity (BTU/hr-ft-°F)
(V] = k(Cu shot)/k(He gas)

k(Cu shot) = thermal conductivity of copper shot (215 BTU/hr-ft-°F)
k(He gas) = thermal conductivity of helium (0.11 BTU/hr-ft-°F)

According to reference [B-8)], when the results of the above
expression are compared to experimental data for the case of steel
shot in various gases, the fit given by this expression is within * 50%.
Thus, for the copper shot and helium case, Eq. 3.4 yields a value of
2.12 BTU/r-ft-°F £ 50% which is in rough agreement with the value
predicted by Eq. 3.1. As discussed in section 2.4.2.2, the final
adjustment in the effective k was achieved by inserting 90° angle

aluminum pieces in the bed.

3.4.1.2 Hot Heat Rejection Test

As noted earlier, this test was designed to show that under any
loss of coolant accident scenario such as a tube break, the heated

section would be capable of rejecting the 7 kW of gamma heating
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generated by the MIT-reactor when operated at full power without
exéeeding the 22C0 ° F (1204 °C) Zircaloy-water reaction limit.

A complete loop was assembled and inserted into the thimble.
Thermocouples were connected to the inlet and outlet of the Zircaloy
tubing and to the lead bath. The Steam Generator subsection of the
thimble was filled with copper shot. The entire system (thimble and
internals) was placed in the test tank to simulate the same heat
transfer conditions as encountered in the core tank.

With the Inconel loop tubing open to the atmosphere, the
thimble was filled with helium (2 psig). Figure 3.7 shows the trend
of the heater power (heat rejected) versus the lead bath
temperature. As seen in this figure, for a heater power of 7 kW the
lead bath temperature never exceeds the temperature of 2200 °F
(1204 °C) which is the conventional limit for avoiding an
autocatalytic Zircaloy-water reaction. Thus, the heated section was
judged capable of rejecting gamma heating by purely passive
means (conduction and radiation between the lead bath can and

thimble wall) in the event of a loss of coolant accident.

3.4.1.3 Wet Heat Rejection Test

This test was designed to show that the heated section could
reject the 7 kW of gamma heating produced by the MIT reactor
without exceeding the 2200 °F Zircaloy reaction limit in the event of
a main circulating pump trip. The loop was assembled in the same
fashion as for the hot heat rejection test. To simulate the pump loop

section, the loop tubes were connected together above the thimble
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lid. The loop tubing was filled with water and pressurized to 1000

psig. These conditions were similar to those which would

Hot Heat Rejection Test
2500 -

XDOT 2200 °F

1500 -
o //'///a¢a’¢’ﬂ’°‘°'ﬂ
0 /

¥ | v ¥ v | v | ]
0 2000 4000 6000 8000
Heater Power (W)

Lead Bath Temperature (°F)

Figure 3.7 Heater Power vs. Lead Bath Temperature During Passive
Heat Rejection Test.

occur after a main circulating pump trip. Table 3.2 shows the inlet
and outlet temperatures as well as the heater power and lead bath
temperature. As seen in this table, a maximum heater power of 6.5
kW was observed before reaching the 545 °F saturation temperature
at a 1150 °F lead bath temperature. From this observation, it is
assumed that the water in the loop would boil during a main
circulating pump trip scenario, which would limit, to some extent a
further increase in temperature, since heat would be transported to,
and rejected by condensation in the shot bed section. Thus, it was
concluded that the heated section would reject the heat necessary to

maintain the temperature of the Zircaloy tubing well below the 2200
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°F limit (assuming of course, that the electric heater power is
interrupted and only nuclear heat need be rejected). Note that the
heated autoclave (auxiliary pressurizer) would suppress boiling until
the loop temperature exceeds roughly 630 °F.

It is interesting to point out that table 3.2 shows a higher core
inlet than core outlet temperature. An explanation for this behavior
is that the combined effect of natural convection and the small
charging flow lead to a net flow in the direction opposite to normal

flow (see Fig. 3.8).

Table 3.2 Relevant Variables for the Wet Heat Rejection Test.

Heater Power Core Inlet Core Qutlet [Lead Bath Tem.
(Watts) °F (°C) °F (°C) °F (°C)

2000 503 (262) 490 (254) 575 (302)
2250 535 (279) 492 (256) -

2500 543 (284) 525 (274) -

3500 545 (285) 538 (281) 621 (327)
5000 545 (285) 541 (283) 850 (454)
6000 545 (285) 542 (283) 1075 (579)
6500 545 (285) 542 (283) 1150 (621)

3.5 In-Rile Tesis

These tests were conducted with the complete loop system

assembled and installed in the MIT reactor. The purpose of the in-

pile tests was to show that the overall loop system configuration



was operational and to determine the contribution of gamma heating,
evaluate the deposition of corrosion products in the deposition

monitor, and assess the weekend mode of operation.

By-pass line
Charging installed for test
Line Let-down
Inlet Line
Shot
Bed
Inlet
Plenum
Zircaloy
Tubing
Normal
Filow Postulated flow
Direction direction during
this test
Figure 3.8 Schematic of the Loop Used for the Wet Heat

Rejection Test.
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3.5.1 Shakedown Run

As noted before, the purpose of the one week long shakedown
run was to demonstrate that the loop components, alarm systems
and instrumentation were operational. Prior to the start of this run, a
series of pre-operational tests and measurements were performed.
These tests were divided into six groups as follow:

A. Hydrostatic Testing, These tests verified that the thimbie
and loop component welds were acceptable. In addition, the PCCL
thimble and a prototype in-core heated section were also
hydrostatically test.d to 150 and 1000 psig, respectively. Once the
thimble was installed in the core tank, cold and hot leak checks of
the high pressure lines were conducted to verify their integrity.

B. Reactivity Measurements, These measurements were
performed to insure that under any circumstances, the insertion of
reactivity due to the void-reflood of the Zircaloy tubing or the
reflood of the space between the Titanium Test Tube (TTT) and the
aluminum thimble would not exceed the 0.2% Ak/k limit for movable
experiments or 0.5% Ak/k for nonsecured experiments. The results
showed a maximum reactivity change of 0.042% Ak/k and 0.14%
Ak/k for the PCCL in-core tube flooding (154 cc) and the in-core free
volume ﬂoodi;lg (1600 cc), respectively. These results are within the
limits for movable and non-secured experiments.

C. Instrumentation. The nine PCCL alarms that register in the
contro!l room were verified operable. The instrumentation
components, such as thermocouple ond pressure readouts were

properly calibrated. Finally, pressure relief valves, pushbutton
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"emergency and heater off” switches were checked to confirm that
they were operable.

D. Installation/removal of PCCIL. The installation and removal of
the PCCL was done according to procedures listed in table 2.7. The
removal or installation of the PCCL is always performed with the
reactor shutdown.

The last two test groups were related to the unattended and
attended operation of the PCCL loop. Before initiating any of these
modes of operation, PCCL personnel had to verify that all
instrumentation was operational. In addition, abnormal operating
procedures in their final form were made available in the control
room, together with the procedures for the loop's
installation/removal in/from the core tank and its transfer to/from
the assembly/disassembly area. For long term unattended operation,
PCCL personﬁel had to verify that in the event of reactor shutdown,
the reactor cooling system was able to remove the decay heat from
the reactor plus the heat generated by the PCCL.

Once the preoperational tests had been completed, the PCCL
was taken to a hot standby mode prior to reactor startup. The
following steps were (are) taken to achieve a hot standby mode for
this and all subsequent runs:

1. The PCCL is pressurized to 2250 psig using the LEWA
ciarging pump. A letdown flow rate between 200 and 400 cc/hr is
established.

2. The main circulating pump is turned on, making certain that
a AP of 20 psig in the loop is achieved, which corresponds to a

volumetric flow rate of 1.15 GPM at room temperature.
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3. The heaters for the heated autoclave (auxiliary pressurizer)
are turned on. The temperature set point controller is raised
approximately 5 °F/min to avoid overshooting the final pressurizer
temperature of 630 °F.

4. The in-pile heater is turned on and power ramped up slowly
until a core outlet temperature of 570 °F is achieved. The heatup rate
is 5 °F/min. At this step, the experimenters verify that Tie.q path >
Tcore outlet > Tcore inlet and that the AE pump's drive magnet
temperature is less than 300 °F.

5. If the above conditions are met, the in-pile heater controller
is switched to automatic control of core outlet temperature. The PCCL
remains in this condition for at least 30 minutes prior to reactor
startup. Personnel in the control room are informed of PCCL
readiness for reactor operation.

Once the loop is in a hot standby mode, the following steps
were (are) taken to bring the reactor to full power.

7. With the PCCL operating under automatic in-pile heater
control, Tcore outlet = 570 °F, the reactor power is raised to 1 MW and
maintained at this level for at least 5 minutes or until all
temperatures are stable. A radiation survey of the main circulating
pump is conducted to determine the dose rate from N-16.

