
Tennessee Valley Authority, Post Office Box 2000, Spring City, Tennessee 37381-2000

John A. Scalice
Site Vice President, Watts Bar Nuclear Plant

APR 0 4 1997

U.S. Nuclear Regulatory Commission
ATTN: Document Control Desk
Washington, D.C. 20555

Gentlemen:

In the Matter of
Tennessee Valley Authority

Docket No. 50-390

WATTS BAR NUCLEAR PLANT (WBN) UNIT 1 - RESPONSE TO REQUEST FOR
ADDITIONAL INFORMATION REGARDING REQUEST FOR LICENSE AMENDMENT TO
TECHNICAL SPECIFICATIONS - SPENT FUEL POOL STORAGE CAPACITY
INCREASE (TAC NO M96930)

The purpose of this letter is to provide TVA's response to the
request for additional information dated March 19, 1997, from the
NRC's plant systems engineering branch. The enclosure provides
the response to the NRC's questions.

No new commitments are identified in this letter. If you should
have any questions, please contact P. L. Pace at (423) 365-1824.

Sincerely,
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ENCLOSURE

WATTS BAR NUCLEAR PLANT (WBN) UNIT 1
REQUEST FOR ADDITIONAL INFORMATION
SPENT FUEL POOL STORAGE CAPACITY

PLANT SYSTEMS

QUESTION 1

Provide and justify the values for the following 1993 ANS 5.1 input
parameters to enable an independent assessment of the pool decay heat
loads:

1. 8Q (net recoverable energy) = ??? (MeV/fission)

2. 8P (net power from fissioning of nuclide) = ??? (MeV/fission)

3. Fractional fission product for: U235, U238, Pu239 and Pu241

4. R-factor (the actinide production multiplier)

5. G-factor (a decay heat multiplier to account for the effect of
neutron capture in fission products)

6. Si (a multiplier applied to the G-factor equation)

7. Power history (length of full-power operation before shutdown)

RESPONSE

TVA's decay heat methodology (DHEAT) for cycle specific core off-
loads is currently based on American Nuclear Society (ANS) Standard
5.1-1979, "Decay Heat Power in Light Water Reactors," and Regulatory
Guide 3.54, "Spent Fuel Heat Generation in an Independent Spent Fuel
Storage Installation," 1984. TVA is in the process of updating the
methodology to the ANS Standard 5.1-1994 version, e.g., incorporating
241 Pu fissioning effects. Initial indications show that there is very
little difference between the current and updated DHEAT versions.
The parameters requested by NRC are currently applied in the TVA
methodology as equations or tables which are dependent on operating
history, fuel type, burnup, and time after shutdown. Therefore, the
specific input parameters requested are not available. However, in
an effort to further support NRC's technical review, an attempt has
been made to correlate the reviewer's questions with the TVA
methodology (Attachment 1) and provide the following additional
information.

Prior to each refueling, actual decay heat loads for the WBN core to
be off-loaded and for any spent fuel existing in the pool will be
determined based on the reactor operating history. The time at which
core off-load starts will be determined such that the maximum design
spent fuel pool heat load of 32.60 x 106 BTU/hr is not exceeded. The
in-core decay time must be equal to or greater than 100 hours as
currently required in the Technical Requirements Manual (TRM)
Technical Requirement (TR) 3.9.1. For unplanned outages, a similar
process is used.
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ENCLOSURE

WATTS BAR NUCLEAR PLANT (WBN) UNIT 1
REQUEST FOR ADDITIONAL INFORMATION
SPENT FUEL POOL STORAGE CAPACITY

The TVA Nuclear Fuel group calculates the decay heat power generated
by irradiated fuel using the computer program DHEAT. This program
was written by TVA and is controlled under the TVA Nuclear Software
Quality Assurance Plan. DHEAT is applicable for use on Browns Ferry
Nuclear Plant, Sequoyah Nuclear Plant, and WBN irradiated fuel.
DHEAT calculations are documented and controlled procedurally.

For any reactor operating history, decay heat power can be currently
calculated for multiple batches of irradiated fuel with cooling times
from one second to 31.7 years. Fission product decay heat is based
on the thermal fission of 235U and 239Pu and on the fast fission of 238U.
The power from neutron capture in fission products and from the decay
of actinides and light elements is also calculated as an additional
contribution.

