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7. Please describe the methods used for steady state neutronic (steady-state and
kinetics) and thermal-hydraulic analysis and include comparisons with UT TRIGA
measurements that demonstrate that those methods are appropriate to analyze the limits
imposed by the UT TRIGA TS.

See attached REPORT ON NEUTRONIC ANALYSIS FOR THE UT TRIGA REACTOR

8.1 Please provide schematic drawings showing the location of fuel elements, control
rods, and other components installed in the lettered-and-numbered lattice positions.
See response to RAl 7, Figure 1

For fuel elements provide a cross reference to fuel element serial numbers and their
accumulated burnup.

BURNUP
POSITION SERIAL (MWD)
BO1 2985 5.30
B0O2 3384 5.01
BO3 10878 4.54
BO4 3013 6.61

BOS 2899 5.44
BO6 10809 0.29
Cc0o2 2965 4.98

o3 2984  4.80
Co4 2944  4.91
o5 2931 4.43
06 2983 4.91
co7 10146  3.46
cos8 2980  4.66
c09 2925 5.42
10 2941 5.29
c11 2979  4.95
c12 2964 5.05
DO1 2910  4.78
D02 2959  4.83

D03 2906 5.06
D04 2992 6.11

D05 2962 4.96
D06 10147 3.22
DO7 2928 4.96

D08 2939 4.76
D09 5918 6.20



D10
D11
D12
D13
D14
D15
D16
D17
D18
EO1
EO2
EO3
EO4
EO5
EO6
EO7
EO8
EO9
E10
E12
E13
E14
E15
E16
E17
E18
E19
E20
E21
E22
E23
E24
FO1
FO2
FO3
FO4
FO5
FO6
FO7
FO8
FO9
F10
F11

2977
2974
2905
2943
10148
2950
2929
2955
2975
5845
6932
2932
5915
6886
5912
5846
5903
5917
6929
6925
5844
6923
5919
5921
6927
5902
5904
6930
6889
5914
6142
6928
10817
5911
3496
3504
6931
10816
2915
2946
6924
10812
2958

4.72
4.87
5.30
4.51
3.30
5.03
4.90
5.12
5.00
5.86
5.58
4.87
5.84
5.87

. 5.85

6.46
6.43
5.30
6.02
5.68
5.89
5.35
5.86
5.91
5.94
6.43
6.46
5.98
5.44
5.64
5.78
5.80
1.61
3.99
4.70
4.68
1.01
1.82
4.37
4.08
5.63
2.03
3.78




F12
F15
F16
F17
F18
F19
F20
F21
F22
F23
F24
F25
F26
F27
F28
F29
F30
G02
GO3
G04
GOS
GO6
GO8
G09
G10
G11
G12
G14
G15
G16
G17
G18
G20
G21
G22
G23
G24
G26
G27
G28
G29
G30
G33

5913
2902
10813
2912
6143
5916
2940
2971
2969
6926
3513
10811
2960
2947
2911
5922
10814
10704
2908
3700
3703
5920
10701
2957
2938
2927
10702
2970
2976
2952
10815
2904
2968
2903
2935
2930
2951
10699
2948
2913
2954
10700
2918

5.46
4.25
1.88
4.48
5.12
5.15
4.05
4.10
4.29
5.73
5.34
2.04
4.26
4.10
4.39
5.56
1.88
1.45
4.00
4.48
5.27
4.85
2.09
3.87
3.95
4.27
2.24
3.94
3.95
3.80
1.73
4.23
3.73
4,22
3.96
4.04
3.77
1.73
4.10
4.15
4.16
2.63
4.01




G35 10810 1.75
G36 10703 148

Please provide all technical parameters and conclusions supplied for normal operation,
accident analysis, and dose estimates using the LCC.

See response to RAl 7and LOSS OF COOLANT ACCIDENT ANALYSIS FOR THE UNIVERSITY OF
TEXAS AT AUSTIN TRIGA REACTOR

8.2 Please provide analyses that quantify the effects of fuel burnup, plutonium buildup,
and the effect of fission products on the UT TRIGA LCC.

See response to RAI 7

8.3 Please provide the technical parameters including analysis of “reactor kinetic
behavior, basis reactor criticality, control rod worth, definition of the limiting core
configuration (LCC), [etc.]” (NUREG-1537, Section 4.5.1). State whether the comparison of
calculated and measured values demonstrates acceptable model development.

See REACTOR KINETIC BEHAVIOR: PULSE ANALYSIS, ROD WITHDRAWAL ANALYSIS. Comparison
to experimental data is provided in Verification and Validation.

For “Basis reactor criticality, control rod worth, definition of the limiting core configuration
(LCC), [etc.]” see response to RAI 7

9 The GA-4361 unit cell parameters are displayed and compared with UT TRIGA core
parameters. Please provide the technical parameters that are applicable to UT TRIGA.
Technical parameters are provided in response to RAl 7

10 Given the difference between the “Reference” and “Current” values of excess
reactivity and shutdown margin, which values are being used in the UT TRIGA TS.

Analysis updated; see response to RAI 7.

11.1 Please describe any limits or conditions on the evaluation of excess reactivity

contributors, such as those due to temperature variations and poisons (e.g., xenon and
samarium).



There are no limits or conditions on the evaluation of excess reactivity from the identified
categories.

Please provide calculations of full power reactivity defects for power, xenon, and samarium.
See response to RAl 7

11.2 Please provide calculations for excess reactivity and control rod worths, and evaluate
whether they are in agreement with the analytical model and with UT TRIGA performance.
See response to RAl 7.

Provide a discussion that describes the evaluation of these calculations to demonstrate
acceptable reactor shutdown and shutdown margin.

See response to RAI 7.
Include consideration of experiment reactivity

Limits on acceptable reactor shutdown and shutdown margin do not differentiate reactivity
between fuel and experiments.

11.3 Please provide “a transient analysis assuming that an instrumentation malfunction
drives the most reactive control rod out in a continuous ramp mode,” (NUREG-1537, Section
4.5.3) of the reactor using a rate of withdrawal consistent with proposed UT TRIGA TS values
of the maximum control rod withdrawal speed, reactivity rate, and the control rod scram
time including uncertainties.

Attached as MODELLING A STEP INSERTION AND CONTINUOUS ROD WITHDRAW EVENTS IN A
TRIGA

11.4- Please provide all other applicable technical parameters, “excess reactivity, control
rod worth, temperature coefficients, [etc.]” (NUREG-1537, Section 4.5.3).

See response to RAI 7

13. Please confirm that the Bernath correlation is used to characterize DNBR for UT
TRIGA, or demonstrate the applicability of Biasi correlation to UT TRIGA analysis.



The Bernath correlation is used to calculate the approach to thermal limits.

14.1 Please provide clarification as to the relationship of the reactivity coefficient with the
analysis provided in UT SAR Section 4.6.

Superseded by MODELLING A STEP INSERTION AND CONTINUOUS ROD WITHDRAW EVENTS IN
A TRIGA. Experimentally determined reactivity coefficients and model-calculated values agree,
but there assumptions are required to correlate measurements a single point to a core-wide
average fuel temperature where temperature and flux both vary across and within fuel
elements. In addition, the range of temperatures in operation is very restricted compared to
the range to be considered in transient analysis.. The ‘Prompt Temperature Coefficient for
TRIGA fuel vs Temperature’ in GA-7882 provides good agreement with the neutronic analysis at
400°K, and is used in the transient calculations that extend to high temperatures.

14.2 The basis for TS 3.2 “Pulsed Mode Operation,” states that the reactivity limits are
established so as to meet fuel temperature limits. However, this is inconsistent with the
statements in UT SAR Section 4.6 as described above. Please revise the discussion in UT SAR
Section 4.6 to support the UT TRIGA TS.

The discussion will be revised to describe that reactivity limits are established to meet fuel
temperature limits.

14.3 UT SAR, Section 4.6 (p. 4-46) provides a series of statements regarding pulse
reactivities and responses that are not supported by analyses. Please provide analysis
supporting these statements in sufficient detail so that a confirmatory analysis can be
performed. '

Section 4.6 will be revised to reflect the information in analysis of MODELLING A STEP
INSERTION AND CONTINUOUS ROD WITHDRAW EVENTS IN A TRIGA

15.1 Please describe the analytical methods used to determine the DNBR, including the
core inlet and exit conditions assumed and other assumptions and correlations employed.
This [TRACE DNBR] analysis should describe the parameters determined from the LCC such as
peaking factors and limiting coolant inlet temperature and that the inlet temperature used
for DNBR is a limiting value by showing how it corresponds to the primary pool water
temperature measuring channel value. '




The thermal hydraulic analysis is attached THERMAL HYDRAULIC ANALYSIS OF THE UNIVERSITY
OF TEXAS (UT) TRIGA REACTOR. Nominal and limiting values for pool temperature and
hydrostatic pressure associated with pool temperature and barometric pressure are in Table
4.5,

15.2 Please provide a comprehensive description of the calculational methods and the
results that demonstrate the acceptability of design assumptions and TS for pulsing at UT
TRIGA (e.g., the LCC, the approved power level, the pulse of reactivity inserted by the
transient rod as allowed by TS, the value of the fuel temperature coefficient, the effective
delayed neutron fraction, the prompt neutron lifetime."

Analysis of pulse and continuous rod withdrawal transient analysis is attached as MODELLING A
STEP INSERTION AND CONTINUOUS ROD WITHDRAW EVENTS IN A TRIGA

19.1 The licensee cites a correlation that determines effective release height above the
building exhaust stack due to effluent momentum from the purged air system or the
ventilation system. Please confirm that the correct form of the correlation is AH = D (Vs/u)1.4
and not as it is stated in the UT SAR.

The correlation is a typographical error in the original analysis; however, new analysis for argon
production, release, and exposure has been generated and is attached as ANALYSIS OF
EFFLUENT ARGON PRODUCTION, RELEASE, AND EXPOSURE FOR THE UNIVERSITY OF TEXAS AT
AUSTIN TRIGA REACTOR

19.2 The licensee uses two different stack exit diameter values for the stack (0.4012 m2 on
UT SAR, p. 9-6 and 45.72 cm on UT SAR p. 9-2). Please explain this discrepancy.

The inner diameter of the purge flow is 6” (radius of 0.0762 m, cross section of 0.0182 m?)
Outer diameter of the purge piping is 8” (radius of 0.1016 m, cross section of 0.0323 m?)
Inner diameter of the HVAC stack is 18” (radius of 0.2286 m, cross section of 0.1642 m?, with
flow partially occluded by the purge piping at 0.1317 m?)

The SAR will be revised to reflect information in the ANALYSIS OF EFFLUENT ARGON
PRODUCTION, RELEASE, AND EXPOSURE FOR THE UNIVERSITY OF TEXAS AT AUSTIN TRIGA
REACTOR

19.3 Ensure the impact of the above changes on offsite doses for both normal operation
and accident conditions are considered and revised accordingly.




See ANALYSIS OF EFFLUENT ARGON PRODUCTION, RELEASE, AND EXPOSURE FOR THE
UNIVERSITY OF TEXAS AT AUSTIN TRIGA REACTOR

22.2 Please provide the 41Ar occupational exposure including stay times and the effect of
ventilation, and how these compare to the limits of 10 CFR Part 20 and the commitments of
the UT TRIGA ALARA program. '

See ANALYSIS OF EFFLUENT ARGON PRODUCTION, RELEASE, AND EXPOSURE FOR THE
UNIVERSITY OF TEXAS AT AUSTIN TRIGA REACTOR

Based on information in the analysis (Table IX), during normal operations with HVAC and purge
operating stay time is unlimited. When the HVAC system is in isolation with the reactor
operating at full power equilibrium conditions (a prohibited condition), stay time is 2.21 hours.
If the purge is operating with the HVAC system secured, stay time is unlimited. If the HVAC
system is operating with the purge system secured, stay time is 61.38 hours.

The reactor bay is not routinely occupied continuously during operation, and routine personnel
monitoring in the UT Radiation Protection Program is adequate to assure radiation worker dose
limits are met.

22.4 UT SAR Section 11.1.1.1.2 provides a conservative estimate of offsite 41Ar air
concentrations using an equation for ground level concentration at the building center.
Please provide a reference for the equation cited, and a discussion of its suitability for
providing dose calculations for members of the public and their location.

See ANALYSIS OF EFFLUENT ARGON PRODUCTION, RELEASE, AND EXPOSURE FOR THE
UNIVERSITY OF TEXAS AT AUSTIN TRIGA REACTOR

The annual dose for the maximally exposed individual for continuous full power operation is
calculated to be 77 mR. Operating less than 1,251 MWD in a year will meet the criteria for not
exceeding 10 mR in a year. Total current burnup since the inception of the facility is on the
order of 300 MWD, and there is no conceivable scenario where the UT reactor could ever
operate to provide a 10 mR annual dose to the maximally exposed location.

22.5 Please provide a complete description of the maximally exposed individual
calculation, including how the estimates compare to the limits in 10 CFR Part 20 and the
commitments of the UT TRIGA ALARA program.

See ANALYSIS OF EFFLUENT ARGON PRODUCTION, RELEASE, AND EXPOSURE FOR THE
UNIVERSITY OF TEXAS AT AUSTIN TRIGA REACTOR



22.6 UT SAR Section 11.1.1.1.2 provides conservative dose estimates for the maximally
exposed individual of 66 mrem per year using the CAP88-PC computer code. UT TRIGA TS
3.5.3(D) indicates that releases of 41Ar from the reactor bay to an unrestricted environment
SHALL NOT exceed 100 Ci per year, and provides CAP88-PC model results indicating that 100
Ci per year release of 41Ar would result in a maximally exposed individual dose of 0.142
mrem per year. Please resolve this discrepancy between the maximally exposed individual
doses in the UT SAR and those provided in the TS.

Based on ANALYSIS OF EFFLUENT ARGON PRODUCTION, RELEASE, AND EXPOSURE FOR THE
UNIVERSITY OF TEXAS AT AUSTIN TRIGA REACTOR, the Technical Specifications related to Argon
41 will be removed.

22.7 UT SAR Section 11.1.1.1.2 provides a discussion of the maximally exposed offsite
individual, but does not provide doses to members of the public. Please provide a discussion
of potential public doses.

See ANALYSIS OF EFFLUENT ARGON PRODUCTION, RELEASE, AND EXPOSURE FOR THE
UNIVERSITY OF TEXAS AT AUSTIN TRIGA REACTOR

27.1 Please provide an analysis of the MHA for the UT TRIGA including doses to the
workers and to the individuals in the non-restricted areas that bounds all other accident
analyses. Please describe all assumptions, the operating conditions of the HVAC system, and
the sequence of events used in calculating the potential radiological consequences and
discuss how those consequences are less than the applicable limits in 10 CFR Part 20. Please
provide sufficient detail to allow independent confirmation of these results

MAXIMUM HYPOTHETICAL ACCIDENT ANALYSIS

The maximum hypothetical accident is a release of radioactive noble gas and halogen fission products
from a TRGIA fuel elements following discharge. The maximum fission product inventory will occur in a
fuel element with the maximum burnup. The maximum burnup is taken to be the burnup that results in
a loss of 50% of the initial uranium 235 mass (from 38 grams to 19 grams). This is extremely
conservative as the TRIGA fuel temperature reactivity deficit associated with operation at power does
not allow support under these conditions.

Depletion calculations using the SCALE T-6 sequence was used to determine burnup and the fission
product inventory. A SCALE model of the TRIGA core was configured with a two fuel material
composition sets, one representative of a single element to be depleted and the other representing the
remaining elements in the core.

A set of SCALE (T-6 depletion) calculations was performed to deplete all elements in the core, generating
a fission product inventory for the larger set of elements. A 50% burn interval at 1.5 MW was evaluated,
reducing the U-235 mass in the single element from 38 grams to approximately 19 grams. In



determining the 50% burn, the number of fuel elements was adjusted to resuit in a calculated flux
similar to the nominal UT TRIGA full power flux. The uranium, transuranic, and fission product
concentration were used to develop a material composition simulating the core average at the end of
the interval for the 50% single element burn.

The SCALE model was configured to a single fresh fuel element and the remainder of elements at the
core average at the end of the 50% burn interval. Radioactive noble gas and halogen activity was
calculated for the 50% burn. A similar calculation was performed except that the constant flux option
was used. The maximum value for the activity of the isotopes from the two calculations (constant
power and constant flux) was taken as the source term for the radioactive noble gas and halogen
inventory for a single fuel element at the maximum burnup.
Using a release fraction of 1X10™, and the free volume of the rector bay (4120 m?), the concentration of
the activity of each isotope (A4;, in uCi/ml) in reactor bay atmosphere based on the source term for each
isotope (C; ,in Curies) is calculated as:
C;-107*
ET 4.12x107°

The average activity of isotopic concentration (A, (t)), where A; is the isotope decay constant, over some
time interval (t) following the release of isotopes from a fuel element into the reactor bay is calculated:

C;-107% (1 —e M)
4.12x10=° A+t

Ay(0) =

Each isotope has limits (based on continuous activity concentrations over one year) on activity
concentration for exposure of workers (Derived Air Concentration, DAC) and the general public (Effluent
Limit). For mixtures of isotopes, compliance with the limits is demonstrated if the sum of the ratio of
each activity concentration to its individual limit is less than unity. Since the hypothetical accident is not
a continuous process, the concentration of each isotope is normalized over a year following the release.
The ratio of the average activity ( <A;>) for the year following release of the source term from a fuel
element into the reactor bay for occupational exposure (2000 hours) to the isotopic DAC (DAC;) is
calculated as: ‘

(4)  C;-107% (1—e MYears) 2000

DAC;  4.12x10~°  A;-Year, Year,

The fraction of average activity over a year to the effluent limit (EL) is calculated:

(Ai) 3 Ci .107% - (1 _ e—/'{i~Years)
EL;  4.12x10~°  1;-Year,

The sum of the ratios of concentration to limit is 7.52x10” for occupational exposure, and 3.30x10° for
effluents. Since a exposure to a DAC for a year results in 5 rem, if the releases is completely contained in
the reactor bay and an individual works 2000 hours in the bay then a dose of 0.4 mrem will result. Since
exposure to an effluent limit for a year will result in 50 mrem exposure, an individual exposed at the exit
of the reactor bay ventilation for a year following the hypothetical release will receive a dose of 1.65
mrem.



Summary of MHA Data

release  reactor 1vyear .
Isotope Fg-e ! A () DAC L:Enf:cit fr om bay ave FraD(ﬁc?on EZE:.Z:
' fuelCi  pCi/ml uCi/ml
brs83 1342 8.02E-05 3E-05 9E-08 1.34E-1 3.26E-11 1.29E-14 9.79E-11  1.43E-07
br84m 51 1.93e-03 1E-07 1E09 5.13E-3 1.24E-12 2.05E-17 4.67E-11 2.05E-08
brg4 2344 3.64E-04 2E-05 8E-08 2.34E-1 5.69E-11 4.96E-15 5.66E-11 6.20E-08
br85 3373 3.98E-03 1E-07 1E-09 3.37E-1 8.19E-11 6.51E-16 1.49E-09 6.51E-07
i131 8167 9.99e-07 2E-08 2E-10 8.17E-1 1.98E-10 6.28E-12 7.17E-05 3.14E-02
i132m 56 1.39E-04 4E-06 3E-08 5.57E-3 1.35E-12 3.09E-16 1.76E-11 1.03E-08
i132 12130 8.39E-05 3E-06 2E-08 1.21 294E-10 1.11E-13 8.46E-09 5.56E-06
i133 17440 9.24E-06 1E-07 1E-09 1.74 4.23E-10 1.45E-12 3.31E-06 1.45E-03
i134m 1157 3.12E-03 1E-07 1E-09 1.16E-1 2.81E-11 2.85E-16 6.50E-10 2.85E-07
i134 20200 2.20E-04 2E-05 6E-08 202 490E-10 7.06E-14 8.06E-10 1.18E-06
i135 16420 2.93E-05 7E-07 6E-09 '1.64 3.99E-10 4.326-13 1.41E-07 7.19E-05
i136m 3366 1.47E-02 1E-07 1E-09 3.37E-1 8.17E-11 1.76E-16 4.01E-10 1.76E-07
i136 6740 8.31E-03 1E-07 1E-09 6.74E-1 1.64E-10 6.24E-16 1.42E-09° 6.24E-07
kr85m 3254 4.30E-05 2E-05 1E-07 3.25E-1 7.90E-11 5.82E-14 6.64E-10 5.82E-07
kr85 9 2.22E-10 1E-04 7E-07 8.60E-4 2.09E-13 2.08E-13 4.74E-10 2.97E-07
kr87 6275 1.51E-04 5E-06 2E-08 6.28E-1 1.52E-10 3.19E-14 1.45E-09 1.59E-06
kr88 8489 6.78E-05 2E-06 9E-09 8.49e-1 2.06E-10 9.63E-14 1.10E-08 1.07E-05
kr89 10820 3.67E-03 1E-07 1E-09 1.08 2.63E-10 2.27E-15 5.18E-09 2.27E-06
kr90 11580 2.15E-02 1E-07 1E-09 1.16 2.81E-10 4.14E-16 9.45E-10 4.14E-07
kr91 7940 8.09E-02 1E-07 1E-09 7.94E-1 1.93E-10 7.55E-17 1.72E-10 7.55E-08
xel3lm 80 6.77E-07 A4E-04 2E-06 8.01E-3 1.94E-12 9.09E-14 5.19E-11 4.55E-08
xel33m 184 3.65E-06 1E-04 6E-07 1.84E-2 4.48E-12 3.89E-14 8.87E-11 6.48E-08
xel33 17080 1.53E-06 1E-04 5E-07 1.71 4.15E-10 8.59E-12 1.96E-08 1.72E-05
xel35m 2224 7.55E-04 9E-06 4E-08 2.22E-1 5.40E-11 2.26E-15 5.74E-11 5.66E-08
xel35 375 2.11g-05 1E-05 7E-08 3.75E-2 9.09E-12 1.37E-14 3.12E-10 1.95E-07
xel37 15870 3.03e-03 1E-07 1E-09 159 3.85E-10 4.03E-15 9.21E-09 4.03E-06
xel38 16030 8.20E-04 4E-06 2E-08 ~1.60 3.89E-10 1.50E-14 8.57E-10 7.51E-07
xel39 12560 1.75E-02 1E-07 1E-09 126 3.056-10 5.53E-16 1.26E-09 5.53E-07
xe140 8948 5.10E-02 1E-07 1E-09 895E-1 2.17E-10 1.35E-16 3.08E-10 1.35E-07

27.2.1 The [atmospheric dispersion] calculations are then performed for distances from 10 to
100 meters from the building. Because, the reactor building is both tall and wide, any release
from the stack could be accumulated in the building wake. Therefore, the applicability of the
assumption of elevated release is appears inaccurate. Please justify the use of the elevated
release values for dose estimates at nearby distances from the facility.



See ANALYSIS OF EFFLUENT ARGON PRODUCTION, RELEASE, AND EXPOSURE FOR THE
UNIVERSITY OF TEXAS AT AUSTIN TRIGA REACTOR

27.2.2 if there is an error in the correlation used for the plume rise (see RAI 19.1), the
estimated plume rise above the stack height may be inaccurate. Please confirm and revise
accordingly.

See ANALYSIS OF EFFLUENT ARGON PRODUCTION, RELEASE, AND EXPOSURE FOR THE
UNIVERSITY OF TEXAS AT AUSTIN TRIGA REACTOR

27.3 For the determination of effluent leakage around doors and HVAC duct vents the
licensee employs complicated discussions and assumptions that are not supported or
justified. Please revise the discussion and calculations using applicable assumptions for
building overpressure.

The assumptions have been removed from analysis, see ANALYSIS OF EFFLUENT ARGON
PRODUCTION, RELEASE, AND EXPOSURE FOR THE UNIVERSITY OF TEXAS AT AUSTIN TRIGA
REACTOR

27.4 UT SAR page 3-7 states that the reactor bay is about 18.3 m on each side, with a total
of 4575 m3 of volume. This leads to a wall cross section area of about 250 m2, which is in-line
with the value of 234 m2 given in the original application for licensing safety analysis report
in 1991 (1991 SAR). Please confirm the building wall cross section area and revise accordingly.

Blueprint dimensions of the reactor bay are 15.698 m high by 18.288 m wide, with
approximately 4 meters below grade. Cross sectional area is therefore 287 m?, 214 m? exposed
to the environment.

27.5 For the offsite public dose calculations, in the UT SAR it does not appear consistent
with the potential for ground release of the reactor bay air content, similar to that evaluated
in the 1991 SAR

See ANALYSIS OF EFFLUENT ARGON PRODUCTION, RELEASE, AND EXPOSURE FOR THE
UNIVERSITY OF TEXAS AT AUSTIN TRIGA REACTOR

27.6 UT SAR Appendix 13.1, SCALE 6.1 input file, cites an input value 1.6 for the weight
fraction of the ZrH1.6U fuel. Is this input value for the weight fraction of hydrogen in the fuel?
Please confirm and revise accordingly.



This was a typographical error; analysis used known ratios of H:Zr 1.6 for elements, nominally
1.6.

28.1 It appears that the UT SAR does not provide sufficient information on the peaking
factors and other assumptions used to estimate the maximum fuel temperature rise as listed
in UT SAR Tables 13.20 and 13.21. Please provide sufficient additional information to allow
confirmatory analysis.

Maximum fuel temperature is based on TRACE calculations in parametric variations of power
generated in the model element. Power generated in the hot channel is based on the product
of power level, the number of fuel elements in the core, and the radial peaking factor. See
REPORT ON NEUTRONIC ANALYSIS FOR THE UT TRIGA REACTOR and THERMAL HYDRAULIC
ANALYSIS OF THE UNIVERSITY OF TEXAS (UT) TRIGA REACTOR

29.1 Please provide a LOCA analysis that représents the current licensed power level for
the UT TRIGA in sufficient detail to allow confirmatory analysis.

See LOSS OF COOLANT ACCIDENT ANALYSIS FOR THE UNIVERSITY OF TEXAS AT AUSTIN TRIGA
REACTOR

29.2 Please confirm that the LOCA analysis uses peaking factors that are consistent with
the LCC and revise the analysis accordingly.

See LOSS OF COOLANT ACCIDENT ANALYSIS FOR THE UNIVERSITY OF TEXAS AT AUSTIN TRIGA
REACTOR '

29.3 UT SAR Section 13.5.8, “Results and Conclusion,” states that the maximum fuel
temperature in a LOCA event after “long-term operation at full power of 2000 kw is 750°C.”
Please provide the analysis that supports this temperature.

The SAR will be revised to incorporate the results of LOSS OF COOLANT ACCIDENT ANALYSIS
FOR THE UNIVERSITY OF TEXAS AT AUSTIN TRIGA REACTOR

30. Please clarify the source of the activation materials for producing iodine, and identify
actions needed if it is not 235U. In addition, please show that the limits for the iodine and
strontium are less than the values that could be released in an MHA and the doses to the
public from such releases are within the 10 CFR Part 20 limits.




J

The source as specified is “fueled experiments.” See response to RAI-27.1, regarding MHA
where exposure to a 100% DAC results in an annual exposure of 5 R and 100% effluent limit
concentration results in an annual exposure of 50 mrem, % of the annual 10CFR20 public dose
limit.

32.1 The proposed UT TRIGA TS definitions section 1.0 does not describe definitions for:
core configuration; license; licensee; protective action; reactivity worth of an experiment;
reactor operator; reactor operating; responsible authority; safety limit; scram time; senior
reactor operator; shall/should/may definitions (only the definition for “shall” is provided);
true value; unscheduled shutdown. Please provide definitions for the above or provide
justification for not using them

With the exception of ‘reactivity worth of an experiment’ and ‘safety limit’ these terms do not
appear in the Technical Specifications as an LCO, surveillance requirement, or Design
Specification. Given their absence as a Specification there is no need to define. ‘Reactivity
worth of an experiment’ and ‘safety limit’ are defined by context.

32.2 The following definitions are not consistent with the guidance: channel calibration,
excess reactivity; experiment, confinement; movable experiment; secured experiment. Please
revise accordingly or provide justification for the deviations.

‘channel calibration’ is revised; the following are equivalent to the guidance: ‘excess reactivity,
confinement, movable experiment and secured experiment.’

32.3 Please revise to the following: when IMMEDIATELY is used as a COMPLETION TIME,
The REQUIRED ACTION should be pursued without delay and in a controlled manner.

Revised.

32.4 The proposed UT TRIGA TS definition of REACTOR SHUTDOWN only requires the
reactor to be subcritical by $0.29. Please explain the discrepancy in using the value of an
abnormal condition (shutdown margin) for a normal condition, i.e., the definition of Reactor
Shutdown.

Technical Specifications does not specify or differentiate between normal and abnormal conditions,
rather provides specification for’ functional capability or performance levels of equipment required for
safe operation of the facility.” By definition it is safe to operate the facility with the minimum shutdown
margin; this is not an ‘abnormal condition’ but is the lowest functional capability allowed to operate the
reactor. Shutdown margin is specified ‘to assure that the reactor will remain subcritical without further
operator action.” If it is safe to operate the reactor with a minimum shutdown margin it is also safe for



the reactor to be shutdown (i.e., to not operate the reactor) with an actual shutdown margin equal to
the minimum shutdown margin.

32.5 The proposed UT TRIGA TS definition of REACTOR SECURED MODE requires that 3 of
the 4 control rods be fully inserted. Please either provide analysis demonstrating the
acceptability of the insertion of 3 out of 4 rods or revise the definition to require insertion of
all 4 control rods in order to satisfy the requirements of this mode

The limiting condition for operation specifies a shutdown margin with the most reactive rod
fully withdrawn; by definition the functional capability or performance level for safe operation
includes provision for a ‘stuck rod.” If it is safe to operate with a control rod that cannot be
inserted, it is safe to be shutdown with a control rod fully withdrawn.

In addition, requiring the console be manned for extended intervals in the event that a rod
cannot be fully inserted without maintenance and repairs places imposes stress where a
measured and planned response is desired, and requires resources that may complicate or
inhibit resolution.

33 The basis provided in support of the TS 2.1 references Chapter 4, Section 4.2.1 Z which does
not exist. Please discuss this error and/or revise accordingly.

The basis will be revised to identify the correct section.

34.1 The basis provided in support of the UT TRIGA TS 2.2 references Chapter 4 Section 4.6 B which
does not exist. Please provide a basis for the LSSS.

The basis will be revised to identify the correct section.
34.2 UTTRIGATS 2.2.The REQUIRED ACTION, B.1 and B.2, which support condition B seem to be

reversed and the completion times are both labeled B.2. Please discuss this error and/or revise
accordingly.

B ENSURE REACTOR

B. AnINSTRUMENTED FUEL SHUTDOWN condition
ELEMENT in the B or Cring AND
indicates greater than EVALUATE whether B.1 IMMEDIATE
550°C Safety Limit was
exceeded

34.3 UTTRIGATS 2.2, B.2 refers to the statement "verify the measurement value is not correct."”
Please describe how this is verified.

See response to 34.2 above



35.1  Section 3.1 of the guidance describes having specifications for fuel burnup, core
configurations, and reactivity coefficients (if such coefficients establish required conditions). Such
specifications are not present in the proposed UT TRIGA TS. Please discuss.

These parameters do not establish required conditions.

35.3 Please provide an analysis and evaluation that demonstrates the ability to repeatedly
measure core reactivity with sufficient accuracy to justify this small value of the shutdown margin.

This specification was originally approved in 1992 and has been acceptable since.

Reactivity changes are evaluated using a calibration of reactivity worth and position of control rods.
Excess reactivity is evaluated prior to each day of reactor operation as well as following changes in
experiment configuration. Since UT reactor operations on weekends are extremely rare, the first
measurement of each week is essentially a cold, clean critical position at the current burnup. If no
experiments are installed in the core, the first measurement of each week reflects the reference core
condition less reactivity associated with burnup since the last reference core condition measurement
(performed concurrently with control rod reactivity worth calibrations). Reactivity values of sequential
first-of-the-week reactivity measurements should be comparable if burnup since the previous
measurement is reasonably small, and a reasonable gage of repeatability.

All of the first-of-the-week reactivity measurements with the current core configuration (i.e., since
installation of a 3-element facility) were reviewed. Measurements of excess reactivity that did not have
experiments installed were tabulated along with core burnup (Table 1, Excess Reactivity Measurement
Data, 6k({): Excess, and AMWD: Total, referenced to the initial reading). The number of days between
each measurement and the previous measurement was tabulated (AT: Days). A graph of the reactivity
data (i.e., excess reactivity at first operation of the week, no experiments installed) shows the
relationship between excess reactivity and burnup.

EXCESS REACTIVITY AND BURNUP
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Changes in sequential cold, clean excess reactivity measurements are expected to be minimal if the
burnup between measurements in small, and/or if the time between the measurements is small. The 13
measurements with intervals less than 35 days and the 7 measurements for which burnup in the interval
is less than 2.12 MWD have reactivity differences less than $0.05.

Table 1, Excess Reactivity Measurement Data

AMWD AT 5k(¢)
Date Total Seq. Days Excess A(Seq.)
Interval

06/29/10 0.00 0.00 na 0.00
01/10/11 5.26 0.00 3 -4.55 -0.49
03/21/11 7.56 1.02 28 -10.95 -3.82
06/29/11 9.59 0.24 Rod Cal 0.00 Na
04/02/12 61.37 15.70 7 -34.75 -4.67
04/09/12 77.83 16.46 7 -36.68 -1.93
05/29/12 118.16 2073 15 -44.27 -0.49
06/11/12 140.06 21.90 13 -48.98 -4.71
06/18/12 162.50 22.43 7 -50.54 -1.56
07/09/12 186.08 23.59 21 -51.45 -0.91
07/13/12 209.69 23.61 Rod Cal 0.00 Na
07/23/12 234.20 24.51 . 10 -4.26 -4.26
09/17/12 292.36 29.21 7 -11.85 -2.63
09/24/12 321.82 29.47 7 -11.59 0.27
10/01/12 - - 7 -13.93 -2.35

It is clear that for small burnup intervals and short intervals between measurements, reactivity
calculations for sequential measurements are well within a few cents. Reactivity
measurements using calibrated control rods at the UT TRIGA reactor are repeatable well within
5 cents.

35.4 "Section 3.2 of the guidance describes that a limit be established for the maximum control rod
reactivity insertion rate for non-pulsed operation. The proposed UT TRIGA TS do not provide such a
specification. This rate, and the control rod scram times, are typically justified through the analysis of
an uncontrolled, control rod withdrawal transient."

See MODELLING A STEP INSERTION AND CONTINUOUS ROD WITHDRAW EVENTS IN A TRIGA; the
analysis demonstrates an uncontrolled withdrawal at the maximum possible rate does not challenge
safety limits.

35.5 "Section 3.2 of the guidance describes a specification for permitted bypassing of channels for
checks, calibrations, maintenance, or measurements. Proposed UT TRIGA TS 3.3, “Measuring
Channels,” does not specify when it is permitted to bypass channels for checks, calibrations,
maintenance or measurements"




The facility does not operate under those conditions.

j :
35.6 Proposed UT TRIGA TS 4.3 “Measuring Channels,” contain Surveillance Requirements for the
Fuel Temperature Channel and the Upper Level Radiation Monitor. However, there are no associated
LCO specifications.

There are safety limits on fuel temperature and required measuring channels that require the
instruments. Instruments require routine maintenance to assure operability.

35.7 Section 3.3 of the guidance describes specifications for leak or loss of coolant detection and a
secondary coolant activity limit. No such specifications are found in the proposed UT TRIGA TS.

The chill water subsystem for the pool cooling system as described in the Safety analysis Report is
protected from radioactive contamination by:

1. System design, which maintains chill water pressure greater than pool water pressure so that
any potential leakage will be from chill water to pool water, and

2. Automatic closure of a pneumatic valve if differential pressure drops to 2 psid, and
3. Control room alarms if differential pressure falls to 5 psid

The alarm and valve actuation are functionally tested prior to each startup. A pool- to chill- water leak
would require multiple failures of the heat exchanger, heat exchanger design, and associated automatic
controls as well as personnel failure to respond to an abnormal condition. A primary to secondary leak
is not credible for the UT reactor.

35.8 Section 3.8.2 of the regulatory interpretations states that containers for experiments
containing known explosive materials shall be designed such that the design pressure of the container
is twice the pressure the experiment can potentially produce. The proposed UT TRIGA TS 3.6
“Limitations on Experiments,” does not include such a specification, please explain or revise.

This requirement will be added to 5.4, EXPERIMENTS.

36.1 The list of measuring channels presented in Table 1 of proposed UT TRIGA TS 3.3 “Measuring
Channels,” does not include the data acquisition and control (DAC) and control system computer (CSC)
[watchdog] which are [is] listed as [a] SCRAM chanriels in UT SAR Table 4.6. Please revise or justify

These channels are ‘state of health’ monitors and do not have a specific criteria as a safety function.
36.2 The setpoint stated for condition B for Specification B in proposed UT TRIGA TS 3.3,

“Measuring Channels,” is stated as 2mW. However, the neutron count rate should be stated in terms
of neutrons per unit time.




The specification provides console indication.

36.3 The basis for propose UT TRIGA TS 3.3 contains a statement “According to General Atomics,
detector voltages less than 80% of required operating value do not provide reliable ...” Please explain
how this statement applies to UT TRIGA and how the required conditions for safe operation are
ensured by your TS. Such information should be discussed in the SAR and then utilized in the TS basis.

