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2.1 The new runway, which is designated as 14-32, opened for regular use on November 23,
2006. As predicted, its use reduced delays for incoming flights and therefore decreased
the likelihood of an incident involving aircraft that are awaiting clearance to land. Hence,
there is no "additional risk" to the MITR from this new runway.

4.1 Please refer to Figure 4-12, "Core Cross-Section" which shows the hexagonal and radial
spider that is part of the core structural support. (Note: .The word "strut" is used in the
figure instead of "spider.") The core was designed so that fixed absorbers could be
attached to the upper twelve inches of both the hexagonal and radial spider. The original
idea, as put forth in the early 1970s when the MITR-11 was being designed, was to poison
the upper half of the core thereby, generating most of the power in the lower half and. thus
maximizing flux to the beam ports. The initial core for the MITR-II, which was operated
in 1975, did contain twelve inch cadmium inserts in both the hexagonal and radial spider.
The idea did work as confirmed by experimental measurement. However, the research,
mission of the MITR changed shortly thereafter from one involving beam port
experiments to one involving in-core loops. This in turn meant that a more uniform axial
power (and hence flux) distribution was preferred. As a result, all of the hexagonal
inserts were removed. The ones in the radial spider were reduced in length to four*
inches. That is, the inserts extend from the top of the core downward by four inches.
Also, because the shim blades were changed from cadmium to 1I% boron- impregnated
stainless steel, so were the inserts at that time.

The principal purpose of the retained four-inch radial fixed absorbers in the original core
(all fresh fuel) was to reduce power peaking in the B and C-ring elements by displacing
water that would otherwise fill the slot in the spider. The boron-lO was allowed to
deplete and is now gone. The inserts are modeled for purposes of core analysis as
stainless steel with boron-li1. The absence of swelling of the inserts as* a result of boron-
10 fission was verified through both visual inspections (quarterly) and fuel element
movement (5-6 times per year on average) since 1975. None has been observed.

The radial inserts slots are 4-5/8 x 13-1/8 x 0. 165 inches with the absorber currently
occupying only the upper 4.0 inches. The absorbers are fastened to the spider with
capture screws.

4.2 The last paragraph of section 4.2 "Reactor Core" will be modified as follows to include a
more detailed description of the flow path within the core tank: "Heat generated by the
fission of U-235 is removed from the core by means of the light-water primary cooling
system. Coolant enters the reactor through the inlet plenum, flows into the annular region
between the core tank and the core shroud, and then moves downward to the bottom of
the core tank through the six coolant inlet channels formed by the hexagonal core support
housing assembly as shown in Figure 4-2. The coolant is then directed upward through
the fuel elements which are held in the core support housing assembly. It was determined
during the MITR-II start up testing that a small portion of the primary flow byp2asses the
fuel elements through the natural convection valves. The coolant flow exiting the core
then enters the core tank through a hexagonal flow guide that is about 39 cm from flat to
flat and 76 cm high. The flow guide protects the shim blades from flow-induced



vibration. Water then moves at lower velocity upwards within the space contained by the
core shroud to the three exit ports which form the outlet plenum. This plenum is located
above the level of the inlet plenum. The coolant passes out of the reactor and flows
through two parallel pumps and the primary heat exchangers to form a common line back
to the reactor, thereby forming a closed loop. A detailed description of the flow system is
given in Chapter 5 of this report." (Note: Figure 4 (p. 7) in the paper "Validation of the
MULCH-II Code for the Thermal-Hydraulic Safety Analysis of the MIT Research
Reactor Conversion to LEU" may be of assistance in visualizing the preceding
information. A copy of that paper is included in Appendix F.)

4.3 Prior to assembly of a fuel element, each fuel plate is inspected, radiographically tested
for content and loading. These are used to assure the meeting of specifications of fuel
loading, fuel and cladding thickness, fin height, bond integrity, void volume, and fuel
homogeneity, as well as testing for stray fuel particles. After assembly, the elements are
tested for mechanical integrity. Welding integrity and final assembled dimensions are
also checked. This testing is done at the manufacturer according to the following
specifications:

TRTR-3 Specification for Massachusetts Institute of Technology Fuel Elements.

TRTR-10 Specification for High Enriched U Metal for Reactor Fuel Plates.

TRTR-12 Specification for Reactor Grade High Enriched Uranium Aluminide (UALx)
Powder.

TRTR- 14 Specification for Aluminum Powder for Fuel Plate Core matrixes for Fuel
Elements.

Other Standards (ASTM, ANSI, AWS, and military specifications) also apply, as
specified in TRTR-3.

Acceptance testing of fuel after arrival at MIT includes detailed visual inspections,
dimensional checks, and radiation and contamination surveys.

4.4 References 4-1 "J.L. Snelgrove and G.L. Hofman, Evaluation of Existing Technology
Base for Candidate Fuels for the HWR-NPR, Argonne National Laboratory ANL/NPR-
93/002, Feb. 1993." and 4-2 "R.W. Cahn, P. Haasen, and E.J. Kramer, Materials Science
and Technology - A Comprehensive Treatment, Published by VCH, Germany." are
included in Appendix A. A paper authored by Beeston et al., which summarizes the
results of post irradiation examination results of UAlx dispersion fuel irradiated at the
ATR up to 2.3 . 102" fissions/cc, is also included in Appendix A

4.5 Aluminum (Al-6061) conductivity and heat capacity values (at 50'C) can be found in
IAEA-TECDOC-643.

These values are listed on p. 4-7 for information only. They are not used in calculation of
the steady-state thermal limits. Uncertainties in their values therefore do not play a role.



4.6 As stated in RAI #25, CITATION is currently the program being used for fuel
management. The MCNP calculations referred to in section 4.6.1.2 were only used to
generate axial and radial flux profiles in the core for derivation of the safety limits.
Validation of the MCNP model can be found in the following references:

E. Redmond, J. Yanch, and 0. Harling, "Monte Carlo Simulation of the MIT Research
Reactor," Nuclear Technology, 106, pp. 1-14 (1994).

T. Newton, Jr., Z. Xu, E. Pilat, and M. Kazimi, "Modeling the MIT Reactor Neutronics
for LEU .Conversion Studies," PHYSOR-2004, Chicago, IL, April, 2004.

T. Newton, M. Kazimi, and E. Pilat, "Development of a Low Enrichment Uranium Core
for the MIT Reactor," MIT-NFC-TR-83, Center for Advanced Nuclear Energy Systems,
Department of Nuclear Science and Engineering Massachusetts Institute of Technology,
2006.

4.7 The studies in question refer to the effect of the position of the shim blades and/or fixed
absorbers on the core power distribution. These studies were done via computer
modeling with the results confirmed by experimental measurement for selected
blade/absorber positions. The core housing (hexagonal and radial spider) contains slots
that allow fixed absorbers of up to 12 inches. (Note: The zero position for the fixed
absorbers is taken as the top of the core; a 12-inch fixed absorber would extend
downwards by a distance of 12 inches from the core top.) The term "raised" as used in
these studies refers to a change in length of the absorber in the computer model or to a
possible repositioning of the absorbers while shut down. Thus, "raise" would means
shortening the absorber while "lower" would mean lengthening it.

4.8 Fuel burnup is tracked using Depletion Code 2, as discussed in reference 4-8. This code
calculates the burnup in fissions/cm3 in each radial, azimuthal, and axial node for each
fuel element. The fission density in each node is evaluated prior to each refueling, so that
the limit in any fuel element will not be exceeded. Fuel is discharged when the peak
node in an element reaches 90-95% of the fission (1.8 x 1021 fissions/ cm3) limit.
Historically, other than the few elements discharged for reasons other than burnup, all
discharged elements have had peak fission densities in this range. None has exceeded
95% of the limit.

4.9 Equilibrium Xe worth for the MITR-II at 4.9 MW has been measured at 3.9 3 several
times throughout its operating history. Xenon reactivity worth is given by:

Ap Xe= -f(yTe + YXe) 4) GaXe Ifu / (xe + (D GaXe ) Xau Kerf [ 1]

When comparing identical reactors, this reduces to:

Ap Xe= C (D / (?'Xe + (D (Taxe), where XXe is 2.1 x 10-5 sec- 1, and 7axe is approximately 2.72
x 106 barns.



Given that with a power increase from 4.9 MW to 6 MW, the only change will be that (D
will become 1.22 (D. Taking a ratio between the two equations, the change in Ap xe for 6
MW becomes 1.12. Multiplying 3.9 P3 by 1.12 gives 4.37 P3. (Note: The 4.37 P3 figure
should be used on p. 4-40 of the SAR.)

[1] Foster and Wright, Basic Nuclear Engineering, 3rd edition. p. 306.

4.10 Data taken in determining the prompt neutron lifetime (via noise analysis, the most
reliable method) show results varying from. 1.04E-4 s to 1.25E-4s. Thus, there is about a
20% uncertainty in the value, with the 100 gs value being used as the most conservative.
The 1.0E-4 figure is the value reported to the U.S. NRC in the startup report for the
MITR-II Research Reactor, 19 February 1977. It is also the value used for operation of
the MITR for the past three decades.

4.11 Our practice is, and has always been, to include both movable and non-secured
experiments in the shutdown margin calculation. Therefore, both section 4.5.3.3
(p. 4-51) and TS 3.1.2 will be changed to reflect this. The language will be "...with all
moveable and non-secured experiments in their most reactive state."

4.12 Self-sustained combustion of the graphite that forms part of the MITR's reflector is not
possible because the peak operating temperature of the graphite is -150 'C, allowing a
small but continuous annealing process. Additionally, the graphite's neutron exposure is
low (flux no more than 8x1012 n/cm2 -s at 5 MW) and mostly thermal (cadmium ratio
>110). (Note: This was confirmed experimentally by the MITR staff in 1987 when tests
were performed on graphite specimens.)

4.13 The de Walsche report is enclosed in Appendix B.

5.1 The following description is provided for the make-up water system:

The make-up water system supplies de-ionized water to any of the light water process.
systems and to the fuel storage pool.

City water first passes through a pre-filter, an activated-charcoal column which removes
organic material, and two mixed-bed ion columns. The product water flows into a
storage tank. During idle periods, the auxiliary pump maintains a recirculation flow
through the ion columns to prevent their degradation.

The storage tank, main pump, another ion column, and the associated piping comprise
three flow loops. A recirculation flow from the tank, but bypassing the ion column, is
available to circulate the contents of the tank. The second loop includes the ion column
and a pre- and post-filter to maintain tank water purity. The last loop is the supply header
to the various tanks in the reactor basement. The primary coolant storage tank has a
permanent connection for filling. A hose must be used to fill the shield and fuel pool
systems.



Water requirements are such that the makeup system tank need be filled only once every
month or two. Replenishing of the tank is accomplished by means of a solenoid fill valve
that is controlled by a timer set to stop flow at the time of calculated full level.

A "Make-up Water System" SCAM alarm is activated by the following conditions: low
water purity as read by the selected probe, high, level storage tank, low level storage tank,
and low flow through either the main pump or cleanup ion column. Also, low flow in the
inlet de-ionizer system or a detected leak will cause an alarm. All alarm conditions are
displayed on a local control panel and, after a short time delay, will cause a control room
alarm. A conductivity probe continuously monitors the purity of water as it is supplied to
the storage tank and will shut the solenoid fill valve should the resistance~drop below a
pre-set value. A high level storage tank alarm or a leak will also close the fill valve.

6.1 The statement that "either three out of the four natural convection values" would be
adequate for removing decay heat should have been referenced to the MITR-II SAR. The
exact wording in the MITR-II SAR was "The failure of'one of four valves is not
predicted to significantly reduce the effectiveness of the system." The second part of the
sentence "_.. the anti-siphon valves alone are enough to remove decay heat from 6 MW
steady-state operation" is demonstrated in reference 6-1. The text will be revised to
reflect the correct references.

4.14 The OFI correlation uncertainty was not quantified in the original references and
therefore not included in the safety limits calculation. However, as shown in Table 4-6,
OFI correlations are generally more conservative in predicting flow rates leading to flow
instability than the OFI flow rates calculated by pressure drops using the MULCH code.

Furthermore, as shown in the comparison of CHF and OFI in section 4.6.6.1, there is an
additional margin of about 70% between OFI and CHF. Therefore, there exists a
significant safety margin by adopting OFI as the safety limit criterion. The ratio between
the best-estimate CHF to calculated OFI is approximately 1.5 (MCHFR) x 1.7

(qCHF /qoF ) = 2,55. This translates to a safety margin of about 155% between
calculated OFI and CHF.

4.15 a) As explained in SAR section 4.6.6.3, the CHF correlation adopted for the safety
limits calculation for natural convection operation was derived for a counter-
current flooding condition at zero flow. This correlation was developed for a
narrow rectangular coolant channel heated on both sides. The flooding limit is
based on the total channel power (or corresponding channel average heat flux).
Therefore, no axial peaking factor is used in the calculation.

b) The thermal physical properties used in the safety limits calculation correspond to
107 'C, which is the saturation temperature in the core region. Using liquid and
vapor densities of of = 953 kg/mi3 , Pg = 0.75 kg/m 3 ; density ratio is obtained

for Of /pg =1270.7



The calculation shown in Ref (6-1) used temperature-dependent coolant
properties at lower temperatures. Detailed calculation for critical heat flux based
on counter-current flooding limit, qCHF = 2.353x10 4 W/m 2 using Eq. (4-30), is
shown in the MathCAD worksheet given in Appendix C. (Note that it is a very
conservative assumption to adopt the counter-current flow flooding limit. This
correlation was developed for research reactors using MTR-type fuel elements
that have either upflow or downflow flow configuration, and for the latter the
transition to upflow natural circulation condition a brief no-flow condition may be
encountered during a loss of flow transient.)

To obtain a more realistic OFI limit, a series of RELAP5 simulations were
performed to calculate the peak cladding temperatures that represent the "best
estimate" .of this mode of operation. As shown in Figure 4.15-1, at 300 kW there
is some flow oscillation in the hot channel that resulted in the clad temperature
fluctuation. At 600 kW, as shown in Figure 4.15-2, the maximum clad
temperature has a higher fluctuating frequency and seems to increase toward the
end of the simultation time of 150 s. Table 4.15-1 summarizes the maximum clad
temperature in the hot channel for corresponding reactor power during natural
convection operation. Because the maximum clad temperature remains about the
same up to 600 kW, it is concluded that. the best estimate safety limit based on the
flow instability criterion is 600 kW.
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Figure 4.15-1 Hot channel clad temperature oscillation during natural convection
(reactor power=300 kW, HCF=2.0)



140

130

120

a 110

. 100
90

E
80

70

A

- Node 8

60 f/ DJ.... i

50 I I I I

0 30 60 90 120 150

Time (second)

Figure 4.15-2 Hot channel clad temperature oscillation during natural convection
(reactor power=600 kW, HCF=2.0)

Table 4.15-1. Predicted maximum clad temperature during natural convection

Reactor power (kW) The maximum clad temperature (C)
300 109.4
400 111.3
500 112.6
580 113.8
600 131.2

c) Although the aspect ratio of our coolant channel (L/De=260) is a little larger than
the experiment geometry used in Ref. 4-20, this correlation is, in our opinion, the
best suited in the literature for the modeling of our coolant channel.

4.16 (a) The correlation used for the heat transfer coefficient is Dittus-Boelter where

Nu = hD-e = 0.023 Re 0 8Pr0 .4 = 0.023 pVDL kt- ") 0.4

Based on total core flow rate of 1800 gpm, core coolant flow factor Ff= 0.921 and
flow disparity factor df = 0.864, the heat transfer coefficient for the hot channel



(Eq. 4-35) is calculated to be 2.08 x 104 W/m2 K. The effect of fins is accountedfor by applying a fin effectiveness of 1.9 to the' calculation of heat flux.

(b) The calculation of ATONB does not require a subcooling assumption. The words
"a hot channel subcooling of 10 'C..." will be deleted from Section 4.6.7.

(c) The uncertainty associated with the prediction of ONB is accounted for in the
engineering hot channel factor for film temperature rise FAT, as part of the sub-
factor for heat transfer coefficient, in Table 4-8. The Bergles and Rohensow
correlation was determined experimentally to be conservative in predicting the
lower limits of ONB temperatures, as demonstrated in the paper titled,
"Experimental Study of Incipient Nucleate Boiling in Narrow Vertical
Rectangular Channel Simulating Subchannel of Upgraded JRR-3," by Y. Sudo, et
al. A copy is attached as Appendix D.

4.17 The core flow distribution is taken into account when calculating the mass flow rate
through the hot channel . As indicated in section 4.6.6.2, it is assumed conservatively
that the hot channel (one with maximum radial peaking factor) also receives the
minimum amount of flow among all the coolant channels. The hot channel flow rate is
thus derived using Eq. (4-26) in which the core coolant flow factor (Ff) and flow disparity
factor (df) are accounted for (definitions of these factors are given in section 4.6.3.2).
The LSSS limits are determined based on the hot channel power and flow disparity.

11.1 The information requested by this question is more appropriate to Chapter 10,
"Experimental Facilities and Utilization," and our response (see below) will be added as
Section 10.2.11, "Utilization Activities."

10.2.11 Utilization Activities

The MIT-NRL Silicon Program irradiates silicon material for the semiconductor industry
for its use in the manufacture of microcircuits and switches. MIT's responsibility is to
treat the silicon material, provided by the customer, per the customer's requirements. The
program utilizes the 4TH1-3 and 6TH1-2 horizontal through ports (see Fig. 10-1) for
Neutron Transmutation Doping (NTD) of single crystal silicon. These through ports are
tangent to the D20 Reflector Tank. The 4THI-3 port can accommodate the 4-inch
crystals and the 6THl-2 port can accommodate 4, 5 and 6-inch crystals.

The NTD process takes place when undoped (high purity) silicon is irradiated in a
thermal neutron flux. The purpose of semiconductor doping is to create free electrons
(low resistivity). The thermal neutron is captured by the Si-30 atom, which has a 3%
abundance in pure Silicon. Because of the high neutron/proton ratio of Si-3 1, the capture
causes release of a beta and, by converting a neutron to a proton, the Si-31 atom
transmutes to a P-31 atom. Overall the result is a lower resistivity with little variance
from the target resistivity. The doped Silicon is used in a variety of electronic devices,
such as transistors, diodes, and IC chips.



The silicon crystals are loaded into 400 mm long cans and then placed on the loading
conveyor. These cans are then transferred to the port's entrance and pushed through the
rotated throughport to the unload side. The cans are then placed on another conveyor for
radioactive decay. The speed at which the crystals are pushed through the port is
determined by the reactor power, the final and initial ingot resistivity, and the port in
which the silicon is processed.

Typical dose should be from 50-200 mR/hr. Radiation levels of the irradiated ingots are
measured using both wall-mounted and portable detectors. Radiation levels in the work
area where the ingots are unloaded are monitored by area radiation monitors that indicate
and alarm locally in the work area. The work area can also be placed under video
surveillance from the control room.

13.1 Response being prepared.

13.2 Response being prepared.

13.3 Loss of Primary Coolant Flow:

a) The flow coastdown data was obtained from measurements. The measurement
error is within 5%. To validate the MULCH-I calculation in order to quantify all
error sources, such as decay heat model, thermal hydraulics correlations etc., a
benchmark analysis was performed using RELAP5. The results are summarized
in Appendix F. Because MULCH predicted a slightly lower hot channel
temperature than RELAP5, another LOF analysis was performed using RELAP5
and the results are given below.

.The initial conditions for this calculation are P=7.4 MW, Tout=60 'C, W=1800
gpm. Figures 13.3-1 and 13.3-2 are the predicted clad temperature for the average
and hot channels. Note that the max cladding temperature in the hot channel is -
125 'C, much lower than the softening temperature of Al alloy.
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b) The analysis above shows that during a LOF transient, even assuming the most
conservative initial conditions (LSSS), the maximum fuel clad temperature is
predicted to be -125 'C and a very large safety margin exists to the fuel cladding
softening temperature. The decay power, which decreases exponentially during



this transient, should not be directly compared to the SL power established for NC
because the former is a transient and the latter is steady-state.

13.4 The MITR core has been operated with 24 fuel elements since the 1980's. It may be
possible to use 23 fuel elements in the future to increase the number of in-core
experiments. The minimum fuel element configuration (23 elements) is more limiting
because core power is constant and hence the power per element is higher for 23
elements than for 24. Also, for natural convection, the total core flow is driven by the
core pressure drop and therefore the total core flow increases if the number of fuel
elements increases (i.e., decay heat removal is improved). However, the effect is small
and the LSSS power for forced convection at constant primary flow is roughly the same
for 23 and 24 elements configurations.

Therefore all thermal hydraulic limits calculations and the LOF calculation are performed
assuming 23 fuel elements in the core. RAI response#28 uses 24 elements to illustrate
the margin between OFI to CHF. Section 4.6.6.1 will be modified for 23 elements for
consistency.

13.5 All the thermal hydraulics limits calculations shown in the SAR (chapter 4) assume a hot
channel which consists of (1) the highest radial power peaking, (2) the highest axial
peaking, and (3) the lowest flow disparity factor. For the purpose of establishing the
average core condition, all other channels are assumed identical to the average coolant
channel which provides the core outlet temperature. The hot channel assumption is very
conservative in that the highest radial power peaking, axial power peaking, and lowest
flow disparity normally occur in different locations of the core region.

The coolant channels next to the edge fuel plates are slightly different from the inner
coolant channels. There are two possible configurations. The first is that one edge fuel
plate is placed next to another (of another fuel element). The second is that an edge plate
is next to a solid aluminum alloy support plate. The coolant channel diameters of these
are documented in a file memo by T. Newton (see Appendix G) and listed in the table
below. In both cases, flow velocities are higher (based on constant pressure drop
boundary condition) because the coolant channel equivalent diameters are slightly larger
than an inner channel. The velocity and heat transfer coefficient (HTC) ratios are derived
as follows:

D 2

For turbulent flow: f = 0.316Re- 0' 25 (Blausis correlation) and, using a constant

pressure drop, the velocity ratio can be derived as VI=-D,-) 0"714

V2 D2 )
Using the Dittus-Boelter correlation for HTC:



Nu- C< PDI therefore h oc V 0. 8 D

As shown in the table, the two configurations of the edge plate would fall within the
envelope of the hot channel assumption for MITR's thermal hydraulics analysis.

Case 1 Case 2
Two edge plates Edge plate next to Hot channel

next to each other support plate
Heat removal Both sides One side Both sides
Coolant channel
equivalent diameter .0.295 0.246 0.219
De (cm)*
Flow velocity
ratio to avg. 1.82 1.266 0.864
channel
HTC ratio 1.52 1.163 0.864

* See file memo "End coolant channel equivalent diameter" by T. Newton (Appendix G)

5.2 The core outlet temperature sensors, MTS-1 and MTS-1A, are located in the core tank
near the outlet pipes. Both provide high temperature alarms as well as automatic scram
signals. Because the natural circulation flow would reach the upper region of the core
tank, these temperature sensors will detect the core outlet temperature with some delay
time. Therefore, to take into account the delay time conservatively, the LSSS
calculations were performed assuming the core inlet coolant temperature is the same as
the mixture coolant temperature in the upper core tank region. This corresponds to the
outlet temperature as measured by MTS-1 and MTS-1A, as shown in SAR Table 4-1.
The figure below illustrates the primary coolant control volumes as modeled by MULCH
and RELAP5 in the transient analysis. The elevation of MTS-1 and MTS-1A is about 10
cm higher than that of the anti-syphon valves.
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12.1 The major steps in the startup plan are:

I1. Once there are no further RAIs, we will consolidate the technical specifications so
that there is a single document that contains the original submission together with
the changes that resulted from the RAIs and the changes that have been made
since submission of the original relicensing package.

2. MITR procedures (test/calibration as well as operating) will be reviewed and
revised as necessary to ensure compliance with the new technical specifications.
This is a major task that will require several months.

3. Training will be conducted on the new procedures and specifications.

4. The new operating license will be initially implemented for operation at the
existing power level of 5 MW.

5. Preparations will be made for the upgrade to 6 MW. This will involve a second
revision of the operating procedures as well as issuance of a special procedure for
the upgrade. This latter procedure would cover such items as the adjustment of
instrument setpoints, especially those for the nuclear detectors. The shielding,.
coolant flows, and instrumentation ranges as now installed are adequate for 6 MW
operation.



6. A power ascent to 6 MW would be done in steps of 0.50 MW using various
methods (calorimetrics, foil activation, instrument readings) to verify the
increases. The objective in using these multiple and independent methods would
be to ensure that the detector response is, as predicted, linear in the range 5-6
MW.

14.1 Response being prepared.

14.2 A sixth paragraph will be added to TS #3.4., "Reactor Containment Integrity and Pressure
Relief System." It will state the following:

6. The following is the minimum equipment required to establish containment
integrity.

a) The main and basement personnel locks are either operable or at least one
door is closed.

b) The truck airlock inner door is closed.

c) All containment penetrations (ventilation, pneumatic, gas supply,
electrical) are either sealed or equipped with an operable isolation device.
(Note: If an isolation device is redundant, then only one set of the
redundant devices is required.)

d) All piping penetrations within the reactor building are capable of
withstanding containment building test pressure.

e) Initiation system for containment isolation is operable.

f) At least one set of the redundant vacuum relief breakers is operable.

g) Pressure relief system is operable.

14.3 A fourth paragraph will be added to TS #3.5, "Ventilation System." It will state the
following:

4. The following is the minimum equipment required for operability of the
ventilation system:

a) Intake and exhaust fans.

b) Auxiliary fans if needed to maintain building differential pressure.

c) Vacuum relief system.



d) Controls (manual or remote actuator plus damper) to adjust building
differential pressure.

e) Exhaust filters.

f) Ventilation system interlocks listed in Specification 4.5.

g) One gaseous, particulate, and area radiation monitor located in the
ventilation effluent.

14.4 A third paragraph will be added to TS #3.6, "Emergency Power." It will state the
following:

3. The following is the minimum equipment needed for operability of the emergency
power system:

a) Batteries sufficient to fulfill the requirement of paragraph (1) above.

b) A motor-generator set.
c) Startup circuitry and automatic transfer switches to fulfill the requirement

of paragraph (2) above.

d) A manual transfer switch for the primary coolant auxiliary pump.

14.5 10CFR20.1301 states in part that the dose to individual members of the public shall not
exceed 0.1 rem in a year and that compliance with this part is detailed within 20.1302.

Effluents from the MIT's 150 foot stack exhibit large dilutions such that the ground
concentration is a small fraction of the effluent (stack) concentration. It is for this reason
that a dilution factor was included within this technical specification such that a
reasonable determination of the effective concentration and resultant dose to a member of
the public could be made.

The current technical specification's permissible dilution factor was set conservative and
as a result has led to confusion. For example, within the annual report to the NRC, an
effective offsite concentration is calculated at 40-50% of Technical Specification which
is obtained by comparison to Table 2 of Appendix B. This in theory would imply an
offsite dose consequence of 25 mrem. In evaluating against the constraint criteria of
20.1101(d), a calculated off site dose of less than 1 mrem is realized. To avoid this
confusion, a more realistic dilution factor was included in this re-licensing effort such
that the effective concentration is consistent with the dose calculations. Implicit therefore
is that the criteria for effluents are dose based. Please refer to the response "Item 66 of
the second partial request for additional information" for additional detail.

In addition to the above, a study to determine the affect to elevated receptors was made
and it was determined that the dose from routine operations is less than 1 mrem/y.



Although, the methodology cite above is dose based, a comparison to Table 2, Appendix
B will continued to be made for purpose of reporting

11.2 The radiation protection organization as described in Section 12.1.2.2 includes one
officer, one assistant officer, two technicians, and part-time support staff. Although this
describes the nominal complement, the actual numbers may vary depending on the
operational needs of the facility. For example, during large anticipated projects, contract
technicians have been used as well as support from the allied campus radiation protection
program as needed.

The minimum requirement pursuant to the technical specifications for an unsecured
condition is that a member of the radiation protection staff either be on site or on-call.

11.3 The training requirements are described in Section 12.10 of the SAR.

12.2 The requalification program that will be observed upon issuance of the new license for
the MITR is as described in Section 12.10 of the SAR. (Note: This has been discussed
with NRC's Research and Test Reactor Branch B and confusion between the plan in this
submittal (Section 12.10) and an earlier requalification program has been resolved. The
one in Section 12.10 will be observed.)

4.18 The statement in Section 4.2.1, pages 4-5, is correct. There is an error in RAI response
#17(b). The width of the fuel plate in RAI 17(b) should be 5.288 cm. This changes the
fission density calculation in that response from 1.46 x 1021 fissions/cm3 to 1.50 x 1021

3fissions/cm3.

13.6 The statement on page 13-38 (Section 13.2.9.1) is a typo. It will be changed to read,
"Specifically, the subcritical interlock, which is described in Section 7.3.1.2 of this
report, blocks blade withdrawal beyond five inches unless all blades are first brought to
the five inch position. Once all blades are above five inches, satisfaction of the
requirement to maintain a uniform bank height is achieved by administrative procedure."
This statement is now consistent with TS 3.2.4 and with Section 7.2.2.1(4).

14.6 ANSI/ANS-15.1 (1990) has been replaced by ANSIIANS-15.1 (2007). The 2007
definition has deleted the words, "that is in the normally closed position." Our definition
of containment (number 1.3.5) will be revised to use the wording of the 2007 definition.
Specifically, the new definition will be:

1.3.5 Containment

Containment is an enclosure of the facility designed to (1) be at a negative
internal pressure to ensure in-leakage, (2) control the release of effluents to the
environment, and (3) mitigate the consequences of certain analyzed accidents or
events.
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FOREWORD

-" This report was originally published, with a restricted distribution, in March 1990 as
-part of a more general assessment of candidate materials for a new heavy water-

moderated production reactor. The compilation and evaluation of data for aluminum-
based dispersion fuels performed during 1989 and early 1990 were by far the most
comprehensive to date. Therefore, the fuel materials portion of the original report is
being republished with an unrestricted distribution. Because of time and funding restric-
tions only minor editorial changes, such as adding references to the sources of the data
in Table XI, have been made. Consequently, the examples and discussions still refer to

-" the new production reactor. However, similar issues also apply to research and test
reactors, and we believe that sufficient information is included in the report to allow one
to modify the illustrations to suit any particular reactor.

The development, testing, and study of aluminum-based dispersion fuels has
continued during the past three years, primarily at the Argonne National Laboratory

-j (ANL) and the Japan Atomic Energy Research Institute (JAERI). At ANL the emphasis
is currently on high-temperature, high-fission rate performance of U3 Si2 , U3 Si, U3 0 8 ,

and UAIX fuels for possible application in the Advanced Neutron Source reactor. At
JAERI the emphasis has been on fission product release from uranium silicide fuels and
on the behavior of these fuels when subjected to energetic pulses. As these studies
proceed, new insights are being gained, and, in some instances, the information in this
report may become obsolete. Thoseneeding up-to-date information are encouraged tc
closely follow current work. The work on this report prompted one of the authors to
perform an even-more-comprehensive review of the U3 08-aluminum exothermic reac-
tion. Both this review and a report on the JAERI fission product release experiments

-- are being published in Nuclear Safety.
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tion and accident conditions; and Sections 8 and 9 discuss the pre- and postirradiation
issues of fabricability and reprocessibility. An overall summary is presented in
Section 10.

2. CANDIDATE FUELS AND ANTICIPATED

REACTOR OPERATING CONDITIONS

2.1 Candidate Fuels

The current SRS reactors have successfully used a highly enriched U-AI alloy fuel
clad in aluminum since the late 1950s. Many other research and materials testing
reactors have also successfully used this type of fuel. As will become apparent, a con-
siderable base of fuel properties and behavior data exists for U-AI alloy fuel. Its major
drawback is the relatively low uranium content (-35 wt% U, -1.3 g U/cm3 ) beyond which
production yields become intolerably low, which puts a lower limit on the enrichment to
achieve a given 2 3 5 U loading in an assembly of a particular design. Such a limitation
might restrict the amount of recycle uranium which could be used in the HWR-NPR fuel
cycle. In addition, the production of U-AI alloy fuel requires uranium metal, which must
be obtained from the Y-12 Plant in Oak Ridge, as a feed material. However, because of
the good experience with U-Al alloy fuel at SRS during more than 30 years, the U-Al
alloy fuel is considered to be the primary candidate fuel for the HWR-NPR.

