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Mr. R. H. Leasburg, Yice President
Nuclear Operations

Virginia Electric & Power Company
Richmond, Virginia 23261

Dear Mr. Leasburg:

Subject: Acceptance for Referencing of Licensing Topical Report
VEP-FRD-33, "VEPCO Reactor Core Thermal-Hydraulic Analysis
Using the COBRA-IIIC/MIT Computer Code"

We have completed our review of the subject topical report submitted September
28, 1979 by Virginia Electric and Power Company (VEPCO) letter Serial No. 795.
We find this report is acceptable for referencing in 1icense applications to
the extent specified and under the limitations delineated in the report and
the associated NRC evaluation which is enclosed. The evaluation defines the
basis for acceptance of the report.

We do not intend to repeat our review of the matters described in the report
and found acceptable when the report appears as a reference in license appli-
cations except to assure that the material presented is applicable to the
specific plant invoived. Our acceptance applies only to the matters described
in the report.

. In accordance with procedures established in NUREG-0390, it 1s requested that

VEPCO publish accepted versions of this report, proprietary and non-proprietary,
within three months of receipt of this letter. The accepted versions should
incorporate this letter and the enclosed evaluation between the title page

and the abstract. The accepted versions shall include an -A (designating
accepted) following the report identification symbol.

Should our criteria or regulations change such that our conclusions as to the
acceptability of the report are invalidated, VEPCO and/or the applicants ref-
erencing the topical report will be expected to revise and resubmit their
respective documentation, or submit justification for the continued effective
applicability of the topical report without revision of their respective
documentation.

Sincerely,

Cocil © Obavrnse

Cecil 0. Thomas, Chief £
Standardization & Special

Projects Branch
Division of Licensing

Enclosure:
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TOPICAL REPORT EVALUATION

Report Title: Virginia Electric & Power Company Reactor Core Thermal-

' Hydraulic Analysis Using the COBRA'IIIC/MIT Computer Code
Report Number: VEP-FRD-33
Report Date: August 1979

Responsible Branch: Standardization and Special Projects
DSI Branch Involved: Core Performance Branch

Introduction

This report describes the Virginia Electric & Power Company (VEPCO) thermal-
hydraulic model and its application to VEPCO's pressurized water reactor
cores (i.e., North Anna, Surry). The accuracy of the VEPCO thermal-
hydraulic model is demonstrated through comparisons with analyses which

were used in the design and licensing of the Surry Nuclear Power Station.
VEPCO has also submitted a number of check cases (Ref. 2), some of which
 have been compared to staff audit calculations, to further demonstrate

the accuracy of their model.

VEPCO Thermal-Hydraulic Model
VEPCO's thermal-hydraulic model is an adaptat1on of the COBRA IIIC/MIT
(Ref. 1). The major modifications to COBRA IIIC/MIT include:

1. The capability to do the thermal hydraulic analysis using single
stage method which incorporates the geometries and methodologies
used in traditional multistage analyses.

2. The two phase density in the subcooled void region is based upon
the saturated vapor and subcooled 1liquid densities.

3. The DNBRs are printed out by channel numbers instead of rod numbers.

4. The W-3 L-grid and R-grid spacer factor correlations are options
available in the code.
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The fraction of the heat generated in the fuel and cladding are
accounted for in the CHF calculations.

The calculation iterates at least twice before convergence but
includes a variable damping factor input for more rapid convergence.

An option is added so that different crossflow resistance and
mixing coefficients could be input and applied to the rod gaps.

Up to six different axial heat flux shapes could be input and

. applied to different fuel rods.

A11 water properties (enthalpy, specific volume, viscosity, con-
ductivity and specific heat) are calculated using the HOH routines
which are obtained from the PDQ7V2 computer code.

Saturated 1iquid properties are used to correct the calculations of
the true (non-equilibrium) qua1ity within the Levy subcooled
model.

Descrigtibn

The COBRA-IIIC/MIT computer code calculates the flow and enthalpy within
interconnected flow channels by solving finite difference equations of
continuity, energy, and momentum. The mathematical model is applicable
to both steady state and transient conditions and the model considers
both turbulent mixing and diversion crossflow. In formulating the model
one-dimensional, two-phase,‘separated,'s1ip-flow is assumed to exist’
during boiling. The two-phase flow structure is assumed to be fine
enough to specify the void fraction as a function of enthalpy, flow
rate, heat flux, pressure, position, and time. Sonic veiocityApro-
pagation effects are not included. Within a channel, the diversion

crossflow velocity is assumed to be small compared to the axial velocity .:
to allow the use of a simplified equation for the conservation of
transverse momentum.
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The same finite difference equations are used for both steady state and
transient computations. Initial conditions are obtained by performing a
steady state calculation and then transient calculation is performed.
Time dependent forcing functions consisting of in?et temperature, inlet
flow, system pressure, and core average heat flux are used to establish
boundary conditions at succeeding times. The calculation iterates over
the first time step until the flow solution converges. The converged
solution is then used as the initial condition for the new time, and
the procedure continues for all the subsequent time steps. The corre-
lations used in calculating turbulent mixing are of major importance.
‘Once the flow solution is obtained, additional correlations are used in
calculating the DNBR distribution. The COBRA-IIIC/MIT computer code
allows user specification of the appropriate correlations.

Models and Correlations :

The void fractions are predicted using the Smith correlation (Ref. 3) in
conjunction with the Levy subcooled model (Ref. 4). In computing single
and two-phase‘pressure drops, an isothermal friction factor correlation
is used in conjunction with a wall viscosity correlation and a corre-
lation for predicting two-phase friction multipliers.

In predicting the non-uniform critical heat flux, the W-3 correlation is
used in conjunction with the F-factor correlation (Ref. 5). In de-
termining the lower bound of the F-factor integral, the Jens and Lottes
correlation (Ref. 6) is used to predict the axial position where nucleate
boiling begins. When appropriate, the coldwall factor and the L-grid or -
R-grid spacer factor (Ref. 7) are used with the W-3 correlation to
predict the critical heat flux.
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Turbulent Mixing _
The degree of turbulent mixing between adjacent channels is calculated-
using the following relationship,

w' =8 sG

—~where w' is the turbulent transverse fluctuating flow rate per axial
length, G is the average mass velocity of the adjacent channels, s is
the common gap, and 8 1s the mixing coefficient. The above relationship
is used to predict both single ahd,two-phase mixing.