The NP1000 and NPP1000 operate in the ion chamber region of the gas detector response curve. Basic
principles of gas amplification lead to a constant number of ion pairs collected in the ion chamber region
from a minimum voltage (below which ions and electrons recombine, therefore known as the
recombination region) to a maximum voltage (above which gas amplification causes a signal increase
which varies with voltage). Therefore the signal from the detector is constant over a range of voltages
that bound the ion chamber region, providing a reliable signal that does not vary with minor changes in
voltage.

The NM1000 is more complex, operating as an ion chamber region at higher power level range but also
as a pulse counter in lower ranges. Pulse counting is typically performed in a range of gas detector
response curve where pulse height is proportional to voitage. The instrument discriminates for pulses
with magnitude greater than pulses from other lower energy sources, such as electronic noise and
gamma pulses, to assure the signal is characterizing reactor power as a function of neutron flux.
Therefore at low power levels the signal has some sensitivity to detector bias voltage:

¢ if bias is too low, the pulse height will not exceed the discriminator setting with indicated power
artificially constrained, and

o if bias is too high, pulses from non-neutron interactions could be amplified enough to add to the
signal with indicated power higher than actual power. This condition would create some non-
linearity from gammas created by activated material in comparing actual to indicated power, but
safety significance is low.

GA E117-101, Operations and Maintenance Manual for the NP1000 and NPP1000 Percent Power
instruments specify calibration of the instruments for a detector bias of 750 VDC with a low voltage trip
set point of 600 VDC. The manual for the NM1000 (using a fission chamber) specifies a bias of 800 VDC
and a trip set point of 600 VDC for a low voltage trip setting and 850 VDC for a high bias voltage trip
(with low safety significance).

36.4 Proposed UT TRIGA TS 3.4 Table 2 does not provided the scram setpoints for the Reactor
Power Level, Fuel Temperature, and Pool Water Level SAFETY SYSTEM CHANNELS. Please explain or
revise. \

Fuel Temperature and power level trip setpoints are in Safety Limits and LSSS. The pool level setpoint is
not part of the safety system.




36.5 Proposed UT TRIGA TS 3.5 “Gaseous Effluent Control,” Specification A does not establish the
conditions that determine HVAC OPERABILITY (e.g., conditions or positions for the
fans/louvers/doors); a basis statement is not provided for the stated value of 10,000 cpm; such
information should be discussed in the SAR and then utilized in the TS basis. Also, there are more
COMPLETION TIMEs for Specification A than there are REQUIRED ACTIONs. Please explain or revise.

The HVAC system is an integrated control with a single switch for all controlled components. it is either
operating to support the reactor or it is not.

Specification A has been corrected.

36.6 Proposed UT TRIGA TS 3.5 “Gaseous Effluent Control,” Specification B does not provide a basis
statement for the stated limit of 10,000 cpm; such information should be discussed in the SAR and
then utilized in the TS basis. Also, there is a missing COMPLETION TIME for REQUIRED ACTION B.3.
The basis information from the approved 1992 SAR and Technical Specifications will be incorporated in

the proposed SAR and referenced in the Technical Specifications basis.

36.7 Proposed UT TRIGA TS 3.5, “Gaseous Effluent Control,” Specification D does not provide a
basis statement for the stated limit of 100 Ci/yr; such information should be discussed in the SAR and
then utilized in the TS basis.

See response to RAl 22.6.

36.8 The basis for the proposed UT TRIGA TS 3.7 “Fuel Integrity,” does not provide an appropriate
basis statement to support the limits in Specification C. Specification B is missing the word "not" in
the REQUIRED ACTION. The second occurrence of CONDITION B should be CONDITION C.

“A release of fission products indicates cladding challenge” has been added as a basis statement

37.1 Proposed UT TRIGA TS 3.2 “Pulsed Mode Oberation,” the COMPLETION TIME listed for the
REQUIRED ACTION is "immediate." Please consider the COMPLETION TIME to be "prior to
commencement of pulsing operation."

Revised

37.2.1 CONDITION A.2 the lumping together of COMPLETION TIME(S) under A.2 is confusing as to

which REQUIRED ACTION must be completed first.

Revised



37.2.2 The REQUIRED ACTION(S) A.1.1 and A.1.2 are, “Restore channel to operation OR ENSURE the

reactor is SHUTDOWN.” The COMPLETION TIME is stated as Immediate for both REQUIRED ACTION(S).

Please consider a sequence of events (e.g., either restore the channel to operation within an
acceptable COMPLETION TIME, OR shutdown).

A sequence is not required. Steps have been edited.

37.2.3 The COMPLETION TIME(S) for the REQUIRED ACTION(S) A.3.1 through A.3.3 are confusing in
that no action is identified to take precedence over another, potentially leaving the operator to make
their own assumptions as to the priority of events within one hour of any specified CONDITION.

A sequence is not required; the operator prior has the authority to select the preferred action. Steps

have been edited.

37.2.4 CONDITION(S) A.4 through A.7 state a series of REQUIRED ACTION(S) that are not sequentially
linked. Use of the same COMPLETION TIME for each action is contradictory.

,

Steps have been edited.

37.2.5 The REQUIRED ACTION(S) A.4.3 and A.4.4 seem to contradict each other.

Steps have been edited

37.3  Proposed UT TRIGA TS 3.4 “Safety Channel and Control Rod Operability,” Specification B has
no associated REQUIRED ACTION(S) or COMPLETION TIME(S).

Revised to

B. Fuel elements have B. Do not insert or re-insert the
visual indication of fuel element into the upper | B.IMMEDIATE
cladding integrity failure | core grid plate.

37.4 Proposed UT TRIGA TS 3.5 “Gaseous Effluent Control,” logical “AND/OR” connectors are
missing between REQUIRED ACTION(S) C.2.a-C.2.b and C.2.b-C.2.c. COMPLETION TiME(S) are all listed
as IMMEDIATE which is contradictory. Please revise providing a clear sequence of the expected steps.

Revised with logical connectors in required action and immediate completion time
37.5 Proposed UT TRIGA TS 3.7 “Fuel Integrity,” the COMPLETION TIME listed for all REQUIRED

ACTION(S) is IMMEDIATE. Please consider revising the REQUIRED ACTION(S) for Specification A and B
to state, “Discharge fuel elements prior to reactor operation.”




Required Action and Completion time for B and completion time for C revised
37.6.1 REQUIRED ACTION(S) A.1 through A.3 are in reverse order. The COMPLETION TIME(S) are all
IMMEDIATE which is contradictory.

See revised proposed Technical Specifications

37.6.2 REQUIRED ACTION(S) B.1 and B.2 are in reverse order.

The actions are independent, not sequential

37.6.3 REQUIRED ACTION(S) C.1 and C.2 are in reverse order. The COMPLETION TIME(S) are all
IMMEDIATE which is contradictory. Also, and the CONDITION seems to be improperly stated.

See revised proposed Technical Specifications
37.6.4 "REQUIRED ACTION(S) D.2 and D.3 are in reverse order. The COMPLETION TIME(S) are all
IMMEDIATE which is contradictory. A basis to support the established limits in Specification D is not

provided. Such information should be discussed in the SAR and then utilized in the TS basis."

See revised proposed Technical Specifications

38.1 There are no SRs for the DAC or CSC that are listed as SCRAM channels in UT SAR Table 4.6.
The DAC and CSC trips are state of health monitors and not required by or credited in safety analysis.
38.2 There are no SRs for the reactor bay differential pressure for CONDITION A.3 in proposed UT
TRIGA TS 3.3 “Measuring Channels.”

Removed condition

38.3 Proposed UT TRIGA TS 3.3 “Measuring Chan'nels," contains Surveillance Requirements for the
Fuel Temperature Channel and the Upper Level Radiation Monitor but there are no associated LCO
specifications

See response to 36.4

38.4 There are no SRs for the Reactor Power Level scram, the Manual scram, or Fuel Temperature
scram to support proposed UT TRIGA TS 3.4 “Safety Channel and Control Rod Operability.”



Surveillance requirements for instruments are in 4.3

38.5 There are no SRs to support proposed UT TRIGA TS 3.7 “Fuel Integrity,” CONDITION C.

4.7.3: The STANDARD FUEL ELEMENTS SHALL be visually inspected for corrosion and mechanical
damage

39.1 Proposed UT TRIGA TS 5.1.3(1) allows fuel having a stoichiometry of 1.55 to 1.80 in hydrogen
to be used in UT TRIGA.

GA-Report E-117-833 does not specify a range; the range is taken from phase diagrams for the desired
phase.

39.2 1) core parameters; 2) conditions for operation of the reactor with damaged or leaking fuel
elements; 3) parameters such as maximum core loading, thermal characteristics, physics parameters,
etc; and 4) fuel burn-up limits. These design features are not stated in the proposed UT TRIGA TS.

These design features are provided in the SAR analysis.

39.3 Please provide a basis for meeting UT TRIGA TS 5.2 “Reactor Fuel and Fueled Devises in
Storage,” in recommended by ANS Standard 15.1, Section 5.4.

Storage is either validated subcritical by criticality analysis or bounded by criticality analysis. LOCA
analysis demonstrates convection cooling is capable of maintaining fuel integrity for air cooling, which is
more severe than water cooling. Thermal hydraulic analysis demonstrates that fuel in the reactor with
heat generation levels much greater than decay heat can be cooled by convection in water.

39.4 Proposed UT TRIGA TS 5.4 incorporates considerations for experiments into the design
features section. These considerations do not meet the regulations of the definition for design
features from 10 CFR 50.36.

§ 50.36 (Technical specifications) states:

(if) A technical specification limiting condition for operation of a nuclear reactor must be established for
each item meeting one or more of the following criteria:

(A) Criterion 1. Installed instrumentation that is used to detect, and indicate in the control room, a
significant abnormal degradation of the reactor coolant pressure boundary.

(B) Criterion 2. A process variable, design feature, or operating restriction that is an initial condition of a
design basis accident or transient analysis that either assumes the failure of or presents a challenge to the
integrity of a fission product barrier.




(C) Criterion 3. A structure, system, or component that is part of the primary success path and which
functions or actuates to mitigate a design basis accident or transient that either assumes the failure of or
presents a challenge to the integrity of a fission product barrier.

(D) Criterion 4. A structure, system, or component which operating experience or probabilistic risk
assessment has shown to be significant to public health and safety.

In the absence of a pressure boundary or potential or significant risk to the public health and safety,
Criterion 1 and 4 do not apply. In the absence of experiment potential to initiate a design basis accident
or challenge the integrity of the fission product barrier (i.e., cladding), Criterion 2 and 3 do not apply.
Since the experiment design features specifically limit the impact of failure to prevent significant risk to
the heath a safety of the public by preventing potential cladding failure, a limiting condition for
operation based on design criteria is inappropriate. In fact, should an experiment introduce the
potential to initiate a design basis accident or challenge fuel integrity, it could not be implemented
without NRC review. In the event that such an experiment were proposed, specific Limiting Conditions
for Operation could be required on specific measurable criteria with specific surveillance requirements
to assure the LCOs are met.

(4) Design features. Design features to be included are those features of the facility such as materials of
construction and geometric arrangements, which, if altered or modified, would have a significant effect
on safety and are not covered in categories described in paragraphs (c) (1), (2), and (3) of this section.

The considerations for experiments are features of the experiment-such as materials of construction and
geometric arrangements, which, if altered or modified, would have a significant effect on safety and are
not covered in categories described in paragraphs (c) (1), (2), and (3) of this section

These considerations are neither Safety limits (limits upon important process variables) nor Limiting
safety system settings (for automatic protective devices). Limiting conditions for operation are the
lowest functional capability or performance levels; these are design criteria for capabilities and
performance levels. It may be that some specific experiment feature requires an LCO according to the
10CFR30 criteria, and if so that experiment and the associated LCO will be approved by the USNRC prior
to implementation as per 10CFR50.59.

It is notable that placing the experiment design criteria in an LCO leads to a surveillance requirement
that simply requires the design criteria is implemented, i.e., the experiment is designed to be
acceptable. Therefore a surveillance requirements associated with such an LCO is verification that an
administrative control is being exercised. While there are other administrative controls in Technical
Specifications, they have not been formatted as LCO/SR. A requirement that the experiment be
designed to the criteria would not place limiting condition for operations on the experiment itself, i.e.,
any parameter associated with the conduct of the experiment.



REPORT ON NEUTRONIC ANALYSIS FOR THE UT TRIGA REACTOR

The UT TRIGA critical mass of the original UT TRIGA reactor core configuration is compared with the
critical mass required in prototypical cores. The computer codes used in this analysis is described. The
geometry of the UT TRIGA core is identified. The representation of the core geometry and materials in
modeling within the program is described. The results of calculations using the model to characterize
the UT TRIGA reactor are summarized. Finally, evidence demonstrating validity of the model in
characterizing the UT TRIGA reactor is provided.

The UT TRIGA reactor core uses a triangular pitch, composing a hexagonal geometry as shown in Fig. 1.
Core positions are indexed as rings (A through G), with index numbers increasing for sequential
positions. Neutronic analysis was performed for the UT TRIGA reactor configured with three standard
fuel follower control rods located in positions C01, CO7, D06, and D14. Position AO1 (central thimble)
does not contain a standard fuel element. Positions G32 and G34 are reserved for a neutron source and
an in-core pneumatic terminal. The A and B rings are within a removable assembly that allows insertion
of large experiments; because of the associated reactivity deficit, removing the fuel in these positions
severely limits potential operation. Fuel element positions E03, E04, FO3, FO4, FO5, GO4 and GO5 can
similarly be removed with full power operations possible. Two smaller removable “3-element”
assemblies are located at the D17/E22/E23 and E11/F12/F14 positions.
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Figure 1, UT TRIGA Reactor Core
1.0 COMPARISON WITH HISTORICAL CRITICAL MASS DATA

The critical mass for the General Atomics prototype reactors is compared to the critical mass of the 1992
UT TRIGA reactor. Critical mass of the UT core was 93% of the GA core.




11 CRITICAL MASS OF HISTORICAL GENERAL ATOMICS TRIGA REACTORS

The cylindrical GA TRIGA Mark | reactor achieved critical condition with 54 standard fuel elements (8.5%
weight uranium, 20% enriched, 1.94 kg ***U) and four water filled control rod positions. Core positions
not occupied by fuel elements used graphite “dummy” rods for reflection; removing the graphite rods
increased critical mass about 25%. The GA Advanced TRIGA Prototype reactor achieved critical
condition with three fuel follower control rods, 1 transient rod, and 75 standard fuel elements (2.7 kg
235U). The GA TRIGA Mark 1l reactor achieved critical condition with four fuel follower control rods
(including a fuel element in the “A” ring) and 56 standard fuel elements (2.24 kg 235U).

1.2 CRITICAL MASS OF THE 1992 UT TRIGA REACTOR

Initial criticality for the UT TRIGA reactor at the Nuclear Engineering Teaching Laboratory (NETL) was
accomplished on 02/13/1992. Criticality was attained with 3 fuel follower control rods (fully withdrawn,
i.e., fuel fully inserted) and 56 fuel rods (including two instrumented fuel elements). Total mass of 2°U
was 2.12 kg in the standard fuel elements and 94.46 g in the three fuel followers.

The UT TRIGA reactor was configured with both water voids and graphite rods in non-fueled positions.
With the exception of fuel follower elements (i.e., fuel follower control rods), the 1992 University of
Texas (UT) TRIGA reactor core was composed of fuel elements with power history at other facilities
(previous UT TRIGA located on main campus in Taylor Hall, Northrup Aircraft, and a General Atomics
facility). These lightly-burned fuel elements decayed approximately 1 year prior to use at the current
location. The new UT TRIGA core included three new fuel follower elements with fresh fuel. Critical fuel
loading is displayed in Fig. 2, with labels:

CT for the central thimble (water void)

SFE for standard fuel rods

TC for instrumented fuel elements

GR for graphite rods

S for the neutron source

WV for water voids

S2, S1 and RR for the fuel follower control rods (Shim 1 and 2, Regulating Rod)
TR for the transient rod

Although the pitch is hexagonal, positions are labeled “rings.” The B ring is shaded green in Fig. 2, C ring
light blue-green, D ring rose, E ring light brown, F ring light blue, and the G ring yellow.

Although the critical masses of the UT reactor and GA Mark lll are within 2%, comparison between
critical masses of the initial 1992 UT TRIGA core and the historical GA TRIGA cores is complicated by (1)
differences in reflection (graphite rod and water void configurations), (2) previous power history for the
standard fuel elements at the UT core, and (3) fundamental difference in core geometry.

Power history for the standard fuel elements at UT is based on Special Nuclear Material (SNM) reports.
Burnup included 7.91 MWD generated at Taylor Hall in 46 elements, and 41.07 MWD generated at
General Atomics or Northrup Aircraft facilities in 56 elements. Fifteen elements had burn from both UT
and other facilities. With the exception of the fuel followers and standard fuel elements in positions
C11 and D18, fuel in the B ring through the D ring {BO1 through D17} SNM reports indicate an average
burn of 0.255 MWD per element. With the exception of standard fuel elements in elements in core
position F30, the standard fuel elements in the E and F rings and positions C11 and C18 had an average




burnup of 0.710 MWD. The element in position F30 was an outlier, received from GA with almost a gram
of 2*°U depleted.
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Figure 2, Initial UT TRIGA Core

The total core burnup from the original UT Taylor Hall facility is not in good agreement with the startup
report for the 1992 TRIGA installation. SNM reports are designed to account for changes in fissionable
material across the core, and not individual elements. Core burnup has historically been distributed to
individual elements using very simple correlations that do not account for spatial differences with core
physics. Although it is possible that the Taylor Hall facility could be modeled to get a more precise
evaluation of burnup for each element, records that identify core position and power generation are not
available for the Northrup Aircraft and the General Atomics reactors (and in the case of the GA facilities,
the specific prototype in which the fuel was utilized). There a potential issue with other fuel in UT
inventory from the University of lllinois that was not loaded the original 1992 core. Therefore SNM
records may not have the fidelity to accurately identify burnup for individual elements. Initial
calculations demonstrated a bias of approximately +$2 in calculations of excess reactivity. Calculations
demonstrate an increase of 0.5 gram in U?** for an 80 element core results in $0.80 increase of excess
reactivity, suggesting that validating the model against surveillance data is challenging.

1.3 OPERATIONAL LOADING OF THE 1992 UT TRIGA REACTOR
Fuel was loaded in the UT TRIA reactor to support operation at 1.1 MW on 03/16/1992. The core

contained 84 standard and 3 fuel follower elements with 3.35 kg ***U. Operational fuel loading is
displayed in Fig. 3, using the same labeling as in Fig. 3.
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Figure 3, Operational 1992 Core

Control rod calibrations are accomplished under surveillance procedure SURV-6, and excess reactivity
determinations are documented with SURV 3. The initial control rod reactivity worth calibration was
completed on 03/31/1992, although excess reactivity was not determined until completion of initial
testing in July when both SURV-3 and SURV-6 were performed. Surveillance data is provided in Table 1.

Table 1: 1992 UT TRIGA REACTIVITY ($), SURV-6 & SURV 3

PARAMETER 03/25/1992 07/23/1992
EXCESS NA 6.38
REG ROD 4.59 4.08
TR ROD 3.34 3.26
SHIM 2 3.46 3.30
SHIM 1 3.32 3.17

2.0 NUCLEAR PHYSICS MODELING
Neutronic and gamma transport modeling for the UT TRIGA reactor is based on calculations with SCALE®
6.2.2. Forthe UT TRIGA reactor, the SCALE depletion sequence (T-6 ) and the criticality sequence

(CSAS6) were used to calculate:

© Fuel composition as a function of burnup

! ORNL/TM-2005/39 Version 6.2.2, SCALE Code System




° Critical mass

Core Radial Peaking Factor

Physics parameters & Flux density
Fuel Element Axial and Radial Peaking Factors
Fission Product Poisons

Transuranic buildup

Fuel temperature reactivity deficit
Water temperature reactivity deficit
Control Rod worth

Excess reactivity

Shutdown Margin

Effects of Experiments

Effects of Burnup

Accident source Terms

® & o o o o o o o o

Scattering data for zirconium hydride is provided in SCALE to more accurately present cross section data.
The scattering data was applied to criticality analysis, but is incompatible with ORIGEN in the depletion
calculations. This required separating the calculations; material composition was developed for
individual fuel elements based on element burnup that does not use the scattering data, and the
element burnup distribution was developed from criticality calculations using the scattering data.

2.1 UT CORE AND FUEL GEOMETRY

Principle dimensions used in modeling the UT TRIGA core are taken from General Atomics drawings.
Major dimensions of fuel, core shroud, core barrel, and the reflector are incorporated in modeling.
Although the models include beam ports and the rotary specimen rack geometry, modeling of these
features is not discussed in this section. Fuel end fittings are modeled as conical, stainless steel
structures at the ends of the element (not including the fins or end-pins). End fittings for graphite
“dummy” elements are not modeled.

2.2 CORE BARREL (REFLECTOR AND GRID PLATES)

The radial reflector is annular, with a cylindrical outer surface (radius of 81.994 cm) and the inner
surface conforming to the inner shroud. For convenience the reflector’ is assumed to extend the full
height of the inner shroud; however, the reflector actually ends about 3 in. above the lower grid plate,
at an elevation corresponding to about % of the fuel element’s lower axial reflector (about 1 /% in. below
the bottom of the fuel matrix). The reflector annulus (core barrel) and the lower grid plate are
composed of aluminum alloy 6061. The core barrel® is shaped by two hexagonal prisms, one rotated 30°
as illustrated in Fig. 4. One of the hexagonal shapes is 55.625 cm, the other 52.637 cm. The lower grid
plate® is 1.25 in. thick, with the upper surface 33.249 cm, and the lower surface 36.424 cm below the
center of the fuel.

2GA Technologies Inc. drawing T2W210J111
* GA Technologies Inc. drawing T2W210J111
* Drawing NETL BGP0O1




Figure 4, Core Shroud and Lower Gird plate

The annulus at the upper part of the inner reflector surface and the upper grid plate are cylindrical. The
upper reflector has a space for a rotary specimen rack’, displacing the reflector to an outer radius of
35.715 cm. Center to center distance for the fuel element positions® (pitch) in the grid plates is 1.714 in.
(4.355 cm). Upper grid plate penetrations are nominally 1.505 in. (3.823 cm) in diameter. The bottom
grid plate has a set of positions with the same diameter as the top, shaded in Fig. 5, and the remaining
positions 1.250 in. in diameter. In addition to the variations in lower grid plate penetration diameters,
the upper grid plate has clearance for fuel elements, graphite elements, control rods, control rod guide
tubes, and experiments. To simplify modeling, all grid plate penetrations are assumed at the same
diameter as the component inserted in the position.

The upper grid plate is 5/8 in. thick, with the lower elevation and the upper elevation referenced to the
center of the fuel 42.799 cm and 41.224 respectively. Dimensions of penetrations in the upper grid
plate are provided in Table 2.

The reference point selected for physics models is the center of the active fuel, although the core is not
actually symmetric about the fuel matrix The distance from the center of the fuel to the top of the
lower grid plate is 13.09 in. (33.249 cm) above the top of the lower grid plate (based on dimensions
from GA drawings’). Modeling of standard fuel elements as based on these dimensions is provided in
Table 3.

¥ Rotary Rack Assy. Mark | & I, TO6514E115

® T2W210E108 - Top Grid Plate, NETL BGP0OO1 - Bottom Grid Plate

7751352108217, TS135210B229, TS135210C212, TS135210C214, TS135210C218, TS135210C226, TS135210C227,
TS13S210D210, and TS135210D213, derived by GA




Table 2: Upper Grid Plate Dimensions

Label

A Description In.

B Fuel Position 1.505
C 6/7 Element Facility diameter 5.140
D 3 Element Facility Y displacement 4.285
E 3 Element Facility X displacement 3.464
F 3 Element Facility Y displacement 5.999
G 3 Element Facility X displacement 3.464
H Grid Plate Diameter 21.75
| 6/7 Element, Diameter 1 4.002
J Grid plate thickness 0.62
K 6/7 Element Facility, Diameter 2 4.175
L 3 Element Cutout 2.370
M Alignment pin hole 5/6

Figure 5, Upper Grid plate

2.3 TRIGA FUEL ASSEMBLIES
Standard TRIGA fuel is identified® as

8.5 to 12 wt % uranium (20% enriched) as a fine metallic dispersion in a zirconium hydride
matrix. The H/Zr ratio is nominally 1.6 (in the face centered cubic delta phase).

A TRIGA fuel element is fabricated with three 1.435 in. diameter’ uranium zirconium hydride cylinders
with a central hole 0,25 in. as a fuel matrix, each cylinder 5 in. tall,. The fuel is enveloped in 0.2 in. thick
stainless steel cladding with a diameter of 1.48 in. Nominal loading is 39 grams U**® in the fuel matrix,
but the average (unirradiated) value of all the fuel elements received at UT is 38.1 grams U**® and the
most recent manufactured fuel in inventory has an assay of 38 (38.0 to 38.3) grams; therefore standard
loading at UT is assumed to be 38 grams. The fuel matrix inner diameter provides a cavity to enhance
hydrogen stoichiometry, and is filled with a 0.225 in. zirconium rod after processing. Axial graphite
reflectors are installed above and below the fuel, with a protective molybdenum disk between the lower
reflector and the fuel. A gap above the upper axial reflector permits thermal expansion and provides
space for outgassing of fission products and hydrogen. End fittings are welded to the cladding above the
gas gap and below the lower axial reflector; the completed end fittings are machined to assure
clearance in transition through the upper grid plate.

®GA Project No. 4314, The U-ZrH, Alloy: Its Properties and Use in TRIGA Fuel, M. T. Simnad (Feb. 1980) and NUREG
1282, Safety Evaluation Report on High-Uranium Content, Low-Enriched Uranium-Zirconium Hydride Fuels for
TRIGA Reactors, Docket No. 50-163 (Aug 1987)

° 7052100210




Table 3: TRIGA Standard Fuel Element (SFE) Dimensions (Referenced to Midplane)

= Z;
| NEDE in. Cm
b2 1  Top of upper pin 15.50 39.370
'l "’\3 i 2 Top of upper fins 13.94 35.408
3 Top of reinforcment 13.06 33.172
-5 & Bottom of reinforcment Top 12.81 32537
~—— of conical shape
Bottom of conical shape
—8 5  Top of cladding 10.81 27.457
Weldment plug top
6 Weldment plug bottom 10.56 26.822
Top of gap
y Soltomafgap 10.060  25.552
Top of axial reflector
3 Bottom of axial reflector 750 19.050
d41--0 Top of fuel
Bottom of fuel
2 Top of Moly disk 15 ~12.050
g Louam SmolreRk 7531 -19.129
Top of axial reflector
1 Bottom of axial reflector 11.251 28.578
Top of weldment plug
Bottom of welment plug
b Wl 11501 -29.213
Top of conical end-shape
Top of lower fins
13 Top oflower grid plate -13.09 -33.249
Start fin taper
14 Bottom of conl'cal shape 13.695 34.785
Top of lower pin
Figure 6, SFE 15 Bottom of lower pin -14.441 -36.680

First generation TRIGA fuel was supported in the core by the lower end-pin in a depression in the lower
grid plate; later TRIGA fuel is supported by three fins in contact with holes in the lower grid plate. An
adapter (Fig. 7) is required to use older fuel in current TRIGA grid plates.

Curment Standand Crpnesd Standany Adgoner nelind
Fual Fuml
- fre—
Pl 11 S

" — |8

Figure 7, Standard Fuel Element Details




Nine grid plate locations are designed to accommodate control rods and the central thimble,
with holes at the same diameter in the upper and lower grid plates. Fuel can be used in these
locations using an adapter (a hollow cylinder) secured to the aluminum “safety plate” below
the lower grid plate. The top of the adapter mimics the top of the lower gird plate, providing
support surface for fuel elements fins.

Holes in the surface of the adapter permit cooing flow through the bottom of the fuel element
(Fig. 8). These adapters are designed to make the geometry of the lower grid plate in these
positions compatible with the geometry of the other penetrations. A photograph of the

Fi
igure 8, area under the lower gird plate is provided in Fig. 9.

Adapter

Fuel Followe

Safety Plate

Figure 9, Area Below the Lower Grid Plate
2.4 CONTROL RODS

Two types of control rods are used in the UT TRIGA: fuel follower control rods (FFCR) and a transient
control rod, alternately referred to as the pulse rod. The poison sections of control rods are composed
of B,C, heat pressed to a density'® greater than 2.48 g cm’ (theoretical density of B,C is 2.52 g cm®). As
an FFCR is removed, the attached fuel follower is drawn into the core. The transient control rod uses a
guide tube and has an air filled follower.

2.4.1 FUEL FOLLOWER CONTROL RODS.

Standard fuel element follower control rods are stainless steel tubes with welded end fittings
approximately 45 in. (114 cm) long by 1.35in. (3.429 cm) in diameter (1991 UT SAR). The upper 6.5 in.
(16.51 cm) of the fuel follower control™ rod is an air void, separated and secured from the poison
section by a 0.5 in. (1.27 cm) plug secured with a magneform weld. There is a small (0.12 in, 0.305 cm)
air gap at the top of the poison section, between the poison and the plug. The poison is 15 in. (38.1 cm)
of B,C. 1.187 in. (3.015 cm) in diameter. The poison section is separated from the fuel follower section
by another 0.5 in. plug and magneform weld. The top of the fuel follower section is a 0.25 in (0.635 cm)
air gap, above the fueled. The fuel rests on a double thickness 1 in. (2.54 cm) plug and magneform weld,
followed by a 6.5 (16.51) in. air void. The bottom air void has an aluminum insert with wall thickness
0.35in. (0.089 cm). For convenience, the reference point for the control rod in Table 3 aligns the fuel
section with the center of the fuel in standard fuel elements when the rod is withdrawn.

'° GA Drawing TOS250B226, Poison
1GA drawing TOS250D225 (Control Rod — Fuel Follower).




Table 4: Fuel Follower Control Rod Geometry

| /K
tno “_“"4' !
Gl s

Figure 10, FFCR

KEY DESCRIPTION ELEVATION
in cm
A Top upper end 13.87 35.230
B L 12.37 31.420
Top of top void
c Bottom of top void 3.87 27530
Top of top plug
D Bottom ofmag plug 337 21.260
Top of poison gap
v Bottom of pou‘son gap 325 20.955
Top of poison
Bottom of poison
F Top of lower poison mag -6.75 -17.145
plug
G Bottom of lower mag plug 795 -18.415
top of fuel gap
H bottom of fuel gap 75 19.05
top of fuel
H bottom of fuel 225 5715
top of lower mag plug
] bottom of Iowe.r mag plug 235 59.69
top of lower air follower
bottom of air follower
K top of lower end fitting 26878 Kk
L bottom of lower end fitting ~ -29.375 -74.613

Table 5: FFCR Component Thickness (Z Axis)

Component in. cm
Upper End Fitting 1.5 3.81
Upper Air Void 35 8.89
Magneform Plug 0.5 1.27
Poison/Air Gap 0.12 0.305
Poison 15 38.1
Magneform Plug 0.5 1.27
Fuel/Air Gap 0.25 0.635
Fuel 15 38.1
Magneform Plug 1 2.54
Lower Air Void 5.375 13.653

Lower End Fitting 0.5 1.27




2.4.2 TRANSIENT CONTROL ROD.

The transient control rod operates within an aluminum guide tube (1.490 in. or 3.7846 cm in diameter
machined from 1.5 in./3.81 cm aluminum tubing with a wall thickness 0.065 in. or 0.1651 cm*?) secured
to the upper grid plate and the safety plate (below the lower grid plate). The guide tube is perforated by
% in. holes at 90° rotations on 1 in. centers at the top and bottom of the core barrel. The guide tube
extends 5 feet above the safety plate and below the lower grid plate. Perforations and extensions above
the upper- and below the lower-grid plate are not modeled.

Table 6: Transient Rod Dimensions

| 13
KEY DESCRIPTION . ELEVATION
Ea A in cm
Fitting . A Top of end fitting 9 22.860
. ‘ B Bottom of end f|tt|'ng 75 19.050
L Top of poison section
B f poi i
. c ottom of poison section 75 -19.050
Magneform Top of magneform weld
Weid ™ b Bottom of magneform
_ D weld -8.5 -21.59
. il Top of air follower
ollower Bottom of air follower
End . t e o -27.75  -70.485
Fitting 1 e op of end fitting
F Bottom of end fitting -28.25 -71.755
Figure 11, Figure 12,
Transient Rod Guide Tube

Transient rod cladding is a 1.25 in. (3.175 cm) diameter aluminum tube with wall thickness 0.028 in.
(0.071 cm)™. The poison section of the transient rod is 15 in (38.1 cm)®. A double (1 in., 2.54 cm) plug
with a magneform weld secures the poison section at the top and bottom. The air follower above the
poison section is in an assembly 5.94 in., which includes the upper end fitting and the upper magneform
weld. The air follower under the plug is 20.88 in. (53.02 cm) long, terminating in a bottom end-fitting.

3.0 LIMITING CORE CONFIGURATION

NUREG 1537 requires a Limiting Core Configuration (LCC) be identified as the configuration that has a
fuel element with the highest power density. The highest power density occurs in the fuel element
where the ratio of the power in an element to the average power across all elements (power per
element) is largest.

NUREG 1537 requires information relative to the operational core. Fuel loading in excess of the limiting
core configuration supports compensates for fuel burnup and the negative reactivity that may occur
with experiment insertion. Operational core loading is limited by the maximum excess reactivity
permitted in the Technical Specifications.

27135210D150, Guide Tube — Transient Rod
¥ 7052520191 & 1991 UT SAR
" 705252D191 — Transient Rod Assembly (ADJ)




3.1 Determining the Limiting Core Configuration

The highest average power per fuel element will occur in a core with the smallest number of fuel
elements that will support full power operation. The highest power density will occur in an element
closest to the center of the core; the B-ring elements were analyzed discretely within the core to
provide an indication of fission rate in each element. The power in each B ring element is determined as
the product of the core power and fission rate in an element normalized to the average fission rate
across all elements. The use of a reflector reduces the required number of fuel elements by reducing
neutron leakage. If non-fuel spaces are filled with graphite rods acting as reflectors, average power
generation across the core (i.e., per element) will be more uniform, resulting in a lower the peak-to-
average power ratio. For a water voided G fing, the core approaches a water reflected condition where
elements further from the core center generate less power and increasing the peaking factor.

Calculations were performed with graphite in non-fuel spaces and a then with water voids in non-fuel
spaces to verify that the maximum power in an element occurs with water voids. The calculations were
used to determine the minimum number of fuel elements required to achieve criticality and the number
of fuel elements that will result in in a calculated excess reactivity of 4.97%. Calculations for limiting core
configuration were performed with core configurations from 49 to 115 at 600K (simulating full power
operation) with water voids in non-fueled locations.

3.1.1 Zero Power Critical Mass

Minimum fuel loading with graphite rods at 300 K is determined to be 60 elements (57 standard fuel
elements and 3 fuel followers). Associated mass is 2:27 kg of >**U (slightly more than the 1.94 kg **U in
the GA TRIGA Mark reactor, slightly less than the 2.7 kg °U in the GA Advanced TRIGA Prototype
reactor, and comparable to 2.24 kg ***U of the GA TRIGA Mark Il critical condition, op cit). The water-
void configuration requires about 74 fuel element to achieve criticality at room temperature, 23% more
fuel elements comparable to the 25% increase noted at GA.

3.1.2 Critical Mass for Power Operation

The UT TRIGA core can be critical at full power operating temperature with 75 fuel elements. Average
element power with 75 elements with operation at 1250 kW is 16.67 kW.

3.1.3 Operational Critical Mass

In addition to compensating for operating temperature, fuel is required to provide reactivity to
compensate for fission product poisons and burnup. The maximum allowable excess reactivity is
established for safe operation at 4.9% Ak/k. An 82 element core results in a calculated excess reactivity
of 5.2% at 300K; an 81 element core with fresh fuel has 4.5% excess reactivity, and an 80 element core
4.3% excess reactivity. The 80 element core has more than 10% margin to the maximum reactivity
permissible without exceeding the reactivity limit, and will therefore be considered the operational
core.

3.1.4 Fuel Element with Highest Peaking Factor

Elements in the B ring are exposed the highest neutron flux, and therefore generate the most power.
The ratio of the power in a fuel element to the average power per element in the core is the “Peaking




Factor. The maximum B ring peaking factor for the core configuration (that can support full power
operation) and the core configuration that can approach the limiting reactivity are tabulated in Table 7.

Table 7, B RING PEAKING FACTOR AT CORE LOAD

Eleioe.nts 92 86 85 84 80 76 74
Excess
Reactivity $10.09  $2.68  $8.59  $834  $7.44  $620  $5.53
BO1 1.53 1.49 153 1.53 1.51 1.50 1.50
B02 1.53 1.58 153 152 1.51 151 1.50
BO3 1.56 1.65 1.56 1.55 1.54 1.53 1.52
BO4 1.58 1.67 1.57 1.57 1.55 1.54 1.54
BOS 1.56 1.64 155 1.56 1.54 1.52 1.52
BO6 1.53 1.58 1.53 151 1.51 1.50 1.49

3.1.5 BRING ELEMENT POWER
The maximum B ring fuel element power (Table 8) is product of the peaking factor from Table 7 and the

power distributed uniformly over all fuel elements, average element power, for each core configuration.
The maximum power occurs with 74 elements.

