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1.0 INTRODUCTION 

NOMAD is a one-dimensional (axial), two energy group, diffusion theory computer code with 
thermal-hydraulic feedback, and a calculational model designated as the Virginia Power NOMAD 
model. The NRC approved the Virginia Electric and Power Company (Virginia Power) topical 
report VEP-NFE-lA for use of the NOMAD cbde and model on March 4, 19852

• The model is 
designed to perform both reload design analyses and core follow evaluations. 

Recently, Virginia Power developed an enhanced version of the NOMAD model, which is referred 
to as NOMADP09. Consistent with the intent stated in VEP-NFE-lA, NOMADP09 is the result 
of a continuing effort to verify and improve the model. The purpose of this report is to describe the 
significant changes made to the NOMAD code and model, and to demonstrate the accuracy of 
NOMAD through comparisons with measurements taken at the Surry and North Anna Nuclear 
Power Stations. 

The most significant enhancement to the NOMAD model is the use of multi-plane data from a three 
dimensional Virginia Power PDQ model as the primary source of input. A three dimensional PDQ 
model is documented in topical report VEP-NAF-1, entitled "The PDQ Two Zone Model"3

. In 
addition, the xenon model, the control rod model, the cross section fit model, artd the buckling 
model have all been improved, and a fission product poison worth isotopics model has been added. 

All model inputs to NOMAD come either directly or indirectly from PDQ 3-D model calculations . 
These inputs include cross sections, reference isotopics, Fxy(z)'s, and radial bucklings. 
Enhancements built into NOMAD include (in approximate order of importance): 

1) A multi-plane cross section model which covers moderator temperature conditions from 
40°F (14.7 psia) to 620°F (2250 psia). 

2) An automated radial buckling model which covers the full range of operation using PDQ 
calculated buckling values adjusted to match the hot full power (HFP) PDQ 3-D model 
power distribution at each axial node. Additional adjustments provide the capability to 
improve reactivity agreement for power and temperature changes. 

3) A multi-plane control rod cross section model which accounts for changes in rod cross 
sections due to node bumup and moderator conditions. 

4) A fission product poison isotopics model with production and loss terms derived from 
PDQ 3-D model concentrations, power distributions, and fluxes. 

5) An isotopic model that calculates the reactivity worth of non-equilibrium values of Sm-
149 and Pu-239. 

6) A control rod cusping model which provides improved treatment of partially rodded 
nodes. 

7) A three channel xenon model which approximates the effect of radially non-uniform 
power and xenon distributions during xenon transients. 

Potential applications include the current range of uses described in VEP-FRD-42A, Rev. 14
'
5 and 

VEP-NE-1A6 as well as some uses which now require the FLAME modei7. The benefit of the 
strong connection between the NOMAD and PDQ 3-D models has been demonstrated through a 
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comparison of NOMAD predictions to a wide variety of measurements, including startup physics 
data; axial power shapes and peaking factors; temperature, power, and xenon transients; and 
Estimated Critical Position (ECP) calculations. Comparison of NOMAD uncertainty factors to 
Nuclear Reliability Factors8 (NRF) for Fz, Fq, differential boron worth, critical boron concentration, 
isothermal temperature coefficients, differential rod worth and integral rod worth verify the 
accuracy of the NOMAD model and the applicability of the NRF for NOMAD calculations . 
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2.0 DESCRIPTION OF MODEL CHANGES 

The most important change to the NOMAD model involves using a PDQ 3-D model as a source of 
input. Figure 2.1 is a model input flowchart showing the linkage of the various pre-processor codes 
which are used to extract multi-plane information from the PDQ model and provide it to the 
NOMAD model. Use of multi-plane crqss section and buckling data makes NOMAD calculations 
more consistent with PDQ 3-D model calculations and places much less burden on the buckling 
search process to produce accurate predictions. 

The axial mesh structures of the NOMAD and PDQ models are not required to be the same. For 
some PDQ data which is not strongly dependent on axial position (such as xenon and iodine 
production rates, cross sections, and Fxy(z)), data from the nearest PDQ plane is assigned to each 
NOMAD axial node. For other data which depends strongly on axial position (such as beginning of 
cycle isotopics and burnup ), an integral interpolation algorithm in the NOMAD code is used to map 
the PDQ 3-D multi-plane input data onto the NOMAD axial nodes. 

The NOMAD code is capable of performing the following functions: 

1) Control rod insertion modeling. 
2) Control rod worth normalization. 
3) Radial buckling search for normalization to PDQ 3-D HFP power shape and reactivity. 
4) Criticality search on selected variables . 
5) Delta-I control. 
6) Boration and dilution calculations. 
7) Final Acceptance Criteria (F AC) or Virginia Power Relaxed Power Distribution 

Control (RPDC) analysis. 
8) Differential and integral rod worth calculations. 
9) Power sharing and flux squared sharing calculations. 
10) Xenon worth calculation. 
11) Non-equilibrium reactivity calculation for Sm-149 and Pu-239. 

Most of these functions were available in the previous NOMAD model. Code logic has changed 
slightly. A simplified flow diagram of the calculations performed by NOMAD is provided in 
Figures 2.2 and 2.3. 

The following sections only describe the NOMAD model changes. Below is a list of the NOMAD 
features which have not changed: 

1) Neutron flux calculation. 
2) Thermal hydraulic feedback (THF) model. 
3) Criticality search. 
4) Delta-I control. 
5) Boration and dilution calculations. 
6) Automated differential and integral rod worth calculation. 
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The descriptions for these sections in VEP-NFE-1A1 remain applicable, except for the minor 
changes noted below. The options added in earlier updates have been retained in the enhanced 
NOMAD model. 

1) The NOMAD fuel temperature fit used in the THF model is based on the PDQ 3-D 
model THF calculation. 

2) The criticality search uses the method of false position when searching on a selected 
variable. Searches were added in previous updates versions to simulate the control rod 
malfunction accident and cooldown transients which are described in VEP-NE-1A6. 

3) A previous update added a delta-I search option which iterates on the part length control 
rod worth normalization until a desired target delta-I is reached. 

4) A previous update added an option to simulate the dilution accident described in VEP
NE-1A6 in which the maximum rod insertion required to compensate for a 15 minute 
dilution is determined. 

5) An automated rod worth normalization search was added in a previous update. 
6) A power and flux squared sharing calculation is available for each unique axial region 

(i.e. all rods out, D bank in, D and C banks in, etc.). 

Sections 3 and 4 ofVEP-NFE-1A1 are no longer applicable to the new version of NOMAD. These 
sections are primarily user input and model setup information and are now included in a Virginia 
Power code user manual. The peaking factor synthesis discussed in Section 3 (l-D/2-D/3-D 
synthesis) has been replaced by a more direct 1-D/3-D synthesis using planewise Fxy data from a 3-
D PDQ model. 

The definitions below apply to acronyms used in the balance of this report: 

BOC 
CZP 

EOC 
HZP 

HFP 
MOC 

- beginning of cycle 
-cold zero power (this includes the range of moderator temperatures associated 
with refueling conditions at atmospheric pressure) 

- end of cycle 
-hot zero power (typically 547 °F moderator and fuel temperature at 2250 psia 
moderator pressure) 

-hot full power (100% rated thermal power at nominal temperature and pressure) 
-middle of cycle 

For the purposes of this report, the higher of the two NOMAD neutron energy groups is described 
as "fast" or "group l" while the lower neutron energy group is described as "thermal" or "group 2". 
The actual energy boundaries of these groups are determined by the 3-D PDQ model from which the 
NOMAD model cross sections are taken. 
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Pre-processor Codes 
For Model Setup 

XSEDT 
Edits cross sections 

forRODED 

Figure 2.1 

NOMAD Input Flowchart 

PDQ 3-D Model 

,,. 
EDISO 

Edits isotopics, 
powers, burnups, and 

fluxes 

,,. 
RODED 

Calculates control 
rod cross sections 

EDBUK 
>-----------1--------< Edits radial buddings 

' 

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

• 
XSEDT 

Edits cross sections 
for XSFT3 

NOMAD 
XSFT3 

i.-'·-~----------i Calculates node cross 
section coefficients 

NOMAD Generated 
Input Datasets 

Thermal hydraulic 
feedback deck 

Buckling adjustments Cycle specific 
deck ,..:~--------, cycle/geometry deck 

Reference isotopics 
deck .._,, ___ __... __ -i 

Note: Pre-processor codes are denoted in bold print. 