Because of the possibilities to achieve a significantly increased fuel loading (to
>1.9 g U/cm 3 at 60 wt% U3 0 8), direct on-site uranium recycle at SRS, improved fabrica-
tion yields, reduced waste, and improved fabrication safety, a major effort to develop the L

.fabrication process for and to test an alternative fuel, a dispersion of U3 0 8 in Al pro-
duced by a powder-metallurgy technique, was carried out at SRS during the 1970s.
Considerable development work on U3 0 8 dispersion plate-type fuel had been carried
out during the 1960s for the Advanced Test Reactor (ATR) at INEL and for the High
Flux Isotope Reactor (HFIR) at ORNL. Although the ATR subsequently switched to the
uranium aluminide dispersion fuel (see below), the HFIR and three other U.S.
Government-owned reactors are currently using U30 8 dispersion fuel. The results of
the SRS work were positive, and a project to convert to the use of U3 0 8 dispersion fuel
in the existing SRS reactors was started. However, the conversion project is currently
on hold because of concerns about the effect of the exothermic reactions between the
uranium oxides and aluminum which were raised during a National Academy of
Sciences review of the SRS reactors following the Chernobyl accident. Nevertheless,
the attractiveness of this fuel cycle is such that the U30 8 dispersion fuel is considered to
be the primary backup fuel for the HWR-NPR. The exothermic reaction is addressed
explicitly in Section 4.1.2 of this report.
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The fuel selection study performed by ANL and reported elsewhere (see, for exam-
ple, Ref. 1) addresses the question of whether the additional prompt negative feedback
from the Doppler effect in 2 3 6 U and 2 3 8 U might provide a significant advantage to avoid
ormitigate the effects of a severe accident. If a design based on much lower enrich-
ment were found to be advantageous, a high-density fuel might be needed to allow
inclusion of sufficient diluent. The high-density fuel developed by the Reduced Enrich-
ment Research and Test Reactor (RERTR) Program2 at ANL to make the operation of
research and test reactors feasible with low-enriched uranium (LEU), U3 Si2 dispersed in
aluminum, should allow at least a three-fold increase in uranium loading over that pos-
sible with the 35-wt%-U alloy in an HWR-NPR fuel tube. Approximately two cores of
plate-type fuel with a uranium loading of 4.8 g LEU/cm 3 were successfully commercially
fabricated and subsequently tested in the Oak Ridge Research Reactor (ORR) at
ORNL, 3 and the U.S. Nuclear Regulatory Commission gave its approval for the use of
this fuel in licensed nonpower reactors.4 A number of U.S. and foreign reactors are
converting to use the U3 Si2 dispersion fuel. In addition, U3 Si2 dispersion fuel, with
highly enriched uranium (HEU), is currently the primary candidate fuel for the Advanced
Neutron Source Reactor being designed by ORNL. 5

Uranium-aluminum alloy fuel has been superseded in many reactors by a dispersion
of uranium aluminide compounds in aluminum. Today it is the predominant HEU fuel
type for research and test reactors around the world. Since U-Al alloy is actually a dis-
persion of UAI4 and UAI3 particles in aluminum, the so-called UAIx (denoting a mixture
of UAI2 , UAI3 , and UAI4) dispersion fuel has many of the same characteristics as the
alloy; however, it can be fabricated to higher loadings if temperatures are low enough to
prevent conversion of the UAI3 into UAI4 during the fabrication process (see
Section 3.1.1). Should a somewhat higher density than 1.3 g U/cm 3 be needed for the
HWR-NPR and should neither the U3 0 8 nor the U3 Si2 dispersions be considered
acceptable, the UAIx fuel could be a viable alternative to the U-Al alloy fuel (up to
1.6 g U/cm 3 at 35 vol% UAIx).

Other high-density uranium compounds (including U0 2 , UC, UC 2 , UN, and U3 Si)
were tested as dispersants in an aluminum matrix during the late 1950s and early
1960s. These fuels were abandoned either because of excessive reaction with the
aluminum matrix during fabrication or because of excessive swelling during irradia-
tion.6 ,7 No other candidate fuels were identified for the HWR-NPR.

2.2 Reactor Design and Anticipated Operating Conditions

In order to properly evaluate whether the existing data for each of the fuels are
adequate to support use in the HWR-NPR, it is necessary to compare the expected
service conditions to the test conditions under which the data were obtained. Although
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conceptual design of the HWR-NPR is just beginning, preliminary work at SRS on a
concept similar to the present reactors provides some guidance.

In the preconceptual studies, the reactor core consisted of 438 fuel/target assem-
blies on a 203-mm (8-in.) triangular pitch. The fuel assemblies consisted of three fuel
tubes and an inner and an outer target tube. The reactor was moderated and cooled
with heavy water. The fuel assemblies were similar to the Mark 22 assembly shown in
Appendix 1 of Appendix A of this report. The fuel tubes ranged from 4.06 to 4.24 m
(160 to 167 in.) in length, with 3.81--m-long fuel meat. Two fuel tube designs emerged
from the preconceptual studies and have been used in the fuel selection support study
at ANL 1-one having fuel meat thicknesses of 1.08, 1.64, and 1.21 mm (0.0425, 0.0645,
and 0.0475 in.) in the outer, middle, and inner tubes, respectively (called geometry A in
this report), and the other having fuel meat thicknesses of 1.97, 2.74, and 2.13 mm
(0.0775, 0.108, and 0.084 in.) in the outer, middle, and inner tubes, respectively (called
geometry B). The total fuel meat volume in the three tubes is 3678 cm 3 for geometry A
and 6310 cm 3 for geometry B.

The most important reactor parameters are the power density, temperature, and
fission density (or uranium burnup) in the fuel meat. The values of these quantities from
the preconceptual study are given in Table 1.8 Also listed are estimated values of the
fast neutron exposure for an HWR-NPR assembly irradiated for an average of 200 full-
power days (fpd).

In order to characterize the behavior of the fuels under irradiation, it is often desir-
able to convert the power density in the fuel meat to fission rate in the fuel particle and
the fission density in the fuel meat to fission density in the fuel particle. To convert from
meat values to fuel particle values one divides by the volume fraction of fuel in the meat,
which, of course, depends on the density of the fuel. As used in this report, burnup
refers to the total depletion of 2 3 5 U (including both fissions and captures).* A useful
formula relating burnup to fission density (FD) in the fuel meat (particle) is:

FD = (2.10 x 102 1) pu e B / X cm-3 , (1)

where Pu = the uranium density in the meat (particle);

e = the weight fraction of 2 3 5 U in the U, i.e, the enrichment;

B = the fractional depletion of 235U;

It should be noted that this definition of burnup is not universal in the literature. Care must be exercised
when interpreting and comparing burnup values. Fission density, on the other hand, appears to be used
consistently throughout the literature.
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Table I. Anticipated Operating Conditions of the HWR-NPR

Parameter Value

Power Density in Fuel Meat, W/cm 3

Average

Peak

Fuel Centerline Temperature, °C

Average

Peak

Uranium Burnup, at.% 2 3 5 U Depletion

Average

Peak

Fast Neutron Exposure in 200 fpd, 1021 n/cm3

(>0.1 MeV)

Average

Peak

(>1.0 MeV)

Average

Peak

166

175

2030

2900

44

62

1.3

1.9

0.45

0.64

and X = the fraction of all fissions resulting from 235U.

A 2 3 5 U capture-to-fission ratio of 0.22, based on recent cell calculations for the HWR-
NPR at ANL 9 , was used in deriving the constant in Eq. (1). The factor X is a function of
the enrichment and the burnup because of fissions in the non-2 35 U isotopes and in the
Pu produced during irradiation of the fuel. Values of X calculated for an ORR-type
(light-water-moderated) reactor are given in Table II. Over the range of burnups
expected for the HWR-NPR, use of the ORR values should result in only small (no more
than a few percent) errors in fission densities. These values can be checked and new
values calculated if needed during the design studies.
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Table II. Values of the 235 U Fission Fraction, X, in Equation (1)

X, for Enrichment

Burnup, % 20% 45% 93%

0 0.996 0.998 1.000

10 0.987 0.992 0.999

20 0.977 0.986 0.998

30 0.968 0.981 0.998

40 0.958 0.975 0.997

50 0.947 0.968 0.996

60 0.935 0.962 0.995

70 0.921 0.954 0.994

80 0.904 0.944 0.993

85 0.894 0.938. 0.992

90 0.897 0.931 0.991

95 0.862 0.921 0.990

100 0.831 0.902 0.988

3. PHYSICAL AND MECHANICAL PROPERTIES OF THE FUELS

3.1 Constituent Phases

3.1.1 U-Al Alloy and ,AIx

The phase diagram of the uranium-aluminum system is shown in Fig. 2, p. 7, of
Appendix C. Three uranium aluminide compounds exist: UAI2 , UAI3 , and UAI4 . In
Mondolfo's diagram, UAI4 is shown to exist over a range of compositions between UA14.5
and UA14. 9 , as first indicated by Borie.10 He determined the density to be 5.7 +
0.3 g/cm 3 and the formula to be UAI4 , indicating a defect structure deficient in U atoms.
Work at Chalk River'1 and at INEL12 supported this position. Other workers, however,
found no evidence to support a range of homogeneity 13 or a lower than theoretical den-
sity.14 Gibson's work, where high-purity, single-phase crystals of UAIx were produced,
appears to provide incontrovertible evidence of the defect structure of UAI4 . Therefore,
it is recommended that a uranium weight fraction of 0.651 and a density of 5.7 g/cm3 be
used for UAI4 , corresponding to Uo.85 3 AI4 .° For UAI3 and UAI2 the uranium weight frac-

The theoretical density of 50%-enriched UAI4 is 6.0 g/cm 3 , and .its uranium weight fraction is 0.687.
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5. IRRADIATION PERFORMANCE

Each of the candidate fuels for the HWR-NPR has been extensively tested under
irradiation and has been demonstrated to perform well through use in fuel elements in
research and test reactors and, in the case of the U-Al alloy and U3 08 -AI fuels, in the
SRS production reactors, as indicated in Section 2.1. The most important characteris-
tics of a fuel determined by irradiation testing are the swelling, the changes in micro-
structure, and the blister temperature of the fuel meat. As used in this report, swelling is
defined as a volume change of the fuel meat, which, due to physical constraint, occurs
in the thickness direction only in plate-type fuels and can affect both the thickness and
diameter of fuel tubes.* Blistering is typically a high-temperature phenomenon in which
gas pressure causes loca separations of te meat an' claddin •. In some instances in
the •i-erature, however, the terms brea away swe "Ierated, large-scale swelling
of the fuel meat caused by interconnection and consequent rapid growth of fission gas
bubbles) and blistering have been used to describe the same phenomenon.

Fuel meat swelling and blister temperature are macroscopic quantities which can be
determined by external measurements; a study of the microstructure is necessary to
understand the mechanism of swelling and blistering and to indicate conditions of incipi-
ent failure. The microstructures~of the candidate fuels will be discussed in conjunction
with swelling and blistering.

5.1 Swelling and Microstructural Characteristics

Swelling can occur from a combination of phenomena, but the result is the same as
far as operation of the reactor is concerned-a change in the thickness of a fuel tube or
plate and a change in diameter of a fuel tube which causes a change in the area of a
cooling channel. The primary cause of swelling is the accumulation in the fuel particles
of fission products which occupy more volume than the uranium atoms from which they
were produced. Of special concern are gaseous fission products, which might collect in
bubbles which grow to a size where gas pressure is larger than the restraint provided by
the fuel particles or fuel meat, resulting in rapid (breakaway) swelling. Other sources of
gas are (n,cx) reactions with burnable poisons or impurities, (X decay of fission products,
and adsorbed gases present at the time of fabrication. Two additional mechanisms for
volume change of the fuel meat are reactions of the fuel particles with the matrix alu-
minum and sintering of the as-fabricated voids in the fuel meat. The latter is especially
important for the dispersion fuels. To aid in the understanding of the swelling data, a
brief discussion of the swelling process follows.

"Sometimes, however, data in the literature are recorded as percentages of plate volume rather than as
percentages of fuel meat volume; therefore, one must determine the basis of percentage swelling data
from different sources before comparing them. In one instance plate swelling data were found to be
mistakenly labeled as meat swelling.
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The amount of fuel meat swelling measured after a given amount of burnup is the
algebraic sum of the volume changes due to the phenomena listed above. Radiation-
induced sintering causes a consolidation of the as-fabricated voids and reduction in their
volume. Negative fuel meat volume changes have been measured in many instances,
especially when the fuel meat of the as-fabricated plate contained a large amount of
porosity. This phenomenon occurs regardless of the temperature of the fuel plate or
tube or even the fission rate, as evidenced by its occurrence in fuel plates containing
fuels made from depleted uranium. Chemical reactions also occur during irradiation.
Their rates may be temperature dependent, and the volume changes associated with
them may be either positive or negative. The fuel particles also begin to swell as a
result of accumulated fission products. The swelling due to solid fission products is lin-
ear with fission density, but fission gas swelling will become nonlinear if gas pressure
exceeds the strength of the irradiated fuel particles (which may be chemical reaction t-

.products). As fuel particles swell they begin to fill adjacent voids and to exert pressure
on the aluminum matrix, causing radiation-enhanced creep. The creeping matrix mate-
rial will tend to compress voids and to move out of the fuel meat toward the cladding. If,
however, the voids have become pressurized with gas, they will resist the creeping
matrix aluminum, and their rate of closure will be reduced. In fact, if the matrix temper-
ature is high enough, the gas pressure may cause the voids to expand. Themost likely
sr gessu e vois is helium fromwi) reac wth burnable
poison. Helium atoms can diffuse much more readily in aluminum than can the'much
larger fission gas atoms. As will be discussed below, experimental observations have
shown that the as-fabricated voids tend to disappear in highly irradiated fuels except
when B4C poison was dispersed in the fuel meat.

Swelling is measured in various ways, the most accurate being the use of
Archimedes' principle to determine the volume of the fuel meat (including voids) before
and after irradiation (often called immersion density measurements) and the least accu-
rate being plate thickness measurements. Plate thickness measurements, which invari-
ably overestimate the swelling because measurements are made between high points
on the plate or tube surfaces, are perfectly adequate to assure that swelling is within
reasonable limits. However, more accurate measurements are needed when studying
the swelling mechanism. Correlations have been developed to relate the amount of
meat swelling to the fission density and the as-fabricated porosity in the meat of UAIX
and U30 8 dispersion fuels (see Section 4.2.2, pp. 50-58, of Appendix C and Ref. 25).

During the RERTR Program it was recognized that most of the swelling of inter-
metallic dispersion fuels occurred in the fuel particles, so similar correlations were
developed to determine meat swelling as a function of fission density in the fuel particles
and of the as-fabricated porosity, or, most recently, of the actual decrease in as-fabri-
cated porosity during irradiation. Such correlations have the advantage of taking into
account the volume fraction of fuel in the meat. In earlier studies with relatively low-
volume-fraction fuels, the fuel volume fraction was not such an important parameter.
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Completely satisfactory correlations have not yet been developed for UAIx and, espe-
cially, for U3 0 8 fuels because of complications related to volume changes resulting from
reacticn of the fuel and the matrix during fabrication and irradiation.

Even though U-Al alloy fuel was extensively tested during the 1950s and very early
1960s, few quantitative data on swelling during irradiation have been found. Refer-
ences 39 and 41 report that 18-wt% and 23-wt%, fully-enriched U-Al alloy fuel plates
irradiated to 13 to 83% burnup showed thickness changes in the range of -1 to 4%. It is
not known to what extent oxidation of the cladding was taken into account in the quoted
thickness changes. Reference 41 indicates that tests of up to 50-wt% U-Al alloy fuels at
temperatures up to 1770C and burnups up to 50% produced no apparent dimensional or
microstructural changes. Reference 41 reports density change data for fully enriched
45-wvtf/,-U, 3-wt%-Si plates irradiated in the MTR. After -3.0 x 1021 f/cm 3 (-80% 23 5 U

burnup), the plate density had decreased by -2.4%, indicating -12% swelling of the
meat,

Over the years considerable emphasis has been placed on postirradiation annealing
tests of U-Al alloy fuel plates, and swelling data obtained during such tests are plotted in
Figs. 18 and 19, pp. 38-39, of Appendix A. Little, if any, microstructural change occur-
red during 4000C anneals; however, extensive cracking of the fuel meat led to signifi-
cant swelling after -9 h at 4750C and after <2 h at 550'C. Reference 41 reports that a
4-h, 3400C anneal of an 18-wt% U-Al alloy fuel plate irradiated to 50% burnup caused
minor microstructural changes but no significant dimensional changes. Fuel tubes irra-
diated at SRS at temperatures apparently higher than 400'C swelled during irradiation
in a manner similar to that seen during postirradiation anneals. The swelling was attrib-
uted to fission gas bubbles in and subsequent cracking of the Al matrix. The presence
of substantial amounts of fission gas in the matrix of U-Al alloy fuel is plausible because
the uranium is likely to be rather finely dispersed in the matrix, both in solution and as
small UAI4 fuel particles from which high percentages of fission products would recoil
into the matrix.

All of the swelling data and qualitative evidence from extensive operating experi-
ence in the SRS reactors and other research and test reactors, as well as data for the
similar UAIX dispersion fuel discussed later, indicate that, when used at temperatures
comfortably below 4000C, U-Al alloy fuel is extremely stable under irradiation. The
highest burnup achieved in U-Al alloy fuel, albeit with a silicon addition, was
-3.0 x 1021 f/cm 3 in 45-wt%-U alloy. In order to provide additional conservatism
because the HWR-NPR fuel will operate at a higher temperature than that in the test
plates and because of the silicon addition in the 45%-wt%-U fuel tested, a limit of
2.4 x 1021 f/cm 3 is recommended for U-Al alloy dispersion fuel in the HWR-NPR. Based
on preconceptual design information, such a limit is well beyond the peak fission density
of 1.4 x 1021 f/cm 3 to be expected in the HWR-NPR (see Table VI).
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Many more data have been found for the dispersion fuels because most of their
development occurred during the 1960s and 1980s. The U30 8 -AI dispersion fuel is the
most complicated because of the extensive reaction of the U3 0 8 with the aluminum
during fabrication and irradiation to form a number of reaction products, as discussed
earlier in Section 4.1. Because substantial amounts of aluminum are consumed during
these reactions, they result in a net negative volume change (e.g., see Ref. 25). This
effectively adds to the already-high void fraction for U3 0 8 plates, increasing the accom-
modation for swelling, but at the same time significantly reducing the amount of matrix
Al, as shown in Figs. 25-26, pp. 48-49, of Appendix B. Examinations of irradiated HFIR
elements indicated that the extent of reaction was a function principally of irradiation
temperature and not of burnup (see Fig. 27, p. 51, of Appendix B). Somewhat higher
fuel meat temperatures and much longer irradiation times (compared to 21 days for a
HFIR element) result in the almost complete reaction of the U3 0 8 seen in the tubes irra-
diated at SRS. The HWR-NPR fuel is expected to be operated under similar tempera-
ture and burnup conditions.

Immersion density techniques could not be used to determine swelling of the 15-ft-
long U3 08 -AI fuel tubes irradiated at SRS. However, thickness measurements are
available for a number of sections of tubes containing from 18 to 59 wt% U3 0 8 . As dis-
cussed in Section 4.3.1, pp. 53-58, of Appendix B, estimated corrections for cladding
oxidation and for the thickness change/volume change bias have been applied to the
thickness data to derive volumetric swelling values. The fuel meat swelling for these
sections and for a number of U308 -AI miniature fuel plates (miniplates) is plotted as a
function of fuel meat fission density in Fig. 29, p. 57, of Appendix B. The data exhibit
significant scatter because effects of as-fabricated void and fuel-matrix reaction have
not been taken into account. The data for the SRS tubes appear to be consistent with
previous miniplate data, however, and the swelling appears stable up to the
1.1 X 1021 f/cm 3 exposure* achieved in the central sections of the 59-wt%-U3 0 8 tubes
and up to the 1.2 x 1021 f/cm 3 exposure achieved in the 42-wt%-U3 0 8 tubes. Although
further work is needed to determine the proper way to account for voids and reactions
and to justify the estimated corrections applied to the thickness change data, preliminary
analysis of the data tends to confirm the stable nature of the swelling of the SRS tubes
up to 1.1 x 1021 f/cm 3 (1.2 x 1021 f/cm 3) in fuel meat containing 59 wt% (42 wt%) U30 8.

Twenty-one fuel assemblies, consisting of three fuel tubes each which contained
62-wt%-U 30 8 fuel meat, were subsequently irradiated at SRS as a demonstration of
acceptable behavior of tubes produced under production-like conditions. Peak fission
densities achieved were 1.4 x 102 1 , 1.5 x 1021, and 1.6 x 1021 f/cm 3 in the inner, middle,

*The fission densities quoted for SRS tubes are determined from measured assembly power production

(flow and temperature change for each assembly), calculated tube power fractions, measured "typical"
axial power shapes, and nominal tube fuel meat volumes. The assembly powers are believed to be
accurate to ±1% and the axial power distribution to ±5%.
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and outer tubes, respectively. The tubes were easily removed from their assemblies
folloMing irradiation, indicating that gross swelling or warping had not occurred, and
underwater visual inspection revealed no anomalies.

A considerable number of swelling measurements have been reported for U3 08 -AI
dispersion fuel plates. Data from plates containing from 40 to 50 wt% (17 to 24 vol%)
U30 8 irradiated in the ETR and HFIR to fission densities ranging from 1.2 x 1021 to

2.2 x 1021 f/cm 3 of fuel meat indicated stable swelling for the high-fired and the burned
U3 Oe.25 During the RERTR Program miniplates containing high-fired U3 0 8 at densities
from 65 to 75 wt% (35 to 44 vol%) U3 0 8 were irradiated to fission densities ranging from
0.9 X 1021 to 2.8 x 1021 f/cm 3 of fuel meat. After achieving fission densities of
-2.5 x 1021 f/cm 3 or higher, several fuel plates containing 70 or 75 wt% U3 0 8 had expe-
rienced breakaway swelling. Microstructural examination of failed plates showed that
U3 0 8 -AI reactions had consumed virtually all of the matrix and that the meat had experi-
enced severe cracking and separation. Apparently, the reaction products are not
particularly strong; therefore, when little or no Al remains between the fuel-containing
particles, fission gas pressure can cause cracks which easily propagate. Breakaway
swelling was not encountered in the plates containing 65 wt% U3 0 8 even though they
were irradiated to fission densities as high as 2.2 x 1021 f/cm 3 of meat. Based on these
data the RERTR Program recommended a fission density limit of 1.8 x 1021 f/cm 3 of
meat for highly loaded U30 8 dispersion fuels irradiated under conditions similar to those
in the ORR. 58 Fuel meat temperatures of the U3 0 8 miniplates in the ORR are estimated
to have ranged from 100 to 125 0C for low-burnup plates to perhaps as low as 750C for
highly burned plates at the time when breakaway swelling occurred.

As discussed in the preceding paragraph, the presence of large amounts of fission
gas in fuel meat where most of the aluminum matrix has been consumed by reaction
with the U30 8 induces cracking and breakaway swelling of the meat. Complete reaction
of the U30 8 in fuel meat containing at least 64 wt% U3 0 8 will result in virtual elimination
of the matrix aluminum; therefore, one must expect breakaway swelling to occur if fis-
sion densities become high enough. As the U3 0 8 loading is reduced below 64 wt%, the
amount of matrix aluminum remaining after complete reaction of the U3 0 8 will increase,
and, at some loading, sufficient matrix will remain to inhibit large-scale propagation of
cracks in the reacted fuel and, hence, breakaway swelling. Although no firm basis now
exists for determining a U3 0 8 loading below which breakaway swelling will not occur,
even for 100% 2 3 5 U burnup, some very simple, but preliminary, analyses indicate that
such a loading might be in the range of 35 to 40 wt% U3 0 8 . Thus, it is clear that break-
away swelling must be considered possible at some fission density for U3 0 8 loadings of
interest for the HWR-NPR and, therefore, that a fission density limit must be established
for the use of this fuel in the HWR-NPR.

In the absence of irradiation data to high fission densities for SRS U3 0 8 fuel tubes,
the data discussed above for U30 8 miniplates will be used to estimate a limit for HWR-
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N PR tubes. To do so one must consider differences between the as-fabricated tubes
and the miniplates and differences in the irradiation conditions. The RERTR-type
plates, for which the fission density limit was set, were fabricated using high-fired U3 0 8
whereas HWR-NPR tubes would be fabricated with a less-dense, low-fired oxide. How-
ever, the data obtained by Martin et al. 25 showed that the swelling was not strongly
influenced by the type of U3 0 8 used. In any case, since breakaway swelling only occurs
after reaction of the U30 8 and Al, one would not expect the initial characteristics of the
U 3 0 8 to be important. For the same reason, differences due to extrusion of tubes
versus rolling of plates should not be important. Since external restraint of the fuel meat
would most likely increase the fission gas pressure required to initiate breakaway
swelling, one might expect the tubular geometry to offer an advantage over the flat-plate
geometry. In the absence of measurements or mechanical analysis, however, one
cannot claim credit for cladding restraint.

The only significant difference in irradiation conditions would appear to be the fuel
meat temperature. The RERTR miniplates in the ORR were estimated to operate at
peak temperatures in the 100 to 1250C range, and, since they had achieved high
burnups, they were probably operating at temperatures perhaps as low as 750C when
breakaway swelling occurred. The HWR-NPR tubes, on the other hand, are likely to
operate at more nearly constant temperatures (of the order of 175 to 2000C) during their
entire residence in the reactor since the average power density in the reactor core will
remain constant and large changes in the spatial power distribution are not anticipated.
Since fission gas pressure is apparently the driving force for breakaway swelling, an
increase in temperature would be expected to decrease the fission density limit (i.e., the
total number of fission gas atoms allowed) according to the ideal gas law, assuming no
other temperature effects. For example, a fission density limit of (348/448)(1.8 x 1021) =

1.4 x 1021 f/cm 3 is predicted for operation at 1750C. An increase in temperature may
also decrease the strength of the reacted phases, but the magnitude of such an effect is
expected to be negligible at these relatively low temperatures. This lower limit would
have the same conservatism, i.e., margin to failure, as existed for the RERTR fuel (20 to
25%) if indeed the similarities and differences between the tubes and the miniplates are
exactly as stated above.

Based on these arguments, the working group believes that a fission density limit for
SRS U30 8 tubes of the order of 1.4 x 1021 f/cm 3 can ultimately be established. If it can
be shown that the cylindrical cladding provides some external restraint to the swelling
fuel, perhaps an even higher limit can be justified. Traditionally, fission density limits are
set to provide a margin between the limit and the highest fission density attained in fuel
demonstrated to have performed acceptably under operating conditions typical of the
reactor in question. For example, the current fission density limit for the UAIx-Al fuel
used in the ATR was set after tests of miniplates in the ATR to -20%-higher fission
densities showed that the fuel was behaving stably with no evidence of incipient failure.
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As discussed earlier, tube thickness measurements and metallography on one
59-'Nt%-U 3 0 8 tube section irradiated at SRS to 1.1 x 1021 f/cm 3 indicate stable swelling.
In addition, 63 tubes containing 62 wt% U3 0 8 were irradiated to peak fission densities
ranging between 1.4 x 1021 and 1.6 x 1021 f/cm 3 with no evidence of excessive swelling
during disassembly or visual inspection; however, no thickness measurements were
made on these tubes. For SRS conditions no swelling data have been obtained for
fission densities higher than 1.1 x 1021 f/cm 3 in fuel containing more than 42 wt% U3 0 8 .
Although the fuel apparently performs acceptably at 1.6 x 1021 f/cm 3 , above the
1.4 x 1021 f/cm 3 limit derived on the basis of temperature considerations, there are no
swelling or microstructural data from which to judge whether or not swelling had begun
to accelerate at that exposure. Therefore, the working group believes that additional
information, either swelling data at higher fission densities and/or more sophisticated
and conclusive analyses of the existing data, must be obtained in order to confirm a
1.4 x 1021 f/cm 3 or higher limit. Until such additional information becomes available, a
limit of 1.2 x 1021 f/cm 3 , 25% below the highest fission densities attained under SRS
conditions, is recommended for large-scale use of the fuel. However, the working group
also is confident that the existing data are sufficient to allow any irradiations which might
be needed to firmly establish an appropriate fission density limit for SRS U3 0 8 fuel. For
consideration of U30 8 fuel during the design of the HWR-NPR, the working group is
comfortable with a provisional limit of 1.4 x 1021 f/cm 3 until a firm limit can be estab-
lished. Based on preconceptual design information, such a limit is coincident with the
peak fission density expected in an HWR-NPR fuel assembly with type A geometry and
is well above the peak fission density expected in a fuel assembly with type B geometry
(see Table VI).

Dispersion fuels containing the intermetallic compounds UAIX and U3 Si2 are consid-
erably simpler to analyze than the U3 0 8 dispersions because the effect of reactions is
much smaller. In UAIX dispersion fuel with an average composition close to that of UAI3 ,
transformation of the UAI3 to UAI4 results in a volume change of only a few tenths of a
percent; however, the matrix volume fraction is reduced. So little reaction is seen in
U3Si2 dispersion fuel that it can be neglected. It should be noted that transformation of
the fuel phases undoubtedly would occur even in the absence of Al as the 235 U is
burned. In highly enriched fuels burnup removes a large fraction of the total uranium.
Fortunately, UAI4 and USi (and probably U3 Si5 , also) show stable swelling under
irradiation.

The irradiation testing of uranium silicide dispersion fuels is discussed in detail in
Sections 5.1 and 5.2, pp. 23-44, of Appendix D1. Significant recent additions to the
understanding of the swelling behavior of U3 Si2 dispersion fuels are discussed in
Appendices D2 and D3. The most important feature of U3 Si2 is its ability to contain
fission gases in small stable bubbles to very high fission densities (see Figs. 5-7, pp. 13-
15, of Appendix D3). In contrast, U3 Si apparently becomes amorphous during the early
stages of irradiation, which allows fission gas bubbles to grow rapidly if external restraint
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is not applied to the fuel particles, e.g., by using the U3 Si dispersion fuel in a rod rather
than in a thin plate. 59 Since it is difficult to avoid the formation of some U3 Si during
fabrication or irradiation due to inhomogeneities in the as-cast product, small regions of
larger bubbles are frequently found in nominally pure U3 Si2 fuel particles. However,
these areas are small enough not to contribute significantly to the swelling. The
changes in the microstructure of the meat as irradiation progresses are illustrated in
Figs. 24-26, pp. 40-41, of Appendix D1. Complete closure of the as-fabricated porosity
at high burnup is evident; the pores seen at 96% burnup are actually fission gas bubbles
in U3 Si, as discussed above. No evidence of reaction with the matrix is seen except in
the recoil zone surrounding the fuel particles, but the particle sizes have increased and
the amount of matrix has decreased.

Swelling data for ANL U3 Si2 miniplates irradiated in the ORR are listed in Table V,
p. 28, of Appendix D1. Originally, fuel particle swelling was calculated assuming
complete closure of the as-fabricated porosity, and the linear relationship (with slope
6.2 vol% fuel per 1021 f/cm 3 ) shown in Fig. 9, p. 30, of Appendix D1 was derived. A
more careful analysis of the residual porosity at the end of irradiation (and discovery that
a minus sign had been inadvertently dropped from the fuel meat swelling values for
plates A125M and A126M at some stage of data transmittal) has led to a new interpre-
tation of the swelling data. As shown in Fig. 3, p. 11, of Appendix D3, the swelling of
U3Si2 now appears to depend on the fission rate. (Average fission rates during the first
60 days of irradiation in the LEU, MEU, and HEU plates were estimated to be -2 x 1014,
-3 x 1014, and -7 x 1014 fissions/s per cm 3 of fuel particle, respectively.) Until bubbles
of -0.05-gm diameter begin to form, the fuel particle swelling rate is -3 vol% per
1021 f/cm 3 ; then it quickly changes to -10 vol% per 1021 f/cm 3 . In both regimes the
swelling appears to be approximately a linear function of the fission density up to the
fission densities achieved during the tests.

The peak power density of 2900 W/cm 3 of fuel meat anticipated for the HWR-NPR
(see Table Ill) in a 30%-enriched, 30-vol% U3 Si2 fuel assembly corresponds to
-3 x 1014 fissions/s per cm 3 of fuel particle. Therefore, 30%-enriched fuel particles in
an HWR-NPR assembly might be expected to swell at the lower rate until the fission
density in the meat reaches -1.2 x 1021 f/cm 3 (30% of 4.0 x 1021) and then at the higher
rate until discharge. At the point of peak burnup (see Table VI), corresponding to
-1.4 x 1021 f/cm 3 of fuel meat (4.7 x 1021 f/cm 3 of fuel particle), U3 Si2 particle swelling
of -19% would be predicted. This corresponds to -6% of the volume of the fuel meat.
However, since the -4% as-fabricated porosity would be expected to accommodate at
least one-half of this swelling, net swelling of only a few percent would be predicted in
the region of peak burnup. Should U 3 Si2 dispersion fuel be used at higher enrichments,
with increased fission rates in the fuel particles, the onset of the higher rate of swelling
would be further delayed.
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The swelling data discussed above were obtained from plates irradiated at temper-
atures of 1250C or lower; however, long-term (hundreds of hours) high-temperature
(400 to 450°C) anneals of U3 Si2 miniplates produced no swelling or microstructural
changes. Although these out-of-reactor data may not be directly applicable to fuel
under irradiation at high temperatures, the extreme postirradiation stability of the U3 Si2-
Al fuel at elevated temperatures gives high confidence that the stable performance of
the fuel at -10OOC will be maintained at HWR-NPR temperatures.

The results of the miniplate tests discussed above were confirmed for production
fuel elements during a whole-core demonstration of 19.8%-enriched U3 Si2 -AI fuel in the
ORR. Sixty-eight 4.8-g U/cm 3 elements were irradiated to average burnups ranging
from 5 and 52%, and eight 3.5-g U/cm 3 fuel followers were irradiated to average burn-
ups ranging between 10 and 75%. Postirradiation examinations were performed on six
of the -50%-burnup elements and on one 75%-burnup follower. At a peak fission den-
sity of - 1.5 x 1021 f/cm 3 , reached both in the elements and in the follower, the swelling
and microstructural characteristics of the meat were found to be consistent with the
miniplate and test element results summarized in Appendix D1 .3

As indicated in Table Xl and by the preceding discussion, fission densities as high
as 2.4 x 1021 f/cm 3 have been attained in 40%-enriched, 3.95 g U/cm 3 U3 Si2 miniplates
with no indication of unstable swelling. In order to provide additional conservatism
because of the higher-temperature operation of the HWR-NPR fuel than of the test
plates, a limit of 2.0 x 1021 f/cm 3 is recommended for U3 Si2 dispersion fuel in the HWR-
NPR until experience under more typical conditions is available. Based on
preconceptual design information, such a limit is well beyond the peak fission density of
1.4 x 1021 f/cm 3 to be expected in the HWR-NPR (see Table VI).

There are many similarities between the behavior of the U3 Si2 and UAIX dispersion
fuels, and the understanding of dispersion fuel swelling gained during the RERTR
Program can be applied to the UAIX data from the 1960s. Most of the development work
on UAIx dispersions in the U.S. was directly related to its use in the ATR, and, as a
result, many of the irradiation test plates contained B4C dispersed in the fuel meat as a
burnable poison. As discussed in Appendix D2, it has been found that He gas produced
by the lOB(n,o) reaction prevents the closure of the as-fabricated porosity during irradia-
tion and, consequently, results in higher fuel meat swelling than if no He were present.
Therefore, as for the U3 Si2 dispersion swelling data discussed above, the residual as-
fabricated porosity must be determined if the fuel particle swelling is to be determined.