8. The reactor power continues to be raised in one MW steps,
verifying at each step that all temperatures remain stable and that
the heater controller produces less than 10 °F of overshoot during
each step.

9. Once the reactor is at full power, the in-pile heater controller

is switched to manual and the core outlet temperature is raised to
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600 °F at a rate of 5 °F/min. After raising the core outlet
temperature, the heater controller is returned to its automatic modé
and kept in this mode until the loop or rcactor are ready to be shut
down.

When the reactor is rzady for shutdown (weekend mode),
similar steps are taken; for instance

10. The in-pile heater controller is switched to manual mode
and the core outlet temperature is reduced to 570 °F in a 5 °F/min
ramp down rate.

11. At 570 °F, the in-pile heater controller is swiiched to
automatic to allow temperatures to stabilize.

12. The reactor power is lowered in 1 MW steps allowing 5 to
10 minutes between steps for all temperatures to stabilize. If the
loop’s core outlet temperature overshoots by more than 20 °F, the in-
pile heater contioller is swiiched to manual.

After a month long run, the loop is shut down by first shutting
the reactor down as described above and by decreasing the heater
power as described in the following steps:

13. Once the reactor is shut down, the in-pile heater controiler
is switched back to manual and the heater power is reduced to lower
the core outlet temperature at a ramp rate of 5 °F/min until this
temperature is below the 212 °F boiling poin: at 1 atm.

14. The heated autoclave (pressurizer) heaters are turned off
while assuring that the system pressure remains above 2000 psig.

15. The main circulating pump is turned off.

16. Finally, the charging pump is also turned off and the loop

depressurized.

98



It is important to point out that steps 3 and 14 were omiited
during the shakedown and first two runs because the heated
autoclave was not then part of the system.

Another scenario that is important to mention is the one that
occurs when the reactor scrams while the loop is operating at its
nominal 600 °F core outlet temperature. Because the gamma heating
source is lost when the reactor scrams, the electric in-pile heater
which is operated in an automatic mode to maintain a core outlet
temperature of 600 °F, has to compensate for this loss in a matter of
seconds. Thus, the electric heater power increases from 12 to 19 kW,
which is near its maximum rated power. Once this reactor condition
has been established, PCCL personnel must reduce the core outlet
temperature to 570 °F in order to avoid a premature heater failure
due to the operation of the in-pile electric heater at excessively high
power levels.

Finally, the last scenario to consider is the one that occurs when
the in-pile electric heater or main cooling pump trip while the
reactor is operating at full power. PCCL personnel must evaluate the
nature of the trips and determined if is necessary to shut down the
reacior. Table 3.3 summarizes the reactor and loop operation modes
and the operating procedures or section in this chapter that are
~relevant to ezch condition.

35.1.1 Gamma Heating

As noted carlier, the contribution of gamma (nuclear) heating
in the Titanium Test Tube (TTT) z}md its constituents is an important

factor in the event of a loss of coolant accident or a main
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Table 3.3 Summary of Reactor and Loop Modes of Operation.

Reactor Loop Procedure/Section
At Full Power (SR#-0-89-3)
At Full Power (SR#-0-89-6)
Shut Down Sections 3.51 and
(y Heat only) 35.1.1
. At Full Power (SRi##-0-89-3)
Shut Down
Shut Down (SR#-0-89-3)

(SR#-0-89-6)

circulating pump trip. Sections 3.i.1.2 and 3.1.1.3 showed that the
heated section was capable of rejecting the total amount of gamma
heating without exceeding the 2200 °F Zircaloy-water reaction limit.

The actual amount of gamma heating was determined by

in-pile Heater Power
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Figure 3.9 Heater Power vs time while reactor is coming on-line.
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changing reactor power with the PCCL in a hot standby mode with a
constant core outlet temperature of 550 °F. Figure 3.9 shows the
trend of heater power vs. time with the in-pile heater in automatic
mode, as reactor power is increased in 1MW steps. As seen in this
figure, the heater power decreased as the reactor increased in power.
The total contribution of nuclear heating is the reduction in the in-
pile eleciric heater power; namely, 7 kW when the reactor is brought

from zero to full power.

3.5.1.2 Depositien Monitor

As mentioned before, one of the purposes of the shakedown
run was to evaluate the deposition of activated corrosion products on
the deposition monitor. The original design for an on-line deposition
monitor consisted of a Nal(Tl) photomultiplier detector enclosed in a
lead cylinder (Fig 3.10) with approximately 30 ft of 316 SS (1/16
inch OD) tubing wrapped around it. The outiet of the loop letdown
line was connected to the inlet side of this tubing. The outlet side of
this small diameter tubing was in turn connected to the discharge
line so that coolant from the loop could flow through this tubing.
Activated corrosion products in the coolant are then deposited on
this capillary tube.

A Nal(Tl) photomultiplier detector was connected to a
Canberra Series 20 Multichanne! Analyzer. Spectrums were taken
when the reactor was at zero and full power to determine the
background and the incremental deposition of activated corrosion
products on the small capillary.

It was determined that because of the poor energy resolution
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of the Nal(Tl) detector and the high background when the reactor

From
PCCL
Lead
Cylinder To
\ Discharge
Tank
\316 ss
Tubing
] 1/16 inch OD
NaI(Tl) 41 = To .
Photomultiplier Multichannel
Analyzer
Figure 3.10 Schematic of Original Deposition Monitor

Design.

operated at full power, this design was not suitable for determining
the different elements deposited on the capillary tube. Hence, a new
deposition monitor was installed in the letdown line.

As noted in section 2.9, this new device consisis of a SS 10 um
pore size filter as shown in Fig. 3.11. This filter is replaced every
three days and counted with a high energy resolution High Purity
Germanium detector outside the containment building where the
-background is insignificant. The filter is counted 40 to 50 minutes
after removal from the let-down line so that the short lived isotopes
can be accounted for.

The deposition monitor filter is placed in a configuration as

shown in Fig 3.12 and replaced every three days according to the
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following procedure:

1. The experimenter must wear appropriate clothing such as
gloves, goggles, and coveralls.

2. Valve #3, which is normally closed (NC), is opened.

3. Valves #1 and #2 are closed, thus completely bypassing the
filter.

4. At this point, the filter is replaced.

5. Valves #1 and 2# are opened.

6. Finally, the bypass valve #3 is closed.

It is important that the above steps are followed in the order

given; otherwise, the loop will overpressurize if all valves are closed
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at the same time, or a steam leak leak will develop if valves #1 and

2# are not properly closed when replacing the filter.

3.5.1.3 Weekend Mode of Operation

This test was carried cut in the last two days of the shakedown
run. The purpose of this test was to simulate weekend conditions
such as no reactor power, and small rate of decay heat removal,
while the PCCL in-pile heater operates at an average power of 18
kW, to show that the primary water temperature limit of 60 °C in

MITR-II Technical Specifications [M-3] is not exceeded for a period of

two days.

Valve #3 .

From | To

PcCL —> ® pischarge

Line

Valve #1 }—'I Valve #2
10 pm
Filter

Figure 3.12 Schematic of the On-line Filter and Bypass Line.

Prior to reactor shutdown, the PCCL core outlet temperature
was reduced to 550 °F to prevent the in-pile heater (which was
operated in automatic mode) from exceeding its maximum rated

power after the loss of gamma heating due to reactor shutdown. For
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two or three hours prior to the start of this test, the reactor primary
(flow rate 2080 gpm) and secondary (flow rate 1770 gpm) pumps
were left on to achieve a minimum primary water temperature of 22
°C.

During this test, the reactor primary and DO pumps were
turned off and the auxiliary primary and secondary pumps were left
on at a flow rate of 4 and 30 gpm, respectively. After 45 hours, the
maximum primary water temperature was 54.2 °C. Three hours
before the end of this test, the flow rate of the auxiliary primary
pumps was increased from 4 to 7 gpm. A drop of 3 °C was observed
over the following three hours. Thus, it was confirmed that the

primary water temperature never exceeded the 60 °C limit.

3.5.2 Boiling Test

The in-pile boiling test was carried out to evaluate the
insertion of core reactivity in the event of a void/reflood scenario in
the Zircaloy tubing. This experiment was performed using the PCCL
loop with the main circulating pump bypassed. Since the in-pile PCCL
Zircaloy tubing has the same dimensions as the one used in the
Boiling Water Reactor Coolant Chemistry Loop (BCCL), the results of
this experiment are also applicable to the BCCL.

Two reactor criticalities were conducted at low power. One of
these was established with a solid system and became the baseline
reactivity measurement. The other one was established with boiling
in the loop. It was calculated that an exit quality of approximately

57% existed during the second criticality.
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The results of this experiment showed no measurable or
observable reactivity noise due to in-core boiling at reactor power
lévels up to 10 kW. From these results, it is concluded that the
steady state boiling in the BCCL will not adversely interact with
MITR-II control, nor will transient boiling in the PCCL, should it occur

in severe transients.