Control rod definition 
and overlap deck 

User Input 
Decks 
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FIGURE 2.2 NOMAD FLOW DIAGRAM 
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Initial xenon calculation 
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Nuclear calculation 
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(See Figure 2.3) 
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FIGURE 2.3 NOMAD SEARCH LOGIC DIAGRAM 

FROM FIGURE 2.2 
Perform rod YES I Rod normalization 

normalization? calculation 

NO! 
I 

Perform YES Criticality search 
criticality search? calculation 

NO 

Perform YES Buckling search 
----- ...... 

buckling search? calculation 

NO 

Calculate boration/ YES Boration/dilution 
dilution accident? accident calculation 

NO 

Calculate YES PL normalization 
PL normalization? calculation 

NO I 
Delta-I control YES Determine bank position 

option? for Delta-I strategy 

N0 1 I 

! 
Boration I YES Rate Boron system NO Criticality 
dilution calculations ~ capacity search on 

calculation? sufficient? 2nd variable 

NO 1 YES l 
Xenon worth option? I YES I Perform no-xenon calculation 

I I 

NO I 

I FAC option? 
1 

YES ,! Calculate FXY(Z), FQ(Z) I 
I I 

NO 1 
.. 

TO FIGURE 2.2 

Note: F AC option does not perform THF and xenon calculations. Xenon worth option does not 
perform xenon calculation. All other options and searches perform xenon and THF 
calculations. 
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2.1 MACROSCOPIC CROSS SECTIONS AND COEFFICIENTS 

NOMAD requires the following two group macroscopic cross sections for the solution of the axial 
flux and power distributions: 

For each fuel plane, these cross sections consist of base macroscopic cross sections at reference 
conditions (40°F moderator temperature at 14.7 psia, 40°F fuel temperature, and no xenon) and 
polynomial coefficients that adjust the base cross sections for changes in the fuel and moderator 
temperatures (and moderator density) and xenon concentration. A total of nine sets of cross sections 
and coefficients are required: BOC, MOC, and EOC at 0, 1000, and 2000 ppm boron. 

The cross sections are generated from PDQ 3-D model change cases. The XSEDT code reads core 
average two group macroscopic cross sections for each axial plane and the core average values of 
certain parameters ( e.g. moderator temperature, moderator specific volume, xenon concentration, 
fuel temperature, and burnup) from these PDQ 3-D change cases and writes them to a dataset. 
XSFT3 reads the XSEDT output dataset and performs non-linear regression to fit the cross sections 
as polynomial functions of the given conditions for each axial plane and burnup for 0, 1000 and 
2000 ppm boron. The resulting cross section coefficients are then used in NOMAD to calculate 
unrodded planewise fuel macroscopic cross sections: 

where: 

10 

SIG(N) = SIG0 (N) + L CF(K) x XC(I,K) 
k=l 

SIG(N) = macroscopic cross section for burnup N 
SIG0 (N)= base cross section for burnup N 
CF(K) = value of independent variable K 
XC(I,K) = coefficient for cross section I and independent variable K 

NOMAD evaluates the fits based on local conditions in each fuel node. An evaluation is performed 
for each of the nine sets of fit coefficients (BOC, MOC, and EOC, each at 0, 1000, and 2000 ppm 
boron). Second order polynomial interpolation is performed to the local node burnup first, followed 
by the same type of interpolation on boron. This approach allows accurate fit coefficients which 
cover a wide range of conditions (CZP to HFP) to be determined from a reasonable number of PDQ 
cases. 

Two group reflector macroscopic cross sections are provided at O and 2000 ppm boron and 100 °F 
(14.7 psia) and 620 °F (2250 psia). These cross sections are interpolated linearly on boron 
concentration and linearly on moderator density at the appropriate core inlet or exit moderator 
conditions. 
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2.2 RADIAL BUCKLING COEFFICIENT MODEL 

The radial buckling model accounts for radial leakage, because the radial dimensions are not 
modeled in a one-dimensional axial model. The buckling model consists of five distinct parts. In 
the first part, a set of bucklings sufficient to model CZP to HFP operating conditions for the cycle, 
including the full range of xenon and boron concentrations, are calculated with the PDQ 3-D model. 
This data is based on zero power PDQ calculations processed into a NOMAD usable form by the 
EDBUK code, and represents the most important component of the buckling model. 

The second part of the buckling model, the HFP buckling search, is intended to capture the effects 
of power on radial leakage, account for the approximations in the PDQ/EDBUK buckling 
calculation, and to correct for approximations in the cross section model. The goal of the buckling 
search is to match the PDQ axial power distribution for each node and the core eigenvalue to within 
user-defined tolerances for each HFP depletion step. For each buckling search burnup step, a set of 
plane by plane buckling adjustments are iteratively calculated. The buckling adjustments and the 
cycle average burnup are written to a dataset which may be read and used in subsequent 
calculations. 

The third component of the buckling model provides user control of the how much of the HFP 
buckling search adjustments are retained at lower power levels via an empirical relation. The user 
may wish to do this because a portion of the buckling adjustment is intended to correct for 
approximations in the base bucklings and therefore is essentially a bias correction which is 
appropriately applied at all conditions. The relative portions of the buckling correction which are 
attributed to bias and to power dependence are determined by user input constants. Comparisons to 
PDQ cases used for model setup is the basis for determining the values to be input for this 
component. 

The fourth component of the buckling model is intended to account for 3-D flux redistribution 
effects which are inadequately accounted for using a 1-D/2-D synthesis. These effects appear 
primarily as a bias in the power defect and HZP axial offset which increases with cycle burnup. An 
empirical model which is controlled using input coefficients is available in NOMAD to account for 
these effects. Comparisons to PDQ cases used for model setup is the basis for determining the 
values to be input for this component. 

The fifth part of the buckling model accounts for the radial buckling change due to control rod 
insertion. The equation below summarizes the calculation of the total planewise radial buckling: 

where 

BUK(l,I) = Fast group buckling for plane I 
= BKINTRP + BKINT2 + RODSIG(l O,I) x DMULT + BUCKl (I) 

BUK(2,I) = Thermal group buckling for plane I 
= BUK(l,I) 

BKINTRP PDQ/EDBUK data interpolated to correct burnup and moderator 
density 
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BKINT2 

RODSIG(lO,I) 
DMULT 

BUCKl(I) 

RDB2 
DENRF 
DENSITY 

= the approximation of buckling effects related to power dependent 
3-D redistribution that cannot be captured by 1D/2D synthesis of 
buckling data ( calculated using an empirical function of moderator 
density, core relative power, and cycle burnup) 

= Control rod delta-buckling for node I 
= Density multiplier for control rod buckling 
= 1. + RDB2 x (DENSITY - DENRF) 
= Total power corrected reactivity and axial power shape buckling 

adjustments interpolated to correct burnup for node I 
= Buckling vs. density coefficient 
= Reference moderator density 
= Node moderator density 
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2.3 XENON MODEL 

The xenon options in NOMAD include xenon depletion, equilibrium xenon, no xenon, and xenon 
from the previous case (frozen xenon distribution). For the xenon depletion and equilibrium xenon 
options, the iodine (1-13 5) and xenon (Xe-13 5) concentrations are calculated for each axial region 
using an analytic solution of the iodine and xenon rate equations. This solution is simply an 
integration of the iodine and xenon rate equations which assumes that the flux and the cross sections 
remain constant over the time interval for which the calculation is performed. Convergence of the 
equilibrium option is achieved using a relaxation method. 

Prior to these calculations, NOMAD normalizes the fast and thermal fluxes to the core power level, 
as described in VEP-NFE-1A1

. NOMAD then uses these normalized fluxes to calculate the iodine 
and xenon concentrations. The equations solved for a xenon depletion are: 

where 

IOD(I) = YID/LID + [ OLDIOD(I)-(YID/LID)] x e-(LID x TT) 

XEN(I) = (YID+YXE)/LXE + [ OLDXEN(I)-((YID+YXE)/LXE)i x e-(LXEx TT). 