Uranium aluminide fuel particles, specifically UAI4 and UAl3 , appear to be more
stable than any other fuel compound tested for use in an aluminum-matrix dispersion
system. No report of unstable swelling of UAIx dispersion fuel was found in the litera-
ture. It appears that fission gas is accommodated in the fuel particles (principally UAI4
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Table Xl. Summary of Swelling and Blister Threshold Temperature Data for Dispersion Fuels Irradiated in the
MTR, ETR, HFIR, FR 2, ATR, ORR, JMTR, and FRJ-2 (from PIE of Miniature Fuel Plates).

Uranium Fission Meat Blister
Density, Irrad. Density, Swelling, Threshold

Fuel g/cm 3  U No. of Temp., 102 1/cm 3  % AVNm Temp.,
Type Low High Enr.a Plates 0C Low High Low High 0C References

UAIxb 0.98 1.04 H 4 100-210 0.4 1.8 -1.8 4.7 565->600
UAIxb 1.17 1.20 H 7 110-250 0.3 1.5 -2.5 4.4 -

UAIxb 1.22 1.35 H 32 88-290 0.3 2.4 -2.4 7.4 440-590
UAlxb 1.41 1.48 H 8 130-200 0.5 2.1 -4.2 2.5 450-540
UAIxb 1.64 1.65 H 2 150-200 2.5 2.7 2.0 4.7 565
~b 1.97 1 99•-H 3 120 1.0 1.7 4 5.4_--_54 _,A7-0-530-....

UAIX 1.33 1.42 H 7 80-165 1.6 2.0 4.8 8.8 -

cL UAIx 1.38 1.38 H 11 70-180 0.6 2.2 2.0 21.0 -
OD

UAIX 1.57 1.82 H 7 85-170 0.9 2.2 1.2 6.1 600
UAIx 2.22 2.26 H 2 150-170 1.3 2.4 -1.9 1.1 430-600c
UAIX 1.47 1.47 M 1 75-125 1.3 1.3 4.3 4.3 -

UAIX 1.88 1.95 M 4 75-125 1.1 1.5 -0.3 0.6 550-565
UAIx 2.13 2.31 M 6 75-125 1.3 1.8 1.9 3.4 550-561
UAIx 1.88 1.99 L 3 75-125 0.8 0.9 0.7 2.9 >550
UAIX 2.14 2.33 Le 6 75-125 1.0 1.1 -1.7 4.0 Ž_550
UAIX 2.48 2.52 L 2 75-125 1.1 1.1 -3.9 -3.3 550

60,61
62

60,61,63
60,63

61
19
64
17

60,64

60
65

66,Ud
66,67,U

66,U
65,66,67,U

65

68
62,64

64
67,68,69,U

68,U
68,U

U3 0 8
U3 0 8

U30 8

U30 8

U 3 0 8

U 3 0 8

0.71
1.22
1.52
2.34
2.77
3.10

0.71
1.41
1.89
2.46
2.77
3.10

H
H
H
M
M
M

1
9

12
5
1
3

75-125
80
80

75-130
75-125
75-125

1.1
0.3
1.3
1.7
2.3
2.1

1.1
1.8
2.2
2.0
2.3
2.5

3.3
-2.2
-1.4
2.9

Pf
11.2

3.3
6.2
7.6
13.8

Pf
Pf
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Table XI. (Continued)

(0

Uranium Fission Meat Blister
Density, Irrad. Density, Swelling, Threshold

Fuel g/cm 3  U No. of Temp., 102 1/cm 3  % AVNM Temp.,
Type Low High Enr. Plates 0C Low High Low High °C References

U 3 0 8  2.30 2.48 Le 9 75-125 0.8 1.1 0.0 2.0 490->550 65,67,68,U
U30 8  2.76 2.79 L 11 75-125 0.9 1.2 -0.7 1.3 >550 68
U30 8  2.91 3.13 Le 16 75-125 1.0 1.6 -3.8 12.6 478-550 18,65,67168,U
U30 8  3.49 3.58 L 3 75-125 1.5 1.5 -5.4 -3.4 450 18

U3 Si 2  1.30 1.34 H 3 110-130 1.1 1.3 4.4 6.6 - 62
U3 Si2  1.66 1.66 H 2 75-125 1.4 2.1 4.9 11.6 - U
U3 Si2  3.94 3.95 M 2 75-125 1.5 2.4 0.7 10.6 - U
U3 Si 2  4.95 4.95 M 1 75-125 1.4 1.4 -0 -0 - U
U3 Si2  5.13 5.18 M 2 75-125 1.6 1.6 -2.1 -1.1 - U
U3 Si2  3.72 3.76 L 4 75-125 1.6 1.7 3.7 7.0 530 U
U3 Si 2  4.75 4.88 L 12 75-130 0.7 1.9 -0.2 8.0 529-550 69,70,71,72
U3 Si2  4.92 4.99 L 4 75-125 1.2 1.3 0.2 0.8 - U
U 3 S12  5.04 5.30 L 10 75-130 0.6 2.3 -0.7 5.3 525-550 69,70,72,U
U3 Si2  5.10 5.13 L 4 75-125 1.5 2.3 3.7 9.6 425 U, App. D2
U 3 Si 2  5.60 5.67 L 7 75-125 2.2 2.5 0.1 2.7 515 U

aEnrichment: H = -93%; M = 40 to 45%; L = -19.8%, except as indicated in note e.

bContains B4C dispersed in fuel meat.

CHigher burnup plate split open at 4300C.

dU indicates unpublished RERTR Program data.

6One or more plates enriched to 27% included in group.

Ilndicates that plates "pillowed" during irradiation.



due to transformation of any UAI3 by reactions with Al or by U depletion) in solution or in
very small (<0.01-gm-diam) bubbles. However, fission gas bubbles have been found to
be associated with uranium oxide inclusions in UAIx particles.7 3 In addition, there is
strong evidence that fission gases are retained in the fuel particle and do not diffuse into
the matrix to any extent. Of course, some fission gases undoubtedly reach the region
adjacent to fuel particles by recoil and by being released during reactions with the Al.
Since no evidence has been found that fuel particle size affects the swelling of UAIx fuel
meat, it is concluded that the small bubbles seen in the recoil zones do not contribute
significantly to the meat swelling.

The irradiation behavior of UAIX dispersion fuel is discussed in Section 4.2.2, pp. 50-
58, of Appendix C, where the emphasis is on ATR-type fuel, which contains B4 C in the
meat. Swelling data for non-B 4C-containing fuel plates found in Refs. 17, 25, and 60
are summarized in Table XI. Hofman has analyzed those data for which estimates of
the residual porosity could be made from photomicrographs, and the results are shown
in Fig. 14. Although there is considerably more spread in the data than for the U3 Si2
fuel, one might interpret the data as showing the same type of dependence on fission
rate as do the U3 Si2 data. Data for B4C-containing UAIx dispersion fuels are listed in
Table 16, p. 52, and Fig. 17, p. 53, of Appendix C and are summarized, along with
additional data, in Table Xl. It is interesting to note that two of the data points lying well
below the fit were from plates (169-4 and 169-5) with low initial B4 C content. The fit
shown indicates that, on the average, the as-fabricated porosity was not effective in
accommodating swelling. However, as stated before, the presence of B4 C most likely
has kept the pores from closing to any great extent. There has been extensive
operating experience in the ATR with 1.6-g U/cm 3 UAIx-AI fuel up to a fission density of
2.3 x 1021 f/cm 3 at temperatures similar to those anticipated for the HWR-NPR.

Based upon the stable swelling exhibited by ATR-type UAIx dispersions at fission
densities as high as 2.9 x 1021 f/cm 3 under temperature conditions typical of those
expected in the HWR-NPR, a fission density limit of 2.6 x 1021 f/cm 3 is recommended
for UAIX dispersion fuel used under HWR-NPR conditions. Based on preconceptual
design information, such a limit is well beyond the peak fission density of
1.4 x 1021 f/cm 3 to be expected in the HWR-NPR (see Table VI).

In summary, the U-Al alloy fuel and the UAIx and U3 Si2 dispersion fuels show similar
microstructural and swelling characteristics. For each of these fuels the swelling
appears to increase linearly with fission density up to the highest exposures achieved
thus far. Although there is no evidence that a fission density limit would be required for
any of these fuels, a conservative limit 10 to 20% below the highest recorded fission
density, depending on temperature conditions of the test irradiations, has been recom-
mended for use of these fuels in the HWR-NPR, namely, 2.4 x 1021, 2.6 x 1021, and
2.0 x 1021 f/cm 3 for U-Al alloy, UAIx, and U3 Si2 , respectively. The U3 0 8 dispersion fuel,
however, is believed to be vulnerable to breakaway swelling at some fission density for
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U30 8 loadings of interest for the HWR-NPR. In the absence of additional data and/or
analysis of existing data, a limit of 1.2 x 1021 f/cm 3 is recommended. Based on simple
analyses of the existing U3 0 8 swelling data, though, a provisional limit of
1.4 x 1021 f/cm 3 , which is believed to have high probability of being confirmed, is rec-
ommended for design considerations. The limits recommended for use during design
are at or above the peak fission density which might be expected in the HWR-NPR,
based on preconceptual design studies.

5.2 Blistering

Blisters on the surface of a fuel tube or plate occur when gases, from fission or
other sources, collect at the meat-cladding interface with a pressure great enough to
raise locally the cladding away from the fuel meat. Typically, blisters are from 1 to 5 mm

in extent; however, in some cases they may cover a much larger area. Although used
in a seemingly interchangeable manner in the literature, in this report blistering refers to
a separation at the meat-cladding interface and breakaway swelling refers to a separa-
tion in the fuel meat. Blistering occurs at elevated temperatures, where the cladding
has lost much of its strength. If a fuel tube were to blister during operation, transfer of
heat from the fuel meat to the coolant might be severely disrupted, especially if the
thermal conductivity of the meat were low. As will be discussed in Section 7, there is
also the possibility that a small amount of fission gas might be released.

The resistance of a fuel tube or plate to blistering is established by measuring the
blister threshold temperature, or the temperature in a series of sequential anneals at
which the-tube or plate first blisters. In the typical blister test the sample is held at
temperature for 30 to 60 min during each annealing step. The blister temperature
undoubtedly is a function of the time-temperature history of the sample during the test.
For example, the 25-wt% alloy which was reported in Section 4.3, pp. 36-40, of
Appendix A to have blistered after 5 h at 5500C would probably have exhibited a higher
blister threshold temperature in the standard blister test because the total time at
temperature would have been less. The blister threshold temperature provides an indi-
cation of the ability of the fuel to withstand short periods (of the order of an hour) of
operation at high temperature without failure.

No blister threshold temperature data (based on the standard test) were found for
U-Al alloy fuel. The emphasis in postirradiation testing appeared to be on long-term
annealing tests, as discussed in Section 5.1. Based on that discussion, breakaway
swelling rather than conventional blistering appears to be the likely failure mode during
high-temperature irradiation.

uranium aluminide dispersion fuel with no B4 C in the meat typically exhibits blister
temperatures of 5500C or higher. In many cases blistering is preceded by cracking of
the matrix, especially when B4 C poison is present. The He gas from the IOB(n,cL) reac-
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tion provides enough additional pressure to decrease the blister temperature by 50 to
100°C. Blister temperatures for fuel plates and elements with typical ATR fuel meat
compositions are listed in Table 17, p. 60, and Fig. 20, p. 61, of Appendix C. The
quadratic fit shown in Fig. 20 must not be used outside the range of the data. Blister
temperatures for UAlx miniplates are summarized in Table XI.

Blistering of U30 8 dispersion fuel tubes or plates is typically preceded by cracking of
the fuel (reaction-product) particles. Blister temperatures for U3 0 8 -AI fuel tubes irradi-
ated at SRS are shown in Fig. 30, p. 60, of Appendix B. They range from -400 to
-6000C, which is in agreement with data for miniplates summarized in Table XI and for
HFIR elements. 74 The presence of B4C poison in the aluminum filler portion of the fuel
meat of plates in the outer HFIR element results in the lowering of the blister threshold
temperature by from 100 to 2000C. Both Richt et al.7 4 (for U30 8 dispersion fuel) and
Dienst et al. 17 (for UAIx dispersion fuel) noted that the higher the irradiation temperature,
the more blister resistant the fuel. Apparently, the higher irradiation temperatures allow
the fuel-matrix reaction to occur more completely during irradiation. Consequently, a
smaller amount of reaction, which releases fission gases, occurs during the blister test.
It is interesting to note that highly loaded U30 8 plates irradiated during the RERTR
Program exhibited consistently higher blister threshold temperatures than those
measured during previous development programs. Perhaps the explanation lies in
accelerated reaction due to an elevated irradiation temperature resulting from the low
thermal conductivity of the highly loaded meat, as discussed above.

Blisters on fuel tubes and plates containing U-Al alloy, UAIx dispersion, or U3 0 8
dispersion fuel meat have been found to result predominantly from fission gas or He
coming from the interior of the fuel meat. Another type of blistering is most prevalent for
U3 Si2 dispersion fuels. For these fuels blisters tend to form first at the periphery of the
fuel meat. Micrographic irvestigation has shown that these blisters are associated with
oxidized fuel. These fuel particles, which oxidized before or during plate rolling, produce
a nonbonded area and apparently break up under the pressure of fission gas at high
temperatures and release the fission gas to form the blister. Similar blisters caused by
oxidized fuel particles have been found outside the fuel zone of UAIX dispersion fuel
plates irradiated during the RERTR Program. Blister temperatures are typically in the
525 to >5500C range for U3 Si2 dispersion fuels without B4 C in the fuel meat. As for the
UAIX and U3 0 8 dispersion fuels, the presence of B4 C in the U3 Si2 fuel meat resulted in a
reduction of the blister threshold temperature by -100OC.

In summary, the data from many tests indicate that the intermetallic dispersion fuels
(UAIx and U3 Si2 ) with no B4C in the meat tend to blister at temperatures around 5500C.
Blister temperatures for U3 0 8 dispersion fuel tend to be of the order of 1000C lower.
The addition of B 4 C to the fuel meat of any dispersion fuel results in the lowering of the
blister temperature of that fuel by -1000C. No conventional blister temperature data

63



were found for U-Al alloy fuel since breakaway swelling appears to be the high-
temperature failure mode.

6. BEHAVIOR UNDER ACCIDENT CONDITIONS

As stated in the introduction, a database for fuel behavior under severe accident
conditions is being developed at ANL under another task. However, some pertinent
information has been found during the literature searches performed for the present
study. The references and the type of information available are noted below with no
comment.

A summary of transient tests on fuel typical of that used in the SRS reactors is
found in Section 5.2, pp. 41-45, of Appendix A. Effects on the fuel of destructive tests in
the SPERT I reactor for a plate-type U-Al alloy core are described in Ref. 75. The fuel
plate damage that occurred in the SPERT I tests was compared to that experienced in
the SL-1 accident, the Borax I tests, and a fuel melting incident in the Westinghouse
Test Reactor (WTR). The results of a detailed metallurgical examination of temperature
transition zones in an MTR U-Al alloy fuel element which experienced extensive melting
due to flow channel blockage are reported in Ref. 42. The results of tests of sections of
a HFIR (U3 0 8 dispersion) fuel plate in TREAT are summarized in Section 5.2, p. 63,, of
Appendix B.

No data exist for the behavior of U3 Si2 dispersion fuel under transient melting
conditions.

7. FISSION PRODUCT RELEASE

An excellent summary of the information available before 1982 on fission product
release from research and test reactor fuels, both from out-of-reactor experiments and
from reactor accidents, is contained in Ref. 37. Brief summaries of results of more
recent experiments on U-Al alloy and U3 0 8 dispersion fuel samples, carried out at the
Hanford Engineering Development Laboratory (HEDL) for SRS,7 6 ,7 7 are given in
Section 6, pp. 46-48, of Appendix A and in Section 6, pp. 63-64, of Appendix B. The U-
Al alloy samples originally contained 33.6 wt% U, and the U3 0 8 samples originally
contained 28.7 wt% U (34.0 wt% U30 8). The burnup of the samples was -52%. The
release fraction data for 1291 and 137 Cs are tabulated as functions of temperature and
atmosphere in Tables XII and XIII. Krypton releases were also measured, but there is
considerable scatter in the data and the calculated Kr inventory values apparently are
low; therefore, these data have not been reproduced here. The author of the HEDL
reports states that it is likely that the Kr release is total for Cs releases above 15 to 20%.
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List of Symbols and Abbreviations

a
b
B
C

C!,
ACP
d
f
F
i

k
n
q
T
TO
V, Vm1'a,

Vf

V

p

AV

AVF

WF
Wm

ANLQa

ef
eM
Qu

ANL
ATR
AUC
DTA
ETR
GA
GT

change in fractional fuel meat volume per unit fission density or burnup
fraction of as-fabricated porosity consumed during irradiation
burnup
change in fractional fuel meat volume multiplying Arrhenius term in TRIGA
fuel swelling correlation
heat capacity
additional heat capacity of a compound
fuel particle diameter
fissions (in unit)
fission density
fuel phase
Boltzmann constant
neutrons (in unit)
activation energy in Arrhenius term in TRIGA fuel swelling correlation
temperature
initial temperature
original (unirradiated) volume of fuel meat in a fuel plate or rod
volume fraction of matrix material in fuel meat
volume fraction of theoretical-density fuel particles in fuel meat
volume fraction of porosity in fuel meat
volume fraction of undamaged matrix material
change in volume of fuel meat
change in volume of fuel particles
weight fraction of uranium in fuel particles
weight fraction of fuel particles in fuel meat
weight fraction of uranium in an alloy fuel
stoichiometric variable

coefficient of linear thermal expansion
alpha-particle
phases
fission fragment recoil range in matrix material
density of matrix aluminum
density of fuel compound; density of alloy fuel
density of fuel meat
uranium density in fuel meat

Argonne National Laboratory (Argonne, IL)
advanced test reactor (at INEL)
ammonium uranyl carbonate
differential thermal analysis
engineering test reactor (at INEL)
General Atomics Corporation
Georgia Institute of Technology (Georgia Tech., Atlanta, GA)
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HEU
HFIR
HTGR
INEL
LEU
MEU
MHTGR
MTR
MWe
NUKEM
ORNL
ORR
RERTR
SEM
SRL
SRS
SS
TRIGA
XRD

highly enriched uranium (usually -93 wt.% 2 3 5 U)

high flux isotope reactor (at ORNL)
high-temperature gas-cooled reactor
Idaho National Engineering Laboratory (Idaho Falls, ID)
low-enriched uranium (< 20 wt.% 235U)
medium-enriched uranium (35-45 wt.% 235U)
modular high-temperature gas cooled reactor
material testing reactor (at INEL)
megawatt electric
NUKEM GmbH (Hanau, Federal Republic of Germany)
Oak Ridge National Laboratory (Oak Ridge, TN)
Oak Ridge research reactor (at ORNL)-
reduced enrichment research and test reactor (program)
scanning electron microscope
Savannah River Laboratory (Aiken, SC)
Savannah River Site (Aiken, SC)
stainless steel
training, research, isotope production - General Atomics (reactor)
X-ray diffraction



and 23 wt.%, fully enriched Al-U alloy
fuel plates irradiated from 13 to 83%
burnup showed thickness changes in the
range of -I to +4%. It is not known to
what extent oxidation of the cladding was
taken into account in the quoted thickness
changes. Gibson and Francis (1962) also
indicate that tests of up to 50 wt.% Al-U
alloy fuels at temperatures up to 177°C
and burnups up to 50% produced no ap-
parent dimensional or microstructural
changes. Gibson (1963) reports density
change data for fully enriched 45-wt.%-U,
3-wt.%-Si plates irradiated in the MTR.
After about 3.0 x 1027 fm- 3 (-80% 2 3 5 U

burnup), the plate density had decreased
by approximately 2.4%, indicating about
12% swelling of the meat, or around 40%
swelling of the fuel phase. Based on this
latter experiment it appears that the Al - U
phase in Al-U alloy fuel swells at a rate of
approximately 4 vol.% per 1027 fm-3. No
evidence of fission gas bubbles in the fuel
phase has been found at magnifications of
up to 500 x, and no break-away swelling
has been reported.

2.8.2.2 Uranium Aluminides (UAI.)

The development of fuel plates for a gen-
eration of high flux reactors presented fab-
rication problems with Al-U alloy fuel at
the required high uranium loadings. Al-
though one of the leading reactors of this
kind, the HFIR in Oak Ridge, eventually
was fueled with U 30 8 -A1 plates, successful
development work on UAlx-A1 powder
dispersions for the ATR in Idaho resulted
in the selection of this fuel for the ATR as
well for as many other research reactors.

The selection of aluminide fuel powder
was based on the very stable irradiation
behavior of the same precipitate phases ex-
isting in the heretofore used Al-U alloy
fuels. Experience has borne out this exrec-
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tation. Dispersion fuels of UAI, (primarily
UAI 3 with varying fractions of UAI2 and
UAW4 ) in aluminum matrix and cladding
have shown excellent high-burnup stability
and absence of break-away swelling and
blistering or pillowing (Beeston, 1980;
Dienst, 1977).

Attempts to increase the uranium load-
ing either to increase burnup capability or
to allow a reduction in 235U enrichment
through the use of UA12 (Thiimmler, 1969;
Dienst, 1977) rather than UAI. have like-
wise been successful. Even irradiation tests
with hypostoichiometric UA12, that is,
UA12 powder containing a certain amount
of uranium-aluminum solid solution
phase have shown similar excellent behav-
ior (G6mez et al., 1985). The expectation
that the metallic uranium solid solution
phase would, during irradiation, react with
the matrix aluminum to form a stable
UA14 or UA13 phase proved to be right,
and resulted in higher fuel loadings than
possible with UAIX alone due to fabrica-
tion limits on the volume fraction of fuel.
In fact, almost the entire meat of the test
fuel plates was converted to aluminide dur-
ing irradiation, as shown in Fig. 2-29, yet
no abnormal swelling or plate deforma-
tions were observed.

Because of the wide application of alu-
minide dispersions, several studies have ex-
amined the effects of swelling on fuel plate
performance (Martin et al., 1973; Beeston
et al., 1980). These studies concluded that
as-fabricated fuel meat porosity or void
volume generally accommodates the in-
creased atomic volume of the fission prod-
ucts and that the growth or swelling of the
meat could be represented by a correlation
like Eq. (2-22). However, deviations from
the correlation might occur due to other
factors, such as reaction of the fuel and the
matrix. In fact this reaction does occur, as
shown hv non.tirraditinn X-rnv Hiffrqctinn
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80 pmFigure 2-29. Postirradiation micrographs of highly
loaded, highly burned UAl 2 - Al fuel plate, showing
virtually complete elimination of the matrix alu-
minum in the meat through fuel-matrix reaction
(Gom6z et al., 1985).

(Richt et al., 1962) and by metallography
(illustrated in Figs. 2-30 and 2-31). How-
ever, calculation shows that the volume
change resulting from the reaction is very
small.

Large gas bubble formation appears to
be suppressed by the accommodation of
the gaseous atoms (Xe and Kr) in the UAlx
fuel particle, that is, in solution and, prob-
ably, in very small bubbles. Indeed, high-
magnification scanning microscopy of
high-burnup aluminide particles found no
evidence of fission gas bubbles in any of the
three phases present, as shown in Fig. 2-31
(Hofman, 1987).

Postirradiation

Figure.2-30. UAIX powder metallurgical dispersion
before and after irradiation.

Swelling data from experimental irradia-
tions of typical ATR fuel meat composi-
tions are shown in Fig. 2-32 (Beeston et al.,
1980). Some of the swelling values in Fig.
2-32 are averages for samples having the
same uranium concentration and fission
density. The solid line, representing a least
squares fit to the twenty-four data points,
goes through the origin, indicating that
there is no accommodation of the swelling
fuel particle by the as-fabricated porosity.
In this case the explanation is undoubtedly
that the pressure of the He generated by
neutron capture in the "°B burnable poi-
son kept the voids from closing. This ex-
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,I

Region I, UAI2

Figure 2-31. Examination
of original UAI, grains for
UAI 2 (1), UAI3 (2), UAI4
(3), and U. There is no in-
dication of free uranium in
the grain.

Region 2, UAI 3 Region 3, UAI 4

planation is supported by the fact that the
two high-burnup samples with swelling
values well below the curve had a low ini-
tial boron content.

Analyses of swelling data for fuel plates
for which estimates of the residual porosity

could be made from photomicrographs al-
lowed the calculation of the swelling of the
aluminide fuel phases, shown in Fig. 2-33.
Although there is considerable scatter in
these data, they indicate a two-stage
swelling behavior similar in nature to that

8
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5z
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Cr)
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0

Figure 2-32. Swelling of uranium
aluminide fuel plates as a function
of fission density (Whitacre. 1990).
*: Plates with highest as-fabri-
cated porosity and lowest BC
content.
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observed in U0 2, as well as a fission rate
effect similar to that observed for U 3Si2
(see Sec. 2.8.2.3).

2.8.2.3 High-Density Fuel Compounds

Whereas the hitherto-discussed uranium
compounds provide satisfactory material
for dispersion fuel for even the highest flux
reactors when highly enriched uranium is
used, their uranium density is often too low
for utilization as reduced-enrichment fuel.

.As shown in Table 2-1, there are several
very-high-density uranium compounds
suitable for the customary powder metal-
lurgical fabrication of aluminum fuel plates

0 or rods. One of these, U 3Si, has been exten-
sively tested and is being used as a disper-
sion fuel in rod form in Canadian test reac-
tors (Wood et al., 1982). Unfortunately,
irradiation tests have shown the densest of

20

n"
0 0. 2 4 6

FISSION DENSITY IN FUEL PHASE

8
(1027m-3)

Figure 2-33. Swelling of UAlX fuel particles as a func-
tion of fission density in the particle. Solid symbols:
high fission rate; open symbols: low fission rate.
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Figure 2-34. Swelling of various high-
and medium-density dispersion fuel
particles as a function of fission den-
sity.0
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EJA1X U3 Si 2

U3 Si U6 Fe

Figure 2-35. Comparison of postirradiation microstructure of various dispersion fuel particles at several burnups
showing absence of gas bubbles in UAI, and U3Si, and large interconnecting bubbles in U3Si and U6Fe.

these compounds to have unstable swelling
behavior for most plate applications.

A comparison of the swelling of various
high-density compounds tested during the
RERTR program is presented in Fig. 2-34.
It is clear that the very-high-density com-
pounds such as U6 Fe, and, to a lesser ex-
tent, U3 Si exhibit undesirably high
swelling rates at low or moderate fission
densities. On the other hand, the medium-
density compounds, U 3Si2 and USi, ap-
pear to have a more stable swelling behav-

ior. The reason for the difference in
swelling behavior lies again in the manner
in which fission gas bubble formation pro-
ceeds during irradiation.

Metallographic sections shown in Fig.
2-35 illustrate the difference in bubble mor-
phology between, on the one hand, high-
swelling compounds where bubbles grow
very large and eventually interlink and, on
the other hand, U3Si2 where bubbles are
too small to be seen at the same magnifica-
tion. At first glance, the irradiation behav-
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plate swelling than in dispersions without
burnable poison.

2.8.3 Summary

The foregoing discussion suggests that
the swelling behavior of dispersion fuels
may be generalized as follows: There is an
initial linear stage with a low swelling rate
of approximately 3+1%AV per 1027 f

m- 3. This stage may endure to high fission
densities in certain compounds, for exam-
ple, U 3 Si 2, UAl, or U0 2 . At a fission den-
sity that depends on irradiation conditions
such as fission rate and temperature, a sec-
ond linear rate of approximately 8+2%
AV per 1027 f m- 3 commences. This stage
appears to be associated with formation of
fission gas bubbles on microstructural fea-
tures such as subgrain boundaries or dislo-
cation networks. Both stages may be con-
sidered to represent stable swelling. A third
stage, which may occur in certain fuel com-
pounds or fuel-matrix combinations and
which is characterized by fission gas bub-

ble linkup and coarsening in either the fuel
particles, fuel-matrix reaction products,
and/or radiation-damaged matrix mate-
rial, represents unstable, or break-away,
swelling. Break-away swelling renders cer-
tain compounds unsuitable for most prac-
tical applications, unless sufficient mechan-
ical restraint can be provided, and places
definite burnup and/or fuel loading limits
on others.

It appears that the "inherently" stable
swelling compounds can be used to ex-
tremely high fission densities or burnups
and that their use in dispersion fuels is lim-
ited only by fabricability.

Recoil damage to matrix material, seen
as a serious performance issue for steel and
ceramics, is evidently not detrimental to
the irradiation performance of stable-
swelling compounds dispersed in alu-
minum.
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2.9 Additional Properties
of Irradiated Fuel

2.9.1 Blister Threshold Temperature

Blisters on the surface of a fuel tube or
plate occur when gases, from fission or
other sources, collect at the meat-cladding
interface with a pressure great enough to
locally raise the cladding away from the
fuel meat. Typically, blisters are from 1 to
5 mm in extent; however, in some cases
they may cover a much larger area. Al-
though used in a seemingly interchange-
able manner in the literature, in this chap-
ter blistering refers to a separation at the
meat-cladding interface, and break-away
swelling (discussed in Sec. 2.8) refers to a
separation in the fuel meat. Blistering oc-
curs at elevated temperatures, where the
cladding has lost much of its strength. If a
fuel plate were to blister during operation,
transfer of heat from the fuel meat to the
coolant might be severely disrupted, espe-
cially if the thermal conductivity of the
meat were low. As will be discussed later,
there is also the possibility that a small
amount of fission gas might be released.

The resistance of a fuel tube or plate to
blistering is established by measuring the
blister threshold temperature, or the tem-
perature in a series of sequential anneals at
which the plate first blisters. In the typical
blister test the sample is held at tempera-
ture for 30 to 60 min during each anneal-
ing step. The blister temperature undoubt-
edly is a function of the time-temperature
history of the sample during the test. How-
ever, the blister threshold temperature pro-
vides an indication of the ability of the fuel
to withstand short periods (of the order of
an hour) of operation at high temperature
without failure.

No blister threshold temperature data
(based on the standard test) were found

for Al-U alloy fuel. Uranium aluminide
dispersion fuel with no boron in the meat
typically exhibits blister temperatures of
550'C or higher. In many cases blistering
is preceded by cracking of the matrix, es-
pecially when boron is present. The He
gas from the 1'B (n,oc) reaction provides
enough additional pressure to decrease the
blister temperature by 50 to 100 0C.

Blistering of U30 8 dispersion fuel plates
is typically preceded by cracking of the fuel
(reaction-product) particles. Blister tem-
peratures for U 30-Al fuel plates typi-
cally range from 450 to 550'C. The pres-
ence of boron poison in the fuel meat
results in the lowering of the blister
threshold temperature by at least 100°C.
Both Richt et al. (1971) (for U30 8 disper-
sion fuel) and Dienst et al. (1977) (for UAIX
dispersion fuel) noted that the higher the
irradiation temperature, the more blister
resistant the fuel. Apparently, higher irra-
diation temperatures allow the fuel-ma-
trix reaction to occur more completey dur-
ing irradiation. Consequently, a smaller
amount of reaction, which releases fission
gases, occurs during the blister test. It is
interesting to note that highly loaded
U30 8 plates irradiated during the RERTR
program exhibited consistently higher
blister threshold temperatures than those
measured during previous development
programs. Perhaps the explanation lies in
accelerated reaction due to an elevated ir-
radiation temperature resulting from the
low thermal conductivity of the highly
loaded meat.

Blisters on fuel plates containing UAIx
or U 30 8 dispersion fuel meat have been
found to result predominantly from fission
gas or He coming from the interior of the
fuel meat. Another type of blistering is
most prevalent for U3Si2 dispersion fuels.
For these fuels blisters tend to form first at
the periphery of the fuel meat. Micro-



graphic investigation has shown that these
blisters are associated with oxidized fuel.
These fuel particles, which oxidized before
or during plate rolling, produce a non-
bonded area and apparently break up un-
der the pressure of fission gas at high tem-
peratures and release the fission gas to
form the blister. Similar blisters caused by
oxidized fuel particles have been found
outside the fuel zone of UAIX dispersion
fuel plates irradiated during the RERTR
program. Blister temperatures are typically
in the 525 to > 550'C range for U3Si 2 dis-
persion fuels without boron in the fuel
meat. As for the UAIX and U30 8 dispersion
fuel, the presence of boron in the U3Si2 fuel
meat resulted in a reduction of the blister
threshold temperature by approximately
100 °C.

2.9.2 Fission Product Release

The principal danger to the general pub-
lic from a severe nuclear reactor accident
comes from the release of radioactive fis-
sion products. In order to predict the con-
sequences of such an accident, one must
know the amount of fission products re-
leased from the fuel and the rate of release.
Parker et al. (1967), Graber et al. (1966),
Posey (1983), Shibata et al. (1984), Wood-
ley (1986,1987), and Saito et al. (1989) have
performed measurements of fission prod-
uct release from aluminum-based disper-
sion fuels. Stahl (1982) provided an excel-
lent summary of the information available
before 1982, both from out-of-reactor ex-
periments and from reactor accidents.
Taleyarkhan (1990) performed a detailed
statistical analysis of most of the available
data.

Fission gases, being inert, are more eas-
ily released than other fission products.
Studies of fission gas release from UAIX,
U 30 8 , and U3Si dispersion fuels per-
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formed by Shibata et al. (1984) and Posey
(1983) during the RERTR program
showed that fission gas is first released
through microcracks which develop dur-
ing the process of blister formation. A
greater amount of gas was released when
the cladding began to melt. Essentially all
of the gas had been released from thesa'
fuels by 650'C, undoubtedly because the".

structure of the fuel particles was disrupted'
by reaction of the fuel and the matrix.
Francis and Moen (1966) obtained similae.
results for UAlX and U 30 8 . Parker et al.
(1967) found that most of the fission gas
was released during the first two minutes
at temperature and that above approxi-
mately 3% burnup the amount of burnup
did not affect the release fractions. Behav-
ior of the volatile fission products, princi-
pally iodine, cesium, and tellurium, is much
more complicated. Temperature, time, and
atmosphere affect their release fractions.
Taleyarkhan (1990) has provided correla-
tions for the release fractions of the noble
gases and the volatile fission products as a
function of temperature.