DHEAT (utilizing a conservative application of the methodology
described in Attachment 1) was used to calculate the decay heat for
WBN Cycle 1 operation to end of licensed burnup (i.e., 17,000
MWD/MTU). Assuming 100 percent operation at 3411 MWth for 3.813 x 107
seconds, DHEAT results included the following:

Days after shutdown MBTU/hr
4 38.3
6 34.0
8 30.9
10 28.6

11.6 26.9
15 24.0
20 21.0

These results compare very well with those produced using Branch
Technical Position (BTP) for Auxiliary Systems Branch (ASB) 9-2,
"Residual Decay Energy For Light-Water Reactors For Long-Term
Cooling," Revision 2, July 1981 for the same thermal power and
cumulative reactor operating time.

As described in Chapter 5 of the WBN report "Spent Fuel Pool
Modification For Increased Storage Capacity,"' dated October 23, 1996,
the ORIGEN-2 computer code2 was used with conservative off-load
scenarios at "end-of-pool" lifetime to determine decay heat loads for
the spent fuel pool when filled to capacity. The results of these
projections indicate that the spent fuel pool cooling system
capability will maintain pool bulk and local temperatures within
acceptable values. These scoping evaluations were performed to
demonstrate that the reracked pool would provide significant
operating flexibility. The evaluations were not performed as a basis
for cycle-specific start of off-load. These latter evaluations will
be made on a cycle-by-cycle basis for actual core operating
conditions and pool heat load conditions at the end of each cycle
using DHEAT as previously described.
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ENCLOSURE

WATTS BAR NUCLEAR PLANT (WBN) UNIT 1
REQUEST FOR ADDITIONAL INFORMATION
SPENT FUEL POOL STORAGE CAPACITY

Comparisons of ORIGEN-2 calculations of pressurized water reactor
(PWR) spent fuel decay heat and calorimetric measurements have been
made. Agreement was typically 5 percent or better when decay heat
generation rates calculated with the ORIGEN-2 code were compared with
measured calorimetric values for 19 spent fuel assemblies from three
commercial PWRs. A copy of Reference 3 is included in Attachment 2
for referral convenience.

In TVA's response dated February 10, 1997, to NRC's request for
additional information, TVA provided a comparison of the decay heat
load predicted by ORIGEN-2 and ASB 9-2 calculation methodology for
the normal full core off-load condition. TVA discussed with the NRC
in a teleconference call on March 11, 1997, the availability of ASB
9-2 input parameters. These parameters are provided in Table 1 for
normal off-loads with 2 trains of cooling and Table 2 for emergency
off-load with 1 train of cooling. Listed below are conservatisms that
were included in the calculation performed by the ORIGEN-2
methodology:

1. The effective full power days (EFPD) assumes a 100 percent
capacity factor for three eighteen-month fuel cycles.

2. The 1644 EFPD for 129 assemblies in April 2029 (Table 2) assumes
all 2-cycle fuel has the same burnup as 3-cycle fuel.

3. The component cooling water (CCW) temperature is assumed to be the
design maximum.

4. The thermal capacity assumes water only and does not consider
effects of the structure or racks.

5. The building ambient temperature assumes 100% relative humidity.

6. For the emergency off-load, the 36 EFPD in October 2027 is from
initial reactor shutdown and does not include any outage time to
restart the reactor.

In summary, the WBN decay heat methodology to determine decay heat
generation for end-of-cycle off-load determinations is based on ANS
Standard 5.1 and Regulatory Guide 3.54. The results compare
favorably with those obtained using BTP ASB 9-2. ORIGEN-2 was used
to provide decay heat information for projecting operational off-load
flexibility and spent fuel pool cooling system capability when the
reracked pool is filled to capacity. ORIGEN-2 methodology is capable
of providing good agreement with calorimeter measurements, typically
within + 5 percent as indicated in Reference 3.
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ENCLOSURE

WATTS BAR NUCLEAR PLANT (WBN) UNIT 1
REQUEST FOR ADDITIONAL INFORMATION
SPENT FUEL POOL STORAGE CAPACITY

REFERENCES

1. Enclosure 2 to TVA's October 23, 1996, letter to NRC, Watts Bar
Nuclear Plant (WBN) Unit 1 - Request for License Amendment to
Technical Specifications (TS) - Spent Fuel Pool Storage Capacity
Increase (WBN-TS-96-010).