+ RL x [ e-(LID x TT).:. e-(LXE x TT) ] 

· IOD(I) = Iodine concentration for present case (atoms I bn-cm) 
XEN(I) = Xenon concentration for present case (atoms/ bn-cm) 
YID = Iodine production rate 
YXE = Xenon production rate 
OLDIOD(I) = Iodine concentration from previous case (atoms/ bn-cm) 
OLDXEN(I) = Xenon concentration from previous case (atoms /'bn-cm) 
LID = Iodine decay constant 
LXE = XDECA Y + XESIG x PHI2(I) x 10-24 

XDECA Y = Xenon decay constant 
XESIG = Group 2 micros'Copic xenon absorption cross section (barns) 
TT = Length of depletion (seconds) 
RL = (LID x OLDIOD(I) - YID)'i (LXE - LID) 
PHI2(I) = Normalized thermal flux 

To calculate the equilibrium iodine and xenon concentrations, the exponential terms in the above 
equations are set to zero. 

The thermal group microscopic xenon absorption cross section is a function of burnup, boron, and 
moderator temperature and may be adjusted for each cycle to normalize the xenon concentration to 
the PDQ 3-D model. 

The iodine production rate is derived from PDQ 3-D model data read in during NOMAD execution. 
An array that is a function of local bumup is constructed for each fuel plane as follows: 

IDPR(BU) = ID135(BU,I) x LID/ [RPD3D(BU,1) x FP3D] 
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where ID135(BU,I) 
RPD3D(BU,I) 
FP3D 
BU 
I 

= PDQ local iodine number density 
= PDQ local relative power 
= PDQ 100% rated thermal power 
= PDQ case number for each burnup step 
= Axial plane number 

This method assumes that iodine is at 100% power equilibrium for each burnup step in the input 
PDQ isotopics and power dataset. The iodine production array is linearly interpolated to the local 
node burnup and the NOMAD production terms are obtained: 

where 

YID = IDPR(BU) x RPD(I) x POWER x PR 

IDPR(BU) 
RPD(I) 
POWER 
PR 

= PDQ iodine production rate interpolated to NOMAD local burnup 
= NOMAD local relative power 
= NOMAD 100% rated thermal power 
= NOMAD case core relative power 

The xenon production rate is comparatively small relative to the iodine production rate (roughly 3% 
- 11 % of the iodine rate) for the range of conditions normally encountered in a PWR. In NOMAD, 
the xenon production rate is calculated using a burnup dependent empirical function of the iodine 
production rate: 

YXE = YID x (XENONA + XENONB x BURNUP + XENONC x BURNUP!.25
) 

where XENONA 
XENONB 
XENONC 

BURNUP 

= The O burn.up ratio of xenon yield / iodine yield 
= The linear rate of change of the yield ratio with local burnup 
=Anon-linear term to model the curvature of the yield ratio 

with local bumup 
= Local node burnup (MWD/MTU) 

In addition to the xenon model described above, two enhancements were added. First, NOMAD 
allows a user supplied multiplier to be applied to the xenon or iodine production terms, if it is 
necessary to deviate from the PDQ 3-D xenon modeL Second, a three-channel option was added to 
capture some of the non-uniform radial xenon re-distribution effects during xenon transients. These 
effects have not been found to be particularly significant, but are discussed in more detail below for 
completeness. 

In a 3-D core model, the equilibrium iodine distribution is directly proportional to the local 3-D 
power because the iodine production is power dependent but the loss by decay is not. The 
equilibrium xenon distribution is much less power dependent because of the large neutron 
absorption cross sectiori. However, because xenon is a strong neutron absorber, average xenon 
worth is dependent on the flux weighted distribution (i.e., the product of the local relative power and 
the local relative xenon concentration). Rapid changes in local power can cause xenon 
concentration to peak (power reduction) or to burnuout (power increase). The magnitude of the 
change in xenon concentration is dependent on the power change and the local iodine concentration. 
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The NOMAD model captures the axial xenon and power distribution effects on xenon worth by 
direct calculation. The equilibrium radial distribution effects are also accounted for by means of 
radially collapsed macroscopic cross sections for each axial plane. What is not accounted for is the 
change in xenon worth caused by non-equilibrium radial re-distribution of xenon and power. A 
drop in core average power will cause xenon to redistribute preferentially to locations of highest 
iodine concentration (high power locations). A control rod insertion will cause the xenon to peak in 
the vicinity of the control rods (where the radial power drops the most), but to bum out in radial 
locations where the power redistributes. In NOMAD the impact of these non-uniform radial 
distributions on the xenon concentration calculation can be approximated using a three channel 
model. The three radial channels represented are: 

HIGH 
LOW 
RODDED 

~ A region of the core of higher than average power (unrodded) 
~ The low power remainder of the unrodded portion of the core 
~ The region of the core in or adjacent to inserted control rods 

The same xenon and iodine equations described above are used to calculate xenon concentrations 
for each of the three regions. User input constants are used to approximate the relative power, flux, 
and volume for each channel and properly volume weight the results to obtain a single plane 
average xenon concentration. All three channels are always calculated, but the result is the same as 
a single channel model if the three channel constants are set for a single channel calculation. 

The three channel xenon model approximates the impact of non-uniform radial power distributions 
on xenon concentrations, but does not account for the change in the flux weighting of the 
macroscopic cross sections due to the redistribution of xenon. 'Three channel iodine calculations are 
performed in the same manner as described for xenon . 
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2.4 FISSION PRODUCT ISOTOPICS 

NOMAD performs an approximate calculation of Pm-149, Sm-149, Np-239, and Pu-239 in order to 
capture the reactivity effect of off-nominal values of these isotopes. These nuclides are particularly 
important for reactivity calculations involving zero power decay times of a day or more. However, 
because the cross section effect of "normal" concentrations of these nuclides is already included in 
the macroscopic cross section fits derived from PDQ 3-D model data,- a two-stage approaeh is taken 
in order to determine the effect of only the fraction of these nuclides which-represent a change from 
the "normal" concentration for a given bumup step. 

During a NOMAD model setup, a set of reference isotopics are calculated using a depletion 
performed at nominal conditions (conditions which match the PDQ 3-D cross section basis, 
typically ARO HFP). These isotopics are written to a dataset along with the local bumup for each 
bumup step in the depletion. In subsequent NOMAD cases, the reference isotopics are used as the 
zero effect base concentrations. The difference between the current nuclide concentration and the 
reference concentration' in each node is multiplied by user input microscopic cross sections to 
approximate the effect of off-nominal Sm-149 and Pu-239 ~(Np-239 and Pm-149 are included as 
precursors). 

The equations used to calculate the concentrations of these nuclides are essentially the same as those 
described for xenon and iodine: 

where 

PRM(I) = YPM/LPM + [OLDPRM(I)-(YPM/LPM)] x e-(LPMxTTJ 

SAM(I) = YPM/LSM + [OLDSAM(I)-YPM/LSM)] x e-(LSMxTTJ' 

+ [(LPM X OLDPRM(I) - YPM)/(LSM- LPM)] x [e-(LPMxTT) _ e-(LSMxH)] 

NEP(I) = YNP/LNP + [ OLDNEP(I)-(YNP/LNP)] x e-(LNPx TT) 

PL U (I)· = YNP /LPU + [ OLDPLU (I)-YNP /LPU)] x e-(LPU x TT) 

+ [ (LNP x OLDNEP(I) - YNP)/(LPU .. LNP)] x [ e-(LNP x TT)_ e -(LPU x TT) ] 

PRM(I) = Pm-149 concentration for present case (atoms/ bn-cm) 
SAM(I) = Sm-149 concentration for present case (atoms/ bn-cm) 
NEP(I) = Np-239 concentration for present case (atoms· I bn-cm) 
PLU(I) = Pu-239 concentration for present case (atoms/ bn-cm) 
YPM = Pm-149 production rate 
YNP = Np-239 production rate 
OLDPRM(I) = Pm-149 concentration from previous case (atoms/ bn-cm) 
OLDSAM(I) = Sm-149 concentration from previous case (atoms/ bn-cm) 
OLDNEP(I) = Np-239 concentration from previous case (atoms/ bn-cm) 
OLDPLU(I) = Pu-239 concentration from previous case (atoms/ bn-cm) 
LPM = Pm-149 decay constant 
LSM = Sm-149 loss term 

= SIGASM x PHI2(I) x 10-24 

LNP = Np-239 loss term 
= NDECA Y+ SIGANP x PHI2(I) x 10-24 
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LPU 

NDECAY 
SIGASM 
SIGANP 
SIGAPU 
TT 
PHI2(I) 