Hydraulic Model Description _

Eighth core symmetry is assumed, and thus 1/8 core segment is modeled.
The location of hot assembly is assumed at the center of the core. The
hot assembly is modeled as an array of subchannels, while the remaining
assemblies are modeled as an array of lumped channels. For steady state
analysis, a fine mesh geometry is used in which each lumped assembly and
each hot assembly subchannel is modeled as an individual flow channel.
For transient analysis, a coarse mesh geometry is used ‘in which as-
semblies and subchannels are combined to form large channels. Because
the coarser geometry contains fewer channels, less computational time
per iteration will be required for the transient analysis.

A 53 channel model has been developed for steady state analysis and a
19 channel model has been developed for transient analysis of the Surry
units. This 53 channel model consisted of 25 Tumped assembly channels
and 28 subchannels. The 19 channel model consisted of 4 Tumped channels
and 15 subchannels.

Thermal Model Description

The thermal model consists of an inlet flow distribution, radial and
axial power distributions, and appropriate reactor operating conditions.
For transient analysis, time dependent forcing functions of system
pressure, iniet flow, inlet temperature, and core average heat flux are

o 2

also specified.
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Thermal hydraulic design parametérs forﬁ—the basis of the model. The
radial power distribution is based upon the design value of FNH, and the
axial power distribution is based on the reference axial shapeé. The

" thermal design flow rate is used in determining the core average mass

1

velocity, and the thermal hydraulic design values for inlet temperature,
system pressure, and power level are used as operating conditions.

The thermal model is then imposed upon the hydraulic model in order to
obtain the complete thermal-hydraulic representation of the core. Since
this representation is dependent upon‘therma1;hydrau1ic design para--
meters, revised representations must be considered in the event of any
subsequent design changes. In general, the hydraulic model remains
relatively fixed since it is affected only by changes in the mechanical
design of the fuel. However, the thermal model can be significantly
affected by changing any one of the design parameters.

Inlet Flow Distribution _

The inlet flow distribution used in the 53 channel model for steady
state analyses and 19 channel model for transient analyses, assumes a
5 percent flow reduction to the hot assembly while the peripheral
assembliés have a flow fraction slightly greater than 1.0. Therefore,
the average of all the fractions is approximately 1.0.

Power Distribution

The hot assembly as well as the adjacent assemblfes are given relative
powers of 1.47Sg’while lower relative powers are assigned to the re-
maining assemblies. The average of all the assembly relative powers
is 1.0. The assembly power distribution for the 19 channel model is
derived from the 53 channel model by averaging all but the three central
assembly powers. Within the subchannel array, a second power gradient
exists, having a peak around the hot channel which is a thimble cell.
The.three fuel rods surrounding the hot thimble cell have relative
powers of 1.55, the remaining fuel rods are at lower relative powers.
The average of all the fuel rod relat1ve powers is equal to the hot
assembly relative power, 1.475.
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The subchannel power distribution for the 19 channel model is also ,
derived from the 53 channel model by averaging the relative power of the
fuel rods located within the lumped subchannel. The same axial power
distribution is used in both the 19 and 53 channel models.

Forcing Functions for Transient Analysis

For each reactor parameter that is changing with time, a forcing function
is input as a table set with each entry consisting of the ratio of the
transient condition to the initial condition and a corresponding time.

The COBRA-IIIC/MIT computer code has the capability of handling four

different forcing functions, e.g., core average heat flux vs time, inlet
flow vs time, inlet temperature vs time, and system pressure vs time.

Engineering Uncertainties

After formulating the overall thermal-hydraulic ﬁepresentation of the
core, engineering uncertainties are fhen applied to account for manu-
facturing tolerances used in the fabrication of the fuel. These fabri-
cation tolerances are assumed to occur in the hot channel, and are
called hot channel factors.

These facfors consist of a pitch reduction, an engineering factor on the
enthalpy rise (FEH)’ and an engineering factor on the heat flux (Fg).
The pitch reduction takes into account fuel rod spacing variations which
may occur within the as-built fuel assembly. This reduced pitch is
accounted for by modeling the hot channel with reduced gap spacing and a
reduced flow area. Since a reduced flow area causes a greater pressure
Toss across'ihe spacer grids, this effect is taken into account by using
increased grid loss coefficients. Table 1 1ists the hydraulic data
which was used in modeling the hot channel. .

The engineering factor of the enthalpy rise (FEH) takes into account the
effect of enrichment and density variations which may occur in as-built ¢
fuel rods. This factor is accounted for by increasing the relative

power of the hot fuel rod. For all the DNB analyses described within
this report, the relative power of the hot fuel rod was multiplied by a
factor of 1.02.
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TABLE 1

BOT CHANNEL HYDRAULIC DATA

"ot Thimble Cell

- .""__-..-__.!',"_ " "" - Re- - -‘-

Pitch Reduction (inches)
Reduced Flow Area (square inches)
Reduced Fuel Rod to Fuel Rod Gap (inches)

Reduced Fuel Rod to Thimble Tube Gap (inches)

e e A T TRecs T T4 e e -

- .
e e i b s oSS e amen T e ittt

Hot Unit Cell

Pitch Reduction (inches)
Reduced Flow Area (square inches)

Reduced Fuel Rod to Fuel Rod Gap (inches)

ISR

0.0065
0.1463
0.1345
0.0725

—————

0.0065
0.1698

0.1345
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The engineering factor on the heat flux (Fg) takes into account the
effect of enrichment, density, diameter, and eccentricity variations -
which may occur in as-built fuel pellets. This factor is accounted for
by applying a heat flux spike on the hot fuel rod at the position of
MDNBR. Before the heat flux spike can be applied, however, a thermal
analysis must first be performed in order to determine the axial
position of MDNBR., Based upon these results, the axial heat flux shape
for the hot fuel rod is then adjusted to include a heat flux spike at
the determined position. The spike flux shape is included in a second
thermal analysis from which the final results are obtained.

An éngineering factor on the heat flux was applied to all the DNB analyses
described in reference 1.

Thermal-Hydraulic Model Verification _

VEPCO performed three steady state and six transient DNB analyses to
verify the calculational accuracy of their thermal-hydraulic model.
These analyses are listed in Tab]e 2, and are representative of those
contained in'the original Surry FSAR and in subsequent licensing docu-
ments that update the FSAR. The minimum DNBRs obtained from the VEPCO
model were compared to the values in the licensing documents. These"
values are provided in Table 3. This comparison results show that the
VEPCO model to be consistant with previously submitted and approved
Ticensing documents.