3.6 Chapter Summary

In this chapter, the preparation and evaluation of the loops
prior to in-pile irradiation have been described. A brief discussion of
the pre-filming and pre-conditioning techniques has also been
presented.

Major out-of-pile tests to match film differential temperatures
with those in a representative PWR have been discussed. Out-of-pile
heat rejection tests simulating accident scenarios have also been
evaluated and their results documented.

Finally, in-pile pre-operatiohal tests and operational proce-
dures have been described. The in-pile gamma heating source has
been determined and an appropriate weekend mode of operation
established. In addition, an in-pile boiling experiment was conducted
with no apparent reactivity noise attributable to the PCCL in

evidence.
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The PWR Coolant Chemistry Loop (PCCL), described in chapter
2, has been designed to investigate the effect of coolant pH on the
release/transport/deposition of corrosion products in a PWR envi-
ronment. In the past, studies of plant data have suggested that a cor-
relation exists between crud buildup in the PWR primary circuit and
the coolant pH. Since solubility differences between bulk coolant and
coolant in contact with in-core and out-of-core surfaces constitute an
important factor for the transport of corrosion products, experiments
have been conducted in a number of laboratories to determine the
solubility of iron, nickel, and cobalt under PWR conditions.

At one time, it was believed that the crud layer in PWR pri-
mary circuits was mainly composed of magnetite (Fe304). Hence,
Sweeton and Baes [S-2] conducted measurements to determine iron
solubility using magnetite in an aqueous solution saturated with Hj
at 1 atm. These solubility measurements were performed as a func-
tion of tempe!:rature and hydroxyl ion concentration. The results
showed (Fig. 4.1 [L-3]) that the iron solubility decreases as the hy-
droxide concentration increases until a minimum is reached. Further
increase of hydroxide concentration increases the iron solubility. It
should be noted that the hydroxide concentration is related to the pH
of the solution; an increase in the hydroxide concentration corre-
sponds to an increase in solution pH. Figure 4.1 also shows the exis-

tence of a minimum at which the solubility temperature coefficient
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changes sign; the minimum shifts towards lower hydroxyl concen-
tration with increasing temperature, which means that the solubility
temperature coefficient will change sign at a lower solution pH as

solution temperature increases.

——0—— 250°C
—fG— 300°C
—O— 330°C

lron Solubillty (pMOLS/kg)

1 1 10 100 1000
Hydroxide Concantration (uMOLS/kg)

Figure 4.1 Iron Solubility from Magnetite as a Function of
Temperature and Hydroxide Concentration [L-3].

Sweeton and Baes [L-3] also calculated the minimum iron sol-
ubility at temperatures between 25 °C and 300 °C for different
lithium and boron concentrations for magnetite at a I atm partial
pressure of hydrogen. Figure 4.2 shows the combinations of lithium
and boron for which the iron solubility at 285 °C and 1 atm hydrogen
partial pressure is at its minimum (i.e., zero solubility temperature
coefficient). It should be noted that the upper right corner of Fig. 4.2
represents the region where the solubility temperature coefficient is

positive, and non-precipitating coolant conditions exist on hot-core-
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surfaces. On the other hand, the lower left corner of Fig. 4.2 repre-
senis the region where the solubility temperature coefficient is

negative and precipitating coolant conditions exist.

Non-Precipitetion
Regime

{ Zero Solubility

Temperature ———
1 4 Coefficient

Precipitation \E

Lithium

Regime
o v L) v ]
2000 1000 (1]
Bororn

Figure 4.2 Boron and Lithium Concentration for a Zero Solubility
Temperature Coefficient at 285 °C [L-3].

From these initial experiments, it was found that a pHsgp of 6.9
would yield a zero temperature coefficient. Therefore, it was
* postulated that the transport and deposition of corrosion products on
core surfaces (and hence the production and subsequent deposition
of radionuclides on ex-core surfaces) could be minimized if a primary
coolant pHj3gp of 6.9 could be maintained throughout the entire
reactor cycle.

Present studies have shown that the crud composition on dis-
charged fuel elements is a nickel ferrite structure of varying stoi-
chiometry rather than the magnetite structure assumed in the stud-

ies described above. Sandler and Kunig [S-3] performed similar

109



experiments to measure the iron solubility, this time from nickel
ferrite instead of magnetite, under simulated PWR reactor coolant
conditions. In addition, experiments were also conducted to
determine the solubility of nickel and cobalt from a cobalt-nickel
ferrite compound of varying stoichiometry. Figure 4.3 shows the
solubilities of iron, nickel, and cobalt as a function of temperature
and pH. Note that the solubility of nickel appears to be virtually
temperature independent between 280 °C and 320 °C. On the other

hand, iron and cobalt solubilities behave very similarly in the

Solubility of Iron, Nickel, Cobait

1 pH 25°C

7.4
Fe

2 1 7.0

@

9 6.4
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= of iy

= 7.0

3 001 6.4 7.4

= Co

(/)]

.0001 T B e T e —
200 250 300 350 400

Temperature (°C)

Figure 4.3 Solubility of Iron, Nickel, and Cobalt as a Function of
Temperature and pH [L-3].

same temperature range. Another important factor is that at pH 7.4,

all three elements showed the same trend and a positive solubility
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temperature coefficient. Thus, these studies showed that the
minimum solubility occurs at a higher pH (7.0-7.5) than the one
indicated by the magnetite studies.

To help resolve the issue of solubility-driven transport, a series
of one month runs were carried out as part of the present research
effort to measure the effect of coolant pH on the build-up of radia-
tion fields on out-of-core components, using the loop design de-
scribed in chapter 2. A total of four runs were conducted in this first

campaign. These runs were:

1. Reference Run #1, pH300=7.0 (800 ppm B, 1.84 ppm Li)
2. Reference Run #2, pH3p=7.0 (800 ppm B, 1.84 ppm Li)
3. Low pH Run #1, pH300=6.5 (800 ppm B, 0.5€ ppm Li)
4. High pH Run #1, pH300=7.5 (800 ppm B, 6.26 ppm Li)

A constant coolant pH was maintained during each run. Reference
run #2 was conducted under the same chemistry conditions as refer-
ence run #l to establish the degree to which results were repro-
ducible. The pH of 7.0 for reference runs #1 and #2 was chosen to
reflect a fepresentative operating point for existing PWR plants. The
high and Jow pH points were chosen to provide dissolving and pre-
cipitating coolant conditions, respectively, based on nickel ferrite sol-
ubility. Figure 4.4 shows the coordinated pairs of boron and lithium
concentrations at which the solubility of Nig sFe) 504 exhibits a zero
solubility temperature coefficient at a temperature of 293 °C. The pH

points selected for the four runs are also indicated in this figure.
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Figure 4.4 Coordinated Pairs of Lithium and Boron
Concentrations that Yield a Zero Soiubility Temperature
Coefficient for Nickel Ferrite at 293 °C [L-3].

Because the same main circulating pump and pump tubing
were used for the second reference, low pH, and high pH runs, a de-
contamination step was performed on these components prior to the
start of each new run. The decontamination step consisted of
injecting through the charging pump an oxidizing agent such as
alkaline permanganate (AP) (1% KMnOy4, 1% NaOH in deionized water,
pHy5=12.2) to oxidize the chromium oxide layer. The oxidizing step
lasted 2 hours at a charging flow rate of 1 liter/hr. Once the oxidizing
‘step was completed, a deionized flush water solution was injected for
a period of half an hour at a flow rate of 2 liters/hr followed by a
two hour addition of an acidic/reductive agent such as citrox (1%
oxalic acid, 1% citric acid in deionized water, pH,5=2.3) to dissolve the

iron, cobalt, and manganese found in the crud layer [W-7].
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In this chapter, the radionuclide deposition data obtained for
PCCL components is presented. In addition, the methods used to ob-
tained the data are briefly described.

fw,
4.2 Reference Run #1
4.2.1 Introduction

Reference run #1 was operated for a total of 43 days. Out of
these 43 days, 20 were with the reactor at "full" power, which
yielded a total of 2328.3 MW-hrs. Throughout the run, a pH3gg of 7.0
(800 ppm B, 1.84 Li) was maintained. A brief run history is
presented in the next section, which discusses the transients that
occurred during this run. The data from the Inconel steam generator
tubes, in-core Zircaloy tubes, 10 pm deposition monitor filters, daily
outlet water samples, and the let-down line ion exchange column are

also precented.

