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1.0 SLNMARY

' f%O To culminate the core portion of the CRBRP Natural Circulaticn Verificationt

Program (NCVP), pre-test and post-test predictions of the thermal and
; hydraulic response were made for the FFTF natural circulation tests initiated
| at three different power levels, utilizing CRBRP methodology for Core

Analyses. Prior to these tests, pre-test predictions were made based on
assumed test conditions. Following the completion of all three tests,

| post-test analyses were performed utilizing the actual test boundary
conditions and the same methodology used in the pre-test predictions. These
predictions provide the basis for the validation of the analytical tools used
in making such predictions. The computer codes utilized in these predictions
consist of DEMO, COBRA-WC and FORE-2M. Predicted sodium temperatures at the

top of the active fuel section for the Fueled Open Test Assemblies (F0TA's)
are presented for these tests. Good agreement was obtained between these
predictions and measured values. In all cases the predictions were
conservative. The acceptance criteria which were established and presented
with the pre-test predictions in determining the sodium temperature responses
in the core are satisfied. The model and methodology are therefore validated'

C/ for such design transient analyses.

i 2.0 INTRODUCTION

i

The objective of the CRBRP Natural Circulation Verification Program (NCVP).is
to analytically and experimentally verify calculational models for the
description of the thermal-hydraulic behavior of LMFBR plants when making
transition to or operating in the Natural Circulation mode. This verification
is an important part of demonstrating the capability of adequate decay heat
removal by means of natural circulation in LMFBR's. A major component of the
NCVP is the comparison of analytical predictions with experimental data from
large systems facilities similar to CRBRP. Natural circulation testing
performed at the Fast Flux Test Facility (FFTF) presents an excellent
opportunity for such a comparison. A program of pre- and post-test
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preaictions of FFTF tests was therefore implemented. The methodology and
approaches are the same as those to be useu for the preoiction of natural
circulation events in CKbRP.

The FFi. ...tural circulation test conaitions encompass tne transition into
natural circulation cooling from a series of steaay state initial conoitions
for a loop type LMFBR. All the tests were initiated with a reactor scram al.d

main coolant pump trip. The tests incluaed :

A. A transition to natural circulation in the primary loop from 5%
reactor power, 75% primary loop flow. The secondary loop pumps
coasted down to 10% speed at whicn time pony motors engaged and
provided 10% secondary loop forced flow.

B. A transition to natural circulation in both primary and secondary
loops from 35% reactor power and 75% flow (one secondary pony motor
was operating during the test).

C. A transition la natural circulation in both primary ano secondary
loops f rom 7b:., reactor power and flow.

D. A transition a natural circulation in both primary and seconaary
loops from 100% reactor power and flow.

Of these tests, thi ones that are of most airect interest for the NCVP are the

transients from the three normal power levels, i.e., 35%, 75%, ano 100%

reactor power levels. This report will present: 1) the CRBRP methodology

used for the predictions of reactor inlet flows and temperatures during the
transient tests, anu the peak channel sodium temperatures at top of the fuel
section in both FUTA's; 2) the pre-test predictions on the above-mentioned
three transient tests; 3) the post-test assessment of boundary conditions,

e

i.e., decay heat evaluations based on actual power history, and the reactor
vessel pressure drop correlations used for the DEMU input; 4) the post-test
preaictions and comparison with core test aata, and 5) ciscussions and
conclusions. The validation of the DEMU code with the plant oata will be
covered in detail in a separate report.

O
3942B-330b:2 2
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3.0 ANALYTICAL APPROACH

To analyze LMFBR decay heat removal capability, a system of three computer
^

codes was developed which are usea in sequence, i.e.: 1) DEMO code for
plant-wide analyses [ Reference 2]; 2) COBRA-WC coae for core system analyses

I [ Reference 3]; and 3) FORE-2M code for localized core hot rod analyses
LReference 4]. The first code predicts the couplea performance of the
reactor, the heat transport systems and the steam generating system. It thus
proviaes the overall system variables such as the flow through the reactor and
bulk temperatures entering and exiting the core. The FFTF version of DEMO
employea a three region model in the reactor simulation, i.e., fuel, non-fuel,
and bypass (Figure 1). This simulation incluaea models for (a) reactor

.

neutron kinetics ano decay power, (b) thermal-hydraulic models of the core and
surrounaing regions, anu (c) thermal-hydraulic mocels of the inlet and outlet
plena. The modeling in the DEMO code also substitutea a dump heat exchanger,

for the steam generator. The COBRA-WC coce, which accounts for core inter-

ana intra-assembly flow and heat redistribution, predicts the boundary
conditions for a peak rod, or a cluster of rods in fuel and blanket
assemblies,lb3 given the reactor total flow, pressure drop and core inlets

temperature from the DEMO code. With the localized peak channel flows and-

heat interchange information as a function of time provided by the C0 BRA-WC
code, the hot channel coolant temperature for an inoividual rod, is predicted
by the FORE-2h coae which includes uncertainties and also accounts for

localized rod effects (e.g., hot spot due to wire wrap spacer, fuel
restructuring dynamic fuel / cladding gap conductance, etc.). This hot channel
coolant temperature is used as the basis for determining the acceptability of
natural circulation during decay heat removal.L6]

Figure 2 shows the interaction between these three codes used in the
analysis. Two models were used in the COBRA-WC computation. One modeleo a
sector of the core and the other, a cluster of assemblies. In audition to the

initial reactor inlet flow rate, WIhLET, ana inlet temperature as a function
or time, Tin (e), the average core AP (e) was providea by the DEMO code
f or input to the COBRA-WC coae using the core mouel. The reactor inlet flow
versus time calculated by the COBRA-WC code was checked with that determinea

by DEMO, because at high assembly temperatures and low flow, the core flow is, n
Vi

3942B-3308:2
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very sensitive to average aP and the core thermal driving head. The
simplifieu core model in DEMO requires the AP versus flow correlation to be

Cdlibrated by COBRA-WC in separate calculations. If the above-mentioned
reactor inlet flow do not check, the calculation of DEMO ano COBRA-WC will be
repeateo with a modified aP versus flow correlation, which will result in a

closer match of the reactor flow between these two codes. This model provided
the whole-core flow and heat redistribution analysis of all the parallel core
assemblies and bypass regions. By necessity, the calculational matrix or
model representation was kept coarse, i.e., a single channel model was
utilized for each core assembly in the sector. This yielded assembly flow
information and the temporal pressure drop across the assemblies for inputting
data to a second COBRA-WC calculation which utilized an assembly-cluster model
containing more detailed nodal representation. The latter model provided a
better simulation in calculating peak channel coolant temperatures for
detailed inter-assembly heat conduction and intra-assembly flow and heat
redistribution which have been shown to provide significant benefits.b73
Figures 3 ano 4 show the COBRA model of such clusters for the Fuel Open Test
Assembly (FOTA's) in Rows 2 and 6.bb A group of rods rather than
individual sub-channels were mooeled. The central assembly (FOTA) was

simulated by a 37-channel model while the surrounding assemblies were
simulated by 19-channel models. The relative position of the rods and
COBRA-WC channel representation are shown in Figure S. The results of this
analysis provided data for a further detailed analysis on a single " hot rod"

using the FORE-2M code.

A linkage between the COBRA-WC and FORE-2M codes was developed to incorporate

the inter- and intra-assembly phenomena into the localized hot rod transient
analyses.[6] For each axial node of the hot rod modeled in FORE-2M, a heat
balance was performed using the expression for the heat transferred to the
coolant at that section, Q (x,T) as

O (x t) = O (x'') + Oex(x'') (3-1)c r

39428-330B:2 6
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where

Or( x, t ) beat transferred from the rod surface at axial localion=
x

and time t;

Qex( x,1) coolant heat input or loss due to radial conduction heat=

transfer and flow redistribution to adjacent coolant
channels; directly input from COBRA-WC.

Coupled with this, the axial mass flow rate for each axial node, G(x,r)
was also input from COBRA-WC analyses. Boundary conditions for the COBRA-WC

(e.g., plenum-to-plenum pressure drop and coolant inlet temperature) were
furnished by the plant-wide code, DEM0 for several cases: i.e., the "best

estimate" or nominal case as well as cases with uncertainties. Likewise,
corresponding modeling of the core parallel flow network, with regard to
pressure drop and decay heat uncertainties, can be used in the COBRA-WC

analyses for input to the FORE-2M hot rod temperature predictions.

To evaluate the effects of core uncertainties, hot channel sub-factors were
used (Table 1) which were given in Reference 9 with the exception of factors 2
and 3. Similar to those used in steady state calculations, the direct and
statistical type factors were conservatively applied by the semi-statistical
method. For instance, the factor due to inlet flow uncertainty of -5%E93 to

the FOTA was conservatively assumed to occur. The statistical subfactors
which were statistically combined include those due to uncertainties in the
decay heat calcule' ions (+25% of decay heat values which gives a +17%
uncertainty in Row 6 F0TA sodium temperature at the time the peak temperature
occurs), the pressure drop calculational uncertainties (specified in Reference
10) and the factors for power level measurement, nuclear power distribution

iant property uncertainties.[6,9] A more pessimistic compilation ofand cu

uncertainties applicable to conservative design type analyses (not controlled
experimental conditions) were described in Reference 6.

The effects of the first two statistical subfactors (i.e., decay heat and
pressure drop uncertainties) were determined by comparing different cases with
maximum variation of one of the quantities in calculations using all three
codes. These different cases are. listed in Table 2. The pre-scram

9
3942B-330B:2
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: TABLE 1
I

f UNCERTAINTY FACTORS APPLIED TO HOT CHANNEL
-r

; TEMPERATURES IN FORE-2M CALCULATIONS FOR N/C TESTS
|

!

A. DIRECT SUBFACTORS

1
1) INLET FLOW UNCERTAINTY, F 1.05j

i

B. STATISTICAL SUBFACTORS'(3a)
(
f

| 2) PRESSURE DROP CALCULATIONAL 1.15*
UNCERTAINTY EFFECT, F

2

3) DECAY HEAT UNCERTAINTY EFFECT, F 1.17 (Row 6 F0TA)*3; 1.13 (Row 2 F0TA)*
!

; 4) POWER LEVEL MEASUREMENTS, F 1.0794

5) COOLANT PROPERTIES, F 1.015

; 6) NUCLEAR POWER DISTRIBUTION, F 1.0656
!

*These factors represent values used at the time when peak
i temperatures occur during the natural circulation transient.
5 They are determined by comparison of different cases in

calculations using all three codes. These values are slightly
reduced from those used in Reference 11 with 35% power initial

! conditions (Appendix A).
i
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O
TABLE 2

CASES IN PRE-TEST ANALYSES EVALUATING
UNCERTAINTY FACTOR ON TEMPERATURE RESPONSES *

Case Decay System Pressure Pre-Scram
Heat Drop Irradiation

History

a) I hr & 56 tir at Initial PowerI Nominal Nominal b) 25 hr at initial Power

) 56 hr at Initial Power
II Nominal High Side b) 25 hr at Initial Power" Design" Value

# "^ " # **
III 125% of Nominal b) 25 hr at Initial Powergg )

IV 125% of High Side a) I hr & 56 hr at Initial Power
Nominal " Design" Value b) 25 hr at Initial Power

V 75% of High Side a) 1 hr at Initial Power
Nominal " Design Value" b) 25 hr at Initial Power

* Slightly different method was used to evaluate uncertainty factor
for test initiated from'35% power /7F% flow conditions ( Appendix A)

0
12



i.raciation history used in pretest predictions are shown in the last column
with option (a) being useo for the test initiated from 35% power ano option
(b), for the other tests. For the natural circulation test predictions, the
aforementioneo effects are not Constant with time due to transient effects.
The actual time-cependent factors were used to obtain the 3a uncertainty on
moxinium temperature. Table 1 presents values of these factors used at the
time when the peak temperature occurs.

4.0 PRE-TEST PREDICTIONS

4.1 DEMO PRE-TEST PREDICTIONS

DEMO pre-test predictions for the FFTF transient natural circulation tests

from initial conditions of 100% power, 75% power, ana 35% power levels were
initially made during the first quarter of 1980. Results of these predictions
and the methodology used in the analyses were documenteo in Reference 10.
Subsequent to the issuance of the report, two changes in data input were made
to reflect: 1) new information obtained from pressure drop tests of the FFTF
f uel assembly inlet nozzle /shiela block assembly; and 2) new expected power

v history for the tests. These pre-test predictions were updated and the
results are presented in Reference 12 (Appendix A of this report). Using the
new experimental data on pressure drop under low flow conditions through the
fuel assembly inlet nozzle /shiela blocksD3], the combined pressure arop

(APCombinea,CUBRA) for a series of steady state calculations at various
f lows were maae with the power-to-flow ratio near one. The dynamic pressure
crop was then calculated f rom Equation (4-1),

(AP) Dynamic = (aP)Combinea ~ ( A ) Elevation 54-1)
DEMU COBRA DEMO

where

(aP)Combinea reactor combined gravitational head and dynamic=

pressure drop calculatea by COBRA for given reactor
COBRA flow;

(aP) Elevation reactor gravitational head as calculatea by DEMO for=

the same flow conditions; and
DEMO

J
39428-330B:2
(S3395) 8 13



AP Dynamic dynamic pressure drop to be used for determining the=

DEMO
pressure drop correlations.

The resulting dynamic pressure drop correlations for the fuel assembly, the
non-fuel assembly and bypass regions are shown in Figure 6, 7 and 8,
respectively. Also shown in these figures are reactor pressure drop
correlations with high side (" design") pressure drop uncertainties. These
uncertainties were applied by increasing the best estimate reactor AP values
by a factor dependent on the reactor flow. This factor varied from 1.1 at

full flow to about 1.38 at 2% flow. These dynamic pressure drop correlations
were used in all pre-test predictions.

The post-shutdown decay power was input in tabular form to DEMO as a function
of time. Table 3 presents nominal decay power used in the pre-test
predictions. A pre-scram power history of 25 hours of operation at 100% and
75% power was assumed for the 100% and 75% cases.bl43* For the 35% power

case, 56 hours of operation at 35% power was shown. Other initial conditions
are listed in Table 4.

The pre-test predicted primary loop flows as a function of time are shown in
Figure 9 for the natural circulation tests initiated at three different power
levels. Figure 10 shows the predicted temperature at locations of the
hot / cold leg RTD's. The hot leg RTD is located 85 feet upstream of the pump,
or 55 feet downstream of the reactor vessel outlet nozzle. The temperature
transients for the hot-leg RTD are therefore the reactor vessel exit

temperature mitigated by 65 feet of piping. The cold-leg RTD is located just
upstream of the cold-leg checkvalve. The temperature transients at the
cold-leg RTD are caused by the collapse of the IHX primary outlet temperature
onto the secondary inlet temperature at the tube bundle exit.

|

* Reference 14 is attached in this report as Appendix B.
|

3942B-3308:2 14
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TABLE 3

DECAY POWER USED IN PRE-TEST PREDICTIONS, W '

TIME FUEL ASSEMBLY NON-FUEL ASSEMBLY

100% Power 75% Power 35% Power 100% Power 75% Power 35% Power

0.0 18.54 13.905 6.769 0.9204 0.6903 0.2829
1.0 17.30 12.975 6.769 0.8708 0.6531 0.2829
2.0 16.52 12.390 6.36 0.8401 0.6301 0.2671
3.0 15.97 11.978 6.111 0.8183 0.6137 0.25804.0 15.54 11.655 5.73 0.8010 0.6008 0.24865.0 15.16 11.385 5.66 0.7866 0.5900 0.24146.0 14.86 11.145 5.459 0.7743 0.5807 0.23607.0 14.59 10.943 5.40 0.7634 0.5726 0.23148.0 14.34 10.755 5.30 0.7536 0.5652 0.22749.0 14.12 10.590' 5.22 0.7448 0.5586 0.223710.0 13.92 10.440 5.13 0.7368 0.5526 0.2206

20.0 12.51 9.383 4.60 0.6807 0.5105 0.2009

30.0 11.63 8.723 4.30 0.6457 0.4843 0.1891
40.0 10.99 8.243 4.09 0.6203 0.4652 0.1800

50.0 10.49 7.868 3.91 0.6003 0.4502 0.1743
60.0 10.08 7.560 3.77 0.5839 0.4379 0.1686

70.0 9.731 7.298 3.67 0.5699 0.4274 0.1637

80.0 9.430 7.073 3.55 0.5579 0.4184 0.1600
90.0 9.167 6.875 3.47 0.5474 0.4106 0.1566

100.0 8.934 6.701 3.40 0.5381 0.4036 0.1543

200.0 7.512 5. 6 34 2.87 0.4808 0.3606 0.1323

300.0 6.786 5.090 0.4512 0.3384
400.0 6.312 4. 734 0.4316 0.3237
500.0 5.955 4.466 0.4165 0.3124
600.0 5.663 4.247 0.4041 0.3031
700.0 5.411 4.058 0.3932 0.2949
800.0 5.189 3.892 0.3834 0.2876
900.0 4.989 3.742 0.3746 0.2810

1000.0 4.809 3.607 0.3665 0.2749
2000.0 3.611 2.708 0.3092 0.2319
3000.0 2.955 2.216 0.2729 0.2047
4000.0 2.536 1.902 0.2462 0.1847

.____
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TABLE 4

INITIAL CONDITIONS
1

' '

35%/75% 75%/75% 100%/100%'

i Pre-Test Pre-Test Pre-Test
i Parameter Prediction Test ** Prediction Test ** Prediction Test **
|

_ Reactor
' . - - - .n

l.

f A. Power (MWT) 140.0 139.3 300.0 286.4 400.0 399.1
B. Reactor Flow (KGPM) 10.084 9.916 10.085 9.475 13.444 12.034
C. Power History (Hours) 56 8* 25 7* 25 56*

i D. Core Inlet Temp ( F) 631 .2 629.1 664.0 660.3 679.7 679.0
!

g 2. Primary Loop

A. Hot Leg Temp ( F) 750.4 753.6 922.4 911.3 936.8 938.0-
; B. Cold Leg Temp ( F) 631.0 629.1 663.3 660.3 679.8 679.0
: C. Pump Speed (RPM) 756.0 711 .6 762.5 746.4 1009.6 1008.0

~

3.(S'econdaryLoop
'

,

,
-' A. Hot l'eg Temp ( F) 722.8 725.5 862.9- 855.6 858.8 863.7

B. Cold Leg Temp ( F) 602.0 601.2 602.0 607.5 602.0 604.4,
'

C. Flow (KGPM) / 9 9.' 9.6 9.9 9.8 13.2 13.2
'

'<-

D. Pump Speed-(RPM) 661.4 638.4 660.3 639.6 869.3 841.2
.

,j

'- - ,

I 'y , - /.
,

- a

,['. Powe,r Mstor.gtimes are times - % of power at scram.
*

,

~**s . Test data represent arithmatic average of all three loops.- s

[, ~J .<< j. )'

Yy . ;
.1
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4.2 COBRA-WC PRE-TEST PREDICTION RESULTS

(3
COBRA-WC pre-test predictions of the thermal-hydraulic response of the FFTF
core, in particular the instrumented assemblies were made for the first 220
secondsofthenaturalcirculationtests.E03 The nozzle-to-nozzle pressure
drop boundary condition obtained from DEMO was used to calculate the 1-D (one
channel per assembly) model as described in Section 3. Also provided by DEMO
were fission power and vessel inlet and exit coolant temperature as functions
of time during the transient.

Major output from the COBRA-WC code consisted of transient flow and coolant

temperature information in all assemblies and the peak channel (cluster of
subchannels as shown in Figure 5) within specially instrumented assemblies
(F0TA's). Such information was used as input data for the selection of peak
rod / channel for the single-channel FORE-2M analysis. As stated in Section 3,
the inter- and intra-assembly effects of buoyancy and conductive heat transfer
are impurtant in reducing the magnitude of temperature gradients. The inter-
and intra-assembly flow redistribution can be shown by plotting the ratio of
axial flow fraction at node i, and time t, relative to the initial flow

V fraction (t=0), with time. (See Figures 4-14 and 5-11 in Appendix B.)

The effect of inter- and intra-assembly heat transfer is represented by the

Qex(x,t) factor, also an output of the COBRA-WC code. It consisted of
heat input or loss due to radial temperature gradient (conduction effect) and
to cross flow mixing (transport effect) (see Equation 3-1). Figures 4-16 and
5-13 in Appendix B show the variation of this quantity with time for the cases
of transient test initiated from 100% and 75% power conditions, respectively.

The COBRA-WC predicted F0TA temperature distributions during the natural
circulation tests are reported in Reference 8.

V 39428-330B:2
23(53395) 10

._ _ __ .. _ .- ._ .



4.3 FORE-2M PRE-TEST PREDICTION RESULTS

figures 12-17 show results for the Row 2 and Row 6 FOTA's, respectively, as
calculated with FORE-2M code using input from the COBRA-WC code. Figure 12
shows sodium temperature predictions at the top of the fuel section for the
Row 2 F0TA (T/C location B in Figure 5, or T/C No. TX1016) for the transient
initiated from 35% power level. Figure 13 shows similar predictions for the
Row 6 FOTA (T/C location C or T/C No. TX9018). Figures 14 and 15 show sodium

temperature predictions for Row 2 and Row 6 FOTA, respectively, for the
transients initiated from 75% power level. Figures 16 and 17 shown sodium
temperature predictions for Row 2 and Row 6 F0TA, respectively, for the
transients initiated from 100% power level. Shown in these figures are the
nominal (best estimate) case as well as the estimated sodium temperatures with
uncertainties, UNC case, as listed in Table 1. The actual temperatures at

these subchannels would be expected to ccrrespond with the curve representing
the nominal case, and are also shown in the figure. As stated in Reference
14, these actual test data should be less than the T curve representing

UNC

(3o) uncertainty case. Thermocouple measuiement uncertainties and time
delays were not included in the predictions. The acceptance criterion for

sodium temperatures predictions was stated as follows: if the maximum

measured temperature at specified channels (corrected for above instrument
effects and actual boundary conditions) is less than the curve shown with

uncertainties, TUNC, it would follow that DEM0/ COBRA-WC/ FORE-2M calculations
made with design data conservatively envelope the temperature response of the
natural circulation test. The model and methodology would therefore be
acceptable for such design transient predictions.