The release of fission products from
TRIGA fuel has also been studied. Fission
gas release rates are very low during irradi-
ation at normal operating temperatures
(Simnad, 1980).

2.10 Appendix:
Coated Particle Fuels

2.10.1 The System

The high-temperature gas-cooled reac-
tor (HTGR) uses helium as the coolant,
graphite as the moderator, and coated fuel
particles dispersed in graphite as the core
material. This combination allows very
high fuel burnup, high specific power, and
high-temperature operation. Furthermore,



2.11 References 105

En

U_

0~

Cr

10 100

Heating Time, hours

1000

Figure 2-45. Fission product release from typical irra-
diated HTGR fuel when exposed to constant temper-
atures (1600'C or 1800°C) for various times.

cause for concern because they may diffuse
through the coatings at normal operating
temperatures; these elements are cesium,
strontium, and silver. Silver, in particular,
seems to diffuse through SiC at tempera-
tures as low as 1250'C. This is believed to
be a grain boundary diffusion process.
Such effects have led to the development of
getters, placed within the particles, to cap-
ture excess oxygen in oxide fuels and to
capture certain fission products and stop
them from migrating. The ultimate goal is
a combined oxygen-fission product getter.
In general, the oxides or carbides of the
more reactive elements - such as alu-
minum and zirconium - appear to be effec-
tive getters.
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Uranium aluminide powder production, fuel plate
fabrication development, and irradiation performance
of more than 1700 fuel elements during 10 yr of
operational service at Idaho National Engineering
Laboratory are discussed. The UAlx dispersion fuel
system has performed well in extended service in the
high flux test reactors. The anticipated benefits of the
powder dispersion form-accommodation of fission
products in deliberate voidage, structural tolerance of
fission gas, and dispersion of burnable poisons-have
been realized. The operating limit for the Advanced
Test Reactor fuel elements is presently set at
2.3 X 1021 fiss/cm 3 of core-a burnup of >500 000
MWd/MTU,

The growth or swelling of uranium aluminide fuel
plates at up to 2.4 X 1021 fiss/cm 3 is proportional to
the fission density, but the proportionality constant
depends on the temperature, core porosity, and fuel
loading with 93% enriched uranium. For a fuel
loading of 4.3 X 1021 U atoms/cm3, the growth
corresponds to 0.11% per % burnup. The blister test
as a criterion for impending fuel plate fiailure due to
swelling appears adequate, and the blister temperature
at fission densities of 2. 7 X 1021 fiss/cm3 of core is
-720 K,

Engineering Laboratory (INEL), as well as in other
reactors throughout the world. Three limitations
precluded the direct application of the alloy for the
high flux, high power Advanced Test Reactor (ATR)
at INEL:

1. Fabrication and reprocessing techniques did
not allow a high enough fuel content.

2. Swelling of the f el limited the burnup.

3. A need existed to distribute uniformly small
amounts of `°B (burnable poison)in the plates,

Fuel consisting of uranium oxide powder dispersed
in aluminum had been developed for the High Flux
Isotope Reactor and the ATR (Ref. 1); however.
concern with regard to exothermic reaction of
the uranium oxide and aluminum2 with subsequent
initiation of aluminum-water (steam) reactions
prompted development starting in 1962 at INEL of
the uranium aluminide dispersion UAI fuel system. 3,5

Several features of the UAl, dispersion fuel sys-
tem contribute to its extended performance capa-
bility in the high flux reactors:

1. The powder dispersion allows voidage to be
fabricated into the fuel matrix for accommoda-
tion of the increased volume of fission prod-
ucts.

2. Burnable poisons can be readily dispersed in
the fuel matrix.

3. The structure has exceptional tolerance for
fission gas, with attendant high blister tempera-
tures.

After powder uranium aluminides were developed
for use in the ATR, they were subsequently used to
fuel the MTR and ETR. The technology was further
developed in Europe and the material is now used as
the fuel for the French-German High-Flux Reactor."
In the U.S., powder uranium aluminide fuels are being

I. INTRODUCTION

Prior to the development of the uranium alu-
minide (UAl. dispersion) fuel system, the uranium
aluminum alloy system had performed very reliably
in the Materials Test Reactor (MTR) and the Engi-
neering Test Reactor (ETR) at the Idaho National

*Retired.
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used in other reactors. The material currently is in use
in the Missouri University Research Reactor, the
Massachusetts Institute of Technology Reactor-II,
and the Ford Nuclear Reactor at the University of
Michigan. Current work at INEL on this material
seeks to develop even higher fuel loadings using lower
,lirichlments of uranium aimed at providing greater
safeguards for nonproliferation.

The purpose of this paper is to describe the
material and fabrication development, and review the
irradiation performance of the uranium aluminide
dispersion system during 10 yr of operational service
at INEL.

II. DEVELOPMENT AND FABRICATION EXPERIENCE

As shown in Table I, there are three uranium
aluminide compounds with greatly differing prop-
erties. For a given uranium loading, the use of UAI2
results in the lowest volume of hard brittle particles
dispersed in the aluminum matrix in the fuel plate
cores, and hence promotes the homogeneous dis-
persion of fuel particles within the fuel plate core
during the fabrication of the fuel plates.

However, the early work in the development of a
method for the preparation of uranium aluminide
powders showed that fuel powders rich in UA12 were
highly pyrophoric, while those rich in UA13 were only
moderately pyrophoric. Moreover, z.ither UA12 or
UA13 reacts with an excess of alumi:, im at moderate
temperatures to form UAI4. Thus, tie finished fuel
plate cores, ready for reactor use, contain UA13 and
UA14 as the fuel compound."

It is difficult, if not impossible, to prepare pure
uranium aluminide compounds by melting operations.
The pure compounds can be prepared by the use of
uranium hydride,12 but this is not a commercially
acceptable method for the preparation of nuclear
reactor fuel materials because of the difficulties
encountered in reprocessing the scrap materials, and
because of the costs and hazards.

In a melting operation the scrap can be easily
remelted. Due to the great differences between
uranium and aluminum in melting temperatures and
densities, care must be taken during the melting

TABLE I

Properties of Uranium Aluminides (Ref. 10)

operation to ensure that complete alloying is
achieved. In addition, uranium, aluminum, and the
uranium aluminides are all highly reactive materials.
To ensure that the final product is nuclear grade,
precautions must be taken to prevent contamina-
tion of the fuel materials with oxygen, nitrogen,
iron, copper, carbon, or any other detrimental foreign
elements.

Since the uranium aluminides are friable mate-
rials, powders can readily be produced from the
alloy castings by the use of conventional jaw crushers
and hammer mills. The particles are sized by the use
of metallic screens with oversize and undersize
materials being recycled.

Compared to most commercial metallurgical oper-
ations, these powders are prepared on a very small
scale. The size of the uranium aluminide powder
operations is restricted by the high cost, high
strategic value, and low demand for the fuel materials.
In addition, nuclear criticality control and safe-
guarding problems tend to restrict the scale of
operations.

A flow chart for a typical method for the prepara-
tion of the uranium aluminide powder is shown in
Fig. 1. Table II shows the properties, both specified
and typical, of powders produced by the process
outlined in Fig. 1.

Figure 2 is a flow chart showing the method used
for incorporating the fuel powders into finished
plates. The process used is based on the well-
established picture-frame process that has been used
for more than 25 yr to produce aluminum-clad
nuclear reactor fuel element plates. The fuel plate
cores are made by powder metallurgy techniques
instead of the formerly used wrought U-Al alloy..
Fuel loading of 1.49 g 235U/cm3 of core translates
into 31 vol% of UA13 powder in the plate cores. Four
to eleven percent voids are incorporated in the ATR:
fuel plate cores. As noted subsequently, these voids
are important to the satisfactory performance of the
fuel elements since they participate in reducing the
swelling.

When making highly loaded aluminum-clad fuel
plates with either wrought or powder metallurgy
cores, core thickening (dogboning) has always been a
problem. This proved to be the case when fabricating
ATR fuel plates. The problem has been solved by use
of shaped cores and improved inspection techiniques..
The original fuel plate fabrication process used .irel..t
compacts with square comers And edges•.Th i•el

plates had extremely thin cladding at the leading aAd
trailing ends of the fuel plate cores. By changiigithe
core compact to provide for tapered compacted,4 ,i-
the cladding was made uniform in thickness'and the
dogboning effect was reduced.

To ensure that the thin cladding problem rei- ,

mained under control, an ultrasonic inspection device i, ;?
was developed.1 3 This machine, referred to as a.

for
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Theoretical Uranium Melting

Density 
Content 

Point 
Crystal

Theoretical
Density

(g/cm)

Uranium
Content
(g/cm,)

Melting
Point

(K)
Crystal

Structure

8.14 6.64 1863 FCC

6.80 5.08 1623 Simple cubic

6.06 4.16 1003 Orthorhombic
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Fig. v. Flow chart of uranium aluminide powder production Min-Clad

e rocess. 
Inspection

Final Sizing D

"min-clad gauge," has the ability to determine that at tc

least 0.22 mm of cladding is covering the plate core. Radiographic
This device has been highly effective in detecting Inspection ai

leak-prone fuel plates. 
,

Forming Y

Ill. PERFORMANCE Ett
Over 1700 plate-type uranium aluminide fuel Fia Inpc ion

elements have been operated in INEL test reactors[ Fia Isetin

(ATR, ETR, MTR) in the past 10 yr. Several measures 4 s
of performance are mechanical and nuclear stability, Ii 4t
radioactivity release, and fuel burnup. Two failure FulEeentse
modes postulated with extended burnup of plate-type c
elements are r~i ,,,,h, , ,= .•=••,• • ••o
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TABLE II

Properties of Uranium Aluminide (UAl) Powder and Core Compacts

Specified Typical

Isotopic Composition:
13'U content 93.0 ± 1.0 wt% .93.19
23su content 6.0 ± 1.0 wt% 5.37236U content 0.3 ± 0.2 wt% 0.44234U content 1.2 maximum wt% 1.00

Chemical Composition:
Uranium 69.0 ± 3.0 wt% 71.28
Oxygen 0.60 wt% maximum 0.25
Carbon 0.18 wt% maximum 0.05
Nitrogen 0.045 wt% maximum 0.032
Hydrogen 0.020 wt% maximum 0.005
Nonvolatile matter 99.0 wt% minimum 99.9
Easily extracted fatty and oily matter 0.2 wt% maximum 0.09
EBCa 30 ppm maximum <6

Physical Properties:
Particle size, U.S. standard mesh -100 + 325 mesh = 75% minimum 76.0

-325 mesh = 25% maximum 24.0
Crystalline constituents-by x-ray diffraction 50% UA13 minimum no unalloyed U 6% UA12

63% UAI3
31% UAI,

For ATR zone loaded
core fuel loading, g 235U/cm3 core (maxi- 1.0, 1.30, 1.60

mum) wt% UA13 in core 46.4

54.4
62.8

Uranium concentration, U atom/cm3 of core (maximum) 2.76 X 1021
3.58 X 1021
4.41 X 1021

aEBC equivalent boron content.

1. buckling due to axial compressive loads devel-
oped either from thermal stresses or irradiation
growth stresses

2. blistering due to excessive fission gas buildup.

During inspection no difficulties have been en-
countered due to the presence of loose plates, and
measurements for nuclear stability have not revealed
any fuel element instability.

Of the 1700 fuel elements, 48 have been found to
contain blistered fuel plates, nearly all during the first
years of ATR operation. The investigations revealed
that the blisters were associated with thin cladding
over the ends of the plate cores. None of these plates
lhad been "min-clad" inspected. The corrosion of the
aluminum cladding and fuel particles close to the
surface as a result of the high heat flux, 0.95 to
4.73 X 106 W/m2 (0.3 to 1.5 X 106 Btu/h.ft 2),
exposed small areas of the plate cores to the reactor
coolant. T.-ctorasio. products produced in__the
reaction of both fuel core andslAdding with coolant

NUCLEAR TECHNOLOGY VOL. 49 JUNE 1980

watr ocupied mo than the original ma-
.e.tas Thus, small pimples or blisters were produced
on the plate surfaces. The growth of these pimples
was a slow process so that only small amounts of
fission products were released. Consequently, the
operation of the reactor was not interrupted.

The operating life of the fuel elements in the ATR
is determined by the burnup limit. Fuel burnup is
sometimes expressed as percent of the 2̀ 5U isotope
fissioned, or percent of the total uranium, as well as
the total fissions per unit volume (fission density).
In this paper, the number of fissions per unit fuel
plate core volume will be taken as the basic param-
eter. The reactor burnup limit has been extended -in
steps to a fission density of 2.3 X 1021 fiss/cm -of
core. The burnup extensions were made possible.asia
result of the favorable irradiation performance data,
some of which is presented herein. The data consist
of postirradiation measurements, both destructive
and nondestructive, made on fuel elements and on
sample fuel plates.
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A. Growth and Swelling

Fission results in solid and gaseous atom products.
A.potential exists for growth and swelling, both from
.tl•ese, products and from chemical reactions that
!Wd-u?ý ' between the fuel and matrix. [Orowth is
defihned as a change in shape withein

peeum, w swellin is e ned as _ e.
v decease in immersion density).] In the
uranium aluminde fuelsystem, the differentiation of
-thle: amount of growth and swelling due to the
mechanisms of atomic volume increase (two atoms
replacing one), and displacement damage-defects,
voids, vacaancies, and interstitials-has not been ac-
complished. The swelling due to bubble formation
(gas atom agglomeration) and volume changes from
chemical reactions is not great in uranium aluminide
fuels.. Because of constraints in the fuel plates,
growth of the fuel plate core occurs only in the
thickness direction. It is recognized that the irradia-
tio' n temperature has an influence on the swelling,
and must be taken into account. For purposes of this.

. ,:.paper, growth and swelling are, treated together
except for gas agglomeration (bubble formation).

Various studies9,4'1 6 have been made of these
:effects on fuel plate or sample performance, and
considerable experience with fuel element perfor-
mance has. been obtained. The swelling or growth due
to atomic fission products either in solution or in
precipitates is not easy* to distinguish from incipient
gaseous swelling. The gaseous atoms (krypton and
xenon) constitute -15% of the fission products, and
it will be shown (Sec. III.C) that they are principally
in solution in the microstructure. The solid fission
product swelling would be expected to be proportiOn-
al to the fission density less any volume accommoda-
tion from fuel core porosity. The accommodation of
solid fission products in the core porosity appears
to be related to the core temperature. and fission
rate.

in the UA14 fuel particle, i.e., in solution. The swelling
data14', 7"19  from four fuel elements and sixteen
samples are represented by an empirical equation
obtained by least-squares linear regression. The data
are given in Table III and plotted in Fig. 3. The
fission density has been corrected to the Nd(145 +
146) monitor (the most accurate monitor).20 Some
of the swelling values were averaged before being
placed in the table (those for the same U-atom
concentration and fission densities). The averaging
reduced the scatter for core thickness measurements
used in determining the vol% swelling. The empirical
equation for 24 data points is given as

AV % =2.6% F/f1 2' fiss/cm' of core
V

where the constants have been rounded to the nearest
0. 1, hence the first term "a" of the linear equation
A VI/V = a + bF reduces to zero.

For high fuel loading plates (4.3 X 1021 U
atoms/cm3 of core) this swelling corresponds to
0.11 vol%/% burnup. A similar value was obtained9

on sample fuel plates at low burnup (1.5 X 1021
fiss/cm 3 of core) and low temperature (343 K in-
stead of 423 to 473 K). The constant (2.6% instead
of 6.4%) corresponds to a relative atomic volume
increase of 1.2, instead of 3.04 calculated in Ref. 5,
which indicates (since two atoms are replacing one)
that gas is not agglomerating. Another indication
that gas is not agglomerating will be given in Sec.
III.B. The burnup is proportional to fission density
for constant fuel loading (Fig. 4), and hence the value
of swelling (0. 11%/% burnup) will vary with fuel
loading. Although there appears to be an effect of
core porosity on accommodation of the solid fission
products, the growth begins at fission densities at

It has been postulated5'"6 that fuel core porosity
or void volume accommodates the increased atomic
volume of the fission products so that the growth or
swelling (AVIV) can be given by

7-

61-

AV-T%= 6.4% F/IO21 fiss/cm 3 -Vp

e

F = fission density (fiss/cm 3 of core)

(1) 5
169-5

wher

Vp = core porosity or void volume (%).

It was, however, recognized that positive or negative
swelling deviations might occur due to other factors.
It was calculated1 6 that complete reaction of UA13
to UAI4 in a 63% UAl3-A1 matrix would result in a
volume decrease of -0.3%. Gas bubble formation
appears 5 to be suppressed by the accommodation of
the gaseous atoms (helium, xenon, and krypton)

4-ý (2)*XA20G
(4)

-. (5)/.3-/
2 - 1 6A9 -4

*Comp 3
1 - omp. 622

/ * .584 .Comp4
00 0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4 2.7 3.0

fiss/cm3  (X10")

Fig. 3. Swelling of uranium aluminide fuel plates as a func-
tion of fission density.
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TABLE III

Growth and Swelling of Fuel Plate Core and Samples

Element Irradiation Core Swelling
and Sample U atom/cm3  Fission Density Temperature Porosity (AV _

Number (X10"2 1) (X 10- 21) (K) (vol%) \V ] Reference

Comp 3 2.48 0.75 423-473 10.5 1.4 17
Comp 4 3.32 1.0 423-473 14.0 0.3 17
Comp 9 2.48 0.75 423-473 10.5 1.0 17

584 3.40 0.68 423-473 4.6 0.6 18
587 3.40 1.52 423-473 4.6 5.1 18
621 3.65 1.18 423-473 4.1 2.5 18
622 3.65 0.80 423-473 6.2 1.0 18
623 3.65 1.13 423-473 4.5 2.5 18
625 3.65 0.48 423-473 4.5 1.5 18

169-11 3.38 2.16 .373-473 8.4 4.7 19
169-12 3.39 2.27 373-473 8.4 5.9 19
169-19 2.65 1.84 373-473 6.6 4.7 19
169-36 3.34 2.35 .373-473 7.9 6.4 19
169-37 3.34 2.38 373-473 7.8 6.0 19
169-38 3.39 2.34 373-473 7.0 7.4 19
169-39 3.35 2.23 423-473 7.5 5.7 19
XA8G 2.69 0.72 423-473 3-11 2.4a 14
XA8G 3.39 0.99 423-473 3-11 2.9 14

XA20G 3.39 0.21 423-473 3-11 1.8 14
XA8G 2.69 0.40 423-473 3-11 2.2 14
XA8G 4.10 0.68 423473 3-11 3.0a 14
XA8G 3.39 0.54 423-473 3-11 1.7 14
XA8G 4.10 0.42 423-473 4-11 1.5 14
Fuel elements
XA13OK&AI35K 4.25 2.0 423-473 5.94 6.3a 19
169-4 4.22 2.46 4 2 3 -4 7 3 b 11.6 2.0 19
169-5 4.20 2.69 4 23.4 7 3b 12.0 4.7 19
XA20G 3.39 0.69 423473 3-11 3.7a 14

averages of growth data on fuel elements where fission density is within 0.15 X 1021 fiss/cm3 .
bTemperature range is for fission densities between 1.2 X 1021 fiss/cm 3 and value given.

50

c 40-

which the pores have not filled. For example, for the
core porosity of 4.6%, swelling by Eq. (1) should
start at a fission density of 0.72 X 1021 fiss/cm', and,
at higher core porosity, swelling should start at
higher fission densities; however, Eq. (2) indicates
swelling starts with fissioning.

Several parameters affect the scatter in the data
of Fig. 3. These are

1. irradiation temperature (however, the data have
been selected to be in a narrow temperature.i
range, 373 to 473 K)

2. fuel loading (atom U/cm 3 of core)

3. core porosity.

The data in Fig. 3 and Table III indicateaftiht
increasing core porosity tends to reduce.s~weling.i
Three data points (169-4, 169-5, Comp.' )•wiw hc

'f4

fiss/cm, (X10"21)

Fig. 4. Burnup of uranium aluminide fuel plate cores with
different fuel loadings as a function of fission density.
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gv.lus that-lie well below the least-
Wjegrpssion curve in Fig. 3,. correspond

, • with 1 .b initial porosity (>11.6%)
o Table III. An effect of fuel loading is

a, regression analysis of the 17 data
Alb - III at constant fuel loading. The

ise 17 .points increased the correlation
0fi 0.90 to 0.93 and decreased the

Sestinmate of Eq. (2). Figure 5, a plot
known core density and porosity .of

aieplates, indicates that at constant core
=orosity increases with increased fuel

relationship tends to reduce the scatter
nd Fig. 3 due to different fuel loadings.

Kd ta points from Table III and Fig. 3 (the
Sable. III) have not been included in the
ialysis for Eq. (2). If these three points

ed,"the curve *is rotated clockwise, giving
wellingat zero fissioning (which is not

ai lower slope. A statistical tolerance
i#t',(one-sided tolerance limit for normal
'Li)was used to show that these three

e beyond the values at which with 90%
000/ of the population will lie, hence it is

ý'that a factor other than that for the other
,onts is influencing the swelling behavior of
'(les. Examination of the porosity indicates
sthe likely fabtor. Two of the points have
•osity than most of the data while the third
' : site (average of several samples). Hence,

..... ~ kble that the factor that reduces the swelling
4 ha;glfission densities is the pore volume, which
acconi odates the solid fission products during the
slowing,•down process of the fission fragments, i.e.,
the core behavior is plastic provided the temperature
andaf!8sion rate are high enough.

IlI.B.Blister Testing

'Postirradiation blister testing has been used as a
criterion for predicting failure of the fuel elements.
The assumption is that, as the concentration of the
gaseous atoms (helium, xenon, krypton) increases
and the pores or voids become filled, the temperature
at which breakaway swelling occurs is decreased. The
criterion should be conservative since, under irradia-
tion, gaseous atoms in bubbles undergo resolution
from the slowing down process of the fission frag-
ments. 21 ,22,23 Resolution of fission gas bubbles up to
300 A (30 nm) in diameter was reported2" in U0 2
when irradiated at 373 K. The release of gas to the
boundaries was shown 22 to be controlled by the
irradiation resolution of bubbles. For the aluminide
fuel the resolution mechanism will also apply and the
blister temperature in-reactor should be equal to or
greater than in postirradiation tests.

The postirradiation blister temperatures are given
in Table IV and a least-squares regression analysis

ý.t

3.90

E 3.80

. 3.70

3.60

3.50

3.40
3.35

(4.2-4.4) X 1021 U atorrl/cm3

(3.3-3.5) X 10" U atom/cm
3

2.26-2.75) X 1021 U atorn/cm
3

3 4 5 6 7 8
Core porosity (vol%)

9 10 11 12

Fig. 5. Core density and porosity of uranium aluminide fuel
plates with different fuel loadings.

with proposed 2a and 3o limit curves is given in
Fig. 6. The proposed limit curves are extended to a
higher fission density from the fission density at the
minimum value of the polynomial. The polynomial
is given as

TB = 905 - 139.9 F- 44.8 F2 , (3)
where

F units of 1021 fiss/cm3

TB = blister temperature in K.

Thus, up to a fission density of 2.7 X 1021 fiss/cm3 ,
the potential for swelling from gaseous atoms as
measured in a blister test is not strongly influenced by
burnup in the uranium aluminide fuels. The poly-
nomial fit to the data gave a higher correlation
coefficient (0.705) than either linear (0.04) . or
logarithmic regression analysis (-0.15), both of which
indicated no drop-off in the blister temperature at
high fission density. It is not physically realistic that
the blister temperature would increase at fission
densities beyond 1.5 X 10" fiss/cm', hence. it is

2

(I,

Q.

E

9001
850F - () ()Number of data points1850i (2-,.3

800
2a extended from

750.- ". "-.-. " "minimum value
750k - 4 - - -

_-3. c extended from minimum value

700•

6501
0 0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4 2.7 3.0

fiss/cm' (X10" 1
)

Fig. 6. Blister temperatures of uranium aluminide fuel plates
as a function of fission density.
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TABLE IV

Blister Temperatures for Fuel Elements and Samples

Sample 1.23 U atom/cm3  Total U atom/cm3  Burnup Fission Density Temperature
Element Number (Xl0"21) (Xl0"21) (%) [fiss/cm3 of core (X10 21)] (K)

XA3G

XA8G

UA1,-7F

XA130K

2-21
7-0
7-7
7-14
7-21
7-28
7.35
7-42

15-25
16-21

7-T

11-T
11-B

0-7
.0-6

0-5
0-4
0-3
0-2
0-1

5-2
5-3
5-4
5-5
5-6
5-7
5-I

169-4
169-5
169-.1
169-12
169-19
169-36
169-37
169-38
169-39

2.50
3.81
3.81
3.81
3.81
3.81
3.81
3.81
3.81
3.16

3.81

3.81
3.81

3.96
3.96
3.96
3.96
3.96
3.96
3.96
3.95
3.95
3.95
3.95
3.95
3;95
3.95

3.88
3.86
3.11
3.11
2.44
3.11
3.11
3.14
3.12

2.69
4.10
4.10
4.10
4.10
4.10
4.10
4.10
4.10
3.40

4.10

4.10
4.10

4.26
4.26
4.26
4.26
4.26
4.26
4.26

4.23
4.23
4.23
4.23
4.23
4.23
4.23

4.22
4.20
3.38
3.39
2.65
3.34
3.34
3.39
3.35

37.0
14.2
18.8
21.3
21.3
21.3
18.0
13.3
33.3
30.5

6.7

6.7
6.7

13.2
26.1
39.7
44.1
46.2
48.4
49.8

19.4
31.3
41.4
44.9
48.8
51.4
49.3

58.3
64.0
63.9
67.0
69.4
70.4
71.3
69.0
66.6

XA135K

Sample

believed that the polynomial fit in the region beyond
1.5 X 1021 fiss/cm 3 is due to the limited amount of
data. The limiting curves for 2a and 3ac were extended
as horizontal lines from the minimum values'in Fig. 6.

The behdvior in the blister tests whose gas atom
concentration in the fuel core increases with fission
density will be discussed. A gas atom concentration
of 1 gas atom per 100 core atoms at a fission density
of 2.1 X 1021 fiss/cm 3 of core was measured (Table V)
by dissolution and mass spectrography.

With a model for gas behavior in U0 2 at low fuel
temperatures, Nelson23 indicates that the mobility of
the inert gas atoms will be controlled by diffusion,
the value of which is on the order of 10-17 cm 2/s.

Nelson concludes that 50% of
and 50% in dynamic •oltion,
nant' mechanism by 'Whichi gx
boundaries is by atoric ; -fui
the diffusion coefficient of -4
at 473 K is also .10"7 ,"I
xenon and krypton -ould A
behavior indicates tht 41 of 4
solution at reactor shutd *
corncentration (fission:Aeijitr)
blister temperature. Sin'cetli,
by.' heating for 30 J;,:
blistering occurs, the nu1_
instead of the diffusion ra
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i•,0••tal ..... Fission Gas Atom
- t.ms Total Concentration

Issn as)Unatom/cm3 of core Burnup Fission Density (atom gas')102 011 IO2)..... ia•' i•' • 1 '(X10"21 ) (%) [fiss/cm3 core (X10" 21)] atom core .

0:0.3170 4.26 .- 48.431 2.06 0.0105

- 0.2997 4.26 13.158 0.56 0.0029

For .example, postirradiation Evidence of this behavior has been observed-blisters
.un on U0 2, U30g, and UAl. have formed at fabrication flaws or at the pores in
results in Fig. 7 show the low 'temperature and low fission rate regions, on the

ities caused by 30-mr incre- fuel plates. The plates would be more susceptible to
U0 2 plite blistered at the first this type of failure if a .gas concentration were built

artd:thr-matrix cracked as a up (from nuclear reactions) before the pores were
'elling., The U30 8 plates resisted closed by the plastic core behavior. This evidence has
iminUirn cladding had lost the been observed in some regions of plates where low

gth (as a result of elevation of temperatures and low fission rates prevail (for ex-
icatinog that gross fuel particle- ample, at the top or the bottom of the reactor core).
aration" had riot occurred .on Such evidence is shown in Figs. 8a and 8b.
'he- UAl, plates showed the

blistering. Thus, the U0 2  III.C. Gas Content and Behavior
preciable amount of the gas
gested by Nelson 13) was in The principal gaseous atoms in nuclear fuels are
08 and UAI behaved as if all krypton, xenon, helium, and hydrogen. The krypton.
.c solution. and xenon are fission products and the helium and
.or of the UAlx suggests .that hydrogen are principally other nuclear reaction prod-
form at boundaries at which ucts from boron and impurities. The gas content is.
nhanced, such as the pores that responsible for the swelling and. blister behavior and
)date the solid fission products. some of the radioactive gaseous isotopes also affect

reactor performance in that. they are found in. the
stack release gases. The source of the fission gases,
i.e., from tramp uranium or from fuel, is a broad

, ,subject, but the containment of the fission gases
43.0% burnup within the fuel plate core is a function of the gas

UAIa_57.0% burnup retention behavior of the aluminide fuel and the
Plate P-1588 aluminum cladding. A number of studies have been

reported5 ,2 5 ,2 6 that describe the gas retention behavior
of the aluminide fuels. The gas retention has been

.4% burnup attributed to the defect structure of UA14 (although
593 UA13 also retains the gas) and to the porosity.
..- 40•% Fission gas retention in the fuel plate core, as08a-40.5% burnup-•

ite P-2-601 &urnu indicated by the high gas concentrations reported in
= - - •Table V (0.0105 represents 1 gas atom in 100 core

* UAI,-0.3% burnup atoms) has been confirmed in other ways.
Plate P-1-585 First, two punchings from an ATR fuel plate were

analyzed for krypton and xenon by mass spectrom-
6etry. One punching was in a low and the other in anea5in temper'ture(high burnup portion of the, plate. The punchings

eating temperature (K) were chemically dissolved and the gases collected.

nnealing. results of uranium alumi- The analysis was made for the isotopes by adding
ared with uranium oxide fuel plates. known quantities of 18Kr and 12 9Xe. The burnup

a., ,.

0
500 550 60(

Ann

7..: Postirradiation a
S ý5.'n nide plates comp
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aa

(c)

R...

Fig. 8. Microstructures from three fuel element plates with •various burnups: (a) and %(b)
fuel loading plates.

a. Fuel core-I1.05 X 1021 fiss/cm3. Pores = 10 to 20 p•m diam>'Immersion density -3

b. Fuel core-0.67 X 1021 fiss/cm3. Pores -- 15 to 40 pgm diam. :Immersion density2

c. Fuel core-2.1 7 X 1021 fiss/cm 3. Pores = 10 pgm diam. Immersion density =,3.0.9gb

d. Fuel core-I .11 X 1022 fiss/cm 3. Pore ; 10 pam diam. Imm ersion density 3.13 gfci

;3 ...
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14 6).1 (Ref. 20). The
ths were taken from the

ata Files (ENDF/B-V)
the sum of which

tcross section) of the
gst-of Kr(83 + 84 + 86)

U of these five gas
. ab e indicator of burnup,

u4burnup determined
r-¢mdxcate any fission gas

OTe sums of the atoms of
lare .divided by the total
.,fed for Nd(l45 t 146)

in Table V. The value of
is ion from ENDF/B-V is.

1ratio for the low burnup
X iENDF/B-V ratio by 1%,

,,&-umup. punching is higher by
A-iithe order of the errors of
5b ivo.#reement between the

is ides and the yield of
etfrt-the-loss of gas from

U•8d show that the micro-
Sburnup, and high burnup fuel plate

p'ifl'abiy•.different, althoughi the
c"" e'ntation in the high burnup

p hri 100 core atoms while that':gaatom in 345 atoms. It was
'oa.t eshold blister temperature

!ret-fir these two burnups.
in- an annealing experiment2"
se ,of fission gas from fuel

r 3 occurred at temperatures
tothe, isothermal transformation in
, system' (for UA14 the major release

W03k for UA13, it was -- 1548 K). In
-tests. on alumium-clad UAlI, dispersion-
Ma~tes th'e major part of the fission gas is
Ne the~sodus.temperature -858 K of the

'26 (it• 873 to 943 K, -99% of the
a is are released with <1% released

6. tim Thie liquid aluminum undoubtedly
t~h ii9hUAl 4 to release the fission gas at a

are than the 1003 K peritectic tem-

eg~ atoms are thus retained in the irradiated
'koi,&structure, and do not agglomerate appre-

Cab during 30-min annealing tests until a tem-
perature of 720 K is reached.

.lIl.D. Buckling Failure

Buckling due to axial compressive loads developed
either from thermal stresses or irradiation growth
st~ees has not been detected in the ATR fuel
elements or plates. In ETR fuel elements in which

FUELS

flat fuel plates were pinned instead of roll swaged to
side plates so that .axial slippage was restricted, some
buckling was observed.

Thermal stresses are restricted by standard reactor
operating practices. The result is that plate cores
plastically flow before the plates buckle under
loadings produced from differential thermal expan.
sion. The buckling resistance is produced by bending
stresses in the cladding. Under initial irradiation, in
the ATR environment, the fuel plates heat up to
420 to 450 K while the side plates, heated by gamma
absorption, operate at -330 K (Ref. 15). This tern.
perature differential .results in a compressive loading
on the fuel plates that produces a potential for
yielding or buckling. The criteria for thermal stress
loads that restrict yielding to the edges of the plates
is evaluated by calculating thermal...conditions at
which the yield strength would be exceeded.

The. irradiation swelling shown in Fig. 3 is
expected to be isotropic, and would be -6% at a
fission density of 2.3. .X 1021 fiss/cm 3 of core. This
swelling represents a potential for yielding or buckling
greater than from the thermal stress. However, the
dimensional change is not isotropic. Because of the
restraint in planar directions produced by the clad-
ding, the dimensional change is virtually all in the
thickness direction. The planar growth restraint
results in compressive loading in the fuel core and
tensile loading of the cladding material. Inasmuch as
general stress conditions may have an effect on
swelling, this compressive loading of the fuel core
may provide a reason for the blister temperatures
assuming the parabolic shape or leveling off as in
Fig. 6, since annealing of the residual stresses might
affect the nucleation mechanism. It has been
shown 28 ,2 9 that tensile stress enhances swelling in
irradiated steels, and it has been assumed 30 that
compression stress reduces the swelling. Thus, a
contributing factor for swelling in blister tests may
be the temperature at which the residual compressive
stress is relieved.