, 

= Pu-239 loss term 
= SIGAPU x PHI2(I) x 10-24 

= Np-239 decay constant 
= Group 2 microscopic Sm-149 absorption cross section (barns) 
= Group 2 microscopic Np-239 absorption cross section (barns) 
= Group 2 microscopic Pu-239 absorption cross section (barns) 
= Length of depletion (seconds) 
= Normalized group 2 flux 

The thermal group microscopic -absorption· cross sections are input constants. The Pm-149 
production rate is derived from PDQ 3-D model data in much the same way as described for I-135 
(Section 2-3). Because Np-239 is produced almost entirely by group 1 neutron capture, the 
production rate is associated with the local group 1 flux and not the local power. Since these 
nuclides take significantly longer to reach pseudo-equilibrium than iodine or xenon, production 
rates are not calculated until the node bumup has increased at least 300 MWD/MTU past the BOC 
node burnup. For Np-239, an array that is a function of local burnup is constructed for each fuel 
plane as follows: 

where 

NPPR(BU) = NP239(BU+ 1,I) / FAST(BU,I) / 10-24 

NP239(BU,I) 
FAST(BU,I) 

= PDQ local Np-239 number density 
= Group 1 PDQ local flux 

This method assumes that·Np-239 is at 100% power pseudo-equilibrium for each burnup step in the 
PDQ isotopics and power dataset ·and was produced from the preceding step power and burnup 
distribution: The NPPR array is linearly interpolated to the local node burnup and the NOMAD 
production terms are obtained: 

YNP = NPPR(BU) x PHII (I) x NDECA Y x 10-24 

where NPPR(BU) = PDQ Np-239 production rate interpolated to NOMAD local burnup 
PHII(I) = NOMAD group 1 flux in region'! 

Because virtually all Pu-239 is produced by decay from Np-239 there is no direct Pu-239 production 
term. This production equation neglects the burnout portion of the Np-239 loss term. Neglecting 
this term does not significantly impact the production term given that the burnout term is very small 
relative to the decay constant. 
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2.5 CONTROL ROD MODEL 

NOMAD accounts for the effect of control rod insertion by adding the control rod macroscopic 
cross sections to the local macroscopic fuel cross sections for each rodded fuel node. The code 
inserts each control rod bank by step (225 steps = completely withdrawn, 0 steps = completely 
inserted). The distance per rod step is 0.625 inches in NOMAD. The NOMAD control rod model 
includes the modeling of a total of seven banks, with the seventh bank being part -length. 

Macroscopic cross sections are obtained from PDQ 3-D model calculations and written to a dataset 
by the XSEDT code. The RODED code reads XSEDT saved planewise core average two group 
macroscopic cross sections for two different rodded conditions, calculates a cross section change 
caused by the change in rodded condition, and writes the cross section changes to a dataset for use 
in NOMAD. RODED also calculates xenon coefficients to represent the impact of xenon on control 
rod cross sections. The cross section changes and xenon coefficients are used in NOMAD to 
calculate rod cross section deltas. 

where 

RODXS = RODX(I,TYPE,BANK) + COEFF{I,TYPE,BANK) x XENON(!) 

RODX 
COEFF 
XENON(!) 
TYPE 
BANK 
I 

= control rod macroscopic cross section delta 
= xenon coefficient for RODX 
= xenon concentration in node I 
= cross section type 
= control rod bank number (l-7) 
= axial node 

The NOMAD model requires 3 sets of cross sections (BOC, MOC, and EOC) for each rod bank to 
be modeled.- NOMAD linearly interpolates the rod cross section deltas versus local burnup and 
applies them as discussed in Section 2.0. 

A fuel region which is partially rodded is handled primarily by volume weighting the rod cross 
sections. However, a simple volume weighting typically over-predicts the actual rod worth in a 
partially rodded node and leads to a "sawtooth" differential rod worth shape (rod cusping). To 
approximate the control rod· effect of a partially rodded node, two empirical approximations were 
added and are controlled by user input rod cusping coefficients. The partial node insertion rod cross 
section multiplier is the product 'of the two cusping factors, the physical fraction inserted, and the 
rod worth normalization factor: 

7 

RODSIG(TYPE,I) = L ROD(BANK,I) x CUSP3 x RODXS x CUSP4 x RODWTH(BANK) 

where 

BANK=! 

ROD(BANK,I) 
RODXS 
RODWTH(BANK) 
CUSP3 

= physical fraction inserted for each rod bank and fuel node I 
= control rod cross section for full insertion 
= rod worth normalization factor 
= power gradient based cusping multiplier 
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CUSP4 = geometric cusping multiplier 

The first cusping model (CUSP4) is based strictly on geometric considerations and is a function of 
the insertion fraction, the size of the no4e, and a user defined scaling factor which controls the 
maximum magnitude. The second anti-cusping option ·(CUSP3),is a power gradient correction, 
which uses the neighboring node power gradient to approximate the power in the vicinity of the 
control rod relative to the average power in the node, scaled by a user input constant. 

To approximate the effect of moderator temperature changes on the control rod cross deltas, 
NOMAD applies a multiplier based on user input moderator temperature and density coefficients. 

NOMAD assumes that the base condition for these coefficients is HZP (547°F, 2250 psia). Group 2 
cross sections are treated as a function of moderator -temperature, and group 1 cross sections are 
treated as a function of moderator density. 

where 

MUL Tl = 1. + RDi x (DENSITY - DENRF) 
MUL T2 = 1. + RDi x (MTEMP - TREF) 

RDi 
MTEMP 
TREF 
DENSITY 
DENRF 

= user input coefficient for rod cross section i 
= local moderator temperature (°F) 
= reference moderator temperature (547°F) 
= local moderator density. (lbm/ft3

) 

= reference moderator density (47.047 lbm/ft3
) 

These multipliers are applied to the control rod macroscopic cross sections RODSIG(TYPE,I) and 
provide a means to approximate temperature dependence of control rods . 
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2.6 FQ(Z) x RELATIVE POWER CALCULATIONS 

NOMAD is capable of performing Fq(Z) x Relative Power calculations for F AC or RPDC analysis. 
The code combines the axial power distributions that it calculates with the Fxy(Z) data from a 3-D 
PDQ model to determine Fxy(Z) calculated, Fxy(Z) allowable, and Fq(Z) x Relative Power. 
Because PDQ 3-D and NOMAD model axial geometry may not be the same, Fxy data is assigned to 
NOMAD nodes as described in Section 2.0. NOMAD can average the Fxy values from two 
different PDQ planes if appropriate and specified by the user. 

NOMAD performs the following sequence for each case when the Fq analysis option is specified. 
First, the code determines the rodded configuration (i.e., ARO, D in, D+C in) for each axial region. 
Then, it selects the input Fxy(Z) that corresponds to the axial level and the rodded configuration of 
each region. NOMAD checks this Fxy(Z) value to insure that it is not less than the minimum 
Fxy(Z) specified in the user input for that rod configuration. If the reactor is less than full power, 
NOMAD adjusts the Fxy(Z) as follows: 

FXYCAS(Z) = FXY(Z) x [ 1 + ADmST x (1 - PR)] 

where FXYCAS(Z) = Fxy(Z) adjusted for the core relative power level 
FXY(Z) = Fxy at axial plane Z for 100% power 
ADJUST = Fxy power adjustment factor (e.g., 0.3 for Surry and North Anna) 
PR = Core relative power level 

Next, NOMAD calculates the Fq(Z) x Relative Power for this case: 

where 

FQCASE(Z) = FXYCAS(Z) x RPD(Z) x PR x FQGRID 

FQCASE(Z) = Fq(Z) x PR for this step 
RPD(Z) = Relative power at axial node Z 
FQGRID = Correction factor for grids 

If FQCASE(Z) is greater than any previous Fq(Z) x Relative Power, then various values including 
for Fz(Z), Fxy(Z) calculated, Fxy(Z) allowable, and Fq(Z) calculated are saved. Once an entire set 
of dependent cases has been completed and the final values for Fz(Z), Fxy(Z) calculated, Fxy(Z) 
allowable, and Fq(Z) calculated have been obtained, NOMAD checks for any limit violations for 
Fxy(Z) calculated, Fxy(Z) allowable, and Fq(Z) calculated, and flags them in the Fq analysis 
output. 