5.0 CALCULATION OF DECAY POWER FROM ACTUAL POWER HISTORY

For the post-test analysis, the actual power hist;..e:, prior to each test were

used in the calculation of decay power. These pre-scram power operating
histories are shown in Figures 18, 19, and 20. The decay heat power
predictions for fuel assemblies were made independently, using CRBRP
methodology for the post-test analysis (Appendix C). This calculation was
based on the S4M ccmputer program, using ENDF/B-IV decay energy release rate
data.D8] Input reactor rate data was generated from the beginning of

9
39428-330B:2

24
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equilibrium cycle fission rates provided in Reference 9. Assuming reactor
rates vary linearly with the reactor power, the reaction rate versus time

model followed the power-time histories provided via Figures 18-20. Decay

heat values for fuel assemblies were calculated at small time intervals af ter
shutdown up to 1000 seconds after shutdown (values up to 300 seconds are shown

in Table 5). Figure 21 shows the calculated actual decay power in the fuel
assemblies for various initial power conditions for the natural circulation
tests. Also shown in this figure are the fuel assembly decay power
calculations made by the COBRA-WC code which retains the pre-test decay power
calculation approach using equivalent time of pre-scram irradiation of power.
The two results are seen to be very close to each other. Thus the pre-test
calculation approach was confirmed as long as an equivalent power history
(pre-scram irradiation) was used which matched the decay power curve closely.

6.0 REACTOR FLOW MATCH

As mentioned in Section 3, the reactor vessel pressure drop correlations used
in DEM0 were adjusted to have a closer match on the reactor flow. This was

done by modifying the reactor pressure drop correlations at low flow range
based on calibration calculations done by COBRA-WC as shown in Figures 22, 23
and 24. Using these modified correlations, better agreement in the reactor
flow between these two codes was obtained. This comparison is shown in
Figures 25, 26 and 27 for pre-scram power levels of 35%, 75% and 100%,
respectively. It can be seen that the maximum deviation in the reactor flow
during the transient of interest are within 7%, which is less than the

scatterin of the test data fer the primary loop flow (also shown in these
figures). The maximum deviation before the iteration was s12%. The
agreement between the COBRA-WC and DEMO codes is considered very satisfactory.

O
3942B-330B:2
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TABLE 5

(
FUEL ASSEMBLY DECAY POWER FOR THREE

NATURAL CIRUCLATION TESTS
(MW)

t

i

Pre-Scram Power Level

Time 1 00% 75% 35%i 0.0 19.01 13.33 6.536
t

1.0 17.78 12.42 6.103.

] 2.0 17.05 11.87 5.843 '

; 3.0 16.51 11.47 5.654
4.0 16.09 11.16 5.505
5.0 15.74 10.89 5.381

6.0 15.44 10.67 5.273
7.0 15.17 10.47 5.179
8.0 14.93 10.29 5.095
9.0 14.72 10.13 5.108

10.0 14.52 9.9 80 4.948
'

12.0 14.17 9.717 4.824
20.0 13.13 8.939 4.455
24.0 12.74 8.650 4.318

(} 30.0 12.26 8.290 4.147

40.0 11.62 7.818 3.923
42.0 11.52 7.737 3.884 -'

50.0 11.13 7.447 3.747
60.0 10.72 7.143 3.602

70.0 10.37 6.886 3.480
! 78.0 10.13 6.707 3.395

80.0 10.08- 6.665 3.375,

i 90.0 9.817 6.472 3.283
i 96.0 9.677 6.368 3.233

100.0 9.588 6.302 3.202

110.0 9.384 6.1 50 3.130' 116.0 9.272 6.067 3.090
200.0 8.188 5.264 2.707
206.0 8.134 5.223 2.687'

300.0 7.469 4.733 2.452
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7.0 POST-TEST PREDICTIONS AND COMPARIS0N WITH TEST DATA

r
k Post-test predictions were made using the actual power history, and initial

'

test conditions as shown in Table 4. The description of three natural
circulation tests are listed in Table 6.

To verify the core modelling in COBRA-WC/ FORE-2M codes for the natural
circulation tests, the actual FFTF reactor flow was useo in DEMO to calculate

I the average core AP which,along with the reactor inlet temperature and
cynamic core delayeo neutron powers, were used in the post-test analyses.
These data were used by COBRA-WC in the same manner as in the pre-test

predictions (Section 4.2) to yield the information concerning the inter- and
intra-assembly phenomena which was in turn inputted to FORE-2M for the
localized hot rod analyses. The sodium temperature at peak channels of the
instrumented, open test fuel assemblies were thus calculated. Other initial
test conditions as listed in Table 4, as well as the infomation related to

the decay power (Section S.0) were used in the COBRA-WC and FORE-2M coces.

Thus, the post-test predictions were made based on nominal values. The
results are shown in Figures 28-39.('s

G
Figure 28 shows the post-test sodium temperature nominal predictions at the
top of the fuel section for the hot rod in Channel 15 (Location B Figure 5) of
the Row 2 FOTA, initiated at 35% power /75% flow conditions. Also shown are
the measured data from the themocouple No. TX1016[15] The agreement.

between the two curves is excellent, especially the peak temperatures (both at
800*F). Figures 29 and 30 show the temperatures of the same channel for

1 initial conoitions at 75% power and 100% power, respectively. Tne agreement
is good with the predicted peak temperature being 10*F (or 3% of the
temperature rise) higher (conservative) than measured in Figure 29 and 35'F
(or 107, of the temperature rise) higher than measured in Figure 30. Note, in
all these cases, the predicted temperatures at initial time (steady-state) are
comparable with measured values to within 20*F also in the conservative
direction. The predicted time at which peak temperatures occur is 15-20
seconds later than measured which is related to the slight mismatch of reactor
flow transient between DEMO and COBRA-WC (Figures 25, 26 and 27). As a second

check, the thermocouple readings of TX1018 are compared with corresponding

39428-3308:2
(53395) 13
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TABLE 6

TEST DESCRIPTION

!

Pre-Scram Power / Flow Conditions 35%/75% 75%/75% 100%/100%

1. Date and Time of Test 12/10/80 14:03:45 3/12/81 5:59:00 3/18/80 10:04:00

2. Time at Test Power * 8 hours 7 hours 56 hours
Prior to Scram

3. Duration of Decay Heat s I hour s 2.2 hours s 36 hours
Removal Under Natural
Circulation

4. Pony Motor Operation Seconday Loop 1 None None
Pony Motor Remained
Operational

2 5. Time of Peak Core Temperature s 140 seconds s 135 seconds s 130 seconds
(Row 2 F0TA)

6. Time of Minimum Primary Flow s 120 seconds s 125 seconds s 130 seconds .

7. Average Time for Primary Pumps s 120 seconds s 120 seconds s 135 seconds
to Stop

* Power History Times are Times > 90% Test Power at Scram

O O O
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hredictjonsforthehotrodinenannel9(LocationA, Figure 5)forthethree'

cases.in Fisures 31, 32 and 33. Very similar agreement is observed with the
._ best'agreenent occurring for the test initiated at 35% power condition. For

'
' the test initiated at 100% power condition, the predicted peak temperature is

only 30 F (or 9% of the temperature rise) higher than the measured temperature.
s

Similar curves for the post-test sodium temperature predictions at the top of
the fuer section for the hot rod in channel 14 (Location D, Figure 5) and for
the hot rod in channel 13 (Location C, Figure 5) of Row 6 FOTA are shown in
Figures 34-39. The agreement between the preoiction and measured values is
similar to and somewhat better than that for the Row 2 FOTA (i.e., the

,

difference in peak temperature is less than 6% of the peak temperature rise).
Thus it may be concluded that these peak temperature predictions are validated

- by- the eyr,eriments.

8.0 DISCUSSIONS AND CONCLUSIONS

By using different cases during the pre-test predictions, the effects of
uncertainties in decay heat and pressure drop calculations upon the " hot
channel" sodium temperature were determined. This was the basis for the
determination of the uncertainty subfactors F and F listed in Table 1.

2 3
The decay heat uncertainty effect, F was found to be different for the two

3
FOTA's but less dependent on the initial conditions. The use of Table 1 is
consistent with the methodology to be applied to the CRBRP.

The calculation of decay power in accordance with the actual pre-scram power
history and the reactor flow match performed in the post-test predictions
removed some of the uncertainties in the pre-test predictions. The post-test
predictions of the sodiun temperatures (Figures 28-39), therefore, agree
better with the measured data. The deviations in peak sodium temperature are
small, which are due primarily to the mismatch between measured and calculated
reactor flow during this part of the transient.

O
39428-3303:2 48
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Some temperature anomaly wds founa in tne measured temperatures near the

center of bunale. A non-cistorteu roo bundle with a nearly flat racial power
aistribution (Row 2 FOTA) and with f airly uniform temperature assemblies
surrounding it shoulo have its maximum temperature occurring at the central
rous. However, the thermocouple data indicate tne maximum temperature at
steady state is occurring at location A (Figure 5, mioway between the center
and eage rods).L20j Tnis phenomenon existea also during the transient
(Figure 40). For this reason, a comparison between post-test prediction and
measured data on thermocouple location TX1018 for Row 2 FUTA was also made.

The agreement appears to be consistent. In the case witn Row 6 FOTA, TX9016

thernocouple reading at location D (Figure 5) was also compared with the
calculated values because it became the peak temperature during the transient
(Figure 41).

In conclusion, the use of the CKBRP methodology developed for the preciction
of natural circulation test performance has provided a souno basis for similar
evaluations. The uncertainty factor used in the evaluation of peak sodium
temperature was establishea by means of conservative moaels. The post-test
analyses for tests with tnree dif ferent pre-scram power levels resultea in
9000 agreement with the measurea data, with the preoictea values always in the
conservative direction. The maximum measurea socium temperatures at tne peak

Cndnnels are less than the curve shown with uncertainties (Figures 12-17)
thereby meeting the acceptance criteria establishea previously . U 23 It

therefore follows that the calculations made with aesign aata conservatively
envelop the temperature response of the natural circulation tests. The model
and methoaclogy are therefore validated tur such design transient analyses.
Also shown in these figures are maximum sodium temperatures determineu by the
fixeo flow fraction approach as reported in Reference 21 which are
consistently even higher than the measureo values. This further demonstrates
the conservatism in this approacn.
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Department of Energy
Cinch River Breeder Reactor

'

Plant Project Office
P.O. Box U
Oak Ridge, Tennessee 37830
Docket tio. 50-537

._

November 28, 1980

Mr. Darrell G. Eisenhut,. Director -

Division of Project Management
Office of Nuclear Reactor Regulation .

U.S. tiuclear Regulatory Commission
Washington, DC 20555

,

Dear Mr. Eisenhut: . - -

PRE-TEST PREDICTION OF FFTF fiATURAL CIRCULATION

Reference: Letter S:L:1195, A. R. Buhl to R. S. Boyd, " Natural
Circulation Decay Heat Removal Verification Plan," dated
June 21, 1976.

This letter transmits information concerning the p?.4re-test prediction of
the results of the natural circulation test scheduled for early December
1980 at the Fast Flux Test Facility (FFTF). The pre-test prediction is
based on CRBRP methodology and computer codes as discussed in the refer-
ence. This pre-test prediction is provided to clearly document that the
data and methodology which will be used in the . post-test analyses were
selected prior to the test.

The pre-test prediction assumes reactor scram and trip of the sodium
circulating pumps from a pre-existing condition of 35% of full power and
75% of full flow. A test with similar conditions is scheduled for
December 1980. Additional tests will be performed for conditions of
(1) 75% power and 75% flow and (2) 100% power and 100% flow. Pre-test
predictions utilizing CRBRP methodology and computer codes will be
performed for those tests. The results will be provided to you prior to
the tests. .

Following completion of all three natural circulation tests, post-test
analyses will be performed utilizing the actual test boundary conditions.
The pre-test predigtions are, of necessity, based on boundary conditions
(e.g., power history and heat sink temperature) selected by the analysts.
It is unlikely that these boundary conditions will be duplicated during
the actual tests. Accordingly, the post-test analyses will be used for
comparison with experimental data. A report will be compiled to consol-
idate all of the pre-test and post-test predictions and discuss any
differences between those analytical results and the test data.

A-1



Mr. Darrell G. Eisenhut -2- November 28, 1980
~

OThe pre-test and post-test predictions will be considered " successful"
if they demonstrate (1) that the Project methodology provides a reason-
able characterization of the phenomena controlling natural circulation
flow and heat transfer in both the reactor and the heat transport loops
and (2) that use of the methodology results in a conservative prediction
of the critical plant parameters (e.g.. core hot channel sodium temper-
ature and heat transport system flow rates). Section 8.2 of Attachment
II (WARD-94000-00321) discusses the methodology utilized to generate the
acceptance boundary curves for the pre-test predictions. The same

-

methodology will be utilized to. generate acceptance boundary curves for
the post-test predictions. The preciction methodology uill be consid- -

ered acceptable if the measured flows for the tests are equal to or
greater than the acceptance boundary curves.

The contents of each of the attachments are as follows:
.

Attachment I Overall prediction methodology description

Attachment II WARD-94000-00321, "DEMD Pre-Test Predict;cns for the
FFTF Transient Natural Circulation Tests," base case
prediction in terms of heat transport system flow
rates (wuo -uc - 94no -s haval de Jouay / 98.s nc )

C) Attachment III Parametric variation and sensitivity case predic-
tions in terms of heat transport system flow rates

Attach.nent IV Base and sensitivity case predictions in terms of.
reactor core hot channel temperatures

Attachment V Archive listi.ng of input data for FORE-2M and
COBRA-WC cases

.

,

Attachment VI Microfiche archive copy of DEMD base case input,
output, and program modifications

'

We would be pleased to answer any questions you may have on the attach-
! ments or to discuss the analyses at your convenience.

Sincerely,

P kcf s -

Ra faond . Copesano-
PS:80:359 A ing Assistant Directo

for Public Safety-

Attachmentsn

cc: Standard Distribution
Service List
Licensing Distribution
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ATTACHMENT I

PREDICTION OF FAST FLUX TEST FACILITY NATURAL CIRCULATION
TEST RESULTS USING CLINCH RIVER BREEDER REACTOR PLANT9 PROJECT METHODOLOGY
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PREDICTION OF FFTF NATURAL CIRCULATION TEST RESULTS USING CRBRP PROJECTg
(j t1ETHODOLOGY

The objective of the CRBRP Natural Circulation Verification Program (NCVP)';

is to analytically and experimentally verify numerical models for the des-
cription of the thermal-hydraulic behavior of LMFBR plants when making
transition to or operating in the natural circulation mode. This verifica-.

'

tion is an important part of demonstrating the capability of adequate decay*

heat removal by means of natural circulation in LMFBR's. A description
of the NCVP program was provided to fRC in a letter dated June 21, 1976.
in addition, the program approach to meeting this objective has been;

extensively published through various open literature publications and.

through conferences (Refs. 1, 2, 3,.4). A major component of the HCVP
is comparison of analytical predictions with experimental data for experi-
ments in facilities other than CRBRP. Planned natural circulation test-
ing at the Fast Flux Test Facility (FFTF) presents an excellent opportunity
to compare Project predictions with experimental data. A program of pre-
test and post-test prediction of the FFTF tests is in progress. This attach-
ment provides an overview of the analytical tools, approaches and data uti-
lized for the FFTF test predictions. To the extent practical, tne tools,
approaches and data are the same as those to be used for prediction of
natural circulation scenarios in CRBRP,

The computer codes utilized in the predictions are DEM0, FORE-2.M and COBRA-
WC. These 3 codes, not a single code, were developed for performing the
desired predictions because a single code would be too large to be of

("3
,.

) practical use for design applications. A brief description of each code
and its role in the prediction follows:

.

.

A. DEPO (Ref. 5) '-

DEM9, a system-wide code, predicts the coupled performance of the reactor,.

heat transfer systems, and the steam generating system (including piping and -

plena heat capacity effects). To provide accurate results for the plant as a
whole, yet maintain the code as an amenable tool with regard to computer storage
requirements and running time, localized phenomena (which do not affect the
system as a whole) are not given detailed modeling. An example of this is
an item such as local flow / heat redistribution between and within core assem-
blies at low flow. DEM0 employs a three region model (fuel, nori-fuel and bypass)
for the core. To consider these localized phenomena with the required resolu-
tion takes a separate. computer code itself (i.e., . COBRA-WC was selected for
this purpose). In general then, given a natural circulation event, DEMD pro-
vides a verified prediction of the overall system state variables such as net
flow through the reactor and bulk temperatures entering and exiting the core.

B '. COBRA-WC (Ref'. 6)

The COBRA-WC code, which accounts for co-e inter- and intra-assembly flow and
heat redistribution, predicts the boundary conditions for a peak rod in the
fuel and blanket assemblies given the reactor boundary conditions such as total

(~' >) reactor inlet flow and bulk temperature from DEMD, individual core assembly
- powers,.and individual core assembly thermal-hydraulic information.x-

A-4
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_

C. FORE-2M (Ref. 7) *

Given the localized peak channel flows and heat interchange as a function of
time, FORE-2M predicts the hot channel coolant temperature for natural circula-
tion which includes considering uncertainties in the predictions. This hot
channel coolant temperature is used as the basis for determining the accepta-
bility of natural circulation for decay heat removal of LMFBR's. To have a
verified hot rod prediction, one must properly account for such effects as:
a) fuel restructuring; b) fuel-cladding gap conductance; c) stored heat in the
rod; d) statistical significance of physics and engineering uncertainties in
power, ficw, dimensions, procerties, etc.; e) localized hoc spots on the rodi

due to the wire wrap or pellet eccentricity; f) localized decay heat variations;
and g) localized rod power variations in the assembly.

__ - .

- -u ,

*

:

'!
'

Since FORE-2M is used for core hot rod analysis with input from DEMD and
COBRA-WC, extreme detail in nodalization can be used to assure accurate tem-i

perature predictions. This level of detail cannot be part of the C2 BRA and
DEMD predictions since the storage requirements and computer running times
would make the codes impractical. Thus, FORE-2M is used to predict verified,

hot channel coolant temperatures. [ Note: In addition, the code provides a
detailed nuclear physics prediction for the prompt and delayed neutron fission
power as a function of time from shutdown with the capability of considering
Doppler, sodium density, and radial / axial core expansion feedback plus the
effects of control system worth and ppS functions. This information is used
to verify the DEMD prediction of core power versus time].# - -.

_ . . . ..
-

..

'
.

The above analysis procedure is outlineu by Figure 1.
The planned FFTF tests encompass the transition into natural circulation
cooling from a series of steady state initial conditions. All the tests
will be initiated with a reactor scram and nain coolant pump trip. The
tests will include:

_ .. .- . .-- . _ _ . . _ _ . - - . . - - - - - - . - . . - - - - -

'

A) A transition to natural circulation in the primary loop from 5% reactor
power, 75% primary loop flow. The secondary loop pumps will coast down
to 10% speed at which time pony motors engage and provide 10% secondary

| ,, loop forced flow.

B) A transition to natural circulation in both primary and secondary loops
from 35% reactor power and 75% flow.

C) A transition to natural circulation in both primary and secondary loops
from 75% reactor power and flow following test subset 8.

D) A transition to natural circulation in both primary and secondary loops
from 100% reactor power and flow.

. ~
.

4
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| The parts of this testing that are of most direct interest for NCVP qualifica-("; b) tion are the cransients run from the three normal power points, i.e.,100%,
'

75% and 35% reactor power - test subsets B, C and D above.

The pre-test predictions of the tests consists of performing nominal best-
estimate calculations plus uncertainty evaluations of the nominal calculation.
The reactor flows and inlet temperature versus time for each of these tests is
calculated with an FFTF version of the DEM0 code which substitutes a dump heati

exchanger for the steam generator. The post-test analysis will assess the.

effects of actual test conditions as opposed to those used in the analyses,
effects of measured uncertainties and consistency of the models in OEF0,-

COBRA-WC and FORE-2M with test results.

Two basic boundary conditions employed in the pre-test predictions are power
' history prior to scram (i.e., the decay powers) and the DHX sodium outlet

temperature. When the actual values for these parameters are input to the
programs used for the pre-test predicticns, the results should agree closely
with the actual measurements,.

In addition, the post-test analysis will include an assessment of the accuracy*

of the data used in the pre.-test predictions. The objective will be to deter-
'mine, to the extent poss,ible with FFTF instrumentation, how much of the
difference between the best-estimate calculations and the measurements is c)due to uncertainties in the data used in the predictions.
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INPUT

4 CODE
t * AVERAGE CORE REGION DECAY HEAT

3A5,5
s |

7 *
AVERAGE CORE REGION POWER DISTRIBUTION '

'8 * AVEMAGE CORE REGION AP VERSUS FLOW PLANT-Wl0E CODE - NO LOCALIZED INTER- AND INTRA-ASSEMBLY
AVERAGE CORE REGION F10W ALLOCATIONS DEM0 FLOW AND HEAT REDISTRIBUTION CALCULATED

* -

DETAILS OF PL ANT SYSTEM / CONFIGURATION
*

#* PlaySICS FEEDBACK COEFFICIENTS g

DYNAMIC CORE DELAYED NEUTRON POWERS
DYNAMIC AVERAGE FUEL AND BLANKET CHANNEL
TEMPERATURES

WINLET dI*
*

ROD PARAMETERS - G AP CONDUCTANCE. RESTRUCTURING
TINLET(d-i

TEMPERATURES ANG su. h AND Co. H ,gy. ETC.
*

g
AVERAGE CORE AP(d

LOWER / UPPER INTERNALS AND BYPASS RECluN HYORAULIC j
*

i,

CH ARACTE RISTICS
*

J

INDIVIOUAL ASSEMBLY HYDRAULIC CHARACTERISTICS I IF CORE AVERAGE AP(t) AND EFFECTIVE*
WHOLE-CORE

AVERAGE CORE THERMAL OntVING HEAD
IN0lV10UAL ASSEMBLY POWERS AND DISTRIBUTION - SYSTEM CODE - FROM DEMD ARE NOT CORRECT.lTERAfl0N

*

7 STE ADY STATE & TRANSIENT (DECAY HEAT) COBRA -WC LOOP 15 REQUIRED.
'

N
|N0lV10UAL ASSEMBLY & BYPASS OPERATING FLOW RATES-

*

INITIAL CONDITION
*

CORE GEOMETRIC MODELING DATA
DYNAMIC CORE PEAK AND AVERAGE CHANNEL FLOWS. * MIXING PARAMETERS

,

OYNAMIC PEAK COOLANT TEMPERATURES
\* UNCERTAINTY FACTORS

* LOCAL DECAY HEATS
, 3

PHYSICS FEEDBACK COEFFICIENTS
*

HOT CHANNEL! PIN
IF DEMO TRANSIENT POWER CALCULATION

LOCAL HOT ROO PARAMETERS (FUEL RESTRUCTURING. ANALYSf3 CODE - IS NOT CORRECT. lTERATION LOOP 15

*

G AP CONDUCTANCE. ETC.) | . FORE-2M REGUIRED
MODEllNG ASSESSMENTS FOR TIME IN LIFE EFFECTS

*

ASSEMBLY GEOMETRIC MODELING DATA*

DYNAMIC IfDT FUFL. 8tANKET AND CONTROL ASSEMBLY
1

,

CHANNEL / ROD TEMPERATURES; VERiflCATION ENTAILS''

'' COMPARING THis TEMPERATURE TO EXPERIMENTAL DATA.