Staff Evaluation
Although VEPCO's original ané]yse5~showed fairly good agreement with
the Surry‘FSAR calculations, the staff was still concerned that since
the VEPCO code uses a single-pass method it should be benchmarked
directly against a multi-pass code for a range of operating conditions.
In response to concerns of the staff, VEPCO submitted (Ref. 2) the
7 check cases listed in Table 6. These cases are one for one comparisons,
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TABLE 2

LISTING OF VEPCO VERIFICATION ANALYSES

FSAR(S) Analyses !

Steady State at 100Z Power
Excessive Load Increase Transient
Uncontrolled Control Rod Assembly Withdrawal at Power Transient

Complete Loss of Reactor Coolant Flow Transient

(10,11) Reanalvyses

Densification(g)/Positive Moderator Temperature Coefficient

Steady State at 112Z Power

Uncontrolled Control Rod Assembly Withdrawal At Power Transient

Complete Loss of Reactof Coolant Flow Transient

(12)

Low Flow Assumption Reanélyses

Steady State at 1023 Powér .

Complete Loss of Reactor Coolant Flow Transien;

el Sl

.,
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/ TABLE 3
"MDNBR
Surry Channel
FSAR VEPCO Model
FSAR |
SS @ 100% Power 1,97 1.94 53
1.94 19
Excessive Load Increase
Transient 1.55 1.53 19
Uncontroiled Control Rod
Assembly Withdrawal . 1.36 1.24 19
Complete Loss of RC Flow 1.46 1.48 -
Ref. 10 * Ref. 10 VEPCo
SS @ 112% Power 1.30 1.30 53
: : 1.27 19
Uncontrolled 1.32 1.36 19
Complete Toss of RC Flow 1.54 1.54 -
Low Flow Assumption
Reanalysis Ref. 12
SS @°102% Power 1.50 1.49 53
1.49 19
Complete Loss of RC Flow
Transient 1.33 1.35 -
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TABLE 4

Range of Key Test Paraneters

- Pressuze

(psia)

Inlet Avezage
Mass Velocity
(Hlbn/hz-itz).

inlot Texmperatuze
{er)

Local Heat Flux
(MBTU/hz-£%2)

Ranges
1491-2433
1.05-3.66

§33.0-617.0

0.563-1.063
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-3
r=-£factozx

COIduail
- Factoz

Spacer
- Factozx

TABLE 5

H-3 Correlation limits

Ref. Pressure lass JEquiv. Local

Coxzelation No.

1,2

1.2

W -

-
F -5

Range Velocity Diameter Quality

(psia) (Mlb/h-£2) (in)

1000~ 1.0- 0.2- - $0.15

2400 5.0 0.7
1000- 1.0- 0.2- €0.15
2400 3.0 0.7

1000~ 1.0- | $0.15
2600 5.0 »

1490- 1.5- . $0.15
2450 3.7

Axial
Height
(in)
10~
144

10-
188

>10

96~
168

Inlet
Termp

er)

>400

GoY4~-
624
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TABLE 6

SUMMARY OF COMPARISONS WITH THINC-I

. - -
W (1] -b

|Casel Pxessurel Pouwer | Flow | Tin | FeE | Axial I Minimum DNBR I
o. | (psia) | () | () |} C°F) | | 0£fset | COBRA |THINC- I|
——— - ——— == {=- -1- e B T |orem————— |me—r———— |=~m————— 1

| S | | . | | i i }
{ 2200. =' 112. : 100. : 554. | 1.24] =zexo | .27 | 1.30
I .. i | | {
i 2400, ] 118. 1 1060, : 5$63. | 1.03] =zexo | 1.30 | 1.33
| | i I - | - !
| 2400. | 101. i 100. | 563. | 1.031 1large | 1.32 | 1.39
1 | | | i | positivel |
| I | } | | i |
.l 2400. | 81.7 1 100. | 618.41 1.03] large | 1.30 | 1i.33
! | 1 | { | negativel i
| 1 | | ! 1 I . 1 |
5 | 1855. i 112. | 90. 1 S515. | 1.031 zexo | 1.57 : 1.4%7
-4 | i | | -] |
6 1| 2220. | 100.5 | 76.51 547. | 1.03] zexro | 1.32 | 1.32
I | | | | | l i
7 1 2400. I %01. 'J. 100. | 563. } 1.03] laxge | 1.42 | 1.50
| | | | ! | positivel B
| l | | | ! | l
! i | | } } | i
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between the COBRA 19 channel single-pass and the THINC-I multi-pass

1/8 core models. These cases were chosen to span the general Tlicensed
operating range of the VEPCO plants. A consistent set of input was used
for both computer codes.

Case 1 is a recalculation of the VEP-FRD-33 Section 6.3.2 state-
point. It represents a point on the 2200 psi core thermal limit
Tine at 112 percent power and conditions based on the densifi-
cation/positive moderator temperature coefficient reanalysis.

Case 2 computes a point which would exist on a COBRA generated
2400 psia core thermal 1imit line at 118 percent power. Thermal
design flow and the currently applicable heat flux spike were used.

Case 3 is a recomputation of Case 2, using a Targe positive axial
offset power distribution instead of the normal cosine shaped axial
power distribution. The power was adjusted to yield a COBRA
minimum DNBR approximately equal to 1.30 (the actual value is
1.32). This set of operating conditions was then applied to the
THINC-I calculation.

Case 4 shows the effect of reduced power and a large negative axial
offset power distribution. As in Case 4, the power was adjusted to
yield a COBRA minimum DNBR approximately equal to 1.30.

Case 5 shows the effect of reduced pressure and flow. This state-

point corresponds to conditions on the existing Surry 1855 psia

core thermal 1imit line at 112 percent power. Current fuel stack

height reduction and heat flux spike factors were used in this

calculation, as opposed to the densification reanalysis values used
. in the 1imit 1ine generation.
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Case 6 shows the effect of reduced flow. The loss-of-flow transient
reported in VEP-FRD-33 Section 6.4.3 was rerun with COBRA using
corrected values for reduced fuel height and heat flux spike to
yield minimum DNBR results identical to those from THINC-III.

Case 7 is the same as Case 3 except a different axial power distri-
bution was used. '

In all these cases the COBRA 19 channel single-pass model yielded either
identical or conservative minimum DNBR's when compared with the THINC-I
multi-pass model results.