It is standard operating practice to require that
the calculated thermal stress, for the operating
conditions in the center half-span of the fuel plates,
be at some margin below the unirradiated and
irradiated yield strength of the fuel plate composite
throughout the cycle. Some typical limiting strength
values 1 9' 3 1 are given in Table VI. The compressive
yield strength values from the thinner cladding
composite plates and the higher wt% UA13 fuel cores
tend to be higher. There is an effect of irradiation
initially to reduce the strength of the composite
cold-worked plates (Type 11 00-H12), and increase
the strength of the Type 6061-0 plates. The limiting
strength values (at minus sigma for more than one
test) should be conservative since they include effects.
of irradiation, thick annealed cladding, and a low
UA13 content fuel core.
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TABLE VI

Typical Values Selected for Limiting Thermal Stress

Measured Compressive
Yield Strength (MPa)

Limiting Strength
Material Temperature (K) (MPa) Unirradiated Irradiated -

r
S
S
t

s
a
S
g
e
e
I-
e

LS
n
*e

n
it
ýn.
in
it

a
ly

at

ate

ye

es,
idl
te

se
nig
nes

~te

.se

ATR type 6061-0 clad
1 00-mil plate
35 wt% UA13

50-mil 51 wt% UA13

3 to 14 X 1020 fiss/cm 3

ETR type 1100-H12 clad
35 wt% UAlx
50-mil plate, unirradiated and

irradiated to 2 to 14 X 1020

fiss/Cm 3

367 (200-F)
422 (300TF)
478 (400-F)
533 (500-F)

478 (400-F)

533 (500-F)
589 (600-F)

422 (300-F)
578 (400-F)
533 (500SF)

96
90
79
44

47

48
48
42

III.E. Release of Gases

The release of radioactive fission gases to the
,primary cooling water is detected by monitoring the
stack gases. The subject is pertinent to the perfor-
mance of fuel elements. The release of radioactive
gases appears to be divided into two categories:

1. a background release that comes from tramp
uranium, diffusion of the fission 'gases, and
argon in the water

2. a release that comes from defected fuel ele-
ments (leakers, etc.).

The question of the irradiation enhancement of
diffusion has been examined32 and it appears that
irradiation does not increase the diffusion of fission
gases in fuel materials.

IV. DISCUSSION

Although the amounts of growth and swelling,
because of their effect on the buckling or blister
failure modes, are considered to be the limiting
criteria determining the service life of the fuel
'elements, the low swelling and. the anisotropic growth
behavior (growth in the thickness direction) have not
limited the service life.

In examining the swelling, % A V1/V per % burnup
(fission density), evidence has been presented to
show that swelling is reduced by fuel core porosity.
It has been estimateds that the growth rate without
the presence of fuel core porosity should be -6.4% X
10"21 fiss/cm 3 (0.27%/% bumup for the high fuel
loading). The estimate is based on relative atomic'

NUCLEAR TECHNOLOGY VOL. 49 JUNE 1980

volumes of the uranium and the fission prodi
neglects the effects of phase changeds..or- c
reactions. This growth rate is more. 0han tw
determined for the- data of Fig. 3;.Thdegtq
appear, however, to be pr0portion a1 t.

density, thus indicating that gaseous
at the breakaway. point, is not. occuRrn, 1
core acts to absorb the increase'd.ý voluWifission products' with an attenrgidi c f
Crease and without. appreciablei plate•i k
crease. The core thickness increase is ?
loss of cladding thickrtess from -cqrrosiown

The accommodition of fissibn prodit,
porosity in O-2-stainless-steel ..fuel,"
noted.33-36 Low density (.85-
particles were shown to a'ndetgo a 0 p
higher density fuel thus extil '

utilize -the voidage providcd. The mt. d
force the U0 2 to swell int9i'tso,ýwn :.v v
plastic core behior, iad partice /

reduced.•>-'''' " -. :
Although the potential for 'bckil

growth process is .greater than t at
thermal expansipn, the- meas, re c
plate length and ,width have been-a
plate thickness has increased-,"l_
several measuremenrts. Thi•ie: s
can be explained by' the plas fl
accommodation of th-: s.ls

ýreaction with the•-matri,. Thei
,strength than the fuel corna
stress in the cladding and '9mPr
fuel core with the displacemntse ý
fragments causes the fuel coe6 .
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es min the fuel core may
Sswelling 'and high blister

on fuelsystem has performed
in, tl& high, flux test reactors.

i•,'of ý:,th. powder dispersion
fission products in deliber-

tolerance of fission gas, and
buna ble poisons-have been
limit for ATR fuel elemnents
IX 1i0 21 fiss/cm 3 of core-a

,Wd/MTU.

sb-* selling of uranium aluminide
-• ,4 Xq 1021.fiss/cm3 is proportional

:it~ bt the, proportionality con-
4 :i+temPerature, core porosity, and

4i.95% enriched uranium. For a fuel
fo2.1 U atom/cm 3f the growth corre-

/,Wbumup.:

s~ test as a citer on for impending
!o swelling appeam adequate, andthe

at fission den-ities of 2.7 X t,01
ýeis 1720. K,. at the !a value, a margin

te than the peak operating temperature
e•AT.R.

Jn gas is principally retained in the fuel

as a failure mode for ATR fuel plates
b•iserved, and the operating practice of

aiculated thermal stress values to a
.the yield strength appears adequate

F0 A s "failure mode.

leaeof radioactive fission gas to the primary
6ig eappears to be adequately prevented by'

Lddih-ofulniiform thickness (>0.2 mm).
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1. Introduction

The aim of this report is to present the work carried out during the internship that took place between April
and June 1997 at MIT Nuclear Reactor Laboratory.

MIT Nuclear Reactor Laboratory is a part of the MIT Nuclear Engineering Department, which also
includes:
- Laboratory for Accelerator Beam Applications
- Radiofrequency Accelerator Laboratory
- Nuclear Magnetic Resonance Laboratory
- Plasma Fusion Center
- Nuclear .Reactor Laboratory

The MIT nuclear research reactor can be used by universities, industries and hospitals, for irradiation and
experiment purposes. A notable example of reactor utilization is the program by Massachusets General
Hospital to perfect the neutron capture treatment of glioblastoma (brain cancer). Other research fields are
the applications of neutron activation analysis, biomedical research, neutron physics, nuclear physics, solid
state physics or radiation effects...

1.1. Description of the MIT research reactor (MITR)

The MIT research reactor is a tank type reactor. It has an outer tank for the heavy water reflector and is
cooled and moderated by light water. Originally, it was cooled and moderated by heavy water too but the
present design allowed to increase significantly the thermal neutron flux in the reflector region where the
experimental beam ports are located.
Designed to operate primarily at a rated power of 5 MW, MITR uses highly enriched (93%) uranium in the
form of uranium aluminide (UAlx). The core contains 24 rhombic shaped fuel element assemblies and 3
dummy elements (which can be sample assemblies). Each fuel assembly consists of 15 fuel plates. Fins
along the aluminum fuel cladding allow to improve the heat exchange between the fuel and the coolant.
One regulating rod and six shim blades are used to control the rate of fission in the core. At 5MW, the

13 2 1
reactor operates with a thermal flux of around 5.10 n.cm'.s1, at a low temperature (<55"C) and at an
atmospheric pressure.

1.2. Objectives of the study

The current license of MIT reactor will expire in 1999. In order to obtain a new license and improve its
research capabilities, a large redesign effort is underway.
In the process of redesigning the reactor to increase the power to 10 MW (MITR-III), studies are being
made about the extension of fuel element fission density limit. The Nuclear Regulatory Commission asked
about the corrosion of the cladding and the effects of the oxide layer building on the surface of the finned
clad.
The following questions were asked in 1991 ([1]):
- Do the new predictions of the oxide thickness lead to fuel temperatures above limits previously

analyzed and approved for normal operation?
- Does the oxide thickness affects reactor responses to rapid insertions of reactivity?
- Can the oxide clog the grooves between the clad fins and if it is the case what are the consequences?
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Besides, it was added that the value of the oxide thermal conductivity should be 1.3 Btu/hr-°F-ft instead of
2.0 Btu/hr-°F-ft as had been assumed in the previous studies.
The aim of the present study is to try to clarify these points, to predict the oxide layer thickness and its
effects on the heat transfer in the core, and to determine if the oxide layer formation may have an influence
on the fuel burn-up limit. As no precise study about this subject had been performed at MITR laboratory
until now, it was asked for a physical description of the oxide building too, an interesting question being the
influence of the pH.

1.3. Organization of this report

Chapter 2: Bibliographical research
First, a bibliographical research was performed in order to understand the physical mechanisms leading to
the building of the oxide layer, to identify the important parameters influencing this phenomenon and to
find the appropriate way to predict the oxide thickness and its effects.

Chapter 3: Effects of the oxide layer on the clad thermal behavior
Two-dimensional computations were performed to investigate the influence of the oxide layer on the heat
exchange between the clad and the coolant. The results were compared with the one-dimensional analysis
proposed by Taborda ([2]).
Sensitivity studies were also performed.

Chapter 4: Calculation of the oxide layer thickness in the hot channel
Correlations found in the literature were used to compute the distribution of the oxide layer in the hot
channel that was identified as the critical area where the thickest oxide layer could be found.

Chapter 5: Influence of the oxide growth on the coolant velocity
The influence of the oxide formation on the coolant flow was investigated on the conservative assumption
that no dissolution of the reacting aluminum occurred during the oxidation.

Chapter 6: Transient analysis
The initial steady state 2-dimensional program was adapted to study the influence of the oxide in the case of
a rapid insertion of reactivity.

Chapter 7: Conclusions and recommandations
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2. Bibliographical Research / Description of the oxide layer
building

2.1. General behavior of the oxidation process

The fuel cladding of the MIT reactor consists of A-6061 aluminum. This material is a widely used medium-
strength wrought Al-Mg-Si alloy. It typically contains 1% Mg, 0.6% Si, 0.25%Cr and 0.25% Cu.
Although aluminum is inherently highly reactive, it is resistant to significant oxidation because of the thin,
highly protective product film formed under most exposures. This film remains less than one micrometer or
so in thickness for all practical purposes in gaseous oxidants. The corrosion behavior in aqueous media,
however, is known to be more complex, and reaction rates can vary from nil to rapid, depending upon the
thermal, chemical and physical environment.
According to Godard [3], the rate of growth decreases with time and depends on the temperature, the
oxygen content of the water, the ions present and the pH. As the MITR primary coolant is pure, the
influence of aggressive ions like chlorides or copper is not to be expected. As far as the velocity of the fluid
is concerned, it would have little influence in the pH range 4.5 to 7. Since MITR coolant pH is around 6-
6.3, the fluid velocity is not to be considered as a determining factor.
The Pourbaix diagrams below are showing the nature of the oxidation products as a function of the potential
and the pH. As we can see, the protective oxide of aluminum is being formed for pH values between 4 and
10 at 25 0C, 3 to 8.5 at 60'C and 2.5 to 7 at 100°C. Outside this range of values, the corrosion of aluminum
becomes intense since the oxide film loses its protective role and is dissolved quickly. Inside this range, the
oxide film is stable and the oxide growth is relatively slow. The pH of the coolant in MITR is around 6-6.3
and no temperatures higher than 80'C are expected in normal conditions, so that the passivity requirements
are fulfilled.

1
4

•2'q

-3.(

PH,

250 C 60 0 C 100 0 C

Figure 2.1 - Potential-pH diagrams for the AI-H 20 system at different temperatures [11]
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Despite the presence of the oxide layer that acts as a protection against corrosion, cations and anions still
diffuse across the oxide, which explains why the oxide thickness still increases and why a part of the
reacting aluminum is dissolved in the coolant, as reported by Griess ([5],[6]) and Pawel ([8],[9]). Besides,
one can understand that a temperature increase will make the ions diffusion easier hence an increase of the

oxide growth. The pH will also affect the ion diffusion as ions, like H+ and OH , have an important role in
the corrosion mechanisms.

2.2. Nature of the oxide product

Several hydrated oxides of aluminum are known to exist in hydrothermal systems. These include gibbsite
and bayerite A120 3.3H 20, boehmite and diaspore AI20 3.H20 and corundum A120 3 . According to Griess
([5]), boehmite is the substance that must be expected in MITR conditions. Other authors report that the
nature of the oxide film is bayerite. According to Mac Donald ([11]), this lack of agreement is due to the
tendency of the various oxides to exist as metastable phases. This behavior is particularly relevant to the
corrosion of aluminum at temperatures below 150'C where it has generally been found that the passivating
film consists of'bayerite or boehmite rather than the. thermodynamically stable gibbsite. The formation of
these metastable products is in keeping with the following series of transformations:

AI+3 H20 -- AI(OH) 3 (amorphous) +3H+
2 AI(OH) 3 - A120 3 .H20 (boehmite)+2 H20
Al20 3 .H2 0 (boehmite) + 2 H20 --- A120 3 .3H20(bayerite)

A120 3 .3H 2 0 (bayerite) -* A120 3 .3H 20 (gibbsite)

The initial corrosion product AI(OH) 3 transformation into boehmite is fast while it has been found that
transformations into bayerite and gibbsite are extremely slow.
The most recent experimental studies on the corrosion of 6061 aluminum under reactor heat transfer
conditions were performed at Oak Ridge National Laboratory ([8]) in the corrosion loop specially designed
for the Advanced Nuclear Source (ANS) project. The product film consisted mainly of boehmite.
Yet, the Idaho National Engineering Laboratory ([12]) reports to have identified amorphous aluminum
oxide and bayerite on Advanced Test Reactor (ATR) and Engineering Test Reactor (ETR) fuel plate
cladding at normal operating' conditions, even at temperatures that would result in -the formation of
boehmite out of the reactor.

2.3. Effect of the pH

During the ANS corrosion tests, Pawel & al ([8]) report that at low coolant pH values (4.5-5.0) and "low"
coolant inlet temperatures (<57QC), a thin iron-rich layer was generally found on the outer surface of the
boehmite. The iron was thought to come from the piping corrosion and to act as a barrier against the
diffusion of the oxidizing agents. Higher pH values (=6) yielded comparatively high growth rates and little,
if any, iron enrichment of the outer boehmite layer. The absence of iron in high pH cases would be due to
the behavior change of iron solubility which is a function of the temperature and of the pH.
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Besides, Pawel observed that a region of high pH sensitivity existed, leading to striking changes in rate as
the pH is increased from slightly less than 5 to slightly more than 5. He alsonoticed that the effect of the pH
was more important when the temperature increased.
These effects are illustrated by figures 2 and 3. The rate factor on the y-axis corresponds to the measured
rate constant divided by the constant predicted by the 'correl 2' correlation established for a pH of 5. The.'correl 2,correlation was specially developed for the ANS design (see 2.4.1).

WU,t.
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.4-.

3

2

1

0

-- I
4.4 4.6 4.8 5.0 5.2 5.4

Measured Coolant pH

Figure 2.2 Rate constant for low inlet bulk temperatures (39-53°C) -.ANS corrosion tests [7]
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Figure 2.3 Rate constant for a high inlet bulk temperatures (80'C) - ANS corrosion tests [7]

As the high pH tends to increase the corrosion rate and the film growth., test reactors using aluminum clads,
such as the High Flux Brookhaven Reactor, the Missouri University Research Reactor, etc, maintain the
coolant pH at about 5 during normal operations.
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The pH is generally lowered by use of nitric acid. In Brookhaven ([13]), the acid is continuously
replenished to account for the removal by the resins in the primary loop purification system. The pH control
and regulation is based on conductivity. The resins are replaced every 5-7 months.

2.4. Correlations used to predict the -oxide film thickness in

nuclear reactor conditions

2.4.1. Description

The complexity of the mechanisms leading to the oxide formation explains why laboratories developed
empirical correlations to predict the oxide layer growth in nuclear reactor conditions. No satisfactory
theoretical model seems to exist until today.
The correlations found in the literature are generally based on data found in ex-reactor conditions which
approximately follow the common general equation:

dx k

dt x n

where
x=film thickness (tim)
t=time (hour)

k=rate constant (gmn+ "/hr)
n=constant (mechanism number)

Many oxidation systems seem to follow this simple rate equation, with n=1 or 0.
The integrated equation takes the form:

xt = [xon+I + (n.+ 1)kt +l)

where
xt=film thickness at time t
xo=film thickness at time t=O

The oldest correlation, developed by Griess ([6]), has been widely used to predict the extent of aluminum
corrosion under various reactor conditions. It was obtained from a set of ex-reactor loop experiments,

2mostly 10 to 20 days in length, conducted with an average heat flux of 5.3 MW/m , average coolant
velocity of 78°C. Griess correlation can be written in the form:

SIx01.28535 +1.28535kt.778
xt '853553kt

k (.tm 128535/h) is the rate constant and is given by an Arhenius type law:

k=1.2538.10 5 exp(-Q/Tx/c)

where
Q=5912.6 K
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T,,C=interface temperature (K)
T=time (h)

Although the heat flux is not a variable in this correlation, Griess remarked that at 1.6 MW/m2 , the oxide
2

growth rate was about half of that observed at heat fluxes of 3 to 6MW/mi
This observation explains why Kritz considered the heat flux as a variable for his correlation. He proposed
the same expression as Griess with:

k =8.686D1.2813 exp(-2416.5/ T,) , m)28535 /h [8]

where c,=heat flux, MW/m2

A recent correlation for certain ANS data, called "ANS Correlation II" (Correl 2) is:

xt = [X0 1.351 + 1.351kt3'74

where

k=6.992. 105 exp(-7592/(Tx/c+10cI))

A limiting requirement of these correlations is that the pure coolant water pH be maintained around 5 by
adding nitric acid. According to Griess observations, k should be multiplied by 3.6 for higher pH values
between 5.7 and 7.
The following table summarizes the conditions in which each correlation was established.

Correlation "Aluminum Co-lant inlet Bulk> ... Oxide/coblant Heat. flux: PH

alloy velocity Wms)~ temperature> temperature inteiface >< Wm
(1c) (C) teperture

Griess 6061-1100 10.7:15.5 66-94 66-120 136-174 3.20-6.30 5-7
Kritz 1100 9-15 - - 90-140 0.057-5.70 5-5.20
Correl 2 6061 25-28 39-49 45-82 95-200 6.20-20.00 5

It is important to note that in each case, the studied aluminum cladding was non-finned. Besides, the
investigated range for the heat flux was generally much higher than in MITR (less than 1MW/rm2 for MITR-
III)

2.4.2. Comparison

During ANS corrosion loop tests, the different correlations quoted above were compared. It was found that
the predictions varied widely from a correlation to another, which justified the development of "Correl 2"
correlation for own ANS purposes. A few tests were performed on 8001 Al, whose behavior turned out to
be very similar to 6061 Al.
Figure 4 below illustrates the results obtained on 8001 Al with a high coolant pH (6±0.2), an inlet bulk

temperature of 65°C, a heat flux of 1.0 MW/m2 and an oxide/coolant temperature of 11 °C (for a slightly
pressurized system). The oxide thickness is determined by the temperature drop across the film by assuming

the boehmite conductivity of 2.25 W/mK. This test appears as one of the ANS tests the closest to MITR
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conditions, especially as far as the pH and the heat flux are concerned. The coolant pH during the early part
of this test was about 5.8, increasing to about 6.2 in the latter stages. According to Pawel, the increasing pH
has probably influenced the film growth kinetics so that the usual decreasing rates found in the other tests
(cf figure [2.4]) is not observed. It seems indeed that the growth rate suddenly changes after =850 hrs.
According to this result that shows a seemingly good agreement between the experimental data and the
Griess and Kritz correlations, it would be tempting to use them for MITR-III oxide film calculations, even if
the oxide/coolant temperature is higher than the expected value. On the contrary, the "Correl 2" correlation
seems to underestimate significantly the oxide growth for low heat flux values like in MITR.
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Figure 2.4 Experimental film growth and comparison to classical correlations (9]

Heat flux of 1MW/m2 - Oxide/coolant temperature=111°C

2.5. Oxide thickness limits

The question is to know what is the maximum oxide thickness which can be accepted for MITR-III

conditions.
The two potential major fuel assembly problems for common reactors are the structural failure due to
overheating of the fuel plates, and the fission product release after spallation, that is the flaking or sloughing
of some significant fraction of the oxide layer that can lead to clad deterioration,

2.5.1. Oxide thermal effects

The oxide film represents an added thermal resistance that leads to an increased temperature in the fuel and
in the aluminum clad.
Although aluminum melts at about 660'C, it begins to soften significantly at approximately 450'C, which
can be considered as the maximum temperature guaranteeing the cladding integrity. Besides, Beeston&al
([19 ]) report that the temperature limit for the UAI, fuel is about 470'C. This temperature corresponds to a
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fuel blistering due to excessive fission gas buildup and is valid for UAIx fuels up to fission densities of

2.7x10 21 fissions per cm 3 (the current burn up limit for UAIX fuel is 1.8x10 2 1).

In high flux reactors, one cmay fear that the fuel temperature limit be exceeded, because of the high heat
flux values and the low oxide thermal conductivity (2.25W/mK according to Griess). For MITR III, though,

the maximum heat flux value is about 1MW/m2 , so that the expected temperatures in the clad and the fuel
for usual values of oxide film thickness (around 50 l.tm at most) should remain very far from the limits.
Yet, the presence of the oxide film may have an effect on the heat transfer performance of the finned
cladding, as Taborda ([2) and Para ([14]) remarked. This point will be investigated more precisely in
chapter 3.

2.5.2. Spallation.

An important issue of engineering concern is the spallation of the oxide film.
Spallation results in a very rough surface (in comparison to unspalled regions), and tends to decrease the
average oxide thickness and therefore the thermal resistance imposed by the oxide film. However,
particularly for 6061 Al, this phenomenon may increase the resistance to heat flow and threaten the integrity
of the cladding since it is often accompanied by structural damage of the aluminum in the form of blisters or
subsurface reaction products and voids.. It could eventually lead to fission gas release in the coolant.
According to Yoder ([15]), spallation may be associated with the migration of hydrogen released during the
oxidation process which leads to rapid intergranular corrosion.

Pawel & al([8]), for experiments performed on 6061 Al at high heat fluxes (6-20 MW/m2) and coolant
velocities (to 28m/s), insisted that spallation was due to stresses by thermal gradients and found that no
spallation was observed until the temperature difference across the oxide film, AT, reached a certain range.
The minimum value for which spallation occurred was 119K, even if the experimental range of AT was
wide.
Griess ([5],[6]) reported spallation for several alloys at about 2mils (50 gim), which, according to Yoder,
corresponds to roughly the same temperature drops in the oxide.

2.6. Conclusions for MITR-II

The bibliographical investigations show that it is impossible to predict the oxide layer buildup in a reactor
by a theoretical model. Yet, three empirical correlations, used for in-reactor prediction of aluminum
oxidation, are available.
The characteristics of MIT reactor that make the applicability of these correlations difficult to predict are:

- its high pH (6T6.3).
- its low coolant velocity (<4.5 m/s)
- the presence of fins on the fuel clad

To take the pH effect into account, a correction factor of 3.6 for the oxide growth rate constant k (2.4.1) is
to be used in the Griess and Kritz correlations. Besides, a correction factor of 4.5 is proposed in the current
study for "Coriel2" correlation by extrapolating linearly the results showed in figure 2.2 for a pH of 6.3.
Although the mechanisms leading to oxide spallation are still not totally understood, an oxide thickness
limit of 2mils (50j.im), as proposed by Griess, allows to prevent any spallation phenomenon. This value can
seem to be very conservative, since the heat flux in MITR-III is very low in comparison with Griess or
Pawel tests and the actual temperature drop in the oxide film is far below the spallation temperature drop of
113 0C proposed by Pawel. This is all the more true as the low fluid velocity (around 4m/s at most) should
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reduce the risks of spallation. Still, this conservatism is supposed to reflect the uncertainties linked to the
high pH effects and the finned geometry of the fuel cladding.
Besides, the finned geometry of the clad should not affect the availability of the correlations used as long as
the oxide film is thin enough. As the fins width and length is 10 mils (0.25 mm), a 2 mil thickness limit
seems to be appropriate.too.
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3. Effect of the oxide layer on the heat transfer in MITR clad

3.1. Introduction

MITR fuel elements consist of finned plates held by two side plates. The fuel is highly enriched (93%)
uranium aluminum alloy clad with 15 mils of 6061. aluminum. 10 mil high rectangular fins extend the heat
transfer area of the cladding surface, allowing high power density without nucleate boiling in the core
channels.

For a system as shown in figure 3.1 subjected to a constant heat flux qB at the back surface to be convected
into a coolant, a heat balance yields:

qB =h (Tw - Tb)

where h is the convection coefficient
Tw is the exposed plate surface temperature
Tb is the coolant bulk temperature

The presence of the fins (figure 3.2) requires introduction of a correcting factor 710, called "surface
effectiveness", which represents the ratio of the heat dissipated by a finned surface to the heat dissipated by
an unfinned surface at the same conditions of temperature and heat transfer coefficients:

q B =io h(Tw -Tb)
The question is to determine rio in the case of a finned clad covered by an oxide layer.

Tb h
q 34_.

Tb h

coolant

non-
finned
clad

coolant

-K4•

Figure 3.1 Figure 3.2

3.2. One dimensional analysis

Taborda ([2]) has proposed the following one dimensional analysis for MITR-II.
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3.2.1. Fin without oxide layer

If the heat convected through the fin is considered as a one-dimensional conduction problem, the profile of
temperature changing only with x along the length as in figure 3.3, an energy balance in an element of
thickness dx of the fin can be made, assuming a steady state:

-(kdiv T) Adx+ h(T-Tb)Pdx=0.

[diffused energy + convected energy = 01

d29
or -- = m

2
o dx2 ~2t T~x .':"'

where h Th
k is the conductivity
P=2(2t+w) is the perimeter of the fin
A=2tw is the fin surface area x

2 hP h
m2 =-=-=for w >> t

kA kt
O(x)=T(x)-Tb figure 3.3

O(x =0) =T - Tb =Ow

Considering the boundary conditions k dO = h 01 the solution is:
X=1L dx x=1

( cosh m(l - x) + mt sinh m(l - x) where 0w=Tw-TB
cosh ml + mt sinh ml

The total heat dissipated by the fin is:

= -kAd = 0w ih-k~ sinh ml + mt cosh ml

dx C)cosh ml + mt sinh ml

Let us introduce the fin efficiency rlf, defined as the ratio of the heat dissipated by the fin to the heat
dissipated if the entire fin surface was at the base temperature Tw:

I sinh ml + mt cosh ml
= m(l + t). cosh ml + mt sinh ml

As the magnitude of mt is small, we can make the following approximation:

I sinh ml cosh mt + sinh mt cosh ml tanh m(l + t)
m(l + t) cosh ml cosh mt + sinh mt sinh ml m(l + t)

This approximation represents an error of only 0.2% for the following values:
h= 10000
1=2.54e-4
t=l/2
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The concept of fin efficiency can be used to model the surface effectiveness. Indeed, the heat flux qB is
dissipated either by a fin or by the base of the clad and an energy balance yields:

qBAB = hOw(TrAf +Au)
where Af=2tw is the area of the finned part of the clad and A, =2uw is the area of the unfinned part,

AB=A+-Au.

tanh m(l + t) +-u

We deduce: O + A _ m for mt<<lAB u +t

Besides, the resolution of the heat equation in the internal region of the plate allows to express the
temperatures in the clad as a linear function of x.

A0 = 0, x <g

e(x= 0) =eB TB -T

qB =B 7ohew

, hence

0=0,+eB(1-x/g), x:g
o =B

Tjoh
0BqI1 +_.

B =qBCho k)

3.2.2. Effect of the oxide layer

figure 3.4

If we consider now a fin covered by a thin uniform oxide layer (cf figure 3.4), whose thickness and
conductivity respectively are tox and k,,, the same heat balance as previously made for. a clean fin yields:
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-(k div T) A dx + (T - T P dx = 0, if we neglect the longitudinal heat conduction through the oxide
1 tox

h ko,,

layer.

Defining an equivalent convection coefficient h'=- and a parameter m'= - and by analogy
1 tox OkA

h k

to the case without oxide layer, the same solution applies for e and Th', the new fin effectiveness:

cosh m'(1 - x) + m't sinh m'(1 - x)Owx = Ow cosh m'l + m't sinh m'l

I sinh m'l+ m'tcosh m'l tanh m'(1 + t)
T" m'(l + t) cosh m'l+m'tsinh m'l m'(l + t)

Still assuming a monodimensional conduction, the presence of the oxide layer can be considered as a simple
additional thermal resistance at the fin base:

kox T" -TC = h(TC-Tb)
tox•. •

The same analysis as previously applies, and by analogy:

qBAB =hGc(rl'A f + A.) where 0c =T,-Tb

Hence, we have:
,Af A, tanhm'(l + t) uqB =h'Tlo'O0w and i1" 10=rf +-2- = +-I
*AB AB m'(u+t) t+u

where Tio' is the surface effectiveness for an equivalent convection coefficient h'= 1 tox
I +
h k ox

3.2.3. 1-dimensional results

The following 1-dimensional results.are obtained for the Griess oxide conductivity of 2.25 W/m 2K
Still according to Griess observations (high flux reactor), it was assumed that the oxide thickness was equal
to the transformed aluminum thickness. According to Griess, it means that approximately 50% of the
reacting aluminum atoms are dissolved in the coolant, as boehmite density is lower than aluminum density.
We can observe a decrease of the fins efficiency for increasing values of the heat transfer coefficient. It is
due to the fact that a higher value for h represents a better cooling of the fin and a decrease in the
temperature along the fin. This temperature reduction means a higher heat flux at the fin base and thus a

lower surface effectiveness. The selected values for h, from 20000W/m 2K to 40000W/m 2K, are supposed
to cover the range of values expected for MITR-III.
The effect of the oxide layer thickness is more surprising as 1-dimensional analysis predicts that the
presence of the oxide film tends to increase the surface effectiveness. The oxide would have a positive
effect on the heat transfer within the clad by favoring the heat release in the fin.
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Figure 3.5 Surface effectiveness predicted by the 1-dimensional analysis

3.3. TWO DIMENSIONAL STEADY STATE CALCULATION

3.3.1. Presentation

The previous analysis had assumed a flat temperature distribution in the transverse direction. Although
according to Taborda, this hypothesis can be justified by the high value of aluminum conductivity , it was
thought that the presence of an oxide layer with a very low conductivity might challenge this hypothesis.
Two-dimensional finite-difference calculation has been performed to check the validity of one-dimensional
equations and to interpret the influence of the oxide layer thickness more precisely.

3.3.2. Equations and modeling

Consider a part of the clad with an oxide layer subjected to a heat flux q, as shown in figure 3.6. We assume
a uniform coolant (heat transfer coefficient h, bulk temperature Tb) and symmetry conditions at lower and
upper borders, which means that we neglect the axial variations of the back heat flux. The steady state
temperature profile is a solution of the following equations:
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Local equation:
AT = 2T a2T

-J + = 0yOx2 a)y2

Upper boundary condition:-. kio
-k-IJ = 0

Lower boundary condition:

(.-ax I = 0

r .Y3 y4

~iTx n . ...........

x . ;rl .k ..................................... 1 ........

xi

figure 3.6

Continuity conditions between medium 1 (aluminum) and medium 2 (oxide):
eforx=x,,yj <y<y 3

T, = T2 (no thermal resistance between aluminium and oxide)

-ki DT) =-k2 (DT ) (heat flux continuity)ax ax 2

efory=y 3,0< x <x, andfory=yl,x, <x <X3

T, = T2 (no thermal resistance between aluminJum and oxide)

* .ki3IJT) =-k 2 (Tfi (heat flux continuity)

Boundary conditions at the interface oxide layer / coolant fluid:
*for y= Y4,0< x < x 2 andfor y =y 2 ,x 2 < x < x 3

h(T2 -Tb)=-k 2 Ca'
DT )2

*forx = x2 ,y 2 < y <.Y 4,

h(T 2 - Tb) = - 12 DT

The subscripts I and 2 respectively refer to aluminum and oxide, k is the conductivity.

3.3.3. Finite-difference formulation

A first finite-difference model with constant mesh grid steps in the x and y directions was developed first.
Yet, Matlab imposes a limited number of mesh points (around 700) above which the matrix inversion
required for the calculation is impossible. As the "external" geometry of the clad is imposed, the number of
possible values for the oxide thickness was limited. Furthermore, it was impossible to check the
convergence of the results by increasing the number of mesh points and to have an estimation of the error.
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It was thus decided to choose a non uniform mesh grid. The values of the step between each point in the x-
and y-directions are chosen by the user.
Defining the temperature matrix (eij) where is the temperature on the node located on the i-th line and

the j-th column, a heat balance can be made on the control volume surrounding the point (ij) (figure 3.7).
As there is no energy production and as we assume a steady state, it yields:

Qx E + Q Iw+QIs +QyI N o
or

Oi-j+k -- 8i ij 0 i,j-I -- ij -- oi+i,j -- ij ei-.j - OijAk•x kA - y- k Ax=0
Ayj Ayj_1  Axi Axi_1

•X = Axji + A~xi-I

where 2

y =Ayj +Ayj_j
1 - 2

This relation corresponds to the local heat equation and is valid for a uniform conductivity k.

i-i ,

--- -- -------- -Q -_
Ax..

Ayi, Ay j

2 2

i+l1 j

Figure 3.7

The boundary conditions are obtained the same way by a heat balance on each finite control volume
surrounding the concerned node. As an instance, let us consider the upper-right convection boundary, ie
j=n4 and l<i<m2.