FIGURE'l: LMFBR NCVP ANALYSIS PROCEDURE
.
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ATTACHMENT III

PRE-TEST PREDICTIONS OF REACTOR INLET FLOWS,,

7
(,/ AND TEMPERATURES DURING THE FFTF

TRANSIENT NATUFAL CIRCULATION TEST

Pre-test predictions of reactor inlet flows and temperatures for the

FFTF transient natural circulation test from initial conditions of 35%

power and 75% flo.1 were made during the first quarter of CY80 and docu-

rented as a part of the Attachment II re;: ort WARD-94000-00321 published

in Mar:h,1980. Subsequent to the issuance of this report, there have

been two changes in data input for these predictions which have an im-

pact on the results. These are:

1) The initial predictions assumed 'a power history for the test which
'*

is equivalent to 1 hour of operation at 35t of 400 MWg power. The,,

actual power history will be in excess of 5 hours of operation at
,

35% power and may be as long as 56 hours.

6 -

2) Pressure drop tests of the fuel assembly inlet nozzle / shield block
assembly conducted at icw flows typical of natural circulation have

'

shown that the a P's at low ficws are less than those assumed in
the analysis reported in the March predictions. '

.

--

The significance of these two aspects is the following:

1) Higher decay heats associated with the longer times at power will
,

cause measured temperatures within the core (in the FOTA's) to be
higher than those which have been predicted for the 1 hour power
history. It was thus necessary to evaluate and quantify this

,

_ _effect. It also means, because of higher core temperature, that
the flows will be higher because of the increase in the thermal
driving heads.-

.

2) The reactor flows will be somewhat higher for a given themal
head due to the reduced reactor a P's associated with the inlet
nozzle / shield block assembly.

A-9 .
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For these reasons, it was decided to supplement the analyses described in

,r ) the WARD-94000-00321 with additicnal analyses of several cases to provide i
'' data for FORE-2M analyses so that the upper bound en fuel assembly temp-

eratures could be developed. ;'

Four additional cases for the 35% power /75% flow test were analyzed.
Each of these cases was calculated with the same program used to compute the

results given in the March report with the exception of decay powers and
reactor a P's. The new decay powers used for the 56 hour decay heats are

shown in Table 1. For those cases using a " maximum" decay power, these

values were multiplied by 1.25. The difference in the correlations for
the reactor a P versus flow for the fuel assembly, non-fuel assembly and ty-

pass regions are shown in Figures 1 through 3. When the case is identi-
,

fled as a maximum a P case, the uncertainties given in the March report
were used.-

'

*
.

,

The four cases (in addition to the "best estimate" 35% power /75% flow
case given in the March report) am as follows:

g3 ,

CASE 1: Same ar the "best estimate" case given in WARD-94000-00321
except a nominal decay heat based on an assumed power history
equivalent to 56 hours of operation at 35% power. ,

- CASE 2: Same as CASE 1 except maximum decay heats (+ 25% uncertainty)
,,

for a 56 hour powe' history. -

CASE 3: Same as CASE 1 except the reactor pressure drops based on the
revised correlations (Figures 1 through 3).-

,

CASE'4: Same as CASE 1 except that high side (" design") pressure droo

uncertainties (as described in WARD-94000-00321) were applied

..' to the pressure drop correlaticns.
.

O

e

-

!()k .

e
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The new ~ reacter vessel pressure drop correlations used for the average
fuel, non-fuel, and bypass assembly are shown in Figure 1 through 3,
respectively. The!e correlations were calculated from data taken from

~

COBRA-WC analyses which, in turn, were based on the new experimental

''" data on pressure drcp through the fuel assembly inlet nozzle / shield blocks
from HEDL. The inethodology used in the develop ~ ment of these correlations

~~ was the same is that described in the March. report.
..

.

Figure 4 shows a comparison of the predicted primary loop flow in GPM be-
tween the base case (results reported in WARD-94000-00321) and the four
additional runs. As expected, comparison between the base case and case
number i shows that higher decay heat (56 hours of operation) resulteds

in higher primary loop natural circulation flow. The maximum difference
.

'

in. predicted flow due to the new decay heat effect alone is less than 15%-

t

for the first 300 second,tra'nsient. Comparison between the base case and

case number 3 shows further increase in the predicted primary loop natural
circulation ficw due to the lower reactor vesses pressure loss coefficient
correlations used in case 3. The maximum difference in predicted flow
between t'he:e two cases is approximately 20%. Finally, the comparison

. also show; that case 4 utilizing the " design" pressure drops and the nom-
inal decay heat for the 56 hrs. power history resulted in the most severe
transient in terms of natural circulation flow. Figure 5 shows the same

- comparison on an expanded sc?le for clarity.
..I -
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TABLE 1
,

.

DECAY HEAT * FOR 56 HR. INITIAL OPERATION AT 35% FULL POWER

.

'

TIME FUEL DECAY N-F/A DECAY
HEAT HEAT

_(SEC) (It4) (Ff,1)

0.0 6.769 0.283

1.0 6.769 0.283

3.0 6.111 0.258

6.1 5.459 0.233
~

12.0 4.998 0.21 5

24.0 4.488 0.196

42.0 4.053 0.179

60.6 3.769 0.168

78.8 3.561 0.160

97.0 3.398 0.154
.

115.2 3.266 0.149

133.3 3.157 0.145 -
-

151.5 3.064 0.141,

,

169.7 2.984 0.138 -

187.9 2.915 0.135

206.0 2.843 0.132

~

- .

*Neutronic heating needs to be added
to the decay heat for total ~ heat to
fuel assembly and nonfuel assembly.

O
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; 1. Introduction,

The purpose of this report is to present pre-test predictions of the themal_ .

' (di and hydraulic responses of the fueled open test assemblies (FOTA's) in the
-

'

FTR for the FFTF natural curculation plant startup test initiated at 35% power'

and 75% flow. The 35% power test is one of the series of natural circulation
tests to be performed in the FFTF during acceptance testing. Pre-test predic-'

tions for the FFTF 75 and 100% power tests will also be perfomed and documented
in a forthcoming report. A summary description of the FTR core configurationis given in the appendix.

The natural circulation tests demonstrate the capability of adequate decay heat
removal by means of natural circulation and provide the basis for the verifi-*

cation of the analytical tools used to predict the flow and temperature responses
in LMFBRs. The COBRA-WC and FORE-2M codes as well as DEM0 have been used for.
the core analyses. These predictions are the final step in an extensive veri-
fication program (Refs.1, 2 and 12) on these codes which includes comparisons -

with test data. existing analytical solutions, and recognized codes as well as
comparisons with numerical solutions and sensitivity analyses. The detailed
description and results of these verifications of the COBRA-WC and FORE-2M
codes will be published in future reports.

During the transition to and operation in the natural convection cooling mode,
the effect of a power-to-flou ratio greater than that at steady state is exper-
ienced. Consequently, ccre temperatures increase and natural convection phenomena
such as inter- and intra-assembly flow redistribution beccme significant once low
flow conditions are reached. In the CRSR or FTR the core thermal head becomes
increasingly .ignificant relative to the form and friction losses across the

(s core for flows below 5", of full flow. * Coupled with the flow redistribution,-.V significant heat redistribution on an inter- and intra-assembly basis occurs
throughout the core due to radial temperature differentials and an increased
flow trar.': port time. Both of these effects (i.e., natural convection flow and
heat redistribution) have been found to significantly reduce maximum core tem-
peratures as demonstrated by the EBR-II natural circulation experiments (Ref. 3)
and Brookhaven investigations (Ref. 4).

~

2. ANALYTICAL APPROACH
"

i *

To analyze LMFBR decay heat removal capability, a system of three computer
codes has been developed and is used in sequence, i.e.,1) DEMD, for plant-wide
analyses (Ref 5); 2) CDBRA-WC, for core system analyses (Ref. 6); and 3) FORE-2M
for localized core hot rod analyses (Ref. 7). The last two codes provide the'

two-stage calculational aporoach for the core analyses under natural circula-|

! tion conditions. Utilizing DEMD boundary conditions, a detailed whole-core flow
( and heat redistribution analyses of all the parallel core assemblies and bypass

regions is first performed by the CRBRA-WC code. This is done for a sector of
symmetry of the reactor core. By necessity, the calculational matrix or nodal|

f representation, especially distant frem the area of interest, is less detailed
than that in the area of interest, i.e., FOTA. Clusters of rods rather than
individual subchannels are mcdeled. The results of this analysis provide the

I effect of reactor inter- and intra-assembly ficw and heat redistribution on the
temperature respon'se. The data are then used for a detailed analysis on a
single, " hot rod" using the FORE-2M code. These latter analyses include effects

o of localized phencmena and uncertainties in nuclear / thermal-hydraulic / mechanical,Q data.

|
.
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A linkage between the COBRA-WC and FORE-2P codes has been developed and veri-
fied to incorporate the inter- and intra-assembly phenomena into the localized
hot rod natural circulation analyses (Ref. 8). For each axial node of the hot4 rod modeled in FORE-2M, a heat balance is performed using the expression
for the heat transferred to the coolant at that section, Q (x,r) ass

g

Qc (X'') " Or (X'') + Oex (X'T) U)

where
Qr (x,t) = heat transferred from the rod surface at axial

location x and time r;

Q,x(x,1) = coolant heat input or loss due to radial conduction and
mixing heat transfer a,nd flow redistribution to adjacent
coolant channels; directly input from COBRA-WC.

Coupled with this, the axfal mass flow rate for each axial node G('x,:) is also
input from COBRA-WC analyses. Both Qex(x,T) and G(x,r) are based on nominal
conditions in the COSRA-WC code. It is conservative to use Qex(x,T) and
G(x,t) data in this fashion because these values are lower than those calcu-
lated for the hot channel temperature conditions, and thus, result in a
cor.servatively higher predicted hot channel _ temperature.

Boundary conditions for the COBRA-WC and/or FORE-2M analyses (e.g., plenum-
to-plenum pressure drop and coolant inlet temperature) are furnished by the
plant-wide code, DEMD (Ref. 9) for several cases: the "best estimate" or
nominal case as well as cases with uncertainties. Likewise, a corresponding
modeling of the core parallel flow network, with regard to pressure drop and

. _

decay heat uncertainties, can be used in the COBRA-WC analyses for input to
the FORE-2M hot rod temperature predictions. For the 35% test, only the case
with nominal conditions and minimum assumed irradiation history was explicitly
calculated for both the FOTA 2 and 6 via the DEM0/ COBRA-WC/FPRE-2M sequential
method as an initial base run. For other cases, the method was used implicitly
as will be described later in this section.

'

~ Figure 1 shows the model used by the COBRA-WC code for the FFTF FOTA's to
maintain both a reasonable computer running time and adequate level of detail -

(Ref.10). In this case, a 217-rod FFTF fuel assembly has been divided
into 37 channels. Each channel shown is represented by one rod with power
and flow conditions corresponding to the average for all rods contained in it.
For the interior, hexagonal shaped regions, this averaged rod would represent
a total of 12 rods (other assemblies were modeled in less detail).

To evaluate the effects of core uncertainties, hot channel factors .
are used (Table 1) in FORE-2M. Similar to those used in steady state calcula-
tions, the direct and statistical type factors are conservatively applied by
the semi-statistical method. For instance, the inlet flow uncertainty of -5%
(Ref. 11) to the FOTA is conservatively assumed to occur. The statistical
subfactors which are statistically combined include those due to uncertainties

- in the decay heat calculations (+25%), the pressure drop calculational uncer-
tainties (specified in Ref. 9) aiid the factors for power level measurement,
nuclear power distribution and coolant property uncertainties as used in Ref. 8.

The effect of the recent FFTF shield / orifice assembly pressure loss coefficient
data (from HEDL) was accounted for in these credictions. The procedure
for evaluating such a gicbal effect as well as these due to decay heat and
pressure drop calculational uncertainties was to utilize DEP0 code results
(Appendix A) to determine flow variations. The FORE-2M code was then used to
detemine resultant temperature changes. Similarly, the effect of the coreI

- A-21 .
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'- TABLE 1

HOT CHANNEL FACTORS APPLIED TO HOT ROD

TEMPERATURES IN FORE-2M CALCULATIONS FOR N/C TESTS

("1 Hr-UNC" AND "56 Hr-UNC" CASES)
*

.

r-

.

' '
e

,
,

A. DIRECT SUBFACTORS

1) INLET FLOW UNCERTAINTY 1.05

m
( B. STATISTICALSUBFACTORS(3a) v

2) DECAY HEAT UNCERTAINTY EFFECT 1.20*
. .

3) PRESSURE DROP CALCULATIONAL
'

UNCERTAINTY EFFECT 1.20*
- - ,.

4) POWER LEVEL MFASUREMENTS 1.08 .'

5) COOLANT PROPERTIES 1.01
i

6) NUCLEAR POWER DISTRIBUTION 1.065
.

-r

' '
i *
| These factors represent values used at the time when peak
| temperatures occur during the natural circulation transient.
|

.

e

.
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i. inter- and intra-assembly flow and heat redistribution (Ref. 0) was accounted'
'for via the COBRA-WC/ FORE-2M linkage. This was done by comparing the sodium-

; temperatures utilizing DEMD/CDERA-WC/ FORE-2M sequential computations with the
same analysis which neglects the COBRA-WC com::utations for Qex(x,:) and G(x,r).e

V These results were then applied to the FORE-2M temperature predictions as bias
factors for the "56 Hr-NOM" and "UNC" cases (defined in Section 3).
This is a conventional method of accounting for perturbations on a multi-'

parameter problem. For natural circulation test predictions, the aforementioned
effects including the hot channel factors are not constant with time, due to ~

transient effects. The actual time-dependent factors were used to obtain the
3a uncertainty maximum temperatures. Table 1 presents values of these factors
used at the time when the peak temperature occurs.,

3. CASE DEFINITION AND EOUNDARY CONDITIONS

The boundary conditions of the reactor, such as initial power, inlet and out-
let plenum temperatures (as a function of time), reactor inlet flow and the
nozzle-to-nozzle pressure drop (as a function of time) are provided by the
system code, DEMD. Detailed description of COBRA-WC modeling and output pro-
vided to the FORE-2M code will be described in a separate report,

,

Since the 35", power /75% flow initial condition test is the first of the signi-
ficant dynamic tests which are part of the FFTF Acceptance Test Procedure, the
allowable decay heac after shutdown will most likely be minimized. This is
accomplished by only allowing low irradiation histories (burnup) on the core
prior to the initiation of the test. The minimum irradiation time is estimated
to be 1 hour at 35" power, and the maximum irradiation time is estimated to be
56 hours at 35% power. Thus, these irradiation histories should bracket the
actual irradiation time before shutdown. The effect of such variation in

n decay heat on the temperature response is significant in this case, and will be
U shown separately. As mentioned in Reference 9, this and some other boundary

,

conditions used in the calculation are assumed c~onditions. It is likely that
post-test analysis made with decay power based on actual pre-test irradiation
history will be necessary. Other boundary conditions such as the pump coast-
down characteristic and intemediate loop pony motor operation should also be

.

accounted for in the post-test analyses.
=mmee.. _ . - . . . m-- -. - - . . *+

~

The following cases are therefore analyzed: .

| Case "1 Hr-NOM" - Nominal case with no uncertainties, but includes flow ande
heat redistribution with only I hour irradiation history at 35% core power.
Initial base runs were perfomed with DEMD, COBRA-WC, and FORE-2M; correc-
tions were made for the recent shield / orifice assembly pressure loss co-

,

efficient data. System parameters from Reference 9 were utilized.

e Case "56 Hr-NOM" - Nominal case as in "I Hr-NOM" except with 56-hour
irradiation history at 35% core power. Runs were perfomed with DEMO and
FORE-2M; correction factors were applied for 1) inter and intra assembly
flow and heat distribution and 2) shield / orifice assembly pressure loss
coefficient. System parameters listed in Appendix A were utilized..

s Case "56 Hr-UNC" - Case with 3a uncertainties including decay heat, AP
characteristics, flow and heat redistribution for 56-hour irradiation
history at 35". core power. Runs were made with DE"D and FCRE-2M; correc-

(") tion factors were applied for 1) inter and intra assembly flow and heat
distribution and 2) shield / orifice assembly pressure loss coefficient.
System parameters listed in Appendix A and uncertainties listed in Table I
were utilized.
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Case "1 Hr-UNC" - Same case as in "56 Hr-UNC" except with 1-hour irradia-e

tion history at 35% core power. Correction factors used in the "56 Hr-UNC"
case were adjusted to account for 1-hour decay heat levels and applied to

7 ) the "I Hr-NOM" case.
: __

'"'

Case "CRBRP/ PRE-NCVP" - Current CRBRP conservative design approach (whiche

neglects the effects of inter- and intra-assembly heat and flow redistri-
bution and corbines the hot channel factors conservatively) for 1-hour
and 56-hour irradiation history at 35% core power. DEMD and FORE-2M runs
were made utilizing Reference 9 system parameters for the I hour case and
Appendix A system parameters for the 56 hour case.

, . ,_ _ _ _ _ _,

Shutdown power data for the 1-hour irradiation cases are provided in Reference 9.,

-

The correspondence data for the 56-hour cases are given in Appendix A. .
_. -

. ,._ _ _ _ .e =
3

As shown in Figure 1, the FOTA is simulated by the COBRA-WC code by a 37-,

channel model. For the Row 2 FOTA, channels 9,10 and 15 are of the most
interest, with channel 15 representing the hottest channel in this assembly
with a very nearly flat power profile. Because of the nuclear flux distribu-
tion and heat transfer to the surrounding. assembly of the Row 6 FOTA, channels
8,13 and 15 are of most interest, with channel 13 representing the hottest-

channel.
'

Other initial conditions are (Ref. 9 ): ,

e Inlet temperature: 631*F
e Nozzle-to-nozzle pressure d,op: 67.2 psid
e Initial core flow at 10,082 gpm

(~s e Primary hot leg temperature at 750'F .
,,

) Secondary loop flow at 75 +1% of 13,200 gpme,

e Secondary cold leg temper.ature at 602*F-

All six heat transport system (HTS) pony motors de-energized (subsequent toe

analyses reported here, current FFTF plans call for one intemediate pony
motor to be operating).

, ,.. ._
_

4. RESULTS OF CALCULATIONS ~

Figures 2 through 5 present the calculation results in tems of coolant tempera-
tures at the axial level where maximum temperatures occur which corresponds to
the top of the active fuel section of the Row 2 and Row 6 F0TA's (applicable to
two T/C locations in the FTR, as shown in Figure 1). For each F0TA, there are
six cases analyzed. The "1 Hr-NOM", "56 Hr-NOM" cases (defined in Section 3)
represent the nominal case sodium temperatures. The actual temperature in
these channels would be expected to correspond with these two curves, depend-
ing upon the irradiation history. Also shown in Figure 2 are the results of
the initial base run described in Section 2. Due to uncertainties, as dis-
cussed in Section 2, two additional curves are presented in Figures 2 through
5 representing the "1 Hr-UNC" and "56 Hr-UNC" cases defined in Section 3. The
actual temperatures at the specified locations should not exceed these two
curves representing (3a) uncertainty cases. Thermocouple measurement uncer-
tainties and time delays are not included in the predictions. Thus, the
acceptance criterion is that if the maximum measured temperature at specified
channels (corrected for above instrument effects and actual boundary conditions)
is less than the curve, it would follow that the DEM0/ COBRA-WC/ FORE-2M calcu-
lations made with design data conservativoly envelope the temperature response
of the natural circulation test. Also shown in Figures 2 through 5 is the
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maximum temperature based on the current CRBRP design method (CRBRP/ PRE-fiCVP).
This method uses DE?G calculated reactor ficws based on maximum system aP'sfm

t and maximum decay heat, does not consider the benefits of core inter- and,
"

intra-assembly flow and heat redistribution, and combines the hot channel
factors conservatively.

5. C0fiCLUSIONS

The following conclusions can be made from the results obtained in this report:

a) The transients of the cases studied are very mild since the expected
(nominal) peak transient AT's are less than 55'F higher than the initial
steady state temperature rises as shown in Figures 3 and 5 for two,

different FOTA's and the maximum irradiation history,

b) The accuracy of the predictions is expressed in tems of hot channel
factors as conventionally used in reactor design. By considering 3a
uncertainties statistically, the maximum temperatures of these two F0TA's
are also shown in Figures 2 through 5. The measured temperatures in the
respective F0TA's should therefore not exceed "1 Hr-UtiC" or "56 Hr-UNC"
curves with a 99.9% confidence level depending on the irradiation history
of the core before shutdown. The "56 Hr-UNC" case yields the highest
temperature.

c) The CRBRP/ PRE-NCVP approach predictions are very conservative with respect
to the nominal temperatures of the FFTF F0TA under natural circulation
conditions.

,,
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! APPEtiDIX A-A
'

OESCRIPTION OF FTR CORE C0:1 FIGURATION

i Af40 SELECTED IflPUT DATA

!
;

.

: -

: The schematic diagram of FTR is shown in Figure A-1. The core map is shown
in Figure A-2. Approximately 1/6 of the core is modeled in the COBRA-WC code,
while FORE-2M uses an annular model of a single rod in the assembly (F0TA's).

.