NOMAD can also calculate the average power distribution for a load follow depletion. The code 
integrates the axial flux distributions over the cases specified by the user to obtain the average flux 
distribution: 

CASES CASES 

PHIAVG(J,I) = L (PHIA(J,I)N x PRNx TN) IL TN 
N=l N=l 

where PHIAVG(J,I) = Average flux distribution 
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PHIA(J,I) 
T 
J 
I 

= Flux distribution for case N 
= Depletion time for case N (hours) 
= Energy group 
= Axial region 

This flux distribution is used to obtain the average power distribution which is then used to calculate 
the average fission product distributions ( e.g. iodine and xenon). The load follow depletion is then 
performed using these average distributions . 
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2. 7 POISON WORTH CALCULATION 

NOMAD can automatically calculate the xenon worth for any selected case(s). The xenon worth 
can be determined for any case without interrupting the flow of the other calculations being 
performed. 

The worth of non-equilibrium Pu-239 and Sm-149 can be included in the eigenvalue calculation. 
Macroscopic cross sections attributable to the difference between the reference isotopics and the 
current case isotopics (group 1 and 2 I:a, and group 1 and 2 vl:r) are calculated based on user input 
microscopic cross sections. 

When the fission product worth option is requested, these macroscopic cross sections are added to 
the fuel macroscopic cross sections. By running two otherwise identical cases with different fission 
product worth options, the worth of the non-equilibrium Pu-239 and Sm-149 may be calculated 
directly without changing the isotopics passed to the next case . 
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• 3.0 MODEL QUALIFICATION SUMMARY 

NOMAD was qualified in two ways. First, as a normal part of the model setup, NOMAD and 3-D PDQ 
calculations are compared and must agree within various tolerances before the NOMAD model is 
considered valid. In addition, NOMAD calculations were compared to measurements for a wide range 
of cycle designs and parameters to demonstrate the capabilities of the model and to determine 
appropriate uncertainty factors for use with NOMAD. Tables 3.0.l through 3.0.3 summarize the 
statistical results for these comparisons. Note that all statistical uncertainties met their respective VEP
FRD-45A limits8

, design tolerances or administrative limits. Specifically, each of the following 
uncertainties were shown to be met: 

1. Fq within 7.5% of measured for selected maps covering operating conditions from hot full power 
(HFP) to hot zero power (HZP) with and without D/bank insertion. 

2. Fz within 8.0% of measured for the same selected maps as item 1. 

3. Isothermal te1I,1.perature coefficient (ITC) within 3 pcm!°F of measured startup physics test results 
for N1C3, NlC6, N1C9, S2C2, S2Cl 1, and S2C13. 

4. Boron endpoint within 50 ppm of measured startup physics test results for the same cycles as 
item 3. 

5. Differential boron worth (DBW) within 5% .of measured startup physics test results for the same 
cycles as item 3. 

6. Differential rod worth (DR W) within 2 pcm/step of measured startup physics test results for the 
same cycles as item 3. 

7. Integral rod worth (IR W) within 10% for all banks measured using the dilution technique during 
startup physics testing, including reference bank measurements, for the same cycles as item 3. 

8. All individual rod swap bank integral rod worths within 15% (or 100 pcm for banks worth less 
than 600 pcm) of measured startup physics test results for the same cycles as item 3. 

9. Total bank worth within 10% of measured startup physics test results for the same cycles as item 
3. 

10. Estimated critical position (ECP) calculations within ±500 pcm administration limit for selected 
N1C9, S2Cll and S2Cl3 startups. 

In addition to the statistical results, NOMAD was benchmarked to various transients, including the S2C2 
load follow, two NlC3 return to power scenarios, the N1C6 pipe inspection transient, the N1C9 MTC 
measurement, and the Nl C 11 initial ramp to power. NOMAD was compared to measured axial offset 
(or ~I), boron concentration and/or axial power (Fz) and showed good agreement for all transients. 
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These results show NOMAD meets the required reliability factors and is capable of performing axial 
power calculations, including F AC and RPDC calculations, RSAC calculations, normal operation 
transient evaluations including load follow simulations, differential and integral rod worth predictions, 
ECP calculations, xenon worth calculations, reactivity coefficient calculations, axial offset control, 
peaking factor analyses, and axial burnup distributions. Based on the qualification results described, 
NOMAD has been shown to be acceptable using present uncertainty factors and design tolerances. 
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Maximum 
Overprediction 

(pcm) 

+336 

Table 3.0.1 
NOMAD ECP RESULTS 

Maximum 
U nderprediction 

(pcm) 

-74 

Standard 
Mean Deviation 
(pcm) (pcm) 

+134 129 

Note: Includes 14 ECPs: 4 N1C9, 6 S2Cl 1, and 4 S2C13. 

Table 3.0.2 
NOMAD STARTUP PHYSICS TESTING RESULTS 

Maximum Maximum 
Parameter Overprediction Underprediction Mean 

Endpoints (ppm) -36 +17 -21 
Boron Worth (%) +1.38 -4.13 -2.17 
ITC (pcml°F) -1.45 +0.52 -0.15 

W (rod swap)(%) + 11.36 -7.84 2.99 
W (dilution)(%) +7.12 -6.73 -0.58 

Notes: 1) Boron difference is (M-P). 
2) Boron worth difference is (M-P)/M * 100% 
3) ITC difference is (M-P). 
4) Rod worth difference is (P-M)/M * 100%. 
5) Includes 6 cycles (N1C3, N1C6, N1C9, S2C2, S2Cl l, and S2C13) 
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17 
2.32 
0.60 
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Table 3.0.3 
NOMAD Fq and Fz RESULTS 

Maximum Maximum Standard 
Overprediction U nderprediction Mean Deviation 

Parameter (%) (%) (%) (%) 
Fz 1.92 -6.73 -2.41 1.96 
Fz (HFP only) 1.71 -5.79 -2.44 1.89 
Fq 22.754 -7.75 -0.444 6.6?4 
Fq (HFP only) 1.77 -7.75 -3.02 1.89 

Notes: 
1) Database includes 2 maps at HZP, 1 map at 30% power, 1 map at 75% power, and 20 

maps between 96% and 100% power with D-bank at various rod insertions. Data is for 
S2C2 (5 maps), S2C13 (5 maps), N1C3 (6 maps), N1C6 (4 maps), and NlCl 1 (4 maps). 

2) Total database has 134 Fq and Fz comparisons at axial points midway between spacer 
grid positions. 

3) HFP only database has a total of 112 Fq and Fz comparisons at axial points midway 
between spacer grid positions. 

4) These values reflect the use of a conservative part power multiplier applied to the HFP 
Fxy values used in the calculation of Fq. The multiplier used is governed by Technical 
Specification and currently is set to linearly increase with decreasing power from 1.0 at 
HFP (or higher) to 1.3 at HZP. 

5) The calculated 95%/95% one sided uncertainty factors are: 

Fq: 6.91% Fz: 6.13% 
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• 3.1 - MODEL QUALIFICATION RESULTS 

3.1.1 Startup Physics Comparisons 

• 

NOMAD calculations were performed for the following cycles: N1C3, N1C6, N1C9, S2C2, S2Cll, and 
S2C13. NOMAD calculations consisted ofreference bank integral and differential rod worths, differential 
boron worths, boron endpoints, isothermal temperature coefficients, and integral rod worths using the rod 
swap and boron dilution methods. Calculations simulated the startup testing methods and conditions, e.g. 
differential boron worths were calculated using reference bank integral rod worths and the difference in all 
rods out and reference bank in boron endpoints, and ITC's were calculated over the measured temperature 
range by averaging cooldown and heatup ITC's. 