2. A. G. Croft, "ORNL Isotope Generation and Depletion, a User's
Manual for the ORIGEN-2 Computer Code," ORNL/TM-7175, RSIC/CCC-
371, Oak Ridge National Laboratory, July 1980.

3. ORIGEN-2 "Calculations of PWR Spent Fuel Decay Heat Compared
With Calorimeter Measurements," paper presented at the American
Nuclear Society Fuel Reprocessing and Waste Management
Conference, August 26-29, 1984, by F. Schmittroth, Hanford
Engineering Development Laboratory, Richland, Washington 99352,
USA.

QUESTION 2

Provide additional information that would justify operation of the
spent fuel pool and its associated systems at the new calculated pool
temperatures. The requested information should address the ability
of the equipment, systems and pool to perform their intended
functions at the new temperatures. Information on the structural
aspects of the pool and its systems should be included.

RESPONSE

Table 9.1-2 of the Watts Bar Final Safety Analysis Report (FSAR)
provides the design and operating parameters for the spent fuel pool
cooling and cleaning system. The spent fuel pool pump, skimmer pump,
purification pump, heat exchanger, skimmer strainer, piping and
valves are designed for 200 degrees F. The demineralizer, pool
filter, skimmer filter and purification filter are designed for 250
degrees F. Therefore, the conservatively determined temperature of
159 degrees F is well within the design basis of the equipment and
systems.

Table 3.8.4-1 of the FSAR provides the loads and loading combinations
used in the Auxiliary Building concrete design. Ta is specified as an
accidental increase in the temperature of the water in the pool to
212 degrees F in 8 hours. A temperature of 159 degrees F could occur
after an emergency full core off load into a nearly full pool with
one train of spent fuel pool cooling. This is an abnormal event and
is considered to be an accident condition. Therefore, the
temperature of 159 degrees F is within the design basis of 212
degrees F, and existing evaluations using the accident temperature of
212 degrees F bound the temperature of 159 degrees F.
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ENCLOSURE

WATTS BAR NUCLEAR PLANT (WBN) UNIT 1
REQUEST FOR ADDITIONAL INFORMATION
SPENT FUEL POOL STORAGE CAPACITY

Therefore, based on the above, there is no adverse effect on the
equipment, systems or the pool in performing their intended functions
at the new temperature.

QUESTION 3

Provide a discussion of the procedures to be utilized by the site
staff to monitor and control the pool water temperature and the decay
heat load so as to remain within the design basis limiting values for
routine refuelings and the maximum heat load cases. Include
discussion of the location of needed instrumentation, means of
monitoring it and integration of operations staff activities with
engineering staff activities in order to implement the procedure(s).

RESPONSE

TVA's response dated February 10, 1997, to Question 4 of NRC's
January 16, 1997 request for additional information described the
procedural controls which will be incorporated within a plant
operating instruction to ensure heat load is maintained within the
design basis limiting value of 32.60 x 106 BTU/hr. This operating
instruction will require the TVA Nuclear Fuel group to calculate,
prior to each refueling, the decay heat load as a function of time
after shutdown for the specific end-of-cycle core to be off-loaded
and for any spent fuel existing in the pool. (See discussion of
DHEAT Code explanation in response to Question 1). This calculation
is performed in accordance with an approved Nuclear Fuel instruction
and the information will be formally transmitted to the WBN site
outage manager for use in coordinating the beginning of fuel off-load
with the WBN Reactor Engineering staff. Core off-load activities are
controlled through operation procedures by Reactor Engineering.

In addition to those procedural controls discussed above, the spent
fuel pool has a water temperature monitor which alarms in the control
room when the temperature of 127 degrees F is reached. The alarm
setting is 32 degrees F below the conservatively evaluated 159
degrees F temperature which could occur in a full pool with one train
of cooling. An annunciator response instruction lists the probable
causes and corrective actions to be taken when the high temperature
alarm is received. Excessive spent fuel pool heat load is one of the
probable causes listed. The 32 degrees F temperature margin provides
ample time for the operations and engineering staffs to confirm or
change the plan for fuel movement into the pool. The monitor's local
pool side readout indicator is also checked and the reading logged
during proceduralized routine rounds by the operations staff.
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ENCLOSURE

WATTS BAR NUCLEAR PLANT (WBN) UNIT 1
REQUEST FOR ADDITIONAL INFORMATION
SPENT FUEL POOL STORAGE CAPACITY

RADIOLOGICAL PROTECTION

QUESTION 4

Tennessee Valley Authority's letter dated February 10, 1997, provided
additional information on radiological protection. Please provide
the numerical values for the doses mentioned in the comparison
between Regulatory Guide 1.25 and NUREG/CR-5009.