Each FOTA is a '0-ft. long core assembly, consisting of a lower 12-ft in-core
fueled section and an upper 28-ft. instrument stalk section. The lower section
is essentially the same as a regular core driver except for the addition of
pin bundle thermocouples in 'the FOTA. The locations of these two F0TA's with-
in the core are shown in Figure A-2. The Row 2 F0TA is surrounded by 6 driver,

'

assemblies at two of its fases. Of these two assemblies, inter-assembly heat
' transfer should be great,er for the Row 6 F0TA. -

Table A-1 presents the 56-hour decay heat data obtained from HEDL.

Table A-2 indicates typical results from DEMD for the transient reactor inlet
o nozzle flow for the various conditions evaluated. This information was usedV in performing the analyses for Figures 2, 3, 4 and 5 as described in Section 2

of this report.
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O
I TABLE A-1

56-HOUR DECAY HEAT DATA *

!

! TIME
(SEC.) FUEL DECAY ** NON-FUEL DECAY **

| 0.0 0.05000 0.02147

i 1.0 0.05000 0.02147
'

3.0 0.04514 O.01958

6.1 0.04032 0.01769
3

12.0 0.03692 0.01634

24.0 0.03315 0.01486

42.0 0.02994 0.01359
,
'

60.6 0.02784 0.01277

78.8 0.0263 0.01215

O.' '

97.0 0.0251 0.01168

| 115.2 0.02412 0.01129-

133.3 0.02332 0.01097

151.5 0.02263 0.01069

169.7 0.02204 0.01046'

187.9 0.02153 0.01025
'

,

206.1 0.0210 0.01004

|

.

*
Delayed neutron power same as for 1-hour case from Reference 9.-

| ** '

Fraction of steady state reference power; for fuel assemblies the
3

| reference power is 135.4 W and for non-fuel assemblies,13.2 W.
,

,

,

I

i
|
1.
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TABLE A-2 .

'
TYPICAL DEM3 OUTPUT DATA FOR FIGURES 2,3,4 AND 5 ANALYSES

.

-
.

.

DEMDREACTORINLETN0ZZLE| FLOW,(lb/sec)
TIME.

(SEC.) RUN 1 RUN.2 RUN 3 RUN 4 RUN 5
.

0.0 3668.0 3668.0 3668.0 3668.0 3668.0

10.0 1584.7 1584.6 1379.0 ,, 1584.6 1581.5

60.0 256.96 259.6 161 .3' 260.4 266.2
''

100.0 50.6 55.1 44.0 59.2 58.2

155.0 55.7 62.1 54.3 68.2 64.8

O, 200.0 e5.2 72.7 63.0 79.2 75.3
.

.

.

.. . ,

~
o Run 1: 1-hour nominal conditions;
e Run 2: 56-hour nominal conditions; .

e Run 3: Same as Run 2, but with AP uncertainty; .

o Run 4: Same as Run 2, but with decay heat uncertainty; -

e .Run'5: Same as Run 2, but with recent FFTF shield / orifice
assembly pressure loss coefficient data from HEDL.

NOTE: Core inlet temperature can be maintained at 631*F for the
first 200 seconds based on above DEMO studies.-

.
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APPENDIX B4

:
! Pre-Test Prediction of FFTF Natural Circulation Tests
!

!,-

(Letter PS:81:080, R. L. Copeland,- CRBRP P/0
|

; to D. G. Eisenhut, NRC, dated February 26, 1981) i

| Docket No. 50-537
i

(Attachment WARD-D-0281, "CRBRP Natural Circulation
; Verification Program Pre-Test Predictions for FFTF-
! Natural Circulation Tests Initiated at 100% and
j 75% Power / flow Conditions")
i
1

|

|

||

I
I

I

i
I

,

!
i

|

:.
|

|O
.

;

i
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w. . .

k
Dcpartment of Energy ;

.

Clinch River Urceder Reactor *

Plint Project Office
-

.,

'

P.O. Hox U
Oak Rag;, Tennessee 378304

,

- -

Docket No. 50-537 , ,

.

-

February 26,1J91 b[ MM
Mr. Darrell G. Eisenhut, Director

- o.dh
'

'

,

Division of Project P.annguaent '
,, , s ' ,';, i '

' f-., @eg\@.g
Office of Nuclear Reactor Regulation,

rU. S. Nuclear Regulatory. Commission 'E - - ,

Washington, DC 20555 . a
f, g ,3 .f

Dear Mr. Eisenhut: C+
96

.)/ 4v

PRE-TEST PREDICTION OF FFTF NATURAL CIRCULATI0thTESIS
E References: (1) Letter PS:B0:359, R. L. Copeland to D. G. Eisenhut, ''

" Pre-Test Prediction of FFTF Natural Circulation,"
dated Nove:aber 28, 1980.

- ^,

-(2) Letter, S:L:1195, A. R. Buhl to R. S. Boyd, " Natural I
,

.

O '

Circulation Decay Heat Removal Verification Plan,"
-

.

V - ''
dated June 21,.1976.

* 1'
,

This' letter transmits information concerning~the pre-test prediction of
the results of the natural circulation tests scheduled for early Mar.ch _

*

1981 at the Fast Flux Test Facility (FFTF). These pre-test predictions
and those previously transmitted in Reference .(1) are being supplied to |'

establish a basis for demonstrating that the methodology and the computer
*

lcodes,
as discussed in Reference (2), are capable to reasonably characterizethe phenomena controlling natural circulation. N. aThese pre-test predictions '

are provided to clearly document th'at the data and mdthodology which
-

. will be used in the post-test analyses were selected prioFto the test.'
'

N
.

These pre-test predictions assume reactor scram and trip of the sodium
-

circulsting pumps from pre-existing conditiens of 1) 100% of full power
' '

~;
and 100% of full flow, and 2) 75% of full power and 75% of full flow.
Pre-test predictions utilizing CRCRP methodology and computer codes for

-

i
tests from 35% power and 75% of flow were transmitted in Reference (1).

Following completion of all three natural circulation tests, post-test
^

,

analyses will be performed utilizing the actual test boundary conditions.
The pre-test predictions arc, of necessity, based on boundary conditions
(e.g., power hist.ory and heat sink teiaperature) selected by the analysts.It is unlikely th.. thase t-oundary con-lition: u'il be duplicated durinnthe actual tests. I.ccordingly, tne re.t - test n. t iyses will be used forcomparison with experinental data. A report will be compiled to consol- t' %,)
idate all of the pec-test predictions and post-test analyses and discussi

any differences between those analytical results and the . test data. ~

!

.

< . B .- 1
1
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1

,

Mr. Larrell G. Eisenhut -2- February 26, 1981

-

The pre-test predictions and post-test analyses will be considered
successful if they demonstrate 1) that the Project cethodology prcvides
a reasonable characterization of tne phenomena controlling natural,

7 circulation flow and heat transfer in both the reactor z nd tne heat
[ transport loops anc 2) that use of the methodology results in a conserva-
' tive prediction of the critical plant parameters (e.g. , core hot channel-

sodium tenperature and heat trar. sport system flow rates). Included withe
,

i- the predictions are acceptance boundary curves for tne pre-test predic-
i: tions. The cethodology used to generate these acceptance curves are

i similar to those used in Reference (1) and will be the same nethodology
to generate acceptance boundary curves for the post-test analyses. The

! prediction tethodology will be considered acceptable if the teasured
: flows for the tests are equal to or greater than the acceptance boundary

curves..

i Included as an attach,ent to this letter is "CRERP Natural Circulation
. Verification Progrec. Pre-Test Fredictions for FFTF Natural Circulation

:' Tests initiated at 100% and 75% Power / Flow Conditions," WARD-D-0281,
I dated February 1931. Appendices A, B, and C, of this report, which

contain an archival listing of data used by the ccmputer codes, are
i) being provided to the addressee only.

i
k' & We would be pleased to answer any questions you may have on the attach-

*

l
.ments or.to discuss the analyses at your convenience.

<
i,

j Sincerely,
3 -

''

'9.W' .

e; R.[mond . id
;1 PS:81:080 I . tin' Assis c~ -. recto 4 -

for Public Safety

i ! Attachments:
'

'; As stated '

1 -

I
.

cc: ' Standard Distribution
'

| Service List
'

Licensing Distribution

.

3

1

i e-

,
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; AT 100% AND 75% POWER / FLOW CONDITIONS !

;

by
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1. SUMMARY

Os Pre-test predictions of the thermal and hydraulic response were made for the
FFTF natural circulation tests initiated at 100% power /100% flow and 75', power /
75% flow conditions. These predictions were performed under the Natural
Circulation Verification Program (NCVP) to provide the basis for the verifica-
tion of the analytical tools used in making such predictions. Computer codes
utilized in these predictions are OEMD, COBRA-WC and FORE-2M. Pre-test
predictions of sodium temperatures are presented at the top of the active fuel
section for the fueled Open Test Assemblies (FOTA's) for these tests. Also
presented are predictions of primary and secondary loop flow rates, and hot
and cold leg temperature at the locations where they will be measured. The
acceptance criterion for the DEM0 code for the system natural circulation
analysis is shown in terms of the primary loop flow using a combination of
pressure drop and decay power uncertainties which give the minimum flow for
the natural circulation transient. If the actual measured flow is greater than
the acceptance limit, it would follow that DEM0 calculations for the minimum
flow design case (Case V in this report) conservatively envelope the actual
natural circulation flow, and are therefore acceptable for the DEM0 flow predic-
tions. The acceptance criterion for all three codes for the analyses is shown
by the sodium temperature responses in the F0TA's. If the maximum measured
temperature at specified channels (corrected for instrument effects and actual
boundary conditions) is less than the predicted hot channel temperature (with
known uncertainties accouated for), it would follow that the DEM0/ COBRA-WC/
FORE-2M calculations made with the design data conservatively envelope the
temperature response of the natural circulation test. The model and methodo-
logy would therefore be acceptable for such design transient predictions.

,

2. INTRODUCTION

The purpcse of this report is to present pre-test predictions of the thermal
and hydraulic responses of the FFTF plant including the fueled open test
assemblies (FOTA's) for the FFTF natural circulation plant startup tests'

1- initiated at 100% power / flow and 75% power / flow condition;.. These are the last
) two and most severe tests in the series of natural circulation tests to be

performed in the FFTF during acceptance testing. ;;

The FFTF tests encompass the transition into natural circulation cooling from
| a series of steady state initial conditions. All the tests will be initiated

with a reactor scram and main coolant pump trip. The test series will include
(Ref.1):
a) A transition to natural circulation in the primary loop from 5% reactor,

- power, 75% primary loor flow. The secondary loop pumps will coast down
to 10% speed at which time pony motors engage and provide 10% secondary
loop forced flow.

| b) A transition to natural circulation in both primary and secondary loops
from 35% reactor power and 75% flow.(*)!

f c) A transition to natural circulation in both primary and secondary loops
from 75% reactor power and flow.'

I d)~ A transition to natural circulation in both primary and secondary loops
from 100% reactor power and flow.

|

(*)0ne of the secondary loop pony motors was engaged during the test.

: O ,

I
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Pre-test predictions for tests initiated at 35% power /75% flow were previously
reported in Reference 2. All predictions were performed under the Natural
Circulation Verification Program (NCVP) using the CRBRP methodology. The
objective of this verification program is to analytically and experimentally
verify numerical models for the description of the thermal-hydraulic behavior
of LMFBR plants when making transition to or operating in the natural circula-
tion mode.

A system of three computer codes has been developed and is used in sequence:
1.e., DEMD, for plant-wide analyses (Ref. 3); COBRA-WC, for core system analyses
(Ref. 4); and FORE-2M, for localized core hot rod analyses (Ref. 5). A brief
summary of each of these codes follows:

A. DEMD (Ref. 3)

DEMO, a system-wide code, predicts the coupled performance of the reactor,
heat transfer systems and the steam generating system (including piping and
plena heat capacity effects). To provide accurate results for the plant as a
whole, yet maintain the code as an amenable tool with regard to computer storage
requirements and running time, localized phenomena (which do not affect the
system as a whole) are not given detailed modeling. An example of this is an
item such as local flow / heat redistribution between and within core assemblies
at low flow. The FFTF version of DEMD employs a three region model (fuel,
non-fuel and bypass) for the core. The code substitutes a dump heat exchanger
for the steam generator. To consider these localized phemomena with the
required resolution takes a separate computer code itself (i.e., C2 BRA-WC was
selected for this purpose). In general, DEM0 provides a prediction of the
overall system state variables such as net flow through the reactor and bulk
temperatures entering and exiting the core.

B. COBRA-WC (Ref. 4)

The COBRA-WC code, which accounts for core inter- and intra-assembly flow and
heat redistribution, predicts the boundary conditions for a peak rod in the
fuel and blanket assemblies given the reactor boundary conditions such as total
reactor flow pressure drop and core inlet temperature frca DEMD, individual core
assembly powers, and ind'/idual core assembly thermal-hydraulic characteristics.
Analyses of this type phuomena under natural convection cooling requires detailed
core / reactor modeling because of the strong interaction between the fuel assem-
blies, blanket assemblies, control assemblies, plus other core regions and bypass
flows which all act as highly coupled parallel flow paths with heat transfer
between them. Typical modeling details of the core assemblies is given in
Section 3.

C. FORE-2M (Ref. 5)

Given the localized peak channel flows and heat interchange as a function of
time, FORE-2M predicts the hot channel coolant temperature for natural circula-
tion which includes considering uncertainties in the predictions. This hot
channel coolant temperature is used as the basis for determining the accept-
ability of natural circulation for decay heat removal of LMFER's. To have a
verified hot rod prediction, one must properly account for such effects as:

B- 6
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a) fuel restructuring; b) fuel-cladding gap conductance; c) stored heat in the
rod; d) statistical significance of physics and engineering uncertainties in
power, flow, dimensions, properties, etc.; e) localized hot spots on the rodO due to the wire wrap or pellet eccentricity; f) localized decay heat variations;

1

and g) localized rod power variations in the assembly.

Since FORE-2M is used for core hot rod analysis with input from DEMS and
4

COBRA-WC, extreme detail in nodalization can be used to assure accurate tem-
perature predictions. This level of detail cannot be part of the COBRA and
DEMO predictions since the storage requirements and computer running times
would make the codes impractical. [ Note: In addition, the code provides a
detailed nuclear physics prediction for the prompt and delayed neutron fission
power as a function of time from shutdown with the capability of considering
Doppler, sodium density, and radial / axial core expansion feedback plus the
effects of control system worth and PPS functions. This information is used
to verify the DEM0 prediction of core power versus time].

During the transition to and operation in the natural convection cooling mode,
the effect of an increasing power-to-flow ratio approaching or exceeding that of
steady state can be experienced. Consequently, core temperatures increase and-

| natural convection phenomena such as inter- and intra-assembly flow redistribu-:
tion become significant once low flow conditions are reached. In the CRBR or
FTR, the core thennal head becomes increasingly significant relative to the
fonn and friction losses across the core for flows below 5% of full flow.'

Coupled with the flow redistribution, significant heat redistribution on an
inter- and intra-assembly basis occurs throughout the core due to radial tem-
perature differentials and an increased flow transport time. Both of these
effects (i.e., natural convection flow and heat redistribution) have been(7 found to significantly reduce maximum core temperatures as demonstrated by() the EBR-II natural circulation experiments (Ref. 6} and Brookhaven investiga-
tions (Ref. 7).

The pre-test predictions of the tests consists of performing nominal (best-
estimate) calculations plus uncertainty evaluations of the nominal calculation.
The post-test analyses will assess the effects of actual test conditions as
opposed to those used in the analyses, effects of measured uncertainties and
consistency of the models in DEMD, COBRA-WC and FORE-2M with test results. For

| instance, two important boundary conditions employed in the pre-test predictions!

are power history prior to scram (which affects the decay powers) and the DHXi

sodium outlet temperature.

In addition, the post-test analyses will include an assessment of the accuracy
of the data used in the pre-test predictions. The objective will be to deter-'

mine, to the extent possible with FFTF instrumentation, how much of the difference
between the best-estimate calculations and the measurements is due to uncer-

i tainties in the data used in the predictions.

3. ANALYTICAL APPROACH

| Figure 3-1 shows the interaction between three codes used in the CRBRP natural
|

circulation analysis procedure. The first code (DEMS) provides core delayed
neutron powers, dynamic average region temperatures and inlet flow, and averaoe4

core pressure drops. The last two codes (COBRA-WC and FORE-2M) provide the two-
stage calculational approach for the core analyses under natural circulation,

conditions. Utilizing DEMD boundary conditions, a detailed whole-core flow
s,

1
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INPUT

4 CODE

& * AVERAGE CORE REGION DECAY HEAT

{ * AVERAGE CORE REGION POWER DISTRIBUTION
? * AVERAGE CORE REGION 2P VERSUS FLOW PL ANT-WIDE CODE,

* AVERAGE CORE REGION FLOW ALLOCATIONS 8-g . DEMO

* DETAILS OF PL ANT SYSTEM / CONFIGURATION

* PHYSICS FEEDBACK COEFFICIENTS
' DYNAMIC CORE DELAYED NEUTRON POWERSl

DYNAMIC AVERAGE FUEL AND BLANKET CHANNEL
TEMPERATURES

\
'

WINLET (t)
* ROD PARAMETERS - G AP CONDUCTANCE, RESTRUCTURING

'TINLET (t)
TEMPE R ATURES AND p's. k AND Cp, HFILM, ETC. , AVERAGE CORE 3P (t)

* LOWER / UPPER INTERNALS AND BYPASS REGION HYDRAULIC i,

hj CORE AVERAGE APlt) AND EFFECTIVE )CH A R AC T E RISTICS

| AVERAGE CORE THERMAL DRIVING HEAD* INDIVIDUAL ASSEMBLY HYDRAULIC CHARACTERISTICS WHOLE-CORE
FROM DEMO ARE NOT CORRECT, ITERATION |

* INDIVIDUAL ASSEMBLY POWERS AND DISTRIBUTION - SYSTEM CODE

,' ]OP IS REQUIRED. , ____
g'

STE ADY ST ATE & TRANSIENT (DECAY HEAT) e.g., CO BR A/CO RTR AN
i

* INDIVIDU AL ASSEMBLY & BYPASS OPERATING FLOW RATES-
'* INITIAL CONDITION

'

* CORE GEOMETRIC MODELING DATA l DYNAMIC CORE PEAK AND AVERAGE CHANNEL FLOWS (NOTE:
I

'
* MIXING PARAMETERS

) INTER-AND INTRA-ASSEMBLY FLOW AND HEAT REDISTRIBUTION
| DYNAMIC PEAK COOL ANT TEMPERATURES

* UNCERTAINTY FACTORS 1

* LOCAL DECAY HE ATS

(hDEMO TRANSIENT POWER CALCULATIOb
* PHYSICS FEEUBACK COEFFICIENTS HOT CH ANNEL/ PIN

IS NOT CORRECT, ITERATION LOOP IS |* LOCAL HOT ROD PARAMETERS (FUEL RESTRUCTURING, ANALYSIS CDDE

GAP CONDUCTANCE, ETC.) e.g., FO RE-2M \ REQUIRED ___]
* MODELING ASSESSMENTS FOR TIME IN LIFE EFFECTS

* ASSEMBLY GEOMETRIC MODEl. LNG D ATA DYNAMIC H0 FUEL, BLANKET AND CONTROL ASSEMBLY
CHANNEL / ROD TEMPERATURES; VERIFICATION ENTAILS

' '' , COMPARING THIS TEMPERATURE TO EXPERIMENTAL DATA.

t

FIGURE 3-1: LMFBR NCVP ANALYSIS PROCEDURE
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and heat redistribution analyses of all the parallel core assemblies and
bypass regions is first performed by the COBRA-WC code. This is done for am

(d) sector of symmetry of the reactor core including a bypass flow. By necessity,
the calculational matrix or nodal representation, especially distant from the
area of interest, is less detailed than that in the area of interest, i.e.,
F0TA. Two step calculations are thus used with the COBRA-UC code. The first
calculation utilizes a single-channel model for each core assembly in the
sector of symetry of the reactor core. .This yields assembly flow information

, and the temporal pressure drop across the fuel assembly for inputting data to
a second calculation which contains more detailed F0TA analysis. The latter
calculation uses a seven-assembly cluster where detailed inter-assembly heat
conduction and intra-assembly flow and heat redistribution may be simulated.
Figures 3-2 and 3-3 show the model of such a cluster for the F0TA in Rows 2
and 6. A group of rods rather than individual subchannels are modeled. The
central assembly (F0TA) is simulated by a 37-channel model while the surround-
ing assemblies are simulated by 19-channel models. The relative position of
rods and COBRA-WC channel representation is shown in Figgre 3-4. Each channel
shown is represented by one rod with power and flow conditions corresponding
to the average for all rods contained in it. For the interior, hexagonal
shaped regions, this average rod would represent a total of 12 rods. The
results of this analysis provide the effect of reactor inter- and intra-
assembly flow and heat redistribution on the temperature response. The data
are then used for a detailed analysis on a single, " hot rod" using the FORE-2M
code. These latter analyses include effects of localized phenomena and
uncertainties in nuclear / thermal-hydraulic / mechanical data.

A linkage between the COBRA-WC and FORE-2M codes has been developed and veri-
p fled to incorporate the inter- and intra-assembly phenomena into the localized
V hot rod natural circulation analyses (Ref. 8). For each axial node of the hot

rod modeled in FORE-2M, a heat balance is performed using the expression for
the heat transferred to the coolant at that section, Q (x,t) as

c

Q (X,T) * Qp (X T) + Qex (X T) U-l)
c

'

where
Q (x,r) = heat transferred from the rod surface at axial location c

r x and time r;

Qex(x,T) = coolant heat input or loss due to radial conduction and
mixing heat transfer and flow redistribution to adjacent
coolant channels; directly input from COBRA-WC.