As part of our review, the staff chose Cases 1 and 7 to perform audit
calculations of VEPCO methodology using COBRA-IV. Our analyses were
performed in two steps. First, an eighth core symmetric core-wide
calculation was performed to determine the flow to the hot assembly.
This crossflow was stored on tape and used as a boundary condition in
the subchannel calculations. ‘For the subchannel case, an octant of the
1imiting assembly was modeled on a rod-by-rod basis. The cases selected
were those that had the greatest deviation between COBRA-IIIC/MIT and
THINC-I. Table 7 contains the oberating conditions for the'cases
analyzed while Table 8 presents a comparison of the results.

From Table 8, it can be seen that there is good agreement between the
staff's detailed audit calculations and VEPCO's COBRA-IIIC/MIT results.
In both cases, VEPCO is conservative when compared to our results.
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TABLE 7

OPERATING CONDITIONS

Power Peak Pressure TIN Average 9" | Mass Velocity

Shape  Value  (Psia) (°F) (M8TU/hr-£t%)  (MLBM/hr-ft?)
\

Cosine 1.550 2200.0 554.0 0.22231 2.273

Upskew 1.748 2400.0 563.0 0.20000 2.251
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TABLE 8

CALCULATIONAL RESULTS

VEPCo THINC-I

Power NRC
‘Shape COBRA-ITIC/MIT COBRA-1IV
Cosine 1.27 1.30 1.33
Upskew - 1.42 _ - 1.50 1.53
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Summar

In order to verify the calculational accuracy of their thermal-hydraulic
model, VEPCO initially performed steady state and transient DNB analyses
duplicating their original Surry FSAR analyses. This comparison showed
the VEPCO model to be consistent with previously submitted and approved

- Ticensing documents. In addition, VEPCO submitted 7 check cases comparing

- their model on a one for one basis with the THINC-I multi-pass 1/8 core
model. In all these cases the VEPCO model yielded either identical or
conservative minimum DNBRs. Finally, the staff performed audit calculations
of the VEPCO analyses using COBRA-IV. These audit calculations showed
VEPCO's analyses to be both consistent and conservative relative to the
staff's results.

Based on the staff review of the methodology presented in reference 1
and on the verification analyses performed by VEPCO and the staff, the
staff finds reference 1 to be acceptable for refefencing by VEPCO in
future reload licensing submittals for North Anna, Surry and future
plants of the same design. ‘
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FIGURE 1

S e -

COMPARISON OF DNB DATA WITH COBRA PREDICTIONS

Beated Axisl Flux Crid with { Crid without
Length Distribution Vans Yane
8 usinu ® é
cosine u © -
T using | -
cosine u © -

emfcocfocm oo oo

"4 ’/ : .
i i
'l
0.0 0.2 0.4 0.6 0.8 1.0
§.
L Predicted (METU/br-ft%)




B ik Db

\

References

1. F. W. Suz, "VEPCO Reactor Core Thermal-Hydraulic Analysis Using the
- COBRA-IIIC/MIT Computer Code," VEP-FRD-33, Virginia Electric &
Power Company, August 1979.

Letter from R. H. Leasburg (VEPCO) to H. R. Denton, October 4, 1982.

N
.

S. L. Smith, "Void Fractions in Two-Phase Flow: A Correlation
Based Upon an Equal Velocity Head Model," Proceeding of the
Institution of Mechanical Engineers, Volume 184, Part 1, No. 36,
P. 647 (1969-70).

w

# .

S. Levy, "Forced Convection Subcooled Boiling - Prediction of Vapor
Volumetric Fraction," GEAP-5157, General Electric Company, April 1966.

(3]

L. S. Tong, "Boiling Crisis and Critical Heat Flux," TID-25887,
U.S. Atomic Energy Commission, 1951.

W. H. Jens and P. A. Lottes, "Analyses of Heat Transfer, Burnout,
Pressure Drop, and Density Data for High Pressure Water," USAEC
Report ANL-4627, Argonne National Laboratory, 1951.

(o]

F. F. Cadek and F. E. Motley, "Application of Modified Spacer
Factor to L. Grid Typical and Coldwall Cell DNB," WCAP-8030-A,
Westinghouse Electric Corporation, January 1975.

FSAR - Surry Power Station Units 1 and 2, VEPCO (December 1969).

~J
.

0o 0

"Fuel Densification - Surry Power Station Unit 1," WCAP-8012,
Westinghouse Electric Corporation (December 1972), Proprietary.

-
o

VEPCO (C. M. Stallings) to NRC (K. R. Goller) letter dated June 5, 1975,
Serial No. 553, Docket Nos. 50-280 and 50-281.

—
w—l
.

VEPCO (C. M. Stallings) to NRC (B. C. Rusche) letter dated
January 29, 1976, Serial No. 876, Docket Nos. 50-280 and 50-281.

—ald
A
L]

VEPCO (C. M. Stallings) to NRC ( E. G. Case) letter dated
August 9, 1977, Serial No. 344, Docket Nos. 50-280 and 50-281.



i Selllll Tl

CLASSIFICATION/DISCLATMER

The data, information, analytical techniques, and conclusions in this
report have been prepared solely for use by the Virginia Electric and Power
Company (the Company), and they may not be appropriate for use in situations
other than those for which they were specifically prepared. The Company there-
fore makes no claim or warranty whatsoever, express or implied, as to their
accuracy, usefulness, or applicability. 1In particular, THE COMPANY MAKES NO
WARRANTY OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE, NOR SHALL ANY
WARRANTY BE DEEMED TO ARISE FROM COURSE OF DEALING OR USAGE OF TRADE, with
respect to this report or any of the data, information, analytical techniques,
or conclusions in it; By making this report available, the Company does not
authorize its use by others, and any such use is eXpressiy forbidden except
with the prior written approval of the Cﬁmpany. Any such written approval
shall itself be deemed to incorporate the disclaimers of liabili;y and dis-
claimers of warranties provided'herein.‘ In no event shall the Coﬁpany be
liable, under ény legal theory whatsoever (whether contracf, tort, warranty,
or strict or absolute liability), for any property damage, mental or physical
injury or death, loss of use of property, or other damage resulting from or
arising out of the use, authorized or unauthorized, of this report or the data,

information, analytical techniques, or conclusions in it,
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ABSTRACT

The Virginia Electric and Power Company (VEPCO) has developed the
capability to perform core thermal-hydraulic analysis using the COBRA IIIC/MIT
computer code. This capability is based upon a single stage method of analysis
which incorporates the geometries and methodologies used in traditional mul-
tistage analyses. Using the single stage approach, an array of subchannels
representing the hot assembly is combined with an array of lumped channels
which represent the remaining assemblies within an eighth core segment. Axial
and radial design power distributions along with an inlet flow distribution
are applied to this geometry, and engineering uncertainties are applied to
the hot channel and the hot fuel rod. This thermal-hydraulic representation
of the core is then used in a single thermal analysis to determine hot channel
fluid conditions and the resulting minimum departure from nucleate boiling
ratio (MDNBR).