RESPONSE

The NUREG/CR-5009 dose values were determined by using the release
fractions prescribed in the NUREG. Release fractions were assumed to
be 10 percent for isotopes not addressed by NUREG/CR-5009. The
numerical results of the computations for a fuel handling accident in
the Auxiliary Building are shown in Table 3.
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ENCLOSURE

TABLE 1

NORMAL OFF-LOAD
(2 Trains of Cooling)

Discharge Date

October 1997
April 1999
October 2000
April 2002
October. 2003
April 2005
October 2006
April 2008
October 2009
April 2011
October 2012
April 2014
October 2015
April 2017
October 2018
April 2020
October 2021
April 2023
October 2024
April 2026
October 2027
April 2029
April 2029

# of Assemblies

80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
129
64

Component Cooling Water (CCW) Flow Rate:
CCW Temperature:

Temperature Effectiveness @ 100'F

Temperature Effectiveness @ 1200F
Temperature Effectiveness @ 1400F

Temperature Effectiveness @ 1600F
In-Core Hold Time:
Fuel Transfer Rate:
Reactor Thermal Power:

Spent Fuel Pool (SFP) Thermal Capacity:
SFP Surface Area:

Auxiliary Building Ambient Temperature:

EFPD

1644
1644
1644
1644
1644
1644
1644
1644
1644
1644
1644
1644
1644
1644
1644
1644
1644
1644
1644
1644
1644
1644
548

1.49 x 106 lb/hr

950F

0.620

0.628

0. 634

0.640
288 hours
4 assemblies per hour
3411 MW(t)

3.05 x 106 Btu/OF
1396 ft2

1040F
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ENCLOSURE

TABLE 2

EMERGENCY OFF-LOAD
(1 Train of Cooling)

Discharge Date

October 1997
April 1999
October 2000
April 2002
October 2003
April 2005
October 2006
April 2008
October 2009
April 2011
October 2012
April 2014
October 2015
April 2017
October 2018
April 2020
October 2021
April 2023
October 2024
April 2026
October 2027
October 2027
October 2027

# of Assemblies

+ 36 days
+ 36 days

Component Cooling Water (CCW) Flow Rate:

CCW Temperature:

Temperature Effectiveness @ 100'F
Temperature Effectiveness @ 1200F
Temperature Effectiveness @ 1400F
Temperature Effectiveness @ 160'F
In-Core Hold Time:
Fuel Transfer Rate:
Reactor Thermal Power:

Spent Fuel Pool (SFP) Thermal Capacity:
SFP Surface Area:

Auxiliary Building Ambient Temperature:

1.49 x 106 lb/hr

950 F

0.310

0.314

0.317

0.320
288 hours
4 assemblies per hour
3411 MW(t)

3.05 x 106 Btu/0 F
1396 ft2

1040F

80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
113
80

EFPD

1644
1644
1644
1644
1644
1644
1644
1644
1644
1644
1644
1644
1644
1644
1644
1644
1644
1644
1644
1644
1644
1644
36



ENCLOSURE

TABLE 3

OFF SITE RADIATION DOSE (REM)
FUEL HANDLING ACCIDENT

AUXILIARY BUILDING FOR 5.0 WT% U-235 FUEL
1000 AND 1500 EFFECTIVE FULL POWER DAYS (EFPD)

0

1000 EFPD (RG 1.25) 1500 EFPD (RG 1.25) 1500 EFPD (NUREG/CR-5009)

Exclusion Area Low Population Exclusion Area Low Population Exclusion Area Low Population
JBoundary (EAB)j Zone (LPZ) Boundary (EAB) Zone (LPZ) Boundary (EAB) Zone (LPZ)

Gamma 0.6750 0.1568 0.6561 0.1524 0.3379 0.0785

Beta 1.9614 0.4556 1.9385 0.4503 1.003 0.233

Thyroid 1.8141 0.4214 1.8279 0.4246 2.184 0.5073
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ENCLOSURE

ATTACHMENT 1

WATTS BAR NUCLEAR PLANT (WBN) UNIT 1
RESPONSE TO REQUEST FOR ADDITIONAL INFORMATION

ANS Standard 5.1 Inputs As Used By TVA DHEAT - Rl:

Unless described as user input, these parameters are programmed into the
TVA DHEAT computer code as either equations or tables (curves).