Coupled with this, the axial mass flow rate for each axial node G(x,T) is also
j input from COBRA-WC analyses. Boundary conditions for the COBRA-WC (e.g.,
| plenum-to-plenum pressure drop and coolant inlet temperature) are furnished
' by the plant-wide code, DEMD for several cases: the "best estimate" or nominal

case as well as cases with uncertainties. Likewise, a corresponding modeling
of the core parallel flow network, with regard to pressure drop and decay heat
uncertainties. can be used in the COBRA-WC analyses for input to the FORE-2M
hot rod temperature predictions.
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To evaluate the effects of core uncertainties, hot channel factors are used
(Table 3-1). Similar to those used in steady state calculations, the direct
and statistical type factors are conservatively applied by the semi-statisticalg
method. For instance, the factor due to inlet flow uncertainty of -53 (Ref. 9)
to the F0TA is conservatively assumed to occur. The statistical subfactors
which are statistically combined include those due to uncertainties in the
decay heat calculations (125% of decay heat values which gives a 117% uncer-
tainty in Row 6 F0TA sodium temperature at the time the peak temperature occurs),
the pressure drop calculational uncertainties (specified in Reference 10) and
the factors for power level measurement, nuclear power distribution and coolant
property uncertainties. A more pessimistic compilation of uncertainties appli-
cable to conservative design type analyses (not controlled experimental
conditions) are described in Reference 8.

The effects of the first two statistical subfactors (i.e., decay heat and
pressure drop uncertainties) are determined by comparing different cases with
maximum variation of one of the quantities in calculations using all three
codes. These different cases are listed in the next two sections. For natural
circulation test predictions, the aforementioned e/Tects are not constant with
time due to transient effects. The actual time-dependent factors were used
to obtain the 3o uncertainty on maximum temperature. Table 3-1 presents values
of these factors used at the time when the peak temperature occurs.

4. PRE-TEST PREDICTIONS FOR NATURAL CIRCULATION TEST INITIATED AT 100%
POWER / FLOW CONDITIONS

4.1 Cases Analyzed for Predictions

O
V Several cases are analyzed with the initial reactor condition of 100% power

and 100% flow before shutdown. The maximum irradiation history of 25 hours
full power is also assumed. The parameters that are varying in these different
cases are the decay heat and system pressure drop (including core pressure
drop) calculations. Thus, the effect on temperature response of these uncer-
tainties is determined by comparing results of different cases analyzed:

o Case I - Nominal conditions, including nominal decay heat and system )
pressure drop, without any uncertainties. This case provides the best
estimate of the expected plant and core performance during the transient.

o Case II - Same as Case I, except that high side " design" pressure drop
uncertainties were applied to the entire plant system. The uncertainties
assigned to each component or system were based on typical design data
which is biased to include all high side pressure drop data.

o Case III - Same as Case I, except maximum decay power (125% of the nominal
decay heat shown in Table 4.1) was assumed to account for calculational
uncertainty on decay power.

o Case IV - Theproposed CRBRP design approach which is the case with maximum
uncertainty. It assumes both high side " design" system pressure drop and
maximum decay power (125% nominal decay heat). Other known hot channel
subfactors such as factors for power level, nuclear calculational uncer-
tainties, coolant properties and inlet flow maldistribution are also
included in the FORE-2M analysis. In addition, because this is used for

p design purposes, several more hot channel subfactors, such as power control
band uncertainty, fissile fuci naldistribution, subchannel flow area and
flow distribution calculational uncertainty are also included.

B-13
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O
TABLE 3-1

HOT CHANNEL FACTORS APPLIED TO HOT CHANNEL

TEMPERATURES IN FORE-2M CALCULATIONS FOR N/C TESTS

A. DIRECT SUBFACTORS

1) INLET FLOW UNCERTAINTY, F; 1.05

B. STATISTICAL SUBFACTORS (3o)

2) PRESSURE DROP CALCULATIONAL 1.15*
UNCERTAINTY EFFECT, F

2
1.17 (Row 6 F0TA)*

3) DECAY HEAT UNCERTAINTY EFFECT, F
3 1.13 (Row 2 F0TA)*

4) POWER LEVEL MEASUREMENTS, F 1.079,

4

5) COOLANT PROPERTIES, F 1 .01
5 ,

6) NUCLEAR POWER DISTRIBUTION, F 1.065
6

.

*
These factors represent values used at the time when peak
temperatures occur during the natural circulation transient.
They are determined by comparison of different cases in
calculations using all three codes.

O
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Case V - Same as Case IV, except the minimum decay power (75% of the nominalo
O decay power) was assumed. This case provides minimum natural circulation
(j flow, and is therefore used for the acceptance criterion for the DEM0 code

to predict the natural circulation flow. No temperature prediction of the
F0TA's was made because it does not represent a worst condition.

4.2 DEMD Analysis

Pre-test predictions for the FFTF transient natural circulat on tests from
initial conditions of 100% power /100% flow; and 75% power /75% flow were initially
made during the first quarter of 1980. Results of these predictions and the
methodology used in the analyses were documented in Reference 10. Subsequent
to the issuance of this report, two changes in data input were made to reflect:
1) new information obtained from pressure drop tests of the fuel assembly inlet
nor'le/ shield block assembly; and 2) new expected power history for the tests.
Bet.: ise of these changes the pre-test predictions for the 100% power and the
75% power cases described in Reference 10 have been updated and the results are
presented in Sections 4.3 and 5.3 of this report for the 100% power and the 75%
power tests, respectively. With the exception of decay powers and reactor
pressure drop correlations, the program and boundary conditions used to compute
the results were the same as discussed in Reference 10 and will not be repeated
here. Changes made to the program are discussed in the following sections.

The reactor vessel dynamic pressure drop correlations were determined by the
same method outlined in Raference 10, i.e.:

I4-I )AP = aPTotM - APStatic(q Dynamic

() DEMO COBRA DEMO ,

where
Total = total reactor pressure drop calculated by COBRA forAP

given reactor flow; -

COBRA

Static = static reactor pressure drop as calculated by DEMOAP
f r the same flow conditions; and

DEM0

AP = dynamic pressure drop to be used for determining the
Dynamic pressure drop correlations.
DEMD

Using the new experimental data on pressure drop under low flow conditions
through the fuel assembly inlet nozzle / shield blocks (Ref.11), the total
pressure drop (APTotal COBRA) for a series of steady state calculations at
various flows with the. power-to-flow ratio near one were made. The dynamic
pressure drop was then calculated from Equation 4-1. The resulting dynamic
pressure drop correlations for the fuel assembly, the non-fuel assembly and
bypass regions are shown in Figure 4-1, 4-2 and 4-3, respectively. Also shown
in these figures are reactor pressure drop correlations with high side (" design")
pressure drop uncertainties. These uncertainties were applied by increasing
the best estimate reactor AP values by a factor dependent on the reactor flow.
This factor varied from 1.1 at full flow to about 1.38 at 2% flow. These
dynamic pressure drop correlations were used in both the 100% and 75% power
pre-test predictions.

'
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The post-shutdown decay power is input in tabular form as a function of time.
Reference 10 assumed 25 hours of operations history for the 100% power case

O and only 1 hour for the 75% case. In the updated predictions, the power
history for both the 100% and 75% case assumes 25 hours of operations at
100% or 75% power prior to shutdown. The values of decay power used for the
best estimate predictions are shown in Table 4-1 for the fuel assemblies and
the non-fuel assemblies. For those cases using a " maximum" decay power
(Cases III and IV), these values were multiplied by 1.25; and for the case
(Case V) using a " minimum" decay power, these values were multiplied by 0.75.
No startup period was considered in the decay power determinations.

4

DEM@ Input for 100% Power /100% Flow Initial Conditions

For the 100% power case the plant conditions at the beginning of the test are
specified as:

1) Reactor power at 100% + 1% of 400 MW;
2) Primary loop flow at 160% + 1% of 13,443 gpm;

_

3) Primary cold leg temperature at 680 + 5 F;
~

4) Primary hot leg temperature at 938 + 5 F;
-

5) Secondary loop flow at 100% + 1% of 13,200 gpm;
_

6) Secondary cold leg temperature at 602 F; and
7) All six heat transport system (HTS) pony motors de-energized.

The transient will be initiated by scramming the reactor, causing a trip of
all cix heat transport system (HTS) sodium pumps. The pumps will coast down
to zero speed and the plant will undergo a transition to natural circulation
flow.

,

In addition to the best estimate case, four additio'nal cases were analyzed in
order to determine effects of maximum uncertainties in the pressure drop data
and the decay power data. The five cases analyzed are described in Section 4-1.

4.3 DEM0 Results for 100% Power /100% Flow Initial Conditions
.

The necessary dimensional input and initial conditions for these analyses are
given in the update listing in Appendix A. Major results from these analyses
are presented in Figures 4-4 through 4-13. Results for Case I through Case IV
are plotted together because they were used in subsequent analyses by COBRA-WC/
FORE-2M. Results for Case V were presented separately because they were only
used in design analyses where flow 3 were used as the limiting criterion.

Figure 4-4 shows a comparison of the predicted primary loop flow in GPM for
Cases I through IV. for the best estimate case (Case I) the primary flow drops
to a minimum value of about 2% (270 gpm) of rated conditions 100 seconds after,

the start of transient. It then recovers to about 3% (410 gpm) after about
600 seconds. The drop in flow at 100 seconds is due to the decrease in thermal
head resulting from the decrease in power-to-flow ratio immediately following
the plant trip. The reactor upper plenum and the reactor outlet piping are
filled with cold sodium, causing a reduction in the primary natural head, which
drops to a minimum around 40 seconds. When the pumps stop and the flow is'

supported only by the thermal head, the flow drops to a minimum, while the
reactor temperature increases to a maximum value. When the reactor temperature

O
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TABLE 4.1 DECAY HEAT - MW

O
TIME FUEL ASSEfBLY NON FUEL ASSEMBLY

100% Power 75% Power 100% Power 75% Power

0.0 18.54 13.905 0.9204 0.6903
1.0 17.30 12.975 '0.8708 0.6531
2.0 16.52 12.390 0.8401 0.6301
3.0 15.97 11.978 0.8183 0.6137
4.0 15.54 11.655 0.8010 0.6008
5.0 15.18 11.385 0.7866 0.5900
6.0 14.86 11.145 0.7743 0.5807
7.0 14.59 10.943 0.7634 0.5726
8.0 14.34 10.755 0.7536 0.5652
9.0 14.12 10.590 0.7448 0.5586

-

10.0' 13.92 10.440 0.7368 0.5526
20.0 12.51 9.383 0.6807 0.5105
30.0 11.63 8.723 0.6457 0.4843
40.0 10.99 8.243 0.6203 0.4652
50.0 10.49 7.868 0.6003 0.4502
60.0 10.08 7.560 0.5839 0.4379
70.0 9.731 7.298 0.5699 0,4274

80.0 9.430 7.073 ~ 0.5579 0.4184 .

90.0 9.167 6.875 0.5474 0 4106
'

100.0 8.934 6.701 0.5381 0.4036
200.0 7.512 5.634 0.4808 0.3606
300.0 6.786 5.090 0.4512 '0.3384
400.0 6.312 4.734 0.4316 03237
500.0 5.955 4.466 0.4165 0.3124
600.0 5.663 4.247 0.4041 0.3031 .

700.0 5.411 4.058 0.3932 0.2949
800.0 5.189 3.892 0.3834 0.2876
900.0 4.989 3.742 0.3746 0.2810

1000.0 4.809 3.607 0.3665 0.2749
2000.0 3.611 2.708 0.3092 0.2319

'

3000.0 2.955 2.216 G2729 O.2047

4000.0 2.536 1.902 0.2462 o,jg47
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increases, the themal heads recover and the flow recovers. Thus, it can be
seen that the minumum flow reached by the reactor and the time required for it
to recover has a significant effect on the maximum reactor temperatures. As
expected, high side pressure drop uncertainties lower the predicted primary loop
flow due to the added flow resistance while maximum decay heat uncertainty
increases the predicted loop flow because of the increased thermal head.
Figure 4-5 shows the same predicted flow for Case V with high side pressure
drop and minimum decay heat uncertainties. As can be seen when the uncertainties
were combined in this way, the predicted primary loop flow drops to a minimum
of 220 gpm or 1.6% of initial flow versus 270 gpm or 2.0% of initial flow for
the nominal case and reaches this minimum flow about 15 seconds earlier than
the nominal case.

Figure 4-6 shows the predicted temperature at the location of the hot leg RTD
for Cases 1 through IV. This instrument is located 85 feet upstream of the
pump. The transients depicted in this figure are caused by the reactor vessel
exit temperature mitigated by about 65 feet of piping. Both the high side
pressure drop uncertainties and the maximum decay heat uncertainty apparently
have the effect of smoothing out the initial transient (Cases II through IV).
Figure 4-7 shows the hot leg RTD temperature for Case V. Again, the combined
effect of the high side pressure drop and the minimum decay heat uncertainties
gives rise to a less severe transient in the predicted hot leg temperature.

Figure 4-8 shows the predicted temperature at the primary cold leg RTD for
Cases I through IV. 'his instrument is located just upstream of the cold leg
check valve. The transient occurring early on as seen at the cold leg RTD
location, is caused by the collapse of the IHX primary outlet temperature onto
the secondary inlet tenperature at the tube bundle exit and the mitigation of
this transient due to heat transfer between the sodium and the IHX lower plenum
and cold leg piping. This collapse occurs because as the flows decrease, heat
is transferred fore efficiently from the primary to the secondary side. High
pressure drop uncertainties increase the predicted cold leg temperature as a
result of changes in the primary and secondary loop flow ratio combined with
changes in the above mentioned mitigating effects which are more pronounced
with lower flows. Maximum decay heat uncertainty, on the other hand, lowers
the cold leg temperature slightly because of the slight increase to the primary
loop flow. Figure 4-9 shows the same primary cold leg RTD temperature for
Case V. Here the effect of the high pressure drop and minimum decay heat
uncertainties works together to increase the predicted cold leg temperature.

Figure 4-10 shows the acceptance limit curve for DEMO for the 100% transient
natural circulation analyses. The parameter used in this acceptance criterion
is in terms of the primary loop flow. This selection is based primarily on the
consideration that the available primary flow is the key parameter in the
determination of natural circulation decay heat removal capability. Also
shown in this figure are results from the best estimate predictions (Case I)
and the minimum flow design predictions (Case V). The acceptance limit curve
was developed from the flows calculated in Case V by:

O
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Figure 4-6 DEM0 Predicted Primary Hot Leo RTD Temperature (100% Power /100% Flow+
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initial Conditions) (No correction for instrument inaccuracy)
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1) Increasing the flow by 2% of the calculated value to account for'the
magnetic flow meter inaccuracios; and

V 2) Adjusting the calculated flow uith a one second first order lag to ^
account for the magnetic flow neter time constant.

This acceptance limit, therefore, 'urther biases the predicted flows in the
conservative direction and should represent the minimum acceptable measured
flows. If the 1ctual measured ficas are greater than this acceptance limit,
then it would follow that a DEMO c alculation made with the minimum flow design
case (Case V) conservatively ensehpe the actual natural circulation flows.
This particular acceptance limit is related only to flows as computed by DEMO.
In-core temperature acceptance criteria would be based on a combinatfon of
high side decay heat as well as pressure drop uncertainties and would, there-
fore, be based on a different flow curve (see Figure 4-4).

Figure 4-11 shows the predicted secondary loop flow for Cases I and V. This
flow remains higher than the primary side, for both the best estimate case
(Case I) and the minimum flow design case (Case V). The corresponding predic-
tions for the secondary hot leg R1) and cold leg RTD temperatures are shown in
Figures 4-12 and 4-13. The secondsry hot leg RTD is located upstream.of the
tee, before the DHX inlet. This secondary cold leg RTD is located 60 feet
downstream of the secondary pump oitlet.

,

4.4 COBRA-WC Results for 100% Power /100% Flow Initial Conditions

Major output from the COBRA-WC code consists of transient flow and coolant
p temperature information in all assemblies including the peak channel (cluster
Q of subchannels as shown in Figure 3-3) within specific assemblies (F0TA's).

The former information is used as input data for FORE-2M analysis, and the latter
information provides a basis for the selection of peak rod / channel for the te "

single-channel analysis. The inter- and intra-assembly flow redistribut; ion are :
reflected in the parameter ) ,

!.

G(x,T) O(O '}
G(o,1) ' and G(o,'0) ' (4-1)

,

.

where G(x,r)/G(o,1) is the ratio of the axial mass velocity at axial (nede);-
~location x to that at the inlet of assembly at time r; G(o.r)/G(o,o) is the t

,

normalized inlet mass velocity based on initial mass velocity (r=o). Since , '/;

inlet velocity is assumed uniform in each assembly, the normalized inlet mass ! i

velocity for a subchannel is the same as the initial mass velocity for the, entire f

assembly. Thus, the normalized axial mass velocity at node location x becomes

G(y,1) , G(x,r) G(o,r) G(o,o)
G(x,0) G(o,T) * G(o.o) * G(x,0) @-2)

Combining Equation 4-2 with the expression for normalized reactor flow,
G IT)/O ( ), will yield,
R R

O (0) G(x,r)/ R(1) G (r)/G ITIG

_G[wy*G(T)R j R
G( x ,~5) G(x,0)/G (o) G (o)/G IO)R R j R

Ov c .

.
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i [Note that Equation 4-3 is the expression of axial flow fraction at node

(location x) and time t, relative to the initial flow fraction (r0). N r-

O this ratio is greater than 1, the channel axial flow fraction is gainire: }riew

_ _rrlative to initial (steady state) con _ditions. Fioure 4-14 shows this ratio _

for the Row 2 F0TA initiated from 100; power /100; floa conditions at two axial
.

nodes (i.e., i=1 and 7, bottom and top nodes within the active fuel section,
respectively). For i=1, this ratio represents the effect of inter-assembly
flow redistribution with time. At t=125 sec. the ratio peaks which reflects
the maximum buoyancy effect on flow. The difference between i=1 and i=7,
represents the gaining in axial flow fraction at the top node relative to the
bottom node, a measure of intra-assembly flow redistribution (or cross flow
mixing). Similar variations of the ratio for the Row 6 F0TA are shown in
figure 4-15.

The intra-assembly flow redistribution also contributes to sodium enthalpy }change which is a # actor included in the Qex(x,t) As shown in Equation 3-1,
this tenn accounts for inter- and intra-assembly heat transfer effects, and i

It consists of that due to the radial temperature
fcannot be shown explicitly.

gradient (conduction effect) and to cross flow mixing (transport effect) while )the heat flux from the rod surface also includes the stored energy in the fuel
Figure 4-16 shows the typical variation in power data for the peak rodrod.

at the top node of the active fuel section for the Row 2 FOTA under nominal
,

!There appears to be three periods during the natural circulationconditions.
transient with respect to the mode of energy transfer from the rod to the
" peak channel" at the top fuel node:

!

Period (0 to 15 sec.) - The heat transfer from the rod is larger than I1) the power generated due to stored heat effects from the fuel internals. IA
The absolute value of Qex(X,1) decreases due to the overall assembly
cooling during most of this period, i.e., radial temperature ' gradient
in sodium collapses.

Period (15 to 95 sec.) - Tho coolant temperature is monotonically increas-2) The heat deposition to the coolant is less than the power generateding.
since part of this power has to first increase the fuel temperature toThea sufficient level to drive the heat generated into the coolant.
absolute value of Qex(x,t) increases gradually due to the radial tempera-
ture gradient buildup in the bundle and flow redistribution effects.

Period (95 to 140 sec.) - After 95 seconds, the Oex(x,t) decreases due3) to a decrease in radial temperature gradient in the bundle with high
inter- and intra-assembly flow redistribution. Eventually, the power
generated is lower than the heat transferred from the fuel to the coolant

'due to the relative increase in coolant flow (which increases the fuel-
to-coolant temperature difference) in this channel coupled with the
decrease in power generation.

It is shown that during the transient,Qex(x,t) reaches a maximum value of 33%By utilizing this parameter
of the heat from the rod surface in the Row 2 FOTA.
along with axial mass velocity ratios, G(x,T)/G(o,t), as input to the single-
channel FORE-2M code, the inter- and intra-assembly heat redistribution effect
is thereby included in the peak channel coolant temperature predictions. _

Typical COBRA-WC code input data for the nominal case natural circulation test
initiated at 1005 power /100% flow conditions are shown in Appendix B.
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4.5 FORE-2M Results for 100% Power /100'', flow Initial Conditionsp

Figures 4-17 and 4-18 show results for the Kow 2 and Row 6 FOTA's, resernively,
as calculated with FORE-2M using input from the CNRA-WC computer code. TheSa
transient sodium coolant temperatures are for the top of the active core axial
position in Channel 15 for the Row 2 F0TA and Channel 8 for the Pou 6 FOTA.
These locations represent hot spots where maximum temperatures are occurring in
these rod bundles. The effect of the following conditions are thus defined
relative to each other:

e Nominal conditions (Case I);
e Nominal conditions except pressure drops increased to design values

(Case II); and
e Nominal conditions except a +25% decay heat increase (Case III).

The transient differences in core AT between these cases become part of the
uncertainty analysis as will be described in Section 4.6.

The sodium temperature estimation for Case IV with maximum uncertainties and
using the conservative CRBRP design approach is shown in Figures 4-19 and 4-20,
for the respective F0TA's. These Case IV predictions represent the most con-
servative temperature predictions from the design point-of-view.

Typical FORE-2M code edited input data for the nominal case are shown in
Appendix C.

4.6 Effects of Known Uncertainties on the Sodium Temperature Response

From the results of FORE-2M analyses on Cases I, II and III, the predicted
sodium temperature rise at the top node of the active fuel section can be
found. The effects of uncertainties in decay heat and pressure drop calcula-
tions on " hot channel" temperatures (see Table 3-1) are thereby determined:

Hot Channel Subfactor due to AT

Pressure Drop Calculational Uncertainty = F2 " AT (4-4)
I

Hot Channel Subfactor due AT
(4-5)to Decay Heat Uncertainty = F3 a

*

I

II and AT gt are temperature rise for Cases I, II and III,where AT , AT iIrespectively (the definition of these cases are given in Section 4.1).
These hot channel subfactors are combined with known hot channel subfactors,

listed in Table 3-1, using the semi-statistical method (Ref.12).
Thus,5 and F
F,F4 6the sodium temperature at the top of the fuel section with (3o) uncer-
tainties, is calculated by the expression

UNC I*A DIR + ATSTATAT *

and AT = (F) - 1) (AT )
M

DIR g

ATSTAT " 2~I) *(f -1) (F-1)2+(F-} ~} * (O I) (4-8)
3 4 5 6

O
V
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4.7 Sodium Temperature Predictions at the Top of the Active Fuel Section

Figure 4-19 shows the calculated sodium temperature with uncertainties, TUNC.
for the Row 2 F0TA, Channel 15 or thermocouple (Tx1016). Also shown in the
figure are the nominal case (Case I) sodium temperature predictions initiated
from 100% power and 100; flow conditions and the CRBRP design approach (Case
IV) predictions. Similar temperature predictions for Row 6 F0TA, Channel 8
are shown in Figure 4-20. The actual temperatures at these channels would be
expected to correspond with the curve representing the nominal case. As stated
in the previous section, the CRBRP design approach, on the other hand, gives
the most conservative temperature estimation because of assumed boundary
conditions and extra margins with hot channel factors. The actual test
temperatures should not exceed the TUNC curve representing (3o) uncertainty
case. Thermocouple measurement uncertainties and time delays are not included
in the predictions. The acceptance criterion for sodium temperatures can
therefore be stated as follows: if the maximum measured temperature at specified
channels (corrected for above instrument effects and actual boundary conditions)
is less than the curve shown with uncertainties, TUNg, it would follow that
the DEM0/ COBRA-WC/ FORE-2M calculations made with design data conservatively
envelope the temperature response of the natural circulation test. The model
and methodology would therefore be acceptable for such design transient pre-
dictions.