Table 8, FULL CORE POWER, B RING POWER AT CORE LOAD

No.

Elements 92 86 85 84 80 76 74

Excess

Reactivity  $10.09 $2.68 $8.59 $8.34 $7.44 $6.20 $5.53
BO1 20.12 20.89 21.78°  22.00 22.88 23.85 24.51
B0O2 20.16 22.16 21.80 2191 22.85 23.97 24.47
BO3 20.55 23.16 22.22 22.29 23.26 24.44 24.91
BO4 20.79 23.50 22.37 22.55 23.51 24.59 25.18
BO5 20.48 23.04 22,11 22.53 23.31 24.27 24.93
BO6 20.13 22.28 21.74 21.71 22.79 23.81 24.42

3.1.6 LIMITING CORE CONFIGURATION

The B ring fuel element with the maximum power across all cores that that will support full power
operation generates 25.18 kW.

3.2 Nuclear Characteristics of the Limiting Core Configuration

KENO transport and ORIGEN buildup and decay calculations provide information representative of or
useful in determining physics and operational parameters. Control rod positions are adjusted to achieve
the desired conditions (critical or rods fully withdrawn, as applicable). The beginning of core life
assumes the limiting core configuration with unirradiated fuel. The end of life core assumes a fully
fueled core (with water void positions reserved for the neutron source and the pneumatic tube),




operated at full power until criticality cannot be maintained (at full power). Space is reserved in the
core lattice for the neutron source and the pneumatic irradiation facility.

3.2.1 Physics Parameters and Flux Density
Physics parameters and flux density are determined from simulation of the critical condition. Control
rods were simulated in a banked position {equal translations along the z axis). A series of calculations

was performed for the LCC from simulated zero power to full power at fuel temperature of 300 K with
the control rods positioned at 18 cm withdrawn.

Table 9: (Critical) Nuclear Physics Parameters

Parameter 300 K 18cm 600 K18 cm 600 K26 cm
' 1E-9 MW 1.1 MW 1.1MwW 1.1 MW
Neutron Lifetime 14.32 ps 14.32 ps 14.77 us 14.62 ps
Neutron Generation time 53.92 ps 53.92 s 54.83 ps 54.45 ps
Mean free path 1.011cm - 1.011cm 1.003 cm 0.9964 cm
nu bar 2.439 2.439 2.439 2.4385

Additional simulations were performed at simulated full power operation, first with the same control
rod position at temperature of 600 K and then with the control rod position adjusted to compensate for
the elevated fuel temperature, approximately critical at control rod position 26.5 cm withdrawn. Table
9 values for “Neutron lifetime,” “generation time,” “mean free path” are taken from the KENO summary
report. Neutron flux from transport calculations at each power level is taken from the (energy) “group”
report row totals, tabulated in Table 10.

”

During reactor operation, 2*°U is burned and fission products are generated, affecting reactor
characteristics. Operation of a fully fueled core load was simulated as representative of changes to the
‘operational core configuration over core life. At the end of core life with a k. of 1.005, neutron
lifetime is 11.25 s, neutron generation time 52.48 us, and system mean free path 1.017 cm.

Table 10: Flux Density & Fission, Absorption & Leakage Fractions and Power

Rod thermal total - .
POWER Temp. Position keff flux flux fissions absorptions leakage

1.00E-06 300 K 18 1.0037 1.07E+04 3.86E+04 1.00449 0.89233 0.107918
0.01 300K 18 1.0037 1.07E+08 3.86E+08 1.00449 0.89233 0.107918
0.1 300K 18 1.0037 1.07E+09 3.86E+09 1.00449 0.89233 0.107918

1 300K 18 1.0037 1.076+10 3.86E+10 1.00449 0.89233 0.107918
10 300K 18 1.0037 1.07E+11 3.86E+11 1.00449 0.89233 0.107918
100 300K 18 1.0037 1.07E+12 3.86E+12 1.00449 0.89233 0.107918
1000 300K 18 1.0037 1.07E+13 3.86E+13 1.00449 0.89233 0.107918
1100 300K . 18 1.0037 1.18E+13 4.24E+13 1.00449 0.89233 0.107918
1100 600 K 18 0.9676 1.356+13 4.53E+13 0.96865 0.890989 0.108998
1100 600 K 26 0.9982 1.35E+13 4.48E+13 0.99950 0.893075 0.107205

Neutron flux density for the LCC core with fuel temperatures of 300 K is shown to be 1.08X10” n/cm?*-s
per watt in the thermal range, and 3.91X10” n/cm®-s per watt above thermal energy range. These




values agree well with calculations reported by General Atomics™, where 2-D, 24 group calculations
indicate average flux values for an 80 element 1 MW TRIGA to have 1.1X10” n/cm’-s per Watt from 0 to
1 eV and 2.46X10” n/cm®-s from 1 eV to 10 eV. At the end of core life as described, 1.1 MW power in
the operational core requires a thermal neutron flux of 9.16X10" n/cm®s, and total flux of 3.03X10"
n/cm’s.

3.2.2 Element Peaking Factors

As previously described, data from SCALE calculations to determine critical mass was used to evaluate
maximum core peaking factors to support identification of the limiting core configuration, using the
base geometry units as identified above. However, power within a fuel element is spatially distributed.
Therefore fuel element geometry was segmented first axially (20 segments) then radially (21 segments).
The results of calculations BO1 are provided in Table 11 and Fig. 13 for axial distribution and Table 12
and Fig. 14 for radial distribution.

Table 11: BO1 Axial Peaking Factor

NODE 300 K 600 K

1 5.63E-01  5.64E-01

2 648601  6.40E-01 AXIAL PEAKING FACTOR
3 7.62E-01  7.24E-01 i G

4 8.59E-01  8.86E-01 5 1%

5 933E01  9.80E01 5

6 1026400  101E+00 o

7 1.09E+00  1.12E+00 g Los

8 1.12E+00  1.12E+00 &

9 1.20E+00  1.16E+00 g A5

10 1.19E+00  1.20E+00 ©

1 1.18E+00  1.18E+00 § 085

12 1.20E4+00  1.17E+00 &

13 1.14E4+00  1.16E+00 g R

14 1.15E+00  1.13E+00 § e

15 1.06E+00  1.07E+00

16 1.01E+00  9.66E-01 % .

17 863E_01 909E_01 o -20 -15 -10 -5 0 5 10 15 20
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19 6.84E-01  6.65E-01

50 6.11E-01 6.04E-01 Figure 13, Axial Peaking Factor

= GA-4361, Calculated Fluxes and Cross Sections for TRIGA Reactors, G. B. West (August 14, 1963)




Table 12: Fuel Element BO1 Radial Peaking Factor

Radial Position Temperature

QOuter Inner Ave. 300 600

1.826 1.753 1.790 1972 2.088

1.753 1680 1716 1.853 1.918 Radial Peaking Factor
1.680 1.606 1.643 1718 1.732 ok o0k rel —amruelon
1606 1533 1569 1.583 1.599 125

1533 1459 1496 1481 1484 2 .,

1459 138 1423 1380 1365 &5

138 1313 1349 1284 1271 & _

1313 1239 1276 1183 1168 < & '

1239 1166 1.202 1.096 1.067 T .o

1166 1.092 1129 1.022 0989 = %i.’? -

1092 1019 1056 0933 0910 5§

1.019 0946 0982 0849 0828 5 °%

0.946 0.872 0909 0.779 0.763 o o%

0.872 0.799 0.835 0713 0701 8 .

0.799 0.725 0.762 0.649 0.634

0.725 0.652 0.689 0.574 0.570 VhE B 6% o B8 &5 %1 A& G4 & 3%
0.652 0.579 0.615 0.513 0.503 Radial Position (cm)

0.579 0505 0.542 0.441 0.437

0.505 0.432 0.468 0.387 0.383

0.432 0.358 0.395 0.324 0.323 Figure 14, Element Radial Peaking factor
0.358 0.285 0.322 0.267 0.266

3.2.3 Burnup Effects

Calculations were performed to determine the mass of uranium isotopes (***U and **®U) in a single fuel
element (Fig. 15) for two conditions. The uranium burnup for the initial LCC core was determined, and
the mass for a core with all locations loaded with fuel to predict the operational core at end of core life.
Excess reactivity was calculated from transport kes, and is shown in Fig. 16.

Uranium Burnup for LCC and Fully Loaded Core
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Figure 15: Uranium Burnup




Reactivity and Power History
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Figure 16: Excess reactivity and Burnup

The change in excess reactivity following startup from a clean core to equilibrium full power operation
at 300K was simulated, with excess reactivity determined from KENO criticality calculations. Full power
equilibrium excess reactivity decrease attributed principally to fission product poisons is shown in Fig. 17
to result in a reactivity deficit of approximately $3.5. Excess reactivity following shutdown from the
operation was simulated, with the results provided in Fig. 18.
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Figure 17, Excess Reactivity from Clean Core




EXCESS REACTIVITY CHANGE FOLLOWING
SHUTDOWN FROM EQ. XENON
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Figure 18: Excess Reactivity Following Shutdown

Simulation of steady state reactor operations at 1.1 MW from initial operation of the LCC to the
operational end of core life was performed to predict the behavior of fission product poisons and
transuranic isotopes on system performance over time. Absorptions are used in place of reactivity, but
ORIGEN calculations are infinite medium, neglecting leakage. Near the beginning of core life, 85.8% of
all absorptions occur in the isotopes of interest, as listed in Table 13. A large fraction (on the order of
80-85%) of absorptions in these isotopes occur in 5 isotopes (U235, U238, Pu239, Xe135, and Sm151).
The change in absorption for these isotopes over long term, steady state, full power operation is shown
in Fig. 23.

Table 13: Isotope Absorption-Fractions

ISOTOPE OMWD 66MWD 198 MWD 264 MWD 396 MWD 462 MWD 550 MWD
U235 8.02E-01 7.67E-01 7.46E-01 7.36E-01 7.14E-01 7.03E-01 6.88E-01
U238 5.93E-02 5.84E-02 6.04E-02 6.15E-02 6.38E-02 6.50E-02 6.68E-02
Pu238 2.46E-17 1.50E-08 3.66E-07 8.60E-07 2.95E-06 4.76E-06 8.25E-06
Pu239 6.79E-17 3.77E-03 1.15E-02 1.53E-02 2.27E-02 2.63E-02 3.09E-02
Pu240 5.46E-17 3.17E-05 2.97E-04 5.29E-04 1.19E-03 1.61E-03 2.28E-03
Pu241 7.54E-17 8.19E-07 2.35E-05 5.55E-05 1.85E-04 2.91E-04 4.86E-04
Pu242 7.03E-18 3.51E-10 3.24E-08 1.05E-07 5.55E-07 1.05E-06 2.16E-06
Xel31l 8.24E-18 1.19E-04 4.25E-04 5.86E-04 9.21E-04 1.10E-03 1.34E-03
Xel33 9.14E-18 4.79E-05 4.96E-05 5.05E-05 5.24E-05 5.34E-05 5.49E-05
Xel35 1.49E-13 2.41E-02 2.43E-02 2.43E-02 2.44E-02 2.44E-02 2.45E-02
Sm147 6.33E-18 1.14E-06 1.41E-05 2.60E-05 6.06E-05 8.33E-05 1.19E-04
Sm150 5.97E-18 2.75E-05 1.12E-04 1.57E-04 2.53E-04 3.03E-04 3.74E-04
Sm151 5.75E-16  1.15E-03 2.33E-03 2.60E-03 2.89E-03 2.96E-03 3.02E-03
Sm152 2.30E-17 5.08E-05 2.09E-04 3.06E-04 5.19E-04 6.33E-04 7.92E-04
Sm153 4.27E-17 2.06E-06 2.50E-06 2.76E-06 3.37E-06 3.72E-06 4.21E-06
TOTAL 86.1% 85.5% 84.6% 84.1% 83.1% 82.6% 81.9%




3.24

Fuel Temperature Reactivity Coefficient and Excess Reactivity

As previously described, data from SCALE calculations was performed to determine critical mass across a
range of temperatures from 300 K to 600 K. The criticality calculation in each configuration and
temperature variation was used to calculate net core reactivity, as reported in Table 14.

Table 14: Excess Reactivity at Fuel temperature By Core Configuration:

Fuel Number of Fuel Elements
Temp 65 73 74 78 83 87 89 92 97 100 106
(K) Graphite Configuration
300 $1.61 $3.24 $4.19 $470 $5.64 $6.58 S$6.83 $7.46 $8.24 $8.61 $9.55
300 $1.62 $3.29 $4.04 3$5.04 S$5.73 $6.50 $6.87 $7.36 $8.39 $8.71 $9.47
350 $1.16 $3.05 S$3.38 $4.44 $532 $598 $6.44 $7.18 $8.02 $8.31 $8.97
450 -$0.03 $1.72 5232 $3.38 $4.12 $4.99 S$5.63 S$5.92 S$6.80 $7.20 $8.09
550 -$1.65 S0.31 $1.04 $2.08 $2.75 $3.76 $4.04 S$4.71 $5.45 $5.98 $6.71
600 -$2.29 -50.36 S$0.11 $1.27 $2.17 $2.88 $3.21 $3.85 $4.86 $5.07 $6.06
Water Void Configuration
300 -$2.81 -50.21 $0.68 $1.94 $2.83 $4.13 $4.72 $5.49 $6.74 S$7.47 $8.67
300 -$2.77 -$0.24 S0.77 S$1.90 S$3.03 $4.24 $4.82 S$5.47 S$6.92 $7.41 58.64
350 -$3.53 -$0.83 $0.29 $1.34 $2.37 $4.04 $4.39 $4.95 $6.39 $7.00 $8.23
450 -$4.65 -$2.34 -$0.98 $0.30 $1.37 $2.81 $3.09 $4.11 $5.34 S$5.89 $7.15
550 -$6.17 -$3.60 -$2.56 -$1.15 -$0.04 S$1.23 $1.86 S$2.73 $4.09 $4.43 $5.88
600 -$6.98 -54.46 -$3.41 -51.81 -$0.86 $0.60 $1.15 $1.93 $3.38 $3.95 $5.11
The values for the LCC were plotted in Fig. 19 (along with other core configurations near the LCC). The

response for all data was remarkably similar, providing confidence that the temperature coefficient of
reactivity can reliably be determined by the slope of the linear function relating temperature to
reactivity change. The value of $-0.0127/A°K is approximately 11% lower than the value reported in the

original UT TRIGA SAR for a critical configuration of 64 elements, but agrees with the temperature

dependent prompt temperature coefficient of GA-7882. A similar fit for the 65 element core results in

agreement with the original UT SAR to within about 6%.




Evaluation of Fuel Temperature Reactivity Coefficient
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Figure 19: Excess Reactivity and Fuel Temperature
3.2.5 Excess reactivity & Shutdown Margin
Excess reactivity was determined directly from transport ks for the “all rods out” condition. The worth

imposed by control rod insertion was calculated for the remaining conditions using the formula (where
insertion is understood to cause negative reactivity worth):

$ = keﬂ.ARo —keri',(Rm . 1
CR =

k k 0.007

eff ARO " "eff CRin

The limiting shutdown margin (LSDM) is calculated as the shutdown margin with the most reactive
control rod fully withdrawn. In all cases, the regulating rod was determined to be the most reactive
control rod.

Table 15: Calculated Reactivity Values

RW
MWD RR SH1 SH2 TR Excess SUM LSDM

$6.44 $3.74 $2.91 $2.86 $2.63 $5.57 $12.15 $2.84

$8.70 $3.66 $2.97 $2.76 $2.58 $5.56  $11.97 $2.75

$9.65 $3.69 $2.93 $2.82 $2.74 $5.61 $12.18 $2.88
$10.80 $3.64 $2.88 $2.76 $2.59 $5.51  $11.87 $2.71
$11.73 $3.81 $2.99 $2.92 $2.66 $5.62  $12.37 $2.95
$12.79 $3.74 $2.87 $2.79 $2.64 $5.51 $12.04 $2.80
$14.48 $3.71 $2.85 $2.73 $2.72 $5.47  $12.02 $2.84
$17.97 $3.65 $2.85 $2.75 $2.52 $5.35 $11.77 $2.77
$26.00 $3.69 $2.90 $2.73 $2.65 $5.13  $11.97 £3.15
$31.31 $3.59 $3.02 $2.72 $2.61 $5.46 $11.94 $2.89




Table 15: Calculated Reactivity Values

: RW
MWD RR SH1 SH2 TR Excess SUM LSDM

$34.76 $4.56 $4.05 $2.86 $2.64 $4.89 $514.12 $4.66
$34.99 $4.05 $3.52 $2.32 $2.06 $5.39 $11.96 $2.51
$45.81 $3.81 $3.17 $2.27 $1.90 $5.11 $11.14 $2.23
$67.32 $4.18 $3.53 $2.83 $2.69 $4.83 $13.22 $4.22
$81.29 $3.81 $2.97 $2.43 °  $2.19 $5.73 $11.40 $1.87
$90.33 $3.37 $3.02 $2.17 $2.10 $5.20 $10.67 $2.10
$106.22 $3.24 $2.79 $2.02 $1.80 $5.20 $9.85 $1.41
$121.93 $3.21 §2.94 $2.80 $2.78 $5.26 $11.71 $3.25
$145.21 $3.33 $3.15 $3.02 $3.08 $4.90 $12.57 $4.35
$165.51 $3.40 $3.16 $3.05  $2.94 $4,57  $12.55 $4.58
$186.65 $2.36 $2.11 $2.32 $2.16 $5.05 $8.94 $1.53
$204.99 $3.07 $2.92 $3.06 $2.94 $5.42  $12.00 $3.50
$214.05 $3.78 $2.36 $2.85 $1.68 $5.34  $10.68 $1.55
$226.30 $2.43 $2.02 $2.36 $2.17 $5.68 $8.97 $0.86
$236.82 $3.12 $2.65 $3.10 $2.79 $5.49  $11.67 $3.05
$260.15 $2.71 $2.32 $2.71 - $2.48 $5.05 $10.22 $2.46
$281.57 $2.71 $2.33 $2.67 $2.43 $4.74  $10.14 $2.70
$286.66 $2.84 $2.45 $2.75 $2.53 $4.74  $10.56 $2.98

3.2.6 Burnup effects

Over time, the limiting core configuration will require increasing the number of fuel elements to
compensate for burnup until all locations reserved for fuel are filled. Therefore, burnup calculations are
based on a full core load. A simulation of steady state reactor operations at 1.251 MW from initial
operation to end of core life provides data on flux density, changes in uranium mass, and the effects of
significant isotopes generated during operation over core life. Average flux values for the fuel matrix
are shown in Fig. 20. The total *°U and ***U mass at each burnup interval is calculated by ORIGEN, and
reported by OPUS as indicated in Fig. 21. Excess reactivity derived from transport calculations over core
life are provided in Fig. 22. Neutron absorption in 2°U and *®U (as a fraction of total absorptions) is

shown in Fig. 23.
/




Average Neutron Flux in Fuel, 117 Element Core
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Figure 20: Neutron Flux in Fuel of a 117 Element Core as a Function of Burnup
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Figure 21: Uranium (235 and 238) Mass in a 117 Element Core as a Function of Burnup
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Figure 22: Excess Reactivity in a 117 Element Core as a Function of Burnup
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3.2.7 Experiment effects

The limit on experiment worth provides assurance that excess reactivity limits with the most reactive
shutdown margin fully withdrawn is met.

3.2.8 Accident Source terms

A simulation was performed with a fully loaded core (all core spaces filled with fresh standard fuel
elements) operated at 1.1 MW until ke,...s was less than unity. The simulation then decayed the core for
20 minutes, simulating the amount of time after shutdown required to remove a fuel element from the
core. Activity of the major halogens and iodine isotopes was calculated for strategic time intervals, and
is provided in Table 16. Total decay heat was calculated for time intervals after shutdown (Fig. 24).




Table 16: Fission product Inventory, Maximum Single Fuel Element

TIME 20M 50 M 7.5H 11.5H 12 H 1D 7D 30D 180D 365 D

br82 1.82E-1 1.81E-1  1.80E-1 1.57E-1 1.45E-1 1.14E-1 6.75E-3 1.32E-7 1.64E-11  1.63E-11
br83 6.37E1 6.17E1 5.61E1 7.75 2.44 7.61E-2 5.80E-9 5.80E-9 5.80E-9 5.80E-9
br84m 2.25 2.17E-1  6.67E-3  2.05E-10 2.05E-10 2.05E-10  2.05E-10  2.05E-10  2.05E-10  2.05E-10
br84 1.12€2 7.93E1  4.12E1 4.44E-3 2.35E-5 1.02E-8 1.02E-8 1.02E-8 1.02E-8 1.02E-8
br85 1.61E2 1.51  1.12E-3 1.46E-8 1.47E-8 1.47E-8 1.47E-8 1.47E-8 1.47E-8 1.47E-8
br86 1.98E2 5.78E-5  1.80E-8 1.80E-8 1.80E-8 1.80E-8 1.80E-8 1.80E-8 1.80E-8 1.80E-8
br87 2.39E2 6.58E-5 2.17E-8 2.17E-8 2.17E-8 2.18E-8 2.18E-8 2.18E-8 2.18E-8 2.18E-8
i131 3.56E2 3.56E2 3.55E2 3.48E2 3.43E2 3.30E2 1.98E2 2.72E1 6.38E-5 3.24E-8
i132 5.34E2 5.34E2 5.32E2 5.04E2 4.86E2 4.37E2 1.19€2 8.23E-1 4.82E-8 4.82E-8
i133 8.05E2 8.02E2 7.94E2 6.37E2 5.57E2 3.74E2 3.08 1.05E-7 7.37E-8 7.37E-8
i134 9.40E2 8.85E2 7.44E2 7.12 3.28E-1 2.62E-5 8.57E-8 8.57E-8 8.57E-8 8.57E-8
i135 7.60E2 7.33E2 6.96E2 3.33E2 2.18E2 6.15E1 1.56E-5 6.92E-8 6.92E-8 6.92E-8
i136 3.15E2 1.46E-2 3.31E-8 2.87E-8 2.87E-8 2.87E-8 2.87E-8 2.87E-8 2.87E-8 2.87E-8
kr83m 6.28E1 6.27E1 6.19E1 1.94E1 7.30 2.86E-1 2.67E-7 2.23E-7 7.07E-8 2.04E-8
kr85m 1.55E2 1.49€2 1.38E2 4.69E1 2.52E1 3.94 1.50E-8 1.42E-8 1.42E-8 1.42E-8
kr85 959 9.59 9.59 9.59 9.59 9.59 9.58 9.54 9.29 9.00
kr87 3.00E2 2.52E2 1.92E2 4.26 4.79E-1 6.91E-4 2.73E-8 2.73E-8 2.73E-8 2.73E-8
kr88 4.06E2 3.74E2 3.31E2 6.01E1 2.26E1 1.21 3.70E-8 3.70E-8 3.70E-8 3.70E-8
kr89 5.18E2 6.03  7.96E-3 4.72E-8 4.72E-8 4.72E-8 4.72E-8 4.72E-8 4.72E-8 4.73E-8
xel3lm 4.25 4.25 4.25 4.25 4.25 4.24 3.87 1.61 3.49E-4 7.23E-9
xel33m 8.93 8.93 8.93 8.79 8.66 8.09 1.57 1.10E-3  8.16E-10  8.16E-10
xel35 3.55E2 3.65E2 3.78E2 4.19E2 3.80E2 2.20E2 6.79E-3 7.26E-8 7.26E-8 7.26E-8
xel37 7.38E2 1.97E1  8.28E-2 6.71E-8 6.71E-8 6.72E-8 6.72E-8 6.72E-8 6.72E-8 6.72E-8
xel38 7.50E2 2.77E2 6.28E1 1.37E-7 6.82E-8 6.83E-8 6.83E-8 6.83E-8 6.83E-8 6.83E-8
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Figure 24, Decay Heat Following Steady State Full Power, End of Life Operations




4.0 Model Validation

Validity of the SCALE model application to the UT TRIGA reactor is verified in two ways. First, the
prediction of mass required to support operations is compared to the 1992 operational core loading.
Second, data from model calculations is used to evaluate core excess reactivity and the reactivity worth
of individual control rods with values compared to measured data for the 1992 operational core.

4.1 Model Comparison with Historical Reactors

The 1992 TRIGA core included 84 lightly burned standard fuel elements and three fresh fuel followers
augmented with 18 graphite rods, leaving 13 water voids in the G ring. SCALE predicts excess reactivity
(for 87 fuel elements, 84 standard and 3 followers) of approximately $1.00 with fresh fuel and a water-
void configured core, $7.00 with a full graphite-configured core. The lightly burned fuel with a
measured excess reactivity of approximately $6.4 is within the predicted range for fresh fuel.

-

4.2 Reactivity Values

Data from calculations using the SCALE model of the UT TRIGA reactor was used to determine excess

reactivity and the total reactivity worth of each control rod. Excess reactivity was calculated based on

ket With the control rods in a fully withdrawn position (k.;4z0). The worth of an individual control rod

(8¢r) was based on the previous calculation and kg calculation with the control rods in a fully inserted

position (kg crin) as follows:

$. = keff.ARO - kejf.CRin . 1
R~

kff,ARO 'keﬂ,cmn 0.007

€

Reactivity values calculated from SCALE CSAS6 data for control rod worth and excess reactivity
measurements are compared to measurements for periodic surveillance.

4.2.1 Core Configurations

There are 52 discrete burnup intervals at which either fuel was reconfigured and/or reactivity
surveillances were performed. The configurations are provided in Attachment 1.

4.2.3 Material Composition

A series of calculations was accomplished to determine isotopic concentrations of fuel at various burnup
intervals to support criticality calculations for reactivity analysis. The power history for the fuel
elements at UT is complex. All of the standard fuel elements used in 1992 had prior power history,
lightly burned at the previous UT TRIGA reactor at Taylor Hall, General Atomics, and Northrup Aircraft
facilities. Some of the elements had a power history at other facilities followed by operation at the UT
Taylor Hall facility. Records are not available to verify the burnup values. Some of the information is
inconsistent, with some indication that the distribution of core burnup to elements was not rigorous. All
of the fuel elements decayed approximately one year following removal prior to installation at the
current UT TRIGA located at the NETL. Assumptions required to accurately model fuel composition
based on power history are therefore extremely challenging. Initial calculations had a large (52) bias.




Weighting factors were assigned to the burnup values to reduce bias and improve model response.
Since the power history for 30 elements in the inner rings was approximately 1/3 of the power history
for the outer elements and fuel followers were fresh fuel in high reactivity worth positions, three
different weighting factors were developed to simulate the core composition for the initial core and the
following burnup intervals. Lightly burned fuel from the lllinois reactor received and used until later; a
weighting factor was determined to be unnecessary. The weighting factors for the burnup reported
from the three facilities were developed from burnup intervals that included only fuel element additions
where the burnup occurred at only one facility. The weighting factors were then used to scale the
burnups for individual elements in criticality calculations across a range of burnup intervals, and the
resultant reactivity changes evaluated to see whether the effect brought calculated values closer or
further from the surveillance data. When the weighting factors provided the maximum improvement in
comparison to the surveillance data, the adjusted burnups were used to calculate criticality for the 50
burnup intervals where either surveillance data was obtained or a core configuration occurred.

At each burnup interval, an element burnup was calculated (the product of the burnup over the interval
and the fraction of total fissions that occurred in each element). The element burnup for the interval
was added to the element burnup at the start of the previous interval, and a criticality calculation
performed for the start of the next interval using the updated burnup. When adding fresh fuel to start
an interval, only the uranium and zirconium hydroxide were included in the input. When lightly burned
fuel that had not been utilized in the current core was added, short lived radioactive material was
removed from the input. The results are provided in Table 17.

Table 17, Reactivity Surveillance Data

DATE MWD RR SH1 SH2 TR  Excess SSVI\X TS SDM
10/25/94 6.44 5399 $293 $3.19 $3.21 $5.56  $13.32 $3.77
08/10/95 87 S$4.02 $2.98 $3.18 $3.21 $5.46  $13.39 $3.91
03/05/96 9.65 $4.02 $2.98 S$3.18 S$3.21 $5.48  $13.39 $3.89

07/23/96 10.62 $4.02 $2.98 $3.18 $3.27 $5.50 $13.45 $3.93
01/29/97 11.73 $4.02 $2.98 $3.18 $3.27 $5.49  $13.45 $3.94
09/11/97 12.79 $4.08 $3.00 $3.18 $3.22 $5.44  $13.48 $3.96
01/23/98 14.48 $4.08 $3.00 $3.18 $3.22 $5.40 $13.48 $4.00
07/23/98 17.97 $4.06 $3.06 $3.20 $3.23 $5.40 $13.55 $4.09
07/02/99 26.00 5$4.05 $3.01 $3.22 $3.23 $5.00 $13.51 $4.46
04/27/00 31.31 $4.50 $3.48 $2.73 5236 $5.53  $13.07 $3.04
06/30/00 3476  $4.50 $3.48 $2.73 $2.36 $4.56  $13.07 $4.01
09/07/00 3491 $3.90 $3.02 $3.24 $3.17 $5.50 $13.33 $3.93
07/30/01 4581 $4.19 S$3.24 $294 $2.41 $4.59 $12.78 $4.00
07/24/02 67.32 $4.08 $3.16 $2.84 $82.47 $4.09  $12.55 $4.38
11/14/02 81.29 54.30 $3.34 $2.75 S$2.51 $5.69  $12.90 $2.91
07/24/03 90.33 $3.88 $3.31 $2.74 $2.46 $5.20 $12.39 $3.31
07/29/04 106.23  $3.33 $2.78 $3.25 $3.33 $5.77  $12.69 $3.59
07/18/05 121.93 $3.07 $2.94 $3.14 $3.28 $5.55  $12.43 $3.60
07/19/06 14521 $3.09 $2.89 $3.02 $3.29 $4.97 $12.29 $4.03
01/25/07 165.51 $3.09 52.89 - $3.02  $3.29 $4.47  $12.29 $4.53
07/25/07 186.65 $2.84 $2.75 $3.30 $3.32 $5.04 $12.21 $3.85




06/19/08 205.04 $3.65 $2.35 $3.27  $2.04 $4.45  $11.31 $3.21
06/25/09 214.05 $3.99 $2.45 S3.36 $2.04 $4.75 $11.84 $3.10
06/29/10 2263 $2.90 S$2.54 S3.11 $3.14 $5.79  $11.69 $2.76
06/29/11 236.82 $2.83 $2.52 $3.07 $3.01 $5.56  $11.43 $2.80
07/13/12 260.14 $2.76 $2.47 $3.01 S3.04 $4.83  $11.28 $3.41
07/16/13 281.57 $2.75 8245 $291  $3.00 $4.20 S$11.11 $3.91
07/22/14 286.66 $2.50 $2.74 $3.15  $3.17 $4.70  $11.56 $3.69

There is general agreement for a large set of the data, and the trends from interval to interval are
similar, but differences occur after major relocations of fuel or following large fuel additions (although a
convergence follows). In addition, surveillance data was accomplished to verify that Technical
Specifications requirements are met, and not to provide a resource for validation; the records are
fragmented and not well linked to core configuration changes. At interval 205 MWD a large negative
change caused by an experiment insertion occurred, active until it was removed at 226 MWD.
Surveillance data does not reflect the change, and fuel movement, burnup value, and surveillance data
may not be correctly synchronized.

Table 18, Fractional Errors Surveillance and SCALE Calculations

RW

SUM

6.44 -6.3% -0.6% -10.3% -17.9% 0.2% -8.8%
8.70 -8.9% -03% -13.2%  -19.7% 1.7% -10.6%
9.65 -8.1% -1.7% -11.4%  -14.5% 2.4% -9.0%
10.80 -9.4% -3.3% -13.3% -20.8% 03% -11.8%
11.73 -5.3% 0.3% -8.2% -18.7% 2.3% -8.0%
12.79 -8.4% -44%  -12.3%  -17.9% 1.2% -10.7%
14.48 -9.0% -49% -14.1%  -15.4% 1.3% -10.8%
17.97 -10.0% -6.8% -14.0% -22.0% -1.0% -13.1%
26.00 -8.9% -3.7% -15.2%  -17.8% 26% -11.4%
3131 -20.3% -13.1% -0.2% 10.5% -1.2% -8.6%
34.76 1.4% 16.4% 4.8% 11.8% 7.2% 8.0%
34.99 3.9% 16.6% -28.3% -35.0% -1.9%  -10.3%
45.81 -9.2% -22%  -22.8% -21.2% 11.3%  -12.8%
67.32 2.3% 11.6% -0.4% 8.8% 18.1% 5.3%
81.29 -11.4% -11.0% -11.5% -12.8% 0.6% -11.6%
90.33  -13.1% -8.8% -20.7% -14.5% -0.1%  -13.9%
106.22 -2.7% 0.5% -37.9% -46.0% -9.9%  -22.4%
121.93 4.4% -0.1% -11.0% -15.3% -5.2% -5.8%
145.21 7.7% 8.9% -0.1% -6.3% -1.5% 2.3%
165.51 10.1% 9.4% 1.0% -10.6% 2.2% 2.1%
186.65 -16.9% -23.5% -29.7% -35.0% 0.2% -26.8%
20499 -15.8%  24.1% -6.3% 44.2% 21.8% 6.1%
214.05 -5.2% -3.8% -15.1% -17.5% 12.4% -9.8%
22630 - -163% -20.6% -24.2% -31.0% -1.9%  -23.3%

MWD RR SH1 SH2 TR  Excess




Table 18, Fractional Errors Survéillance and SCALE Calculations

RW
SUM

236.82 10.4% 5.2% 1.1% -7.2% -1.2% 2.1%
260.15 -1.7% -6.1% -9.8% -18.5% 4.6% -9.4%
281.57 -1.6% -4.8% -83% -19.0% 12.8% -8.7%

MWD RR SH1 SH2 TR  Excess

4.3 Conclusion

Core loading for the 1992 fuel using a fraction of non-fuel spaces using graphite rods is consistent with
calculations of loading to support full power operation. Flux density calculated for the LCC core agrees
with historical calculations performed by General Atomics. There is agreement between measured and |
calculated reactivity worth values when material specification is adjusted by weighting initial burnup; |
differences occur between calculations and measurements occur with major configuration changes, and
trend towards agreement for operations following the change. Therefore, results of calculations using
the SCALE UT TRIGA model provide confidence that the model is capable of adequately predicting
reactor performance.