The accuracy of the VEPCO Thermal-Hydraulic Model is demonstrated
through cbmparisons with analyses which were used in the design and licensing
of the Surry Nuclear Power Station. Steady state and transient MDNBRs calcu-
lated using the VEPCO methods are in excellent agreement with those presented

in the licensing documents.
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SECTION 1 - INTRODUCTION

The basic objective of core thermal-hydraulic analysis is the accu-
rate calculation of coolant conditions in order to verify that the fuel assem-
blies con;tituting the reactor core can safely meet the limitations imposed
by departure from nucleate boiling (DNB). DNB, which could occur on the heat-
ing surface of the fuel rod, is characterized by a sudden decrease in the heat
transfer coefficient with a corresponding increase in the surface temperature.
DNB is of concern in reactor design because of the possibility of fuel rod
failure resulting from the increased temperature.

In order to preclude potential DNB related fuel damage, a design
basis is establishéd and is expressed in terms of a ﬁinimum departure from
nucleate boiling ratio (MDNBR). DNBR is the fatio of the predicted heat flux
at which DNB occurs (i.e., the critical heat flux, CHF) and the local heat
flux of the fuel rod. By imposing a design DNBR limit, adequate heat transfer
between the fuel cladding and the reactor coolant is assured. DNBRs greater
than the design limit indicate the existence of thermal margin within the
nuclear core. Thus, the purpose of core thermal-hydraulic analysis, or DNB
analysis, is the accurate calculation of DNBRs in order to assess and quantify
core thermal margin.

In performing DNB analysis, a subchannel approach is commonly used
wherein a section of the core is modeled as an array of adjoining subchannels.
Each subchannel is defined as the élow channel formed by four fuel rods, or
by three fuel rods and a guide thimble tube. When the fuel rods are given
design radial and axial power distributions, the array represents the region
of maximum design power generation. Within this array, the hottest subchannel

(hot channel) is identified with the fuel rod which has the highest integrated

1-1



powef (hot fuel rod). Engineering uncertainties are applied to the hot channel
and the hot fuel rod in order to conservatively account for manufacturing.
tolerances. A detailed thermal analysis of the core is then performed to
determine the flows and enthalpies at each axial position within the hot channel.
When performing the thermal analysis, it is necessary to comsider
the effect that the surrounding core region has on the subchannel flows. The
problem is basically one of integrating the relatively small subchannel geo-
metry into a larger geometry which is representative of the entire qp?e.
Traditionally, the problem has been solved by using a multistage method in-

volving at least two analyses(l’2’3’4).

In general, a core analysis is first
performed to provide crossflow boundary conditions which are used in the‘sub-'
sequent subchaﬁnel analysis. 1In the core analysis, each fuel assembly is
modeled as a single, lumped flow channel. In the subchannel analysis, the
hot assembly is modeled separately as an array of subchannels. Hot assembly
crossflows determined in the first analysis are used as boundary conditions
in the second analysis in order to simulate the effects of the core on the
subchannel flows.

An alternate, more direct approach for performing the thermal analy-

(5)

sis is a single stage method. Using this method, a single analysis is per-
formed in which an array of subchannels representing the hot assembly is com-—
bined with an array of lumped channels which represent the remaining assemblies
within a core segment. Using this single geometry, boundary conditions are

not required since the effect of the core is inherently included when computing
the subchannel flows. Although single stage analyses have been performed
previously (e.g., Reference 6), the thermal-hydraulic codes then in existence

were capable of handling only a limited number of channels. This necessitated

coarse simulations of the core consisting of only a few subchannels together
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with very large lumped channels representing many assemblies. However, the

7)

recent development of the COBRA IIIC/MIT computer code( has provided the
capability to analyze geometries consisting.of up to 200 channels. Thus, it
is now possible to perform single stage thermal analyses using the same radial
nodalization as used in the traditional multistage analyses.

This concept has been applied by the Virginia Electric and Power
Company (VEPCO) in the development of a core thermal-hydraulic analysis capa-
bility. This capability is based upon a single stage analysis which incor-
porates the geometries and methodologies used in multistage analyses. The
accuracy of this approach has been verified through comparisons with analyses
which were used in the design and licensing of the Surry Nuclear Power Station.
Steady state and transient MDNBRs calculated using the VEPCO methods are in
excellent agreement with those presented in the Surry Final Safety Analysis
Report (FSAR)(B) and in subsequent licensing documents.(g’lo’ll’lz)

The purpose of this report is to describe the VEPCO Thermal-Hydraulic
Model and to present the comparisons which demonstrate the Model's.accuracy.
A discussion of the COBRA IIIC/MIT computer code is provided in Section 2.
The hydraulic model of the‘Surry core and the corresponding thermal model are
described respectively in Sections 3 and 4. Engineering uncertainties which -
were applied in the analyses are described in Section 5. Section 6 then de-
scribes the specific analyses which were performed and presents the comparisons

of VEPCO results with those given in the licensing documents. Conclusions

are provided in Section 7.
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SECTION 2 - COBRA IIIC/MIT COMPUTER CODE DESCRIPTION

2.1 Introduction

7)

The COBRA IIIC/MIT computer code( , developed at the Massachusetts

Institute of Technology for the Electric Power Research Institute, is a modi-
fied version of the more generally known COBRA IIIC computer code(13). Both
codes have the same basic organization, use the same conservation equatioms,
and use essentially the same method of solution. COBRA IIIC/MIT will therefore
yield essentially identical results té those of COBRA IIIC when applied to

the same problem. However, the two distinguishing characteristics of COBRA
IIIC/MIT compared with COBRA IIIC are its reduced computational running time
and its ability to handle larger geoﬁetries. Thus, the COBRA IIIC/MIT code

has the capability to more efficiently analyze detailed representations of

PWR cores.