We can write again that the heat entering the control volume is globally equal to zero:
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-Lj

Qxjw + QyN + QyIs + QxIE =0

where QIw -k j-1  ' AxAy -i

QyIN =-k ' - ' Ayj>1Axi

Qyls - -k 0 .t,j - ij
AxiI T yJ'x

Q.l I= h (0i,j - Tb)Axx

Y1

Ax

2
. .-- E.I

AyI-

2

I- l.,j

figure 3.8

Similar heat balances for the other boundary conditions of the problem were performed. One will notice that
it is necessary to use. specific conditions for the "corners" for the heat flux being conservative. The results
are the following:

Node localization Equation

Interior node Ax Ax Ay Ay Ax Ax(Ax + AXy + Ay )0i J .A j+1 Ax i, j.--,01~
Ayj AyjI Axi AxI Aj Ayj-_l

Ay 0 .y~ 1  0

AxieI

- = Axi +-Axi-I and - + Ayj_
Ax adAy 2_ _ _ _ _2. 2

Upper right (Ax Ay Ax ". AY .
convection boundary A + + Ay + Bi)i,j - -+Axj = Bi Tb

Lower right hAx
convection boundary k2
2-1i-m 2-1, j=n4 Ax1  + Ax a- . Ayj 1

m 2 +1•-i-<m 3-1,j=n 2  Ax - and Ay =
2 2

Medium right Ax Ax Ay Ax Ax Ay
convection boundary 0ij + " +- j__ = Bi Tb

~r y yj Ayj 1 + Ax1. 1 -I Ayj ~' Ay 1 jI - Ax i-I
i=m2, n2+ljn4h1 Ayj yy+ Ayj- Axy

Bi Ay =Ay and Axi='L
k 2 2 2
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Left boundary
(constant surface heat A xx Ay YYY_-
flux q in the y (-++ .. ..+ Ay-- 0

K~j _1+lj - A 1-lj q Ax
direction) Ayj Ax1  Axi 1 'l Ayj Axi AxiI k-

j=a, 2-<i<m 3-1 - j.nd x = Axi +Axi- 1
Ay = ay nd Ax 2 -2 2

Upper boundary (no x Ax +Ax +Ayi -Ax Axx xAy
heat flux in the x (-+ +)0+ ).i j -- 0i.j+1 - x Oi+l, =0
direction) Ayj Ayj A ' Ayj Ayj~1  Ax

i=1, 2_<j<n 4-1 - Axi and- Ayj + AyjI
Ax -Ln Ay

2 2

Lower boundary (no Ax AX Ay AX -- +xx Ax Ay
heat flux in the x (- + -+ A)ij - ij 1 idirection) Ayj Ayj-,. Axi _I ' . yj Ayj _I Axi- l

i=m 3 ' 2-<j-<n 2 -1 - Axi- Ayj + Ayj_1
Ax= - and Ay=

2 2

Upper right and lower
right interface A Ax A Ay Ax
aluminum/oxide (k 2  j y A )+ k2 AX - k

2 
Ax - kIj-_

.j=n3, 2<i5m1-1 Ayj Ayj-I _ A Axi-iY Ayj--

j=nl, m 1+1•i5m 3-1 . Y AY

'Ax '''7 x.

SAxi + Axi- y - Ayj + Ayj_ - Ayj-lk 1 -+ Ayjk 2

2 • 2 ' Ayj_ + Ayj

Medium interface -- A• Ax Ay - Ax - Ax
aluminum/oxide (ki -+ +-- +k 2 -+kI Ay )0- Ti -- 0ij+ -k 0j-I
i=m, n1+1<j~n4-1 Ayj Ayj-. Axi Ax1. Ayj • 'AyJ-l

. .k2 -A.-Oi+,j _k, A•YiA,j .0
Axi Axi-I

--" Axj + Axi-I Ayj + Ayj-. i Axiik, -. Axik 2
2 2 AxiI +Axi

Upper left corner
For i=l, j=1 -- --Ax

Ax + )i'j _ X 0ij+l -- 0i+l,j =q Ax
Ayj Axi Ayj Axi k,

" Ax -- and Ay = Ayj
2 2

Lower left corner
For i=m3 , j=l Ax + Ay O Ax 0vv( + )0ij -- 

0 i,j+I~ Ay'-. 0.. Ax--
Ayj Axi_1 Ayj AxiI ' k,

Ax._ - Ayj
Ax = and Ay = -

2 2
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Upper right corner for Ax A +- Ay AA
the aluminum (k2  +k, +k -8 . .-k..2

(interface AI/A1203) Ay j Ay j-1  Ax ' Ay j Ay j-I

For i=1, j=n3 =0
k Axi .1+l1.1

-x= Ax- and - Ay1+Ayj -- = Ayj-.k, + Ayjk 2

2 2 Ayj_1 + Ayj

Medium right corner Ax -A-AX
for Al (external (k,•- + ki- + k 2 -+k A i - k- i 8 l

corner AI/A1203) " Ayj Ayj_1  Ax AAy j Ayj ,
For i=m 1, j=n3  -Ay _i- _

Sk. -l,j
Axi Ax i-I 1

- Axi +Axi- Ayj + Ayj- 1Ax 2 and2Ay

k-' AyJ-lkl + Ayjk 2 and = Axi- 1 k1 + Axik 2
k Ayl + Ayja AxiI + Axi

Medium medium Ax Ax - Ax Ax
corner (internal k -+kl+k +ý j Ay )i i i, j- l 1 k-

corner AI/A1203) Ayj Ayj_ Axi Ax_ 1  Ayj Ayj-,

For i=m 1,j=n AY k AY

Axi Axi-I

- Axi + Axi-a Ayj + Ayj-I
Ax= and Ay.= 2

2 2
" AyJ-lkl +Ayjk 2 and = Axi-1k, +Axik 2
k Ay_ 11 + Ayj Axi_. +Axi

Lower right corner -Ax k Ax -Ay +k A )y -Axj A Ojl k Ax

for.Al (ki -+k, + k- i --k-
For i=m3 , j=n Ayj Ayj_ 1  Axi Axi_ 1  ,Ayj Ayj_-Fo 3jn kj A~yi Oi+l,j -kl. y 0i_l,j =0

SAx1 i+, Axi-

x _ Axi- a Ayj + Ayj_ -= AyJ-tk1 + Ayjk 2
2 2 k Ayj-l + Ayj

Upper right corner for Ax Ay Ax A
A1203 - + - + Bi)O - 0- - i+., = Bi Tb

For i=l, j=n4  Ayj-l Ax i Ay j-I - i

hAx - Ax. - y-
Bi= Ax and Ay

k2 2 2
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Medium right corner Ay Ax Ay
for A1203 (A + + Bi)oi~j - Oj-I - A i-_,j = Bi Tb
For i=m2, j=n4  Ay Axi-I AyJ-l Axi-I

Bi= h Ax +Ay
k2

Ax 2 and Ay = 2
2 2

Medium-medium Ax Ay + Ax Ax 6yj-A
(internal) corner for + ++ Bi)0i - _ - ei-j _ ___il_ j
A1203 Ayj_j Axi-' 2Ayj i Ayj-l 2Axi

For i=m2, j=n2  _ Ay Oi-I'j Bi Tb

Axi- 1

Bi =h Axi +Ayj

2k 2

Axi + Axi-I and Ay = Ayj + Ayj.t

2 2

Lower right corner Ax Ay Ax AY Bi T
for A1203 ( + + Bi)O - 0i'- OI'
*For i=m 3, j=n2  Ayj-1  Axi-I I. Ay -.1  Axi-I =iBt' T

hAxBi = -

k2

- Axi_ 1 - Ayj_
Ax= -and Ay=

2 2

By defining the vector T = (0 1,1 l 2 † ,n4.. Oi,j*...,. 
0

m3,n2) and the appropriate matrix M, all these

relations can be written in the form:

M T=V

M can easily be inverted with Matlab so that we can find the approximate temperature distribution in the
clad.

A problem is now to define the surface effectiveness since the temperature on the surface of the oxide is not
uniform as in the 1-dimensional case. The maximum temperature at the interface oxide/coolant has a
particular importance as it determines the onset of nucleate boiling and can be used to predict the oxide
growth under conservative assumptions.
That is why we define:

-1min h q - where Tc max is the maximum temperature on the oxide surface.h(Tc ax-Tb )

We also use

Tla= q B where Tc av isthe average temperature on the clad fin base.
h(Tcav - TbO)
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We assume a uniform oxide distribution along the fin surface. Still basing on Griessobservations, the oxide
thickness is supposed equal to the corroded metal thickness.

3.3.4. Program validation

3.3.4.1. Test calculations

A series of test calculations were performed in order to check the validity of the written finite difference
program.

The analogy with the 1-dimensional case was checked with a maximum width t and a
minimum length I for the fin. The surface effectiveness tended towards I and the maximum
temperature gradient in the y-direction tended towards 0, which corresponds to a flat
temperature profile as in the 1-dimensional case with the corresponding temperature drops.
The surface effectiveness tended towards its maximum value (2, which is the ratio between the.
clad outer surface and the back surface) when the conductivity was increased and when the
convection coefficient was decreased. This behavior was predictable as an increase of the
conductivity tends to homogenize the temperature in the clad and a decrease of the convection-
coefficient tends to decrease the temperature drop through the fin.
On the contrary, the surface effectiveness tended towards I when we increased the convection
coefficient.

Finally, for every calculation, the heat flux entering the clad by the back surface was found
equal to the heat flux going out by the clad/coolant interface.
It was also checked that the calculated efficiencies were independent from the surface back
heat flux (q or qB) and from the coolant bulk temperature Tb.

3.3.4.2. Mesh grid choice.

The choice of the mesh grid was a complex question, as the number of nodes was limited by Matlab ability
to invert the system matrix M. Sensitivity studies about the choice of Ax(i) and Ay(j) were performed. It was
found that it was possible to take a relatively large step in the aluminum regions without influencing the
results. On the contrary, the choice of a thinner step in the oxide region had more importance, as the
conductivity and so the temperature changes are more important in the oxide region.
Besides, the temperature gradients in the x-direction (parallel to the back surface) were found to be
relatively important and justified the choice of a thinner step in the x direction.
As the most important effect of the oxide is expected for a maximum oxide thickness, the step configuration
in the "aluminum region" (0<i<nl, n2<i<n3,.0<j<ml, m2<j<m3) was defined with an oxide thickness of 2
mils and was globally conserved for the other configurations.
By taking a y-step of Vr mil and an x-step of Y8 mil for the other (ij) values, where the presence of the

oxide imposed higher temperature gradients, it was established that quite precise results were obtained.
The following table shows the results obtained for h=30000 and a 2mil oxide film. It illustrates the
influence of the steps Ax and Ay in the "oxide region" (nl<j<n2, n3<j<n4, m I<i<m2).

Ax Ay Tlav rimin

Y3mil Y mil 1.718. 1.528
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)4mil .•mil 1.718 1.5.30

Y5mil Y 4mil 1.717 1.532

Mmil )/ mil 1.717 1.533

Y5 mil 8 )mil 1.717 1.534.

_L/3mil /2 rMil 1.718 1.530

)rnil )•mil 1.717 1.533

•mil. Y mil 1.717 1.533

rail )/1 mil 1.717 1.534
M_______ Y12 M_______ _______

These results allow to estimate the accuracy of the results to about 2.10"3or 0.15%.

The figure 3.9 presents the mesh grid used for the calculation with a 2 mil oxide layer.

For the other oxide thickness values, a minimum step of V6 mil and Y, mil (respectively in the x and y

direction) was taken. Actually, the step was generally thinner, so as to obtain the most precise result.

Figure 3.9 - Mesh grid used for a clad
with 2 mil oxide layer

3.3.4.3. Comparison with other authors

Taborda ([2) had performed finite difference calculations on the fin clad. The resolution method chosen was
a point-successive iteration over-relaxation instead of a matrix inversion. His conclusion was that the one-
dimensional equations offered results that were accurate enough compared to the 2-dimensional analysis.
Yet, the range of values for h investigated by Taborda was quite different from the values expected for
MITR-III (5000-10000 instead of 20000-30000). Besides, Taborda investigated the behavior of the clad
with a crud oxide deposit whose conductivity he considered equal to 3.5 W/ImK. So Taborda took a
conductivity twice as high as the value proposed by Griess and he considered that the oxide was an
additional layer on the clad surface while it should be considered as formed in the aluminum clad.
Besides, the definition considered for the surface effectiveness in Taborda's 2-dimensional computations
was unclear, and the values of the heat flux entering the clad and the heat flux going out were slightly
different, due to the numerical method used. That is why Taborda's calculations of the clad with an oxide
layer are difficult to compare.

For the appropriate mesh points, h=5678 W/m 2K and no oxide layer, the results are similar though:
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rl(1 dimensional) rlav Tlmin

Taborda 1.985 1.983 ?
Present study 1.985 1.983 1.979

Para [14] performed clad 3-dimensional calculations with FLUENT. Like Taborda, he assumes an
additional crud layer rather than an oxide layer building up in the clad. Besides, the surface effectiveness he
calculates is based on the wall temperature, that is the mean temperature at the fin base.

For h=25000 (average value for FLUENT 3D calculations), the results are the following:

il(based on the average Timin
,temperature on the fin
clad base)

Para 1.952
Present study 1.928 1.911

The difference may be due to 3-D effects and to the definition of the effectiveness.

3.3.5. Calculation results

3.3.5.1. Comparison with 1-dimensional results

An important difference was found with the one-dimensional predictions. The results showed that this
difference rose when increasing the heat transfer coefficient and the oxide thickness. I-D predictions always
overestimated the surface effectiveness values. This error reached up to 20% for Tlav and 30% for TImin for h

=30000W/m 2 K which is a typical value for MITR-III.
The following figure presents the results obtained for a 1.5 mil oxide thickness.

Figure 3.10 Computed surface effectiveness - Comparison between 1-D and 2-D results

U3
W=0

C
w
-a-

wJ

1.5 2 2.5 3 3.5 4 4.5 5
Heat transfer coefficient h(W/m2K) X 104
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The presence of the oxide layer was found to favor the energy release by the fin base (non-finned part of the
clad) rather than by the fin itself. So that an increase in the oxide thickness, as well as an increase in the heat
transfer coefficient value, led to higher maximum temperatures on the fin base and lower fin tip
temperatures.
In order to understand the important error made under one-dimensional assumptions, the heat circulation in
the clad was investigated. The figure 3.11 represents the heat flux distribution for a clad covered by a 2 mil
oxide film. It tends to prove that it is impossible to neglect the two-dimensional effects, especially in the
presence of the oxide film that acts as a thermal barrier and creates important gradients in the x-direction by
diverting the heat flux to the fin.
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Figure 3.11 2-D heat fluxes in the clad with a 2 mil oxide layer - h=25000MW/m 2K

3.3.5.2. Effects of the heat transfer coefficient and of the oxide thickness
on the surface effectiveness

r7av and Tlmin are represented as functions of h and e (oxide thickness) in figures 3.12 and 3.13. They show
that the oxide debases the heat exchange between the clad and the coolant. At h=30000W/m2 K, rlin
switches from 1.89 for a non-oxidized clad down to 1.53 in the presence of a 2 mil oxide layer.
In order to use these values in subsequent calculations, we performed least-square regressions with Matlab
to write the effectiveness in the form:
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figure 3.12 Minimum surface effectiveness for different oxide layers
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figure 3.13 Average surface effectiveness (clad base) for different oxide layers
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l= p (e)+ p2 (e)exp(p 3 (e) h)

h (W/m 2K)
e (mils)

Although satisfactory for 71ay, this formula did not predict Tlmin accurately. This was due to the location
change of the maximum temperature point on the surface clad from (i=m3, j=n2) to the interior corner
(i=m2,j=n2) (cf figure 3.6) which occurred when the oxide thickness reached about 0.25 mil.
Yet, TImin can be well predicted by:

TI = Pl (e) + p2 (e)h + p3 (e)exp(p 4 (e) h)

The values of the parameters pi are given in the appendix 1.

The local effectiveness, which can be defined as T1 = q , where T is the local temperature at the
h(T - Tb)

surface, was found to vary widely along the lateral edge of the fin in the presence of a thick oxide film.
Local effectiveness variations were quite low when no oxide was formed on the clad. The figures 3.13, 3.14
and 3.15 represent the profile of the local effectiveness along the clad surface and illustrate the temperature
heterogeneity due to the oxide film. For an oxide thickness of 2 mils and a heat transfer coefficient of 30
000 W/m 2 K, the surface effectiveness varied from 1.52 to 3.75 along the lateral edge of the fin. It varied
from 1.9 to 2.1 for a non-oxidized clad.
This means that temperature differences of a few Celsius degrees are to be expected between the clad base
and the fin tip, which could lead to the oxide film being thicker at the fin base than at the fin tip.

3.3.6. Sensitivity studies

3.3.6.1. Oxide distribution

The previous remark incited to study the case of a non-uniform distribution of the oxide along the clad

surface. Assuming a conservative value of 0.5 MW/m2 for the heat flux and a heat transfer coefficient of 30
2000 MW/m K, a temperature difference of about 7*C. would exist between the fin tip and the finbase. This

difference of temperature implies an oxide growth rate difference between the two extremities of the fin. In
the same conditions and for bulk temperatures of 40-70'C., the ratio of the oxide growth rate at the fin tip
by the growth rate at the fin base is approximately equal to 0.75, according to Griess correlation.

Therefore, the two following oxide distributions were compared for h=30000MW/m K:

Case 1 Case2 Case3 I Case4 Case5
Oxide thickness (mils) Fin tip: 1.5 Fin tip:1.8 Fin tip: 2 Fin tip: 1.8 Fin tip: 1.5

Fin edge: Fin edge: 1.9 Fin edge: 2 Fin edge: Fin edge: 1.5
1.8 Fin base:2 Fin base: 2 1.8 Fin base: 1.5

_ Fin base: 2 Fin base: 1.8

T1av 1.819 1.760 1.718 1.743 1.824
Tlmin 1.605 1.564 1.531 J 1.570 1.707
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Figure 3.13 Surface effectiveness variations along the fin tip (h=30000W/mnK)
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Figure 3.14 Surface effectiveness variations along the lateral fin edge(h=30000W/m 2K)
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Figure 3.15 Surface effectiveness variations along the clad base (h=30000W/m2K)
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As can be seen, assuming a lower thickness distribution leads to a significant improvement of the surface
effectiveness, even in the case 2, where a low heterogeneity was assumed.
Conservative results will be obtained if we suppose that the oxide thickness distribution is uniform and
equal to the maximum thickness on the clad, as assumed in chapter 4.

3.3.6.2. Corroded oxide thickness

The previous calculations assumed that the thickness of corroded metal was equal to the oxide film
thickness, so that the external geometry of the clad was conserved. This implies that a part of the reacting
aluminum be dissolved in the coolant. Assuming that the corrosion product is boehmite ant no aluminum is

volume of oxide
dissolved, the ratio is about 2.0 (cf chanter 5•. which means that. for an

. .... volume of corroded aluminum .
oxide thickness of 2mils, the corroded metal thickness is only I mil. The consequences of the resulting clad

swelling were calculated for e=2mils, h=30000MW/m K:

Initial case No dissolution

rlav 1.718 1.76.1(+2.5%)

rlmin 1.531 1.569 (+2.5%)
Percentage of heat released by the 70.9% 73.0%
fin n

The "no dissolution" hypothesis leads to wider dimensions for the aluminum part of the clad, which favors
the heat release by the fin and explains the observed improvement.
Conservative values are expected with the initial hypothesis.

3.3.6.3. Aluminum conductivity

The aluminum conductivity varies with the temperature and the nature of aluminum. The conductivity of
pure aluminum is 204-206 W/mK. The conductivity of Alloy 6061 would be a bit higher (217-221W/inK
[16]).

kAI(W/mK). 200 206 220

"1av 1.718 1.712 1.725
TIMin !1.531 1.534 1.537

As seen in results above obtained for e=2mils , h=30000W/m2 and for different values of the conductivity,,
the value of 200 W/mK considered for all the calculations leads to slightly conservative results (a maximum
relative difference of 0.4% exists for qin). A higher value of the aluminum conductivity favors the heat
release by the fin.
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3.3.7. Conclusions

The surface effectiveness of the clad was found to be a decreasing function of the heat transfer coefficient
and of the oxide thickness, so that for significant oxide films (above 0.2 mils), the oxide thickness influence
cannot be neglected.
The I-dimensional analysis does not seem to be valid and underestimates the influence of the oxide and of
the heat transfer coefficient.
The hypothesis of a uniform oxide formation driven by the maximum temperature on the clad surface will
lead to conservative results.
The penetration of the oxide into the clad influences the fins efficiency. We assume for the following that
the oxide thickness equals the dissolved metal thickness and believe that it should be a sufficient hypothesis
to obtain conservative results.

All the calculations assumed constant properties for the coolant (h and Tb). We did not take into account the
temperature variations of the coolant along the fins. Logically, the coolant should be slightly warmer in the
grooves, which should lead to overestimate the surface effectiveness in the present calculations.
Although we believe that the flow is turbulent enough to homogenize the temperature in the coolant, this
point should be studied more precisely.
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4. Calculation of the oxide distribution in the hot channel

Matlab computations were performed in order to determine the distribution of oxide along the hot channel.
As a matter of fact, as the oxide growth increases with the temperature at the oxide/coolant interface, the
maximum thickness and the maximum effects on the clad temperature are to be expected in the hot channel.
The aim of this calculation is to compare the predictions of each of the correlations available to predict the
maximum oxide film thickness in the core and to give an idea about the oxide distribution.
The presence of the oxide film causes a decrease of the clad surface effectiveness, thus an increase in the
oxide/coolant temperature. This temperature increase leads to a change in the correlation parameters so that
the oxide growth cannot be simply determined a priori. That is why the current results took into account the
growth rate variations with the time.

4.1. Geometry of the channel

The surface Of each side of MITR fuel plates is increased by 110 fins whose dimensions are 0.254 mm thick
and 0.254 mm high. The cross sectional view of the channel is represented below:

Fin Tip

FtLOW AREA- 130,999minsq

I 10 Fins 0.25.4x0.25.40.25. ..

P

0.

0

25

-F.T
I

52.883

58.674 (A.t uzmic in millimecmr)

figure 4.1 Cross sectional view of a flow channel and finned fuel plates
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4.2. Modeling choices

4.2.1. Principles

The used Matlab program consists in resolving for each hot channel element i characterized by a heat flux
value qi:

qi = lihi (Twi-WTbi)

where the subscript i refers to the i-element, T" represents the surface effectiveness, Tb is the bulk coolant
and T, is the wall temperature.
The value considered for Tb i is the mean value between the temperature at the inlet of the channel element i
and the temperature at the outlet. It depends on the heat flux distribution, on the velocity and of the coolant
temperature at the channel inlet, Tinlet.
The velocity is considered equal to the mean velocity in the core and is given as the global flow rate divided
by the total flow area. This represents a conservative assumption as the velocity in the hot channel is a bit
higher than in the average channel, which should favor the heat transfer between the clad and the coolant.

4.2.2. Oxide growth correlations

Griess, Kritz and "Correl 2" correlations were used to predict the oxide growth. The correction factor of
3.8, recommended by Griess in the case of a high pH, is used in Griess and Kritz correlations. A pH
correction factor of 4.5 is used for "Correl 2", following an extrapolation of the figure 2.2.
The heat flux used in the correlation is the maximal heat flux at the clad surface (ie q /rji).

As we explained, the oxide growth constant is expected to change with time, and is recalculated at every
time step.

4.2.3. Heat transfer coefficient correlation

The modified Seider-Tate correlation was used to calculate the heat transfer coefficient,

S 0.14

Nu = 0.023 Re08 Pr0*419b (i + OC(Z))

"{1.2De for Z < 400mm
a(z) = z

for Z > 400 mm

where

Nu = hDe is the Nusselt number of the bulk coolant
k

h is the heat transfer coefficient (W/m2K)
De is the hydraulic equivalent diameter of the channel
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k is the thermal conductivity of the bulk coolant (W/mK)

Re = pvDe is the Reynolds number of the bulk coolant
l•t

Pr is the Prandtl number of the bulk coolant
v is the fluid velocity in the channel
p is the volumic mass of the bulk coolant
g1 is the dynamic viscosity of the coolant at the bulk temperature (b subscript) or at the wall
temperature (w subscript).
Z is the axial height

According to Parra ([14]), this correlation is valid in the range 0.7<Pr<120, and L/De>60, where L
represents the channel height, and is more precise than the Dittus-Boelter or the Colburn correlations. It
allows to take into account entrance effects which enhance the heat transfer coefficient in the coolant
channel entrance region.

4.2.4. Surface effectiveness

The 1-dimensional expression for the surface effectiveness was initially used. When it became obvious that
this solution led to overestimate dangerously the surface effectiveness, the 2-dimensional computation
results were introduced in the form of a table of values which gave the surface effectiveness as a function
of the heat transfer coefficient and the oxide thickness. Cubic interpolations between the data were
performed to determine the surface effectiveness.
The used data were the values of the minimum surface effectiveness computed in chapter 3.

4.2.5. Heat flux distribution

The heat flux distribution in the hot channel, at the early life of the fuel, was previously calculated by
Bhutta ([17]).
We assume the, same heat flux distribution (cf figure 4.2) during the whole history of the core, until the

fission density limit of 2.3 1021 fissions/cm3 . be reached at the hottest point. This hypothesis logically leads
to a conservative assumption for the calculation of the maximum oxide thickness. Indeed, the heat flux
flattening, which must be observed during the fuel burn-up, would contribute to a reduction of the hot point
temperature and would lead to a more homogeneous oxide growth rate. Besides, we do not take into
account the fuel *management program and the fuel element, inversions, which makes our hypotheses
obviously very conservative.
A simple calculation allows to determine the burn-up limit in hours, assuming a constant power of 10 MW
and a power release of 200 MeV per fission. It is equal to 7030 hours.

4.3. Results

4.3.1. Maximum oxide thickness

After 7030 hours of normal operation at 10 MW (average heat flux q= 0.45 MW/m 2), the results depended
widely on the values of the flow rate and of the temperature at the channel inlet. The following tables give
the maximum thickness predicted by the different correlations in mils. If the thickness limit of 2 mils is
exceeded, the result is the maximum time t (in hours), at which the oxide thickness limit is reached.
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Flow rate of [Fow rate of Flow rate of Flow rate of Flow rate of
2500gpm 2750gpm 3000gpm 3250gp4 ! 3500gpm

Tinlet=40°C 6500<t<6600 1.89 1.73 1.60 1.49
Tinlet=450C 5200<t<5300 5900<t<6000 6600<t<6700 1.94 1.81
Tinlet=50'C 4300<t<4400 4700<t<4800 5200<t<5300 5700<t<5800 6200<t<6300

Tiniet=55 0 C 3500<t<3600 3800<t<3900 4200<t<4300 4600<t<4700 4900<t<5000
Tinlet=60°C 2800<t<2900 3100<t<3200 3400<t<3500 3700<t<3800 3900<t<4000

Maximum oxide thickness (mils=25.4"m) in the hot channel
and maximum times predicted by Griess correlation

Flow rate of Flow rate of Flow rate of Flow rate of Flow rate of
2500gpm 2750gpm 3000gpm 3250gpm 3500gpm

Tinlet=40'C 1.35 1.32 1.29 1.27 1.25
Tinlet450C 1.46 1.43 1.41 1.38 1.37
Tiniet=5 0 'C 1.58 1.55 1.53 1.51 1.49
Tiniet=550 C 1.72 1.69 1.66 1.64 1.63
Tinlee=60C 1.86 1.83 1.81 1.79 1.77

Maximum oxide thickness (mils=25.4pm) in the hot channel
predicted by Kritz correlation

Flow rate of Flow rate of Flow rate of Flow rate of Flow rate of
2500gpm 2750gpm 3000gpm 3250gpm , 3500gpm

Tinlet=40 0 C 0.23 0.21 0.19 0.17 0.16
Tiniet=45 0C 0.29 0.26 0.23 0.21 0.20
Tinlet=50 0C 0.35 0.32 0.29 0.26 0.24
Tinlet=55 0C 0.44 0.39 0.35 0.33 0.30
Tinlei=60'C 0.53 0.48 0.44 0.40 0.38

Maximum oxide thickness (mils=25.4p1m) in the hot channel
predicted by "Correl 2" correlation

The Griess correlation predicts that the oxide thickness limit of 2mils will be exceeded unless a low value of
the inlet temperature and a high value of the flow rate are guaranteed. It must be reminded, though, that
these calculations used conservative hypotheses about the heat flux. Besides, the fuel disposition is
supposed to be modified according to the fuel management program, so that the oxide growth should be
slowed down when moving the fuel from the hot channel to another one.

37



Figure 4.2
Surface heat flux q(W/m2),

Z is proportional to the axial height (Z=1 is the core inlet, Z=1O is the core outlet)
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Figure 4.4

Oxide layer thickness at t=tmax - Corre(2 CorrelationX 10-6
9.5r

0

8.5

8
E

w) 7.5
C

-7

'2
0

K..,.
0

0 .... .

0"

0
6.5 L

5.5

0 ......

0
0

f L [ a i

2 3 4 5 6 7 8 9 10
z

Figure 4.5

Oxide layer thickness at t=tmax - Griess CorrelationK 10-5
7

0

6.5 F

6 0

E
In

C
U
-c

0

5.5 F
0

5 0
0

00

4.5d

0

I I I

2 3 4 5 6 7 8 9 10
z

39



Above all, the Griess correlation is known to predict very conservative values, so that the results obtained
by the Kritz c'orrelation are more reliable. As far as the "Correl 2" correlation is concerned, the predictions
are very low, which is probably due to this correlation not being valid for the low heat flux and high pH
conditions of MITR-III.

4.3.2. Oxide distribution

Figures 4.2 4.3 4.4 give the calculated oxide distribution in the hot channel, in the worst case, that is for a
maximum inlet temperature of 60'C and a minimum flow rate (2500gpm) and at the maximum time (7030
hours or 2900 hours for the Griess correlation). For the calculation, the channel was divided in 10 elements
and Z, which is proportional to the axial height, represents the number of each element.
Once again, the results vary widely from a correlation to another. Griess and Carrel 2 predict a maximum
oxide layer at the outlet of the channel (Z=I0), where the bulk temperature and the surface temperature are
maximal,, while the Kritz correlation locates the maximum oxide thickness at the channel inlet (Z=1) where
the heat flux is the highest. The oxide distribution globally follows the heat flux profile along the channel
and appears very heterogeneous.

4.3.3. Oxide thermal effect

The presence of the oxide results in a lower clad surface effectiveness, which leads to a wall temperature
increase illustrated in figure 4.5. The maximum temperature increase compared to a configuration with no
oxide is less than 4 'C. The global maximum surface temperature for all the calculations is 95 'C, which
corresponds to the channel outlet temperature predicted by the Griess correlation. This value is still well
below the 106'C value that corresponds to the onset of nucleate boiling.

4.3.4. Conclusions

The maximal thermal effect due to the oxide formation, as long as the oxide thickness remains less than 2
mils, is to increase the clad surface temperature by a maximum of 4°C. This temperature rise should not
represent a major concern in MITR-III design, even if it cannot be neglected.
If we admit that the Kritz correlation is the most suitable to predict the oxide growth in MITR-III case, the
oxide layer should not exceed the critical value-of 2 mils above which film spallation could be feared. The
maximum calculated oxide thickness was found equal to 1.9 mils for an extended burn-up limit of 2.3 1021
fissions/cm3 , a pH of 6, a core inlet temperature of 60'C, a flow rate of 2500 gpm and with conservative
hypotheses on the heat flux.
Yet, the pH factor used for the present calculation was so empirical that we have doubts as to its validity for
MITR case, so that we recommend a low core inlet temperature and a high flow rate for MITR-III.
A lower coolant pH, maintained below 5 by use of nitric acid would be the best solution to make sure that
no risk of spallation exists.
In any case, the use of the Kritz correlation is recommended in the current MITR-II fuel management
program as calculations performed in MITR-II configuration (5MW, maximum time of 11000 hours, same
heat flux distribution) led to widely exceeded oxide thickness limits.

40



94-

92-

90"

CD

-86-

82

80

78

F

Maximum temperatur

. . . . . . . .. . . . , ,

0

. .. . . . . . . . . .. . . . . . . . . . . . . . .

.0.. . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . .

Figure 4.5

e at the clad surface - Kritz Correlation
0

o:t=tmax
0......... .. . . . . . . . . . . . .: . . . . . .... ..... ..:

.. ...~ ~~~ ><. . . . . . . . .. ... .. .... . . ... : ...... . . . . . . .

x:t-O o

. .. .. .. . . . . . . . . . . .
x

22

. .. ........ ..:. .... ...... .. .. .. .... .... .. .... ....... . .
.0

00

X

X

2 3 4 5 6 7 8 9 10
z

41



5. Influence of the oxide growth on the coolant flow in the
channel

5.1. Maximum swelling of the clad

In the previous parts, we generally made the hypothesis that the.oxide thickness was equal to the corroded
metal thickness, following the partial dissolution of the reacting aluminum in the coolant. Yet, if we assume
that no dissolution occurs and that all the reacting aluminum remains on the clad surface, the consequence
would be a partial clogging of the grooves between the fins and a global reduction of the hydraulic
diameter.
If the oxide is entirely boehmite A120 3-3H 20, as suggested by all ex-reactor experiments, the production of
one mole of oxide cones from the reaction of 2 moles of Al.
So that Volumeof oxide Mboehrite PAl 1.99

Volume of reacting aluminium Pboehmite 2 MAI

With:
pAF=2710kg/m'
Pbhm.j=3020kg/m
Ma1=27.0g/mole
Mbochmite= 120g/mole

We can deduce the clad maximum swelling due to the oxide formation, assuming a uniform oxide
distribution as below:

.. . .. . . .....
I I

* I

I *I

l=l0mils

Figure 5.1

The ratio of the oxide volume by the volume of corroded metal is eo. (1 + e)+ 2e0 x (I- e) = 1.99
el + 2(l-e)e

For an oxide thickness of 2 mils, we find e=1.0 mils.
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5.2. Effects on the average velocity in the channel
Such a situation would lead to a 2.4 % reduction of the channel hydraulic diameter from 2.25mm to
2.20mm and a 2.4 % reduction of the channel flow area from 131.8mm2 to 128.7mm2 .