ATTACHMENT 1: UT TRIGA CORE CONFIGURATIONS

Core Burnup, Date, Position, Fuel Elements




DATE
MWD
BO1
BO2
BO3
BO4
BOS
BO6
co1
Cc02
Cco3
co4
€05
C0o6
co7
C08
C09
C10
Ci1
C12
DO1
D02
D03
D04
D05
Do6
Do7
DO8
D09
D10
D11
D12
D13
D14
D15
D16
D17
D18
EO1
EO2
EO3
EO4
EO5
EO6
EO7
EOS8
EOS

03/16/92 07/01/92 07/23/92 01/19/93 08/10/93 10/25/94 08/10/95 10/13/95 03/05/96 09/23/96 01/29/97

0
5921
5922
5981
6143
6886
6889

TR
5916
5917
6924
6926
6927
10146
6928
6929
6930
5283
6932
5844
5845
5846
5902
5903
10147
5904
5912
5913
5914
5915
5918
5919
10148
5920
6142
6923
6925
2899
2902
2903
2904
2905
2906
2908
2910
2911

0.173
5921
5922
5981
6143
6886
6889
TR
5916
5917
6924
6926
6927
10146
6928
6929
6930
5283
6932
5844
5845
5846
5902
5903
10147
5904
5912
5913
5914
5915
5918
5919
10148
5920
6142
6923
6925
2899
2902
2903
2904
2905
2906
2908
2910
2911

0.249
5921
5922
5981
6143
6886
6889
TR
5916
5917
6924
6926
6927
10146
6928
6929
6930
5283
6932
5844
5845
5846
5902
5903
10147
5904
5912
5913
5914
5915
5918
5919
10148
5920
6142
6923
6925
2899
2902
2903
2904
2905
2906
2908
2910
2911

1.696
5921
5922
5981
6143
6886
5283
TR
5916
5917
6924
6926
6927
10146
6928
6929
6930
6889
6932
5844
5845
5846
5902
5903
10147
5904
5912
5913
5914
5915
5918
5919
10148
5920
6142
6923
6925
2899
2902
2903
2904
2905
2906
2908
2910
2911

3.983
5921
5922
5981
6143
6886
5283
TR
5916
5917
6924
6926
6927
10146
6928
6929
6930
6889
6932
5844
5845
5846
5902
5903
10147
5904
5912
5913
5914
5915
5918
5919
10148
5920
6142
6923
6925
2899
2902
2903
2904
2905
2906
2908
2910
2911

6.441
5921
5922
5981
6143

6886

5283
TR
5916
5917

16924

6926
6927
10146
6928
6929
6930
6889
6932
5844
5845
5846

5902

5903
10147
5904
5912
5913

5914

5915
5918
5919
10148
5920

6142

6923
6925
2899
2902

2903

2904
2905
2906
2908
2910

<2911

8.698
5921
5922
5981
6143
6886
5283
TR
5916
5917
6924
6926
6927
10146
6928
6929
6930
6889
6932
5844
5845
5846
5902
5903
10147
5904
5912
5913
5914
5915
5918
5919
10148
5920
6142
6923
6925
2899
2902
2903
2904
2905
2906
2908
2910
2911

9.201
5921
5922
5982
6143
6886
5283
TR
5916
5917
6924
6926
6927
10146
6928
6929
6930
6889
6932
5844
5845
5846
5902
5903
10147
5904
5912
5913
5914
5915
5918
5919
10148
5920
6142
6923
6925
2899
2902
2903
2904
2905
2906
2908
2910
2911

9.646
5921
5922
5982
6143
6886
5283
TR
5916
5917
6924
6926
6927
10146
6928
6929
6930
6889
6932
5844
5845
5846
5902
5903
10147
5904
5912
5913
5914
5915
5918
5919
10148
5920
6142
6923
6925
2899
2902
2903
2904
2905
2906
2908
2910
2911

10.803
5921
5922
5982
6143
6886
5283

TR
5916
5917
6924
6926
6927

10146
6928
6929
6930
6889
6932
5844
5845
5846
5902
5903

10147
5904
5912
5913
5914
5915
5918
5919

10148
5920
6142
6923
6925
2899
2902
2903
2904
2905
2906
2908
2910
2911

11.731
5921
5922
5982
6143
6886
5283

TR
5916
5917
6924
6926
6927

10146
6928
6929
6930
6889
6932
5844
5845
5846
5902
5903

10147
5904
5912
5913
5914
5915
5918
5919

10148
5920
6142
6923
6925
2899
2902
2903
2904
2905
2906
2908
2910
2911



{

DATE 03/16/92 07/01/92 07/23/92 01/19/93 08/10/93 10/25/94 08/10/95 10/13/95 03/05/96 09/23/96 01/29/97
MWD 0 0.173 0.249 1.696 3.983 6.441 8.698 9.201 9.646 10.803 11.731
E10 2912 2912 2912 2912 2912 2912 2912 2912 2912 2912 2912
E1l 2913 2913 2913 2913 2913 2913 2913 2913 2913 2913 2913
E12 2915 2915 2915 2915 2915 2915 2915 2915 2915 2915 2915
E13 2918 2918 2918 2918 2918 2918 2918 2918 2918 2918 2918
E14 2925 2925 2925 2925 2925 12925 2925 2925 2925 2925 2925
E15 2927 2927 2927 2927 2927 2927 2927 2927 2927 2927 2927
E16 2928 2928 2928 2928 2928 2928 2928 2928 2928 2928 2928
E17 2929 2929 2929 2929 2929 2929 2929 2929 2929 2929 2929
E18 2930 2930 2930 2930 2930 2930 2930 2930 2930 2930 2930
E19 2932 2932 2932 2932 2932 12932 2932 2932 2932 2932 2932
E20 2935 2935 2935 2935 2935 2935 2935 2935 2935 2935 2935
E21 2938 2938 2938 2938 2938 2938 2938 2938 2938 2938 2938
E22 2939 2939 2939 2939 2939 2939 2939 2939 2939 2939 2939
E23 2940 2940 2940 2940 2940 2940 2940 2940 2940 2940 2940
E24 2941 2941 2941 2941 2941 2941 2941 2941 2941 2941 2941
FO1 2944 2944 2944 2944 2944 2944 2944 2944 2944 2944 2944
FO2 2946 2946 2946 2946 2946 2946 2946 2946 2946 2946 2946
FO3 2947 2947 2947 2947 2947 2947 2947 2947 2947 2947 2947
FO4 2948 2948 2948 2948 2948 2948 2948 2948 2948 2948 2948
FO5 2950 2950 2950 2950 2950 2950 2950 2950 2950 2950 2950
FO6

FO7 2952 2952 2952 2952 2952 2952 2952 2952 2952 2952 2952
FO8 2954 2954 2954 2954 2954 2954 2954 2954 2954 2954 2954
FO9 2955 2955 2955 2955 2955 2955 2955 2955 2955 2955 2955
F10 2957 2957 2957 2957 2957 2957 2957 2957 2957 2957 2957
F11

F12 2959 2959 2959 2959 2959 2959 2959 2959 2959 2959 2959
F13 2960 2960 2960 2960 2960 12960 2960 2960 2960 2960 2960
F14- 2962 2962 2962 2962 2962 2962 2962 2962 2962 2962 2962
F15 2964 2964 2964 2964 2964 2964 2964 2964 2964 2964 2964
F16 2965 2965 2965 2965 2965 2965 2965 2965 2965 2965 2965
F17 2968 2968 2968 2968 2968 2968 2968 2968 2968 2968 2968
F18 2969 2969 2969 2969 2969 12969 2969 2969 2969 2969 2969
F19 2970 2970 2970 2970 2970 2970 2970 2970 2970 2970 2970
F20 2971 2971 2971 2971 2971 2971 2971 2971 2971 2971 2971
F21 2974 2974 2974 2974 2974 2974 2974 2974 2974 2974 2974
F22 2975 2975 2975 2975 2975 2975 2975 2975 2975 2975 2975
F23 2976 2976 2976 2976 2976 2976 2976 2976 2976 2976 2976
F24 2977 2977 2977 2977 2977 2977 2977 2977 2977 2977 2977
F25 2979 2979 2979 2979 2979 2979 2979 2979 2979 2979 2979
F26 2983 2983 2983 2983 2983 2983 2983 2983 2983 2983 2983
F27 2984 2984 2984 2984 2984 2984 2984 2984 2984 2984 2984
F28 2985 2985 2985 2985 2985 2985 2985 2985 2985 2985 2985
F29 5198 5198 5198 5198 5198 5198 5198 5198 5198 5198 5198
F30 3513 3513 3513 3513 3513 3513 3513 3513 3513 3513 3513

~



DATE  03/16/92 07/01/92 07/23/92 01/19/93 08/10/93 10/25/94 08/10/95 10/13/95 03/05/96 09/23/96 01/29/97
MWD 0 0.173 0.249 1.696 3.983 6.441 8.698 9.201 9.646 10.803 11.731
G02
G03
G04
G05
G06
G08
G09
G10
G11
G12
G14
G15
G16
G17
G18
G20
G21
G22
G23
G24
G26
G27
G28
G29
G30
G32
G33
G34
G35
G36



DATE -09/11/97 01/23/98 05/06/98 06/18/98 07/23/98 03/04/99 04/06/99 05/24/99 07/02/99 04/27/00 06/29/00
MWD  12.791 14.477 17.064 17.266 17.97 23.642 23.818 25.407 25999 31.313 34.757
BO1 5921 5921 5921 5921 5921 5921 5921 -~ 5921 5921 5921 5921
BO2 5922 5922 5922 5922 5922 5922 5922 5922 5922 5922 5922
BO3 5982 5982 5982 5982 5982 5982 5982 5982 5982 5982 5982
BO4 6143 6143 6143 6143 6143 6143 6143 6143 6143 6143 6143
BO5 6886 6386 6886 6886 6386 6886 68386 6886 6386 6886 6886
BO6 5283 5283 10808 10708 10708 10708 10708 10708 10708 10708 10708
co1 TR TR TR TR TR TR TR TR TR TR TR
co2 5916 5916 5916 5916 5916 5916 5916 5916 5916 5916 5916
co3 5917 5917 5917 5917 5917 5917 5917 5917 5917 5917 5917
Co4 6924 6924 6924 6924 6924 6924 6924 6924 6924 6924 6924
05 6926 6926 6926 6926 6926 6926 6926 6926 6926 6926 6926
06 6927 6927 6927 6927 6927 6927 6927 6927 6927 6927 6927
C07 10146 10146 10146 10146 10146 10146 10146 10146 10146 10146 10146
co8 6928 6928 6928 6928 6928 6928 6928 6928 6928 6928 6928
c09 6929 6929 6929 6929 6929 6929 6929 6929 6929 6929 6929
C10 6930 6930 6930 6930 6930 6930 6930 6930 6930 6930 6930
ci1 6889 6889 6889 6889 6889 6889 6889 6889 6889 6889 6889
c12 6932 6932 6932 6932 6932 6932 6932 6932 6932 6932 6932
DO1 5844 5844 5844 5844 5844 5844 5844 5844 5844 5844 5844
D02 5845 5845 5845 5845 5845 5845 5845 5845 5845 5845 5845
DO3 5846 5846 5846 5846 5846 5846 5846 5846 5846 5846 5846
D04 5902 5902 5902 5902 5902 5902 5902 5902 5902 5902 5902
D05 5903 5903 5903 5903 5903 5903 5903 5903 5903 5903 5903
D06 10147 10147 10147 10147 10147 10147 10147 10147 10147 10147 10147
D07 5904 5904 5904 5904 5904 5904 5904 5904 5904 5904 5904
D08 5912 5912 5912 5912 5912 5912 5912 5912 5912 5912 5912
D09 5913 5913 5913 5913 5913 5913 5913 5913 5913 5913 5913
D10 5914 5914 5914 5914 5914 5914 5914 5914 5914 5914 5914
D11 5915 5915 5915 5915 5915 5915 5915 5915 5915 5915 5915
D12 5918 5918 5918 5918 5918 5918 5918 5918 5918 5918 5918
D13 5919 5919 5919 5919 5919 5919 5919 5919 5919 5919 5919
D14 10148 10148 10148 10148 10148 10148 10148 10148 10148 10148 10148
D15 5920 5920 5920 5920 5920 5920 5920 5920 5920 5920 5920
D16 6142 6142 6142 6142 6142 6142 6142 6142 6142 6142
D17 6923 6923 6923 6923 6923 6923 6923 6923

D18 6925 6925 6925 6925 6925 6925 6925 6925 6925 6925 6925
E01 2899 2899 2899 2899 2899 2899 2899 2899 2899 2899 2899
E02 2902 2902 2902 2902 2902 2902 2902 2902 2902 2902 2902
EO3 2903 2903 2903 2903 2903 2903 2903 2903 2903 2903 2903
E04 2904 2904 2904 2904 2904 2904 2904 2904 2904 2904 2904
EO5 2905 2905 2905 2905 2905 2905 2905 2905 2905 2905 2905
E06 2906 2906 2906 2906 2906 2906 2906 2906 2906 2906 2906
E07 2908 2908 2908 2908 2908 2908 2908 2908 2908 2908 2908
EOS8 2910 2910 2910 2910 2910 2910 2910 2910 2910 2910 2910
E09 2911 2911 2911 2911 2911 2911 2911 2911 2911 = 2911 2911



DATE  09/11/97 01/23/98 05/06/98 06/18/98 07/23/98 03/04/99 04/06/99 05/24/99 07/02/99 04/27/00 06/29/00
MWD 12,791 14.477 17.064 17.266 17.97 23.642 23.818 25407 25.999 31313 34.757
E10 2912 2912 2912 2912 2912 2912 2912 2912 2912 2912 2912
E11l 2913 2913 2913 2913 2913 2913 2913 2913 2913 2913 2913
E12 2915 2915 2915 2915 2915 2915 2915 2915 2915 2915 2915
E13 2918 2918 2918 2918 2918 2918 2918 2918 2918 2918 2918
E14 2925 2925 2925 2925 2925 2925 2925 2925 2925 2925 2925
E15 2927 2927 2927 2927 2927 2927 2927 2927 - 2927 2927 2927
E16 2928 2928 2928 2928 2928 2928 2928 2928 2928 2928 2928
E17 2929 2929 2929 2929 2929 2929 2929 2929 2929 2929 2929
E18 2930 2930 2930 2930 2930 2930 2930 2930 2930 2930 2930
E19 2932 2932 2932 2932 2932 2932 2932 2932 2932 2932 2932
E20 2935 2935 2935 2935 2935 2935 2935 2935 2935 2935 2935
E21 2938 2951 2951 2951 2951 2951 2951 2951 2951 2938 2938
E22 2939 2939 2939 2939 2939 2939 2939 2939

E23 2940 2940 2940 2940 2940 2940 2940 2940

E24 2941 2941 2941 2941 2941 2941 2941 2941 2941 2941 2941
FO1 2944 2944 2944 2944 2944 2944 2944 2944 2944 2944 2944
FO2 2946 2946 2946 2946 2946 2946 2946 2946 2946 2946 2946
FO3 2947 2947 2947 2947 2947 2947 2947 2947 2947 2947 2947
FO4 2948 2948 2948 2948 2948 2948 2948 2948 2948 2948 2948
FO5 2950 2950 2950 2950 2950 2950 2950 2950 2950 2950 2950
FO6 ‘ 6923 6923 2951 2951
FO7 2952 2952 2952 2952 2952 2952 2952 2952 2952 2952 2952
FO8 2954 2954 2954 2954 2954 2954 2954 2954 2954 2954 2954
FO9 2955 2955 2955 2955 2955 2955 2955 2955 2955 2955 2955
F10 2957 2957 2957 2957 2957 2957 2957 2957 2957 2957 2957
F11 12931 2931 4 2958 2958
F12 2959 2959 2959 2959 2959 2959 2959 2959 2959 2959 2959
F13 2960 2960 2960 2960 2960 2960 2960 2960 2960 2960 2960
F14 2962 2962 2962 2962 2962 2962 2962 2962 2962 2962 2962
F15 2964 2964 2964 2964 2964 2964 2964 2964 2964 2964 2964
F16 2965 2965 2965 2965 2965 2965 2965 2965 2965 2965 2965
F17 2968 2968 2968 2968 2968  .2968 2968 2968 2968 2968 2968
F18 2969 2969 2969 2969 2969 2969 2969 2969 2969 2969 2969
F19 2970 2970 2970 2970 2970 2970 2970 2970 2970 2970 2970
F20 2971 2971 2971 2971 2971 2971 2971 2971 2971 2971 2971
F21 2974 2974 2974 2974 2974 2974 2974 2974 2974 2974 2974
F22 2975 2975 2975 2975 2975 2975 2975 2975 2975 2975 2975
F23 2976 2976 2976 2976 2976 2976 2976 2976 2976 2976 2976
F24 2977 2977 2977 2977 2977 2977 2977 2977 2977 2977 2977
F25 2979 2979 2979 2979 2979 2979 2979 2979 2979 2979 2979
F26 2983 2983 2983 2983 2983 2983 2983 2983 2983 2983 2983
F27 2984 2984 2984 2984 2984 2984 2984 2984 2984 2984 2984
F28 2985 2985 2985 2985 2985 2985 2985 2985 2985 2985 2985
F29 5198 5198 5198 5198 5198 5198 5198 5198 5198 5198 5198
F30 3513 3513 3513 3513 3513 3513 3513 3513 3513 3513 3513



DATE 09/11/97 01/23/98 05/06/98 06/18/98 07/23/98 03/04/99 04/06/99 05/24/99 07/02/99 04/27/00 06/29/00
MWD  12.791 14.477 17.064 17.266 17.97 23.642 23.818 25.407 25.999 31.313 34.757
GO2 2940
GO03

G04 .2939 2939

GO5 2940 2940

GO6

GO8 2980
G09

G10

G11

G12 2992
G14 4
G15 2958 2958 4
G16 2943 2943 4
G17 4
G18 ‘ 3013
G20 6923
G21 3
G22 3
G23 3
G24 2939
G26 ‘

G27

G28

G29

G30

G32

G33

G34

G35

G36



DATE  07/20/00 09/07/00 09/20/00 01/11/01 02/27/01 03/21/01 04/30/01 07/30/01 07/24/02 11/14/02 07/24/03
MWD  34.849 3491 34993 36.593 38.027 38.598 39.084 45.814 67.322 81.288 90.327
BO1 5921 5921 5921 5921 5921 5921 5921 5921 2952 2952 2952
BO2 5922 5922 5922 5922 5922 5922 5922 5922 5922 5922 5922
BO3 5982 5982 5982 5982 10878 10878 10878 10878 10878 10878 10878
BO4 6143 6143 6143 6143 6143 6143 6143 6143 6143 6143 6143
BOS 6886 6886 6886 6886 6886 6886 6886 6886 6886 6886 6886
BO6 10708 10708 10708 10708 10708 10708 10708 10708 10708 10708 10708
co1 TR TR TR TR TR TR TR TR TR TR TR
Co2 5916 5916 5916 5916 5916 5916 5916 5916 2938 2938 2938
Co3 5917 5917 5917 5917 5917 5917 5917 5917 5917 5917 5917
Co4 6924 6924 6924 6924 6924 6924 6924 6924 6924 6924 6924
Co5 6926 6926 6926 6926 6926 6926 6926 6926 6926 6926 6926
Co6 6927 6927 6927 6927 6927 6927 6927 6927 6927 6927 6927
Co7 10146 10146 10146 10146 10146 10146 10146 10146 10146 10146 10146
Cos 6928 6928 6928 6928 6928 6928 6928 6928 6928 6928 6928
Co9 6929 6929 6929 6929 6929 16929 6929 6929 6929 6929 6929
C10 6930 6930 6930 6930 6930 6930 6930 6930 6930 6930 6930
C11 6889 6889 6889 6889 6889 6889 6889 6889 2954 2954 2954
C12 6932 6932 6932 6932 6932 6932 6932 6932 2927 2927 2927
Do1 5844 5844 5844 5844 5844 5844 5844 5844 2948 2948 2948
Do2 5845 5845 5845 5845 5845 5845 5845 5845 2904 2904 2904
DOo3 5846 5846 5846 5846 5846 5846 5846 5846 5846 5846 5846
D04 5902 5902 5902 5902 5902 5902 5902 5902 5902 5902 5902
Do5 5903 5903 5903 5903 5903 5903 5903 5903 5903 5903 5903
D0o6 10147 10147 10147 10147 10147 10147 10147 10147 10147 10147 10147
D07 5904 5904 5904 5904 5904 5904 5904 5904 5904 5904 5904
D08 5912 5912 5912 5912 5912 5912 5912 5912 5912 5912 5912
Do9 5913 5913 5913 5913 5913 5913 5913 5913 5913 5913 5913
D10 5914 5914 5914 5914 5914 5914 5914 5914 5914 5914 5914
D11 5915 5915 5915 5915 5915 5915 5915 5915 5915 5915 5915
D12 5918 5918 5918 5918 5918 5918 5918 5918 5918 5918 5918
D13 5919 5919 5919 5919 5919 5919 5919 5919 5919 5919 5919
D14 10148 10148 10148 10148 10148 10148 10148 10148 10148 10148 10148
D15 5920 5920 5920 5920 5920 5920 5920 5920 5920 5920 5920
D16 6142 6142 6142 6142 6142 6142 6142 6142 2951 2951 2951
D17 6923 6923 6923 6923

D18 6925 6925 6925 6925 6925 6925 6925 6925 2970 2970 2970
EO1 2899 2899 2899 2899 2899 2899 2899 2899 2899 2899 2899
E02 2902 2902 2902 2902 2902 2902 2902 2902 2902 2902 2902
EO3 2903 2903 2903 2903 2903 2903 2903 2903 2903 2903 2903
EO4 2904 2904 2904 2904 2904 2904 2904 2904 5845 5845 5845
EO5 2905 2905 2905 2905 2905 2905 2905 2905 2905 2905 2905
EO6 2906 2906 2906 2906 2906 2906 2906 2906 2906 2906 2906
EQ7 2908 2908 2908 2908 2908 2908 2908 2908 2908 2908 2908
EO8 2910 2910 2910 2910 2910 12910 2910 2910 2958 2958 2958
EO9 2911 2911 2911 2911 2911 2911 2011 2911 2911 2911 2911



DATE 07/20/00 09/07/00 09/20/00 01/11/01 02/27/01 03/21/01 04/30/01 07/30/01 07/24/02 11/14/02 07/24/03
MWD  34.849 3491 34993 36.593 38.027 38598 39.084 45.814 67.322 81.288 90.327
E10 2912 2912 2912 2912 2912 2912 2912 2912 2912 2912 2912
El1l 2913 2913 2913 2913 2913 2913 2913 2913 5198 5198 5198
E12 2915 2915 2915 2915 2915 12915 2915 2915 2915 2915 2915
E13 2918 2918 2918 2918 2918 2918 2918 2918 2918 2918 2918
E14 2925 2925 2925 2925 2925 2925 2925 2925 2925 2925 2925
E15 2927 2927 2927 2927 2927 2927 2927 2927 6932 6932 6932
E16 2928 2928 2928 2928 2928 2928 2928 2928 2928 2928 2928
E17 2929 2929 2929 2929 2929 12929 2929 2929 2929 2929 2929
E18 2930 2930 2930 2930 2930 2930 2930 2930 2930 2930 2930
E19 2932 2932 2932 2932 2932 2932 2932 2932 2932 2932 2932
E20 2935 2935 2935 2935 2935 2935 2935 2935 2935 2935 2935
E21 2938 2938 2938 2938 2938 2938 2938 2938 5916 5916 5916
E22 2939 2939 2939 2939

E23 2940 2940 2940 . 2940

E24 2941 2941 2941 2941 2941 2941 2941 2941 2976 2976 2976
FO1 2944 2944 2944 2944 2944 2944 2944 2944 2944 2944 2944
FO2 2946 2946 2946 2946 2946 2946 2946 2946 2946 2946 2946
FO3 2947 2947 2947 2947 2947 2947 2947 2947 2947 2947 2947
FO4 2948 2948 2948 2948 2948 2948 2948 2948 5844 5844 5844
FO5 2950 2950 2950 2950 2950 2950 2950 2950 2950 2950 2950
FO6 2951 2951 2951 2951 2951 2951 2951 2951 6142 6142 6142
FO7 2952 2952 2952 2952 2952 2952 2952 2952 5921 5921 5921
FO8 2954 2954 2954 2954 2954 2954 2954 2954 6889 6889 6889
FO9 2955 2955 . 2955 2955 2955 2955 2955 2955 2955 2955 2955
F10 2957 2957 2957 2957 2957 2957 2957 2957 2985 2985 2985
F11 2958 2958 2958 2958 2958 2958 2958 2958 2910 2910 2910
F12 2959 2959 2959 2959 2959 2959 2959 2959 2959 2959 2959
F13 2960 2960 2960 2960 2960 2960 2960 2960 2960 2960 2960
F14 2962 2962 2962 2962 2962 2962 2962 2962 2962 2962 2962
F15 2964 2964 2964 2964 2964 2964 2964 2964 2964 2964 2964
F16 2965 2965 2965 2965 2965 12965 2965 2965 2965 2965 2965
F17 2968 2968 2968 2968 2968 2968 2968 2968 2984 2984 2984
F18 2969 2969 2969 2969 2969 2969 2969 2969 2969 2969 2969
F19 2970 2970 2970 2970 2970 2970 2970 2970 6925 6925 6925
F20 2971 2971 2971 2971 2971 2971 2971 2971 2971 2971 2971
F21 2974 2974 2974 2974 2974 2974 2974 2974 2974 2974 2974
F22 2975 2975 2975 2975 2975 2975 2975 2975 2975 2975 2975
F23 2976 2976 2976 2976 2976 2976 2976 2976 2941 2941 2941
F24 2977 2977 2977 2977 2977 2977 2977 2977 2977 2977 2977
F25 2979 2979 2979 2979 2979 2979 2979 2979 2979 2979 2979
F26 2983 2983 2983 2983 2983 2983 2983 2983 2983 29083 2983
F27 2984 2984 2984 2984 2984 2984 2984 2984 2968 2968 2968
F28 2985 2985 2985 2985 2985 2985 2985 2985 2957 2957 2957
F29 5198 5198 5198 5198 5198 5198 5198 5198 2913 2913 2913
F30 3513 3513 3513 3513 3513 3513 3513 3513 3513 3513 3513




DATE
MWD
GO02
GO3
G0o4
GO5
G06
G083
G09
G10
Gl1
G12
G14
G15
G16
G17
G18
G20
G21
G22
G23
G24
G26
G27
G28
G29
G30
G32
G33
G34
G35
G36

07/20/00 09/07/00 09/20/00 01/11/01 02/27/01 03/21/01 04/30/01 07/30/01 07/24/02 11/14/02 07/24/03

34.849

3

34.91

3

34.993

2940

2980

2992

3013
6923

2939

36.593

3

38.027

2940

2980

2992

3013
6923

2939

38.598

3

39.084

2940

2980

2992

3013
6923

2939

45.814

2940

2980

2992

3013
6923

2939

2931

2943

5911

67.322

2940

2980

2992

3013
6923

2939

2931

2943

5911

81.288

- 2940
10810

10811
10812
2980

2992
10813
10814

10815
3013
6923

2939
10816
2931

2943
10817

5911

90.327

2940
10810

10811
10812
2980

2992
10813
10814

10815
3013
6923

2939
10816
2931

2943
10817

5911



DATE 03/19/04 07/29/04 07/18/05 07/11/06 07/19/06 01/25/07 07/25/07 06/19/08 06/25/09 06/29/10 06/29/11
MWD  106.221 106.235 121.931 144.914 145.208 165.506 186.647 205.037 214.051 226.297 236.818
BO1 2952 2985 2985 2985 2985 2985 2985 2985 2985 2985 2985
BO2 5922 5198 5198 5198 5198 5198 5198 3384 3384 3384 3384
BO3 10878 10878 10878 10878 10878 10878 .10878 10878 10878 10878 10878
BO4 6143 3013 3013 3013 3013 3013 3013 3013 3013 3013 3013
BO5 6886 2899 2899 2899 2899 2899 2899 2899 2899 2899 2899
BO6 10708 10708 10708 10708 10708 10708 10708 10708 10708 10708 10708
Co1 TR TR TR TR TR TR TR TR TR TR TR
Co2 2938 2965 2965 2965 2965 12965 2965 2965 2965 2965 2965
co3 5917 2984 2984 2984 2984 2984 2984 2984 2984 2984 2984
Cco4 6924 2944 2944 2944 2944 2944 2944 2944 2944 2944 2944
C05 6926 2931 2931 2931 2931 2931 2931 2931 2931 2931 2931
Co6 6927 2983 2983 2983 2983 2983 2983 2983 2983 2983 2983
co7 10146 10146 10146 10146 10146 10146 10146 10146 10146 10146 10146
Co8 6928 2980 2980 2980 2980 12980 2980 2980 2980 2980 2980
Co9 6929 2925 2925 2925 2925 2925 2925 2925 2925 2925 2925
C10 6930 2941 2941 2941 2941 2941 2941 2941 2041 2941 2941
C11 2954 2979 2979 2979 2979 2979 2979 2979 2979 2979 2979
C12 2927 2964 2964 2964 2964 2964 2964 2964 2964 2964 2964
D01 2948 2910 2910 2910 2910 2910 2910 2910 2910 2910 2910
D02 2904 2959 2959 2959 2959 - 2959 2959 2959 2959 2959 2959
D03 5846 2939 2939 2906 2906 2906 2906 2906 2906 2906 2906
D04 5902 2992 2992 2992 2992 2992 2992 2992 2992 2992 2992
DO5 5903 2962 2962 2962 2962 2962 2962 2962 2962 2962 2962
DO6 10147 10147 10147 10147 10147 10147 10147 10147 10147 10147 10147
D07 5904 2928 2928 2928 2928 2928 2928 2928 2928 2928 2928
D08 5912 2906 2906 2939 2939 2939 2939 2939 2939 2939 2939
D09 5913 2932 2932 5918 5918 5918 5918 5918 5918 5918 5918
D10 5914 2977 2977 2977 2977 2977 2977 2977 2977 2977 2977
D11 5915 2974 2974 2974 2974 2974 2974 2974 2974 2974 2974
D12 5918 2905 2905 2905 2905 2905 2905 2905 2905 2905 2905
D13 5919 2943 2943 2943 2943 2943 2943 2943 2943 2943 2943
D14 10148 10148 10148 10148 10148 10148 10148 10148 10148 10148 10148
D15 5920 2950 2950 2950 2950 2950 2950 2950 2950 2950 2950
D16 2951 2929 2929 2929 2929 2929 2929 2929 2929 2929 2929
D17 2955 2955 2955 2955 2955 2955 2955 2955 2955 2955
D18 2970 2975 2975 2975 2975 2975 2975 2975 2975 2975 2975
EO1 2899 5845 5845 5845 5845 5845 5845 5845 5845 5845 5845
EO2 2902 6932 6932 6932 6932 6932 6932 6932 6932 6932 6932
EO3 2903 5918 5918 2932 2932 2932 2932 2932 2932
EO4 5845 5915 5915 5915 5915 5915 5915 5915 5915
EO5 2905 6886 6886 6886 6886 6886 6886 6886 6886 6886 6886
EO6 2906 6929 6929 5912 5912 5912 5912 5912 5912 5912 5912
EQ7 2908 5846 5846 5846 5846 .5846 5846 5846 5846 5846 5846
EO8 2958 5903 5903 5903 5903 5903 5903 5903 5903 5903 5903
EO9 2911 5913 5913 5917 5917 5917 5917 5917 5917 5917 5917




DATE 03/19/04 07/29/04 07/18/05 07/11/06 07/19/06 01/25/07 07/25/07 06/19/08 06/25/09 06/29/10 06/29/11
MWD  106.221 106.235 121.931 144.914 145.208 165.506 186.647 205.037 214.051 226.297 236.818
E10 2912 5912 5912 6929 6929 6929 6929 6929 6929 6929 6929
Ell 5198 ‘ 2932 2932

E12 2915 6923 6923 6925 6925 6925 6925 6925 6925 6925 6925
E13 2918 5844 5844 5844 5844 5844 5844 5844 5844 5844 5844
E14 2925 6925 6925 6923 6923 6923 6923 6923 6923 6923 6923
E15 6932 5919 5919 5919 5919 5919 5919 5919 5919 5919 5919
E16 2928 5921 5921 5921 5921 5921 5921 5921 5921 5921 5921
E17 2929 6927 6927 6927 6927 16927 6927 6927 6927 6927 6927
E18 2930 5902 5902 5902 5902 5902 5902 5902 5902 5902 5902
E19 2932 5904 5904 5904 5904 5904 5304 5904 5904 5904 5904
E20 2935 6930 6930 6930 6930 6930 6930 6930 6930 6930 6930
E21 5916 6889 6889 6889 6889 6889 6889 6889 6889 6889 6889
E22 5914 5914 5914 5914 5914 5914 5914 5914 5914 5914
E23 6142 6142 6142 6142 6142 6142 6142 6142 6142 6142
E24 2976 6928 6928 6928 6928 6928 6928 6928 6928 6928 6928
FO1 2944 10817 10817 10817 10817 10817 10817 10817 10817 10817 10817
FO2 2946 5911 5911 5911 5911 5911 5911 5911 5911 5911 5911

Fo3 2947 2918 2918 2918 2918 2918 2918 3496 3496
FoO4 5844 5920 5920 5920 5920 15920 5920 3504 3504
FO5 2950 10810 10810 10810 10810 10810 10810 3703 3703

FO6 6142 10816 10816. 10816 10816 10816 10816 10816 10816 10816 10816
FO7 5921 2915 2915 2915 2915 2915 2915 2915 2915 2915 2915
FO8 6889 2946 2946 2946 2946 2946 2946 2946 2946 2946 2946
FO9 2955 6924 6924 6924 6924 6924 6924 6924 6924 6924 6924
F10 2985 10812 10812 10812 10812 10812 10812 10812 10812 10812 10812
F11 2910 10815 10815 2958 2958 2958 2958 2958 2958 2958 2958
F12 2959 5917 5917 5913 5913 5913 5913 5913 5913 5913 5913
F13 2960 5915 5915

F14 2962 6931 6931

F15 2964 2912 2912 2902 2902 2902 2902 2902 2902 2902 2902
F16 2965 10813 10813 10813 10813 10813 10813 10813 10813 10813 10813
F17 2984 2902 2902 2912 2912 2912 2912 2912 2912 2912 2912
F18 2969 6143 6143 6143 6143 6143 6143 6143 6143 6143 6143
F19 6925 5916 5916 5916 5916 5916 5916 5916 5916 5916 5916
F20 2971 2940 2940 2940 2940 2940 2940 2940 2940 2940 2940
F21 2974 2971 2971 2971 2971 2971 2971 2971 2971 2971 2971
F22 2975 2969 2969 2969 2969 "2969 2969 2969 2969 2969 2969
F23 2941 6926 6926 6926 6926 6926 6926 6926 6926 6926 6926
F24 2977 3513 3513 3513 3513 3513 3513 3513 3513 3513 3513
F25 2979 10811 10811 10811 10811 10811 10811 10811 10811 10811 10811
F26 2983 2960 2960 2960 2960 2960 2960 2960 2960 2960 2960
F27 2968 2947 2947 2947 2947 2947 2947 2947 2947 2947 2947
F28 2957 2911 29011 2911 2911 12911 2911 2911 2911 2011 2911
F29 2913 5922 5922 5922 5922 5922 5922 5922 5922 5922 5922
F30 3513 10814 10814 10814 10814 10814 10814 10814 10814 10814 10814



DATE 03/19/04 07/29/04 07/18/05 07/11/06 07/19/06 01/25/07 07/25/07 06/19/08 06/25/09 06/29/10 06/29/11
MWD  106.221 106.235 121.931 144.914 145.208 165.506 186.647 205.037 214.051 226.297 236.818

G02 2940 , 10704 10704 10704 10704 10704
GO03 10810 2908 2908 2908 2908 2908 2908 2908 2908 2908 29508
G04 2968 2968 2968 2968 2968 2968 3700 3700
G05 10811 2951 2951 2951 2951 2951 2951 6931 6931
G06 10812 5920 5920 5920 5920
G08 2980 10701 10701 10701 10701 10701 10701 10701 10701 10701
G09 2957 2957 2957 2957 2957 2957 2957 2957 2957 2957
G10 2976 2976 2938 2938 2938 2938 2938 2938 2938 2938
G11 2927 2927 2927 2927 2927 2927 2927 2927 2927 2927
G12 2992 10702 10702 10702 10702 10702 10702 10702 10702 10702

G14 10813 2970 2970 2970 2970 2970 2970 2970 2970 2970 2970
G15 10814 2938 2938 2976 2976 2976 2976 2976 2976 2976 2976
G16 3 3 3 3 3 2952 2952 2952 2952
G17 10815 2958 2958 10815 10815 10815 10815 10815 10815 10815 10815
G18 3013 2904 2904 2904 2904 2904 2904 2904 2904 2904 2904

G20 6923 3 3 3 3 3 3 2968 2968 2968 2968
G21 2903 2903 2903 2903 2903 2903 2903 2903 2903 2903
G22 2935 2935 2935 2935 2935 2935 2935 2935 2935 2935
G23 2930 2930 2930 2930 12930 2930 2930 2930 2930 2930
G24 2939 3 3 3 3 3 3 2951 2951 2951 2951
G26 10816 3 3 3 3 3 10699 10699 10699 10699 10699
G27 2931 2948 2948 2948 2948 2948 2948 2948 2948 2948 2948
G28 2913 2913 2913 2913 2913 2913 2913 2913 2913 2913
G29 2943 2954 2954 2954 2954 2954 2954 2954 2954 2954 2954
G30 10817 10700 10700 10700 10700 10700
G32

G33 2918 2918 2918 2918
G34

G35 10810 10810 10810 10810

G36 5911 ‘ 10703 10703 10703 10703 10703




DATE 07/13/12 07/16/13 07/21/14 11/20/15 01/22/16 07/26/16
MWD  260.145 281.566 286.658 298.855 299.868 317.809
BO1 2985 2985 2985 2985 2985 2985
BO2 3384 3384 3384 3384 3384 '3384
BO3 10878 10878 10878 10878 10878 10878
BO4 3013 3013 3013 3013 3013 3013
BO5 2899 2899 2899 2899 2899 2899
BO6 10708 10708 10708 10809 10809 10809
co1 TR TR TR TR TR TR
C02 2965 2965 2965 2965 2965 12965
Co3 2984 2984 2984 2984 2984 2984
Cco4 2944 2944 2944 2944 2944 2944
€05 2931 2931 2931 2931 2931 2931
Co6 2983 2983 2983 2983 2983 2983
co7 10146 10146 10146 10146 10146 10146
Co8 2980 2980 2980 2980 2980 2980
Cc09 2925 2925 2925 2925 2925 2925
C10 2941 2941 2941 2941 2941 2941
C11 2979 2979 2979 2979 2979 2979
Ci2 2964 2964 2964 2964 2964 2964
DO1 2910 2910 2910 2910 2910 2910
D02 2959 2959 2959 2959 2959 2959
DO3 2906 2906 2906 2906 2906 2906
D04 2992 2992 2992 2992 2992 2992
DO5 2962 2962 2962 2962 2962 2962
DO6 10147 10147 10147 10147 10147 10147
D07 2928 2928 2928 2928 2928 2928
D08 2939 2939 2939 2939 2939 2939
D09 5918 5918 5918 5918 5918 5918
D10 2977 2977 2977 2977 2977 2977
D11 2974 2974 2974 2974 2974 2974
D12 2905 2905 2905 2905 2905 2905
D13 2943 2943 2943 2943 2943 2943
D14 10148 10148 10148 10148 10148 10148
D15 2950 2950 2950 2950 2950 2950
D16 2929 - 2929 2929 2929 2929 2929
D17 2955 2955 2955 2955 2955 2955
D18 2975 2975 2975 2975 2975 12975
EO1 5845 5845 5845 5845 5845 5845
EQ2 6932 6932 6932 6932 6932 6932
EO3 2932 2932 2932 2932 2932 2932
EO4 5915 5915 5915 5915 5915 5915
EO5 6886 6886 6886 6886 6886 6886
EO6 5912 5912 5912 5912 5912 .5912
EO7 5846 5846 5846 5846 5846 5846
EO8 5903 5903 5903 5903 5903 5903
EO9 5917 5917 5917 5917 5917 5917