4.8 Qualitative Discussion of Other Uncertainties

This section addresses other uncertainties (from those described in Section
4.6) of the analyses performed for the 100% power /1005 flow natural circulation
test. The areas described have only recently become identified and are due to
the benefits of the test data from the 35% power /755 flow teat and/or steady
state operation in the 75~> to 100% power range. The effects on the temperature
predictions of these conditions are not incorporated in the pre-test predictions.
However, they will be evaluated in the post-test analysis phase of the NCVP.
It is anticipated that otheritems, which affect the pre-test predictions, will
also be identified after the natural circulation testing is completed and as more
operating data are accumulated. A general conclusion drawn is that the net
effect of all the phenomena to be described will result in the pre-test predic-
tions presented in this report (even on a nominal Case I basis) being conser-
vative. The degree of conservatism cannot be quantitatively provided at this time.

Decay Heat

The latest FFTF test-specification revision for the 100% pover/100% flow test
indicates that 24 to 30 hours of full power operation are allowable prior to
initiating the natural circulation test. Also, currant estinates indicate
that it will take in the order of 13 hours to reacf full power. The decay
heats used for the NCVP pre-test predictions assume a full power condition of
25 hours prior to the test (with no startup history accounted for). This
has a small effect on the predictions, however, even if the worst case allow-

i able times should be experienced prior to the test. For example, even if
36 hours would elapse at full power prior to the test, the decay heat at the

'

time of the maximum Row 2 FOTA temperature would only be approximately 35
larger than the decay heat used. This would increase the maximum nominal
temperature by less than 7 F. Such an effect is enveloped by the power uncer-i

tainties considered in Case III.

|
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Reactor Outlet Plenum Stratification Model

Data from the 35% power /75% flow test indicate that the reactor outlet plenum
has a fairly uniform axial temperature distribution from steady state through
the first 120 seconds of the transient; outlet plenum stratification then
starts. These temperature measurements extend from the vortex suppressor
plate down to $3 feet above the horizontal baffle. The data indicate
that a homogeneous mixing model would be valid for the outlet plenum during
the first 120 seconds before stratification occurs. The stratification
model is needed at t>l20 seconds. The DEMD code conservatively used a
stratified type eutlet plenum model throughout the transient. The effect
of this approach is to have lower outlet plenum temperatures leaving the
reactor outlet nozzle and entering the elevated outlet piping. As a conse-
quence, the hot leg coolant is too cool relative to anticipated actual
temperature and consequently, the buoyancy affected system flow rates would
be under-predicted. On the other hand, if a homogeneous mixing model would
have been used the system flow would be more accurately predicted up through
the time of peak core temperatures (s120 seconds); after this time, the system
flow would be over-predicted, which would cause an under-prediction of the
F0TA temperatures after the peak temperature. In the post-test analyses, an

fs
\- ) improved outlet plenum model may be necessary. At that time, experimental

data will be available for constructing a more phenomenological model for FFTF
reactor outlet plenum mixing. The net effect on the pre-test predictions
is that the current model should result in conservative F0TA temperature
predictions due to the under-prediction of primary system flow rates.

In conclusion, several fact es have been discussed which would make even the
nominal case (Case I) predtstions become conservative. Since these uncer- -

tainties cannot be quantified at this time, the lower bound of the estimated -

sodium temperature therefore cannot be specified.

.

I

/ \
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5. PRE-TEST PREDICTIONS FOR NATURAL CIRCULATION TEST INITIATED AT 75%
POWER AND 75;, FLOW CONDITIONS

5.1 Cases Analyzed for Predictions

The five cases analyzed with the initial reactor condition of 75% power and
75% flow before shutdown are the same as presented in Section 4.1. The maximum
irradiation history of 25 hours operation at 75% power is also assumed although
in the actual test, a somewhat shorter irradiation time is anticipated. The
parameters that are varying in different cases are, again, the decay heat and
system pressure drop calculations. The effects on temperature response of
uncertainties of these parameters is therefore determined by comparing results
of different cases analyzed as in the previous cases.

5.2 DEMa Input for 75% Power /75% Flow Initial Conditions

For the 75% power case +be plant conditions at the beginning of the test are
specified as:

1) Reactor power at 75% + 1% of 400 MW;
2) Primary loop flow at 75% + 1% of 13,443 gpm;
3) Primary cold leg temperature at 662 + 5 F;

-

4) Primary hot leg temperature at 920 + 5 F;
5) Secondary loop flow at 75% + 1% of T3,200 gpm;

.

6) Secondary cold leg temperature at 602 F; and
7) All six heat transport systme (HIS) pony motors de-energized.

Here again, the transient will be initiated by scre,mming the reactor, causing
a trip of all six HTS sodium pumps. While the pumps coast down to zero speed,
the plant will undergo a transition to natural circulation flow.

Pressure drop uncertainties and decay heat uncertainty have the same meaning
and were applied in the same manner as described in Section 4.2 for the 100%
cases. The necessary dimensional input and initial conditions for these .

analyses can be found in the update listing in Appendix A.

5.3 DEMO Results for 75% Power /75% Flow Initial Conditions

Results for the 75% power analyses are presented in Figures 5-1 through 5-10.
Again, results for Cases I through IV are presented together while those for
Case V are shown separately for the same reasons indicated in Section 4.3.

Figure 5-1 shows the predicted primary loop flow for Cases I through IV. The
results are similar to those for the 100% case. Here the best estimate case
(Case I) drops to a minimum flow of 1.95 (250 gpm) of rated conditions at
100 seconds before it recovers to around 2.6% (350 gpm). The drop in flow here
is again caused by the reduction in thermal head resulting from the rather
abrupt reduction in the power-to-flow ratio immediately after scram. The high
side pressure drop uncertainties lower the predicted flow and the maximum decay
heat uncertainty raises the predicted flow as in the 100% case. Figure 5-2
shows the same flow predictions for Case V. The predicted flow for Case V
drops to a minimum of 1.5% (200 gpm) and reaches this minimum flow about 15
seconds earlier than the best estimate case.

B-hh
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-o- - A-15 PCT DSM .%3 DROP.-t25 PCT Ei>R LEC HT.ll/80 RV PRES DROP CeREL

_ _ _ . Figure 5-1 DEMO Predicted Primary Loop Flow at 75% Power /75% Flow Initial Conditions.
:i (No correction for instrument inaccuracy)i
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Figure 5-3 shows the predicted hot leg RTD temperatures for Cases I through
p IV, and Figure 5-4 shows the same temperature predicted by Case V. The shape

Q of the transient curves produced by these runs are quite similar to those for
the 100% case. These transients are caused by the rapid decrease in reactor
outlet tempcrature mitigated through 65 feet of hot leg piping.

The primary c.old leg RTD temperatures are shown in Figure 5-3 for the first
four cases analyzed, and in Figure 5-6 for the fifth case. Again, the results
are quite similar to those for the 100% case.

The acceptance limit curve for the 75% power /75% flow test is shown in Figure |
5.7. This acceptance limit curve is constructed in the same manner as described
for the 100% case by biasing the Case V calculated flow to account for the
magnetic flow meter inaccuracies and time constant. This curve again represents
the lowest acceptable limit for the measured flow under the specified test
conditions. If the measured flow falls above this acceptance limit, DEM0
calculations would then be verified.

Figure 5-8 shows the predicted secondary loop flow for Cases I and IV. As with
the 100% power case, this secondary flow remains higher than the primary flow.
Figure 5-9 shows the secondary hot leg RTD temperatures and Figure 5-10 shows
the secondary cold leg RTD temperatures. These curves are similar in shape
to the 100% curves.

5.4 COBRA-WC Results for 75% Power /75% Flow Initial Conditions

The results of COBRA-WC analyses for the nominal case (Case I) are shown in

O'O
Figures 5-11 and 5-12 in terms of axial flow fraction at the top and bottom nodes
relative to the initial flow fraction ( =0). Figure 5-11 shows this ratio for
Row 2 F0TA initiated from 75% power /75% flow conditions. Figure 5-12 shows the
ratio for Row 6 F0TA. The trends are similar to that of Section 4.4 (Figures-

4-11 and 4-12), although the maximum ratio is about 6% lower in comparison with
- the case for 100% power /100% flow initial conditions. The lower buoyancy effect

is expected because of the lower transient temperatures in the case for 75%
power /75% flow initial conditions. .

Figure 5-13 shows the typical variation in power data for the peak rod at the
top node of the active fuel section for Row 2 F0TA under nominal conditions.
As in Section 4.4, three distinctive periods can be similarily observed with
respect to the mode of energy transfer from the rod to the peak channel.

5.5 FORE-2M Results for 75% Power /75% Flow Initial Conditions

The results of FORE-2M analyses for the three different cases (I, II and III)
are shown in Figures 5-14 and 5-15. Figure 5-14 presents the sodium temperatures
at the top of fuel section of Row 2 FOTA, Channel 15 (T/C Tx1016). Cases II
and III with maximum uncertainty in system pressure drop or decay heat give
rise to higher temperatures than nominal cases. As shown in Figure 5-1, the
reactor flow reaches a minimum at a lower value and about 15 seconds earlier
than the nominal case. Correspondingly, the peak channel sodium temperature
reaches a maximum at a higher value and about 15 seconds earlier than the nominal
case. For the case of maximum uncertainty decay heat, the sodium flow reaches a
minimum at the same time (Figure 5-1). Similarly, the peak channel sodium tem-

) peratures in these two cases reach a maximum at the same time. Similar results
are shown in Figure 5-15 for Row 6 F0TA, Channel 8 (T/C Tx9018).v
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The sodium temperature estimation for Case IV with maximum uncertainties in
,

,Q CRBRP design approach is shown in Figure 5-16 and 5-17. As in Section 4.5,

V Case IV represents the most conservative temperature predictions from the
design point-of-view.

As can be noted by comparing Figures 5-16 and~ 4-19, hot rod temperatures for
75% power /75% flow initial conditions are significantly less than that for
100% power /100% flow initial conditions. Although both were initiated from
power-to-flow equal unity conditions and proportional decay heats were used,
the difference is more than that due to core inlet temperature between the
two cases. This is because the primary system flow at natural circulation is
not proportional to the decay powers (see Figures 4-4 and 5-1). The factor
affecting primary system flow (for the time at which peak temperature is
attained) is the steady state primary system hot-to-cold leg AT. Since this
aT is approximately the same for both the 100% and 75% initial conditions, the
system flow is rearly the same for both, but the decay power is only 75% for
the latter case. Thus, significantly lower temperatures result.

5.6 Effects of Known Uncertainties on the Sodium Temperature Response

From the above FORE-2M results for Cases I, II and III, the effects of uncer-
tainties in decay heat and pressure drop calculations on the " hot channel"
sodium temperature are determined in the same manner as in Section 4.5. Table
5-1 shows t >e comparison of these effects with different initial conditions for
Rows 2 and($F0TA's. The hot channel effect of these uncertainties is different
for the two F0TA's but less dependent on the initial conditions; 75% and 100%
initial power / flow.

V 5.7 Sodium Temperature Predictions at the Top of the Active Fuel Section

Figure 6-16 shows the calculated sodium temperature TUflC for the Row 2 FOTA,
Channel 15 or thennocouple (Tx1016). Also shown in the figure are the nominal
case (Case I) sodium temperature predictions initiated from 75% power /75% flow
conditions and the CRBRP design approach (Case IV) predictions. Similar tem-
perature predictions for ths Row 6 F0TA Channel 8 are shown in Figure 5-17. As .

in the previous case initiated at 100% power and 100% flow conditions, the -

actual temperatures at these channels would be expected to correspond with the
curve representing the nominal case.

The CRBRP design approach gives the most conservative temperature estimation
because of assumed boundary conditions and extra margins with hot channel
factors. The actual temperatures should not exceed the TUtlC curve representing
(3a) uncertainty case for the test. The same acceptance criterion for the
sodium temperature prediction as stated in Section 4.7 applies here.

O
V
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TABLE 5-1

COMPARIS0N EFFECTS OF UNCERTAINTIES IN DECAY HEAT AND

PRESSURE DROP CALCULATIONS ON S0DIUM TEMPERATURE

S0DIUM TEMPERATURE RISE, F

HIGH DECAY DESIGN PRESSURE
POWER NOMINAL DROP NOMINAL

NOMINAL CASE PRESSURE DROP DECAY POWER DET.AY HEAT PRESSURE DROP
'

INITIAL (CASE I) (CASE III) (CASE II) UNCERTAINTY EFFECT UNCERTAINTY EFFECT
F0TA CONDITIONS ATj @ PEAK AT2 @ PEAK AT3 @ PEAK (AT/AT) max (AT /AT ) max2 j 3 j

Row 2 100% P/100% F 4 01 .7 447.9 457.4 1.12 1.14

75% P/75% F 329.7 372.9 378.9 1.13 1.15

Row 6 100% P/100% F 350.2 408.7 397.6 1.17 1.14

75% P/75% F 274.0 321.0 311.1 1.17 1.14

$
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5.8 Qualitative Discussion of Other Uncertainties
O
d This discussion for the 75% power /75% flow uncertainty which have not been

included in Section 5.1 would be the same as that provided for the 100%
power /100% flow initial conditions in Section. 4.8.

As indicated in Section 4.8, even the nominal analyses (Case I) are conser-
vative due to the described phenomenon which are known to be occurring, but
are not included in the NCVP pre-test predictions. These effects were not
modeled due to either their being defined after the analyses were completed,

or that they are not quantitatively defined at the current time. The effects
i will be evaluated in the post-test analyses phase.

The 75% power /75% flow analyses are even more conservative than those for the
100% power /100% flow initial conditions due to the assumed 25 hour initial
operation at 75'. power /75% flow in the analyses. The current test specification
for the transient indicates that this period will be maximum of 4.5 hours.
This results in a decay power that is in the order of 14% too large at the time
maximum temperatures are attained (i.e. , s120 seconds after shutdown). As a
result, a temperature over-prediction in the order of 25 F would be expected
for the Rows 2 and 6 F0TA's.

6. CONCLUSIONS
,

The following conclusions can be made from the results obtained in this
report:

A) The transients for the nominal cases studied are very mild since the
A expected peak transient aT's are less than or vnly slightly higher than

the, initial steady state temperature rises as'shown by Case I in
Figures 4-16, 4-17, 5-13 and 5-14 for tn. two different F0TA's. This is
true for the natural circulation transient initiating from either 100%
power /100% flow or 75% power /75% flow conditions.

B) The accuracy of the predictions is demonstrated in terms of hot channel '

. factors as conventionally used in reactor design. By statistically con-
sidering 3a uncertainties, the maximum temperatures of the two F0TA's are
shown by Figures 4-19, 4-20, 5-16 and 5-17 for the 100% power /100% flow
and 75% power /75% flow initial conditions. The probability of measured
temperatures in the respective F0TA's exceeding these curves should
therefore be less thar. 0.1%.

C) The CRBRP design approach predictions shown by Case IV on Figures 4-19,
4-20, 5-16 and 5-17 are very conservative with respect to the nominal
temperatures of the FFTF F0TA's under natural circulation conditions.

D) Inter- and intra-assembly flow and heat redistributien effects within the
core become significant under natural circulation conditi ns. The example

' shown in Section 4.4 during the 100% power /100% flow tt ansient indicates
for the Row 2 F0TA hot rod that:

O .

4
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inter-asse-bly flow redistribution a'r.ounts to as much as 25; of the.

initial flow fraction;
intra-assembly flow redistribution is as much as a 12% increase of.

the initial flow in addition to the inter-assembly flow redistribution;
inter- and intra-assectly heat redistribution at the top coolant axial.

node position of the core amounts to 33% of the heat from the hot rod

or 19". of the heat generated in the node at the time when the (0 x)
reaches the maximum. The integrated value over the entire lengt$ of
the fuel section is about 6% of the total heat generated at this time.

The above effects are beneficial in reducing the rtaximum terperature.
They beco:'e even more beneficial for higher decay power cases.

E) As described in Sections 4.8 and 5.8, even the nominal analyses predicted
herein are articipated to be conservative due to many factors which have
been identified. These effects will be quantitatively evaluated during
the NC'9 post-test analysis phase.

By de-:onstrating that the pre-test predictions provides: 1) a reasonable
characterization of the pheno ena controlling natural circulation flow and
heat transfer in both the reactor and the heat transfer loops; and 2) a con-
servative estimate of the critical plant parareters, the CRBRP Project
methodology used bere will be verified as conservative and ac:eptable.
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APPENDIX C

FTR NATURAL CIRCULATION TESTS

DECAY POWER DISTRIBUTIONS

This appendix summarizes the analysis performed to generate FTR Natural
Circulation Test decay power predictions.

All results are based on a numerical integration (S4M computer program)
using ENDF/B-IV fission product decay energy release rate data (Ref. C-1)
and the power / time history of the FTR operation prior to the natural cir-
culation tests. Input reaction rate data was generated from BOEC fission
rates provided in Reference C-2. It was assumed that reaction rates vary
linearly with reactor power for the analysis. Using the fission rate
data from Reference C-2 as values for 100% power conditions, the reaction
rate versus time model followed the power / time histories provided for the
35, 75 and 100% power natural circulation tests (see Figures 18,19 and
20 of the report).

Decay heat values were calculated at 144 times after shutdown for times up
to 1000 seconds after shutdown. Nominal values and values including uncer-
tainties were calculated. The uncertainties are only those associated with
the decay energy release rate kernels used in S4M and are time-dependent.
No uncertainty associated with the model fission rate data, or individual

using Reference C-2 U g fission rate information and the ratio of the UE38 capture rate data was generatedassembly operating pow is included. U
2 238

capture rate to fission rate for an average fuel assembly as predicted in
CRBR studies.

Six sets of results were calculated for the FTR Natural Circulation Tests.
For each of the three power levels, both individual assmbly data for the
inner and outer driver assemblies and total decay heat (sum of all inner and
outer driver assmblies) values were calculated. The summation of decay
power for all fuel assemblies under natural circulation test conditions are
listed in the attachment to this appendix.