Assuming that the friction coefficient follows the Darcy law X = 0.3 16 Re-° 1 , where Re is the Reynolds
number, we can prove that, for a same configuration, the velocity (v) variations are bound to the hydraulic
diameter (De) variations and the head loss (AP) variations by

dAP dv dDe
AP v De

So that, for an unchanged head loss, the relative velocity reduction in the channel is about 1.7%.
This value supposes that a uniform 2 mil oxide layer has formed along the considered channel, and that no
dissolution of aluminum occurs and consequently must be considered as a very conservative value. We can
conclude that the oxide formation should have a very small effect on the mean velocity in the core channels.

5.3. Velocity variations in the groove

It appears by intuition that, in the presence of fins, the boundary layer close to the roots of the fins is
thicker, being more pronounced at the corners of the fin bases. This augmented boundary layer would
increase the resistance to the heat transfer and reduce the flow velocity in the groove.
In such a case, the partial clogging of the grooves by the oxide could increase this effect.
An estimation of theboundary layer thickness comes from the law of the wall which gives the following
expression for the dimensionless velocity u* in the boundary layer:

+ I
u =-lny+ +C

K
where

+ 2 d Cfu+ -•e• -fand y+ =••

ue Cf
u is the velocity in the boundary layer
u, is the bulk velocity
v is the cinematic viscosity
Cf is the Darcy friction factor, given by C.=0.3164 Re"0 .25.

K is the Von Karman constant.
Mills ([15]) proposes K=0.41 and C=7.44.
Defining the boundary layer thickness 5 as the location where u=0.9 9 ue, we find the following results:

llhj4Oac b=6O 0'Cb= b8OoC
v=3.35m/s 8=4.61±mn 6=4.Og~m 8--3.6lgim

The two values for the velocity v correspond to the mean velocity in the core channels for flow rates of
2500 and 3500 gpm.
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As the distance between two fins is 254 l~im with no oxide and more than 200 l.im in the worst case in the
presence of oxide, the dimensions of the flow space between fins remains about two orders of magnitude
greater than the boundary layer. It is consequently expected that the partial clogging of the grooves will not
affect the velocity, nor the heat transfer coefficient in the grooves.
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6. Transient analysis

6.1. Presentation

The presence of the oxide is supposed to modify the thermal behavior of the clad in the case of a sudden
heat-flux variation, following a rapid insertion of reactivity for instance. This change is due to the low
conductivity of the oxide and to its slightly higher heat capacity. It is also due to the general lower
performance of the fins in the presence of oxide as shown in the previous chapter.
It is important to know whether the presence of oxide can lead to exceed the temperature limit of 450°C for
the clad, which corresponds to the integrity limit.

6.2. 1-dimensional hypothesis

A simple hypothesis, widely used for MITR thermal-hydraulic transient calculations consists in
homogenizing the, clad in the form of a l-dimensional 20 mil flat plate.

In the case of a sudden variation of the heat flux from a constant value qo to another one q1, the temperatures
in the clad follow an exponential law

T(t)=T= ÷(To -T*) exp(-titc),

where tc is a time constant, To is the initial temperature for a heat flux qo and T. is the temperature after an
infinite time at a heat flux qj.

In the I-dimensional case, one can show ([16]) that:

L?t c = _ o c g 2 '

where cc = is the thermal diffusivity

pC

k is the thermal conductivity
pC is the heat capacity (Jim3)
L is the plate thickness

Besides, )-.2 =_ (t/2) 2 for large Biot numbers Bi Y

BBi for small Bi 2 1

it Bi

hL
where Bi =-

k

h is the heat transfer to coolant.

We found the following results for h=30000 MW/m2 K, which should be a characteristic value for MITR-
III:
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k (W/mK) pC (kJ/m3) t,(ms)
no oxide 200 2520 44
2 mil oxide 164 2680 47
thickness

The homogenized value for k and pC were found by still assuming a uniform oxide thickness and with the
following values:

kAI=200 W/mK
koxide=2.25W/mK

PA1=2 7 10 kg/m3

Poxide=
3 0 2 0 kg/m

3

Ci 1=930kJ/kg
Comide= I1OOkJ/kg (boehmite [ 11]).

These results would tend to show that the influence of the oxide on a thermal transient in the clad is small
and can be neglected in a first approximation.

6.3. Finite difference formulation

As the first part showed unexpected differences between the ldimensional and the 2-dimensional results,
the steady state finite difference program was adapted for transients to obtain a Crank-Nicholson method,
which has the advantage of being unconditionnally stable (unlike the explicit method) and is known to give
more accurate results than fully explicit or implicit methods for a given mesh size.

Like previously, we write heat balances on finite control volumes, which yields for an interior node:

+ n1W+n+ I nX)Q +QlWQw+Q, Is + Q 'I N)+ (1 ) IE + Q + IN)+ (AxAy)pC- '

EAt

where (x=0.5 for a Crank-Nicholson method,

Q I E represents the heat passing through the eastern face of the control volume in the x-direction,
Qn Oji _O" -

at the time step n, so that QIE =-k 1 Ax :,+,- "j (see figure 3.7)
AyT

T had been previously defined as (01,101,2 ... 0e1,n 4 02,1...) T .

The matrix M characterizing the steady-state problem MT=V (cf chapter 3.3.3) may be easily modified to
characterize the new system of equations.
In a first step, we multiply the appropriate lines of M by k, or k2, so that the elements of the vector M'T,

where M' is the modified matrix, represent the heat powers exiting the control volumes (ij). V' is then
deduced by multiplying the lines of V by the same coefficients so that MT=V and M'T=V' are two
equivalent problems.

C..
For each node (i~j), we define pj "-- , where Cij is the heat capacity of the control volume

Atewheoe
surrounding the node (i~j). This heat capacity has to be calculated for every control volume type.
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)TWe can then build the matrix P defined by PT = (p ~t1. P 1,2 01.2 ... Prn.j,n2OM3,n2) .

Assuming that the same boundary conditions as in the steady-state problem are fulfilled, the transient finite
element problem then becomes:

(cxM'+P)T n+1 + ((1 - ot)M ý--P)T n = V 'n

where Tn= (1, e1, 2 .... e n,3 2 ) is the temperature distribution in the clad at the time step n.

Thus the transient problem can be explicitely solved by Matlab,

Tn+1 = AV' "-BTn

where A= (aM'+P)"! and B=A((1-oa)M'-P),

Heat flux data, varying with n, appear in V' n.

6.4. Validation tests

After an infinite time, it was checked that the time dependent temperature distribution converges to the
solution given by the steady-state program.
Besides, least square regressions still performed with Matlab allowed to check the values given by the 1-
dimensional analysis in chapter 6.2 in the case of a homogenized clad.
For h=30000 W/m 2K, the time constant corresponding to the maximum temperature in the clad was found
to be 42.7 ms with no oxide and 46 ms with a 2 mil oxide film, which is relatively closed to the theoretical
values.

6.5. Results

6.5.1. Time constants

Least square regressions performed on the maximum temperature in the clad after a small heat flux change
(0.1MW/mi2 ) gave the results presented in figure 6.1 . For a bad heat exchange between the clad and the
coolant, it is physically more difficult for the fluid to drain off the energy stored in the clad after the heat
flux increase. That is why a lower heat transfer coefficient leads to significantly higher time constants, as I-
dimensional expressions foresee.
We can notice important differences with the time constant values predicted by the homogeneous plate
model (figure 6.2). First, the time constant without oxide is twice lower than that calculated under the
hypothesis of a homogeneous clad, which means that the real clad thermal inertia is much lower than that
generally assumed. Moreover, the oxide formation consistently increases the thermal inertia of the clad,
leading to a higher time constant: 37.8 ms at h=30000W/m 2K for a 2 mil oxide film, instead of 22.2 ms
with no oxide.
The time constant for the maximum temperature at the clad surface was a bit higher (respectively 40.5 ms
and 23.5 ms). This difference can be interpreted as the transport time of the energy from the inner part of
the clad to the surface. It is logically increased in the presence of oxide.
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Figure 6.1
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6.5.2. Thermal behavior for a rapid insertion of reactivity

In order to illustrate better the influence of the oxide on a reactivity insertion scenario, we exploited a result
by Dutto&Evo ([20]) who used the Paret code to investigate the most penalizing case of reactivity insertion
in the MITR II. A reactivity step insertion of 2$ at a low initial power of 10 kW led to the power peak
represented in figure 6.3.
We assumed the same power peak to compute the evolution of the maximum temperature in the clad at the
hot spot. As the used model is limited to the behavior of the clad itself, we had to assume a constant heat
transfer coefficient as well as a constant coolant temperature, so that our results must be considered as a
sensitivity study. A constant hot spot factor of 2.2 was assumed for the heat flux, which is the steady state
value computed by Bhutta ([ 17]).
First, the hypothesis of a homogeneous clad was used to compute the temperature evolution in the clad.
Dutto&Evo had precisely used this hypothesis, which leads to double the exchange, surface to take into
account the presence of the fins. In order to translate this hypothesis in our calculation, we divided by two
the hot channel factor. The result was a peak temperature of 1650 C with no oxide layer and 161'C with a 2
mil oxide film (cf figure 6.3). The calculation was performed for Tb=40°C and h=30000 W/m 2K and the
maximum temperature increase of i200 C due to the reactivity insertion corresponds fairly well to the
temperature increase in the clad predicted by Dutto&Evo (around I 101C).
On the contrary, the 2-dimensional calculations resulted in a worrying peak temperature increase up to
300'C for a 2 mil oxide thickness and a still high temperature of 250'C with no oxide (cf figure 6.4).
The higher temperature peak obtained for the 2-dimensional hypothesis is probably due to the finned clad
having a lower thermal inertia than the homogeneous non-finned clad (cf time constants). When adding an
oxide layer, we increase the thermal inertia, but the surface effectiveness is lowered, which explains the
higher peak temperature obtained.
The reduction of the heat transfer to h=10000W/m 2K logically resulted in higher temperatures (up to 300-
320'C) but the influence of the oxide was lower (a few degrees only).

6.6. Conclusions

We found a disagreement between the 'homogenized clad' model and our 2-dimensional finned clad model,
which would tend to prove that the homogeneous hypothesis, which has been commonly used for the
transient analysis of the MITR, is not valid for M1TR-III.
At h=30000W/m2K, the presence of a 2mil oxide thickness resulted in a significant increase of the peak
temperature (50'C). Yet, our results still predict temperatures well below the 450°C limit.
As in the steady state analysis, higher values for the heat transfer coefficient lead to a increase, the oxide
influence.
Yet, we must not overlook the simplicity of our modeling, which does not take into account the heat transfer
exchange between the clad and the coolant, nor the presence of the fuel or 3-dimensional effects. The real
problem is much more intricate.
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Figure 6.3
Maximum temperature in the clad - 2-dimensional computations
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7. Conclusions and recommendations

The 2-dimensional calculations performed on the fuel clad tended to prove that a more conservative margin
must be considered to determine the maximum temperature at the surface of the finned clad for high values
of the heat transfer coefficient as foreseen for the MITR-III reactor, and to take into account the presence of
a layer of aluminum oxide at the clad surface.
An oxide thickness limit of 2 mils should prevent cases of spallation, which could lead to the release of
radioactive gas in the primary water. The Kritz correlation predicts that this limit should not be exceeded,
even for an extended fuel burn-up limit of 2.3 1021 fissions/cm 3, while the Griess correlation leads to
unacceptable values.
Yet it is difficult to be sure of the validity of this correlation because of the high pH value of the primary
water in the MITR reactor. A pH regulation by use of nitric acid would allow to maintain a lower pH value
(below 5) and to reduce significantly the oxide formation.
In other respects, an experimental ex-reactor program could allow to check the validity of the Kritz
correlation and/or prove that no case of spallation is to be feared.
The use of the Kritz correlation in the fuel management program is recommended.

Asfar as the effects of the oxide layer are concerned, we found a maximum temperature increase at the clad
surface of less than 4°C in the hot channel for an operation power of 10 MW.
As long as its thickness is less than 2 mils, the oxide should have a very limited influence on the primary
water flow in the channels.
Yet, its influence in case of a reactivity insertion accident should be more important than foreseen by the
usual 'heterogeneous clad' approximation. The temperature limit of 450'C should not be exceeded, though.
The very different behavior noticed between the homogeneous 1-dimensional clad hypothesis and the 2-
dimensional clad would justify further investigation.
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APPENDIX 1

Values of p(!), p(2), p(3), p(4), etainin=p(1)+p(2)*h+p(3)*exp(p(4)*h)

e (mil)
0.00
0.110
0.15
0.25
0.35
0.50
0.75
1.00
1.50
2.00
2 .50

p(1)
1.8605010e+00
1.8267363e+00
1. 8186180e+00
1. 8062708e+00
1 .7937893e+00

1. 7794194e+00
1. 7520198e+00
1. 7241165e+00
1.6596023e+00
1. 6023398e+00
1 .5409483e+00

p(2)
-2. 0162631e-06
-1. 5850129e-06
-1. 4279620e-06.
-1. 1699121e-06
-1. 3981472e-06
-1. 7061679e-06
-2. 3146956e-06
-2. 8448090e-06
-3. 9296169e-06
-4. 4150916e-06
-4. 9501131e-06

p(3)
1. 3963113e-01
1 .7335863e-01

1. 8145320e-01
1. 9372838e-01
2. 0619439e-01
2 .2051593e-01
2 .4776036e-01
2. 7535175e-01
3 .3854280e-01
3 .9344200e-01

4. 5114290e-01

p( 4 )
-1. 4592113e-05
-1. 5330724e-05
-1. 6021888e-05
-1. 7509670e-05
-1. 7910801e-05
-2 .2293530e-05
-2 .9724734e-05

-3.6753076e-05
-4. 9466156e-05
-6.1079958e-05
-7.1517684e-05

Values of p(1), p( 2 ), p(3), etaav=p(1)+p(2)*exp(p(3)*h)

e (mil)
0.00~

0.10
0.15
0.25
0.35
0.050

0.75
1.00
1.50
2.00
2.50

p(1)
1.3451977e+00
1.5008278e+00
1.5492427e+00
1.6146930e+00
1..6572083e+00
1. 6912399e+00
1. 7130506e+00
1. 7120526e+00
1. 6769716e+00
1. 6301483e+00
1.5720452e+00

p(2)
6. 5474158e-01
4 .9905168e-01

4. 5059942e-01
3. 8505340e-01
3. 4740145e-01
3. 0810652e-01
2.8557376e-01
2.8548030e-01
3.1705721e-01
3.5876435e-01
4.0977805e-01

p(3)
-5.6032905e-06
-7.8042616e-06
-8.8775188e-06
-1.1052148e-05
-1.3295599e-05
-1.6646046e-05
-2.2420642e-05
-2.8034554e-05
-3.8319891e-05
-4.7981864e-05
-5.6747397e-05



Appendix 2

Answers to the Nuclear Regulatory Commission Request (ref [1])

1. Compare directly the predicted oxide thickness for extended burn-up with the oxide thickness assumed
in the FSAR for the presently approved burn-up. Discuss whether the new predictions lead to fuel
temperatures above limits previously analyzed and approved for normal operation.

Cf chapter 4.
According to the present study, a maximum thickness of 1.9 mils for the oxide layer thickness should not be
exceeded in MITR-III. According to Griess, no risk of spallation or clad deterioration is to fear below this
limit. The calculations used the Kritz correlation with the correcting factor proposed by Griess to take into
account the high pH of MITR and, is valid for a low flow rate hypothesis (2500 gpm) and a high core inlet
temperature (60°C) hypothesis. The calculation took into account the increase of the wall temperature due

to the oxide formation . The maximum temperature increase obtained was inferior to 4°C and the wall

temperature never exceeded 94°C in the hot channel.
The 2 mil limit to prevent risks of spallation is probably very conservative though. Indeed, according to
recent studies ([8,15 ]), spallation is linked to thermal stress and should not occur for a temperature drop of

less than I 13'C in the oxide layer, a value which will never be reached in MITR as the heat flux is too low

(IMW/m 2 at the hot spot for a 10 MW power). A maximum clad temperature increase of 15'C must be
expected in the presence of a 2 mil oxide thickness, according to 2-dimensional complementary results, so
that the clad temperature will remain very far from the integrity temperature limit (450QC).

2. Oxide thickness also affects responses to rapid insertions of reactivity, and ,perhaps, other MIT
accident scenarios. Please review and re-analyze all potential accidents and discuss whether FSAR
conclusions would remain valid with the projected increases in oxide thickness.

Cf chapter 6.
It is usually assumed for transient analyses that the clad is a homogenized non-finned plate. If the same

hypothesis is assumed in the presence of a 2mil oxide layer, the oxide influence should be relatively small
and would even lead to lower peak temperatures in the case of a reactivity insertion scenario.
Yet, 2-dimensional modeling revealed that the influence of the oxide layer should lead to higher

temperatures. For a 2$ reactivity insertion scenario, the peak temperature was estimated to 290°C, while it

was around 250'C for a clad with no oxide. The obtained temperatures remain far away from the clad

structural integrity limit of 450'C, though.

3. The increased oxide thickness will decrease the hydraulic diameter of the grooves. This will result in
increased pressure losses due to friction and to decreased coolant velocities in the grooves. Please
provide analyses of the impact of these changes on hot channel factors, and assess to what extent the
decreased coolant velocities affect the oxide build-up or other crud deposition in the grooves. Unless
justification can be provided that grooves do not become clogged, please provide analyses of fuel



temperature conditions both in steady state and potential accident scenarios with the grooves filled

with oxide.

Cf chapter 5.
In the worst case (no dissolution of the reacting aluminum in the coolant), a 2 mil boehmite layer would
represent a reduction of the hydraulic diameter by 2.2%. This is a very conservative value, though, as a part
of the reacting aluminum should be dissolved in the coolant.
On the same assumption, the space between the fins would be reduced from 10 mils to 8 mils (>200gtm). As

the boundary layer thickness is less than 5 gtm for MITR-III, it is expected that this reduction would have a
very limited influence on the coolant velocity in the groove.

4. The thermal conductivity assumed for the oxide on the fuel plates appears to be inconsistent. The

response o the request for information dated 11/28/89 satets a thermal conductivity of 2.0 Btu/hr-°F-ft. The

conductivity used will influence fuel plate temperatures, transient response to accidents, and additional
oxide growth since the oxide-aluminum interface temperature controls oxide growth. Please justify the use
of the 2.0 Btu/hr-°F-ft value in your analyses, or re-analyze reactor behavior with the Griess value of 1.3

Btu/hr-0 F-ft.

All the present study assumed the Griess value of 1.3 Btu/hr-°F-ft for the conductivity of the oxide.
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Natural Convection CHF for the MITR

,&.= 9.8

pf := 953 pg:= 0.75 hf := 448.47-103 hg:= 2686.9.10 3 -3cy:=64.10 Tsat:= 107

[if.:= 260.10- 6 cpf:= 4200
(properties for PM-.13 MPa, 3 meters under water)

k (F - 1 0.5
3.:L(Pf - pgO'9.8]

Aht Iside := 0.031757

Aht:= Aht lside-2.1.9-15-22

Axs:= 22-15-1.2490-10
, = 5.588.102

0.5683
0.697 + 0.00063.

2.1864-10
R = 0.861

h0.5. G + 5000 -DT sub. cpf
qCHF(G,DT sub) 0.005-(hg - hf)-[?X.Pg.(pf - PO)9.8] - P0.9.8] 0 .5 Gj- (hg- hf)

0p.(pf--8g)- .58j

(Sudo et al, 1993)

WAxsr W

SAR Eq (4-30) q_CEF3 :0.7.- -(hg - hf)-[?'pg.pf 7 PgO'9.-81 0 5 - X
Ahet d2

+I~~

(minimumn CIIF heat flux due to blocked channel)

qC-F3 = 2.353 x 104
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Experiments were carried out with a vertical rectangular channel simulating a sub-
channel of the upgraded JRR-3 fuel element, in order to investigate the validity and the
error of the correlations predicting the superheat at the onset of nucleate boiling. These
correlations, were used in the core thermal-hydraulic design of the upgraded JRR-3. As the
results, the following were made clear: D The existing Bergles-Rohsenow correlation gives
a good prediction for the relationship of heat flux. vs. superheat at the onset of nucleate
boiling, with the error of about 1 K against the lower limits of the measured superheat.
( There are no significant differences in the characteristics of the relationship of heat flux
vs. superheat at the onset of nucleate boiling between uptiow and downflow. ® There are
no significant differences in the histories of relationship of heat tlux vs. superheat from the
forced convection single-phase flow to the subcooled boiling between increasing heat flux
and decreasing heat flux, with little overshoot of superheat at the 'onset of nucleate boiling
both in the upflow and in the downflow.

KEYWORDS: incipient nucleate boiling, vertical rectangular channel, forced
convection, 8ubcooled boiling, upflow, downilow, hysteresis, ONB temperature,
heat flux, superheating

I. INTRODUCTION

The problem which is addressed to in this study is of the incipient nucleate boiling in
a'narrow vertical rectangular channel simulating a subchannel of the upgraded Japan
Research Reactor-3 (JRR-3). The Japan Atomic Energy Research Institute (JAERI) is plann-
ing to remodel the existing research reactor, JRR-3 from 10 to 20 MWt with 20% low
enriched uranium (LEU) fuel to primarily provide much higher thermal neutron fluxes and
adequate neutron flux sources for beam experiments. The upgraded JRR-3 is designed to
be a light water moderated and cooled, beryllium and heavy water reflected, pool-type

reactor.

A key design criterion was set up for the core thermohydraulics so that the fuel may
have enough safety margin under the condition of normal operation in which the core is
cooled by either the natural convection or the forced convection. Heat generated in thr
core is removed by the natural convection cooling mode due to a natural circulation be-

* Tokai-mura, Ibaraki-ken 319-11.

** No. 1.1-2, Marunouchi, Chiyoda-ku, Tokyo 100.
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tween the core and the reactor pool through a valve up to 200KW and by the forced
convection cooling mode with the downward core flow up to 20 MW. The criterion is that
nucleate boiling should be avoided anywhere in the core in order to give enough margin
against the burnout of the fuel even at the hottest spot in the core, to avoid any flow
instability induced by partial boiling and to obtain stable neutron fluxes for experiments.
For this criterion, the margin of the fuel surface temperature against the onset of nucleate
boiling (ONB) temperature was evaluated and secured in the core thermohydraulic design,
using so-called hot channel factors"'. The ONB temperature was determined by the fol-
lowing two simultaneous equations:

rb~~ . Y ILe _ 1.P.5 2.83/1t0.0234

q =1. 76 x 10*P.0{(TýT)) 0.I41
kL0LA3evkc V-. _ _; _____________

q==0.023 Re'- 8 Pr'.4± k(T.-T 8 )-i(T,-Tb)1. (2)

Equation ( 1 ) was proposed by Bergles & Rohsenow 2
) 106

as a relationship of heat flux q vs. superheat AT 8  1Eq)

(=T-,,-T,) at the onset of nucleate boiling for E2)

water, and Eq. (2) was proposed by Dittus &
Boelter"8 I for the forced convection single-phase qOND

flow. The ONB temperature TONB and the ONB o
heat flux qONB are obtained as an intersecting point 10
of Eqs. (1) and (2), as shown in Fig. 1.

Equation (2) gives higher heat-flux with higher rc Fl9

water velocity, that is, higher Reynolds number T -T.

and higher inlet water subcooling (T,-Tb). There- 1 4

fore, the intersecting point of Eqs. (1) and (2) 1 2 5 tO 20 50

gives higher heat flux and superheat at the onset ATs Tw - Ts (K)
of nucleate boiling with higher water velocity and Fig. 1 Determinations of heat flux
inlet water subcooling. This is a remarkable fea- q and superheat 4T 8 at
ture of the conditions of the onset of nucleate incipient nucleate boiling

boiling predicted by Eqs. (1 and (2). In Fig. 1 are also illustrated the following theoret-
ical predictions which were obtained by Davis & Anderson") from the postulation of Hsu(').

2aT8  1 qONB r,TONB-Ts= . -.•- (3)
hfgrg rc k
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qoNB= Tgk (TON5r, V qO.NB 8aT -oNBT ) (4)

for any size of r,. Equations (1) and (4) are in good agreement with each other as
shown in Fig. 1 and fairly well predict the onset of nucleation in the experiments carried
out by Bergles & Rohsenowl" with water flowing at velocities up to 17.5 m/s at low pres-
sures and low temperatures and also in the experiments of Clark & Rohsenow1 0 at high
pressures.

For the evaluation of the margin of fuel surface temperature against the ONB tem-
perature, the precision of Eqs. (1) and (2) should have been made clear. The precision
of Eq. (2) has been evaluated in the experiments with a vertical rectangular channel
simulating the subchannel of the JRR-3 for both upflow and downflow"). Meanwhile, the
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the forced precision of Eq. (1) was not always clear for the application to the subchannel of the
on is that JRR-3 because the amount of available data was small on the condition of the onset of
ýh margin nucleate boiling for the forced convection flow though some data have been reported"8 •'-"".
any flow The objectives of this study are, therefore, (1) to estimate the error of Eq. (1) by carry-

periments. ing out the experiment with a vertical rectangular channel properly simulating the sub-
,f nucleate channel of the JRR-3, (2) to investigate the applicability of Eq. (1) to the subchannel of
lic design, the JRR-3 in the viewpoint of safety design and at the same time, (3) to make clear the
)y the fol- characteristics of the process from the forced convection single-phase heat transfer to the

departure from the nucleate boiling (DNB) through the ONB.

(1) I1. EXPERIMENT

(2) Figure 2 shows a schematic diagram of symbol

the test loop, which is the same as the one pressure gauge ELECTRMS
.ý u p f lo w PLC r o. • .E U M

used to investigate the difference in single- -- downlow
phase forced-convection heat transfer charac- • -
teristics between upflow and downflow with d -

a narrow rectangular channel(". The loop TANK

is composed of a water storage tank with 8 ROmR FuOw

- ~(3)0.2 m' in volume, a recirculation line, a
bypass line, a pump, flow meters, regulation BYPASS LINE•2 _
valves, stop valves and a test sectionF

Ere 0ing simulating a subchannel of the JRR-3 stand- -

ard fuel element. Any of upflow and down- P
flow can be selected in the test section in ELECTRO-MAGNETICMETERLOE

20 50 order to investigate on the upflow for the PLENUM

natural convection and on the downflow for Fig. 2 Schematic diagram of experimental rig

the forced convection.
heat flux

JT, at The test section is composed of a flow channel, a lower plenum and an upper plenum.
boiling The configuration of the flow channel which is composed of adjacent two heating plates is

ig theoret- rectangular with 50 mm in width, 2.25 mm in water gap and 750 mm in length, and is very

of Hsu," similar to the subchannel of the JRR-3 whose configuration is 66.6 mm in width, 2.28mm
in water gap and 750 mm in length. The width of the flow channel is, thus, smaller than

(3) that of the JRR-2 subchannel. This is because the capacity of electric power supply for
the experiment is not enough to realize the required maximum heat flux with the same
width as the JRR-3 subchannel. It is considered that such difference in the width of flow

(4) channel does not give any significant effect on the ONB temperature. The heating plates
are made of Inconel 600 with 1.0 mm in thickness. From both sides of the flow channel

other as the inside of the flow channel can be observed through the window made of lucite.
.its carried The heating plates are heated by direct current and the heat input into the flow

low pres- channel is obtained by measurements of current and voltage for each of heating plates.
(6) at high Water temperatures at the inlet and outlet of the flow channel are measured with 1.6 mm

O.D. thermocouples inserted in the upper and lower plena. Coolant pressures are measured
DNB *tem- at several locations along the flow direction as shown in Fig. 2, and the pressure at the

precision ONB is obtained by interpolation at the location where the ONB was observed.
ar channel The temperature of heating plates required to identify the ONB temperature is the
while, the surface temperature T. on the flow channel side. To- obtain the surface temperature T. i
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along the flow direction, sheathed thermocouples of 0.5mm O.D. are attached on the sur-
face on the thermal insulator side as shown in Fig. 2 because it is difficult to attach the
thermocouples on the flow channel side. Under the assumption of no heat loss into the
thermal insulator, which has been confirmed in Ref. (7), T,, is obtained with the local
surface temperature Two of heating plate measured on the thermal insulator side, the elec-
tric power supply Q to the heating plates, thermal conductivity k of heating plates and
thickness S, width W and length L of heating plates as follows:

oQS
T•=T~o- 4kWL.

The error of T• is expressed with the sum of errors due to the first term Two and the
second term QS/4kWL, The error of the first term is about 0.5 K and that of the second
term is about 1.5K at Q=4.8XI04 W, increasing linearly with the increase of Q.

The condition of ONB, that is, the superheat at ONB is considered to be affected by
the properties of coolant and the surface roughness of heating plates. Therefore, in this
experiment were used the pure water which is used as primary coolant in the upgraded
JRR-3 and the heating plates whose surface roughness was almost the same as that of the
JRR-3 fuel plate. Other factors which might affect the condition of ONB are. dissolved
gases and the gases trapped in the cavities on the surface of heating plates. Because the
amounts of dissolved gases depend on the water temperature at a given pressure, the water
temperature is selected as one of major parameters in this experiment. On the other hand,
the heating plates were cooled for a long time enough before the data of the ONB condi-
tions were taken, in order to avoid the effect of gases trapped in the cavities on the sur-
face of the heating plates as much as possible.

The key items for instrumentation are flow rate, heat input into the flow channel,
water temperatures at the inlet and the outlet of the flow channel, surface temperatures of
heating plates and pressures.

Major parameters in this experiment are Table 1 Test conditions

flow direction (upfiow or downlow), heat in- Flow direction Upflow, downflow
put, flow rate, inlet water temperature and' Heating method Both sides, one side
the heating condition, that is, if the channel Velocity 0.07'-1.5m/s

Inlet subcooling 28-85 K
is heated from one side or both sides. The Pressure -1. 2 x 10 Pa
ranges of these parameters investigated in Heat flux 3x10l---8x 105 W/m 5

this study are listed in Table 1.

MI. EXPERIMENTAL RESULTS AND DISCUSSION

1. Relationship of ONB vs. Surface Temperature Profiles
Figure 3 shows typical surface temperature profiles of heating plate along the flow

direction together with the bulk temperature profiles of water, which were obtained for
upflow at different heat fluxes under the pressure of 1.2x 10Pa, the water velocity of
7.3 cm/s and the inlet water temperature of 308 K. In the figure, T is the surface tem-
perature of the heating plate, Tb the bulk temperature of water and T, the saturation
temperature at 1.2x 105 Pa. It is clearly observed that the surface temperature of heating
plate and the bulk temperatjure of water become higher with an increase of heat flux, and
at the heat flux higher than 3.4X101 W/m 2 there occurs the region where the surface tem-
perature becomes higher than the saturation temperature.

The arrows shown in Fig. 3 indicate the locations where the ONB was observed at

different hea
window on
channel. By
ONB was ot

perature TONI

tiffed on the

profile of the
heat flux. T

by TONB in
locus of the

tained by obN

heat fluxes.

the location w

served, the st
above the satui

is almost unif

means that the
of the ONB wi

heating plate a
boiling region

2. ONB o

Figure 4 s
flow under the

the constant in
the figure, the
shown at diffel
ratios x/De fi

Open symbols st
solid symbols s.
The solid line
JT. given by I
the relationship

under the cond.

water subcooling

and 168 for upfl

flow. The effec
heat at ONB is

and*143 as seen

In general, t
upflow and dowi

than the ONB te
ing point of Eqs.

out that higher '
heat for ONB w]
prediction by I
tendency that thW

- 76 -



Technol., Vol. 23, No. I (Jan.. 1986) TECHNICAL REPORT (Y. Sudo et al.) 77

tle sur-
ittach the

into the

the local
the elec-

plates and

,, and the
the second
2.

.f ected by
jre, in this

upgraded
that of the

e dissolved
Because the

the water
other hand,

ONB condi-
on the sur-

)w channel,

iperatures of

rOs

Lownflow
:s, one side

rm/s

)1 Pa
)< 10, W/m,

ong the flow
obtained for

.r velocity of
- surface tern-

the saturation
ure of heating
heat flux, and

ie surface tern-

is observed at

different heat fluxes through the 400_0_ 1
window on both sides of the flow p00 of

channel. By the location where the ToNa TV

ONB was observed, the ONB tern- T

perature TONB could be easily iden-
tified on the surface temperature " 350
profile of the heating plate for each z 45- -5 - -

heat flux. The solid line indicated W , - - 4.67x20

by TOMB in the figure shows the "w f -5 A 3.42x o4
locus of the ONB temperature ob- -1 . n 3.17x10

0 3,05 x10
tained by observation at different 300 1

heat fluxes. At the downstream of 0 100 200 300 400 500 600 TOO 9OC

the location where the ONB was ob- DISTANCE FROM INLET OF HEATING PLATES imm)

served, the surface temperature is Fig. 3 Profile of surface temperature

above the saturation temperature and along heating plate

is almost uniform while this region is considered to be a nucleate boiling region. This

means that the location of the ONB obtained by observation is correspondent to the location
of the ONB which is judged from the characteristics of the surface temperature profile of
heating plate along the flow direction. It is clear in Fig. 3 that the length of the nucleate
boiling region along the heating plate becomes longer with a further increase of heat flux.

2. ONB on Boiling Curve

Figure 4 shows the effect of the water velocity on the ONB in both upflow and down-

)

flow under the constant pressure of 0.12MPa and

the constant inlet water subcooling of 69K.- In
the figure, the relationships of q vs. AT, are
shown at different distance-to-hydraulic diameter
ratios x/D, for each constant, water velocity.

Open symbols show the non-boiling condition while
solid symbols show the nucleate boiling condition.

The solid line shows the relationship of q vs.
AJT, given by Eq. (1) and the dotted lines show
the relationship of q vs. AT, given by Eq. (2)
under the condition of the given pressure, inlet

water subcooling and water velocity at x/De=143
and 168 for upflow and at x/D,=152 for down-
flow. The effect of the ratio xIDe on the super-
heat at ONB is rather small between x/D,=168

and 143 as seen in Fig. 4.