DATE 07/13/12 07/16/13 07/21/14 11/20/15 01/22/16 07/26/16
MWD  260.145 281.566 286.658 298.855 299.868 317.809
E10 6929 6929 6929 6929 6929 6929

E1l

E12 6925 6925 6925 6925 6925 6925
E13 5844 5844 5844 5844 5844 5844
E14 6923 6923 6923 6923 6923 6923
E15 5919 5919 5919 5919 5919 .5919
E16 5921 5921 5921 5921 5921 5921
E17 6927 6927 6927 6927 6927 6927
E18 5902 5902 5902 5902 5902 5902
E19 5904 5904 5904 5904 5904 5904
E20 6930 6930 6930 6930 6930 6930
E21 6889 6889 6889 6889 6889 -6889
E22 5914 5914 5914 5914 5914 5914
E23 6142 6142 6142 6142 6142 6142
E24 6928 6928 6928 6928 6928 6928
FO1 10817 10817 10817 10817 10817 10817
FO2 5911 5911 59011 5911 5911 5911
FO3 3496 3496 3496 3496 3496 3496
FO4 3504 3504 3504 3504 3504 3504
FO5 3703 3703 3703 6931 6931 6931
FO6 10816 10816 10816 10816 10816 10816
FO7 2915 2915 2915 2915 2915 2915
FO8 2946 2946 2946 2946 2946 2946
FO9 6924 6924 6924 6924 6924 16924
F10 10812 10812 10812 10812 10812 10812
F11 2958 2958 2958 2958 2958 2958
F12 5913 5913 5913 5913 5913 5913
F13

F14 ‘

F15 2902 2902 2902 2902 2902 2902
F16 10813 10813 10813 10813 10813 10813
F17 2912 2912 2912 2912 2912 2912
F18 6143 6143 6143 6143 6143 6143
F19 5916 5916 5916 5916 5916 5916
F20 2940 2940 2940 2940 2940 . 2940
F21 2971 2971 2971 2971 2971 2971
F22 2969 2969 2969 2969 2969 2969
F23 6926 6926 6926 6926 6926 6926
F24 3513 3513 3513 3513 3513 3513
F25 10811 10811 10811 10811 10811 10811
F26 2960 2960 2960 2960 2960 2960
F27 2947 2947 2947 2947 2947 2947
F28 2911 2911 2911 2911 2911 2911
F29 5922 5922 5922 5922 5922 5922
F30 10814 10814 10814 10814 10814 10814



DATE 07/13/12 07/16/13 07/21/14 11/20/15 01/22/16 07/26/16
MWD  260.145 281.566 286.658 298.855 299.868 317.809
G02 10704 10704 10704 10704 10704 10704
G03 2908 2908 2908 2908 2908 2908
G04 3700 3700 3700 3700 3700 3700
GO5 6931 6931 6931 3703 3703 3703
G06 5920 5920 5920 5920 5920 5920
G038 10701 10701 10701 10701 10701 10701
G09 2957 2957 2957 2957 2957 2957
G10 2938 2938 2938 2938 2938 2938
G11 2927 2927 2927 2927 2927 2927
G12 10702 10702 10702 10702 10702 10702
G14 2970 2970 2970 2970 2970 2970
G15 2976 2976 2976 2976 2976 2976
G16 2952 2952 2952 2952 2952 12952
G17 10815 10815 10815 10815 10815 10815
G18 2904 2904 2904 2904 2904 2904
G20 2968 2968 2968 2968 2968 2968
G21 2903 2903 2903 2903 2903 2903
G22 2935 2935 2935 2935 2935 2935
G23 2930 2930 2930 2930 2930 2930
G24 2951 2951 2951 2951 2951 2951
G26 10699 10699 10699 10699 10699 10699
G27 2948 2948 2948 2948 2948 2948
G28 2913 2913 2913 2913 2913 2913
G29 2954 2954 2954 2954 2954 2954
G30 10700 10700 10700 10700 10700 10700
G32

G33 2918 2918 2918 2918 2918 2918
G34

G35 10810 10810 10810 10810 10810 10810
G36 10703 10703 10703 10703 10703 10703



DATE 03/16/92 07/01/92 07/23/92 01/19/93 08/10/93 10/25/94 08/10/95 10/13/95 03/05/96 09/23/96 01/29/97
MWD 0 0.173 0.249 1.696 3.983 6.441 8.698 9.201 9.646 10.803 11.731
BO1 5921 5921 5921 5921 5921 5921 5921 5921 5921 5921 5921
BO2 5922 5922 5922 5922 5922 5922 5922 5922 5922 5922 5922
BO3 5981 5981 5981 5981 5981 5981 5981 5982 5982 5982 5982
BO4 6143 6143 6143 6143 6143 6143 6143 6143 6143 6143 6143
BOS 6886 6886 6886 6886 6886 6886 6886 6886 6886 6886 6886
BO6 6889 6889 6889 5283 5283 5283 5283 5283 5283 5283 5283
co1 TR TR TR TR . TR - TR TR TR TR TR TR
C0o2 5916 5916 5916 5916 5916 5916 5916 5916 5916 5916 5916
co3 5917 5917 5917 5917 5917 5917 5917 5917 5917 5917 5917
Co4 6924 6924 6924 6924 6924 6924 6924 6924 6924 6924 6924
€05 6926 6926 6926 6926 6926 6926 6926 6926 6926 6926 6926
C06 6927 6927 6927 6927 6927 6927 6927 6927 6927 6927 6927
co7 10146 10146 10146 10146 10146 10146 10146 10146 10146 10146 10146
Co8 6928 6928 6928 6928 6928 6928 6928 6928 6928 6928 6928
€09 6929 6929 6929 6929 6929 6929 6929 6929 6929 6929 6929
C10 6930 6930 6930 6930 6930 6930 6930 6930 6930 6930 6930
C11 5283 5283 5283 6889 6889 6889 6889 6889 6889 6889 6889
C12 6932 6932 6932 6932 6932 .6932 6932 6932 6932 6932 6932
Do1 5844 5844 5844 5844 5844 5844 5844 5844 5844 5844 5844
D02 5845 5845 5845 5845 5845 5845 5845 5845 5845 5845 5845
D03 5846 5846 5846 5846 5846 5846 5846 5846 5846 5846 5846
D04 5902 5902 5902 5902 5902 5902 5902 5902 5902 5902 5902
DO5 5903 5903 5903 5903 5903 5903 5903 5903 5903 5903 5903
D06 10147 10147 10147 10147 10147 10147 10147 10147 10147 10147 10147
D07 5904 5904 5904 5904 5904 5904 5904 5904 5904 5904 5904
D08 5912 5912 5912 5912 5912 5912 5912 5912 5912 5912 5912
D09 5913 5913 5913 5913 5913 5913 5913 5913 5913 5913 5913
D10 5914 5914 5914 5914 5914 5914 5914 5914 5914 5914 5914
D11 5915 5915 5915 5915 5915 5915 5915 5915 5915 5915 5915
D12 5918 5918 5918 5918 5918 5918 5918 5918 5918 5918 5918
D13 5919 5919 5919 5919 5919 5919 5919 5919 5919 5919 5919
D14 10148 10148 10148 10148 10148 10148 10148 10148 10148 10148 10148
D15 5920 5920 5920 5920 5920 5920 5920 5920 5920 5920 5920
D16 6142 6142 6142 6142 6142 6142 6142 6142 6142 6142 6142
D17 6923 6923 6923 6923 6923 6923 6923 6923 6923 6923 6923
D18 6925 6925 6925 6925 6925 16925 6925 6925 6925 6925 6925
EO1 2899 2899 2899 2899 2899 2899 2899 2899 2899 2899 2899
EQ2 2902 2902 2902 2902 2902 2902 2902 2902 2902 2902 2902
EO3 2903 2903 2903 2903 2903 2903 2903 2903 2903 2903 2903
EO4 2904 2904 2904 2904 2904 2904 2904 2904 2904 2904 2904
EO5 2905 2905 2905 2905 2905 2905 2905 2905 2905 2905 2905
EO6 2906 2906 2906 2906 2906 2906 2906 2906 2906 2906 2906
EC7 2908 2908 2908 2908 2908 2908 2908 2908 2908 2908 2908
EO8 2910 2910 2910 2910 2910 2910 2910 2910 2910 2910 2910
EO9 2911 2911 2911 2911 2911 2911 2011 2911 2911 2911 2911




DATE
MWD
E10
E11
E12
E13
El14
E15
E16
E17
E18
E19
E20
E21
E22
E23
E24
FO1
FO2
FO3
FO4
FO5
F06
FO7
FO8
FO9
F10
F11
F12
F13
F14
F15
F16
F17
F18
F19
F20
F21
F22
F23
F24
F25
F26
F27
F28
F29
F30

03/16/92 07/01/92 07/23/92 01/19/93 08/10/93 10/25/94 08/10/95 10/13/95 03/05/96 09/23/96 01/29/97

0
2912
2913
2915
2918
2925
2927
2928
2929
2930
2932
2935
2938
2939
2940
2941
2944
2946
2947
2948
2950

2952
2954
2955
2957

2959
2960
2962
2964
2965
2968
2969
2970
2971
2974
2975
2976
2977
2979
2983
2984
2985
5198
3513

0.173
2912
2913
2915
2918
2925
2927
2928
2929
2930
2932
2935
2938
2939
2940
2941
2944
2946
2947
2948
2950

2952
2954
2955
2957

2959
2960
2962
2964
2965
2968
2969
2970
2971
2974
2975
2976
2977
2979
2983
2984
2985
5198
3513

0.249
2912
2913
2915
2918
2925
2927
2928
2929
2930
2932
2935
2938
2939
2940
2941
2944
2946
2947
2948
2950

2952
2954
2955
2957

2959
2960
2962
2964
2965
2968
2969
2970
2971
2974
2975
2976
2977
2979
2983
2984
2985
5198
3513

1.696
2912
2913
2915
2918
2925
2927
2928
2929
2930
2932
2935
2938
2939
2940
2941
2944
2946
2947
2948
2950

2952
2954
2955
2957

2959
2960
2962
2964
2965
2968
2969
2970
2971
2974
2975
2976
2977
2979
2983
2984
2985
5198
3513

3.983
2912
2913
2915
2918
2925
2927
2928
2929
2930
2932
2935
2938
2939
2940
2941
2944
2946
2947
2948
2950

2952
2954
2955
2957

2959
2960
2962
2964
2965
2968
2969
2970
2971
2974
2975
2976
2977
2979
2983
2984
2985
5198
3513

.6.441

2912
2913
2915
2918
2925

- 2927

2928
2929
2930
2932
2935

2938

2939
2940
2941
2944
2946

12947

2948
2950

2952

12954

2955
2957

2959
2960

. 2962

2964
2965
2968
2969
2970

2971

2974
2975
2976
2977
2979

12983

2984
2985
5198
3513

8.698
2912
2913
2915
2918
2925
2927
2928
2929
2930
2932
2935
2938
2939
2940
2941
2944
2946
2947
2948
2950

2952
2954
2955
2957

2959
2960
2962
2964
2965
2968
2969
2970
2971
2974
2975
2976
2977
2979
2983
2984
2985
5198
3513

9.201
2912
2913
2915
2918
2925
2927
2928
2929
2930
2932
2935
2938
2939
2940
2941
2944
2946
2947
2948
2950

2952
2954
2955
2957

2959
2960
2962
2964
2965
2968
2969

2970
2971
2974
2975
2976
2977
2979
2983
2984
2985
5198
3513

9.646
2912
2913
2915
2918
2925
2927
2928
2929
2930
2932
2935
2938
2939
2940
2941
2944
2946
2947
2948
2950

2952
2954
2955
2957

2959
2960
2962
2964
2965
2968
2969
2970
2971
2974
2975
2976
2977
2979
2983
2984
2985
5198
3513

10.803
2912
2913
2915
2918
2925
2927
2928
2929
2930
2932
2935
2938
2939
2940
2941
2944
2946
2947
2948
2950

2952
2954
2955
2957

2959
2960
2962
2964
2965
2968
2969
2970
2971
2974
2975
2976
2977
2979
2983
2984
2985
5198
3513

11.731
2912
2913
2915
2018
2925
2927
2928
2929
2930
2932
2935
2938
2939
2940
2941
2944
2946
2947
2948
2950

2952
2954
2955
2957

2959
2960
2962
2964
2965
2968
2969
2970
2971
2974
2975
2976
2977
2979
2983
2984
2985
5198
3513



DATE 03/16/92 07/01/92 07/23/92 01/19/93 08/10/93 10/25/94 08/10/95 10/13/95 03/05/96 09/23/96 01/29/97
MWD 0 0.173 0.249 1.696 3.983 .6.441 8.698 9.201 9.646 10.803 11.731
G02
GO3
G04
GO5
G06
G08
G09
G10
Gl1
G12
G14
G15
Gl16
G17
G18
G20
G21
G22
G23
G24
G26
G27
G28
G29
G30
G32
G33
G34
G35
G36



DATE 09/11/97 01/23/98 05/06/98 06/18/98 07/23/98 03/04/99 04/06/99 05/24/99 07/02/99 04/27/00 06/29/00
MWD 12791 14.477 17.064 17.266 17.97 23.642 23.818 25407 25.999 31.313  34.757
BO1 5921 5921 5921 5921 5921 5921 5921 5921 5921 5921 5921
BO2 5922 5922 5922 5922 5922 5922 5922 5922 5922 5922 5922
BO3 5982 5982 5982 5982 5982 5982 5982 5982 5982 5982 5982
BO4 6143 6143 6143 6143 6143 6143 6143 6143 6143 6143 6143
BO5 6886 6886 6886 6886 6886 6886 6886 6886 6886 6886 6886
BO6 5283 5283 10808 10708 10708 10708 10708 10708 10708 10708 10708
Co1 TR TR TR TR TR TR TR TR TR TR TR
Cc0o2 5916 5916 5916 5916 5916 5916 5916 5916 5916 5916 5916
Co3 5917 5917 5917 5917 5917 5917 5917 5917 5917 5917 5917
Co4 6924 6924 6924 6924 . 6924 6924 6924 6924 6924 6924 6924
€05 6926 6926 6926 6926 6926 .6926 6926 6926 6926 6926 6926
Co6 6927 6927 6927 6927 6927 6927 6927 6927 6927 6927 6927
co7 10146 10146 10146 10146 10146 10146 10146 10146 10146 10146 10146
Cco8 6928 6928 6928 6928 6928 6928 6928 6928 6928 6928 6928
C09 6929 6929 6929 6929 6929 6929 6929 6929 6929 6929 6929
C10 6930 6930 6930 6930 6930 6930 6930 6930 6930 6930 6930
Ci1 6889 6889 6889 6889 6889 6889 6889 6889 6889 6889 6889
C12 6932 6932 6932 6932 6932 6932 6932 6932 6932 6932 6932
D01 5844 5844 5844 5844 5844 5844 5844 5844 5844 5844 5844
D0O2 5845 5845 5845 5845 5845 5845 5845 5845 5845 5845 5845
DO3 5846 5846 5846 5846 5846 5846 5846 5846 5846 5846 5846
D04 5902 5902 5902 5902 5902 5902 5902 5902 5902 5902 5902
DO5 5903 5903 5903 5903 5903 5903 5903 5903 5903 5903 5903
D06 10147 10147 10147 10147 10147 10147 10147 10147 10147 10147 10147
D07 5904 5904 5904 5904 5904 5904 5904 5904 5904 5904 5904
D08 5912 5912 5912 5912 5912 5912 5912 5912 5912 5912 5912
DO9 5913 5913 5913 5913 5913 5913 5913 5913 5913 5913 5913
D10 5914 5914 5914 5914 5914 5914 5914 5914 5914 5914 5914
D11 5915 5915 5915 5915 5915 5915 5915 5915 5915 5915 5915
D12 5918 5918 5918 5918 5918 5918 5918 5918 5918 5918 5918
D13 5919 5919 5919 5919 5919 5919 5919 5919 5919 5919 5919
D14 10148 10148 10148 10148 10148 10148 10148 10148 10148 10148 10148
D15 5920 5920 5920 5920 5920 5920 5920 5920 5920 5920 5920
D16 6142 6142 6142 6142 6142 6142 6142 6142 6142 6142
D17 6923 6923 6923 6923 6923 6923 6923 6923

D18 6925 6925 6925 6925 6925 6925 6925 6925 6925 6925 6925
EO1 2899 2899 2899 2899 2899 2899 2899 2899 2899 2899 2899
E02 2902 2902 2902 2902 2902 2902 2902 2902 2902 2902 2902
EO3 2903 2903 2903 2903 2903 2903 2903 2903 2903 2903 2903
EO4 2904 2904 2904 2904 2904 2904 2904 2904 2904 2904 2904
EO5 2905 2905 2905 2905 2905 2905 2905 2905 2905 2905 2905
E06 2906 2906 2906 2906 2906 2906 2906 2906 2906 2906 2906
EO7 2908 2908 2908 2908 2908 2908 2908 2908 2908 2908 2908
EO8 2910 2910 2910 2910 2910 2910 2910 2910 2910 2910 2910
EO9 2911 2911 2911 2911 2911 2911 2911 2911 2911 2911 2911



DATE 09/11/97 01/23/98 05/06/98 06/18/98 07/23/98 03/04/99 04/06/99 05/24/99 07/02/99 04/27/00 06/29/00
MWD  12.791 14.477 17.064 17.266 17.97 23.642 23.818 25407 25.999 31313 34.757
E10 2912 2912 2912 2912 2912 2912 2912 2912 2912 2912 2912
El11 2913 2913 2913 2913 2913 2913 2913 2913 2913 2913 2913
E12 2915 2915 2915 2915 2915 2915 2915 2915 2915 2915 2915
E13 2918 2918 2918 2918 2918 2918 2918 2918 2918 2918 2918
E14 2925 2925 2925 2925 2925 12925 2925 2925 2925 2925 2925
E15 2927 2927 2927 2927 2927 2927 2927 2927 2927 2927 2927
E16 2928 2928 2928 2928 2928 2928 2928 2928 2928 2928 2928
E17 2929 2929 2929 2929 2929 2929 2929 2929 2929 2929 2929
E18 2930 2930 2930 2930 2930 2930 2930 2930 2930 2930 2930
E12 2932 2932 2932 2932 2932 2932 2932 2932 2932 2932 2932
E20 2935 2935 2935 2935 2935 . 2935 2935 2935 2935 2935 2935
E21 2938 2951 2951 2951 2951 2951 2951 2951 2951 2938 2938
E22 2939 2939 2939 2939 2939 2939 2939 2939

E23 2940 2940 2940 2940 2940 2940 2940 2940

E24 2941 2941 2941 2941 2941 2941 2941 2941 2941 2941 2941
Fo1 2944 2944 2944 2944 2944 2944 2944 2944 2944 2944 2944
FO2 2946 2946 2946 2946 2946 ' 2946 2946 2946 2946 2946 2946
FO3 2947 2947 2947 2947 2947 2947 2947 2947 2947 2947 2947
FO4 2948 2948 2948 2948 2948 2948 2948 2948 2948 2948 2948
FO5 2950 2950 2950 2950 2950 2950 2950 2950 2950 2950 2950
FO6 6923 6923 2951 2951
FO7 2952 2952 2952 2952 2952 2952 2952 2952 2952 2952 2952
FO8 2954 2954 2954 ° 2954 2954 12954 2954 2954 2954 2954 2954
FO9 2955 2955 2955 2955 2955 2955 2955 2955 2955 2955 2955
F10 2957 2957 2957 2957 2957 2957 2957 2957 2957 2957 2957
F11 2931 2931 4 2958 2958
F12 2959 2959 2959 2959 2959 2959 2959 2959 2959 2959 2959
F13 2960 2960 2960 2960 2960 2960 2960 2960 2960 2960 2960
F14 2962 2962 2962 2962 2962 12962 2962 2962 2962 ~ 2962 2962
F15 2964 2964 2964 2964 2964 2964 2964 2964 2964 2964 2964
F16 2965 2965 2965 2965 2965 2965 2965 2965 2965 2965 2965
F17 2968 2968 2968 2968 2968 2968 2968 2968 2968 2968 2968
F18 2969 2969 2969 2969 2969 2969 2969 2969 2969 2969 2969
F19 2970 2970 2970 2970 2970 . 2970 2970 2970 2970 2970 2970
F20 2971 2971 2971 2971 2971 2971 2971 2971 2971 2971 2971
F21 2974 2974 2974 2974 2974 2974 2974 2974 2974 2974 2974
F22 2975 2975 2975 2975 2975 2975 2975 2975 2975 2975 2975
F23 2976 2976 2976 2976 2976 2976 2976 2976 2976 2976 2976
F24 2977 2977 2977 2977 2977 2977 2977 2977 2977 2977 2977
F25 2979 2979 2979 2979 2979 -2979 2979 2979 2979 2979 2979
F26 2983 2983 2983 2983 2983 2983 2983 2983 2983 2983 2983
F27 2984 2984 2984 2984 2984 2984 2984 2984 2984 2984 2984
F28 2985 2985 2985 2985 2985 2985 2985 2985 2985 2985 2985
F29 5198 5198 5198 5198 5198 5198 5198 5198 5198 5198 5198
F30 '3513 3513 3513 3513 3513 3513 3513 3513 3513 3513 3513



DATE  09/11/97 01/23/98 05/06/98 06/18/98 07/23/98 03/04/99 04/06/99 05/24/99 07/02/99 04/27/00 06/29/00
MWD  12.791 14.477 17.064 17.266 17.97 23.642 23.818 25407 25999 31313 34.757
G02 ' 2940
G03

GO4 2939 2939

GO5 2940 2940

GO6

GO8 ' 2980
G09

G10

G11 o

G12 2992
G14 . 4
G15 2958 2958 4
G16 2943 2943 4
G17 4
G18 3013
G20 6923
G21 , 3
G22 3
G23 3
G24 2939
G26

G27

G28

G29

G30

G32

G33

G34

G35

G36




DATE 07/20/00 09/07/00 09/20/00 01/11/01 02/27/01 03/21/01 04/30/01 07/30/01 07/24/02 11/14/02 07/24/03
MWD  34.849 3491 34993 36.593 38.027 38598 39.084 45.814 67.322 81.288 90.327
BO1 5921 5921 5921 5921 5921 5921 5921 5921 2952 2952 2952
BO2 5922 5922 5922 5922 5922 5922 5922 5922 5922 5922 5922
BO3 5982 5982 5982 5982 10878 10878 10878 10878 10878 10878 10878
BO4 6143 6143 6143 6143 6143 6143 6143 6143 6143 6143 6143
BO5 6886 6886 6886 6886 6886 6886 6886 6886 6886 6886 6886
BO6 10708 10708 10708 10708 10708 10708 10708 10708 10708 10708 10708
Co1 TR TR TR TR TR TR TR TR TR TR TR
Co2 5916 5916 5916 5916 5916 5916 5916 5916 2938 2938 2938
€03 5917 5917 5917 5917 5917 5917 5917 5917 5917 5917 5917
co4 6924 6924 6924 6924 6924 6924 6924 6924 6924 6924 6924
CO5 6926 6926 6926 6926 6926 6926 6926 6926 6926 6926 6926
C06 6927 6927 6927 6927 6927 6927 6927 6927 6927 6927 6927
co7 10146 10146 10146 10146 10146 10146 10146 10146 10146 10146 10146
Cco8 6928 6928 6928 6928 6928 6928 6928 6928 6928 6928 6928
Co9 6929 6929 6929 6929 6929 6929 6929 6929 6929 6929 6929
C10 6930 6930 6930 6930 6930 6930 6930 6930 6930 6930 6930
Cl1 6889 6889 6889 6889 6889 6889 6889 6889 2954 2954 2954
C12 6932 6932 6932 6932 6932 6932 6932 6932 2927 2927 2927
D01 5844 5844 5844 5844 5844 5844 5844 5844 2948 2948 2948
D02 5845 5845 5845 5845 5845 5845 5845 5845 2904 2904 2904
D03 5846 5846 5846 5846 5846 5846 5846 5846 5846 5846 5846
D04 5902 5902 5902 5902 5902 5902 5902 5902 5902 5902 5902
D05 5903 5903 5903 5903 5903 5903 5903 5903 5903 5903 5903
Do6 10147 10147 10147 10147 10147 10147 10147 10147 10147 10147 10147
D07 5904 5904 5904 5904 5904 5904 5904 5904 5904 5904 5904
D08 5912 5912 5912 5912 5912 5912 5912 5912 5912 5912 5912
D09 5913 5913 5913 5913 5913 5913 5913 5913 5913 5913 5913
D10 5914 5914 5914 5914 5914 ‘5914 5914 5914 5914 5914 5914
D11 5915 5915 5915 5915 5915 5915 5915 5915 5915 5915 5915
D12 5918 5918 5918 5918 5918 5918 5918 5918 5918 5918 5918
D13 5919 5919 5919 5919 5919 5919 5919 5919 5919 5919 5919
D14 10148 10148 10148 10148 10148 10148 10148 10148 10148 10148 10148
D15 5920 5920 5920 5920 5920 5920 5920 5920 5920 5920 5920
D16 6142 6142 6142 6142 6142 6142 6142 6142 2951 2951 2951
D17 6923 6923 6923 6923

D18 6925 6925 6925 6925 6925 6925 6925 6925 2970 2970 2970
EO1 2899 2899 2899 2899 2899 2899 2899 2899 2899 2899 2899
E02 2902 2902 2902 2902 2902 2902 2902 2902 2902 2902 2902
EO3 2903 2903 2903 2903 2903 . 2903 2903 2903 2903 2903 2903
EO4 2904 2904 2904 2904 2904 2904 2904 2904 5845 5845 5845
EO5 2905 2905 2905 2905 2905 2905 2905 2905 2905 2905 2905
EO6 2906 2906 2906 2906 2906 2906 2906 2906 2906 2906 2906
EO7 2908 2908 2908 2908 2908 2908 2908 2908 2908 2908 2908
E08 2910 2910 2910 2910 2910 2910 2910 2910 2958 2958 2958
EO9 2911 29011 2911 2911 2911 2911 2911 2011 2911 2911 2911




DATE 07/20/00 09/07/00 09/20/00 01/11/01 02/27/01 03/21/01 04/30/01 07/30/01 07/24/02 11/14/02 07/24/03

MWD
E10
E11
E12
E13
E14
E15
E16
E17
E18
E19
E20
E21
E22
E23
E24
FO1
FO2
FO3
FO4
FO5
FO6
FO7
FO8
FO9
F10
F11
F12
F13
F14
F15
F16
F17
F18
F19
F20
F21
F22
F23
F24
F25
F26
F27
F28
F29
F30

34.849
2912
2913
2915
29018
2925
2927
2928
2929
2930
2932
2935
2938
2939
2940
2941
2944
2946
2947
2948
2950
2951
2952
2954
2955
2957
2958
2959
2960
2962
2964
2965
2968
2969
2970
2971
2974
2975
2976
2977
2979
2983
2984
2985
5198
3513

34.91
2912
2913
2915
2918
2925
2927
2928
2929
2930
2932
2935
2938
2939
2940
2941
2944
2946
2947
2948
2950
2951
2952
2954
2955
2957
2958
2959
2960
2962
2964
2965
2968
2969
2970
2971
2974
2975
2976
2977
2979
2983
2984
2985
5198
3513

34.993
2912
2913
2915
2918
2925
2927
2928
2929
2930
2932
2935
2938

2941
2944
2946
2947
2948
2950
2951
2952
2954
2955
2957
2958
2959
2960
2962
2964
2965
2968
2969
2970
2971
2974
2975
2976
2977
2979
2983
2984
2985
5198
3513

36.593
2912
2913
2915
2918
2925
2927
2928
2929
2930
2932
2935
2938
2939
2940
2941
2944
2946
2947
2948
2950
2951
2952
2954
2955
2957
2958
2959
2960
2962
2964
2965
2968
2969
2970
2971
2974
2975
2976
2977
2979
2983
2984
2985
5198
3513

38.027
2912
2913
2915
2918
2925
2927
2928
2929
2930
2932
2935
2938

2941
2944
2946
2947
2948
2950
2951
2952
2954
2955
2957
2958
2959
2960
2962
2964
2965
2968
2969
2970
2971
2974
2975
2976
2977
2979
2983
2984
2985
5198
3513

38.598
2912
2913
2915
2918
12925
2927
2928
2929
2930
2932
'2935
2938
2939
2940
2941
2944
12946
2947
2948
2950

12951

12952
2954
2955
2957
2958
2959

12960
2962
2964
2965
2968
2969

-2970
2971
2974
2975
2976
2977

12979
2983
2984
2985
5198

13513

39.084
2912
2913
2915
2918
2925
2927
2928
2929
2930
2932
2935
2938

2941
2944
2946
2947
2948
2950
2951
2952
2954
2955
2957
2958
2959
2960
2962
2964
2965
2968
2969
2970
2971
2974
2975
2976
2977
2979
2983
2984
2985
5198
3513

45.814
2912
2913
2915
2918
2925
2927
2928
2929
2930
2932
2935
2938

2941
2944
2946
2947
2948
2950
2951
2952
2954
2955
2957
2958
2959
2960
2962
2964
2965
2968
2969
2970
2971
2974
2975
2976
2977
2979
2983
2984
2985
5198
3513

67.322
2912
5198
2915
2918
2925
6932
2928
2929
2930
2932
2935
5916

2976
2944
2946
2947
5844
2950
6142
5921
6889
2955
2985
2910
2959
2960
2962
2964
2965
2984
2969
6925
2971
2974
2975
2941
2977
2979
2983
2968
2957
2913
3513

81.288
2912
5198
2915
2918
2925
6932
2928
2929
2930
2932
2935
5916

2976
2944
2946
2947
5844
2950
6142
5921
6889
2955
2985
2910
2959
2960

2962

2964
2965
2984
2969
6925
2971
2974
2975
2941
2977
2979
2983
2968
2957
2913
3513

90.327
2912
5198
2915
2918
2925
6932
2928
2929

12930

2932
2935
5916

2976
2944
2946
2947
5844
2950
6142
5921
6889
2955
2985
2910
2959
2960
2962
2964
2965
2984
2969
6925
2971
2974
2975
2941
2977
2979
2983
2968
2957
2913
3513



DATE 07/20/00 09/07/00 09/20/00 01/11/01 02/27/01 03/21/01 04/30/01 07/30/01 07/24/02 11/14/02 07/24/03

MWD

G02
G03
G04
GO5
GO6
GO8
G09
G10
G11
G12
G14
G15
G16
G17
G18
G20
G21
G22
G23
G24
G26
G27
G28
G29
G30
G32
G33
G34
G35
G36

34.993

2940

2980

2992

3013
6923

2939

38.027

2940

2980

2992

3013
6923

2939

39.084

2940

2980

2992

3013
6923

2939

45.814

2940

2980

2992

3013
6923

2939

2931

2943

5911

67.322

2940

2980

2992

3013
6923

2939

2931

2943

5911

81.288

2940
10810

10811
10812
2980

2992
10813
10814

10815
3013
6923

2939
10816
2931

2943
10817

5911

90.327
2940

10810

10811
10812
2980

2992
10813
10814

10815
3013
6923

2939
10816
2931

2943
10817

5911



DATE 03/19/04 07/29/04 07/18/05 07/11/06 07/19/06 01/25/07 07/25/07 06/19/08 06/25/09 06/29/10 06/29/11
MWD  106.221 106.235 121.931 144.914 145.208 165.506 186.647 205.037 214.051 226.297 236.818
BO1 2952 2985 2985 2985 2985 2985 2985 2985 2985 2985 2985
BO2 5922 5198 5198 5198 5198 5198 5198 3384 3384 3384 3384
BO3 10878 10878 10878 10878 10878 10878 10878 10878 10878 10878 10878
BO4 6143 3013 3013 3013 3013 /3013 3013 3013 3013 3013 3013
BO5 6886 2899 2899 2899 2899 2899 2899 2899 2899 2899 2899
BO6 10708 10708 10708 10708 10708 10708 10708 10708 10708 10708 10708
co1 TR TR TR TR TR TR TR TR TR TR TR
Cco2 2938 2965 2965 2965 2965 2965 2965 2965 2965 2965 2965
Co3 5917 2984 2984 2984 2984 2984 2984 2984 2984 2984 2984
co4 6924 2944 2944 2944 2944 2944 2944 2944 2944 2944 2944
€05 6926 2931 2931 2931 2931 2931 2931 2931 2931 2931 2931
Co6 6927 2983 2983 2983 2983 2983 2983 2983 2983 2983 2983
Co7 10146 10146 10146 10146 10146 10146 10146 10146 10146 10146 10146
C0o8 6928 2980 2980 2980 2980 2980 2980 2980 2980 2980 2980
C0o9 6929 2925 2925 2925 2925 2925 2925 2925 2925 2925 2925
C10 6930 2941 2941 2941 2941 2941 2941 2941 2941 2941 2941
C11 2954 2979 2979 2979 2979 2979 2979 2979 2979 2979 2979
C12 2927 2964 2964 2964 2964 2964 2964 2964 2964 2964 2964
DO1 2948 2910 2910 2910 2910 2910 2910 2910 2910 2910 2910
D02 2904 2959 2959 2959 2959 2959 2959 2959 2959 2959 2959
D03 5846 2939 2939 2906 2906 2906 2906 2906 2906 2906 2906
D04 5902 2992 2992 2992 2992 12992 2992 2992 2992 2992 2992
DO5 5903 2962 2962 2962 2962 2962 2962 2962 2962 2962 2962
Do6 10147 10147 10147 10147 10147 10147 10147 10147 10147 10147 10147
DO7 5904 2928 2928 2928 2928 2928 2928 2928 2928 2928 2928
DO8 5912 2906 2906 2939 2939 2939 2939 2939 2939 2939 2939
D09 5913 2932 2932 5918 5918 5918 5918 5918 5918 5918 5918
D10 5914 2977 2977 2977 2977 12977 2977 2977 2977 2977 2977
D11 5915 2974 2974 2974 2974 2974 2974 2974 2974 2974 2974
D12 5918 2905 2905 2905 2905 2905 2905 2905 2905 2905 2905
D13 5919 2943 2943 2943 2943 2943 2943 2943 2943 2943 2943
D14 10148 10148 10148 10148 10148 10148 10148 10148 10148 10148 10148
D15 5920 2950 2950 2950 2950 . 2950 2950 2950 2950 2950 2950
D16 2951 2929 2929 2929 2929 2929 2929 2929 2929 2929 2929
D17 2955 2955 2955 2955 2955 2955 2955 2955 2955 2955
D18 2970 2975 2975 2975 2975 2975 2975 2975 2975 2975 2975
EO1 2899 5845 5845 5845 5845 5845 5845 5845 5845 5845 5845
EO2 2902 6932 6932 6932 6932 6932 6932 6932 6932 6932 6932
EO3 2903 5918 5918 2932 2932 - 2932 2932 2932 2932
EO4 5845 5915 5915 5915 5915 5915 5915 5915 5915
EO5 2905 6886 6886 6886 6886 6886 6886 6886 6886 6886 6886
EO6 2906 6929 6929 5912 5912 5912 5912 5912 5912 5912 5912
EO7 2908 5846 5846 5846 5846 5846 5846 5846 5846 5846 5846
EO8 2958 5903 5903 5903 5903 5903 5903 5903 5903 5903 5903
EO9 2911 5913 5913 5917 5917 15917 5917 5917 5917 5917 5917



DATE 03/19/04 07/29/04 07/18/05 07/11/06 07/19/06 01/25/07 07/25/07 06/19/08 06/25/09 06/29/10 06/29/11
MWD  106.221 106.235 121.931 144.914 145.208 165.506 186.647 205.037 214.051 226.297 236.818
E10 2912 5912 5912 - 6929 6929 6929 6929 6929 6929 6929 6929

E11 5198 ' 2932 2932

E12 2915 6923 6923 6925 6925 6925 6925 6925 6925 6925 6925

E13 2918 5844 5844 5844 5844 5844 5844 5844 5844 5844 5844

E14 2925 6925 6925 . 6923 6923 6923 6923 6923 6923 6923 6923

E15 6932 5919 5919 5919 5919 5919 5919 5919 5919 5919 5919

E16 2928 5921 5921 5921 5921 5921 5921 5921 5921 5921 5921

E17 2929 6927 6927 6927 6927 6927 6927 6927 6927 6927 6927

E18 2930 5902 5902 5902 5902 5902 5902 5902 5902 5902 5902

E19 2932 5904 5904 5904 5904 5904 5904 5904 5904 5904 5904

E20 2935 6930 6930 6930 6930 6930 6930 6930 6930 6930 6930

E21 5916 6889 6889 6889 6889 6889 6889 6889 6889 6889 6889

E22 5914 5914 5914 5914 5914 5914 5914 5914 5914 5914

E23 6142 6142 6142 6142 6142 6142 6142 6142 6142 6142

E24 2976 6928 6928 6928 6928 6928 6928 6928 6928 6928 6928

FO1 2944 10817 10817 . 10817 10817 10817 10817 10817 10817 - 10817 10817

FO2 2946 5911 5911 5911 5911 5911 5911 . 5911 5911 5911 - 5911

FO3 2947 2918 2918 2918 2918 2918 2918 3496 3496
FO4 5844 5920 5920 5920 5920 5920 5920 3504 3504
FO5 2950 10810 10810 .10810 10810 10810 10810 3703 3703