1. 8Q (net recoverable energy in MeV/fission)

As defined in ANS-5.1, (Q) is the total recoverable energy associated
with one fission of nuclide i, in MeV/fission.

In DHEAT, these values are currently user input and a set of values has
been justified. The set of values in use were obtained from NUREG/CR-
2397-Sept 1982, Table 4.14, Case 5 which modeled 4.0 weight percent
(wt%) 235U fuel burned to 40 GWD/MTU (typical values for TVA cores). The
Q values are:

Qi
Isotope (MeV/fission)

235U 204.08
239Pu 210.11

238U 208.18

2. SP (net power from fissioning of nuclide in MeV/sec)

As defined in ANS-5.1, Pi(T') is the power generated by the ith
fissionable nuclide at T' in MeV/sec. This term is used when
calculating decay heat power per fission assuming an instantaneous
pulse of a significant number of fission events.

In DHEAT, the decay heat power is calculated assuming fission products
are produced at a constant rate over an infinitely long operating
period. The power term in this calculation is Pi.. Pi. is the average
power from fissioning of nuclide i during operation period T. in
MeV/sec. This value is calculated from the unit's full power rating,
the average fraction of full power generated during the time period,
and the power fraction for each nuclide as follows:

Pig = Pmax * Xa * PFi.b

where:
Pmax is the unit's full power rating in MWth given as user
input (3411 MWth for WBN)

Xa is the average fraction of full power generated during time

period a

EA1-1



ENCLOSURE

ATTACHMENT 1

WATTS BAR NUCLEAR PLANT (WBN) UNIT 1
RESPONSE TO REQUEST FOR ADDITIONAL INFORMATION

PFi.b is the power fraction for nuclide i at burnup b (described
in 3 below)

3. Fractional fission product power for 235U, 238U, 239Pu, and 241 Pu

In DHEAT, LATTICE (a two-dimensional diffusion theory code) was used to
determine initial power fraction (PFib) versus burnup curves for 235U,
238U, 239Pu, and 241Pu for applicable fuel enrichment types. The power
fraction values for 241 Pu were added to the 235U curve, as described in
ANS-5.1-1979, Sections 2.1 and 3.2 and Example 1. PFib is the power
fraction for isotope i at the appropriate burnup b for the particular
fuel enrichment type.

4. R-factor (the actinide production multiplier)

As defined in ANS-5.1, R is the atoms of 239U produced per second per
fission per second evaluated for the reactor composition at the time of
shutdown. This parameter is used to calculate the decay heat power
contributed by the heavy elements of 239U and 239Np.

In DHEAT, the correction factor for the decay of the actinides and
light elements (PdHL) is based on the work presented in NUREG/CR-2397
and Regulatory Guide 3.54. For each time after shutdown, PdHL(t) is
based on data from Regulatory Guide 3.54, Table 4.

Additional information is described in Section 3 of Regulatory Guide
3.54.

5. G-factor (a decay heat multiplier to account for the effect of
neutron capture in fission products)

As defined in ANS-5.1, G(t) is the factor which accounts for neutron
capture in fission products.

In DHEAT, the correction factor for neutron capture in fission
products, G(t) is calculated for time after shutdown (cooling times) of
0<t<1E4 seconds using:

G(t) = 1.0 + (3.24E-6 + 5.23E-10(t)) * T04 * PSI

where:
t is time after shutdown given as user input
T is operating periods in seconds (including periods at zero

power) given as user input

For time after shutdown t>1E4 seconds, G(t) = G(t)max, found in ANS-
5.1-1979, Table 10 (Table 13 in ANS-5.1-1994).
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ENCLOSURE

ATTACHMENT 1

WATTS BAR NUCLEAR PLANT (WBN) UNIT 1
RESPONSE TO REQUEST FOR ADDITIONAL INFORMATION

This methodology is as described in Section 3.5 of ANS-5.1-1979.

6. PSI (a multiplier applied to the G-factor equation)

As defined in ANS-5.1 PSI (Y) is the fissions per initial fissile atom
and is dimensionless.

In DHEAT, this value is user input and has been assigned a value of:

PSI (T) = 1.0

This value is conservative since it assumes that for every fissile atom
there is a fission.