4.2.2 Rug_History

The first run, PR1, experienced two types of transients during
its 43 day run history. The first of these transients occurred approx-
imately 21 hours after start up of this run. As seen in Fig. 4.5, the in-
pile heater power (operating under automatic coolant outlet tem-
perature control) was constantly increasing, without reaching the
steady-state mode. After three days of operating the loop under
these conditions, it was decided to stop the run and transfer the
thimble and iaternals to the disassembly area for a routine inspec-

tion. Orce the internals were pulled out, it was found that a white

113



powder had been deposited at the bottom of the TTT.

Neutron Activation Analysis (NAA) performed on this powder
showed that its main constituent was aluminum oxide. This result
indicated a possible steam leak in one or both internal fittings or the
plenum cap (Fig. 2.4). Because the interior thimble walls were at
temperatures between 50 to 60 °C, steamn condensation was occurring
on these walis and water was collecting at the bottom of the heated
section between the TTT and thimble wall. Hence, the effective ther-
mal conductivity of the heated section gap was constantly increasing
as more water vapor from thé Zircaloy-Inconel fittings or the region
around the SS plenum was condensed and collected at the bottom of
the heated section, where it boiled. Thus, the total amount of heater
power necessary to maintain a core ou-tlet temperature of 600 °F was

also increasing as seen in Fig. 4.5.

20_Heater Pewer History (PR1)

Heater
Power
Drift

Heeter Power (kW)
=

o q 12 1§ v T ) 4 13 T v 1]

v v [
/] 5 10 15 20 25 30
Time (Hours)

Figure 4.5 Heater Power vs Time During the First 30 Hours of PCCL
Run #1.
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It should be noted that during this slow heater power tran-
sient, the humidity detector was not effective because it was in-
stalled on a stagnant line. A helium bleed line was subsequently
added to the original thimble design to allow flow of helium through
the on-line humidity detector and in this way, make it possible to
detect a leak in the interior of the thimble. This change also made
removal of moisture by helium feed and bleed more effective.

The second type of transient occurred twice, approximately 22
and 37 days (Fig. 4.6), respectively, after startup of the run. The first
of these transients occurred with the reactor at full power while the
second one occurred with the reactor in a shutdown mode. Both
transients were caused by a Cambridge Electric power dip in the
main power line, which tripped the main circulating pump.

The paragraphs and figures that follow describe the first of
these transients. After the in-pile heater trip (on core outlet or lead
bath overtemperature), a series of events, as listed in table 4.1, oc-
curred which ended up in releasing a small amount of radioactive
steam through the main circulating pump head flange.

The scenario proceeded as follows: once the main coolant pump
was tripped, the heat removal from the core was practically non-
existent; hence, the core outlet temperature reached the 650 °F
(saturation temperature at 2200 psi) heater controller set point
which tripped the in-pile heater and, because of rapid loop
cooldown/water shrinkage/depressurization, produced steam in -the
loop. Figure 4.7 shows the core outlet temperature as a function of

time during the pump trip. Note that it took only 1 to 3 seconds
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before the core outlet temperature reached the 650 °F heater
controller set point. Thus, experimenters had only a short period of
time to react and turn the main circulating pump back on to avoid
this transient.

Figures 4.8 and 4.9 show the system pressure and heater
power observed during this transient. As seen in Fig. 4.8, the system
pressure dropped rapidly due to contraction of the coolant caused by
the cooldown of the loop after the heater power trip. For a time, the
coolant temperature was above the saturation temperature at the
existing pressure, which caused the coolant water to flash into steam.
It is interesting to note that no reactivity noise due to the boiling (or
other events) was observed by reactor operators during this loss of
coolant flow transient.

The second transient of this type (loss of coolant flow) oc-
curred, as mentioned above, 37 days after the startup of this run.
Similar events to the ones described above occurred during this
transient. However, the reactor was in a weekend shutdown mode of
operation with a loop core outlet temperature of 550 °F. These
transients, as will be seen in the next sections, had a direct impact on
the coolant inventory of radioactive corrosion products, as indicated
by the filter data. Nonetheless, the total activated corrosion product
inventory was not affected appreciably by these transients.

As noted in section 2.9.1, chapter 2, a heated autoclave auxil-
iary pressurizer to prevent boiling transients of the type described
above (and others as well) was added to the loop prior to the low pH

run.
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Table 4.1 Series of Events After Main Circulating Pump Trip.

ACCIDENT SCENARIO

EVENT TIME (SEC)

1. CIRCULATING PUMP 0
POWER SUPPLY TRIPS
DUE TO LINE TRANSIENTS

2. CIRCULATING PUMP 0
STOPS

3. HIGH OUTLET 1-3
TEMPERATURE
TRIP SET POINT
REACHED

4. HEATER TRIPS 1-3

5. CHARGING PUMP 3-4
FLOW RATE
INCREASED

6. LOOPPRESSURE 5-190
DROPS ( APPROX.
210 PSI)

7. STEAM RELEASE 10-20
FROM PUMP FLANGE

8. CIRCULATING PUMP 30-40
TURNED ON

9. LOOP PRESSURE BACK 180-200

TO 2200 PSI
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Figure 4.6 Total (Heater + Gamma) Power History of Reference Run #1
(PR1).
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Figure 4.7 Core Outlet Temperature as a Function of Time Following
Main Circulating Pump Trip.
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Figure 4.8 Pressure as a Function of Time Following Main Circulating
Pump Trip.
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Figure 4.9 Heater Power as a Function of Time Following Main
Circulating Pump Trip.
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4.2.3 Inconel Tubes

The Inconel tubes in the copper shot region constitute the most
important part of the loop from the point of view of the deposition of
radioactive corrosion products; namely Co-58 and Co-60. After the
one month long run, the loop was transferred to the disassembly
area, where the Inconel tubes were disconnected from the Zircaloy
tubing. Each Inconel tube (inlet and outlet) was then cut one cm be-
low and approximately 15 cm above the copper shot bed, respec-
tively. The Inconel tubes were placed inside polyethylene tubes
which were properly labeled and capped. Once this operation was
completed, the tubes were then taken to the automatied counting fa-

cility described in section 2.11, chapter 2, and counted for a period of

1000 seconds every 4 cm. The Inconel tubes in the shot bed region

are approximately 180 cm long, as seen in Fig 4.10.

Figures 4.11 and 4.12 show the Co-58 activity (nCi/cm?) of the
steam generator tubes versus distance from the steam generator in-
let. Note the dimensions of the Inconel tubes in Fig. 4.10. The inlet
Inconel tube tio the shot bed region (hot leg) showed an average of
12.8 nCi/cm2,and a total activity of 4.6 puCi. On the other hand, the
outlet Inconel tube of the shot bed region (cold leg) showed an aver-
age activity of 10.4 nCi/cm2 for a total of 3.7 uCi. It is interesting to
note the effect of heat flux at the top end of the shot bed region
where the deposition of Co-58 increases slightly.

Figures 4.13 and 4.14 show the Co-60 activity of the hot and
cold steam generator tubes, where the average deposited activity

was 1.76 and 1.73 nCi/cm?, respectively. Thus, the total Co-60 activ-
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Figure 4.10 Schematic of PCCL Internal Components.
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Co-58 Activity Profile
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Figure 4.11 Co-58 Activity Profile (Hot Leg), First Reference
Run.
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Figure 4.12 Co-58 Activity Profile (Cold Leg), First Reference
Run.
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ity in the steam generator (hot and cold) tubes was 1.25 uCi. It
should be noted that activity deposition studies [R-2] performed in
German reactors have shown a higher Co-60 activity at the (hotter)
inlet to the steam generators than at the (colder) outlet . This trend
is also observed in this reference run; however, this effect is more
pronounced for the low pH run (see sec. 4.4, chapter 4).

Figures 4.15 and 4.16 show an average of 7.8 and 6.8 for Co-
58/Co-60 ratios for the hot and cold legs, respectively. Plant data
published in reference [L-3] reported a Co-58/Co-60 ratio between
12 to 14 for the steam generator tubes. In part the difference be-
tween the ratios obtained from the PCCL loop and those from plant
data is due to the fact that the MIT reactor core has only half the fast
neutron flux compared to a representative PWR plant. Thus, the Co-
58 produced by activation in the MIT reactor core is a factor of two
lower, since Ni-58(n,p)Co-58 is a fast neutron reaction. On the other
hand, since the MIT reactor core has the same thermal flux as a rep-
resentative PWR plant, the production of Co-60 is in the same pro-
portion as for a PWR. Other factors contributing to these differences
are differences in crud composition (cobalt/nickel ratio) and the
short time history of the PCCL runs.