O
C-2
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ATTACHMENT TO APPENDIX C

Summation of Decay Power for All Fuel
Assemblies Under N/C; Initiated from

Three Different Power Conditions

TABLE I - All Fuel Assemblies for the Case
Initiated from 35% Power

TABLE II - All Fuel Assemblies for the Case
Initiated from 75% Power

TABLE III - All Fuel Assemblies for the Case
Initiated from 100% Power

|
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5.20a 0E +01 3.500t+00 2.153t-01 3.116E+00 4.16 7E + 0 0 2.153E-01 4.362E+00 11.94
i

9.400ud+01 3.9 71E +00 2.1516-01 3.686E+uG 4.127E*00 2.151E-01 4.342E+JO 11.80

5.6000E +01 3.442E+00 2.150E-01 3.657t+00 4.088E+00 2.150t-ul 4.303E+uu 11.67

5. 8 000 E +01 3.414E +00 2.149E-01 3.629E+00 4.051E+00 2.149E-01 4.2ccE+00 11.54

| o.0000E+01 3.387E+00 2.1476-01 3.602t+00 4.015E+00 2.14 7E-01 4. 230E +0 0 17.42

? o.2000t+01 3.Jo2E+00 2.146E-01 3.576E+00 3.960E+00 2.14cE-01 4.195E*00 17.30
-4

| o.4000E+01 3.337E+00 2.144E-01 3. 551E +00 3.947E+00 2.144E-01 4.lo1E+00 17.18

6.oJOCE +31 3.312E+00 2.143E-01 3. 52 lt +00 3.914E+00 2.14 3 E-01 4.129E*JO 17.014

6.8000E m1 3.2 dst +00 2.141E-01 3.503E*00 3.o83t+00 2.141E-01 4.097t+00 lo.9c

7.0000t+01 3.2o6E+00 2.14bE-01 3.460t+00' 3.uS3E+00 2.140E-01 4.06 7E +00 16.85

T.20ucE+01 3. 244E +00 2.13 cE -01 3.458E+00 3.823E+00 2.13 6 E-01 4. 03 7E +00 16.75

1.400GE +31 3.223E+0C 2.13 7 E-01 3.43cE+00 3. 79 5E +00 2.137E-01 4.009E+u0 lo.oS

4 1.6000t+01 3.202t+00 2.13cE-01 3.415E*00 3. 76 7E +00 2.13ot-01 3.981E+00 lo.5c

1.6000E +01 3.181E +00 2.14 9 E -01 a.3956+00 3. 74 0E +00 2.134E-01 3.954E+oo 1o.47

d .00 DOE +31 3.162E+00 2.133E-01 3.375t+00 3.114E +00 2.135t-01 3.9deE*ud 16.36,

i



- _ _ - _ - _

SJMM Ah Y OF OEuAY PCaEn LALLutATIGN RESLLT5

$UM GF ALL ASSEMBLitS Fus tFIF 35 PtxLEh! LASt
m

IIME ****** *N6MINAL VALVE )********** ****WAtuE e/ UhLtnlAlhly********* IUIAL
r.P. 0239/ hee 39 ILTAL F.P. U239/NP235 ICIAL uhCEkIAINIY

5 (SGC) ( NEGAnAII5 ) (0/0)

o.2000E+di 3.193E +uu 2.131t-01 3.35cc+00 3. 6d vE +00 2. la lt-01 3.902t+00 1o.29

| o . * 0 0 0 C +] l 3.124E+00 2.130E-01 3. 33 7L +00 3.6obE*du 2 130c-01 3.87EE+00 1o.20
'

|d.6000t+01|!
J.10eE+00 2.1286-01 3.31cE*00 3. c41E +00 2.12dE-ul 3.d53E*00 16.12

d.bO00t +01 3.0d8E+00 2.1276-01 3.301t+00 3. 617E +0 0 2.12 7E-01 3. o30t +00 10.04

,9.0000t+al| 3.0 71E +00 2.12 5t-01 3.263t*00' 3.595E+00 2 125t-01 3.o07E+00 15.9c
: i

!9.2000E+J1 3.054t+00 2.1246-01 3.2oeE+00 3.57;E*00 2.124E-ul 3.7o5E+00 15.co
|

| 9.4000t +01 3.037E+00 2.12 3E-01 3. 250E +00 3.551E+00 2.123E-ul 3.763E*00 15.61 |

E | 9.6000E +01 3.021E +00 2.121E-01 3.233E+00 3.530t+00 2.121E-01 3.742E+00 15.74 i

*
| |
' 9.d OOct +01 3.006E+00 2.120E-01 3.218t+0C 3.540E+00 2.120E-ul 3. 722E +00 15.61 i

'

I .0000t +021 2.990E +00 2.11dE-01 3. 202E +00 3.490t+00 2.lloE-01 3. 70 2E +00 15.60g

1.0z00L+02 2. 9 7 5E +00 2.117t-01 3. l d 7t +0 0 3.470E+00 2.117E-01 3.coic+00 15.53

1.04auc +0 2 2.961E+00 2.115t-01 3.172t +00 3.451t+00 2.115E-01 3.663E+00 15.4c
|

1.0600E +o2 2.94cE*00 2. ll4t-01 3.158E+00 3.433t+00 2.1146-01 3.c44E+00 15.40

1.0bO0t 0 2 2.932E+00 2.113E-01 3.144E+00 3.415E+00 2.113E-01 3.626E*00 13.34

1.100Cc+02 2.919L+00 2.111E-01 J.130t+00 3.391E+00 2.111E-01 3.00bt+00 13 46

1.1200t+02 2.905t+00 z.110t-01 3.11ct+00 3.360t+00 2.110t-01 3.591E+00 15.22

t.19dut+ud 2.692E*00 2.108E-01 3.103t+00 3.3o3E+00 2.10dh-ul 3.574E+00 15.17

O O O



_ _ _ _ _ _ _ _ _ - _

O O O
SUMMARY of JECAY PCnEA LALCULAllGN Rt$ULIS

SJM OF ALL A5srMfuI 5 FGn H IF 35 PERLENT EASE
f

TIML *******( MINAL VALUE** ********* ****VAtut m/ UACLRTAINI)********* IU1AL
F.P. uta v nve a s ICIAL F.P. U239/NP235 30lAE UNLERIAIN1'

I 5 (SEC) ( MEuAnAITS ) (0/0)

1.1600c+u2 2. 679E +00 2.10 7E-01 3.090c+00 3.34cE*00 2 10 7E-01 3.557E*03 15.11
1 1.1830 E +0 2 2. do 7E +00 2.105E-u1 3.077E+00 3.340E+00 2. lose-01 3.541t+u0 15.06

1.2000t+02 2.o54E+00 2.104E-01 3. 06 5E +0 0 3.314E+00 2.104E-01 3.525E+00 15.01
J

1.2200t+02 2.642t+00 2.103E-01 3.052E+00 3.499E+00 2.103E-01 3. 50 SE +0 0 14.96

1.2400E +0 2 2.630E+00 2.101E-01 3.04CE+u0 3.284E+00 2.101E-01 3.494E+00 14.92

1. 4 600E +0 2 2. o19E +00 2.100E-01 3.029E*00 3.2o9E+00 2.100E-01 3.475E+00 14.dl

1.2 800E +0 2 2. 80 7E +00 2.098E-01 3.017E+00 3.255E+00 2.U98t-01 3.464E*00 14.b3
?
w 1. 3000E +0 2 2.796c+00 2.097t-01 3.006E+00 3.240E+00 2.097E-01 3.450E*00 14.76

i

; 1.320ut+02 2.785E+00 2.096E-ul 2.995E+00 3.22 7E +00 2. 0 9 6 E-01 3.43cE+00 14.74
f

1. 3 40 0E +0 2 2. 7 74E +00 2.094E-01 2 984t+00 3.213E+00 2.094E-ul 3.422E+00 14.70

1.3600t +0 2 2.764E+00 2.093t-01 2.973E+JO 3.200E+00 2.093E-01 3.40sh+00 1*.oe

1.3dO0E+02 2.753E+00 2. 0 91t-01 2. Soat +0 0 3.ld7E+00 2.091E-01 3.39eE*00 14.62

| 1.4000E+02 2. 743E +uo 2.090E-ul 2.952c+00 3.174E+uo 2.u90t-01 3.383E+00 14.56

1.4200E +J 2 2. 733t +00 2.0dsE-01 2.942E+00 3.161E+00 2.co9E-ul 3.370E+00 14.35
,

1.4 400E +0 2 2. 723E +00 2.087E-01 2.932c+00 3.149E+00 2.0d7E-01 3.35eE+00 14.51

1.4600E+02 2.11*E +00 2.08cE-ul 2.922E+00 3.137c+00 2.08oE-01 3.345E+ud 14.46

1.4o00F+02 2. 70*E +00 2.0o4E-01 2.913E+00 3.12 5E + 0 0 2.ud4t-01 3.333c+00 14.44|



SUMMARY GF JtLAY PLnEn LALLulallGN KE5cLIS
,

Sud UF ALL AS$cdbLlts F6n FF IF 35 PthtENI LASt
r %

ilME *****Mk*hbMINAL VALOEjh********** ****bALVE n/ uhbERIAIN3Y********* IUIAL
F.P. oc;v/hP429 TCIAL F.F. U239/NP239 ICIAL UNC ER T A IN IY

I

b (SEC) { ( MtbAnAllh J (0/0)
i :

I !
t.5000E+di 2.695t+00 2.ud3E-01 2.903L+00 3.113E+00 2.083E-01 3.321E+00 14.41

1. 5200c +0 2 2.086E+0u 2. u d 2E -01 2.894E+00 3.lO2E+00 2.ce2E-01 3.310E+00 14.36

1. 5 40 u E +J 2 2 616E+00 2.080E-01 2.ad5E+00 3.090E+00 2.080E-ul 3.296E+00 14.35
|

1.5600E+02 ' 2.co8E+u0 2.019E-01 2.875t+00 3.079E+00 2.019E-01 3.287t+00 14.32

1. 5 800E +0 2 2.659E +00 2. 017 E -01 2.867t+00 3.069E+00 2.077E-01 3.276E+00 14.29
'

1

| 1.6000E +0 2 i 2.c50E+00 2.Olot-01 2.obdE+00 3.05ci+00 2.076E-01 3.265E+00 14.26
4
I

o 1. 6 200 E +0 2 2. 642E +00 2. 0 7 5E-01 2.d49E+00 3.04 7E +00 2.075E-01 3.255E+00 14.24
o

1.6 400E +0 2 2.633E +00 2.073E-G1 2. 841E +00 3.037E+00 2.073E-01 3. 24 4E +0 0 14.21,

1
'

| 1.6c00E +0 c
2. 62 5E +00 2.0/2E-01 2.e32E+00 3. 02 7E +00 2.012E-01 3.234E*00 14.19

1.6 600 E +0 2 2.617E +00 2. 0 71t-01 2.824t+00 3. 017E *00 2.071E-01 3.224E*00 14.16

1.1000E +3 2 2.609E+00 2.069E-01 2.dl6E+00 3. 00 7E +00 2.069E-01 3.214E+00 14.14

1. 7200t +0 2 z.oulE +00 2. 0 b d E-01 2.608E*00 2.991t+00 2.0cdt-01 3.204E*00 14.11

1. 7 400E +0 2 2. 593E +00 2. co 6E-01- 2.dO0E+00 2.968E+00 2.0ooE-01 3.19 5E +0 0 14.09

1. 7 600E +0 2 2.586E+00 2. 06 5E-01 2.192t+00 z.979E+00 2.065E-01 3.185E+00 14.07

1. 7 600E +0 2 2. 5 /dt +GO 2.064E-01 2.785E+00 2.9o9E+00 2.064E-01 3.116E +00 14.05

1. 800 0t +0 2 2.5/IE+C0 2. 06 2 E-01 2.ll7L+00 2.960E+00 2.062E-01 3.16cE+00 14.03

1.8200E +0 2 2.563t+00 2.001E-ul 2.170E+00 2.951t+00 2.061E-ul 3.151E +0 0 14.00

' O O O



-__- . _ _ . _ _ . - _ _ _ _ _ _ _ _ - - - -

O O O
' $dMMARY OF utLAY PChEk CALLULATALa hEsOLIS

j SUM GF ALL A SS E'"' I 5 FOR FF IF 35 PERCEN T CA5h

*****d OMINAL WALUE > ********** ****WAtuE m/ ONChxlAlhTY********* 101ALTIME
F.P. U239/NPeas ICIAL F.P. 023s/hP239 ICIAL UNCER1AINI)

65EC) ( MEGAhATI ) J (0/0)a
,

1.840 0E +0 2 2.556E+00 2.060E-01 2.162E +0 0 2.942E+00 2. 060 E-01 3.14EE+00 13.99
4

1.8 dO 0t +0 2 2. 54 9c +00 2.058E-01 2.755E+00 2.934E+00 2.058E-01 3.140E+00 13.97

1.8 800E +0 2 2. 542E +00 2.057E-01 2.74eE+00 2.92SE+00 2.057E-01 3.131E+00 13.95

1.9000t+02 2. 535E +30 2. 05 5 E-01 2. 741t +00 2.917E+00 2.0 5 5 E-01 3.122E+00 13.93

1.9200E +02 2. 528E +00 2.054E-ul 2.734E+00 2.909t+00 2.054E-01 3.114E+00 13.91

1.9400E+02 2.522E+00 2.053E-01 2. 72 7E +0 0 2.900E+00 2. 053 E-01 3.10cE+00 13.89

| 1.9600E +0 2 2. 515E +00 2. 051E -01 2.720E+00 2.692E+00 2.051E-01 3.097E+00 13. d 6

? 1.9800E+J2 2.508E+00 2.050E-01 2.713E+00 2.dd4E+00 2.050E-01 3.08SE+00 13.Scg
2.0000t +0 2 2.502E+00 2.049E-ul 2. 70 7t +00 2. 87 7E +00 2.049E-01 3.0o1E+00 13.85

|
2.0200E +0 2 2.495E+00 2.04 7E-01 2.700E+00 2.669E+00 2.047t-01 3.074E+uu 13.83

2.0400E +0 2 2.4d9E +00 2.046E-01 2.694t+00 2.861E*00 2.096E-01 3.0o6E+00 13.62,

2. 060 0E +0 2 2.463E +00 2.095E-01 2.6876+00 2.854E+00 2.045E-01 3.05dE+00 13.80
'

,

'

2.Do00E+02 2.4 T 7E +00 2. 04 3E -01 2.681E+00 2. 84 6t +00 2.043t-01 3.051E+00 13.79

2.100 0E +0 2 2. 971E +00 4.042E-01 2.675t+00 z.o39E+00 2.042E-01 3.04dt+0u 13.7e'
,

:

2.1200t +0 2 2. 465E +0 0 2.040b-J1 2.669E+00 2.832E+00 2.040E-ul 3.036E+00 13.76

! 2.1400E+02 2.459E+00 2.029E-01 2.662t+00 2.d25E+00 2.039E-01 3.02SE+00 13.75

i 2.1600E+02 2.453t+00 2. 03 at-01 2.656E+00 2.oldE+00 2.038t-01 3.021E +0 0 13.74'

,

, _ _ _ _ _ _ _ _ _ _



SUMMANY UF DEE AY PCath E ALEULA TION Rt>ULis

SdN GF ALL A55 AEb FOR FFIF 35 PEHEEhi East

IIMt ******* 'MINaL VALu W********** ****vAtut n/ uhLEMIAINTY********* IdIAL
F.P. 0229/hP239 IEIAL F.P. U2a9/NP2JS IGIAL UNLEMIAthiY

> ($KC) ( NEuAnAll S } (0/0),

2. idOOE +3 2 2.441E+00 2.036t-01 2.e51E+00 2. d11E +00 2.03bE-01 3.014E+00 13.73
i

2.2000c+02 2.941E +00 2. 0 3 5E-01 2.645E+uo 2.604E+00 2.035E-01 3.007E*00 13.71

2.2200E +02 ) 2.435t+00 2.034t-01 4.639E+00 2.797E+00 2.034E-01 3.000E+00 13.7u

2.2 40Jt +0 2 2. 430t +00 2.032E-01 2.633E+00 2.790t+00 2.032E-01 2.999t+uo 13.es

i 2. 2 600E +0 2 2.424t+00 2.0316-01 2. c2 7E +0 0 2.784t+00 2.031E-01 2.987E+00 13.cd
,

2.2800E+v2 2.419t+00 2.Os0t-01 2.622E+00 2.777t+00 2.030E-01 2.9 DOE +00 14.67

2.3000E+02 2. 413E +00 2.028E-01 2.616 +00 2. 7 71E +00 2 02dh-01 2.974E+00 13.669e
N 2.3200E +0 2 2.40dE+00 2. 02 7t-01 2.611E+00 2.764E+00 2.027E-01 2. 96 7E +0 0 13.e5

i

| 2.3400E +02 2.403E+00 2.02ct-01 2.605t*00 2.758E+00 2.026E-01 2. 961E +0 0 13 .64

2.3c00E*02 2.39/t+00 2.024t-01 2.600E+00 2.752E+00 2.024E-01 2.954E*00 13.63

z .3 600t +02 2.392E+00 2.023E-01 2.595E+00 2. 74 ch +00 2.023E-01 2.948E+00 13.o3

2.4000E+J2 2.3dlE+00 2.022t-01 2.589E+00 2. 740E *00 2.022t-01 2.992E*00 13.62

2. 4 200 E +0 2 2.382E+uo 2.020E-01 2.584t+00 2. 73 4E +00 2.020E-01 2.936E+00 13.61

2.4400E+02 2.31/E+00 2.u19E-01 2.579E+00 2.128E+00 2.019E-01 2.930t+00 13 .60

2.4600E +0 2 2. 3 72E +00 2.01st-01 2.574E*00 2. 72 2E +00 2. 01 d E-01 2.924E+00 13.55

2.4 800E +0 2 2.361E+00 2. 016 E-01 2.569E+00 2.716E+00 2.016E-01 2.916E+00 13.59

2.5 000c +0 2 2. 362E +00 2. 015 t -01 2.569t+00 z. 710E +00 2.015E-01 2.912E*00 13.56

O O O



O O O
SJMMARv GF DELAY PLnER CALCULAIIGN RE5LLl5

i

SUM LF ALL A55Ed8 LIES F0H FFIF 35 PEkCtNT CASE
m,

TIME ******(NOMINAL VALul h********* a***VALUE w/ UNCERIAINIV********* TOIAL
F.P. U239/hrea9 TCIAL F.P. u239/NP239 ILTAL UNCERIAINI1

! i (SIC) ( MEGAWATT;. J (0/0)
:

3.0000E+02 2.254E+00 1.982E-01 2. 452E +00 f. 58 4L +00 1.982t-01 2.783E+00 13.46

4.0000E+v2 2.091E+00 1.919E-01 2.283E+00 2.397E+00 1.919E-01 2.58SE+00 13.41
1

5.0000E +0 2 1.vd8E+00 1.d>9E-01 2.154E+00 2. 25cE +00 1. 85 9 E-01 2. 49 2E +0 0 13.37

I 6.0000E +0 2 1.d69E+00 1.802t-01 2.04 9t +00 2.143E+00 1. 602E-01 2.323E+UO 13 .3 4

7.0000 E +0 2 1.785E+00 1.797E-01 1.960t+00 2.046E+00 1.747E-01 2.221E+00 13.33

d.0000E +02 1.712E+00 1. 69 5 E-01 1.d81E+00 1.962E+00 1.695E-01 2.141E+00 13.31 .

,

'

? 9.0000E +0 2 1. 646E +00 1.646E-01 1.dllE+00 1. 88 7E +00 1.646E-01 2.052E*00 13 .30
U

l .0000E +0 3 1. 5d8E +00 1.595E-01 1.748E+00 1.620E+00 1.599E-01 1.980E+00 13.30

ENO OF PRCBLEM

I

i

i

,

t

_ _ _ _ - _ .



_ _ _ _ _ _ _ _ _ _ _ _ _____ __ . _ _ _ _ ._. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

7"A6LE .zz'.

(M/M CM 0/X ) De*2 5////8/SJ" A R Y OF UFLAY P0wER CALCut. AT ION HESULTS

SUM Uf aLL MSEdelIES FER F f-i f 7 5 6' ER L dN T CASE
j 't, ,

'
lig ***44c44., MIN R vt: UE**45******'* * * * + V fd u F W/ UNCER1AINTN*4***+*** 10TAL

'

,,
'

Fr. U239/Nv21s TC1At f.P. 0239/NP239 TOTAL UNCERIAINTY

($6C) ( MEGam AT T 5 I (u/0)

.

j 0. 1. 29 5 c +o l 3. b s 7 E- u l 1.3 3 3t. e v i 1.774E+01 3. 8 5 7E -01 1.812E+01 35.93
!

| 1. 9 : s 'J E + 0 D 1.2C3E+ol 3.uSSE-71 1.242f+31 1.S94E+J1 3.855E-al 1.632E+01 31.45

2.c J.JCf + 00 1.1 'i S t + 11 3.854E-31 1.187ftvi 1. Sud E * ;l 3.E54E-01 1.538f401 29.63

3.Oda0f+00 1.10 61- + .' 1 3. 65 2 f-01 1.141E +01 1.434E+01 3.852E-01 1.47?E+01 28.41

.. 0 u G E + M 1.07TE+01 3.351E-al 1.11( E + 01 1.384E+01 3.851E-01 1.422E+01 27.50

5.0., ou t +. S 1.3516+01 3. d 49 E-01 1.08SE+01 1.342E+01 3 . 8 '+ 9 E-a l 1.381E+01 26.77

c.00000+00 1.028E+ol 3.8,8E-01 1.067Es11 1.307E+'1 3.84 8F '11 1.34tE+01 26.16Jo

7.0000f+00 1.00BE+01 3.84cE-d1 1.047E+01 1.277E+01 3.84tE-01. 1.315 E +01 25.64
I
'

8.4000E+00 9.90 4 E +00 - 3.6450-01 1.02SE+01 1.250E+01 3.845E-01 1.288E*01 25.19

S.M WE*00 9.743t+ 0 3.843f-31 1.0136*01 1.225E+01 3. 84 3E-01 1.26+E+31 24.80;

t

1. u )JO E +01 9.595E +00 3.6<2E-01 9.900E+0c 1.2d3E+01 3. fi4 2 E-01 1.242E+01 24.44

1.10 '0 E + D 1 9.4',9E+00 3. 8 s0 E-01 9.d43E+00 1.183E+01 3.840E-01 1.222E+01 24.11

1.2190E+ul 9.333E+00 3.838E-91 9.717E +00 1. l e> 5 E + J 1 3.838E-01 1.203E+01 - 23.81

1.3000E+"I 9. 215f +u0 3.037E-01 9.599f+J0 1.14 7E tu l 3.d3?E-01 1.184. E +01 23.53

1. 80N E * 01 9.10i'r+00 3. P 3 5 f-01 9.4eEE+00 1.131E+01 3.635E-01 1.170 f + ')1 23.27

1.5 n0E+01 9.001E+00 3.834E-al 9.384E+00 1.116E+01 3.834E-ul 1.154E+01 23.03

1.t 4 0E m l. 3. 9u2 L +tn, 3. 6 2 2 t--a l 9. 2 E < E + 0a 1. LOPE +nt 3.8'32E-ol 1.14dE+01 22.80
2.

,
. ,

'| .. ,
;~- . . -

-. .. . . . . . . . ..



.. -
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O O O
h. SLMMARY OF DtC AY FCWEk LALCULATION RESUL15

- . . . < , - -

_

1 SilM CF ALL ASSEMPt1:S trP FfTF 75 PERCENT CASE 1
i

T.1 1E * * * * * * * * f : i " I P: A t V ?. t ' W e s * * * * * * * * * * ****VALUE W/ U NC EF T A IN1 Y * * * * * + * * * TOTAL
F.P. U239/NP139 TCTAL F.P. U239/NP239 TLIAL UNCERTAINT''

E (%DC) ( FEb4hATIS 1 (0/0)

i NF; - -

1.[$00E+01 8.809E+ou 3.831E-01 9.193E+00 1.089E+01 3. 631E-01. 1.12?E+01 22.58 l

1.800dE+S1 8.7dit*oa 3.e29E-11 9.1;4E+00 1.n76E+01 3.829E-01 1.114E+01 22.37
|

1.90]OE+01 6.0 TE*LO 3.d. 9 F- )1 9.02LE+0u 1.064E+di 3. 8 2 8 E-01 - 1.102Ep 01 22.17
|

2.0000E+el 8.557L+e0 3. d; 6' -01 8.9'9E+00 1.0 5 2 E +01 3.826E-91 1.091E+01 21 99
1 .: '

2.2000E+nt d.4 3 /E + ~ 3. 8 2 3 F-01 6.78SE600 1.031E+01 3.023E-01 1.069E+01 21.64 <

2.4000E+61 8.26BE+ud 3 820E-01 8.650E+00 1.011L+ul '3. 82 0E-u l 1.049E+01 21.32

2.600Et+01 8.140E+00 3.817 L-91 8.522E+0u 9.9 31 E + 39 3. 817E- 91 1.231F+01 21.02

?, 2.80GOE+31 e.021r+00 3.a140-01 S.442E+0C 9.763E+00 3.814E al 1.014 E +L1 20.74
H l
W ! .