7. Power history (length of full-power operation before shutdown)

In DHEAT, actual or projected power histories are given as user input.
Multiple operating periods and the corresponding powers produced by
each batch of fuel for those periods are accepted.

EA1-3
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ORIGEN2 CALCULATIONS OF PWR SPENT FUEL DECAY HEAT
COMPARED WITH CALORIMETER MEASUREMENTS

F. Schmittroth

Hanford Engineering Development Laboratory
Richland, Washington 99352, U.S.A.

ABSTRACT

: Decay heat generation rates calculated- with the ORIGEN2 code
are compared with measured calorimetric values for 19 spent fuel
'' assemblies from three commercial'pressurized water reactors. The
agreement is typically 5% or better. The sensitivity of the
calculations to the required input data is investigated and the
key parameters are identified.

INTRODUCTION

Accurate decay heat calculations for spent fuel assemblies are impor-tant to spent fuel storage programs. Decay heat values are required to
effectively perform heat transfer tests, licensed demonstrations of dry
storage methods and predictions of heat loads for candidate storage system
designs. Other applications include waste management and reprocessing.

The goal of the present study is to assess the accuracy of decay-heat
calculations made with the Oak Ridge National Laboratory' code ORIGEN21 by
direct comparisons with calorimetric measurements of commercial PWR spent
fuel assemblies. These cQmparisons were made for 19 spent fuel assemblies.
Cooling times ranged from a' little less than 3 years to about 8 years from
discharge, a period dominated by long-lived fission products. Thus, the
results of the present study are most useful for decay times less than 100
years where the actinide decay heat is less important.

n earlier study2 compared calculations with calorimetric measure-
ments for four Turkey Point assemblies and indicated that decay heat from
spent fuel could -be calculated with an uncertainty of about 5%. Later,
additional measurements4 became avai.Iable and were' compared with calcula-
tions based on the older ORIGEN code . Although these comparisons were
less favorable, there was an indication that better input parameters would
improve the results. The present study compares decay heat results
obtained with the ORIGEN2 code with all the previous measurements.
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ORIGEN2 CALCULATIONS OF PWR SPENT FUEL DECAY HEAT
COMPARED-WITH CALORIMETER MEASUREMENTS

F. Schmittroth

Hanford Engineering Development Laboratory
Richland, Washington 99352, U.S.A.

ABSTRACT

Decay heat generation' rates calculated:-with the ORIGEN2 code
are compared with measured calorimetric values for 19 spent fuel
assemblies from three commercial'pressurized water reactors. The
agreement is typically 5% or better. The sensitivity of the
calculations to the required input data is investigated and the
key parameters are identified.

INTRODUCTION

Accurate decay heat calculations for spent fuel assemblies are impor-
tant to spent fuel storage programs. Decay heat values are required to
effectively perform heat transfer tests, licensed demonstrations of dry
storage methods and predictions of heat loads for candidate storage system
designs. Other applications include waste management and reprocessing.

The goal of the present study is to assess the accuracy of decay-heat
calculations made with the Oak Ridge National Laboratory code ORIGEN21 by
direct comparisons with calorimetric measurements of commercial PWR spent
fuel assemblies. These comparisons were made for 19 spent fuel assemblies.
Cooling times ranged from a little less than 3 years to about 8 years from
discharge, a period dominated by long-lived fission products. Thus, the
results' of the present study are most useful for decay times less than 100
years where the actinide decay heat is less important.

n earlier study2 compared calculations with calorimetric measure-
ments for four Turkey Point assemblies and indicated that decay heat from
spent fuel could be calculated with an uncertainty of about 5. Later, -additional measurements4 became available and were compared with calcula-
Lions based on the older ORIGEN code>. Although these comparisons were
less favorable there was an indication that better input parameters would
improve the results. The present study compares decay heat results
obtained with the ORIGEN2 code with all the previous measurements.



A frequent dift ulty in making decay heat calclations is a lack of-detailed information on the power history of the spent fuel assembTies Alimited sensitivity study was thus conducted to assess the importance ofvarious ORIGEN2 input parameters. Finally, a limited comparison of resultsbased on ORIGEN2 was made with values obtained with the ORIGEN-SCALE6 code
system.