The Cr-51, and Fe-59 activities are shown in Fig. 4.17. The av-
erage activities are 14 and 2.3 nCi/cm?2, respectively. The total Cr-51
and Fe-59 activities deposited on the steam generator tube (hot leg)
are 5 and 0.82 uCi, respectively. Because the solubility of chromium
and iron decrease at higher temperatures until a minimum is

reached, the higher temperatures in the hot leg of the steam
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Cr-51 and Fe-59 Activity Profiles
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Figure 4.17 Cr-51 and Fe-59 Activity Profiles (Hot Leg) First

Reference Run.

generator (compared to the lower temperatures in the cold leg) sug-
gest that precipitating conditions existed only in the hot leg. Thus,
the hot leg of the PCCL steam generator showed only the deposition
of chromium and iron whereas the cold leg, where dissolving condi-
tions existed, showed a much lower detectable deposition of these

elements.

4.2.4 Zircaloy Tube

The Zircaloy tube constitutes an important element in the loop
because the crud activity on its interior surfaces is approximately 10
times higher than the crud activity on the steam generator tubes.
However, the bulk metal is highly activated, which poses serious
problems for the handling and determination of the radionuclide
composition of its crud layer. Chemical methoeds, which are described

in reference [C-2], were used to decontaminate the segments of the
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Zircaloy in-pile tubing. Figure 4.18 shows the schematic of the
Zircaloy segmentation. According to this schematic, the Zircaloy
tubing is typically cut into 27 segments of alternating 3 and 10 cm
sections; thus, a total of fourtecn 3 cm and thirteen 10 cm segments
resulted from the segmentation procedure. Once this operation is
completed; the 3 cm segments, which are labeled Z1 through Z14 in
Fig. 4.18, are decontaminated by soaking them in aqua regia (one
part concentrated nitric acid, three parts hydrochloric acid, and two
parts deionized water) for a period of .9 to 12 hours. The aqua regia
solutions are usually too radioactive for gamma spectroscopy
analysis because the Zr-95 content is very high. Hence, a zirconium
chemical separation method was devised from procedures given in
reference [A-2] and applied to the aqua regia solutions to separate

the zirconium from iron, cobalt, chromium, and manganese.

Direction [l [-r‘
of Zl + +—Z14
Flow
73 -1 + 712 -
5 4 -+ Z10
~— In-Core
U '
Figure 4.18 Schematic of Zircaloy Tubing Segmentation.

The chemical zirconium separation method, which is described
in more detail in reference [C-2], consisted of adding 2 ml each of

ZrOCly-H20 and sodium arsenate solutions to a 50 ml centrifuge tube
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coataining 20 ml of the aqua regia soak solution, followed by a 30
minute wait period. The tube was then placed in a centrifuge and
spun at 3000 rpm for 15 minuicc. The centrifuged solution was then
filtered. To ensure that the precipitate in the centrifuge tube does
not contain any residual cobalt or iron, a 5 ml wash solution (I mi of
the sodium arsenate solution plus 99 ml of 2.4 N hydrochloric acid)
was added to the precipitate and agitated. The wash solution was
then centrifuged at 3000 rpm for 5 minutes. Once again, the 5 ml
solution was filtered, and then added to the original filtered liquid.
The wash solution step was repeated twice. The filtered solution was
then diluted to 110 ml! and counted on the gamma counting system
to determine the radionuclide concentrations.

Table 4.2 shows the Co-58, Co-60, Fe-59, and Mn-54 activities
found in the in-pile Zircaloy tubing for the positions shown in Fig.
4.18. Note that positions Z3 through Z12 are located in the core. In
addition, the thermal and fast neutron peak fluxes in the MIT reactor
core occur 61 and 24 cm from the bottom of the core, respectively,
according to measurements published in reference [B-10], and
recently confirmed by R. Medina [M-3].

According to this table, the Co-60 activity was more predomi-
nant in the top of the core than the Co-58 activity because Co-60 is
produced by a thermal neutron reaction, whereas Co-58 is produced
by a fast neutron reaction. On the other hand, table 4.2 shows that
the Co-58 activity was more predominant near the middle of the core
where the fast neutron flux peaked. The axial thermal and fast

neutron flux profiles are shown in Fig. 4.19 [B-10].
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Axial Thermal and Fast Fluxes
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Figure 4.19 Axial Thermal and Fast Neutron Fluxes in the MIT

Reactor [B-10].

It was found that the in-core average Co-58 and Co-60 activi-
ties were 68 and 31 nCi/cm2, respectively. The in-core Zircaloy area
is roughly 250 cm?2, which yields a total of 17 pCi of Co-58 and 7.8 uCi
of Co-60 in-core. The total Fe-59 and Mn-54 activities were 7.8 uCi

and 1.5 uCi, respectively.

4.2.6 Stainless Stieel Filter

As mentioned in section 2.9, chapter 2, a SS filter is used in the
let-down line as a deposition monitor. Its function is to retain some
of the most important corrosion products such as Co-58, Co-60, Mn-
54, and Fe-59 in order to understand their behavior during the one
month long run. Since the temperature of the filter was lower than
the bulk coolant temperature in the loop, the radionuclide activities

deposited on the deposition monitor filters are not necessarily repre-
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sentative of actual activities in the coolant, because their solubilities
depend on temperature. Flow conditions also differ; hence the de-

position monitor data is only of qualitative significance.

Table 4.2 Results of Core Activity Deposition Measurements, First
Reference Run.

. Co-58 Co-60 Fe-59 Mn-54
Position | (,ci/cm2) | (nCifem2) | (nCifem2) | (nCi/cm2)

Z3(61 cm)* | 65 £ 3.9 80 £ 0.08 - -
Z5(35 cm)* | 190 £ 33 | 44 £ 0.72 - 15 £ 0.32
Z7(9 cm)* 45 £ 1.9 16 £ 0.35 31+ 95 5.1 0.21
Z8(9 cm)* 56 £ 2.1 20 £ 0.38 51.+£ 17 56 £ 0.22
Z10(35 cm)*j§ 48 £ 1.8 14 £ 0.30 12 £ 14 3.0+ 0.17
Z12(61 cm)*} 93 £ 2.5 11 £ 0.30 <17 0.5 0.1
Z14(87 cm)*}§ 55 2.7 0.7 £ 0.1 <14 0.5 0.1

* Distance measured from the bottom of the core.

The SS filters were replaced every third day and counted out-
side the containment area, where the radiation background was
much lower. Figure 4.20 illustrates the Co-58 activity deposited on
the let-down filters. Two peaks are observed, which correspond to
the two puml; trips experienced during this run. Figure 4.21 shows
the previous plot amplified ten times so that the activity trend is
more easily determined. Excluding the pump trip transients, an
average activity of approximately 1E-04 nCi/cm3 is indicated. The

cummulative Co-58 and Co-60 activities deposiied on the filters are
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shown in Figs. 4.22 and 4.23, respectively. Excluding again the
transients, it can be calculated that the total Co-58 and Co-60
activities deposited on the fiiters are 0.05 and 0.01 uCi, respectively,
which yield a Co-58/Co-60 ratio of 5.

Finally, the Co0-58/Co-60 ratios of each filter are shown in Fig.
4.24. An average Co-58/Co-60 ratio of 4.37 was found in these fil-
ters, which is comparable to the deposition ratio in the steam genera-

tor tubes.

42.7 Water Sampies

Water samples were taken on a daily basis and counted outside

the containment building. The pH and conductivity of randomly se-
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lected water samples were measured as shown in Figs. 4.25 and 4.26.
Boron and lithium concentrations were also checked by atomic ab-
sorption and colorimetric techniques, respectively (see Appendix A).
The results of these analyses are plotted in Figs. 4.27 and 4.28. The
pH of these ‘samples never deviated by more than 0.1 pH units
which is within the acceptable range (PWR Primary Water Chemistry
Guidelines, Ref. [W-5]). In addition, the samples’ conductivity never
exceeded a deviation greater than *10%, which is also within the ac-
ceptable rangé.

A colorimetric technique [H-4] was used to determine the
boron concentration of these samples (subsequently validated by a
prompt gamma method, which was adopted as a standard for later
runs). Because the colorimetric boron determination technique was
only effective in the range between O and 14 ppm, the samples had
to be diluted by a factor of 100. Thus, a small error was introduced
in the measurement. The typical boron values obtained were within
*10% of the nominal 800 ppm value. A conventional mannitol titra-
tion was also carried out to check the accuracy of this method.

As mentioned above, the lithium in these samples was checked
using .atomic absorption. The lithium values obtained with this tech-
nique were within * 5% of the nominal 1.84 ppm value.

The analysis of water samples using gamma spectroscopy
yielded the activities and radionuclides listed in table 4.3 near the
end of this run [D-1].

Ce-144 and I-132 are produced as a result of fission of the

small amount of wuranium contamination in the water and/or loop
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materials prior to irradiation.

Ar-41 is produced by the following nuclear reaction: Ar-
40(n,y)Ar-41. The source of Ar-40 is the air saturated water which is
charged into one of the charging tanks and subsequently stripped
with hydrogen and catalytically deoxygenated (< 1 ppb O3) prior to
its injection into the loop.