FO6 6142 10816 10816 10816 10816 10816 10816 10816 10816 10816 10816
FO7 5921 2915 2915 2915 2915 12915 2915 2915 2915 2915 2915
FO8 6889 2946 2946 2946 - 2946 2946 2946 2946 2946 2946 2946
FO9 2955 6924 6924 6924 6924 6924 6924 6924 6924 6924 6924
F10 2985 10812 10812 10812 10812 10812 10812 10812 10812 10812 10812
F11 2910 10815 10815 2958 2958 2958 2958 2958 2958 2958 2958
F12 2959 5917 5917 5913 5913 5913 5913 5913 5913 5913 5913
F13 2960 ‘ ‘ .5915 5915
F14 2962 : 6931 6931
F15 2964 2912 2912 2902 2902 2902 2902 2902 2902 2902 2902
F16 2965 10813 10813 10813 10813 10813 10813 10813 10813 10813 10813
F17 2984 2902 2902 2912 2912 2912 2912 2912 2912 2912 2912
F18 2969 6143 6143 6143 6143 6143 6143 6143 6143 . 6143 6143
F19 6925 5916 5916 5916 5916 5916 5916 5916 5916 5916 5916
F20 2971 2940 2940 2940 2940 2940 2940 2940 2940 2940 © 2940
. F21 2974 2971 2971 2971 2971 2971 2971 2971 2971 2971 2971
F22 2975 2969 2969 2969 2969 2969 2969 2969 2969 2969 2969
F23 2941 6926 . 6926 6926 6926 6926 6926 ' 6926 6926 6926 6926
F24 2977 3513 3513 3513 3513 3513 3513 3513 + 3513 3513 3513
F25 2979 10811 10811 10811 10811 10811 10811 10811 10811 10811 10811
F26 2983 2960 2960 2960 2960 2960 . 2960 2960 2960 2960 2960
F27 2968 2947 2947 2947 2947 2947 2947 2947 2947 2947 2947
F28 2957 2911 2911 2911 2911 2911 2911 2911 ?911 - 2911 2911
F29 2913 5922 5922 5922 5922 -~ 5922 5922 5922 5922 5922 5922
F30 3513 10814 10814 10814 10814 10814 10814 10814 10814 10814 10814



DATE
MWD

G02
 GO3
Go4
GO5
G06
-G08
G09
G10
G11
G12
G14
G15
G16
G17
G18
G20
G21
G22
G23
G24
G26
G27
G28
G29
G30
G32
G33
G34
G35
G36

03/19/04 07/29/04 07/18/05 07/11/06 07/19/06 01/25/07 07/25/07 06/19/08 06/25/09 06/29/10 06/29/11
106.221 106.235 121.931 144.914 145.208 165.506 186.647 205.037 214.051 226.297 236.818

2940
10810

10811

10812
2980

2992

10813

10814

10815
3013
6923

2939
10816
2931

2943
10817

5911

2908
2968
2951

2957
2976
2927

2970
2938

2958

2904

2903
2935
2930

2948
2913
2954

2908
2968
2951

10701
2957
2976
2927

10702
2970
2938

3
2958

2904

3

2903

2935
2930
3
3
2948
2913
2954

2908
2968
2951

10701

©2957

2938
2927
10702
2970
2976
3
10815
2904
3
2903
2935
‘2930
3
3
2948
2913
2954

- 2908

2968

2951

10701

2957
2938
2927

10702

2970
2976
3

10815

2904
3
2903
2935
2930
3
3
2948
2913
2954

2908
2968

2951

10701
2957
2938
2927

10702

2970

2976
3
10815

2904

3

12903

2935

2930 -

3
3

.2948

2913
2954

10704
2908
2968
2951

10701
2957
2938
2927

10702
2970
2976

3

10815

2904
3
2903
2935
2930

3

10699
2948
2913
2954

10700

10703

10704
2908

5920
10701
2957
2938
2927
10702
2970
2976
2952
10815
2904
2968
2903
2935
2930
2951
10699
2948
2913
2954
10700

2918

10810
10703

10704
2908

5920
10701
2957
2938
2927
10702
2970
2976
2952
10815
2904
2968
2903
2935
2930
2951
10699
2948
2913
2954
10700

2918

10810
10703

10704
2908
3700
6931
5920
10701
2957
2938
2927
10702
2970

2976

2952
10815
2904
2968
2903
2935
2930
2951
10699
2948
2913
2954
10700

2918

10810
10703

10704
2908
3700
6931
5920
10701
2957
2938
2927 °

10702

2970
2976
2952
10815
2904
2968
2903

- 2935

2930
2951
10699
2948
2913
2954
10700

2918

10810
10703




DATE 07/13/12 07/16/13 07/21/14 11/20/15 01/22/16 07/26/16
MWD  260.145 281.566 286.658 298.855 299.868 317.809
BO1 2985 2985  .2985 2985 2985 2985
BO2 3384 3384 3384 3384 3384 3384
BO3 10878 10878 10878 10878 10878 10878
BO4 3013 3013 3013 3013 3013 3013
BO5 2899 2899 2899 2899 ~ 2899 2899
BO6 10708 - 10708 10708 10809 10809 10809
co1 TR TR TR TR TR TR
co2 2965 2965 2965 2965 2965 2965
co3 2984 2984 2984 2984 2984 2984
co4 2944 2944 2944 2944 2944 2944
05 2931 2931 2931 2931 2931 2931
o6 2983 2983 2983 2983 2983 2983
C07 10146 - 10146 10146 10146 10146 10146
. C08° 2980 2980 2980 2980 2980 2980
c09 2925 2925 2925 2925 2925 2925
C10 2941 2941 2941 2941 2941 ' 2941
c11 2979 2979 2979 2979 2979 2979
c12 2964 2964 2964 2964 2964 2964
DO1 2910 2910 2910 2910 2910 2910
D02 2959 2959 2959 2959 2959 2959
DO3 2906 2906 2906 2906 2906 2906
D04 2992 2992 2992 2992 2992 2992
DO5 2962 2962 2962 2962 2962 2962
D06 10147 10147 10147 10147 10147 10147
D07 2928 2928 2928 2928 2928 2928
D08 2939 2939 2939 2939 2939 2939
D09 5918 5918 5918 5918 5918 5918
D10 2977 2977 2977 2977 2977 2977
D11 2974 2974 2974 2974 2974 2974
D12 2905 2905 2905 2905 2905 2905
D13 2943 2943 2943 2943 2943 2943
D14 10148 10148 10148 10148 10148 10148
D15 2950 2950 2950 2950 2950 2950
D16 2929 2929 2929 2929 2929 2929
D17 2955 2955 2955 2955 2955 2955
D18 2975 2975 2975 2975 2975 2975
E01 5845 5845 5845 5845 5845 5845
E02 6932 6932 6932 6932 6932 6932
E03 2932 2932 2932 2932 2932 2932
E04 5915 5915 5915 5915 5915 5915
EO5 6886 6386 6886 6886 6886 6386
E06 5912 5912 5912 5912 5912 5912
E07 5846 5846 5846 5846 5846 5846
E0S 5903 5903 5903 5903 5903 5903
E09 5917 5917 5917 5917 5917 5917



DATE 07/13/12 07/16/13 07/21/14 11/20/15 01/22/16 07/26/16
MWD  260.145 281.566 286.658 298.855 299.868 317.809
E10 6929 6929 6929 . 6929 6929 6929
E11

E12 6925 6925 6925 6925 6925 6925
E13 5844 5844 5844 5844 5844 5844
E14 6923 6923 6923 6923 6923 6923
E15 5919 5919 5919 5919 5919 5919
E16 5921 5921 5921 5921 5921 5921
E17 6927 6927 6927 6927 6927 6927
E18 5902 5902 5902 5902 5902 5902
E19 5904 5904° 5904 5904 5904 5904
E20 6930 6930 6930 6930 6930 6930
E21 6889 6889 6389 6889 6889 6889
E22 5914 5914 5914 5914 5914 5914
E23 6142 6142 6142 6142 6142 6142
E24 6928 6928 6928 6928 6928 6928
FO1 10817 10817 10817 10817 10817 10817
FO2 5911 5911 5911 5911 5911 5911
FO3 3496 3496 3496 3496 3496 3496
FO4 3504 3504 3504 3504 3504 3504
FO5 3703 3703 3703 6931 6931 6931
FO6 10816 10816 10816 10816 10816 10816
FO7 2915 2915 2915 2915 2915 2915
FO8 2946 2946 2946 2946 2946 2946
FO9 6924 6924 6924 6924 6924 6924
F10 10812 10812 10812 10812 10812 10812
F11 2958 2958 2958 2958 2958 2958
F12 5913 5913 5913 5913 5913 5913
F13 ' '

F14 ‘

F15 = 2902 2902 2902 2902 2902 2902
F16 10813 10813 - 10813 10813 10813 10813
F17 2912 . 2912 2912 2912 2912 2912
F18 6143 6143 6143 6143 6143 6143
F19 5916 5916 5916 5916 5916 5916
F20 2940 2940 2940 2940 2940 2940
F21 2971 2971 2971 2971 2971 2971
F22 2969 2969 2969 2969 2969 2969
F23 6926 6926 6926 6926 6926 6926
F24 3513 3513 3513 3513 3513 3513
'F25 10811 10811 10811 10811 10811 10811
F26 2960 2960 2960 2960 2960 2960
F27 2947 2947 2947 2947 2947 2947
F28 2911 2911 2911 2911 2911 2911
F29 5922 5922 5922 5922 5922 5922
F30 10814 10814 10814 10814 10814 10814




DATE 07/13/12 07/16/13 07/21/14 11/20/15 01/22/16 07/26/16

MWD  260.145 281.566 286.658 298.855 299.868 317.809 -

G02 10704 10704 10704 10704 10704 10704
G03 2908 2908 2908 2908 2908 2908
G04 3700 3700 3700 3700 3700 3700
GO5 6931 6931 6931 3703 3703 3703
GO6 5920 5920 5920 5920 5920 5920
GO8 10701 10701 10701 10701 10701 10701
G09 2957 2957 2957 2957 2957 2957
G10 2938 2938 2938 2938 2938 2938
G11 2927 2927 2927 2927 2927 2927
G12 10702 10702 10702 10702 10702 10702
G14 2970 2970 2970 2970 2970 - 2970
G15 2976 2976 2976 - 2976 2976 2976
G16 2952 2952 2952 - 2952 2952 2952
G17 10815 10815 10815 10815 10815 10815
G18 2904 2904 2904 2904 2904 2904
G20 2968 2968 2968 . 2968 2968 2968
G21 2903 2903 2903 2903 2903 ° 2903
G22 2935 2935 2935 2935 2935  '2935.
G23 2930 2930 2930 2930 2930 2930
G24 2951 2951 2951 2951 2951 2951
G26 10699 10699 10699 10699 10699 10699

' G27 2948 2948 2948 2948 2948 2948 °
G28 2913 . 2913 2913 2913 2913 2913
G29 2954 2954 2954 2954 2954 2954
G30 10700 10700 10700 10700 10700 10700
G32 ‘

G33 2918 2918 2918 2918 2918 2918
G34 ;

G35 10810 10810 10810 10810 10810 10810
G36 10703 10703 10703 10703 10703 10703




THERMAL HYDRAULIC ANALYSIS OF THE UNIVERSITY OF TEXAS (UT) TRIGA REACTOR

1.0 Introduction

This report documents analysis of the thermal hydraulic characteristics of the UTTRIGA in support of
renewal of the U.S. Nuclear Regulatory Commission facility operating license.

The UT Austin TRIGA Research Reactor (UTTRIGA) is a TRIGA Mark-Il nuclear research reactor licensed to
The University of Texas at Austin for operation up to 1.1 MW thermal power level. The geometry of the
UTTRIGA core is based on seven concentric hexagons (designated as rings) that fix locations for fuel
elements, graphite filled elements, and various experimental facilities. The core is surrounded by a
modified cylindrical annulus in an aluminum container filled with graphite (neutron reflector), a rotary
specimen rack (RSR), four beam port penetrations, and void spaces accommodating the RSR and beam
port facilities. The core and reflector are located in an aluminum tank (pool) filled with high-purity water.
The water acts as a neutron moderator, coolant, and radiation shield.

Thermal hydraulic modeling of the UTTRIGA was performed with TRAC/RELAP Advanced Computational
Engine (TRACE) and the RELAP5/MOD3.3 (Patch 04) using the Symbolic Nuclear Analysis Program (SNAP)
interface. Thermal hydraulic characteristics were developed from classical methods and corrections for
UTTRIGA geometry using the computational fluid dynamics code FLUENT. Distribution of fission activity
was developed from transport calculations in SCALE, a comprehensive modeling and simulation suite for
nuclear safety analysis and design.

The thermal hydraulic codes TRACE and RELAP are designed to perform best-estimate analyses of
operational transients and accident scenarios by modeling physical geometry and thermodynamic
conditions. TRACE and RELAP were developed for commercial nuclear reactors applications, and RELAP
has been widely used in characterizing research reactor thermal hydraulic performance. TRACE is the
NRC's flagship thermal-hydraulics analysis tool consolidating and extending the capabilities of NRC's 3
legacy safety codes - TRAC-P, TRAC-B and RELAP. The Symbolic Nuclear Analysis Package (SNAP) is a
graphic user interface that standardizes input and interaction for supported analysis codes.

NRC guidance’ defines a “limiting core configuration” as the core that would yield the highest power
density using the fuel specified for the reactor, with all other core configurations demonstrated to be
encompassed by safety analysis for the limiting core configuration.

The guidance references an “operational core.” Analytical methods used to define the limiting core
configuration are applied to the operational core, providing confidence that the model adequately
supports limiting core configuration analysis.

2.0 General Description of Heat transfer at the UTTRIGA

Heat is generated in the fuel by the fission process. Cooling is required to maintain fuel temperature low
enough to prevent challenges to cladding integrity. The UT TRIGA reactor operates in a natural
convection-cooling mode. Heat transfer from fuel to the coolant in the core area is developed by
generation of heat in the fission process, conduction of the heat to external surface of the fuel element,
and heat transfer by convection from the fuel element surface to water in the core area.

! http://www.nrc.gov/about-nrc/regulatory/research/safetycodes.html#th (09/26/2014)
> NURGE 1537, Guidelines for Preparing and Reviewing Applications for the Licensing of Non-Power Reactors, Format
and Content




Temperature increase of the water in the core area develops buoyancy forces that drive flow. The flow is
diminished by mementum changes and friction (across the gird plates, fuel element end fittings, and fuel
element cladding surfaces). Above a “critical” heat flux, coolant flow will not be adequate to prevent
thermal hydraulic conditions from exceeding limits. This analysis demonstrates that operation at the
maximum licensed power level has adequate margin to the critical heat flux.

3.0 Power Distribution

The distribution of heat generation across the fuel element sin the core is affected by the core
configuration. The amount of heat generated in a specific fuel element can be characterized as a “peaking
factor,” the ratio of the power produced in that element to average (total heat distributed equally over all
fuel elements). A larger number of fuel elements tends to exacerbate the peaking factor of higher power
fuel elements. However, the average power per element is reduced by a larger number of fuel elements so
that maximum power produced by a fuel element tends to decease. Determining the maximum power
produced by a fuel element requires evalgation of peak to average power ratios for the core configuration.
Distribution of heat production within a fuel element also varies spatially, affecting the distribution of fuel
temperature in the element as well as localized heat transfer.

3.1 General

“Core power” refers to the total power produced by all fuel elements, and “average power” (per element)
is the core power distributed uniformly across all fuel elements. The ratio of a specific fuel element
power to the average power per element is referred to as core peaking factor. The hot channel is the fuel
element producing the maximum power (the fuel element with the largest peaking factor) and the
surrounding cooling flow. ‘

The fuel element and cooling channel geometry is reduced for thermal hydraulic calculations to a “unit
cell” (repeatable geometry that can be used to replicate the geometry of the fuel in the core).

Acceptable thermal hydraulic performance of the UTTRIGA is based on the heat generated in the hot
channet

Neutron flux has a spatial distribution across the core, causing variations in the rate of fission reactions in
fuel elements. The variation is influenced by fuel element location, local geometry, and fuel element
materials. SCALE transport codes calculate the fraction of total fissions generated in each element,
allowing.core peaking factors and the fuel element producing the most power to be identified directly.

Neutron flux also varies within fuel elements, creating spatial variations of heat production within the fuel
matrix. More discretized fuel element modeling is used in SCALE to calculate the fraction of fissions
occurring in segments of the fuel element. Segmentation allows development of a mesh of radial and
axial fuel elements to define the heat-generation structure of the unit cell. SCALE reports the fraction of-

- fission occurring in the segments, used to evaluate spatial variation in power production. These 2-

dimensional distributions can be used explicitly in TRACE, while RELAP assumes the distribution can be
decomposed into independent axial and radial factors. Analysis is core-specific to.the extent that the
power distribution specified for a specific fuel element varies with core configuration and burnup.

Fuel element material compositions were calculated for each element in neutronic analysis of the
UTTRIGA SCALE model. The SCALE calculations used to develop fuel element material inventories are
based on uniform fuel composition. However, burned-material and neutron-flux distribution are not
independent; since neutron flux varies spatially, the products of neutron reactions are expected to vary.
Modeling material variations within a fuel element based on burnup is considered beyond the scope of
this analysis. The effects of this assumption are mitigated in thermal hydraulic analyses since maximum
fuel burnup is correlated directly to maximum power production; higher burnup regions are likely to have



lower power and lower local temperature compared to calculations with uniform material composition.
Fuel in the center an element that has burnup will consequently generate less power in comparison to
SCALE calculations that assume uniform material composition. Consequently the effect on fuel
temperature calculations is assumed to be conservative, and small.’

Similarly, the initial SCALE calculations assumed a uniform fuel temperature for all fuel elements
consistent with full power operation. However, fuel temperature and fission rate have feedbacks as
elevated temperatures lower the fission cross section. Higher temperatures near the core midplane
during reactor operation are likely to reduce the local fission rate.. Consequently, the assumption of
uniform temperature in calculations is expected to result in higher element peaking factor compared to
actual reactor operations. Therefore, the effect on fuel temperature calculations is assumed to be

conservative, and small.

. k4 . - .
Since the core currently in use is substantially different from the initial operational core, both the original
core and the current core configurations are considered. In summary, cases are considered for:

e Fresh fuel and the minimum fuel load for crltlcahty and nommal operating fuel temperature
e Alimiting core configuration
e The current core configuration

Limiting pool water level (5 meters above the core) and pool water temperature (49 °C) bound the limiting
core configuration, while nominal pool water level (6.25 feet above the core) and pool water temperature
(~25 °C) apply to the remainder of the analyses.

3.2 Criticality Calculations

SCALE calculations were performed to determine first the minimum number of close packed fuel
elements at ambient temperature (293°K) for criticality, and second the minimum number of close
packed fuel elements required for operation at an assumed full power operating temperature (600°K).
The minimum number of fuel elements required for criticality at power is the lowest number of fuel
elements possible for the limiting core configuration. The actual limiting core configuration is selected by
calculating margin to thermal limits for the single fuel element generating the highest power. Three
assumptions are used to calculate the minimum number of fuel elements required.

(1) Calculations were performed with graphite dummy rods in all positions which do not contain fuel.
The introduction of water voids would reduce neutron reflection and require more fuel to achieve
the same core reactivity. The distribution of heat generation over a larger number of fuel
elements reduces the heat generated in the hot channel, so this assumption is conservative.

(2) Calculations were performed using material specifications for fresh fuel. Since reactor operation
reduces fissionable material and introduces fission product poisons into a fuel element, the
number of fuel elements required to support full power operations with fresh fuel is the
minimum. As the number of fuel elements increases, the distribution of heat generation over

~ more fuel elements reduces the heat generated in the hot channel.

(3) Fuel material specifications are assumed to be the average initial (unirradiated) values of all
. TRIGA fuel elements possessed.under the UTTRIGA reactor license.

Results of reactivity calculations from 40 to 89 fresh fuel elements at ambient (293°K) and an assumed
uniform temperature consistent with full power steady stare operations (600°K) are provided in Fig. 3.1,
with excess reactivity calculated as: >
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Minimum Number of Fuel Elements for Criticality and Operation

As shown in Fig. 3.1, criticality at ambient temperature requires a minimum of 55 fresh fuel elements.
The minimum number required for criticality at full power operating temperature is 69 fuel elements.
Although a maximum of 78 fuel elements can be loaded in a close packed core with graphite rods in the
remaining core spaces and remain within the maximum excess reactivity limits, replacing graphite rods
with water voids reduces excess reactivity and allows more fuel to be loaded. Actual loading that meets
reactivity limits is determined and validated experimentally.
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Figure 3.1, Excess Reactivity and Average Rod Power
Hot Channel Selection

Analysis (using SCALE) was performed for core configurations from 69 to 78 to evaluate peaking factors
and the heat generated in each B ring element (Table 3.1 and Fig. 3.2) at the nominal core power of 1100
kW. Peaking factors across all the tested configurations varied from 1.41 to 1.53, and power generated in
individual B ring elements varied from 20.3 kW to 23.6 kW.



Table 3.1,B Ring Fuel Element Peaking Factors and Power

Position 69 70 71 72 73 74 75 76 77 78
PF 1.467 1494 1488 1.479 1.506 1.468 1.458 1.474 1.468 1.441

801 kw 2339 2348 23.05 22.60 22.69 21.82 2138 2133 20.97 20.32
B02 PF 1.455 1.499 1455 1462 1.508 1.477 1.465 1484 1.480 1.483
kw 23.20 23.56 2254 2234 22.72 2196 2149 2148 21.14 20091
BO3 PF 1.458 1.469 1.462 1462 1.472 1488 1490 149 1.491 1.512
kw 23.24 23.08 22.65 22.34 22.18 22.12 21.85 21.65 2130 2132
BO4 PF 1465 1431 1466 1481 1.441 1.518 1.510 1.516 1.515 1.532
kw 2336 2249 2271 22.63 21.71 22.56 22.15 21.94 21.64 21.61
BOS PF 1464 1413 1484 1486 1.420 1.512 1.501 1.505 1.503 1.494
kw 23.34 2220 2299 22.70 21.40 22.48 22.01 21.78 21.47 21.07
BO6 PF 1.473 1439 1.497 1494 1.445 1.471 1.464 1475 1.481 1.453

kw 23.48 22.61 23.19 2283 21.77 2187 2147 2135 21.16 20.49

B Ring Peaking factors

BO1
155

1.50

| W69 El core
BO6 1.45 B02
70 El core

] ‘ % 71 El core
9 1.40 L

- 72 El core

73 El core

74 El core

75 El core

- ’ 76 El core

; 77 El core

78 El core

135

BOS BO3

BO4

Figure 3.2, B Ring Peaking Factors for Core Configurations

The average fuel element power was calculated distributing 1100 kW over the number of fuel elements in
each configuration. The power generated in each B ring element is the product of the applicable peaking
factor and the average power (average power, hot channel power, and unit cell power are provided in Fig.
3.3). The 69 and 70 element cores have very similar hot channel characteristics. However, the 69
element core ke is slightly lower than the average of the 68 and the 70 element cores, and the 70
element core hot channel power (23.55 kW) is slightly higher than the 69 element core hot channel
power (23.49 kW). The hot channel power values for the remaining cores demonstrate a definite and
decreasing trend in the maximum hot channel power. Therefore the 70 element core is considered the
minimum number of elements possible in the limiting core configuration.
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Figure 3.3, Fuel Element Power for Core Configurations

3.3 Power Distribution within Fuel Elements

Interactions in the outer radial segments reduce neutron flux in the inner radial segments of a fuel
element, and statistics associated with fission rates near the center of the fuel element are challenging.
The Monte Carlo calculations in areas of lower neutron flux in smaller dimensions require a significantly
larger number of histories to reduce statistical noise. Consequently the SCALE model modification
segmenting the fuel element axially and radially is based on equal volume segments (Table 3.2). Fuel
element power distribution is the fraction of power in a specific segment to average fraction of power
across 225 equal volume segments. Although fission distributions are calculated for each segment,
distributions are provided in this report only for projections (1) near the radial and axial extremes, (2) at
the respective centers, and (3) fuel element averages (to reduce complexity).

Table 3.2, Geometry for Fuel Segments

Axial Segments

Radial Segments

21 Z; Zive r r, lave
1 19.05 16.51 17.78 0.3175 0.5603 0.4389
2 16.51 13.97 15.24 0.5603 0.7260 0.64315
3 13.97 11.43 12.7 0.7260  0.8604 0.7932
4 11.43 8.89 10.16 0.8604 0.9764 0.9184
5 8.89 6.35 7.62 0.9764 1.0801 1.02825
6 6.35 3.81 5.08 1.0801 1.1746 1.12735
7 3.81 1.27 2.54 1.1746  1.2621 1.21835
8 1.27 1.97 4E-15 1.2621  1.3439 1.303
9 -1.27 -3.81 -2.54 13439 1.4210 1.38245
10 -3.81 -6.35 -5.08 1.4210 1.4941  1.45755
11 -6.35 -8.89 -7.62 1.4941 1.5638 1.52895
12 -8.89 -11.43 -10.16 | 1.5638 1.6306 1.5972
13 -11.43 -13.97 -12.7 1.6306 1.6947 1.66265
14  -13.97 -16.51  -15.24 | 1.6947 1.7564  1.72555
15  -16.51 -19.05 -17.78 | 1.7564 1.8161 1.78625




Fission generation data for each segment was used to calculate the fraction of fissions in the fuel element
that occurred in each segment. Peaking factors in the axial or radial direction are calculated by
normalizing the sum of the fractions on the axis to the average of all summations on the axis.

Fresh Fuel

For the core with the minimum number of fuel elements required for criticality at 293°K (55 elements),
the fuel element with the maximum peaking factor occurs in position BO3 (Fig. 3.4). Three of the
elements in this core required greater precision to differentiate the maximum peaking factor.

GR. GR GR GR.  GR
GR HGRENSGRASUGRERGROESGRYSIGR = GR
GR GR 071 080 086 0.85 0.77 0.66 GR
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Figure 3.4, Peak to Average Power for 70 Element Core at 293°K

The maximum power in a hot channel occurs in a 70 core, the Limiting Core Configuration. The maximum
peaking factor occurs in position B02 (Fig. 3.5).
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Figure 3.5, Peak to Average Power for 70 Element Core at 600°K

The SCALE specification for the fuel element in position B02 was modified to determine distribution of
power within the fuel element. Selected analysis results for analysis of the 70 element core within BO1
are shown in Fig. 3.6 (axial variation) and 3.7 (radial variation).
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Operational Core

1.92

20.0

The analysis for the core peaking factors of the current 114 element core is provided in in Fig. 3.8. In this
analysis, the fuel element in position B02 produces the maximum power. Analyses for axial and radial
variations in BO4 for the 114 element core are provided in Fig. 3.9 and 3.10.



0.63 0.65 0.77 0.56 0.65

0.61 076 088 097 112 0.84 089 | H,0 |

079 095 1.08 121 127 122 097 094 071
0.67 083 118 111 101 127 130 113 080 H,0 |
0.61 084 094 132 121 125 135 128 121 091 054
0.66 0.77 1.03 116 1.25 141 144 094 060 0.00
084 080 089 1.12 [J1.49 TR 118 101 073
0.62 082 112 120 132 391650 149 159 120 078 0.88
0.63 [ H,0 [ H,0 ] 105 127 140 127 133 134 107 085
095 H,0 ] 0.97 105 1.12 136 143 123 097 093
072 074 092 101 114 112 104 105 077
0.53 076 064 092 087 081 077 078

0.59 0.72 0.70 0.74 0.66
Figure 3.8, Peak to Average Power for 114 Element Core at 600 °K
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Figure 3.10, 114 Elements 600 °K, BO4 Axial Power Distribution

Axial Peaking Factors

Axial peaking factors were developed for cores representing the minimum number of fuel elements
required for full power operation, the initial UTTRIGA core, and the current core configuration. While
there is some variation in the axial power distribution, the graphical analyses in Figs. 3.7 and 3.9 suggest
that axial power distribution for the specified locations is similar regardless of the core configuration. The
calculations show that normalized axial power distribution is relatively stable over varying core
configurations. Although specific power distributions were used to develop input for thermal hydraulic
analysis, it is evident that the effect on axial distribution, and any associated errors, should be
insignificant. The major effect on variations in power distribution is on core-wide, fuel-element peaking
factors.

Table 3.3, Fuel Element Axial Peaking Factors

No. of Fuel Elements in Core

AVE DEV
Segment 70 87 114

1 0.65 0.63 0.66 0.64 1.83%
0.76 0.76 0.78 0.76 1.28%

3 0.91 0.90 0:91 0.91 0.52%
4 1.04 1.04 1.04 1.04 0.27%
5 1.14 1.14 1.14 1.14 0.26%
6 1.22 1.22 1.22 1.22 0.28%
7 1.26 1.27 1.26 1.26 0.40%
8 1.27 1.28 1.27 1.27 0.39%
9 1.25 1.25 1.24 1.25 0.65%
10 1.20 1.20 1.19 1.20 0.30%
11 1.12 1.12 1.11 1.12 0.47%
12 1.01 1.02 1.00 1.01 0.52%
13 0.87 0.87 0.87 0.87 0.36%
14 0.72 0.71 0.72 0.72 0.45%

15 0.60 0.59 0.59 0.59 0.76%




A summary of some important data derived from SCALE calculations is provided in Table 3.4.

Table 3.4, Summary of Significant Parameters

CORE CONFIG. LCC Current Core

No. ELEMENTS 70 114

Kot 1.00601 1.02048

Excess (S) $0.853 $2.867
PEAKING FACTOR 1.499 1.654 1387 1.523
POSITION B02 B02 B03®  B06’

4.0 Thermal Hydraulic Modeling, Unit Cell Geometry and Thermal Hydraulic Characteristics

The flow channel unit cell cross section is based on the fuel element geometry, as illustrated in Fig. 4.1
(unit cell and the surrounding fuel elements). As illustrated, the unit cell is a fuel element and the
surrounding flow area (end fittings have more complex geometry) circumscribed by a hexagon with an
inner radius of % of the pitch. The cooling flow channel is modeled as a heated pipe with thermodynamic
characteristics based on physical dimensions and properties of the coolant around the fuel elements. A
large fraction of the unit cell is occupied by the fuel element, leaving a relatively small flow area. The
complex geometry of the fuel element end fittings are approximated as hydrodynamic characteristics.

Since a regular hexagon can be decomposed into six equilateral triangles, a triangular unit cell is the
smallest possible unit cell. However, RELAP and TRACE heat structures (described in a following section)
have limited options for temperature analysis of sold structures; a cylinder can be used to develop a heat
source, but a half-cylinder is not possible. This does not limit fluid analysis in thermal hydraulic
calculations with a triangular unit cell, but limits the ability to calculate temperatures in the fuel element
since the geometry of a triangular unit is % of the heat contribution from a single fuel element. Intrinsic
properties used to calculate thermal hydraulic conditions are fully represented, but total heat for the
cylindrical fuel element (used in material temperature calculations) in a triangular unit cell is not.

Fuel Dia. = 1.4748
Pitch = 1.7149 in.

COOLING WATER

Unit Cell
Inner Radius = 0.857 in.
Outer radius = 0.990 in.

CLADDING
FUEL

Zr FILLROD

Figure 4.1, Flow Channel for UT TRIGA

The volume of the flow channel is calculated as the product of the flow area and length. The length of the
TRIGA flow channel is defined for the heated (adjacent to fuel) and unheated surfaces of fuel element
cladding. The heated length is divided into smaller sections for analysis, consistent with the axial
segmenting indicated in Table 3.3. The geometries and thermal hydraulic parameters of the upper and

* The fuel elements in BO3 and BO6 are instrumented with thermocouples



lower gird plate/fuel element are calculated through equations 4.1-4.6, with results summarized in Table
4.1.

4.1.1 Unit Cell Geometric Parameters

The area of a regular polygon is calculated using the interior radius (r;) and perimeter (P) as:

A=—-r-P . : 4.1

1
2
The unit cell is a hexagon (i.e., 6-sided perimeter) with each side one leg of an equilateral triangle; the

height of the triangle is the hexagon’s interior radius. The hexagon/triangle dimension (a) in terms of the
internal radius is calculated:

a=—p=¥% - 4.2
3

Substituting 4.1 into 4.2, the cross sectional area of the hexagonal unit cell (4 y¢) using the interior radius
is therefore:

AUC::l.,?.(6.£..,;_)—_'—A2.\/§.y;2 43

) 3

The inner radius of the unit cell is % the distance between two fuel elements or % of the fuel element

pitch (p.) so that:
_¥3 p? 4.4

' 2
AF = (&) 4.5

The area of the flow channel in the unit cell (4 ) is the difference between the unit cell area {eq. 4.1) and
the area occupied by fuel (eq. 4.2). Since the interior radius is % of the pitch, the area of the flow channel

is calculated by:
NE) D, Y » |
4, . =—.p*—g.| =L 4.3
Fe= D, ( 5 ) |

'

Non-circular pipes are approximated as a pipe with an equivalent hydraulic diameter (D) with a wetted
perimeter (Py), where the hydraulic diameter is calculated as:

4.5

The wetted perimeter is the length of the flow channel in contact with channel wall surfaces (i.e., the
perimeter of the fuel element):



B, =rn-D, 4.4

Substituting equations 4.3 and 4.4 for flow area and perimeter into equation 4.5, hydraulic diameter is:

2 2 2 '
D, = 4 [ﬁ.pz_”.(&)}:&.&_DF:DF.[Q.&_l] 4.5a

_ﬂ-DF. 2 °F 2 n D,

A summary of primary and calculated parameters is provided in Table 4.1.

Table 4.1, Summary of Principle Thermal Hydraulic Values

"~ Description Var. Value

Fuel Element Pitch P 1.714 in 0.142833 ft. 4.35356 cm 0.043536 m
Fuel Element Diameter Dfuel 1.4784 in 0.123200 ft. 3.755136 cm 0.037551 m
Wetted Perimeter Py 4.64453058 in 0.387044 ft. 11.79711 cm 0.117971 m
Fuel Cross Section/Area Apc 1.7166185 in2 0.011921 ftz' 11.07494 (:m2 0.001107 m2
Unit Cell Area Ace 2.54420597 in’ 0.017668 ft* 16.4142 cm’ 0.001641 m’
Flow Channel Area Arc 0.82758747 in* 0.005747 ft* 5.339263 cm’? 0.000534 m’

m

Hydraulic Diameter Dy, 0.71274154 in. 0.059395 ft. 1.810364 cm 0.018106

4.1.2 Unit Cell Thermo Dynamic Loss Factors

Pressure drops (head loss) across hydraulic components are the product of the fluid flow and factors such
as the coefficient of friction between the fluid and the pipe wall, changes in flow area and diameter, flow
channel surface roughness, and/or flow channel length. Within limits, the factors (K factors) are

constant, the sum of the pressure drops in linear flow is additive. This analysis provides a traditional
approach to evaluating the loss factors and loss factors reported by analysis and experiments conducted

at the UT reactor, followed by the results of analysis and experiments conducted for the UTTRIGA facility. -

Traditional Loss Factor Calculations

The impact of sudden expansion or contraction is principally in velocity changes.” Bernoulli’s equation
applied to non-compressible fluids relates area and velocity. The K factors for sudden expansions or
contractions are based on the ratio of the flow areas (Equation 7). .

a2l [ ' 4
’ : K,=[1-=4|=|1-=F 4.7
a4
Other K factors are based on the magnitude of the direction change, the pipe surface roughness, and flow
mode (turbulent, laminar, etc.). Calculations are simplified by using the Darcy-Weisbach friction factor (f)
as a multiplier on applicable aspects of system geometry. The friction factor is a function of the Reynolds

number, wall surface roughness, and flow channel. The relationship is described in the Colebrook
formula:

£ 2.51
= —2.0-log10-[3 =D + R \/7] 4.8
. . e.

5



In practice, the Moody chart (Fig. 4.2, a parametric representation of the friction factors) is frequently
used to determine the friction factor. For reasonable and expected flow rates at the TRIGA reactor, the
Reynolds number is between 1X10* and 3X10°. Over this range, convergence exists for wall surface
roughness values between 5X107 to 1X10™. The broad range of surface roughness values indicates a very
low sensitivity for roughness, and that any surface roughness within this range can be used without
affecting the friction factor significantly. For comparison RELAP analysis conducted for DOW Chemical*
reactor used surface roughness of 2.13E-6.

For losses in a straight pipe:

L .
K=f-— 49 -
! D
For a 45° turn:
K, =116 4.10
For a 90° turn: .
Ky =1-30 . 411
Table 4.2:
Location Component ~ Eff. Area
Bottom Entrance Lower grid plate 1.2 cm?
Bottom Exit Lower End fitting/Channel 3.9cm?
Top Entrance Upper End Fitting/ Channel "3.9 cm?
Top Exit Upper Grid Plate 1.2 cm?