COMPARISON OF ORIGEN2 VALUES WITH MEASURED'RESULTS

Three sets of me s rements are included here. Turkey Point resultswere reported earlier ' and are included here for completeness, althoughthree values are the result of more recent measurements' These resultsinclude seven measurements on five different PWR spent fuel assemblies.
The two other sets of measurements were reported in Ref. (4) These includemeasurements on eight San.Onofre assemblies and six Wisconsin ElectricPower Company (WEPCO) assemblies. .

The detailed operating histories and material inventories needed toperform ORIGEN2 calculations are not given here but may be found in Ref.(7). All, calculations were for the' complete PWR spent fuel assembly. TheSan Onofre Assemblies were somewhat unique in that they are clad with..stainless steel instead of Zircaloy. The major parameters, burnup andcooling time after discharge, are given in Tables I-III for the three sets.of results.- These tables also present a detailed comparison of the calcu-lated values with the experimental results.

In nearly all cases the agreement is excellent; the calculated valuesare typically within 5% Q~f the measured results. The general consistencyis even better,'and the few discrepancies are readily explainable.

Both recirculation and static tests were made for three assemblies:the San Onofre 'assembly C-11i6; -and the WEPCO assemblies C-52 ard C-64. For.two ofthe cases, C-16 and C-64, the recirculation measurements are incon-
sistent with both the calculations and. the static measurements. Thisresult is consistent with the expectation that the static tests are morereliable. The results for assembly C-52.are consistent; however, several:measurements were made for this assembl to demonstrate experimental
repeatability. . e to d epr nt

A discrepancy for the Turkey Point assembly D-04 can be explained by aknown lack of thermal equilibrium for the calorimeter. A similar explana-'tion appears likely for the discrepant D-15 assembly,' especially since thismeasurement is at a time between two other measurements that are consistentwith the calculated values. ' o m t a s

A picture of the overal I consistency of the calculated values with themeasured results is given by Table IV. Both the bias and scatter of thecalculations are given for the three sets~of assemblies. The bias is theaverage discrepancy of the calculation as compared with the measured valueswhile the scatter is given by the standard deviation of the calculated

2-70
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Table I. Comparison of San Onofre Decay Heat Calculations
and Measurements

Cooling Time
tc (d)

3011
2012
2012
3011
3011
2358
2360
1794
1078

Decay Heat (W
Meas. Calc.

359
384*
458**
418
456
499
510
635
934

379.4
408.-9
408.9
441.4
469.6
522.2
541.5
659.4
963.3

*Static Test

Table II.

**Recirculation Test

Comparison of WEPCO Decay Heat Calculations
and Measurements

Burnup
Assembly (hWd/MTU)

C-52
C-52
C-56
C-64
C-64
C-66
C-67
C-68

31 ,914
31,914
-38,917 1
39,384
39,384
35,433
38,946
37,059

Cooling Time
tc (d)

1635
- 1635

1634
- 1633

1633
1630
1629
-1630

Decay Heat (W)
Meas. Calc. C/E

724*
723**
921
931*
825**
846
934-
874

694.5
694.5
893.1
907.8
907.8
809.2
896.1.
851.4

IL. 959
1. .961
0.970
0.975
1.100
0.957
0 .959
U.974

*Static Test -

Table III. Comparison

**Recirculation Test

of Turkey Point Decay Heat Calculations
and Measurements

Cooling Time
tc (d)

913
- 962
.1144
2077
963
864

1782

Decay Heat (WI.
Meas.-
1385
1423-
1126

625
1284
1550

637

Calc.
1555

- 1491
1217
642

1357
1640

638

C/E
1.123
1.048
1.048
1.027
1.057
1.058
1.002
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Assembly

C-01
C-16
C 16
C-19
C-20
D-01
-D-46
E-18
F-04

Burnup
(MWd/MTU)

26,540
28,462
28;462
30,426
32,363
31 ,393
32,318
32,357
30,429

C/E

1.057
1.065
0.893
1.056
1.030
1.046
1.062
1.038
1.031

60Co
Contrib.

(x)

14.6
14.4
14.4
14.1
14.0
15.3
15.3
15.5
12.6

Assembly
D-04
0-15
D-15
D-15
D-22
D-34
B-43

Burnup
(MWd/MTU)
28,430
28,430
28,430
28,430
26,485
27,863
25 ,595

D. . ;
-, .

.. e
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values about
is less than
tency.

this average. In aloly three cases, the magnitude of the bias5%. The Iscatt-er is only 1-2%, a remarkable degree Of consis-.