7.909E+ua 3.811L-01 '8.290E+00; 9.607F+00 3.811E-01 9.988E+00 20.48:.0000E+01
.

s . 2000 E + 91 7.8L4L+as 3.8280-71 H.185E+00 9.461E+00 3. 80 0 E-01 9.842E+00 20.24

3 . 4 0 iO E + t'.1 /.Ta5EtJJ 3.80SE-il U.08eE+LO 9.323E+00 3.605E-01 9. 704 E +ud 20.01

c.6000F+ol 7.612L+od 3.fw2i +1 7.992F+0D 9.194E+00 3. o0 2 E- 01 9.574E+00 19.80

1

3.8000E+ul 7.52iC+tu 3.7'96-31 7.903E+00 9.071E+00 3.749E-01 9.451E+00 19.59 '

4.0000E+01 7.4: 8t+00 3. 7v 6 E-:11 7.81EE+0c 8.955E+0D 3.796E-01 9.335E+od 19.40

..ZOODE+01 7.35SE+00 3.19tc-ei 7. 73 7F +oe 8.o45E+00 3.793E-01 9. 2 24 E +00 19.21

-. 40;1E&01 7.201060() 3.7kar-21 7.e6CE+00 8.739E*Uu 3.790E-01 9.11 d E + ;s0 19 .0 4

4.60udt+01 7.247E*ou 3.131E-ul T.586E400 8.639F+;u 3.7876-01 9.018f +00 18.87

|
'

I

_



_ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _

SUP ".iH Y jf DELAi PunER LALLULA11CN iE5ULis- - - . .

SUM L! Att ASSENL IE S FLP FFir 7 5 P Era. t- N r C A S i

ll1E * * * * * * * W '4 3 N o ! VM88f************ * * * * v AL '1C w/ U SL EF i a l NT Y * * * * * ** * * IUTAL
T.P. U 2 i E /tJ P2. 9 INTAL F./. U239/NP2.i9 TOTAL UNCERTAINTY

i. ($ 2iC. ) ( t4EG 4ATIS 1 (0/03

4.E0000+01 7.137e+vd , . 7 5, 4 T. - 0 1 7. 515E + Ja o.543E*00 3.784E-01 8.921E+00 18.71

S.!?O90 E + T 1 7 . k S t + .c 17s t! 1 7 . ',4 7 ! + 10 es.451E+19 3.781E-01 6.829E+60 18.55

d.2000s+JL /.Ju4F*va 3. 7 /6L-J l 7. it2f + % H. 3< t + w 1.778E-Gi 3.740E+00 18.40

9.4000E+01 6 . 9 -+ 1 : +H0 3.7750-01 7.315E+00 8.2 78E +00 3. 7 7 5 E- 01 8.6 55E +00 18.26

5.6010E+01 5. J ci ll +0. 3.172 t:- 21 7.2SEE+,9 8.19eE+00 3.772E-01 8.574E+00 18.12

5 . 8'J.4 a E * 01 6.823E+00 3. 7c 9 F-01 7.20CE+00 a.118E &OO 3.769E-ul 8.495E*00 17.49
.

6.0000E+01 6.16tf+00 3. 7 e. t E -01 7.1430+00 8.042E+00 3.766E-01 8. 419 E +00 17.86

i 6} 2000 E + 91 6.712E+03 3.To3E-01 7.098E+00 .7.969E+00 3.763E-J1 8.346E+00 17.74
5 S. -

6 '.4 000 E + 01 6.659E+aJ 3.760E-01 7.035E*00 7.899E+03 3.760E-01 8.275E+00 -17.62

6.t130E+01 6.609L*00 3.757E-01 6.9ME+P 7.8 31E +00 3. 7 s 7 E- 01 8.206E +00 17.50
ti

6.FJa3E601 t.555L*JU 3.754E-al 6.915E+00 1.76SE+00 3.754E-01 8.140E+do 17.39

7." ta lddE + d i 6.511 E + t!G 3.751E-01 6. 8 8( E + 00 7.701F+00 3.751E-01 3.0 76 E +00 17.28

7.2M0d+01 6 . 4 6 5 L + n.? 3. /4 8 E -01 6.S4Gt+30 7.639E+00 3.748E-ul 8.014E +00 17.17
;t -

s .

7.400uE+01 6. 4 /0 F +00 3.745E-01 6.794E+00 7.579F+0o .745E-01 7.954F+00 11.07

7.6440E+01 f.3/oF+09 3.742E-31 6.7 cue +00 7.521d+00 3. 7 '+ 2 E-91 7. E 9 '' E * 00 It, . 97

7 . 5' 19 ? h + " I 6.3330+0') 3.73GC-01 6.737E+00 7.465E+0? 3.739E-01 7.839E+00 16.87

a.uJOfE+01 6.2';2r+313 3.7;of-ol 6.u SE*60 7.410E+0.i 3.736E-01 7.7E4E+00 16.78
.

O O O*
-- .

. ..



----

.. . . . . . . __
~

r-
A s_/, ,

~[ SLMFARY OF CLC 4) FEWEi; CAtCUL4TIGN 14ESutTS. J . 3i, - ~

1

~ SUN OF t.L t. A55EMBLIES FIM FfIi 75 PLhCENT CASE

TIME ********NDMIML ViLUE************ ****VALUE W/ Uf4ERTAINTY********* TOlAL
.i F.P. 02.' 9/N P 2 39 lETAL F.P. 0239/NP239 TCTAL UNCERTAINT'

M.c.) ( PEGAhATIS 1 (0/035
.:

.:- '

. -- 4 ' i
'

..

.. . J _. . .

j 8.2800E'+01 6.251E+00 3.722E-wl 6.625E+00 7.3 5 7E + 00 3.733E-01 7.730E+00 ' 16' .69 ~

~. g|' ^ '

8.490 E +01 6.212E+]O 3. 7 20 E-!) 1 c:.565E+00 7. 30 5 E +0 0 3.730E-01 7.678E+00 16.60i

+

8 .6400 E + 01 (. 174E+00 3.7<7E-11 6.547E+00 7.255F+00 3.727E-01 7.628F+00 16.51
g y.

8.8000E+01 c.137E+tA 3.7240-01 6.505E+00 7.206E+00 3.724E-01 7.5 78 E+00 16.g3 g

'
9.CddhE+ei

' '
'

'"
c .1 :iO E+ f?D 3.721L 'il 6.472E+00 7.158E+00 3.721E-01 7.530E+00 16.3

;.y;;'3 - W
9. 2 d@E + G1 6.065E+00 3. 718E-01 6.4370+l.0 7.112E+00 3 . 718 E-01 7.484E+00 16.27

:
.

i 9.400kE*01 6.030E+00 3.715E-01 6.402E+00 7.067E+00 3.715E.01 7.438E+30 16. 19
u

i
?; j 9.t2000E+01 5.997t+GO 3. 712 L -t: 1 6. 3 ti B E + 00 7.023E+00 3.712E-01 7.394E+0G 16.11

[ D !
j 9.8E00E+01 5.964h+00 3.71oE-ul 6.3 5E+00 6.980E+00 3.710E-01 7.351E+00 16.0'4
:

-

|

f 1.0000E+02 5.931E+ou 3.797E-01 6.302Et00 6.938E+00 3. 707E -01 7. 308 t + 00 15.97

l 1.0200F+02 S.9 Cf +M 3./L R-ci 6.270E+00 6.897E*JO 3.704E-01 7.267F+00 15.90
I

{ 1.d400F+02 5.8u90+0,i 3.7:.15 11 o.239E+00 6.857E+00 3.701E-01 T.227E+00 15.83

i
'

1.0600E402 5.839E+00 3. 69 3 h-31 6.20SE+00 6.818F+00 3. 6 9 EE -91 7.18SE+00 15.76

1.0800Ee02 5.910E+00 3. e. '"i F-:) ) 6.17S 1- + 00 6.780F+0G 3.695E-31 7.149FiGli 15.70 ;

1.1UUDE+02 S.781E+on 3.6'*20-01 c. 150F+00 6.743E+00 3. 6 9 2E -01 7.112E+UO 15.64
1

jL .1260 E+ 0 2 'i . 7 5 3 E * 00 3.6090-01 6 .12 2 E + 0 ') 6.736E*09 3.689E-ql T.0 75E + 00 15.58

j1. v,0 0 r + a s.125<.eu 3.au- o e.0s,E+vd e . e m .,,o 3 . m e -,a 7.040s.ed 15.s2

,

_____. _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _



.

5dMPAGY Gl DEtAY Pf 4 w E R CALLULA1IGr. 8ESULT$

S ' p4 EF /LL .iS S E *B L I :E S T C8 ftIF 75 P LF L EfH CASE

114F ********N' 'I N ot V^tl'******esee** * * * * V AL UE W/ Ui. L t K i A I NT Y t * * * * * * * * It4 T AL
F.P. U239/NP23r; TOTAL f.P. J25%/hP239 TOTAL UNCERI AINT Y

|i ISEC.) ( MtGAaATTS i (0/0)

1.1600E+o2 S.6SSE+Ja 3. c, M i t-01 6.u t it + 00 6.o 3 6E +od 3.683E-01 7.005E+00 15.46

1.19 to'l + 3 2 i . 0 7 2 E + 0 .1 3 . 6 b'! '- 's 1 6.0'.0F+90 6 . t ' 2 E * *) ? .$ . 6 8 0 E-01 n.97H +39 15.41

1.20 :0E & s2 '.o 6r+0u 3.olle-01 6.014E+s.1 r. 5 6 9 F +1: ., 1.6 7 7E-ol 6.917F+0o 15.35. e

1.2 2t.'t E +0 2 5.621F+0a 3.t 74E-01 5.96EE+00 6.53 7E * 00 3.674E-01 6. 904E +00 15.30

1.24Y)F+32 5.596E+93 3.67/F-01 5 . 9 t> 3 E + 0 9 6.595E+00 3.672E-<)1 o.872E+00 15.25

1.260a f. +0 2 5.571L+C3 3.669E-01 5.92EE+uo S .4 74E + JO 3.669E .21 c.841E400 15.21

1.2 hot'F 4 02 5. 5 -+ 7 E + 00 2.6660-01 5.914E+00 6.444E+00 3. 6 6 6F -t) 1 6.811E+00 15.16

1.30J3E+n2 5.524E+0J 3.663t-01 5.890E+00 6.414F+00 3.662E-01 6.780E*00 15.11
i
$ i.3200F+02 5. 501 E +00 3.660F-d1 5. 46 7E +0 t) 6.385Etur) 3.66CE-01 6 . 7 ') 1 E *00 15.07

1. 3 4D:'r + 0 2 5. -,7 6 E + 06) 3.657 E-01 5.844E+00 6.357E+00 3.657E-31 6.722E+00 15.0 3

1.36)GE+o2 5.4ScE*GO 3.oS4L-01 5.8?2E+00 6.329E+00 3.654E-01 6.694E+00 14.99

153400E+tl2 5.434E+nd 3. t> 51 E-01 S.759E+uo 6.301t+uo 3.t51E-01 6.666E+0D l '+ . 9 5
i
^

1. 4 010 E + 0 2 5.413E+03 3.648E-01 5.77dE+00 6.2 74E +00 3.648E-01 o.639E+00 14.91

1.4/ sue +02 5.392E+03 3. 6 4 t,E-01 5.75cE+00 6.248E+mi 3 . 6 ',6 F-01 6.612E+00 14.87

1.4 ..h> E + 3 2 5.311E+00 3.6e3E-01 5.736F+00 6.22/E+0t' 3.643E-01 c.586E+00 14.83

1.4t MF+0? 5.331E+00 3.640E-41 5 715C+30 6 .19 7 E * 2 ' 3.640E-01 6. 5 61 E +00 14.80

1.41.uE+02 5.311E+GO 3.637F-d1 5.6 S 5E +00 o .172F +0a 3. 6 3 7E-01 6.525E+00 14.76
.

O O O



--
- e .z . . . .

. .
_ _ _ .

(V,. -

i, SLMARY OF DELAY PDWEP C;LLULAllON RESULTS
_

SUM Cf ALL ASSEM0 TIES FCR FFT r IS PERCENT CASE-

TIME * * * * * * * * h f"4 f N A L VALUE************ ****VALUL h/ ONCERTAINIY********* TOTAL
l .P . U239/NP229 T C i t, L F.P. U239/NP234 TCTAL UNCERTAINTi

) 5 ' ( NEG AW ATT S I (0/03

1.5000E+02 5.311E+00 3.634E-01 S.675E+00 6.141E+00 3.634E-01 6.511E+00 14.73

1.520EE+02 5.792E+0D 3. e- 31 E-01 5.655E+00 6.12 3 E +90 3.631E-91 6. 4 86 E + 00 14.70

1.5400E+02 5.273E+00 3.e28F-ul 5.63cE+.;0 6.C99E+00 3.628E-01 6.462E+0"3 14.66

1.tc00E+02 5.254E+00 3.( 2( E-01 5.o17E+00 6.076E+09 3.626E-01 6.4390+00 14.63

1.58 +02 5.23bE+00 3.cd3E-ul 5.59EE+00 6.054E+00 3.623E-01 6.416E*00 14.60m
1.6000E'+02 5.218E+00 3.620E-01 5.580E+00 6.031E+00 3.620E-01 6.393E+00 14.57

b .

1. 6 200 E.+ 0 2 5.200F+00 3. f.17 E-01 5.562E+0D 6.00SE+00 3.617E-01 6.371E+00 14.55,

[ 1.6400E+02 5.lo3E+co 3.614E-01 5.544E+00 5.988E+00 3.614E-01 6.349E+00 14.52
w .

1.6600E*02 5.165F+00 3.61LF-al 5.527E+00 5.So6E+00 3.611E-01 6.327E+00 14.49
!

..

1.080kE+02 5.1480+N 3.60dC-01 5.509E+00 5.945E*00 3.tc 8 E -01 6.306E+00 14.47

: . 7 l')0 E + 02 5.132E+ca 3.6s60-6: 1 5.492L+04 5.925E+10 J.60tE-ul o.26SE+00 14 .44

1.7200E+02 5.115r+ml 3. ta 3E - ;l 5.47tE+0c 5.904F+0v 3. 6 0 3 E-91 6.2tiF+eu 14.42

1. 7-+00E + 02 5.099 E+0a 3.600F-91 5.455E+00 5.885E+00 3.600F-01 6.2*5E+00 14.39

1.7c.30E+02 5.063F+00 3.59/E-01 5.443E+03 5.Hb5f+u0 3.597E .21 c.225E+00 14.37

1.1800E+02 5.ne76+00 3. 5 % E-01 s.4??E+00 5.846E+00 3.59;E-01 6. 20S E+6'O 14.35
:

1. b>00 E+ 0 2 5 . '.15 2 E + 0 3 3. 5'2 2 E-31 5.411E+0? 5.827E+10 3. 59 2F-J 1 c.186L * 04 14.32

1.t200f+C2 5.036f+00 3.Se9E-41 5.395L +iro i.898E+09 3.58sf-Oi 6.16 / E+uo 14.30



_ _ _ _ _ _ _ . _ _ _ _ _ . _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ - _ _ _ _ - _ _ _ _ _ _ _ - - _ _ _ _ _

SJMMAkV UT DLLAY iChfe L A L L U L A T I C *. blSULTS

LdM Ci /t L 2 5 t >du t I L S f t,6 > I F le 15 e' E k t E .\ 1 LASF

- II"f 4+*****+M MINat V?lLE+8****asesse e , * * V A L 7 f- e/ 16N C t W I i l P T Y * * * * * * * 8 8 IOTAL

f.P. U 2 '; t. / N P 2 ' s ILTAL 6.P. U2 : s/M'2 2 4 TUIAL UNCERI AIP I Y

(SC. ) ( M t. G A n A T 15 ) (2/31
.,

1.P4udi+02 5.021f +00 3 . 3 P e.t - 0 1 5.3et;E+0u 5. 7931 ti.u 3. s a c t -01 6.14dE+ea l'. 28

1. 8 6 0 h- + a 2 5.W cE+0a 3 . 3 6 3 ( '? ! 5. % 5 E +00 5.171 F + 3'; 3.6 335 - 11 o.l?J+M 14.26

..H8uur..;2 4. 9'z2 E + c a 3.5 POI-ul 5.35CF+09 5. /54 f +00 3.ce4F-UL 6.11/f +0G 14.24*

1.9000f+o2 4.911E+00 3. 5 71 E-01 5.33*E+00 >.73 tf +00 3 5 f ili- o 1 6.05'er+00 l '+ . 2 2

1.92001+02 ' 9t.3F+00 3.515E-01 5.320E+e3 5.719E*00 3.575s-11 6. 0 76 E + 00 14.21

1. 9 40 a f + ^. 2 4.54SE*01 3. 5 / 2 E--01 S.Iot.E+00 5.702E+ud 3. 512 f -u l 6.059F+on 14.19

1.9600E*02 4.935E+00 3.509E-01 5.292E+00 5.(85E*00 3.56SF-01 6.042E+0p 14.17

ja 1.9890E+02 4.921E+00 3.566 E-01 5.2780+00 S.6o80 +00 3. Se,(E-01 6.025E+00 14.16

8 l.000Jf+02 4.9G7f+00 3.563E-01 5.264E+00 S.tS2F+ad 3.563E .21 6.0080+00 14.14

2.0200tto? 4.<b40+00 3.SLIE-01 5.250E+00 5.6 hE+00 3. % 1E -91 5.952E+'D 14.12

2.04'Ot+02 4.fl8 11 +G3 3.5500,-01 5.23/I+30 5.020F600 1.553E-01 5.975f+03 14.11~

2.064 lf + i2 4 . 84 4L+00 3.5560-01 5.223C+nd 5.604E+00 3.555E-01 5.959E+00 14.09

..

2. Olida E + 0 2 '4'. 8 5 S f 6 0 3 3.552F-01 5.210E+00 5.588F+00 3.552E-91 5.9 44C +00 14.08

,2 100LF+J2 4.842d*00 3.5530-21 5.ls JE +00 5.573E+00 3.553E-01 5.42HC+00 14.07

? .12 0 0 f- *0 2 4.HZ9t+60 3. S t- l E-01 5.164t+00 S.558Eeuo 3. 5 4 7E-01 5.91?E*00 14.05

?.14.Of+62 4 .8 1 1L+tirk 3.5.41-01 5.171E*00 5.5',30*00 3 . 5<.41 -0 1 5.8970+00 14.04

.|.
2.16 b t +0 2 4.t05E+CJ 3. 5' it~-u l 5.15SE+0u 5.52 er. + 00 3.541E-01 5 . L' E 2 F + 00 14.03

'

.. . . .
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i \

w

S s, M A A r t' er crtAy p, , .s d n ( u t b L A 110' FF SJL 4 5

50* CF ALL A S S L F tf t. A r s p r3 Ltir 15 PEW ENT CASE
.,*i

TIVE * * * * * * * * M.il i N A L VaLUE4*********** * * * * V A L ,.) E W / UhllRITIN1Y+5'*****+ ILIAL !

i

; F.P. i22 9/NP 29 ' IGIAL F.P. U239/AP?39 ILIAL UNCE A1 Alf4Ti

J ', (6ff. )j i NEGhA115 ) (0/3) !

t

|

| 2 .18c f1 E +i. 2 4. 7',3 E + u.s 3.538E-t1 5.1ccE+up 5.514r+ud 2.53EE 11 5.6(60+00 14.01

2.b>00E+02 '.7 ele +00 3.5 36 E-01 5.134F+19 5. 513 C + )J 3. 5 3 t L- 91 5 . 8 5 ' E + W) 14.00 i
+

i . /200 E + 0 2 4. It >E+C2 3 . *> 3 1 E - J 1 S.122F+ a 5.485E+da 3.55;E-01 S . 3 39. +% 13.99

/ . .: 4 4 0E + 02 '.15JE+un 2.559E-d1 5.11df + m' 5.4IIE+na 3. S 3 M -01 5 . 8 2 e t + er. 13.98+

; 2. ? r,] C E * '12 4./Mr+1G 3.5/7E-31 5.J4:E+0? 5.4 5 eL + D 3.5270 '11 5.813F+36 13.97
i

I

; 2 . / 8 0 0 F. + 0 7. 4.734E+0, 3.525E-ul 5.086E+0u 5.4441+d 3.52 5F-ol 5.796F+on 13.9e
4

1

; j 2.M00E+02 4.723L+03 3. 5 22F- 01 5.0150+00 5.431E+0' 3. 'i2 2 E-01 5./E M+00 13.95
I !

.

Ij p 2.3210E+02 4.711F+F1 3.519F '*1 5. H,3 E + ?;0 S.411F+dQ a . 51 SE -Ja l 5.lc96+0d 13.94 :

U
|I 2 . ? 4.10 F + 02 4 . 7 m F +,- 3. 416 F-> t i 5.c5?f+0e 5 . 4 0 4 F. + r. a. 510 .t 1 S.75e.t+ud 13.93
s

| 2.3000E+02 4. UG E+ u 3 . ': 1 4r - 01 5 . a *+ 1 E + i'a G.391E+d' 2.514E-91 S . 7 % 2 f + /) 13.92
I' 2.333t'E+C2 + . r: l ', t + i 3. 5 : 1 r- 11 5.4 i -.F + uil 5. 3 76F + . 2.31It .1 3.12 5F + .0 13.91

<

r

j 2. asG F + # 2 4.A t nr +. A 2. b n-al 5 ... lc r +qn 5. ? c f.F + h 3.59SE-ci 6.71eE*4o 13.90.

,

s

2.4?00E*02 4.cN7F+t a 3. 50 > E- 11 5 . ] * E E + tJ 1 5. 3 5 3C + ' 3.595f-al 5. 7]* 6 + ml 13.90 j
4 -

I

] 2 . 4 '+ 0 L E * 0 2 <e . t '. 7 : + % : _f . 'L .E-;l 4 . ',9 7 E + M 5.341F+C. 3.503E-11 5 . r>91 '. +.2 d I?.89 i

/ . 'e t u d E + G 2 '. . ts t. E + E t ; . 5. u r -- < 1 4.98tE4is 5. 3 2 3 E + 0;' 3.5M C-01 5.t7dE+4e 13.88 I
'

2. 4 J U t,* F + 0 2 '. . i:J t- C + > 3 3. '.7 E ! 1 4.9 7(L + f? 5. 213F + 1 ) 3.497F-J1 5 . f. t e F + -: ! 13.87
'
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