Na-24 activity is detected in almost every water sample (see
Fig. 4.29). Its activity corresponds to approximately 20 ppb of dis-
solved sodium. The sources of sodium include the pyrex glass which
the charging makeup water tanks are made of, and the deionized
water which is used to prepare the water chemistry.

The activity of W-187 corresponds to roughly 20 ppb of dis-
solved tungsten. As shown ir Fig. 4.30, the tungsten activity also
appears in every outlet water sample. The potential sources of this
contaminant are believed to be the Hastalloy pump check valve balls
which contain approximately 120 ppm of W, and the inlet plenum

steel which contains 350 ppm of W. A test was conducted using an

Table 4.3 Radionuclides in Water Samples, First Reference Run.

Radionuclide Activity/cc (uCi/cc)
Ce-144 1.0E-06 * 1009%
1-132 3.61E-04 +8%
Ar-41 1.8E-04 * 13%
Na-24 1.5E-03 +3%
W-187 1.2E-02 £1%
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anion resin to determine the chemical form of the tungsten. This test
indicated tungsten is present as a soluble anion, probably WO;=.
Water samples from the charging system were analyzed using
ion chromatograph techniques [B-9] to determine input concentra-
tions of transition metals into the loop. Table 4.4 presents these re-
sults. Since the make water is injected at approximately 1E-03 of the
main coolant flow rate, the increase in metal ion inventory per pass
is much less than its presumed saturated value (= 5 ppb total tran-

sition metal ions).

Table 4.4 Ion Chromatograph Measurements of Make-up Water
Trace Elements, First Reference Run.

Element Concentration (ppb)
Zinc 13
(12)
Nickel 106
(54)
Cobalt 4
' (<4)
Iron (II) 116
(54)
Manganese 23
(<4)

Note: Values in parenthesis were measured on an aliquot of the same
sample in December 1989, 4 months earlier.

4.2.8 Jon_Exchange Column

The ion exchange column (see sec. 2.10, chapter 2) was de-
signed to recover all radioactive and non-radioactive contaminants
which were dissolved or suspended in the let-down water flow. Once

the run ended, the mixed bed resin was analyzed using gamma
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spectroscopy to determine the radioactive corrosion products that
had been removed. The results showed a total deposition of Co-58
and Co-60 of 7.82 and 0.95 uCi, respectively with a Co-58/Co-60 ratio
of 8.2. Table 4.5 summarizes the tot2l activities of transition metals
and other species (e.g. fission products) deposited on the IX resin,
and their inferred activities per cm3 of coolant that passed through

the resin.

Table 4.5 Summary of Activities Deposited on IX Column, First
Reference Run.

Radionuclide Activity (uCi) Activity* (uCi/cc)
Co-58 782 +1% 3.0E-05
Co-60 0.95 +2% 3.1E-06
Cr-51 0.16 +100% 5.2E-07
Fe-59 0.15 £19% 4.8E-07
Mn-54 0.97 £ 0.84% 3.1E-06
Nb-95 0.11 +28% 3.2E-07
Sb-124 0.48 +9% 1.6E-06
Zn-65 0.16 £ 4% 5.2E-07

* Total cc passed through resin = 3.09E05 cc

4.3 Reference Run #2
4.3.1 Introduction

Reference run #2 was operated for a total of 22 days. Out of
these 22 days, 20 were with the reactor at full power, which yielded

a total of 1871 MW-hrs. To simulate the same conditions as reference

run #1, a pH of 7.0 at 300 °C was maintained throughout the entire




run. Thus, the purpose of this run was to established to what extent
this run could reproduce the resuits obtained under similar condi-
tions to reference run #1.

The following sections will present a brief run history followed
by the data obtained from Inconel and Zircaloy tubes, deposition

monitor filter, water samples, and ion exchange column resin.

4.3.2 Run History

The second reference run experienced a series of fitting and
plenum leaks that caused a high interior thimble humidity through-
out the entire run. During the first two days afier the startup of this
run (Toutlet=600 °F), the thimble humidity alarm was activated or
several occasions, indicating a possible plenum/fittings leak in the
interior of the thimble. A decision was made to remove the thimble
and internals from the core tank and transport them to the disas-
sembly area for proper inspection. Once there, the internals were
pulled out, inspected, and pressure tested. Traces of coolant chemi-
cals were found on the plenum threads, indicating a leaky plenum O-
ring seal. After several unsuccessful attempts to reseal the plenum, it
was decided to install another preconditioned steam generator (cold)
leg and pressure test the entire loop at 2400 psig with deionized
water for a period of 3 hours. During this pressure test, no visible
leaks were observed.

Once the test was completed, the internals were placed back in
the thimble and thimble/internals reinstalled in the core tank. After

two days of operation at an outlet temperature of 550 °F, the electric
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heater tripped off. Resistance measurements indicated a low resis-
tance (750 Q) existed between a heater lead and ground. At this
point, Delta M (heater manufacture) was consulted for advice. Since
the electric heater had been operated in a2 very humid environment,
there was a possibility that the heater ceramic insulation had ab-
sorbed moisture, which eventually caused a2 low resistance between
ground and a heater lead. Hence, it was recommended to bake the
electric heater for a period of 6 to 7 hours at a temperature of 300 to
400 °F to dry some of the moisture.

Following the above recommendations, the electric heater
contained in the highly radioactive Titanium Test Tube (TTT) was
lowered into a furnace located inside the hot cell and heated up to an
average temperature of 350 °F for a period of 17 hours. During this
operation, the Zircaloy and Incorel tubing were filled with helium to
avoid any oxidation.

Once this operation was completed, the internals were placed
back into the thimble, which then was evacuated to remove any ex-
isting moisture in its interior. A 230 voit VARIAC was then con-
nected to the electric heater and a constant temperature of 300 °F
maintained for a period of 12 hours.

The thimble and internals were reinstalied in the core tank.
After reaching an outlet temperature of 500 °F, the thimble was
evacuated one more time to remove the existing moisture in its inte-
rior. While the thimble evacuation was taking place, the electric
heater tripped due to sudden water vapor condensation in the in-

terior of the thimble. This "cloud chamber effect” explains why a
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sudden depressurization in a humid environment can easily lead to
extensive water vapor condensation, especially on heater lead
connectors. A thorough inspection of the loop internals revealed that
water condensation on heater lead connectors led to a short circuit,
thus tripping the electric heater.

The loop was placed back in the core tank and operated for a
total of 22 days in a humid environment until thermocouple failures
combined with a heater short terminated this run. Based upon this
experience, it was decided that for future runs the plenum cap would
be welded shut and the Zircaloy fittings be made up only once. In
‘addition, the Inconel Parker ferrules would be cut and replaced by
new ones, to minimize as much as possible the likelihood of a water
leak.

It is important to note that steam was produced during some of
the heater transients, which undoubtedly affected the deposition of
corrosion products on the steam generator tubes. Figure 4.31 shows
the total power history for this run, indicating the time that the loop

was out of service.

4.3.3 Inconel Tubes

Once the second reference run ended, the Inconel tubes were
prepared for analysis in the same manner as for reference run #1.
The Inconel tubes (cold and hot leg) were then scanned with a High
purity Germanium detector.

Figures 4.32 and 4.33 show the Co-58 activity profile of the hot
and cold S/G leg as a function of distance from the S/G inlet (Fig.
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4.10), respectively. The hot leg showed an average activity of 20.5
nCi/cm2, and a total activity of 7.4 uCi. It should be noted that the
deposition of Co-58 activity was not uniform, as shown in Fig.4.32. It
appears that the two phase flow conditions that existed during the
heater trip at the end of this run, transported crud from the top of
the in-pile Zircaloy tubing to approximately 60 cm into the S/G hot
“leg. As seen in Figs. 4.32 and 4.34, the composition of the transported
crud is slightly enriched in Co-60 activity and depleted in Co-58 ac-
tivity. This evidence suggests that the crud probably came from the
top of the Zircaloy tubing, where the activation of Co-59 is the

greatest, due primarily to the thermal neutron flux peak in this re
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gion.

The average Co-58 activity in the S/G cold leg was 18.2

nCi/cm2, which yielded a total activity of 6.5 uCi. Therefore, the total

| Co-58 activity deposited on the S/G tubes (hot and cold) was 13.9
uCi. |

Figures 4.34 and 4.35 present the steam generator tubes' Co-60
activity profile as a function of the distance from the inlet of the
steam generator section. The S/G hot and cold leg average activities
were 0.94 nCi/cm2 and 1.0 nCi/cm2, respectively. As mention above,
the hot leg Co-60 activity profile also exhibited the deposition
irregularities already discussed. The total Co-60 inventory deposited
on both legs was 0.7 pCi. It should be noted that the hot leg Co-58
and Co-60 activities both increased slightly when the Inconel tube
was no longer in the upper shot bed region, ie. where isothermal
conditions are experienced (bulk and tube wall temperatures are
essentially the same).