For these reasons, the COBRA IIIC/MIT computer code became the start-
ing point in the development of the VEPCO Thermal-Hydraulic Model. In the
course of this development, the original version was modified in order to
correct several shortcomings and to provide additional user oriented flexibil-
ity. These modifications are summarized in Appendix A. A discussion of the
code's method of solution is provided in Section 2.2. The code's empirical
models and correlations that have been selected for use in the VEPCO Thermal-

Hydraulic Model are described in Section 2.3. Computational input parameters

are described in Section 2.4.

2.2 Method of Solution

The COBRA IIIC/MIT computer code calculates the flow and enthalpy

within interconnected flow channels by solving finite difference equations




of continuity, energy, and momentum. The mathematical model is applicable
to both steady state and transient conditions, and the model considers both
turbulent mixing and diversion crossflow. In formulating the mathematical
model, one-dimensional, two-phase, sepaiated, slip-flow was assuméd to exist
during boiling. The two-phase flow structure was assumed to be fine enough
to allow specification of void fraction as a function of enthalpy, flow rate,
heat flux, pressure, position, and time. Sonic velocity propagation effects
we;e.notkincluded. Within a channel, thé diversion crossflow velocity was
assumed to be sﬁall compared to the axial velocity. This assumption allowed
the use of a simplified equation for the conservation of transverse momentum.
Thé equations are solved as a boundary value problem by using a semi-
explicit finite difference scheme. The boundary conditions for the problem
are the inlet enthalpy, inlet mass velocity, and exit pressure. The boundary
vaiue solution is obtained by assuming a uniform exit préssuré distribution.
(The equations do not require actual pressures since only pressure differences
are used.) When performing a computation, the code iterates over the length
of the core until convergence of the flow solution is obtained. Convergence
is achieved when the change in any channel flow is less than a user specified
fraction of the flow from the previous iteration.
The same finite difference equafions are used for both steady state
and transient computations. For steady state calculations, the time step,
At, is set equal to an arbitrarily large value thereby negating the time depen-
dent terms. For transient calculations, the time step is set equal to a user
specified value. When performing a transient calculation, a steady state
calculation is firsf performed to obtain initial conditions. Time dependent
forcing functions consisting of inlet temperature, inlet flow, system pressure,

and core average heat flux are used to establish boundary conditions at succeed-
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ing times. The calculation iterates over the first time step until the flow
solution converges. The converged solution is then used as the initial con-
ditions for the new time, and the procedure continues for all of the subsequent
time steps. '

Although the equations of continuity, energy, and momentum form the
basic structure of the mathematical model, their solution is still dependent
upon the use of empirical correlations. Of major importance are the correla-

tions used in calculating the pressure gradient and those used in calculating

turbulent mixing. Once the flow solution is obtained, additional correlations

are used in calculating the DNBR distribution. The COBRA IIIC/MIT computer
code allows user specification of the appropriate correlations. The models
and correlations which have been selected for use in the VEPCO Thermal-Hydraulic

Model are described in the following subsection.

2.3 Models and Correlatidns

2.3.1 Void Fraction

Void fractions are predicted using the Smith void fraction correla-

tion(14) in conjunction with the Levy subcooled void model.(ls) The Levy model

uses local heat flux and fluid conditions in predicting the true (non-equili-

brium) quality. This true quality is then used in the Smith correlation to

predict the void fraction in both the subcooled and bulk boiling regionms.

2.3.2 8ingle and Two-Phase Friction Factors

In computing single and two-phase pressure drops, an isothermal
friction factor correlation is used in conjunction with a wall viscosity corre-
lation and a correlation for predicting two-phase friction multipliers.  The

isothermal friction factor, £ is calculated using the following correla-

(16)

IS0’

tion,
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.Baroczy correlation

_ -0.2
fISO = 0.184(Re)

where Re is the local Reynolds number. The isothermal friction factor is

corrected for heating effects by the following relationship,(17)

0.6

H _ Heated Perimeter uwall
£ - 10 ¥ Goited Perimeter | )
150 ette erimeter ubulk

where fH is the heated friction factor, etk is the viscosity evaluated at

the bulk fluid temperature, and n is the viscosity evaluated at the wall

all
temperature. The wall temperature, Twall’ is calculated using the following
relationship,
qll
= + =
Tea1l = Thulk "k

where q'" is the surface heat flux and T is the bulk fluid temperature.

bulk
The heat transfer coefficient, h, is calculated from the Dittus-Boelter corre-
lation(ls) using bulk fluid properties. In the two-phase flow region, the

(19) is used to calculate two-phase friction multipliers

which are applied to the heated friction factor.

2.3.3 Turbulent Mixing

The degree of turbulent mixing between adjacent channels is calculated

using the following relationship,
w' = BsG

where w' is the turbulent transverse fluctuating flow rate per axial length,
G is the average mass velocity of the adjacent channels, s is the common gap,
and 8 is the mixing coefficient. The above relationship is used to predict

both single and two-phase mixing.
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2.3.4 Critical Heat Flux Correlation

In predicting the non-uniform critical heat flux, the W-3 correla-

tion(zo) is used in conjunction with the F-factor correlation.(zo) In deter-

mining the lower bound of the F-factor integral, the Jens and Lottes correla-

(21) is used to predict the axial position where nucleate boiling begins.

(20)

When appropriate, the coldwall factor and the L-grid or R-grid spacer

tion

2 . . . ‘s
factor( 2) are used with the W-3 correlation to predict the critical heat flux.
(If required, other CHF correlations can be easily added to the code as options.)

2.3.5 Water Properties

Water properties (enthalpy, specific volume, viscosity, conductivity,
and specific heat) are calculated using the HOH routines which were obtained

from Reference 23.