The data used to determine the statistics in Table 3.0.2 are presented graphically in Figures 3.1.1 through 
Figures 3.1.4. Figures 3.1.5 through 3.1.8 show typical differential and integral reference bank worth 
versus bank position comparisons to measured data. The results presented here show NOMAD meets the 
DBW(± 5 %), ITC(± 3 pcmfF), IRW (±10% reference bank, ±15% or ±100 pcm individual, ±10% total), 
DRW (±2 pcm/step), and boron endpoint (±50 ppm) Nuclear Reliablilty Factors (NRF's) . 
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• Figure 3.1.1 

DBW Measured vs. Predicted 
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• Figure 3.1.2 

Boron Endpoints Measured vs. Predicted 
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ITC Measured vs. Predicted 
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Figure 3.1.4 
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Figure 3.1.5 

N1C9 REFERENCE BANK DIFFERENTIAL WORTH 
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• Figure 3.1. 7 

S2C13 REFERENCE BANK DIFFERENTIAL WORTH 
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Figure 3.1.8 
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• 3.1.2 - Plant Transients 

3.1.2.1 - S2C2 Load Follow Demonstration 

• 

A twenty-four hour 100-50-100 load follow test was conducted for S2C2 on 8/1/75-8/2/75. Measured 
data was gathered every twenty minutes for delta-I, peak Fz, and critical boron concentration. As shown 
in Figure 3.1.9, the NOMAD calculated delta-I versus time follows the measured values within 2%. 
NOMAD critical boron values follow the measured values with a maximum difference of less than 30 
ppm (Figure 3.1.10). NOMAD calculated peak axial power values follow the measured values within 
0.03 (Figure 3.1.11). A 1.025 grid factor multiplier was applied to the NOMAD peak power for these 
compansons . 
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• 

• 

3.1.2.2 - NlC3 Trip and Return to Power 

Two sets of measured data were recorded near the end of North Anna Unit 1, Cycle 3 during power 
escalations following reactor trips. The first escalation occurred on April 16-20, 1982, and the second on 
April 30 - May 2, 1982. 

Hourly readings of delta-I and ten critical boron measurements were taken during the first escalation. 
During the second escalation, both ex-core delta-I readings and INCORE axial offset measurements 
were performed. The delta-I readings were converted to axial offsets in order to compare NOMAD 
results to both types of data. 

As shown in Figures 3.1.12 through 3.1.15, the two N1C3 transients are very wide ranging in terms of 
both reactivity (critical boron) and delta-I. In general, the trend of the NOMAD delta-I (or axial offset) 
and critical boron follows the trend of the measured data well, but there are periods of significant 
difference. In particular, the Case 1 delta-I plot shows a measured to predicted difference oscillation 
with a period of about 30 hours. This could be due to a pre-existing xenon oscillation, but no definite 
cause could be determined. The Case 2 predicted boron concentrations are biased high versus the 
measured by an average of about 20 ppm, but are consistent with the trend of the measured data and do 
not indicate a problem modeling reactivity changes due to power level, control rod position, or xenon . 
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Figure 3.1.12 
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-. 3.1.2.3 - N1C6 Pipe Inspection 

During N1C6 operation, delta flux limit violations were experienced when power was reduced from 
100% to 20% during a secondary side pipe inspection on December 26 through December 29, 1986. The 
reactor, which was at HFP, all rods out equilibrium conditions prior to the testing, reduced power at a 
rate of about 15% per hour down to approximately 17% before stabilizing at approximately 20% power. 
At 20% power with control rods deeply inserted, power was forced to the top of the core, resulting in a 
wide ranging axial power transient. During this event, axial power changed due to changing thermal 
hydraulic feedback (power changes), control rod insertion for both reactivity and axial power control, 
and an induced axial xenon transient. 

• 

• 

A comparison of NOMAD calculated delta-I and critical boron concentration to the measured values is 
provided on Figures 3.1.16 and 3.1.17, respectively. Agreement between the NOMAD calculated delta-I 
trend versus time and the measured delta-I trend is very good over the entire transient. This verifies that 
NOMAD is capable of correctly calculating the combined power, control rod, and xenon effects 
accurately. The NOMAD critical boron results were high by as much as 40 ppm in mid-transient, but 
followed the shape of the measured trend well. 
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• 3.1.2.4 - N1C9 MTC Measurement 

Modeling of the Nl C9 HFP moderator temperature coefficient (MTC) measurement provides verification 
of the ability of NOMAD to correctly calculate a temperature driven transient in which no rod movement 
or significant power change occurs. Boron, temperature, and axial xenon transient effects are all important 
contributors to this transient. The measurement technique used was the boron exchange method, in which 
a constant power boron dilution of approximately 30 ppm is initiated to cause a moderator temperature 
increase of about 5 °F (heatup ), followed by a boration which causes moderator temperature to return to 
normal ( cooldown). The measurement was performed on 6/15/92 at 95% power and a cycle burnup of 
13,819 MWD/MTU. Plant data recorded during the measurement (moderator temperatures, boron 
concentrations, power levels, and bank positions) was used to determine the NOMAD input. 

• 

Figure 3.1.18 shows the measured and predicted delta-I behavior during the MTC measurement. Figure 
3 .1.19 shows the eigenvalue drift relative to the beginning of transient value for time steps with measured 
boron, power and temperature. An accurate core model should have eigenvalues which remain constant 
(within the limits of measurement accuracy of the input data), since the reactor remains critical throughout 
the transient. The NOMAD eigenvalues remain constant within less than ±10 pcm . 
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• 3.1.2.5 - NlCll Initial Power Ascension 

• 

Modeling of the NlCl 1 initial power ascension is a test of many aspects of the NOMAD model including 
thermal feedback (HZP-HFP), xenon (0 to near equilibrium HFP), and control rods (D+C in overlap). 
Plant data was collected on October 8-17, 1994. 

As shown on Figure 3.1.20, the agreement between measured and predicted delta-I is very good. This 
transient verifies that NOMAD can accurately calculate the multiple effects of changing power, xenon, and 
control rod position on the axial power shape . 
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• 3.1.3 - ECP Calculations 

A total of fourteen (14) Estimated Critical Position (ECP) calculations for three cycles (N1C9, S2Cll 
and S2C13) were performed as part of the qualification process. The ECP's explicity modeled the 
previous critical and startup conditions (rather than calculating individual reactivity components). The 
ECP error (measured vs. predicted) was calculated using the two eigenvalues (previous critical and 
startup condition) and is shown on Table 3.1.1 as "ECP ERROR". 

• 

• 

These ECP's cover a variety of burnups, borons, rod positions and xenon concentrations. The ECP 
conditions are summarized in Table 3.1.1. The largest over prediction (core less reactive than expected) 
for the 14 ECP's was +336 pcm and the largest under prediction (core more reactive than expected) was 
-74 pcm. The mean error for these ECP's was calculated to be +134 pcm, with a standard deviation of 
129 pcm. These results show that NOMAD meets the ±500 pcm ECP administrative limit (see Figure 
3 .1.21) and is consistent with reactivity results from the transient modeling. The previous critical and 
startup eigenvalues (not calculated as an ECP, but as a direct criticality calculation) range from a low of 
0.9978 to a high of 1.0028. This also provides confirmation of the accuracy of criticality calculations . 
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• 
PREVIOUS CONDITIONS 

UNIT/ CYCLE BORON POWER D-BANK 
BURNUP 

CYCLE (MWD/MTU) (PPM) (STEPS) 

N1C9 2104 1332 100% 228 
N1C9 3921 1219 99.9% 228 
N1C9 4693 1151 99.9% 228 
N1C9 10096 664 100% 228 

S2C11 905 1320 100% 213 
S2C11 1710 1408 60% 178 
S2C11 2952 1238 100% 223 
S2C11 4333 1150 100% 221 
S2C11 4333 1686 0.0% 195 
S2C11 11000 632 100% 224 
S2C13 1698 1033 100% 225 
S2C13 2001 1013 100% 225 
S2C13 2600 977 100% 224 
S2C13 7283 682 100% 226 

• 
Table 3.1.1 

ECPSUMMARY 

STARTUP CONDITIONS 
EIGENVALUE TRIP/ CYCLE HOURS D-BANK 

RAMP BURNUP DOWN 
(MWD/MTU) (STEPS) 

0.998332 TRIP 2269 223.5 173 
0.997804 TRIP 3941 314.4 169 
0.998446 TRIP 4693 23.0 79 
1.000003 RAMP 10096 1752.0 172 
1.001101 TRIP 905 96.8 156 
1.001682 TRIP 1710 217.1 186 
1.000406 TRIP 2952 111.0 187 
1.000465 RAMP 4333 156.5 195 
1.001583 TRIP 4333 17.4 134 
0.999762 TRIP 11000 288.0 180 
0.999433 TRIP 1698 24.3 150 
1.000081 TRIP 2001 89.8 150 
1.000499 TRIP 2600 54.6 145 
0.999559 TRIP 7283 350.1 148 

MEAN ECP ERROR = 134 PCM 
STD. DEVIATION = 129 PCM 
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BORON 

(PCM) 

1936 
1803 
1269 
1251 
1861 
1834 
1757 
1686 
1610 
1134 
1219 
1532 
1448 
1167 

• 
AVERAGE EIGENVALUE ECP 
RCS TEMP. ERROR 

(OF) (PCM) 

546 0.997918 -41.56 
547 0.998732 93.12 
548 1.001345 289.96 
547 1.002326 231.76 
546 1.000356 -74.39 
547 1.001619 -6.28 
545 1.002371 195.96 
547 1.001583 111.57 
547 1.002454 86.75 

546.6 1.002369 260.15 
545 1.002803 336.25 

546.4 1.000692 61.05 
547.8 1.001239 73.87 
548 1.002129 256.57 
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• 3.1.4 - Fz and Fq Comparisons 

In order to determine the Nuclear Uncertainty Factor (NUF) for NOMAD Fz and Fq calculations, 
measured Fz and total peaking factors (Fq) calculated by the CECOR code9 were compared to NOMAD 
calculated Fz's and Fq's. The comparison of measured and predicted axial powers used the 
methodology outlined in Reference 8. 