In general, the ONB temperature obtained for
upflow and downflow in this experiment is higher

than the ONB temperature given by the intersect-

ing point of Eqs. (1) and (2). It is also pointed
out that higher water velocity gives higher super-
heat for ONB which is the same tendency as the

prediction by Eqs. (1) and (2). Besides, the

tendency that the temperature margin to the super-
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Fig. 4 Effect of coolant velocity on q
vs. ,JT, at incipient nucleate
boiling in rectangular vertical
channel for upifoW and downflow
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heat predicted by Eqs. (1) and (2) becomes larger
clearly observed especially in the upflow.

Figure 5 shows the effect of the inlet water
subcooling on the ONB under the constant pressure of
0.12MPa with the constant water velocity of 0.15
m/s for upflow and the constant water Velocity of
0.74 m/s for downflow. The solid symbols show
the nucleate boiling conditions and open symbols
show the non-boiling conditions. It is clearly re-
cognized that higher inlet water subcooling gives
higher superheat and higher heat flux at the ONB
for both upflow and downflow. This is the same
tendency as Eqs. (1) and (2) predict.

It is, therefore, clear in Figs. 4 and 5 that the
water velocity and the inlet water subcooling have
strong effects on the condition of the ONB.

Figure 6 shows the relationship of q vs. AT,
from the forced-convection single-phase heat transfer•
to the departure from nucleate boiling (DNB) through
the ONB for both upflow and downflow. The data
were obtained by raising the heat flux stepwisely
until DNB was detected with a steep increase of
any of the surface temperatures of the heating
plates, which were recorded on pen recorders.
Once the DNB was detected, the electric power
supply to the heating plates was turned off so
that the heating plates might not be burnt out.
The experiments were carried out under the pres-
sure of 1.2xl0 5 Pa, the inlet water subcooling of
69K and the water velocity of 0.15 m/s for upflow
and 0.37m/s for downflow. Open symbols show
the non-boiling conditions in the figure. In the
figure the ONB and DNB are indicated with arrows.

Figure 6 shows the definite difference in the
relationship of q vs. AT 8 between the forced-con-
vection single-phase heat transfer region and the
nucleate boiling region. It should be noted here
that the ratio of the DNB heat flux to the ONB
heat flux is much smaller in the downflow than
that in the upflow. As a major reason for this, it
is point out that the flow condition in the down-
flow becomes oscillatory once the nucleate boiling
occurs in the flow channel. In the downflow, vapor
bubbles generated on the surface of the heating
plates go downward as a co-current downflow,
accompanied by the downward water flow. An

with an increase of water velocity is
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Fig. 5 Effect of inlet coolant subcooling
on q vs. JT, at incipient nucleate
boiling in rectangular vertical
channel for upflow and downflow
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increase of heat flux gives the alternative occurrence of the co-current downflow and the
counter-current flow. In the counter-current flow, the vapor bubbles go upward and water
goes down, and the vapor bubbles disappear or stop going upward before the vapor bubbles
reach the upper end of heated length of the channel. With a further increase of heat flux,
the alternate occurrence of co-current downflow and counter-current flow continues with the
vapor bubbles reaching the upper end of the heated length in the counter-current flow, and
at last the DNB occurs. In the upflow, on the other hand, there is no alternate occurrence
of cocurrent downflow and counter-current flow but there is always a co-current upflow.
Therefore, there is no oscillatory flow in the upflow. Figure 7 shows the typical responses
of the surface temperature of heat-
ing plate before ONB and just be- 450 ONB4450 - -~---450 r-
fore DNB for both upflow and down- UPFLOW UPFLOW
flow, in order to show the above- 4 410
mentioned oscillatory flow condition 400 . 4m
during the nucleate boiling in the -
downflow. The temperature re- 350 3 50 ____-n

•sponse for downflow was obtained " 450 .. i 450 r ONB

at x/D,=152 under the pressure of • DOWNFLOW DOWNFLOW

1.2x105 Pa, the inlet water subcool- !5 400 - 40U)l 4 0 0 4 0 0 hlllh l ,LI, / dil I~l l]l

ing of 69 K and water velocity of . nrv.... mnIu w• P 'i
0.37 m/s and the temperature re- L-min.- - -1 min.

50

sponse for upflow was obtained at
x/De=150 under the pressure of 1.2 (a) Before ONB (b) Just before DNB,
×1051Pa, the inlet' water subcooling Fig. 7 Differences in characteristics of surface

temperature responses between upflow and

of 69 K and the water velocity of downflow before ONB and just before DNB
0.15 m/s.

The amplitude of oscillatory temperature responses is very small within about 2.5 K
in both upflow and downflow before ONB, as shown in Fig. 7(a). The oscillation amplitude
is, on the other hand, about 20 K just before DNB in the downflow. while that is about
5 K at the most before DNB in the upflow.

3. Hysteresis of ONB
Figure 8 shows the typical histories of the ONB between the case of increasing heat

flux and the case of decreasing heat flux. They were obtained at x/D,=143 and 168 for
upflow under the pressure of 1.2× 10' Pa, the inlet water subcooling of 69K and the
water velocity of 0.074 m/s. In the figures, the solid line shows the relationship. of q vs.
AT, in the case that the heat flux
increases while the dotted line 10 5 10 5

shows the case that the heat flux E EO7 U 7
decreases, The dark symbols show • 5 5 7-
the nucleate boiling conditions and - " / I

the open symbols the non-boiling 2 2

conditions. 1 2 5 o0 1 2 5 .l( 0
LTs (= Tw - Ts ) WK LTs(=Tw- Ts ) K)
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flow .

It is observed that at the loca-
tion of x/D,=143 the history during
the increase of heat flux is a little
different from that during the de-

(a) x/De=143 (b) x/De=168

Fig. 8 Hysteresis of q vs. dJT, between processes
in increasing and decreasing heat fluxes
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crease of heat flux and there exists an overshoot of superheat for ONB both during an
increase of heat flux and during a decrease of heat flux. But the magnitude of difference
between the histories during the increase and the decrease of heat flux is not large and
the magnitude of overshoot of the superheat at ONB is also not large within 2 K at the
most. At the location of x/D,=168, on the other hand, there is neither significant
difference. in the histories between the increase and the decrease of heat flux nor signi-
ficant overshoot of the superheat at ONB during both the increase and the decrease of heat
flux. Therefore, it is understood that the differences in the histories between the increas-
ing and the decreasing heat flux and the overshoot of superheat at ONB are not significant
though some are observed. Meanwhile, Hino et al. reported that a significant difference
in the histories between the increasing and the decreasing heat flux and a significant over-

shoot of the superheat at ONB were observed for R-1131 1). It should be, therefore, noted
that the result obtained in this experiment for water is quite different from the result of
Hino et al., with respect to the hysteresis of q vs. JT, and the overshoot of the superheat
at ONB.

4. Conditions of ONB
Figure 9 shows the comparison of the experimental results obtained for both upflow

and downflow in this experiment with Eqs. ( 1 ), ( 3 ) and ( 4 ), with respect to the rela-
tionship of q vs. AT, at the onset of nucleate boiling. The conditions of the experiments
are listed above the figure. From this figure and test conditions listed above the figure,
it is clearly recognized that higher inlet water sub-
cooling and higher water velocity- give higher heat - i I U 'Im A) b'
flux and higher superheat at the ONB. This is the 0 o.74

same tendency as predicted by the simultaneous UPFLOW 0.30

Eqs. (1) and (2), or the simultaneous Eqs, (4) __ o. 2930.15 29
and (2). It is also pointed out in this figure that

(1) no significant difference between upfiow and A WONFLOW 5 0.3 I

downflow is observed with respect to the relation- 0 L 68e•) .(: .74 6-

ship of q vs. AT, at the ONB and (2) higher heat I06 r, 28

flux gives higher superheat at the ONB, giving Eý0)

a larger difference in the superheat between the 5 Eqi(4) ' °

measured and the prediction of Eq. (1I) or (4).ui:wae

The former is correspondent to that there was 2
no significant difference in the responses of the "E

surface temperatures of the heating plate between 3 10

upflow and downflow, which was described in 5.

See. 111-2. On the latter, the previous studies 0
with water." 6) () (10) reported the similar results to E

the. present experimental results, except for the 2
tendency that a higher heat flux gives a larger 104

difference in the superheat between the measured 1 2 5 10 20 50,

and the prediction of Eq. (1). It should be men- ATs (=Tw- Ts ) (K)

tioned here that the latter tendency cannot always Fig. 9 Comparison of present experi-

be observed in the case of fluids other than water, mental data with existing

because Hino et al.")• reported that for R-113 the predictions of q vs. JT, at

superheat at the ONB is almost constant in spite incipient nucleate boiling
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g an of the differences in the inlet coolant subcooling and coolant velocity.
'ence Figure 10 shows the comparison of the experimental results including the available

and existing data""" 8
) 0 D) with the predictions by Eqs. (1) and (4), in order to evaluate the

the errors of Eqs. (I) and (4).
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Figure 10(a) shows the comparison of the measured superheats with the predicted
superheats of Eq. (1) at the ONB for water. These. experimental data include high pres-
sure data of Clark et alY." and high water velocity data of Bergles et al.(" This figure
clearly indicates that the error of Eq. (1) is about -1 K against the lower limit of the-
measured superheats at the ONB. In the viewpoint of safety design that nucleate boiling
should be avoided in the normal operation of the upgraded JRR-3, a correlation which predicts
the superheat lower than the measured with a given heat flux should be used in tie-
design and analysis of the upgraded JRR-3. Therefore, the use of Eq. ( 1) is recommended
for the evaluation of the ONB temperature to show that there exists a margin in the fuel
surface temperature against the ONB temperature. On the other hand, Fig. 10(b) shows.
the comparison of the measured superheats with the prediction of Eq. (4). Figure 10(b)
shows that the error of Eq. (4) is also about -1 K against the lower limit of the measured
superheats at the ONB. It is clear from Fig. 10(a) and (b) that Eq. (4) has the same.
magnitude of error against the lower limits of the measured superheats at the ONB as Eq.

1 ) does.

IV. CONCLUDING REMARKS

On the relationship of heat flux vs. superheat at the onset of nucleate boiling which is.
important as one of the design criteria for the core thermal-hydraulic design of the JRR-3,

50 experiments were carried out with a vertical rectangular channel simulating a subchannel
of the JRR-3 fuel element in order to investigate the validity and the error of the adopted

eri- correlation. As the results, the following were made clear:
ing (1) The QNB temperatures predicted by the Bergles-Rohsenow correlation (EQ. (1)) with

at given heat fluxes are correspondent to the lower limits of the .measured ONB tem-

peratures and therefore, the use of Eq. (1) is recommended to evaluate tke ONB tem-
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perature and show that there exists a margin in the fuel surface temperature against

the ONB temperature.

(2) The error of Eq. ( 1 ) is within -1 K against lower limits of the measured superheat

at the ONB.

(3) As the remarkable features of the ONB for water, it is pointed out that (i) there

are no significant differences in the characteristics of the relationship of q vs. AT,

at the ONB between upflow and downflow, (ii) there are no significant differences in

histories of relationship of q vs. AT, from the forced convection single-phase flow to

the subcooled boiling through ONB between increasing and decreasing heat flux, and

(iii) the overshoot of the superheat at ONB is very small with 2 K at the most.

[NOMENCLATURE]

Journa.

SHI

Inv,

Dej

D,: Equivalent hydraulic diameter
hfg: Latent heat of evaporation

k: Thermal conductivity
of coolant

L Length of heating plate
P: Pressure

Pr: Prandtl number
q: Heat flux

qONB: Heat flux at ONB
Q: Electric power supply to

heating plates
Re: Reynolds number

(m)
(J/kg) '

V/mK) Tw,(•
(m)
(Pa)

Tb: Bulk temperature of coolant (K)

TONB: Temperature at ONB (K)
T,: Saturation temperature (K)

I Twi: Surface temperature of heating
plate on flow channel side (K)

Two: Surface temperature of heating
plate on insulator side (K)

JT, : Superheat (= T--T,) (K)
Tsub: Inlet water subcooling (= T, - Tb) (K)

u: Velocity of coolant (m/s)
X: Distance along the heating plate (m)
W: Width of heating plate (m)
a: Surface tension (N/m)

rg Density of vapor (kg/mi)

(W/m 2 )
(W/m')

(W)

y (m)
(m)

KEY)+
rate,
peratu
COn Veci

r,: Critical radius of active cavity
S: Thickness of heating plate
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ABSTRACT

An in-house thermal hydraulics code was developed for the steady-state and loss of primary flow

analysis of the MAT Research Reactor (MITR). This code is designated as MIULti-CHannel-H or

MULCH-H. The MULCH-II code is being used for the MITR LEU conversion design study.

Features of the MULCH-II code include a multi-channel analysis, the capability to model the

transition from forced to natural convection during a loss of primary flow transient, and the ability

to calculate safety limits and limiting safety system settings for licensing applications. This

paper describes the validation of the code against PLTEMP/ANL 3.0 for steady-state analysis, and

against RELAP5-3D for loss of primary coolant transient analysis. Coolant temperature

measurements obtained from loss of primary flow transients as part of the MITR-II startup testing

were also used for validating this code. The agreement between MULCH-II and the other

computer codes is satisfactory.

1. Introduction

An in-house thermal hydraulics code, MULti-CHannel-I or MULCH-Il, was developed for the

steady-state and loss of primary flow analysis of the MIT Research Reactor (MITR) [1,2,3]. The

MULCH-II code features the multi-channel analysis, natural circulation and anti-siphon valve models, fin

effectiveness model and correlations for low pressure systems. In addition, the MULCH-II code is

* Corresponding author: Email: lwhumit.edu; TEL: (617)258-5860
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capable of modeling forced to natural convection during a loss of primary flow transient and calculating

the safety limits and limiting safety system settings for licensing applications.

This paper presents the benchmark results of the MULCH-H1 code for the MITR low enrichment uranium

(LEU) conversion study. The PLTEMP/ANL (version 3.0) [4] and RELAP5-3D (version 2.3.6) [5] are

chosen to benchmark MULCH-II for steady state analysis and loss of primary flow transient, respectively.

Furthermore, coolant temperature measurements obtained from loss of primary flow transients as part of

the MITR-I1 startup testing were also used for the benchmark of the MULCH-Il.

2. Description of the MIT Research Reactor

Figure 1 is an isometric view of the MIT Research Reactor (MITR). The MITR is a 5 MW nuclear

research reactor that is owned and operated by the Massachusetts Institute of Technology to further its

educational and research missions. It is currently being relicensed for 6 MW operation. The reactor uses

finned plate-type fuel with aluminum clad and is cooled and moderated by light water. The longitudinal

fins are 10 mils by 10 mils which doubles the heat transfer surface area. Currently the MITR uses highly

enriched uranium (HEU) fuel in the form of UAlx cermet. The fuel elements are rhomboid in shape and

each contains fifteen plates. The reactor core can hold up to twenty- seven of these elements. The normal

core configuration is twenty-four fuel elements with three positions available for in-core experiments.[6]

M0rnANBM1

ULGHTWATht
SIITTW.R

TANK

Figure 1. Isometric View of the MIT Research Reactor
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Reactor control is provided by six boron-impregnated stainless-steel shim blades and one cadmium

regulating rod. The core is contained in a tank of light-water and this tank is in turn surrounded by first a

heavy-water and then a graphite reflector. Forced flow removes heat from the primary, heavy water, and

graphite region with all heat loads being deposited, in a common secondary cooling system. There are two

anti-siphon valves located in the upper core tank to prevent complete drainage because of a siphon effect

in the event of a break in the inlet primary piping. Four natural convection valves, that are located next to

the flow guide, provide a natural circulation flow path for decay heat removal. The pressure in the system

is practically atmospheric, and coolant temperature is approximately 50 0C (120 F).

3. MULCH-H benchmark study for steady-state analysis using PLTEMP/ANL

PLTEMP/ANL is developed and maintained by ANL and has been used for other conversion studies [7].

Benchmark analyses are based on a steady-state reactor power of 6 MW for the existing high enrichment

uranium (HEU) core. For simplicity, in the following paragraph the terms "MULCH" and "PLTEMP"

will be used instead of "MULCH-il" and "PLTEMP/ANL" code.

The fin effectiveness of the MULCH code is a multiplication factor used in conjunction with the coolant

heat transfer coefficient to account for the heat transfer augmentation due to the longitudinal fins on the

clad surface. Since PLTEMP v3.0 cannot include the fin effectiveness as in the case of MULCH, the plate

width was increased to account for the larger heat transfer area. Regarding the heat transfer correlation,

PLTEMP uses Dittus-Boelter to calculate single phase and Bergles-Rohsenow to calculate two-phase heat

transfer coefficient. MULCH uses the Chen correlation to calculate both single and two-phase heat

transfer coefficient.

Figure 2 is the comparison of coolant temperature. Average and hot channel temperature are both plotted

in the figure. Coolant temperature is determined by energy conservation equation which is a function of

power (integrated heat flux) and coolant inlet temperature. Since these parameters are the same in

MULCH and PLTEMP as input parameters, as shown in Fig.2, the calculated coolant temperatures are

about the same. Figure 3 is the comparison of cladding temperature. As shown in Fig. 3, the cladding

temperature curves are very close between these two codes. PLTEMP predicts slightly lower cladding

temperature than MULCH which is consistent with the coolant temperature difference.
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Figure 2. Comparison of coolant temperature (MULCH VS PLTEMP, steady state)
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Figure 3. Comparison of cladding temperature (MULCH VS PLTEMP, steady state)
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Table 1. Temperature difference* between MULCH and PLTEMP (Steady state)

Hot Channel Average Clhannel

Node Cladding Coolant Cladding Coolant

(oC) (oC) (oC) (oC)

1 1.028 2.088 0.75 0.672

2 1.03 2.105 0.804 0.631

3 1.078 2.173 0.728 0.733

4 1.198 2.261 0.736 0.739

5 1.17 1.984 0.707 0.662

6 0.755 1.205 0.653 0.633

7 0.846 0.732 0.568 0.501

8 0.757 0.525 0.581 0.351

9 0.53 0.453 0.312 0.293

10 0.465 0.319 0.351 0.27
* Temperature difference = MULCH - PLTEMP/ANL.

Clad temperature refers to the clad/crud outer surface temperature.

Table 1 summarizes the temperature differences for coolant, cladding surface and fuel for each axial

node. It shows that the maximum temperature difference between MULCH and PLTEMP occurs at

node 4, which is also the hottest node. Overall, MULCH predicts higher temperature of coolant, cladding

and fuel. The temperature difference in the hot channel is higher than it is in the average channel due to

higher heat flux. It is noted that the first five nodes have greater temperature difference than the following

nodes due to bottom peaking of the power distribution. One possible cause for the discrepancy in

coolant temperature is that MULCH reports maximum node temperature (e.g., coolant temperature at

node outlet) while PLTEMP reports the node-average temperature. Since the difference of the coolant

outlet temperatures is small (- 0.3 0C), it is determined that both codes are consistent in calculating the

coolant energy equation.

Table 2 summarizes the comparison of hot channel heat flux and heat transfer coefficient. It shows that

the heat flux is exactly the same in the two codes. Since the simulation case is steady state, i.e., no boiling

occurs, MULCH and PLTEMP use the same correlation for single phase heat transfer (Chen's correlation

reduces to standard Dittus-Boelter during single phase flow). Therefore the values of heat transfer

coefficient should be roughly the same. It should be noted that the discrepancy in cladding-coolant

temperature difference is less than 4% and is consistent with that of heat transfer coefficients.
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Table 2. Comparison of hot channel heat flux, temperature difference* and

heat transfer coefficient (MULCH VS PLTEMP, steady state)

Heat Flux Temperature Difference Heat Transfer Coefficient

q" (W/m 2) Tc - Tw (°C) h (W/m2 °C)

Node MULCH PLTEMP MULCH PLTEMP MULCH PLTEMP

1 4.21E+05 4.21E+05 24.9 25.96 1.69E+04 1.62E+04
2 4.33E+05 4.33E+05 24.7 25.775 1.75E+04 1.68E+04

3 4.52E+05 4.52E+05 24.9 25.995 1.82E+04 1.74E+04

4 4.70E+05 4.70E+05 25.1 26.163 1.87E+04 1.80E+04

5 4.06E+05 4.05E+05 21.1 21.914 1.92E+04 1.85E+04

6 2.51E+05 2.51E+05 12.8 13.25 1.96E+04 1.89E+04

7 1.65E+05 1.65E+05 8.7 8.586 1.89E+04 1.92E+04

8 1.17E+05 1.17E+05 6.3 6.068 1.86E+04 1.93E+04

9 9.77E+04 9.77E+04 5.1 5.023 1.92E+04 1.94E+04
10 6.95E+04 6.95E+04 3.7 3.554 1.88E+04 1.95E+04

*Temperature Difference = cladding temperature (Tc) - coolant temperature (Tw)

4. MULCH-H benchmark study for loss of primary flow transient using RELAP5-3D

The RELAP5-3D input model for the MITR 6 MW power uprate was assembled. Analyses are based on a

steady-state reactor power of 6 MW with an initial flow rate at 2000 gpm for the existing HEU core. For

simplicity, the term "RELAP5" will be used instead of "RELAP5-3D" in the following description.

Figure 4 is a comparison of the simplified primary loop control volumes of MITR for MULCH and

RELAP5 code for the LOF transient simulations. Anti-siphon valves (ASVs) and natural convection

valves (NCVs) are also shown in the figures. Both ASV and NCV are very important components for

establishing natural circulation during the loss of primary flow transients. As shown in Fig. 4, it can be

found that RELAP5 divides the primary loop into more control volumes. In the RELAP5 MITR model,

mixing area is split into three sub-regions and the average channel, hot channel and bypass flow are

separate control volumes.

Convection heat transfer correlations are different in the MULCH and RELAP5 codes. MULCH uses

Chen's correlation for both single• and two-phase transfer. For RELAP5, single phase heat transfer

correlations are calculated relying on evaluating forced turbulent convection, forced laminar convection,

and natural convection and selecting the maximum of these three. The correlations are by Dittus-Boelter,
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Kays, and Churchill-Chu, respectively. Two-phase heat transfer correlations are calculated by Chen's

correlation for nucleate boiling and transition boiling; by Bromley correlation for film boiling.

When a pump coast down accident occurs, the reactor will shut down automatically upon receiving a low

primary coolant flow scram signal. In the loss of primary flow simulation, MULCH assumes the reactor

will shut down after 2.3 seconds (one second of instrument delay time and 1.3 seconds for shim blade

insertion) by a step reactivity insertion after the low flow scram setpoint is reached. For RELAP5, it is

assumed that the reactor will scram by a ramp reactivity insertion with a reactivity insertion of -7.5 beta

(corresponding to MITR shim bank height of 10") within one second after the scram is initiated.

There are four natural convection valves (NCVs) and two anti-siphon valves (ASVs) installed in the

reactor core tank. During normal operation (forced convection), NCVs and ASVs are closed due to

primary coolant pressure head. Determination of the friction loss coefficients of these ball-type check

valves is given in Ref [8]. When the pressure reduces (e.g., pump coastdown), NCVs and ASVs will

open. Natural convection flow is then established within the core tank because of the buoyancy force of

the heated coolant in the core region. In the MULCH simulation cases, it is predicted that the NCV and

ASV will open at the same time, about 4.4 seconds after the initiating event. For RELAP5, we use this

timing as an assumption to force open the NCVs and ASVs at 4.4 seconds. It is reasonable since RELAP5

adopts the same pump coastdown curve as MULCH.

Hot Leg 3 Hot Leg

r; odLeg rA ,E ý Cold Leg

CVI: Flow Shroud CV6: Downcomer 4
CV2: Mixing Area CVT: Fuel Element
CV3: Downcomer 1 A: Anti-Siphon Valve (ASV)
CV4: Downcomer 2 N: Natural Convection Valve (NCV)
CV5: Downcomer 3

(a) MULCH-II Code

CVI: Flow Shroud CV8: Fuel Bottom
CV2: Mixing Area 1 CV9: Avg. Channel
CV3: Mixing Area 2 CVIO: Hot Channel
CV4: Downcomer 1 CV11: Bypass Flow
CV5: Downcomer 2 CV1 2: Mixing Area 3
CV6: Downcomer 3 A: Anti-Siphon Valve (ASV)
CV7: Downcomer 4 N: Natural Convection Valve (NCV)

(b) RELAP5 Code

Figure 4. Primary loop control volumes for MIT reactor
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Figures 5 and 6 are the calculated flow rates of ASV and NCV. In Fig.5 and Fig. 6, positive flow rate

means it is an "up-flow" or "bypass flow"; if negative, it is a "down-flow" or "natural convection flow".

As show in Fig. 5, the flow passing through ASV is always a down-flow during the transient. Overall,

RELAP5 predicts higher ASV flow rate than the prediction of MULCH. Besides, MULCH predicts the

steady state ASV flow rate of 1.37 (kg/s), which is slightly less than RELAP5's prediction. of 1.40 (kg/s).

Figure 6 shows that at first, the flow passing through NCV is upward during pump coastdown. MULCH

predicts flow through the NCV would become downward (natural convection flow) at 18.4 second.

RELAP5 predicts the natural convection flow established at time equal to 15.0 second. For RELAP5 and

MULCH, the steady-state NCV flow rates are 0.51 (kg/s) and 0.29 (kg/s) respectively.

Comparison of core flow rate is summarized in Table 3. At the beginning of the transient, MULCH

predicts a higher core flow rate than RELAP5. After ASV and NCV open (at 4.4 second), the core flow

rate of RELAP5 becomes greater than MULCH. Once the natural convection flow is established, the core

flow rate would be steady and equal to the summation of ASV and NCV flow rate. It can be found in

Table 3 that RELAP5 predicts a higher steady state core flow rate than MULCH, which is consistent with

the results shown in Figs. 5 and 6.

0.5

0
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- .
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Figure 5. Comparison of ASV flow rate
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Figure 6. Comparison of NCV flow rate

Table 3. Comparison of primary flow rates through reactor core during LOF transient

Time (sec) Core flow rate (kg/s)

MULCH RELAP5

0.0 115.1 115.2

1.0 63.2 56.9

2.0 34.2 30.6

3.0 18.6 16.7

4.0 9.96 9.04

4.5 5.80 5.63

5.0 3.46 3.62

6.0 1.74 .2.60

7.0 1.08 2.10

8.0 0.77 1.82

9.0 0.68 1.66

10.0 0.69 1.56

20.0 1.35 1.89

30.0 1.52 1.91
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MITR-II startup test are coolant temperature measurements from compared with the predictions by

MULCH and RELAP5. The loss of primary flow in MITR-II has been studied in detail by Bamdad [9].

Measured data from thermocouples TC-6, TC-7, and TC-9 are compared with the predicted values of

coolant outlet temperature. Notice that the thermocouples are located in different positions. It is expected

that the measured temperature would fall between the predicted average and peak temperatures (within

experimental error).

Figure 7 shows the comparison of coolant temperature between MULCH and measurements. One can

observe that the predicted values lie above and below the measured values. Figure 8 shows the

comparison of coolant temperature between RELAP5 and measurements. It can be found that RELAP5

seems to over-predict the peak temperature. However, in general RELAP5 has good performance and the

predicted trend and values are closer to the measured values.
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Figure 7. Comparison of coolant temperature between MULCH and measurement
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Figure 8. Comparison of coolant temperature between RELAP5 and measurement

5. Conclusions

Steady state analyses are performed by using the MULCH and PLTEMP codes. Comparison of the

coolant and cladding temperatures shows that the calculated temperatures by MULCH-i1 code are in

agreement with PLTEMP. Results of loss of primary flow transients show that RELAP5 predicts higher

ASV, NCV and core flow when natural convection is established. RELAP5 also predicts that the natural

convection flow will establish earlier that the prediction of MULCH.

The calculated outlet coolant temperatures are compared with measurements. Results show that RELAP5

seems to over-predict the peak temperature but the predicted trend and Values match the measured values

well. MULCH is less conservative than RELAP5; however it can be used for safety analysis since the

predicted peak values are always higher than the experimental data.

Based on the benchmark analysis results, the MULCH code is qualified for the LEU core conversion

analysis. In the future, a sensitivity study for decay power will be performed. The point kinetics model in

MULCH can also be improved. It can be expected that MULCH will predict better results for loss of

primary flow transient if the step reactivity insertion is replaced by a ramp reactivity insertion.

11



Reduced Enrichment Test and Research Reactors (RERTR) Conference
Prague, September 23-27, 2007

References

[1] M. J. McGuire, "An Analysis of the Proposed MITR-lII Core to Establish Thermal-Hydraulic

Limits at 10 MW", PhD Thesis, MIT Nucl. Eng. Dept., June 1995

[2] L.-W. Hu and J. A. Bernard, "Development and Benchmarking of a Thermal-Hydraulics Code

for the MIT Nuclear Research Reactor," Proceedings of the ANS Joint International

Conference on Mathematical Methods and Super-Computing for Nuclear Applications,

Saratoga, NY, Oct. 5-7, 1997.

[3] L.-W. Hu and J. A. Bernard, "Thermal-Hydraulic Analysis for the Upgraded MIT Nuclear

Research Reactor," IEEE Transactions on Nuclear Science, Vol. 45, No. 3, Part I, June 1998.

[4] Arne P. Olson and M. Kalimullah, "A Users Guide to The PLTEMP/ANL Code", Argonne

National Laboratory, May 2006

[5] The RELAP5 Code Development Team, "RELAP5/MOD3 Code Manual", USA: Idaho

National Engineering Laboratory, 1995.

[6] MITR Staff, "Safety Analysis Report for the MIT Research Reactor (MITR-II)", MITNE-15,

Nuclear Engineering Department, Massachusetts Institute of Technology, Oct., 1970.

[7] Alireza Haghighat, Submittal Report to Cover Analyses of University of Florida
Training Reactor (UFTR) conversion from HEU to LEU Fuel, University of Florida,

Dec 2005

[8] Lin-Wen Hu, "Thermal Hydraulic Mixing Transients in the MIT Research Reactor Core

Tank", PhD Thesis, MIT Nucl. Eng. Dept., Feb. 1996.

[9] F. Bamadad-Haghighi, "Natural convection analysis of the MITR-ll during loss of flow

accident, Master Thesis, MIT Nucl. Eng. Dept., August 1977

12



Appendix G

-Newton for RAI 13.5



NUCLEAR REACTOR LABORATORY

AN INTERDEPARTMENTAL CENTER OF
<ý UMASSACHUSETTS INSTITUTE OF TECHNOLOGY

Thomas H. Newton, Jr., Ph.D. 138 Albany Street, Cambridge, MA 02139-4296 Activation Analysis
Associate Director for Telefax No. (617)253-7300 Coolant Chemistry
Engineering Telephone No. (617)253-4211 Nuclear Medicine

Email: tnewton@mit.edu Reactor Engineering

June 23, 2008

From: Tom Newton

To: File

Re: Edge coolant channel dimensions

Coolant channels along the edges of fuel elements are formed with the minimum
distance between elements given by the condition where the "shoulders" for adjacent fuel
elements are touching. As shown in the fuel element drawing (R3F-201-4), the shoulders
of an element are 2.405" apart in both the fuel plate and side plate directions.

Calculations of the channel thicknesses as well as hydraulic diameters of different fuel
element orientations are made below. Note that all dimensions listed are nominal values.
Values involving fuel plates are taken from the fin tips.

Interior fuel plate coolant channels:

Spacing between interior fuel plates: 0.078"
Width of coolant channel: 2.308"
Fin height and width: 0.0 10"

Hydraulic diameter (De):
Area = (0.078 + 0.020) * 2.308 - 2 * 111 * 0.010 * 0.010 = 0.2040 in 2

Pw = ((0.078 + 0.020) + 2.308 + 2*111*0.010) * 2 = 9.252 in
De = 4A/Pw = 0.08820 in (0.2240 cm)

Edge fuel plate facing edge fuel plate:

Space from edge fuel plate to end of side plate: 0.044"

Distance from end of side plate to end of other side plate: 2.380"
Distance from shoulder to shoulder along same (fuel plate) axis: 2.405"

Additional gap due to shoulder: (2.405 - 2.380) / 2 = 0.0125 in



Resultant gap from edge fuel plate to shoulder: (0.044" + 0.0125") = 0.0565 in

Iffuel orientation is fuel plate-to fuel plate, total gap between fuel plates is
0.0565 + 0.0565 = 0.113"

Hydraulic diameter:
Area = (0.113 + 0.020) * 2.308- 2 * 111 * 0.010 * 0.010 0.2848 in2

Pw = ((0.113 + 0.020) + 2.308 + 2*111*0.010) * 2 = 9.322 in
D= 4A/Pw = 0.1222 in (0.3104 cm)

Edge fuel plate facing side plate:

Distance from side plate to side plate: 2.375"
Distance from shoulder to shoulder along side plate axis: 2.405"
Gap due to shoulder: (2.405-2.375)/2 = 0.015"

Iffuel orientation is fuel plate to side plate, total gap is
0.044 + 0.0125 + 0.015 = 0.0715 in

Hydraulic diameter:
Area = (0.0715 + 0.010) * 2.308 - 111 *0.010 * 0.010 0.1770 in2

Pw = ((0.0715 + 0.010) + 2.308 + 111 * 0.010) * 2 = 6.999 in
De = 4A/Pw = 0.1012 in (0.2570 cm)

Grid at edge of core:

The fuel plates at the edge of the core are next to the reactor grid structure (as shown in
drawings R3S-14-5 and R3S-15-4). The minimum distance from fuel plate to the core
edge is made with the fuel element nozzle placed in the grid as close to the edge as
possible.
Spacing from nozzle to shoulder:
(2.405 - 2.119)/2 = 0.143

Element-to-core edge grid spacing 0.245"
Gap from fuel plate to edge of core:
0.245 - 0.143 + 0.044 + 0.0125 = 0.1585 in

Hydraulic diameter:
Area = (0.1585 + 0.010) * 2.308 - 111 * 0.010 0.010 = 0.3778 in 2

Pw =((0.1585 + 0.010) + 2.308 + 111 * 0.010)* 2 7.173 in
De= 4A/Pw = 0.2107 in (0.535 cm)

Thus, from the calculations given above, the interior fuel plate channels have the
smallest hydraulic diameter.