The Co-58/Co-60 ratios are presented in Figs. 4.36 and 4.37.
The average ratio was 18.6 for both legs, which resulted from a 67%
increase in the Co-58 activity and a 44% decrease in the Co-60
activity compared to the deposition of these radionuclides on the
steam generator tubes of the previous reference run. Note that Co-60
activity increased in the 60 to 90 cm region of the hot leg, whereas
the Co-58 activity decreased in the same region.

The Fe-59 and Mn-54 activities for the hot and cold legs are
plotted in Figs 4.38 and 4.39, respectively. The same type of deposi-

tion behavior is observed in the hot leg of the steam generator tube.
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In this case, the Fe-59 activity, which is produced primarily by
thermal neutrons, increases slightly whereas the Mn-54 activity (fast

neutron reaction) decreases in the same 60 to 90 cm region. In addi-
| tion, the average Fe-59 and Mn-54 activities are higher in the hot leg
than in the cold leg.' The total Fe-59 and Mn-54 activities were 0.43
uCi and 0.160 uCi, respectively.

4.3.4 Zircaloy Tube

To determine the composition of corrosion products deposited
on the in-pile Zircaloy tubing, a similar method to the one described
in sec. 4.1.4, chapter 4 and reference [C-2] was followed. Table 4.6
presents the corrected radionuclide activities deposited on the in-pile
Zircaloy tubing for the positions shown in Fig. 4.18. It should be
noted that position Z1, which is located outside the heat flux zone,
showed very little activity deposition. This trend agreed with the re-
sults obtained in the previous run.

The Co-58/Co-60 ratios are smaller at the top of the core
compared to any other position. This result indicates a higher Co-60
production rate due to the thermal neutron flux, which peaks at the
top of the reactor core. On the other hand, Co-58 is predominant in
positions Z5 and ZI0 which are near where the fast neutron flux
peaks.

The average Co-58 and Co-60 activities deposited on the in-
core section of the Zircaloy tubing are 212 and 18 nCi/cm2, which
yields a total activity of 53 and 4.5 uCi, respectively. In addition, the
total Fe-59 and Mn-54 activity inventories are 31 and 8 pCi, respec-

tively.
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Table 4.6 Results of Core Activity Deposition Measurements, Second
Reference Run.

.. Co-58 Co-60 Fe-59 Mn-54
Position - { (,ci/em?) | (aCifem?) | (nCifem2) | (nCi/cm?)
7187 cm)* | 14+ 04 | 042 + 0.1 ] 0.14 £ 0.08

Z3(61 cm)* | 7.1+ 0.74 | 34+ 0.17 § 83+ 39 § 09+ 0.13
Z5(35 cm)* § 380 £ 5.5 21 £ 7.1 440 = 15 110 £ 16
Z7(9 cm)* } 200+ 23 | 18. + 0.44 31+ 5.3 6 £ 0.36
Z8(9 cm)* § 160 £ 2.0 | 19 + 0.37 26 + 4.2 49 % 0.17
Z1035 cm)*§ 510 £ 31 44 £ 2.9 240 + 18 63 £ 6.2
Z12(61 cm)*j 15 £0.74 5210.17 16 £3.7 1.1 £0.13
21487 cm)*| 1.0 £0.39 | 0.44 £0.09 0.28 £0.12

* Distance measured from the bottom of the core.

According to the above data, it appears that the total Co-58 in-
core activity inventory of this run is a bit higher than reference run
#1, whereas the Co-60 total in-core activity inventory is lower. These
results confirm the steam generator findings, which also show an
increase in Co-58 total activity and a decrease in Co-60 compared

with reference run #1,

4.3.6 Stainless Steel Filter
The SS filter has the same pore size as the onme used in refer-
ence run #1. It is located in the same position as the filter used in the

previous run, and its temperature is also lower than the temperature

of the coolant.
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Figure 4.40 presents the Co-58 specific activity deposited on
the filters. A peak is observed, which represents the effect of the
heater trip experienced at the end of the run. Figure 4.41 shows the
ébove plot amplified ten times. According to this figure, and
excluding the heater trip, the average specific activity deposited on
the filters is 1.5E-04 nCi/cc, which is comparable to the filter activity
found in the previous run. The cumulative Co-58 and Co-60 activities
deposited on the filters are presented in Figs. 4.42 and 4.43,
respectively. The total Co-58 and Co-60 activities deposited on the
filters are 0.15 pCi and 0.015 pCi, respectively, which gives a Co-
- 58/Co-60 ratio of 10. The Co-58/Co-60 ratio for each filter is plotted
in Fig. 4.44. An average ratio of 8.8 was determined, which is a bit
lower than the ratio found in the steam generator tubes. This result
indicates a higher Co-60 concentration (vs Co-58) in the coolant

compared to the stcam generator tubes.

4.3.7 Water Samples

Water samples were also taken onm a daily basis during the
entire run. The pH and conductivity of these samples are plotted in
Figs. 4.45 and 4.46, respectively. As seen in Fig. 4.45, the pH never
deviated by more than * 0.1 pH units from its nominal value of 6.56
at room temperature (25 °C), which is within the acceptable range
given in reference [W-5]. The conductivity of the water samples
never deviated by more than +10% from its nominal value.of 19.3
pumhos/cm at room temperature (25 °C).

Prompt gamma analysis was used to determine the boron con-
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centration in the outlet water samples. The results of these analyses

are plotted in Fig. 4.47. Typical boron concentration values were

within * 10% of the nominal 800 ppm value.

To determine the lithium concentration, the technique used
was once again atomic absorption (AA). The lithium values (Fig. 4.48)
obtained using the AA technique were within £ 7% of the nominal
1.84 ppm value.

Typical radionuclides and activities found in water samples at
the end of the this run are listed in table 4.7. As in reference run #l1,
Ce-144, and 1-132, produced as a result of fission of uranium con-
tamination in the water and loop materials, were detected in small
amounts. Other fission products such as I-133, Tc-99, Xe-135, and
Cs-137 were also detected.

Ar-41, Na-24, and W-187, produced as described in sec. 4.2.7,
were found in almost every water sample. The activities from these
radionuclides (Figs. 4.49 and 4.50) were comparable to those
measured in reference run #1! water samples.

Mn-54 and Co-58, produced as a result of fast neutron inter-
actions, were found in few water samples in very small quantities.
The major sources of Fe-54 and Ni-58 are the the SS surfaces,
Inconel steam generator tubes, and the input of transition metals
from the charging system. To determine the input of transition
metals into the loop, water samples were once again taken from the
charging system and analyzed using ion chromatography techniques
[B-9]. Table 4.8 shows the results obtained from the analysis of

make-up water samples. The concentration of transition metals in
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these water samples is comparable to the concentration of trace

elements found in reference run #1.

4.3.8 Jon Exchange Column

Once the run ended, the ion exchange column resin was col-
lected and analyzed using gamma spectroscopy, so that the total ac-
tivities of transition metals and other species could be determined.
Table 4.9 summarizes the total activities of trace elements and fis-
sion products deposited on the IX resin and their inferred activities
per cm3 of coolant that passed through the resin. These results

showed a total Co-58 and Co-60 deposition of 7.97 and 0.2 ucCi,
respectively, with a Co-58/Co-60 ratio of 39.9.

4.4 Low pH Run #]
4.4.1 Introduction

The purpose of this run was to simulate highly dissolving
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Figure 4.50 W-187 Activity in Water Samples, Second
Reference Run.
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Table 4.7 Radionuclides in Water Samples, Second Reference Run.

Radionuclide Activity/cc (uCi/cc)
Ar-41 7.2E-04 *3%
Ce-144 1.7E-06 +77%
Co-58 5.2E-06 *30%
Cs-137 5.5E-06 *84%
1-132 3.7E-05 +24%
1-133 1.2E-05 +62%
Mn-54 2.5E-06 * 679
Na-24 ~ 8.0E-04 +2%
Tc-99 8.6E-08 +72%
W-187 3.7E-03 +1%
Xe-135 1.7E-06 *64%
Zr-97 1.1E-05 +13%

Table 4.8 Ion Chromatograph Measurements of Make-up Water
Trace Elements, Second Reference Run.

Element Concentration (ppb)
Zinc (i;)
Nickel (3%
Cobalt 9

Iron (II) (gg)

Manganese ?8(;

Note: Values in parenthesis were measured in an aliquot on

December 1989, 4 months earlier.
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Table 4.9 Summary of Activities Deposited on IX Column, Second
Reference Run.