Table IV. Bias and Variation in the Calculated to Measured
Ratios (C/E)

Assemblies

San 0ofrea
WEPCO
Turkey Pt.c

-Bias (%)

4.8-3.7
3 .8

aStatic test result was used for assemblytatic test result was used for assembly C-64.Assembly D-04 and second D-15 test not included,

Std. Dev. (%)

1.4
<1 .0

2 2.4-

A unique feature of the San Onofre assembl ies should, be noted; they
are stainless steel clad while the others are Zircaloy clad. As a conse-
quence, a significant fraction (approximately 15%) of the calculated decay
heat arises from activation of trace cobalt. The value used of Oj1 wt% islikely an upper bound value rather than a best esti'mate and could thus
explain some of the positive bias seen in the San Onofre calculations.,

The excellent agreement of the ORIGEN2 calculations with the calorime.-
ter measurements provides a good integral test of the calculations. Thelimitations of this:comparison should be noted, however, particularly the
limited range (2-8 years) of cooling times. Decay heat during this period
is dominated by contributions from a limited number of fission-productisotopes. For longer times the situation may be quite different, espe-
cially for decay times greater than 100 years where the actinide decay heatbecomes dominant -

SENSITIVITY OF THE CALCULATIONS TO INPUT PARAMETERS

The preceding comparisons have demonstrated that reliable decay heat
calculations of spent fuel assemblies can be made if care is taken to
obtain reliable input parameters. In practice, however, these parameters
may not always be available (e.g., a detailed reactor operating history).
It is, therefore, desirable Ito ascertain the sensitivity of the calcula-
tions to the various inputs..

The inputs required for the ORIGEN2 code include the reactor power
history, decay time, material- thventories and nuclear cross sections and
decay heat. In Ref. (7), a detailed sensitivity study with respect to
these input parameters was made. The primary sensitivities were found to
be burnup B and cooling time tc. Parameters such as enrichment and nuclear
data were of secondary importance either because they are well known or
because the calculations are insensitive to their values. Burnup is a

7,72,7,�-'r__ , , -
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product of the irradiation time T and the specific power S (B ST). The
dependence of decay heat on this product and not individually on S and Trequires that the cooling time tc be greater than the irradiation period T
(tc > T). The primary dependence on burnup and cooling time allows
development of the following very simple rule-of-thumb expression for decay
heat:

lD/Mu 3.456 x 1012 x B / tc 3

The specific decay heat D/Mu is given in W/MTU for B in GWd/MTU and t
in seconds. To illustrate, assume a 10-year cooling time for an assembly
with a burnup of 33 GWd/MTU. Then one finds f/Mu - 1000 W/MTU. This value
is in good agreement (7% higher) with a more exact calculation. -

A second approach to checking computer calculations is comparison with
an alternative code. Reference (6) gives the results of detailed calcula-
tions based on the ORIGEN-SCALE code system. The primary difference in the
calculations based on ORIGEN2 and those based 'on ORIGEN-SCALE is in theprocessed nuclear cross sections. Thus, a comparison of the two codes is,
in part, a check on- the sensitivity of the calculations to the cross
sections used.

ORIGEN2'calculations were made that matched the Case 3 calculations
reported in Ref. (6) for 33 GWd/MTU. It was found that the-ORIGEN-SCALE
results were higher than the ORIGEN2 values by about 5% at 2 years coolingtime and 10% higher at 10 years cool ing time. These differences aresomewhat higher than expected.

It was beyond the scope of this study to reconcile the two calcula-j tions; however, some insight can be achieved' by comparing the individual
fission-product, actinide, and activation components. In particular', it
was found that the actinide components (-20% of the total) differed by 34%
at a cooling time of 10 years while the fission product components differedby only 4%. The activation components differed by 75% but are a negligible
fraction of the total decay heat. These results'are consistent'with theobservation in Ref. (6) that the ORIGEN-SCALE results overpredict the4 actinide inventories.

SUMMARY

Comparisons of ORIGEN2 decay heat calculations typically agree with
, calorimetric measurements of PWR spent fuel assemblies'to within 5%. These

results provide a good integral test of s-.ent fuel decay heat calculations,
particularly for intermediate decay times (less than 50 years). The pres-ent study has less relevance for longer cooling. times where the actinide
decay heat is more important. In fact, comparisons between ORIGEN2 and the

* ORIGEN-SCALE code system show large discrepancies for'the actinide com-ponent.
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