The K factor for elevations above the flow channel is based on a 45° turn out of the main channel (0.344)
and sudden contraction at the upper grid plate (0.43). The K factor below the flow channel is based on a
sudden expansion exiting' the grid plate (0.9) and a 45° turn (0.344) into the main channel. Therefore the
K factors are 1.244 at the inlet and 0.844 at the outlet. The results of calculations for K factors associated
with the hydraulic parameters in Tables 4.1 and 4.2 and are provided in Table 4.3. '

Table 4.3: K factors
Location Characteristic K Factor

45° Turn® 0.344
Inlet Expansion 0.9

TOTAL lower  1.244

45° Turn 0.344

Outlet Contraction 0.43
TOTAL Upper 0.774

* ANALYSIS OF THE THERMAL HYDRAU LIC AND REACTIVITY INSERTION BEHAVIOR OF THE DOW TRIGA RESEARCH
REACTOR, Submitted to the NRC in support of the DTRR License Renewal (M. H. Hartman, 03/12/2011).
® Eriction factor times 16 '
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Figure 4.2, Moody Diagram

Correlation of K factors and flow are based on historical, experimental measurements with cylindrical
pipes. Additional work validated this approach for rectangular ducts. In practice, non-circular cross
sections are reduced to a flow area and hydraulic diameter with the length as measured for the pipe.
However, the complexity of the TRIGA inlet and exit flow channel geometry is challenging. As fluid
interacts with non-circular structures (or components), non-uniform surfaces can result in forces leading
to secondary and/or internal flow paths that affect head loss/pressure drops. This suggests two potential
issues using K factors calculated classically in analyzing thermal hydraulic response of the TRIGA reactor.

e The actual entrance and exit to the flow channel between the grid plates is directed by fins
mounted on a conical shape that terminates in cylindrical alignment (bottom end fitting) and
handling (upper end fitting) structures. The wetted perimeters and flow areas vary continuously

from entrance and exit for each end fitting.

e The interface between adjacent fuel channels is not separated by a physical boundary.

Differential pressure between adjacent flow channels at interfaces can support cross-channel

flow.
Therefore thermal hydraulic analysis to support relicensing was developed® to:

(1) Model the UT TRIGA reactor using TRACE

(2) Develop an independent solution tool using MATLAB to calculate thermal hydraulic performance

based on mass and energy balance and K factors,
(3) Develop a computational fluid dynamics model using FLUENT, and

(4) Conduct experiments to develop a UT TRIGA specific heat transfer correlation

¢ Development of Thermal Hydraulic Correlations for the University of Texas at Austin TRIGA Reactor Using
Computational Fluid Dynamics and In-Core Measurements, A. D. Brand




These methodologies were used to independently model thermal hydraulic performance from (1) first
principles, (2) TRACE thermal hydraulics code, and (3) FLUENT computational fluid dynamics code. The
results of experiments in the TRIGA core were used to evaluate UTTRIGA-specific K factors based on
actual fuel element geometry. A summary of X values determined from both the traditional/classical
method and the UT analysis is provided in Table 4.4 with a fractional deviation between factors provided.
For comparison, RELAP work’ performed for DOW Chemical facility used K factors of 2.26 and 0.63 for the
lower and upper channels.

Table 4.4, K Factors

APPLICATION CLASSICAL  FLUENT®  DEVIATION
Lower Channel 1.244 1.63 . 23.7%
Upper Channel - 0.844 1.12 33.6%

The values determined from the UT research program were used in modeling for TRACE calculations.
4.2 Physical UTTRIGA Thermal Hydraulic Model

Standard TRACE and RELAP components are structured to simulate physical characteristics of flow loop
components. Descriptions of the TRACE and RELAP components required to characterize the UTTRIGA hot
channel are provided below, followed by the specific facility application. There are slight differences
between some component specifications in TRACE and RELAP, reflected in the descriptions.

4.2.1 Fluid System Component Modeling

TRACE and RELAP analysis is based on modeling a set of representative, defined components where |
component characteristics are specified by the user to model the system. The UTTRIGA model uses Break
(TRACE only), Time-Dependent Volume Components (RELAP only), Pipe, Heat Structure, Power Component
(TRACE only), and a Control System/Function (RELAP only). Heat structure material properties are used to
calculate temperature distribution for fuel element components (zirconium fill rod, U-ZrH matrix, gas gap,
and cladding).

“a. Break (TRACE only): A break component is a boundary component normally used to provide a sink for
liquid flows exiting the system. TRACE also uses a. “Fill” as a similar component for inlet flows, but the
fill flow rate is specified by the user while flow rate in a break is developed in calculations, and
therefore not constrained. Since flow rates in the UTTRIGA model are developed by convection
during reactor operation, the flow rate is not specified as an input. Therefore the use of a fill is
precluded and breaks are used to specify both the entrance and exit conditions.

b. Time-Dependent Volume Component (RELAP only): A Time Dependent Volume Component is used in
RELAP to model pressure boundaries. For steady state analysis, constant pressure and temperature
are simulated by specifying constant values across time intervals.

c. Pipe: The pipe component is a cylindrical volume containing water flow with various geometric and
hydrodynamic properties. Analysis of the flow loop requires the flow across changes in elevation
balance. Analysis requires limits on the magnitude of changes in adjacent flow areas.

)

7 ANALYSIS OF THE THERMAL HYDRAULIC AND REACTIVITY INSERTION BEHAVIOR OF THE DOW TRIGA RESEARCH"
REACTOR, Submitted to the NRC in support of the DTRR License Renewal (M. H. Hartman, 03/12/2011).
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d. Heat Structure: TRACE and RELAP define heat structures as rigid components that absorb, transfer, or
radiate heat. A heat structure is specified by geometry, inner and outer radial boundary conditions,
and material information. These attributes are specified in the “general” section. Power distribution
is'specified in RELAP within the heat structure, but in the “Power Component” section of TRACE. The
power distribution in RELAP is accomplished by independent axial and radial distributions. In RELAP,
the control specifying power levels for analy5|s are provided in the axial ceIIs/boundary conditions
section of the heat structure.

|
Heat structure cells are axially uniform. Geometry is specified in the “Radial Geometry” section.
Geometry includes both radial data which is constant along the axial length of the structure, and axial
data that identifies surface areas for heat transfer. Initial conditions for the surfaces at each axial
location are specified in “Initial Temperature.”. The gas gap heat transfer coefficient is explicitly
specified the TRACE in the “Gas Gap HTC.” Boundary conditions for heat transfer are specified for
axial nodes/surfaces, linking the heat source to the heated lengths of the pipe to represent the active
(fueled) part of the fuel element.

e. Power Component (TRACE only): The power component specifies how power is provided to the heat
structure.

The shape of power distribution in TRACE is managed by specifying the fraction of power supplied
between the inner and outer radial boundaries at each axial node. The “power shape” section of the
power component is used to specify a 2 dimensional distribution. The power distribution fractions
are specified based on axial and radial locations that segment the fuel element.

The Numerical solutions to the heat transfer equations are determined iteratively in TRACE. Iterative
‘calculations with large step changes may lead to instability in solutions. A Power Table in the
“general” section of the power component allows time based changes to simulate steps in calculation
leading to a final power level.

f. Control Systems/General Tables: In RELAP the power levels for analy5|s are specified as a controlin a
table, and lined to the table in the heat source section.

g. Materials: TRACE and RELAP have a limited set of fnaterial characteristics applicable to nuclear power
plants. The default set of materials can be augmented by the user.

User defined materials are defined either in a data table or a functional fit table. The functional fit is a
5™ order polynomial in temperature, although setting the coefficients to 0 can reduce the order of the
polynomial. Properties are specified over a range of temperature, and include (1) density, (2) specific
heat for TRACE, (3) volumetric heat capacity for RELAP, (3) thermal conductivity, and (4) emissivity.

4.2.2 UTTRIGA Application
TRACE and RELAP components were assembled to model the thermal hydraulic performance of the unit

cell flow channel as shown in Fig. 4.3. User supplied values for the source, downcomer, connecting pipe,
fuel element, and sink simulate the thermal hydraulic characteristics of the components.
‘ .
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Figure 4.3, TRACE and RELAP Models

a. Break/Time-Dependent Volume (TDV) Components applications:

The TRIGA hot channel pressure and temperature specifications are based on local environmental
conditions (barometric pressure, confinement pressure regulation) and the pool (level and water
temperature), specified as in the TRACE break component.

The NETL building is approximately 240 m above sea level, corresponding to 96 kPa at standard
atmospheric conditions. The reactor bay confinement system is designed to control differential
pressure to 0.06 in. (14.9 Pa) below atmospheric (minimal compared to atmospheric pressure). Total
pressure at the top of the core is therefore:

Pr =96{KPa}+pH:0 4.13

Pool water is a minimum of 5.25 m above the core, nominally 7.25 m. Constant pressure is
established by setting the “rate of change” variable to zero in the break, and with a single value for
pressure over RELAP time intervals. Pool water temperature is limited to less than 49 °C, nominally
25-27 °C. Where g denotes the gravitational constant (9.8 m-s*), the pressure (p;.0) exerted by a
column of water (at density p in kg:m?and height / in m) is given by:

Puo=P 8 h 4.12

A second break (TRACE) or TDV (RELAP) is connected to the exit of the core, simulating exit from the
flow channel. Parameters associated with the exit are the same as the entrance. Pressure boundary
conditions for the limiting and nominal cases are provided in Table 4.5.

Table 4.5, Pressure Boundary Condition

Condition Temp Density Height H;f;g:j:c Pressure HsSsang
°C kg'm™ m kPa kPa psia
Limiting 49 988.4881 5.25 50.9 146.9 21.3
: 25 997.0479 7.25 70.8 166.8 24.2
Nominal

27 996.5162 7.25 70.8 166.8 24.2




b. Pipe applications:

Three pipes are used in modeling. One pipe represents movement of cooling flow from the top to the
bottom of the flow channel. A second pipe moves flow to the entrance of the flow channel,
connecting the down comer to the third pipe, the flow channel.

Down Comer/Cold Leg

Conservation requirements for calculations require balanced elevation changes, with a “downcomer”
at the same length and area as the fuel element region. Instabilities can occur in TRACE calculations if
adjacent volumes are sufficiently different, and the downcomer is segmented to meet the ratio
criteria (for convenience, segmenting has equal lengths). Dimensions for the down-comer pipe are
provided in Table 4.6.

Table 4.6, Down-comer Pipe

Length (segments) 0.09985 m
Length (total) 0.5991 m
Flow area 5.39E-4 m’
Volume (segments) 5.38E-5m®
Volume (total) 3.23E-4 m®
Hydraulic diameter 0.0183 m
Height Change (segments) -0.09985 m
Height Change (total) -0.5991 m

Connector

A pipe with two elbows (Fig. 4.4) connects flow from the downcomer to the unit cell flow channel.
Dimensions of the connecting pipe are provided in Table 4.8.

Table 4.7, Connecting Pipe

FLOW  HEIGHT
AREA CHANGE

m3 m m2 m

SEGMENT VOLUME LENGTH

1 5.38E-05 0.01 5.39E-04 -5.0E-3
2 5.38E-05 0.01 5.39E-04 0.0
3 5.38E-05 0.01 5.39E-04 5.0E-3

Figure 4.4, Cold Leg to Flow Channel Connector

Unit Cell Flow Channel/Fuel Element Region

The flow channel for the fuel element region in the unit cell is modeled as a pipe. Specifications for
the simulated fuel element cooling channel are provided in Table 4.8. Inlet and outlet geometry are
reduced to loss factors (previously discussed K). The K factors as previously described are applied to
the 2" and the 19™ segments.



C.

Table 4.8, Specifications for Unit Cell Flow Channel

VOL LENGTH FLOW AREA Az
m® m m* m
1 5.14E-06 0.01905 2.70E-04 0.01905
2 2.43E-05 0.09 2.70E-04 - 0.09
3 6.86E-06 0.0254 2.70E-04 0.0254
4 6.86E-06 0.0254 2.70E-04 0.0254
5 6.86E-06 0.0254 2.70E-04 0.0254
6 6.86E-06 0.0254  2.70E-04  0.0254
.7 6.86E-06 0.0254 2.70E-04 0.0254
8 6.86E-06 0.0254 2.70E-04 -0.0254
9 6.86E-06 0.0254 2.70E-04 0.0254
10 6.86E-06 0.0254 2.70E-04 0.0254 l
11 6.86E-06 0.0254 2.70E-04 0.0254
12 6.86E-06 0.0254 2.70E-04 0.0254
13 6.86E-06 0.0254 2.70E-04 0.0254
14 6.86E-06 0.0254 2.70E-04 0.0254
15 6.86E-06 0.0254 2.70E-04 0.0254
16 6.86E-06 0.0254 2.70E-04 0.0254
17 6.86E-06 0.0254 2.70E-04 0.0254
18 2.43E-05 0.09 2.70E-04 0.09
- 19 5.14E-06 0.01905 2.70E-04 0.01905
Total 1.62E-04 0.5991 5.13E-03 0.5991

Heat Structure Application

The heat structure consists of 15 axial cells connected to the heated section of the flow channel (cells
3 through 17 of the unit cell flow channel pipe). “Outer surface boundary” conditions are connected
to the unit cell pipe segments, with “Inner Surface Boundary Conditions” of 0.

Heat structure cells simulate the zirc fill rod at the center of the fuel element, ZrH-U fuel, the gap
between the fuel and cladding, and the cladding. The UTTRIGA model includes:

e zirconium from a radius of 0 cm to 0.3175 cm (3.175E-3 m)

e zirconium-hydride from a radius of 0.3175 cm to 1.74117 cm(0.0174117 m), subdivided into 15
equal volume segments

e gap gases from a radius of 1.74117 cm to 1.8161 cm (0.018161 m)

e stainless steel 304 cladding from a radius of 1.8161 cm to 1.8263 cm (0.018263 m)

The gas gap heat transfer coefficient? of 2840 W m™ K™ is specified in TRACE as “Gas Gap HTC.”

Power distribution is accomplished in the heat source geometry. The axial segments are divided
radially to provide equal volume segments. As previously discussed, heat generation is distributed in
the heat structure based on SCALE transport calculations, based on the fission rate in each segment.
Although the SCALE model provides data for each of the 225 segments of the radial and axial
boundaries, RELAP uses only a single distribution along each axis. Therefore, the complete
distribution is used in TRACE (Power Component section) and the axial and radial averages used in

® Reference for the gas gap heat transfer coefficient




RELAP.

d. Power component (TRACE only): Two sections of the power component module are used in the
UTTRIGA model, “General,” and “Power Shape.”

~ General

\

Large changes in power can cause instability in calculation; the “Power Table” allows incremental
steps at user specified times form a minimum to maximum power, allowing the calculation to
stabilize. This function is accomplished in RELAP through a data table in the Control Systems section.

Power Shape
The 2-dimensional fission density profile as described previously is used in the TRACE power shape.

e. Materials: Material data is specified in the Thermal section of TRACE and the RELAP Materials section.
A library of reactor material characteristics are provided, but only “gap gases” and “Stainless 304"
apply to TRIGA fuel; characterization of ZrH-U fuel and zirconium is required.

The thermal conductivity of TRIGA fuel is noted to-be 0.042 cal-s-*cm™-°C* (17.573 W-m™-°k™?) *°,

insensitive to temperature. The volumetric heat capacity calculated (C, referenced to temperature
Tin °C) as:

_ W-s
CP(U—ZrH,l.G) =2.04+4.17x10 3. T{m} 4,14

Specific heat capacity is calculated by normalizing the volumetric heat capacity by the density (p),
with the density of the fuel in the matrix (P y.z.4:.6) calculated as:

P, £t !
U-zrH 16 3 &._{_ W, 4.15
Pu Pz

With subscripts indicating Ufanium and Zirconium-Hydride, the weight-percent of the components

represented as w, the density of ZrH, ¢ (P zu:.6) is reported-as:

Pt {—g—s} — 0.1706 +0.0042 1.6 = 5.6395 4.16
cm .

Calculations of U-ZrH density and heat capacity (volumetric, C,, used in RELAP, and specific C, - as
‘determined by C,, normalized to the density - used in TRACE) at a wide range of temperatures were
performed (Table 4.9).

Thermal conductivity for the zirconium fill rod at the center of the fuel element was taken (even 100
temperature values) from the Journal of Physical and Chemical reference Data (Volume 3, 1974,
Supplement 1, Table 184), with intermittent values interpolated. Volumetric heat capacity data was

1 Simnad, The U-ZrHx Alloy: Its Properties and Use in TRIGA Fuel (August 1980)




taken from a compilation®?, with data interpolated by a curve fit. Mass-specific heat capacity used in
TRACE is calculated as the ratio of the volumetric heat capacity to the density. Zirconium data is
provided in Table 4.9.

Table 4.9, TRIGA Fuel and Zirconium Material Properties

TRIGA Fuel (ZrH¢-U) ‘ Zirconium (Fill Rod)
T Cov p - Cp Cov p Cp Conductivity Emiss.,
K Jomikt kgm?® WlsKlig JemKt kgem® Wlilig wemK?
200 1.73E+06 6000.507 2.89E+02 | 1.71E+06 6520 261.7 25.2 0.8
300 2.15e+06 6000.507 3.59E+02 | 1.76E+06 6520 269.62 22.7 0.8
350 2.36E+06 6000.507 3.93E+02 | 1.81E+06 6520 276.91 22.1 0.8
400 2.57E+06 6000.507 4.28E+02 | 1.83E+06 6520 280.56 21.6 0.8
450 2.78E+06 6000.507 4.63E+02 | 1.85E+06 6520 284.21 21.3 0.8
500 2.99E+06 6000.507 4.98E+02 | 1.88E+06 6520 287.86 21 0.8
550 3.19E+06 6000.507 5.32E+02 | 1.90E+06 6520 291.51 - 20.85 0.8
600 3.40E+06 6000.507 5.67E+02 | 1.92E+06 6520 295.16 20.7 0.8
-650 3.61E+06 6000.507 6.02E+02 | 1.95E+06 6520 298.81 20.8 0.8
700 3.82E+06 6000.507 6.37E+02 | 1.97E+06 6520 302.46 20.9 0.8
750 4.03E+06 6000.507 6.71E+02 | 2.00E+06 6520 306.11 21.25 0.8
800 4.24E+06 6000.507 7.06E+02 | 2.02E+06 - 6520 309.76 21.6 0.8
850 4.45E+06 6000.507 7.41E+02 | 2.04E+06 6520 31341 221 0.8
900 4.65E+06 6000.507 7.76E+02 | 2.07E+06 6520 317.06 =  22.6 0.8
950 4.86E+06 6000.507 8.10E+02 | 2.09E+06 6520 320.7 23.15 0.8
1000 5.07E+06 6000.507 8.45E+02 | 2.10E+06 6520 32253 |, 2343 0.8
1050 5.28E+06 6000.507 8.80E+02 | 2.11E+06 6520 324.35 23.7 0.8
1100 5.49E+06 6000.507 9.15E+02 | 2.14E+06 6520 328 24.3 0.8

5.0 Model Validation

Measured fuel temperature channel indications at varying power level are compared to thermocouple
location temperatures calculated by RELAP and TRACE. Assumptions used in calculating peaking factors
are evaluated. There is no actual measurement of heat fluxes available for comparison with calculations
of critical heat flux ratio, CHFR (the ratio of fuel element local heat flux to the heat flux that could result in
departure form nucleate boiling). Model validation is supported by comparing results to data associated
with accepted reference work. :

Instrumented fuel elements (IFEs) are located in the B ring (currently BO3 and B06). Three thermocouples
are installed in each IFE, although only one thermocouple in each IFE is normally instrumented. The
thermocouples are nominally located 0.762 cm from the center of the fuel element, with one installed an
inch above the mid-plane, a second at the mid-plane, and a third an inch below the mid-plane. The B03
IFE active thermocouple is labeled as the center position. The B06 IFE active thermocouple is labeled “A”,
and has been tentatively identified as the upper position. '

5.1 Operating Data

Power level, fuel temperature, and control rod position data are routinely recorded in nuclear

n http://www.efunda.com



engineering laboratory classes at 20 kW, 60 kW, 100 kW, 500 kW, 750 kW and 950 kW. Data from a 2013
lab class is provided in Table 5.1. Since the pool temperature varies slightly between data points, poeol
temperature was subtracted from the thermocouple reading for comparisons between observed and
calculated temperatures. The values to be compared therefore represent the temperature rise only
across the fuel element from the cladding to the thermocouple position. Data obtained confirmatory
measurements during the summer of 2014 showed deviation of less than 1% for all values except 100 kW.
The deviation at 100 kW was 2% for FT1 and 1.5% for FT2. Based on historical values and confirmatory
measurements, temperature response to the heat generated during reactor operation is well
characterized by the values in Table 5.1 and Fig. 5.1. ' '

Table 5.1, Operating Data

CorePwr  FT1  FT2 ~ Pool ng’z B02 AT
(kw) °C °C . °C °C °C
20 27 32 19 8 13
60 47 60 19 28 41
100 68 - 86 19 49 67
250 136 171 19.4 117 152
500 221 264 207 200 243
750" 278 331 23 255 308
950 319 370 23.4 296 347

FUEL TEMPERAURE MOINITORING CHANNEL INDICATIONS
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Figure 5.1, Observed Fuel Temperatures During power Operation

Uniform Temperature Assumption

Transport calculations in SCALE calculate the fraction of fissions occurring in each fuel element; this is the
basis for core peaking factors used in thermgl hydraulic calculations. TRACE and RELAP heat structure
temperatures are calculated from material properties, heat generation rate and distribution based on
peaking factors, and heat transfer calculations. Initial SCALE calculations assumed a uniform, core-wide
fuel temperature. ‘

2 Difference between thermocouple readings for fuel channel and bulk pool



As previously noted, fuel element temperature affects cross sections used in the transport calculations.
Since interaction-rates are reduced at higher temperatures and higher temperatures (such as expected in
inner ring elements) initial calculations were assumed to overestimate the power in the B ring elements
and inflate peaking factors. Consequently, this assumption is expected to have a conservative effect in fuel
temperature and critical heat flux calculations. The conservatism impedes comparison of model results
with observed data. It was therefore necessary to develop a more representative fuel element
temperature assumption for transport calculations.

Multi-group neutron cross section calculations allow compensation for resonance self-shielding, including
temperature effects. (Calculations using continuous energy libraries select cross sections from the library
which has a temperature closest to the user specified material temperature.) The cross section
processing requires complete definition of the fuel and surrounding environment, including the zirconium
fill rod, fuel, gas gap, cladding and the water moderator.,

As previously discussed, geometry used in nuclear analysis was specified to provide equal volume
segments to mitigate the impact of self-shielding on statistical errors. The geometry of the heat structure
in thermal hydraulic analysis was established consistently with the nuclear analysis. The average of the all
temperatures in a fuel element (heat structure component) is therefore the volume average temperature
of the component. A relationship between fuel element power and temperature was determined from
TRACE and RELAP temperature data (Fig. 5.2) at varying power levels. The TRACE calculations indicate
slightly higher average temperatures. Power distribution specifications in TRACE are based on a 2-D mesh,
while power distribution in RELAP assumes independent radial and axial distributions (which may be a
cause for the difference). Since the TRACE mesh is a more precise representation of the power produced
in the fuel element, the TRACE fit was used to determine volume average fuel temperatures as a function
of fuel element power (Fig. 5.2).
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Figure 5.2, Volume-Average Fuel Temperature as a Function of Element Power

Since self-shielding calculations require material compositions from the center of the fuel element to the
cooling water boundary, the temperature of each component is also required. However, the temperature
calculations are somewhat simplified by comparing the average fuel element temperature to the average
component temperature based on the thermal hydraulic calculations.
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Figufe 5.3, Zirconium Fill Rod Volume Average Temperature

Peaking factors were used to determine the power generated in each fuel element for each core power
level in Table 5.2. The power generated in each fuel element was used to calculate the average fuel
temperatures for each element (Fig. 5.2, TRACE data). The element average temperatures were used to
calculate the average temperatures of the zirconium fill rod, gas gap, cladding, and water (Figs. 5.3 and
5.4). The SCALE material statements were modified with temperature data applicable to each fuel
element. Calculations in SCALE using the modified temperatures were used to generate new peaking
factors. The updated peaking factors were used to re-calculate the power level in each fuel element.
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Figure 5.4, Volume Average Fuel Temperatures for Gas Gap, Cladding, and Coolant

The difference (fractional deviation) between successive calculations for each element power was ‘
calculated. The standard deviation between all fraction deviations was calculated. This process was

iterated until the standard deviation between successive iterations converged, taken as all standard ‘
deviations for all power levels less than 1%. An additional iteration was conducted to assure stability.

Peaking factor data associated with the initial calculation and the calculation that approaches stability are
provided in Table 5.2 for the instrumented fuel elements (BO3 and B06). Core average fuel element and "
IFE power levels associate with the power levels are provide in Fig. 5.5. Temperature data (minimum,
maximum, average and standard deviation across all fuel elements) is provided in Table 5.3.




Table 5.2, Peaking Factors for Hot Channel and Instrumented Fuel Elements

Power Level: 20 kw60 kW 100 kW 250 kW 500 kW 750 kW 900 kW 950 kW

BO3

Initial 1.480 1.481 1.468 1.471 1457 1.454 1454 1.480
6" Iteration 1.475 1.477 1.473 1459 1447 1437 1.437 1.435
Initial 1.503 1.507 1.490 1.493 1.488 1475 1.482 1.503
6" Iteration 1.500 1.510 1.499 1.480 1.473 1466 1.469 1.456

BO6

There is a significant difference between the initial peaking factors based on uniform core fuel
temperatures and peaking factors assuming (volume average) fuel temperatures correlated to power level
(Table 5.2), even at 20 kW where the element fuel temperature range is small (311 + 4 °C, with a standard
deviation of 2°C). There is a significant difference in peaking factors for each fuel element positon as

power increases.

POWER IN POSITIONS BO3 & BO6 AT VARYING CORE POWER
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Table 5.3, Volume Averaged Fuel Element Temperature Data

BN -

Power Level (kW) 20 60 100 250 500 750 900 950
Max Fuel Temp 315 335 354 414 487 538 564 573
Min Fuel Temp 308 316 324 351 393 429 446 452
Core Ave Temp 311 323 336 378 434 478 500 507
Std. Dev. 2 5 8 16 24 28 30 30

Comparison of Observed and Calculated Fuel Temperatures

Observations

Observed temperatures occurred with different pool water temperatures at each power level; therefore
observed temperatures were modified by subtracting pool temperature to be comparable to thermal

hydraulic calculations.
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Figure 5.6, Thermocouple to Coolant Temperature Difference
FT-1 and FT-2 Comparisons

The FT-1 fuel element is functioning at some fraction of the power of the FT-2 element based on the
peaking factors.

Simplistically, heat transfer (Q) is based on temperature difference (7¢; as maximum fuel temperature,
Ty as bulk cooling temperature, 4 as the heat transfer area) driving heat transfer though a system with an
overall heat transfer coefficient (4):

Q=h-A-(T, -T,) 5.1

Factors implicit in the overall heat transfer coefficient are not independent of the magnitude of heat
generated; however considering the small differences power between B03 and B06, the overall heat
transfer coefficients should be comparable. Where average core power remains constant and the overall
heat transfer coefficient is similar, the ratio of the power produced in the two fuel elements with peaking
factors PFgy; and PF gy is:

PF py _ (T('L _Tb)Bm
PR3 (1,1,

~1.014 5.2

B06

When the fuel temperature channel data were compared, the ratio of the temperature differences was
found to be on the order 1.172 (well above 1.014). The measuring channel behavior response to power
was qualitatively similar, indicating the thermocouple was responding, but the FT1/B03 measuring
channel indicated much lower than the expected temperature.

Portable thermocouple instrumentation was used during 950 kW operations to measure the temperature
of the spare (i.e., not currently monitored by reactor instrumentation) thermocouples. Portable meter
indication was less stable than installed console instrumentation, but showed the two functional
thermocouples in BO6 to agree with a few degrees, consistent with RELAP calculations. The portable
instrument indication for the unmonitored thermocouple in the instrumented fuel element of BO3 was
significantly higher than the installed FT1 channel.

The spare thermocouple was connected to the FT1 fuel temperature channel. The FT1 indication at a 950
kW test operation was 327°C with the original thermocouple, and 343°C with the alternate installed in the



measuring channel.

Since the characteristic response to changes in power level indicated on FT1 and FT2 were qualitatively
similar, neither the instrument nor the thermocouple was considered the likely source of the
disagreement. If the radial position of the thermocouple previously in the FT1 channel is different than
the nominal value, the channel response would be qualitatively similar but biased to the temperature
associated with the different positon.

Fuel Temperature Calculations

Thermal hydraulic calculations were performed at fuel element power levels based on the peaking factors

in Table5.2. Power generated in the instrumented fuel elements (7 ) is calculated as the product of the
core-wide average generated by all elements (Pcorz/114) and the peaking factors associated with the
instrumented fuel element positions (PF ).

P

— _CORE 53

P = 114 IFE

The power levels in Table 5.1 were scaled to the peaking factor in table 5.2 to identify power level in table
5.3. RELAP calculations were performed at each of the power levels identified in Table 5.4.

Table 5.4, Power Levels for Calculations

Core Power BO3 Power BO6 Power

kw kw kW

20 0.259 0.263
60 0.777 0.795
100 1.292 1.315
250 3.200 3.246
500 6.346 6.461
750 9.454 9.645
900 11.345 11.597
950 11.958 12.133

Calculated temperatures using at 0.726 cm and 0.860 cm from RELAP and TRACE, bracketing the nominal
thermocouple position (core midplane, 0.762 cm radially), are provided for BO3 and B06 in Tables 5.5 and
Table 5.6. A comparison of the results from the two codes is provided in Table 5.7.

Additional data was provided for B03 at locations with calculated temperatures approaching the observed
data. As shown in Tables 5.5/5.6 and Fig. 5.7/5.9, the FT1 data is consistent with temperatures displaced
from the nominal position. While it is not possible to definitively prove the source of the anomalous
thermocouple data, Fig. 5.7/5.9 suggests a reasonable correlation for data farther from the centerline
than the nominal thermocouple position.

Figs. 5.8/5.10 show clearly that calculated temperatures for B06 in locations adjacent to the FT2
thermocouple are in close agreement with observed data, with some deviation at higher power levels.
Polynomial interpolation of all calculated fuel temperatures from the inner surface to the outer surface
was used to generate temperature data at 0.762 cm (the nominal thermocouple position), with the data
compared to observed data in Table 5.6/5.7.

Table 5.5, Observed and Calculated (RELAP) Temperature Data




CORE FT1 BO3 FT2 BO6
POWER o 0.726 0.860 1.175 1.262 1.344 o 0.726 0.860 | 0.762 AT
kW A€ °C °C °C °C °C °C °C °C
20 8 20 20 19 19 18 13 20 20 20 -7
60 28 49 48 46 45 44 41 50 49 50 -9
100 49 75 73 69 68 66 67 76 74 75 -8
250 117 159 156 146 142 138 152 160 157 160 -8
500 200 | 239 233 213 206 198 | 243 242 235 240 3
750 255 312 303 273 262 251 | 308 316 307 314 -6
950 296 | 355 344 308 296 283 347 374 362 371 -24
COMPARISON OF FT1 AND BO3 TRACE CALCULATIONS
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Figure 5.7, Comparison of FT1 Response and BO3 RELAP Calculations at Applicable Locations

The FT-2 data is remarkably consistent with calculated temperatures, with some divergence at higher
power (Fig. 5.8 and 5.10). There is strong correlation between observed and calculated fuel temperatures
for FT-2 (B0O3) up to about 750 kW, with only minor deviation at lower power. At power levels above 750
kW the divergence between calculation and observation become more significant, although calculations

give conservative values (i.e., higher temperatures).
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Figure 5.8, Comparison of FT2 Response and BO6 RELAP Calculations at Applicable Locations

As previously noted, flow channels are not well isolated from adjacent flow channels. Significantly different
hydrostatic or hydrodynamic conditions at the boundary could interact to affect flow rates in modes not
characterized by this analysis. Flow and local pressures calculated by RELAP and TRACE at power levels
associated with adjacent fuel elements are not significantly different from values for BO3 and B06.

The onset of nucleate boiling occurs in circular TRIGA cores as low as 210 kW*. Subcooled
nucleate boiling effects are extremely short range and do not survive distance required to exit the flow
channel. During full power operations, there is frequently a vigorous stream of bubbles entrained in
coolant flow from the core to the pool surface, not nucleate boiling.

Nitrogen solubility decreases as depth and temperature increase. The change in depth as water
passes through the core causes a decrease of approximately 6% in nitrogen gas solubility. At 750 kW,
maximum water temperature is calculated to increase from ambient to 15 °C, resulting in an additional
41% decrease in solubility as cooling water passes through the hot channel. With a nearly 50% decrease in
nitrogen gas solubility occurring over 38.1 cm of heated water, some nitrogen degassing is expected.
Nucleate boiling from the fuel element surfaces could provide nucleation sites for evolution of nitrogen
bubbles.

These effects are not modeled, but could contribute to a complex flow with additional mixing
action. Potential for these mixing effects is minimized at the low water temperature changes associated
with low power levels. Higher flow associated with better mixing would cause lower fuel temperatures in

- Thermohydraulics Analysis of the University of Utah TRIGA Reactor of Higher Power Designs, P.M. Babitz, University
of Utah, December 2012

" EIFAC. 1986. Report of the working group on terminology, format and units of measurement as related to flow-through and
recirculation system. European Inland Fisheries Advisory commission. Tech. Pap., 49. 100 pp. & Multiphase Flow Dynamics.
http://dx.doi.org/10.1007/978-3-642-20749-5 11 Springer Berlin Heidelberg 2012-01-01 A Kolev, Nikolaylvanov P 209-239




the B ring fuel elements as local water temperatures increase and affect nitrogen solubility. This
mechanism is consistent with the observed deviation between fuel temperature measuring channels and
thermal hydraulic calculations that occurs at power levels greater than about 750 kW.

Table 5.6, Observed and Calculated (TRACE) Temperature Data

CORE | FT1 BO3 FT2 BO6
POWER | | 0.726 0.860 1.175 1.262 1.344| 0.726  0.860 | 0.762 AT
kW . °C °C °C °C °C & °C °C °C °C
20 8 20 20 15 15 15 13 16 16 20 -7
60 28 49 48 39 39 38 41 42 42 50 -9
100 49 75 73 61 60 59 67 66 65 75 -8

250 117 | 159 156 135 132 130 | 152 146 144 160 -8
500 200 | 239 233 226 221 215 | 243 248 243 240 3
750 255 | 312 303 289 281 273 | 308 322 315 314 -6
950 296 | 370 358 340 330 319 | 347 379 371 371 -24
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Figure 5.9, Comparison of FT1 Response and BO3 TRACE Calculations at Applicable Locations
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Figure 5.10, Comparison of FT2 Response and B0O6 TRACE Calculations at Applicable Locations

The temperature values calculated by TRACE and RELAP are in good agreement near the center of the
fuel element, with difference increasing at increased radial positons. Although the calculated results
corresponding for FT2 are nearly identical for both TRACE and RELAP, agreement with FT1 at possible
altered thermocouple locations is not as good. Using RELAP data, the thermocouple may be close to
1.344 cm radial position; using TRACE data, the thermocouple may be 1.49 cm radial positon.

However, there is also axial variation in fuel temperatures and considering only the radial
displacement neglects the angle of the thermocouple penetration in the fuel meat. The correlation of
radial positon based on temperature is not rigorous. Given variations in RELAP and TRACE temperature
calculations and the angle, it is difficult to infer thermocouple location with any certainty.

Table 5.7, Comparison BO3 RELAP and TRACE Calculations (AT, °C)

Core BO3 BO3
Power 0.726 0.860 1.1746 1.2621 1.3439 1.421 1.4941 0.726 0.860
(kw) cm cm cm cm cm cm cm cm cm
20 4 4 4 4 4 4 3 4 4
60 -8 -7 -7 -6 -6 -6 -6 -8 -7
100 -10 -9 -8 -8 -7 -7 -7 -10 -9
250 -14 -13 -11 -10 -9 -8 -7 -14 -13
500 6 8 14 15 17 19 21 6 8
750 5 8 17 19 22 25 27 5 8
950 5 9 20 23 26 30 33 5 9
Summary

The comparison of TRACE and RELAP temperature calculations to installed fuel temperature measuring
channels gives confidence that the models predict reasonably accurate values for fuel temperature



calculations. The calculations are less accurate but conservative at power levels exceeding about 750 kW.
Fuel temperature calculations simplified by assuming a single uniform core wide temperature are less
accurate, but conservative as the use of peaking factors that incorporate individual average fuel element
temperatures reduce differences between observed and calculated temperature.

5.2 Comparison to Comparable Thermal Hydraulic Analysis

Benchmark data is not available to validate the use of RELAP and TRACE for thermal hydraulic analysis,
except to the extent that the model is capable of predicting fuel temperature where the fuel element is
cooled by water flow. Nevertheless, RELAP has a long history in analysis of TRIGA systems, and TRACE is
the current platform endorsed by NRC (incorporating RELAP and TRAC codes). A comprehensive review of
methods for predicting power at which critical heat flux occurs in TRIGA fuel is documented in
ANL/RERTR/TM-07-01"%; the report provides thermal hydraulic data for comparing the UTTRIGA to a
generic hexagonal TRIGA core. The ANL report did not use TRACE:

e Mass flow rates calculated by the UTTRIGA model using RELAP and TRACE are compared to the
reference document values.

e Axial distribution of critical heat flux ratios from the UTRRIGA model using RELAP is compared to
the reference document values; the reference document uses a total heat generation of 30 kW and
the TRACE model will not execute successfully at 30 kW.