Fz and Fq comparisons were performed at six axial locations for North Anna and five axial locations for 
· ·· Surry. These axial locations were selected approximately halfway between neighboring spacer grid 

straps. In order to derive a predicted Fz and Fq value for the percent of the core height corresponding to 
a selected CECOR plane, a second order Lagrange interpolation was performed on the predicted Fz and 
Fq using the three axial NOMAD nodes which most closely bracketed each selected CECOR node (see 
Table 4-1 in Reference 8). 

Axial locations approximately halfway between the grids were chosen for the comparisons in order to 
ensure appropriate conservatism in the derivation of the Fz and Fq calculational uncertainty. Since the 
NOMAD model does not model grids, the predicted axial power distribution is not depressed at the grid 
loca~ions. This results in a tendency for the maximum difference between measured and predicted Fz 
and Fq to occur about halfway between the grid locations, where the measured value usually exceeds the 
predicted. Hence, using these locations for the database results in an additional conservatism being 
applied to the uncertainty factor and removes the necessity of having to apply a special grid correction 

• 

factor to a predicted value at a between-the-grid location to allow for the unmodeled grid depression 
effect. 

Table 3.0.3 summarizes the comparisons of measured and predicted Fq and Fz. Table 3.1.2 lists the flux 
map database used to derive these statistics. Figures 3 .1.22 through 3 .1.27 show a representative sample 
of Fz results. Figures 3.1.28 through 3.1.33 show representative Fq comparisons. These tables and 
figures show NOMAD compares well with measured results. 

3.1.4.1 - Fq and Fz Statistical Analysis Methodofogy 

After the percent difference in the NOMAD and CECOR Fz's and Fq's were determined, the sample 
mean, standard deviation (based on a sample of the total population), and D' statistic (at the 1 % level of 
significance) for all maps were determined. AD' test described in ANSI standard N15.15-197410 was 
used to determine the normality of the sample distributions. Based on the D' statistic and the methods 
described in NRC Regulatory Guide 1.12611

, an uncertainty factor (the 95/95 one-sided upper tolerance 
limit) was determined for each sample distribution. Statistics were generated for two databases (HFP 
data only and HFP, part power, and HZP combined). All sample populations except the 
total Fq database passed the normality test. 

For the HFP Fz database, the population mean was -2.44% with a standard deviation of 1.89%. The 
nuclear uncertainty factor (NUF) for this population was 6.07%. For the total Fz database, the 

• 

population mean was -2.41 % with a standard deviation of 1.96%. The NUF for this population was 
6.13%. The statistics for both sets of data are very similar, which demonstrates that the accuracy of 
NOMAD axial power shape calculations is not dependent on core power or control rod position. These 
uncertainty factors are within the 8% Nuclear Reliability Factor (NRF) stated in VEP-FRD-45A8

. The 
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• 

calculated NUF's include the grid correction factor, i.e. any grid factor is included in the uncertainty 
factor. 

• 

For the HFP Fq database, the population mean was -3.02% with a standard deviation of 1.89%. The 
NUF for this population was 6.65%. For the total Fq database, the population mean was -0.44% with a 
standard deviation of 6.67%. The NUF for this population was 6.91 %. The Fq differences for the 
reduced power maps became progressively more positive (predicted Fq larger than measured) as the map 
power level dropped. This was the result of using a conservative Fxy part power multiplier, which is 
current design practice and governed by Technical Specifications. The calculated NUF for Fq is within 
the 7.5 % NRF stated in Reference 8. Similar to the Fz NUF's, the Fq NUF's include a grid correction 
factor. 

The PDQ 3-D model3, which has previously been shown to accurately calculate radial power 
distributions for the full range of normal operating conditions, provided the Fxy input for the Fq 
comparisons. In addition, the NOMAD model has been shown to accurately predict axial power 
distributions for HFP, part power, and rodded conditions (Fz statistics). These conclusions coupled with 
the HFP Fq statistics show that the synthesis of PDQ 3-D Fxy data and NOMAD axial power 
distributions produces accurate core Fq predictions . 
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Table 3.1.2 
FLUX MAP DATABASE 

Unit/Cycle Map # Cycle Burnup Power D bank NOMAD MEASURED 
(MWD/MTU) (steps) A.O.(%) A.O.(%) 

N1C3 15 1120 100% 218 -5.90 -6.89 
··························································· ··············································································· ····························· .................................... ········································ 

N1C3 29 4938 100% 219 -2.80 -1.54 
.......................................................................................................................................... ····························· ···································· ········································ 

N1C3 36 7926 99% 217 -2.23 -3.72 
........................................................... ·······-······································································· ····························· ···································· ········································ 

N1C3 84 11434 100% 216 -2.18 . -4.04 
········--························-----····----···--·--··-· ····-····----····-···························-································· ····························· .................................... ········································ 

N1C6 14 3265 100% 228 -1.53 -3.14 
N1C6 17 6690 100% 228 -2.47 -4.26 

··························································· ............................................................................... ····························· ···································· ········································ 
N1C6 22 10703 100% 228 -3.18 -5.10 
N1C6 30 14975 96% 225 0.41 -1.63 

....................................................................................................................................................................... ···································· ········································ 
S2C2 6 170 100% 209 2.65 4.16 

··························································· ............................................................................... ····························· ........................................................................... . 
S2C2 11 1875 99% 207 -1.68 -0.03 

··························································· ....................................................................................................................................................................................... . 
S2C2 17 5650 100% 225 -1.85 -0.02 ................................................................................................................................................................................................................................................... 
S2C2 23 8850 99% 226 -1.93 -1.49 ................................................................................................................................................................................................................................................... 

NlCll 3 764 100% 225 -2.67 -3.53 .......................................................................................................................................... ····························· ........................................................................... . 
NlCll 8 6675 100% 225 -2.64 -4.26 
NlCll 12 11125 100% 225 -2.94 -4.63 .......................................................................................................................................... ····························· ........................................................................... . 
NlCll 15 14696 99.9% 225 -2.44 -4.03 
S2Cl3 3 186 97.4% 225 -0.83 -1.30 

.......................................................................................................................................... ····························· ···································· ········································ 
S2Cl3 7 2690 100% 226 -1.27 -2.92 

........................................................... ··············································································· ····························· .................................... ·································••····· 
S2Cl3 10 4876 100% 224 -1.67 -3.56 .......................................................................................................................................... ····························· .................................... ········································ 
S2Cl3 12 6530 100% 226 -2.44 -4.00 

··························································· ............................................................................... ····························· .................................... ········································ 
S2C2 1 0 0% 199 20.17 20.40 

··························································· ............................................................................... ····························· .................................... ·················•······················ 
N1C3 2 0 0% 220 17.19 17.05 .......................................................................................................................................... ····························· ........................................................................... . 
N1C3 30 5497 75% 185 -2.36 -4.31 

··························································· ............................................................................... ····························· .................................... ········································ 
S2Cl3 1 2 30% 153 -7.89 -9.45 

• 
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Figure 3.1.25 

NOMADP09 vs. MEASURED Fz COMPARISON 
N1C11, 14696 MWD/MTU, D@ 225, 99.9% POWER 
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Figure 3.1.26 

NOMADP09 vs. MEASURED Fz COMPARISON 
S2C13, 186 MWD/MTU, D@ 225, 97.4% POWER 
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Figure 3.1.27 