2.4 Computational Input Parameters

The computational input parameters that were used in the Surry analy-
ses described within this report are listed in Table 2-1. For steady state
analyses, 156 axial intervals were specified (1" intervals), and for transient
analyses, 78 axial intervals were specified (2" intervals). Values chosen
for the crossflow resistance coefficient, the mixing coefficient, and the
momentum factors are representative of those which would be used in subchannel

analyses.(l3)




TABLE 2-1

COMPUTATIONAL INPUT PARAMETERS

Number of Axial Intervals, Steady State Analysis
Number of Axial Iﬁtervals, Transient Analysis
Fraction of Heat Generated in the Fuel
Convergence Criteria

Crossflow Resistance Coefficient, k

Mixing Coefficient, B

Turbulent Momentum Factor, ft

Transverse Momentum Factor, s/

sl R P

156

78

0.974

0.005

0.5

0.019

0.0

0.5
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SECTION 3 - HYDRAULIC MODEL DESCRIPTION

3.1 Introduction

The techniques used in formulating the hydraulic representation of
the Surry core are applicable, in general, to all preséurized water reactors.
(These same techniques will be used in formulating the hydraulic models for
the North Anna cores.) Basically, eighth core symmetry is assumed, and thus
only a 1/8 core segment is modeled. It is also assumed that the hot assembly
is located at the center of the core, and therefore, due to symmetry the 1/8
core segment contains 1/8 of the hot assembly. The hot assembly is modeled
as an array of subchannels, while the remaining assemblies are modeled as an
array of lumped channels. For steady state analysis, a fine mesh geometry
is used in which each lumped assembly and each hot assembly subchannel are
modeled as individual flow channels. For transient analysis, a coarse mesh
geometry is used in which assemblies and subchannels are combined to form
larger channels. Because the coarser geometry contains fewer channels, less
computational time per iteration is required, allowing the transient anaf&sis
to be perforﬁed without excessive expeditures of compﬁter time.

Using the above mentioned general techniques, hydraulic models have
been developed at VEPCO which are applicable specifically to the Surry units.
A 53 channel model has been developed for steady state analysis, and using

this model as a basis, a 19 channel model has been developed for transient

analysis. Detailed descriptions of these models along with a general description

of the Surry core are provided in the following subsections.

3.2 General Description of the Surry Core

The Surry Units No. 1 and 2 are Westinghouse designed pressurized

water reactors with cores consisting of 157 fuel assemblies. The arrangement




of the fuel assemblies is shown in Figure 3-1. Each fuel assembly is hydrau-
lically identical and consists of 204 fuel rods, 20 guide thimble tubes, and
a centrally located instrumentation tube. As shown in Figure 3-2, the fuel
assembly elements are arranged in a 15 x 15 square array. Assembly hydraulié
parameters are listed in Table 3-1.

Seven grids are used in each fuel assembly to support the fuel rods.
Each grid consists of individual slotted straps interlocked and brazed in an
"egg-crate" arrangement. The grids maintain the lateral spacings between
fuel rods, and they are located at intervals along the assembly length. The
five middle grids are called mixing vane grids since they contain tabs which
project into the coolant stream. These grids are used in the high heat flux
region to promote better mixing of the coolant. Tﬁe internal straps of the
two end grids do not contain mixing vaneé, and they are therefore called non-
mixing vane grids. All seven grids are mechanically attached to the guide
thimble tubes. The guide thimble tubes are iﬁ turn attached to the upper and
lower nozzles and thus provide assembly structural support. A side view of

the Westinghouse 15 x 15 assembly is shown in Figure 3-3.

3.3 Eighth Core Representation - 53 Channel Model

In modeling the Surry core for steady state amalysis, a 53 channel
model was developed representing a 1/8 core segment. This 53 channel model
consisted of 25 iumped assembly channels and 28 subchannels. The assembly
radial geémetry is shown in Figure 3-4, and the subchannel radial geometry
is shown in Figure 3-5. In the axial direction, the seven grids were modeled
by using grid loss coefficients at the axial positions listed in Table 3-2.
The upper and lower nozzles had been initially modeled, however, they were

subséquently deleted after it was found that they had only a minor effect on

the flow solutionmn.
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Within the assembly geometry, each lumped assembly was modeled by
using a lumped flow area, lumped heated and wetted perimeters, and an effective
gap. These hydraulic data, listed in Table 3-3, were calculated by considering
the individual elements comprising the fuel assembly. ' The effective gap for
crossflow was calculated by subtracting from the assembly pitch the blockage
caused by a row of fuel rods (i.e., 15 x fuel rod diamete;). Half assemblies,
formed by the lines of symmetry, were modeled by multiplying the assembly
hydraulic data by 0.5.

Within the subchannel geometry, four different tyﬁes of subchannels
were modeled. As shown in Figure 3-5, these subchannel types-éoﬁsist of a
unit cell, a perimeter cell, a corner cell, and a thimble cell. The unit,
perimeter, and corner cells are all flow channels which are basically forméd
by four fuel rods. However, the perimeter and corner cells are modeled to
include the flow region between the fuel rods of adjacent assemblies. The
fourth type of subchannel is the thimble cgll which is formed_by three fuel
rods and a guide/instrumentation thimble tube. All the subchannels were modeled

using the hydraulic data shown in Tables 3-4 through 3-7.

3.4 Eighth Core Representation — 19 Channel Model

In modeling.the Surry core for transient analysis, a 19 channel model
was developed to represent the 1/8 core segment. This model was derived from
thel53 channel model by combining assemblies and subchannels to form larger,
lumped channels. As shown in Figures 3-6 and 3-7, the 19 channel model con-
sists of 4 lumped channels and 15 subchannels. The lumped channels were modeled
using the hydraulic data shown in Table 3-8. The subchannels were modeled

using the data provided in Tables 3-4 and 3-7.




TABLE 3-1

ASSEMBLY HYDRAULIC PARAMETERS

No. of Fuel Rods

No. of Guide Thimble Tubes

No. of Instrumentation Thimble Tubes

Fuel Rod Outside Diameter (inches) .

Guide Thimble Tube Outside Diameter (inches)
Instrumentation Thimble Tube Outside biameter (inches)
Fuel Rod Pitch (inches)

Fuel Assembly Pitch (inches)

204

20

0.422

0.546

0.546

0.563

8.466



TABLE 3-2

AXTAL POSITIONS OF ASSEMBLY COMPONENTS

Description Position
(inches)

Start of Assembly 0.00
Start of Rodded Region 2.30
Start of Active. Fuel 3.00
Non~-mixing VanelGrid 4.42
Mixing Vane Grié”: ' 28.62
Mixing Vane Grid | 54.81
Mixing Vane Grid _ ' 81.00
Mixing Vane Grid | 107.19
Mixing Vane Grid ' ‘ 133.38
End of Active Fuel® _ 146.60
Non—ﬁixing Vane Grid 152.06
End of Rodded Region 154.10
End of Assembly . 156.00

* Based upon an active fuel length of 143.60 inches

- —n-—»——‘-m-'-‘—-
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Fuel

Fuel

Fuel

Fuel

Fuel

Fuel

Unit

Unit

Unit

Fuel

Unit

Unit

TABLE 3-3 ASSEMBLY HYDRAULIC DATA

Assembly Flow Area (square inches)

Assembly Wetted Perimeter (inches)

Assembly Heated Perimeter (inches)