TRACE calculations greater than 25 kW exhibited some vapor generation indicating localized boiling at the
upper elevations of the fuel channel; the vapor was condensed prior to channel exit, with residual vapor in
the 29000 W case surviving the heated length. The 30 kW case failed execution.

RELAP calculations indicate vapor generation at power levels at 19 kW and above. Vapor was principally
reduced prior to channel exit, with some residual. The void fractions were substantially smaller than those
calculated by TRACE.

Coolant Flow Rates/Outlet Coolant Temperatures

Data from ANL/RERTR/TM-07-01 (Fig. 4 and 5) for mass flow rate and outlet cooling water temperature is
used as reference for comparison of values calculated with the UTTRIGA RELAP and TRACE models. The
UTTRIGA cooling water inlet was assumed to be 30 °C for consistent with reference-data inlet cooling
water temperature for comparison. Power levels considered in the reference extend considerably higher
than the benchmark data used in temperature comparisons.

Calculated TRACE UTTRIGA model flow rates were higher than both UTTRIGA RELAP and reference RELAP
calculations (Fig. 5.11). The difference in flows has a direct impact on temperatures, but as previously
noted, the mass flow and coolant outlet temperatures for the UTTRIGA models results in values reasonably
close to the reference.

> AN L/RERTR/TM-07-01, Fundamental Approach to TRIGA Steady-State Thermal-Hydraulic CHF Analysis (E.E.
Feldman, Nuclear Engineering Division, Argonne National Laboratory) 2007
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Figure 5.11, Comparison of Calculated Flow Rates for UTTRIGA and Reference Calculation

Critical Heat Flux Ratio

Critical heat flux ratio (CHFR) is the ratio of the critical heat flux (CHF) to the actual heat flux. The
ANL/RERTR/TM-07-01 reference provides a series of calculations with different correlations for critical heat
flux, including the Bernath correlation. The correlation for critical heat flux developed by Bernath is
recommended by the reference in evaluating TRIGA fuel performance. The Bernath correlation (where
CHF g is the heat flux that results in burnout %30 is the convection heat transfer correlation at burnout,
T'wpo is the temperature of the cladding surface at burnout, and V'is the fluid velocity, 7} is the cooling
water bulk temperature, and dimensional variables as described in Table 4.2) determines the critical heat
flux that results in burnout as:

CHFyy = hy, '(TW.B() - 7;) o

Where the heat transfer coefficient for burnout conditions is calculated:

D 48
h,, =10890- V- 5.5
ro D,+D, D
The formula predicting wall temperature at burnout is:
P V
T, =57-InP-54. -—— 5.6
"o P+15 4

Substituting equations 14 and 15 into equation 13 results in:



CHEF,, =|10890-—2e 4y 2 (|57 mp-sa. LV | 1 5.7
D,+D, D" P+15 4

e 1

The Bernath formulation is in “pound centigrade units,” converted to BTU h™* ft? by a factor of 1.8.

W, =18-10890-—2c 4y 4f6 (|57 mp-s4.L__Y|_1 5.8
D.+D,  D° P+15 4

e

The results of calculations of CHFR from the reference document at 30 kW and as determined by RELAP for
28 and 29 kW shows reasonable agreement, with a shift in the location of the minimum CHFR possibly
because of the higher flow rates calculated for the UTTRIGA model.

CALCULATION COMPARISON, BERNATH CHF, REF. & UTTRIGA MODEL
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Figure 5.12, Comparison CHFR for Reference and UTTRIGA Model

CHFR values were calculated at a range of power levels for the UTTRIGA model using RELAP and TRACE.
Although the values show some difference at low power levels, there is convergence at high power levels
(Fig. 5.13).
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Figure 5.13, CHFR Response to Flow-Channel Power
Summary

The UTTRIGA model shows results similar to the reference in the comparison of the reference values to the
UTTRIGA model, providing confidence that the UTTRIGA model provides reasonable results in thermal
hydraulic calculations.

6.0 Results

A limiting case and a nominal case were defined for analysis of the fuel element producing the maximum
power in the core, based on Technical Specifications and normal operating conditions in Table 6.1. The
maximum peaking factor was calculated as a function of the number of fuel elements for the licensed
power limit with the maximum power level measuring channel error.

Calculations of temperature across the fuel element were performed by TRACE and RELAP using hot
channel analysis. The results of temperature calculations are used to demonstrate that the fuel
temperature measuring channels with protective action at 550 °C are capable of limiting the maximum hot
channel fuel temperature less than 830 °C. The results of thermodynamic analysis for the hot channel were
used in the Bernath correlation to demonstrate that the heat flux for the limiting and nominal cases will
not result in departure from nucleate boiling for the hot channel.

UTTRIGA Core Analysis

Maximum Fuel Element Peaking Factor

Independent calculations were performed with the UTTRIGA SCALE and MCNP models using close packed
core configurations ranging from 75 to 119 fuel elements with an assumed uniform 600°K core
temperature. The MCNP library cross section data was at 587°K, comparable to the 600°K data in the
SCALE library. The SCALE/KENO fission density and an MCNP fission tally provided data used to calculate

core peaking factors. The maximum B ring peaking factor was calculated for each core (Table 6.1).

The calculations agree reasonably well, although peaking factors based on the MCNP model are slightly



higher; since the fission rate is temperature sensitive and the MCNP library is based on cross sections at a
higher temperature, some difference is expected. Water filled voids result in a higher peaking factor than
cores using graphite rods in non-fuel spaces, as expected.

Table 6.1, Peaking Factors from MCP and TRACE for Graphite or Water Void Spacers

g:m ents 75 77 83 86 89 95 11 117 119
MCNP

H20 1648 1654 1670 1673 1690 1701 1761 1.773 1.773
Graphite  1.605 1.611 1.638  1.634 1657 1676 1743 1.768 1.773
SCALE

H20 1607 1607 1618 1.626 1631 1649 1667 1.661 1.656
Graphite  1.531 1545 1559 1568 1575 1597 1.657 1.635 1.656

The active core has a water filled boundary until fuel is introduced into the outer ring. Since the outer ring
is bounded by the graphite reflector which does not have the water component of a fuel channel filled with
a graphite rod, peaking factors begin to converge cores as the outer ring is filled. The SCALE and MCNP
data indicates convergence, but less pronounced in the MCNP data. The convergence reduces peaking
factors slightly for cores exceeding 111 elements from general trends for cores with water voids.

Since the MCNP data generates the highest peaking factors (compared to SACLE), the MCNP for CNP data
was used to develop a relationship for the hot channel peaking factor (PF) as a function of the number of
fuel elements (N) in the core. The maximum core peaking factors as a linear equation is represented by:

PF =N-0.0031+ 1.415 6.1
6.1 Fuel Temperature

The maximum fuel temperature is limited to prevent long term fuel degradation and short term cladding
failure. The limiting values for TRIGA reactors are 950 °C for cladding temperature greater than 500 °C, and
1150 °C for cladding temperature below 500 °C. Recent operating experience resulted in a modification of
a maximum 830°C for pulsing operations. Temperature monitoring by instrumented fuel elements
provides assurance that temperature limits are met. The trip setpoint for fuel temperature measuring
channels will automatically terminate reactor operations if fuel temperature exceeds the maximum
permitted fuel temperature.
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Figure 6.1, Fuel Temperature Response to Flow-Channel Power

At fuel element power levels greater than about 5 kW the change in temperature with respect to power is
essentially linear. Equations above about 5 kW describing the maximum fuel temperature ((in the
zirconium fill rod), the average temperature across the fuel element (including the zirconium fill rod), and
the temperature expected from the fuel temperature measuring channel (FT) are:

Trax = 23423 - Pyc + 397.3 6.1a
Ter = 22.922 - Pye + 397.43 6.1b
TAVE - 149913 . PHC + 394’16 6.1c

The power level at which the maximum fuel temperature achieves 950°C is calculated as

_ Tynax —397.3 -

Prc = 23.423

For a maximum temperature of 950°C, the corresponding fuel temperature channel indication is 938°C and
the average fuel temperature is 748°C at a hot channel power of 23.60 kW.

Number of Fuel Elements
The peaking factor (PF) is defined as average power is the core power (P,,,.) divided by the number of fuel

elements (N) while maximum power in a single element (P ) is the average power times the peaking
factor:

P
Pyc = . PF 6.2

Substituting equation 6.2 as the peaking factor:

P
Pyp = CI‘\’;"’ -(0.0031 - N + 1.415) 6.3



Which leads to:
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For a hot channel power of 23.60 kW, the numbers of elements at specific core powers are calculated in
Table 6.2, illustrated in Fig. 6.2

Table 6.2, Core Power & Elements NUMBER OF FUEL ELEMENTS, HOT CHANNEL POWER 23.60 KW
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Figure 6.2, Number of Fuel Elements and Core power
for 23.60 kW Hot Channel

Fuel Temperature Measuring Channel Protective Action

As previously described, fuel elements are installed with embedded thermocouples to monitor
representative fuel temperatures. The instrumented fuel elements are fabricated with the thermocouples
approximately 0.762 cm from the center of the element (with some possible difference for FT1 as
previously discussed). The center of the fuel element is a fill rod (i.e., not loaded with fuel) and therefore
does not generate fission heat; the temperature profile across the fill rod is flat.

Radial variation in fuel temperature taken from the RELAP and TRACE heat structure analysis at various
power levels from 20 kW to 950 kW characterizes fuel temperatures. RELAP and TRAC calculations at
greater than abOut 750 kW have been demonstrated to be higher than actual temperatures, and therefore
conservative with respect to limiting temperatures. Fig. 6.3 provides graphical representation for the
centerline temperature of B02, a positon approximately at the nominal thermocouple location for BO3 and
BO6, and the location in BO3 that represents a close approximation of the FT1 measuring channel response
at the maximum permissible pool temperature.
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Figure 6.3, Fuel Temperature at power

Since the monitored temperatures are a fraction of the maximum core fuel temperature, limiting safety
system set-points on fuel temperature are set to a fraction of the maximum allowed fuel temperature. Fig.
6.4 shows the ratio of the fuel temperature in the instrumented fuel elements at power (nominal locations
for BO3 and B06) to the maximum core fuel temperature (located in B02). In the case of B03, the fuel
temperature is in a position that closely corresponds to the actual measuring channel response. Therefore
with a maximum allowed fuel temperature of 830 °C, a trip setting of approximately 750 °C (830 °C /1.1)
assures that the reactor will not operate if fuel temperature reaches the limit. For FT1, a setting of
approximately 615 °C assures the reactor will not operate if fuel temperature reaches the limit. Therefore,
temperature monitoring by instrumented fuel elements provides adequate assurance that temperature
limits are met.
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Figure 6.4, Ratio of measuring Channel Response to Maximum Fuel Temperature



6.2 Critical Heat Flux

Limiting the critical heat flux ratio (CHFR) in the hot channel assures that departure from nucleate boiling
will not occur. Since RELAP provides the minimum CHFR, calculations using RELAP were performed using
(1) the limiting and (2) the nominal values for pressure and water temperature over a range of fuel element
heat generation/power levels. Water temperature, pressure, and mass flow rate at each elevation were
used to calculate critical heat flux using the Bernath correlation (eqn. 5.8).

Hot Channel Response Function (HCFR vs Fuel Element Power)

The minimum ratio of heat flux to critical heat flux as a function of power level is provided in Fig. 6.5, The
position of the minimum CHFR (usually elevation 10) is affected by volume flow rates at specific nodes in
TRACE and RELAPS calculations; increased flows cause critical heat fluxes to increase and improve CHFR. A
power function was developed to provide a relationship between channel power and the minimum CHFR
for the thermal hydraulic conditions limiting core configuration (eqns. 6.1 and 6.2).

CRITICAL HEAT FLUX RATIO: BERNATH CORRELATION
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Figure 6.5, Limiting CHFR for RELAP and TRACE Calculations

Power functions were used to approximate both (nominal and the limiting condition) curves with an R
value greater than 0.99 (eq. 6.1 and 6.2).

CHERyppacg = 62.24+ P~1045 6.1
R’=0.9973
CHFRggpap = 55.866 - P~1:133 6.2
CRIR’=0.9994

A critical heat flux ratio limit of 2.0 requires power in the hot channel to be less than approximately 30 kW
based on TRACE calculations under limiting conditions of pool water and temperature. Conservative
factors in UTTRIGA analysis:




(1) Peaking factors were calculated based on a uniform average fuel temperature; the uniform
average fuel temperature assumption was shown to result in higher peaking factors than a more
realistic description of fuel temperature distribution.

(2) The conservative MCNP model for peakihg factor was used.

(3) Calculated temperatures are higher than observed temperatures above approximately 750 kW, so
‘that actual thermal hydraulic conditions are not as severe as calculated.

4) Modeling a flow channel does not account for mixing with adjacent flow channels; mixing flow
from adjacent channels reduces hot channel cooling temperatures.

)

Summary .

The minimum core configuration is selected to be 87 elements. For steady state operations at 1210 kW
(the licensed limit with maximum measuring channel error), slightly more than 86 fuel elements will
support steady state operations with the hot channel remalnlng at or below the maximum fuel
temperature limit.

TRACE calculations at power levels up to 1210 kW demonstrate that a minimum CHEFR of 2.0 is assured in
the limiting core configuration (minimum pool water level, maximum pool temperature) for all cores from
75 elements to the maximum number of fuel element locations in the core. Cores with greater than 83
elements maintain CHFR greater than 2.0 up to 1500 kw.

The instrumented fuel elements are capable of initiating a reactor trip prior to exceeding maximum
permitted fuel temperatures in the hot channel. A trip setpoint of 500 °C accounts for differences between
the sensor location and the maximum temperature of the hot channel.
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Introduction

* The following outlines the model and the analysis of two specific events: a pulse and a continuous rod

withdraw. Both simulations use a zero-dimensional heutronics model based on the In-hour equation
found in an Idaho National Laboratory paper[1] and Akcasu’s dynarics[2]. and equations from the 2015
UT LOCA model. Simnad provides the fuel specific properties such as material and geometric, while the
UT TRIGA was used for the site-specific quantities including fuel loading, burnup, and rod worth; Weaver
provides the neutronics data. '

The neutronics portion takes into account the three major fissile isotopes’ effects, as well as decay heat
fractions and the current UT poison loading. MATLAB was chosen as the programming language for its
ease, user input accessibility, and effective ODE solution methods for stiff and non-stiff equation sets.
Consideration is taken to incorporate as many state dependent variables as possible to improve
accuracy; however, the program is currently designed for events on the order of hours or less, where
fuel loading and fission product poison concentration can be considered constant.

_The verification process involved historical records for the pulse, and actual reactor operations for the

rod withdraw portion. The whole program revolves around an accurate and easy user interface.

Prior Work

General Atomics .

General Atomics (GA) did a number of studies around the early 1960’s on the feasibility and behavior of
a research reactor.[3] [4] The codes General Atomics used to develop the kinetic behavior (GAM-II,
GATHER-1I,GAZE-II,GAMBLE, and DTF-1V) are unavailable for use. The kinetics presented in these
papers are well defined for two specific TRIGA configurations, neither of which are physically exacting

. enough to conditions at The University of Texas at Austin (UT) to determine valid local criteria.

Simnad and Hawley provide the basis for the 1150°C safety Limit for high Zr:H ratio fuels. This stems
from the phase change occurring at ~2000°C.[5], [6] It is also established that the limiting factor in
reactivity insertions is the cladding itself.[5] In order to limit this cladding temperature, which is
difficult to measure, the fuel temperature, which is already being measured, is limited to 940°C in
Hawley’s paper[5].

Argonne National Laboratory performed pulsing analysis for GA and found a number of temperatures
relative to added energy levels for various fuels.[7] This newer report, from 2008, also recommends a
temperature limit of 830°C for 20% LEU fuel. This is based on the pressure of Hydrogen in the fuel
matrix above 874°C causing microscopic expansion of cracks in the fuel.[7]

Argonne also performed a thermal-hydraulic analysis of the TRIGA coolant channel.[8] Here another
proprietary code, STAT, was used to analyze a limiting channel. The nature of the TRIGA fuel geometry
"and core configuration shows independence of a channel on the neighboring channels and a need only
to analyze the limiting channel. Additionally, a number of codes and correlations are compared for
critical heat flux calculations that are not considered directly here, but through a site-specific peaking
factor from UT SCALE.



UT TRIGA

Previous to the creation of the reactivity event modelling,'a foss of coolant accident model (LOCA) was
created for the limiting site-specific core.[9], [10] This model incorporated a one-dimensional, radial,
finite element analysis. A sub-model involved a one-dimensional fluid flow analysis of the fuel element
coolant space. From this, a number of items were gained including: a thermal hydraulic geometric
model, code configuration, buoyancy driven flow analysis, solution control for large system linear ODE
solvers. Aspects from this model were taken, and improved upon in the thermal-hydraulic portion
discussed below.

The Model . 4

~ The basis of the model is to take zero-dimensional point neutronics combined with a simplified form of a
two-dimensional energy balance and solve for limiting values using site specific configurations in a state-
determined system model[11]. This will be referred to subsequently as the {R°, R?} model, implying the
vector spaces of the neutronics and thermal-hydraulics respectively. The theoretical basis is split
between neutronics and thermal-hydraulics. The site-specific criteria define components necessary for
accurate verification and validation (VnV), while the programming section outlines the code structure
and ease of use.

List of Symbols
Table 1. List of Symbols

Total Neutron Densi Real Number Vector Space
n(t) v R™
(n°/m3) of Dimension, n
Delayed Neutron Precursor ,
C,(®) Density of the i* Group 0 Neutronics Independent
(00/5) Sources (11/5)
Decay Constant for the ith Neutron Generation Time
A A
t Group (s1) , (s)
Delayed Neutron Fraction of
p(t) Event Reactivity (%5 mix | the Fuel Mixture for the i
* Group (%)
Temperature Feedback for
Ar,m tﬁ)}f/Fue] and Moderator v Neutron Velocity (m/s)
9
Time Dependent
Tr m(t) Temperature of Fuel or o(t) Core Flux (n®/mZs)
Moderator (C) "
Initial Temperature of Fuel
Trp0(t) of Modera £ r(C) k Boltzmann Constant (J/K)
Total Core Effective Delayed
Current Fuel Mixture (?)




Delayed Neutron Fraction

Microscopic cross section

- (kg/kg)

Kpeta . . Of s for fission, absorption, and
. Proportionality Constant | scattering. (m?)
Koo - Spontaneous Fission Factor N, Number Density of the j
v (n°/s) J Item (atoms/m?3)
Yoore Volume of the Core (%) m; Mass of Material (kg)
, s‘ ® Installed Neutron Source s Total Source Density
Neutron Density (n®/m3s) (n°/n13s)
® Current Reilf tvity Including 5(0) Calibration Sheet Neutron
Pstate Feedback (") S Production (n°/s)
Effective Multiplication ‘ e K
kerr(2) Factor pur(t) | Feedback Reactivity (3°)
l Mean Neutron Lifetime (s) A(Y) lc\gutron Generation Time
H.. Delayed Power of Group j of E.. Delayed Power Fraction
Y Isotope i (W) Y (MeV/fission-s)
. , 5 Decay Constant of Group j of
p; | Total Power of. Isotqpe i(w) Aij Isotope i (5)
Q Energy per Fission (MeV) Pesr(t) | Effective Power (W)
Pipst(0) Instantaneous Power (W) P}l t) Delayed Power (W)
£ Recoverable Energy from Event Reactivity as a Result
s Fission (W) Perans(t) of State (%)
Reactivity Addition Rate Maximum Event Reactivity
RR Ak/, . CRW Ak _
(=) . G
m Mass Flow Rate (kg/s) Di Density (kg/m3)
A; Flow Area (m?) w; Fluid Velocity (m/s)
g « = | Density Correlation
R; Radius of i (m) A—D Constants
Width of Pin Radial Element Conductive Path Distance of
dR i : . dz i ,
(m) i(m)
h; Height of Component i (m) dz_cond; ?gga’uctl ve Path Radially of1
Cp fgeczﬁc Heat Capacity (J/'kg a Thermal Diffusivity (m?/s)
.. . Gravity and Density
k; Z'I{lzle/r;n?a](l)Conducﬂwty Oﬁ g9 Compensated Reduced
. Gravity (m/s?)
Egp, Ein, Change in Energy: Stored, In,
B Egen Out. Generated (W) Gcond ‘Heat Transfer Rate (W)
' he Specific Enthalpy ofk (J/kg) Z Height of k (m)
Useos Weight Percent of Uranium Ay Reference Enthalpy (/kg)




= Thermal Expansion

S . 2
p Coefficient (1/K) 73 Dynamic Viscosity (N s/m?)
D Diameter (m) ' v Kinematic Viscosity (m2/s)
Fprag Drag Force (N) E Gravity Resistive Force (N)
c Coefficient of Drag (unit A Pressure Loss from Friction
b less) p (Pa)
o Darcy Friction Factor (unit Dy Hydraulic Diameter (m)
less)
€ Surface Roughness (m) Pyet Wetted Parameter (m)
Reone Cone Height (m) Nfin Fin Efficiency (unit less)
Modified Bessel Function of . .
I; the it Kind Lein Fin Height (m)
Theory
Neutronics

The neutronics portion uses a zero-dimensional, single neutron velocity solution to the in-hour
equation set presented by Johnson, et al. of Idaho National Laboratory.[1] The coupled ordinary linear
ODE set presented by Johnson presents itself as a usable representation of Akcasu’s point kinetic
solution to the integrodifferential forms.[2] Namely, it provides a form free of a shape function and
energy distribution, and the layout allows ease of transition to numerical solutions. The generic terms

" in this set are then made TRIGA specific using GA papers and UT specific using local parameters from
UT SCALE, UT TRACE analyses and UT SAR.[12][13][9]

lh—Hour Equations .

The In-hour equation lies at the heart of the {R®, R?} model. The choice of point kinetics reduces the
order of the geometric vector space. The use of the single neutron velocity removes the velocity
vector space and need to track lethargy.[2] The overall breakdown can be found below.

Neutron Density and Six DNP Group

The model is designed to simulate transients occurring over a very short time frame. These
transients involve reactivity addition from rod withdraw only. Given the time frame, items such as
burnup and fission product poison buildup are not considered. Additionally, the time dependence of
B from change in isotope concentration is ignored. Values are dependent' only on current UT core
conditions. Thus, the equations of state for neutron population can be based on reactivity balance,
feedback effects, sources, and DNP population only.[1] While Johnson and Akcasu both provide
methodologies to track fuel burnup and poisons, this is considered beyond the scope for the model’s
initial phase. The {R?, R?} model’s basis equation is[1}]:

dn(t) _p®) + ap(Te(t) = Tro) + am (T () = Two) = BEFF : 1
dt AQD n(t) + ; 2;C;(8) + S(t)
dc(t) g~

FTERYC) n(t)—ﬂiCé(t), i=1..6 ) 5




The governing equatio}rl for neutron population is relative to the prompt effects, delayed precursor
concentration and external sources. While the use of a single velocity model would aliow for a flux
term instead of a neutron density, it would make the solution technique more difficult for future
work. A single velocity model was chosen because it simplifies calculations involving flux by removing
the need to track velocity and diffusion vector spaces in R? or lethargy vector space in R?.[2] Any
terms involving flux have the velocities accounted for with:

+ 3

¢(t) = vn(t)
LS .
my

Here, the fuel temperature, in Kelvin, is used to determine the velocity of the neutrons using

the Maxwellian distribution assumption and equation for neutron mean temperature. While the
neutron temperature is better represented by the bound hydrogen energy levels, due to their
Einstein oscillator tendency[3], this was thought to impinge too much on the kinetic effects covered
under the prompt temperature coefficient of the fuel. The dynamics are tracked using neutron
density, the velocity term only comes into play in the density initial condition and the output
calculation of peak power, so this assumption is considered appropriate.

The DNP concentrations are accounted for in (2) while the external sources, discussed below, include
the core’s external AmBe source and spontaneous fission effects of the fuel materials. The prompt
neutron reactivity balance includes the event reactivity, feedback effects and the effective delayed
neutron fraction.

The Delayed Neutron Fraction (B) and Effective Delayed Neutron Fraction (Besf)

The mixture delayed neutron fraction of a core is dependent upon the fuel materials used and their
relative concentrations. In this model, the effects of 2*°U, 22U, and **°Pu are all accounted for. Their
concentrations are determined from SCALE. Here, the energy levels and decay constants of each
fuel’s 6 groups is combined using a weighted average.[1], [2], [14] The model accounts for the i
group’s mixture delayed neutron fractions and decay constants using:

mix _

3., 9] N (t) B!
; —
3 j i
! y
?:1 Ujaf] N;(®)
The effective delayed neutron fraction is dependent on a number of factors including birth energy
distributions, core buckling, diffusion constants and neutron age.[2], [15] These values are not
readily available for most cores as they are geometrically specific and thus site-specific and difficult to
measure and verify. This lead to an alternative method for calculating the effective delayed neutron
fraction. According to GA-7882, the TRIGA core with **U has an effective delayed neutron fraction of

.007.[12] Taking into account the delayed neutron fraction of 235U, a proportionality constant can be
found: '




235 ' .
K _ ﬂeff 7
Beta — [;235 .

The total delayed neutron fraction for the mixture is given by:[14]

6 .
ﬁmix = Z ﬁ_mix : 8
i
- = ‘ ‘
This yields the mixture effective delayed neutron fraction using:
B;'}? = KpetaB™™ /

Both Weaver and Akcasu imply an effective delayed neutron fraction gain of 20-30%. This method
slightly under estimates that at ~7% gain; however, this is considered an acceptable approximation.
The basis for the current equation.is: accepted research, and the real value’s computational
complexity does not fit the premise of the initial model.

Feedback _ :
A majority of the prompt feedback in the {R? R?} model is accounted for in the fuel and water
temperature coefficient terms.

" ap of Fuel

The fuel prompt temperature coefficient is a weighted average of multiple effects including: Einstein
oscillator effect, Doppler broadening, Cell effect, and leakage.[3], [12] With a reactivity based point
source ' model, it is desirable to lump these effects into a temperature coefficient term. GA-7882
provides a temperature dependent temperature coefficient for TRIGA fuel.[12]. Experimentally
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determined data is in good agreement with the temperature coefficient data at approximately
400°C.

1. Prompt Temperature Coefficient for TRIGA fuel vs Temperature from GA-7882 .

From this curve, a temperature dependent polynomial fitted curve was made.
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ap(T,t) = 1.4990e 16T (t)* — 5.3734e 13T ()3 + 6.5947e 10T (¢)?
—2.8159e T (t) + 6.9571e™° 10.

The value is temperature and time dependent; the equation is time dependent based on the time
dependency of the fuel temperature. This time dependence is only notational; in reality the
coefficient is based only on fuel temperature alone. Each time iteration, the value is recalculated
based on the current state. The reactivity effects of the fuel are accounted for using the current
temperature relative to the initial temperature: -

pr() = ap(T, )[Tr(t) — Tro] 11
ay of Water
The dominant feedback in a TRIGA reactor is fuel temperature feedback. Local modelling analysis
can confirm this.[16] The effect of the water from a neutronics standpoint is only a minor
consideration using the locally found temperatufe coefficient, and using a constant value for it. The
reactivity effects are then similar to the fuel, but without state dependency of the coefficient:

pu () = oy (Tr (8) — Taro) ' 12
The water tends to have a slightly positive effect.[16)]

Xenon and poisons

While poison buildup, especially Xenon, would have an effect on the dynamics, the core is
considered cold clean critical initially. With a timescale of seconds and minutes, this effect is
considered negligible given the half-lives of Xenon and lodine being on the order of hours.

Burnup

Burnup would account for a long term feedback effect. However, the intent is to model events on
the order of seconds and minutes, so these effects are neglected. Core age does play a role in the
initial condition vector and fissile material concentrations, but not the dynamic model.

Neutron Generation Time

According to Weaver,[14] the neutron lifetime is related to the current effective neutron
multiplication factor and the mean energy lifetime[14]. The mean neutron lifetime is taken directly
from the UT SAR.[13] The effective multiplication factor is found from the current state of event
reactivity and feedback.[14]

Pstate (®) = p(t) +pr(t) + pu(®) 13
Kerr () = T e ® 1
AW = | | ~ 15

0)
This dependency on the feedback state ensures the generation time is changing relative to current
core conditions.[14]

| !
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External Sources
The external sources considered are the added AmBe source and the spontaneous fission
of 23{’U 238, and °pu.

S(t) = s(t) + Z Ksp,jmj 16

The source density is determined from its callbratlon sheet neutron production rate and the volume
of the core:

s(t) = i(t)

core

17

While source neutrons are not evenly distributed in higher dimensional models, the R® assumption
negates that geometric effect. While the spontaneous fission neutron production is from the factors
found in [1] and the local material properties of mass and volume.

ANSI Decay Heat and Effective Power

Decay Heat
Decay heat in the core comes from radioactive decay of nuclides born at unstable energies.[1] ANS
standards provide the information for the decay heat fractions of 2°U, 2®U, and **Pu.{17] This
allows a state dependent calculation of the heat (power) associated with the radioactive decay of
fission products. This heat has a role in the energy generation term of the fuel, but is not normally
accounted for in the neutronics equations of state (1), (2). This requires “delayed power
‘concentrations’”[1] and tracking their changes with state changes:

% = LP‘ —1;;H

dt Q J

This leads to a term tracking the powér of each nuclide fraction of each of the isotopes in the core.
This lends to calculating the ‘effective power’ of the core.[1], [17]

j, i=1.3j=1.23 | 18

Effective Power, Instantaneous Power, and Delayed Power

Three different forms of energy need to be tracked for each cycle. Instantaneous power is the
recoverable energy from fission at the current state, mostly due to kinetic energy of the fission
products.[1] Delayed power is the fraction of energy produced from each isotope that is delayed
from the current state. Effective power takes into account the instantaneous power, the state’s
current power from the delayed power concentratlons and compensating for this state’s power
produced delayed:

I Pagr(6) = Punse(£) = meZZHU(t) _' 19

i=1 j=

3
Pinst (t) = Z ¢(t)EfNi0fi ¥eore ‘ 20
i=1
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The effective power plays an important role in the thermal hydraulic model. The instantaneous

power equation is used during the output phase to determine the peak power from the stored
neutron density.

Input Reactivity
~
The input reactivity term is relative to the chosen model.

p(t) = p(tO) + Perans(t) ‘ 22
d t
,Dtr:iz;ls( ) = 0 {Pulse, Rod Withdraw pirans(t) = CRW}; 93
d ¢ ‘ . -
pt+1:(2 = RR {Rod Withdraw, pirans(t) < CRW} 4

The reactivity addition rate is considered constant with the current version. Realistically, this value
would vary along the differential rod worth curve: Additionally, rod withdraw events are limited to
the maximum allowed reactivity, as chosen by the user. A pulse is considered an instantaneous
addition of reactivity, and thus the event reactivity is constant. Thus, pulses use a step insertion and
rod withdraws use ramp insertion, whose slope is based on the reactivity addition rate.

Time Dependence and State Considerations

The model lends itself to time dependence on items such as source strength, poison effects, and
delayed neutron fraction. These items are driven by fissile material concentrations and are
neglected. Tracking of the neutron density stems from the point kinetics model.[1], [2]- The decision

to use a single velocity neutron spectrum is a result of initial model phasing and computational
access. ‘

Thermal Hydraulics
The {R%, R?} model uses simplified two-dimensional thermal hydraulic interactions. The generic regions
of fuel, graphite, gas, cladding and coolant channels are discretized. The state dependent mass,

momentum, and energy balances are solved to find the températures of these regions. The coolant and
fuel temperatures then feed directly into the neutronics equations.
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The geometry is based on the UT TRIGA hexagonally arranged core with simplified entry and exit criteria.
The fuel pin used accounts for the inner Zirconium pin, fuel meat, gas gap, cladding and coolant channel.
The edges of the hexagonal coolant channel bisect the distance between the related pin, and create a
single pin representative unit. This is based on the assumption the flow between pins is symmetric.

afR

Fuel
b:lerr}ent

- Coolant Channel

Fuel

7r Rod dRiaa
\ / AR e

2. Coolant Channel Geometrics

3. Radial Section View of Fuel Element and
Coolant Channel

The axial portion of the pin model, shown below, accounts for fuel and graphite regions.
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4. Axial Fuel Pin Heights

Mass Balance and Buoyancy Driven Flow
The mass balance assumption allows simplification in the solution technique of the energy balance.
Mass flow rate is considered constant:[18]-[22]

m = piAiW; = Piv14i+1Wit1 25
This allows the known or limiting region mass flow rate to be found and used for the entire channel.

This simplification is necessary to maintain the linearity of the system of equations and to optimize
them to non-super computer solution methods.

Geometry

The mass flow rate area is based on the surface normal to the surface of the fuel pin. The core
configuration is hexagonal, leaving a hexagonal shaped coolant channel with a circular portion
occupied by the pin. The area of the coolant hexagon is given by:

V3
Apex = T(ZRhex)z - T[R;in 26

This gives the area for a single pin along the axial region of constant diameter. With the constant
mass flow assumption, this is the only required area for coolant fluid flux.

Density
The TRIGA reactor uses buoyancy driven flow causing coolant density to become a state dependent
function. A temperature based water density correlation was found to be:[23]
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Its time dependency stems from the need to calculate it each iteration.

pT,t) =

Specific Heat Capacity
Specific Heat capacity is also a temperature dependent function, making is a state dependent
function. A curve fit was created from a table of specific heat values:[24]

¢p(T,t) = 3.16744e~1°Ty* — 1.05772e Ty + 2.3533e 5Ty, *

28
— 1.4767e™3T)y, + 4.20617

This function return needs to be multiplied by 1000 to give the proper units of (J/kg K).

Thermal Diffusivity

Thermal diffusivity relates the ability of a material to conduct thermal energy versus store thermal
energy. It contains the state dependent variables of density, specific heat capacity, and thermal
conductivity. This makes it state dependent.

k(T,t)

A(T, 06, (T, D 29

a(T,t) =

The temperature dependence of the thermal conductivity is found with the state dependent
equation:

2

T T
T,t) = —1. 12292 —¥ . 1.63866( i ) 30
k(T,t) 1.488445 + 4.12 TR AR

Mass Flow Rate

Buoyancy driven flow adds a number of complexities to a finite element, constant volume model
greater than R? as the equations are coupled and elliptic partial differential equations.[19], [25], [26]
The flow itself is driven by density changes, which in this case, occur from heat transfer from the fuel
pin. This density change is found by comparing element inlet and outlet temperatures. The
temperature rise is associated with the total energy transferred into the volume from the fuel
element. To find the total energy transferred, either a coolant velocity or volume residence time
needs to be known. Both of which are related to the density change itself.

Channel Characteristics

In an effort to simplify these equations and find a velocity relationship, a number of assumptions are
made. The first of which relates to the coolant channel characteristics. It is assumed that the space
between the pins results in a symmetrical flow of constant radial velocity, allowing only half the gap
between pins to be considered. This leads to the hexagonal channel shape. Additionally, the
velocity in the radial direction, Uggqiq, is considered to be 0. Also, the flow is considered to be fully
developed with a uniform radial velocity profile.
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Plume Model
The next simplification was to find a model outlining a buoyant driven velocity relationship that is
solvable. The velocity profile of buoyant plumes is a topic of study in the geological field.[27], [28]

w(z-dz)

ztdz— Rz +dz)

——
-

5. Momentum Balance in a
Thermal Plume[27]

Above shows the momentum balance of a thermal plume. It takes into account height, axial and
radial velocities and momentum flux. Derivation of the momentum equations leads to the velocity
differential:

d
— (R?*w?) = R%g' 31
77 BwW9) R

However, in the case of the pin coolant channel with the Uug4iq; = 0 assumption, the radius is

constant not dependent on the height. This leads to:

dw =./g'dz 32
The reduced gravity term in (31) is a state dependent variable defined by:[29]

pi(t) — pi+1(t)

(D) .

g't) =
Boussinesg Assumption
The next assumption is the Boussinesq assumption, used to find a relationship for outlet density.
Here the density differences are neglected, except those related to gravity, [19] and changes in
density are due to temperature alone.[25] This makes the equation for outlet density:

Pis1(T,t) = pi(T, O)[1 — &(T,t)(Tyq — Ty)] 34
Substituting (31) and (30) into (29) gives a differential velocity term related to a temperature
difference:

dw

o7 =V DIy — Tildz 35
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Using the constant mass flow rate assumption, solving for one mass flow in a known region leads to
the required mass flow in the energy balance for all axial, convective regions. The coolant channel
is segmented axially into three regions, correlated with the fuel and graphite regions on the pin.

Gas | Clad Coolant
93 98 | 101 94
)
Graphite
Gas | Clad Coolant

12 97 [100| 13

Fuel

Gas | Clad Coolant

91 96 | 99 92

Graphite

6. Region Distribution in Thermal
Hydraulics[9], [62]

Velocity is calculated using the densities of regions 13 and 94. The area is taken from the boundary
between these two regions and the density used is from region 13. The assumption is that region
94 will tend to be less dense than region 13. This leads to the mass flow rate equation:

m(t) = p13A13-94W13-94(t)

The final assumption revolves around the solution technique. Fully transient conditions would tend
to satisfy a momentum balance, but not necessarily a mass balance. The computational instability
of the momentum balance equation led to using a pseudo steady state solution at each iteration.
This is the same method used in RELAPS5 and is considered acceptable.[8]

Momentum Bal<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>