Radionuclide Activity (uCi) Activity/cc* (uCi/cc)
Co-58 797 +39% 5.0E-05
Ce-60 02 +3% 1.3E-06
Cr-51 04 1% 2.5E-06
Fe-59 0.02 % 22% 1.3E-07
Mn-54 047 £ 03% 3.0E-06
Nb-95 0.02 +16% 1.3E-07
Sb-124 632 £7% 2.0E-06
Zn-65 0.02 £10% 1.3E-07

* Total cc passed through resin = 1.6E05 cc

conditions in the steam generator tubes, particularly in the cold leg,
and precipitating conditions in the core section (highly negative
solubility temperature coefficient). To simulate these conditions a
constant pHjgo of 6.5 (800 ppm B, 0.56 ppm Li) was maintained
thropghout the entire run. This run accumulated approximately
2115.0 MW-hrs, equivalent to 20 full power reactor days.

Several changes were made prior to the startup of this run,
compared to the two previous runs; for instance, the inlet SS plenum
was seal-welded (after removing the pre-conditioning specimens) to
prevent the leaks which occurred in the previous O-ring seal plenum
design. In addition, the Zircaloy fittings were made only once and
never broken during the final loop assembly. A static pressure test
was carried out during the pre-conditioning stage at a temperature

of 550 °F to ensure that the loop was leak free. Other changes
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included the addition of two uninterruptible power supplies (UPSs)
which provide electrical power to the (AE) main circulating pump
and the alarm and instrumentation panel in the event of power
outages. Finally, a Heated Auxiliary Autoclave Pressurizer (HAAP)
was added to the final loop configuration to maintain system
pressure and prevent boiling of the coolant during heater or main
circulating pump trips.

The sections that follow will present a brief run history, as well
as the radionuclide deposition data obtained from Inconel and in-pile
Zircaloy tubes, deposition monitor filters and IX resin. The radionu-
clide composition and activities in daily water samples is also

presented.

4.4.2 Run_History

Ten days after startup, the low pH run experienced a small leak
in one of the T connectors outside the thimble, between the steam
generator outlet and the inlet to the main circulating pump. Once the
leak was identified, the loop was cooled down, the old ferrule cut off,
and a new ferrule instalied. The loop was then pressure tested with a
loss of 30 psig system pressure in 10 minutes. During this test, no
water was observed at the T connector.

The loop was then heated up followed by fuli power reactor
operation. This controlled transient lasted a total of approximately 8
hours. After this controlled transient, the loop operated stably for 8
more days until a scheduled two day reactor electrical power outage

forced the loop to shut down for two days. It is important to note
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that no uncontrolled transients occurred during this run. Figure 4.51
shows the power history of this run. Notice the two controlled tran-
sients occurring 10 and 18 days, respectively after startup of the

run.

4.4.3 Inconel Tubes

Once this run ended, the Inconel tubes were cut and scanned
with a high purity germanium detector in the same fashion as the
two previous runs. Gamma spectroscopy analysis of the Inconel tubes
showed an average Co-58 activity of 110 nCi/cm2 (Fig. 4.52) de-
posited on the hot leg of the S/G and 13.9 nCi/cm2 (Fig. 4.53) de-
posited on the cold leg. The total Co-58 activity deposited on the
Inconel tubes was 44.6 uCi.

The relative high Co-58 activity observed in the hot leg of the
S/G compared to the cold leg can be explained by the transition
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Figure 4.51 Total (Heater + Gamma) Power History of Low pH
Run (PL1).
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metal solubility curves. According to these curves (Fig 4.3), at low
coolant pH, precipitating conditions exist on hot surfaces; namely the
core and the hot leg of the steam generator. On the other hand, at low
- coolant pH, dissolving conditions exist on cold surfaces such as the
cold leg of the S/G. Thus, there is a net transport of corrosion
products from the cold to the hot surfaces. Therefore, a higher de-
position of activated corrosion products is expected at the S/G hot leg
compared to the S/G cold leg. (This evidence is also supported by
measurements taken at the inlet (hot leg) and outlet (cold leg) of
steam generators in German nuclear power plants [R-2]). The results
showed a factor of 10 more activity on the inlet (hot leg) than on the
outlet (cold leg).

Another interesting observation is the drop in activity (hot leg)
in the isothermal region above the copper shot where there is no
temperature boundary layer. An explanation for this phenomenon is
that low pH water chemistry may develop an oxide layer which
enhances isotopic exchange where a film temperature difference
creates a solubility gradient tending to remove material from the
oxide layer.

Figures 4.54 and 4.55 show the Co-60 activity profile for the
hot and cold S/G tubes, where the average depcsited activity was 7.4
and 1.14 nCi/cm2, respectively. Thus, the total Co-60 activity (hot
and cold legs) deposited on the S/G tubes was 3.1 puCi. It is evident
that the Co-60 deposition activity undergoes the same deposition
behavior as Co-58, which already has been described.

Figure 4.56 and 4.57 show the Co-58/Co-60 ratio profile.for the

164



Co-58 Actlvity Profile

Flow Cocled
» Raglon |

LENEEY lgothermal
Region

g

Activity (nCl/iemA2)
8

Low pH Run
10 pH=6.5 at 300 °C
@D
W
o
o 1 | M L v v v
0 60 120 180
Distance From Steam Generator Inlat (cm)
Figure 4.52 Co-58 Acitivity Profile (Hot Leg), Low pH Run.
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Figure 4.53 Co-58 Activity Profile (Cold Leg), Low pH Run.
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hot and cold legs of the S/G. Average ratios of 15.8 and 12.6 were
determined, which are higher than those in reference run #i.

Finally, Cr-51, Fe-59, and Mn-56 activity profiles are presented
in Figs. 4.58 and 4.59. The total Cr-51, Fe-59, and Mn-56 activities
deposited on the steam generator tubes were 2.6, 7.8, and 1 uCi, re-
spectively.

The above radionuclide inventories are a factor of 10 higher
than reference run #I, and a factor of 5 higher than reference run

#2.

4.4.4 Zircaloy Tube

The in-piie Zircaloy tube was prepared, cut, and decontami-
nated following the same procedures used in reference runs #1 and
#2. Table 4.10 presents the core activity deposition measurements
for this run. Similar to reference run #1 and #2, the Co-58/Co0-60 ra-
tio is lower at the top of the core than at any other position, which is
clear indication of a higher production of Co-60 due to the thermal
neutron flux peak at the top of the core.

It is interesting to note that the deposition of activated corro-
sion products on the Zircaloy tubing in the absence of a film AT (no
heat flux) yields a lower value compared to the deposition of corro-
sion products on the Inconel tubing in the isothermal region. A pos-
sible explanation for this phenomenon is that the Zircaloy tubing
oxide layer contains less transition metals, which limits the exchange
of radioactive species for non-radioactive atoms compared to the

Inconel tubing.
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Co-60 Activity Profile

P~y 100 Cooled
- Flow Reglon
o
(4]
e 10 e Isothermai
> ; Reglon
£ 1 Low pH Run
< pH=6.5 at 300 °C
o
°
-]
O -1 4 v || hd v ]
(] 60 120 180
Distance From Steam Generator iniet (cm)
Figure 4.54 Co-60 Activity Profile (Hot leg), Low pH Run.
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Figure 4.55 Co-60 Activity Profile (Cold Leg), Low pH run.
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Co-58/Co0-60 Ratio AJtivity Profile
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Figure 4.56 Co-58/Co-60 Ratios (Hot Leg), Low pH Run.
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Figure 4.57 Co-58/Co-60 Ratio (Cold Leg), Low pH Run.
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Figure 4.58 Cr-51, Fe-59, and Mn-54 Activity Profiles (Hot Leg),
Low pH Run.
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Figure 4.59 Cr-51, Fe-59, and Mn-54 Activity Profiles (Cold
Leg), Low pH Run.
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From table 4.10, the average Co-58 and Co-60 activities de-

posited on the in-pile Zircaloy tubing were 653 and 91 nCi/cm2,
which yielded a total deposited activity of 163 and 22.8 ucCi,

respectively. The total Fe-59 and Mn-54 deposited on the Zircaloy
tubing were 57.1 and 19.3 uCi, respectively.

Table 4.10 Results of Core Activity Deposition Measﬁrements, Low

pH Run.
L. Co-38 Co-60 Fe-59 Mn-54
Position ¥ (;ci/em2) | (nCifem?) | (nCi/em2) | (nCi/em2)
Z1(87 cm)* | 33+ 028 | 06+ 0.1 ; 027 £ 0.07

Z3(61 cm)* | 11 £ 0.66 | 8.0 £ 0.25 11 £ 2.2 0.8 £ 0.12
Z5(35 cm)* § 1300 £ 14 | 200 £ 4.0 930 + 23 310 £ 29
Z7(9 cm)* | 1100+ 12 } 110. £+ 25 ] 150 19 45 1.5
Z8(9 cm)* 920 8.8 87 £2.0 31 £15 49 £13
Z10(35 cm)*§ 530 £6.8 100 <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>