NOMADP09 vs. MEASURED Fz COMPARISON 
S2C13, 6530 MWD/MTU, D@ 226, 100% POWER 
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Figure 3.1.28 

NOMADP09 vs. MEASURED Fq COMPARISON 
S2C2, 5650 MWD/MTU, D@ 225, 100% POWER 
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Figure 3.1.29 

NOMADP09 vs. MEASURED Fq COMPARISON 
N1C3, 4938 MWD/MTU, D@ 219, 100% POWER 
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Figure 3.1.30 

NOMADP09 vs. MEASURED Fq COMPARISON 
N1 C11, 764 MWD/MTU, D @225,100% POWER 
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Figure 3.1.31 

NOMADP09 vs. MEASURED Fq COMPARISON 
N1C11, 14696 MWD/MTU, D@ 225, 99.9% POWER 
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Figure 3.1.32 

NOMADP09 vs. MEASURED Fq COMPARISON 
S2C13, 186 MWD/MTU, D@ 225, 97.4% POWER 
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Figure 3.1.33 

NOMADP09 vs. MEASURED Fq COMPARISON 
S2C13, 6530 MWD/MTU, D@ 226, 100% POWER 
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3.1.5 - F AC and RPDC Comparisons 

F AC and RPDC calculations were performed to compare the results of the enhanced NOMAD model 
with those of the previous NOMAD model. For the previous model, Fxy input data was taken from a 2-
D/3-D synthesis of 2-D PDQ and 3-D FLAME model calculations. Fxy input data for the enhanced 
model was obtained with a 3-D PDQ model. Except for the Fxy input chanfes, calculations using the 
enhanced NOMAD model were performed using the current methodologies 4• • Since significant model 
changes are involved, some differences in calculated Fz and Fq were expected. 

The limiting Fq shapes for a 3 case FAC analysis using each model were determined for the S2Cl3 core 
and are presented in Figure 3.1.34. The Fq shapes produced are of similar shape and magnitude. This 
comparison, the comparisons of measured and predicted Fz shapes for the transient cases presented in 
Section 3.1.2, and the comparisons of measured and predicted Fz and Fq shapes in Section 3.1.4 
confirm the F AC analysis capability of NOMAD. 

RPDC calculations were compared for the N 1 C 11 core. Although the calculated allowable ~I operating 
bands were slightly different between the two models, a generic set of limiting bands applicable to the 
entire cycle (typically used instead of burnup dependent limits for simplicity) remained bounding for the 
enhanced model. Typical examples of the N(z) functions calculated by the two models are shown in 
Figures 3.1.35 and 3.1.36. The N(z) function represents the maximum increase in Fq that could be 
expected while operating in the ~I bands relative to an equilibrium condition. The functions calculated 
by both versions of NOMAD are very similar in shape and magnitude. 

The enhanced NOMAD model also retains the capability to simulate Condition II transients (rod 
withdrawal, excessive heat removal, and erroneous boration/dilution) as part of the RPDC analysis . 
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S2C13 3 Case FAC 
Fq vs. Core Height (w/ 3% Uncertainty) 
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4.0 SUMMARY AND CONCLUSIONS 

The enhanced NOMAD model is an updated version of the earlier NOMAD model, which was 
documented in topical report VEP-NFE-1A1

• This updated model incorporates several 
improvements, the most significant being the the use of multi-plane data from a three dimensional 
Virginia Power PDQ model as the primary source of input. In addition, the xenon model, the 
control rod model, the cross section model, and the buckling model have all been improved, and a 
fission product poison worth isotopics model has been added. 

The applicability of the enhanced NOMAD model has been demonstrated through a comparison of 
NOMAD predictions to a wide variety of measurements, including startup physics data, axial power 
shapes and peaking factors, plant transients, and Estimated Critical Position (ECP) calculations. 
Comparison of NOMAD uncertainty factors to Nuclear Reliablility Factors8 (NRF) for Fz, Fq, 
differential boron worth, critical boron concentration, isothermal temperature coefficients, 
differential rod worth and integral rod worth verify the accuracy of the NOMAD model and the 
applicability of the NRF's for NOMAD calculations. The enhanced NOMAD model retains the 
ability to perform F AC and RPDC calculations. 

It is concluded that the enhanced NOMAD model has been acceptably qualified for use in the core 
design and core follow of the North Anna and Surry Power Stations using the same allowances for 
model uncertainty which have been approved for the original version and other Virginia Power 
models. Further improvements to the NOMAD model will continue to be made as more experience 
is obtained through the application of the model to the units at the Surry and North Anna Nuclear 
Power Stations . 
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Supplement 2 

VEP-FRD-42. Revision 1-A 
September 1996 

Topical Report VEP-FRD-42, Revision 1-A, "Reload Nuclear Design Methodology," 
presents the methodology used by Virginia Electric and Power Company to perform a 
nuclear reload design analysis and safety evaluation. In November 1993, a supplement 
to this topical report was provided to the NRC which described various modifications and 
enhancements that have been incorporated into this reload design methodology. Since 
Supplement 1, a computer code (NOMAD) used for the reload safety analysis evaluations 
has been enhanced. This supplement describes the changes in the reload design 
methodology associated with this code enhancement. 

1. Topical Report VEP-FRD-42, Revision 1-A, "Reload Nuclear Design Methodology" 
(Ref. 1 ), references and briefly describes the 1-D NOMAD core physics analytical 
model. 

An enhanced NOMAD model has subsequently been developed to replace that 
described and referenced in VEP-FRD-42, Revision 1-A. The enhanced NOMAD 
model derives its inputs from the PDQ 3-D Two-Zone model (Ref. 2), including Fxy(z) 
information. Therefore, the enhanced NOMAD model utilizes a 1 D/3D Fq synthesis 
technique, instead of the 1 D/2D/3D Fq synthesis technique employed in the existing 
NOMAD model. (The PDQ 3-D Two-Zone model was previously implemented for 
North Anna and Surry core physics calculations via the provisions of 1 OCFR50.59 as 
described in Reference 3.) The enhanced NOMAD model has been validated by a 
process equivalent in scope and rigor to that used to validate the existing NOMAD 
model. Based on comparisons to core measurements, currently approved Nuclear 
Reliability Factors (Ref. 4) have been shown to be appropriate for the enhanced 
NOMAD model calculations. The enhanced NOMAD model has been implemented 
for North Anna and Surry core physics calculations via the provisions of 1 OCFR50.59. 
This model is an equivalent replacement of the existing model for calculations 
described in Reference 1. 
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Supplement 1 

VEP-NE-1A 
September 1996 

Topical Report VEP-NE-1A, "Relaxed Power Distribution Control Methodology and 
Associated Fq Surveillance Technical Specifications," presents the methodology used by 
Virginia Electric and Power Company to determine the maximum amount of axial power 
skewing permissible in its nuclear reactors. Since NRG approval of this methodology in 
1986, a modification has been made to the methodology outlined in this report. This 
modification is the implementation of an enhanced version of the NOMAD coniputer code. 
This supplement describes the changes in the RPDC methodology associated with this 
code enhancement. 

1. Topical Report VEP-NE-1A, "Relaxed Power Distribution Control Methodology and 
Associated Fq Surveillance Technical Specifications" (Ref. 1), references the 1-D 
NOMAD core physics analytical model. 

An enhanced NOMAD model has subsequently been developed to replace that 
referenced in VEP-NE-1A. The enhanced NOMAD model derives its inputs from the 
PDQ 3-D Two-Zone model (Ref. 2), including Fxy(z) information. Therefore, the 
enhanced NOMAD model utilizes a 1 D/3D Fq synthesis technique, instead of the 
1 D/2D/3D Fq synthesis technique employed in the existing NOMAD model. (The 
PDQ 3-D Two-Zone model was previously implemented for North Anna and Surry 
core physics calculations via the provisions of 1 OCFR50.59 as described in 
Reference 3.) The enhanced NOMAD model has been validated by a process 
equivalent in scope and rigor to that used to validate the existing NOMAD model. 
Based on comparisons to core measurements, currently approved Nuclear Reliability 
Factors (Ref. 4) have been shown to be appropriate for the enhanced NOMAD model 
calculations. The enhanced NOMAD model has been implemented for North Anna 
and Surry core physics calculations via the provisions of 1 OCFR50.59. This model is 
an equivalent replacement of the existing model for calculations described in 
Reference 1. 
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