Assembly Effective Gap (inches)

Assembly Non-mixing Vane Grid Loss Coefficient

Assembly Mixing Vane Grid Loss Coefficient

TABLE 3-4 UNIT CELL HYDRAULIC DATA

Cell Flow Area (square inches)

Cell Wetted Perimeter (inches)

Cell Heated Perimeter (inches)

Rod to Fuel Rod Gap tinches)

Cell Non-mixing Vane Grid Loss Coefficient

Cell Mixing Vane Grid Loss Coefficient

TABLE 3~5 PERIMETER CELL HYDRAULIC DATA

Perimeter Cell Flow Area (square inches)

Perimeter Cell Wetted Perimeter (inches)

Perimeter Cell Heated Perimeter (inches)

Fuel

Rod to Fuel Rod Gap (inches)

Perimeter Cell Non-mixing Vane Grid Loss Coefficient

Perimeter Cell Mixing Vane Grid Loss Coefficient

38.22
306.5
270.5
2.136
0.7378

0.9182

6.1771
1.326
1.326
0.141
0.6732

0.8377

0.2716
1.989
1.989
0.141
0.6732

0.8377



TABLE 3-6 CORNER CELL HYDRAULIC DATA

-

Corner Cell Flow Area (square inches)

Corner Cell Wetted Perimeter (inches)

Corner Cell Heated Perimeter (inches)

Fuel Rod to Fuel Rod Gap (inches)

Corner Cell Non-mixing Vane Grid Loss Coefficient

Corner Cell Mixing Vane Grid Loss Coefficient

TABLE 3-7 THIMBLE CELL HYDRAULIC DATA

Thimble Cell Flow Area (square inches)

Thimble Cell Wetted Perimeter (inchés)

Thimble Cell Heated Pefimeter (inches)

Fuel Rod to Fuel Rod Gap (inches)

Fuel Rod to Guide Thimble Tube Gap (inches)
Thimble Cell Non-mixing Vane Grid Loss Coefficient

Thimble Cell Mixing Vane Grid Loss Coefficient

0.4163

2.983

2.983

0.141, 0.222
0.6732

0.8377

0.1535
1.423
0.994
0.141
0.079
0.8953

1.114




TABLE 3-8 HYDRAULIC DATA FOR LUMPED CHANNELS

Channel No. 1

Flow Area (square inches) 57.33
Wetted Perimeter (inches) | 459,75
Heated Perimeter (inches) 405.75.
Effective Gap (inches) 3.204
Non-mixing Vane Grid Loss Coefficient 0.7378
Mixing Vane Grid Loss Coefficient 0.9182

Channel No. 2

Flow Area (square inches) 649.74
Wetted Perimeter (inches) 5210.5
Heated Periﬁeter (inches) _ 4598.5
Effective Gap (inches) ‘ | 3.204

Non-mixing Vane Grid Loss Coefficient 0.7378
Mixing Vane Grid Loss Coefficient 0.9182

Channel No. 3

Flow Area (square inches) 38.22
Wetted Perimeter (inches)  306.5

Heated Perimeter (inches) 270.5
Effective Gap (inches) 3.204, 1.068
Non-mixing Vane Grid Loss Coefficient 0.7378
Mixing Vane Grid Loss Coefficient 0.9182
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TABLE 3-8 HYDRAULIC DATA FOR LUMPED CHANNELS (Continued)

Channel No. 4

Flow Area (square inches)

Wetted Perimeter (inches)

Heated Perimeter (inches)

Effective Gap (inches)

Non~mixing Vane Grid Loss Coefficient

Mixing Vane Grid Loss Coefficient

2.729
21.06
15.55 -
1.068
0.7099

0.8833 .
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~ FIGURE 3-2

- CROSS SECTIONAL VIEW OF SURRY FUEL ASSEMBLY
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| FIGUREIB—B

SIDE VIEW OF SURRY FUEL ASSEMBLY
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FIGURE 3-4

ASSEMBLY GEOMETRY OF 53ACHANNEL'MODEL
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" . FIGURE 3-6

ASSEMBLY GEOMETRY OF 19 CHANNEL MODEL -
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FIGURE 3-7
~ SUBCHANNEL GEOMETRY OF 19 CHANNEL MODEL
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SECTION 4 - THERMAL MODEL DESCRIPTION

4.1 Introduction

| The techniques used in formulating the thermal representation of the
Surry core are applicable, in general, to all pressurized water reactors.

(The same techniques will be used in formulating the thermal models for the
North Anna cores.) The.thermal model basically consists of an inlet flow .
distribution, radial and axial power distributions, and appropriate reactor
operating conditions. For transient analysis, time éependent forcing functions
of system pressure, inlet flow, inlet temperature, and core average heat flux
are also specified.

Thermal-hydraulic design parameters form the basis of the model.
Thus, thé radial power distribution is based upon the design value of FEH’ and
the axial power distribution is based ﬁfon the reference axial flux shape. The
thérmal design flow rate is used in defermining the.core average mass velocity,
and ‘thermal-hydraulic design values for inlet temperature, system pressure, and
power level'afe used as operating conditions.

In formulating the inlet fiow distribution, the inlet flow to the hot
assembly (i.e., the subchannel array) is conservatively reduced by 5% in order
to account for the possibility of inlet flow maldistribution. In order to
conserve the total core flow rate, the peripheral assemblies are given inlet
flow fractions slightiy greater than 1.0. Thé average of all the flow frac-
tions is forced to equal 1.0.

In formulating the subchannel portion of the radial powerldistribu—
tion? the fuel rods which form tﬁgxhot channel.are givgn relative powers equal

to the design value of FN Lower relative powers for the remaining-fuel rods

AR’

-are then assigned to create a gradual power gradient which peaks around the

‘hot channel. The average of all the fuel rod relative powers is forced to

4-1
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equal the hot assembly relative power. (In general, power peaking within the

hot assembly is assumed to be 5%, i.e., the ratio of FN

AH and the hot assembly

relative power is 1.05.)

In formulating the assembly portion of the radial power distribu-—
tion, the hot assembly relative power is also assigned to the two assemblies
which are adjacent to the subchannel array. Lower relative powers for the
remaining assemblies are then assigned to create a second power gradient which
peaks around the hot assembly. The average of all the assembly relative
powers is forced to equal 1.0;

The above mentioned general techniques are used to formulate the
overall thermal model. The thermal model is then imposed upon the hydraulic
model in order to obtain the complete thermal-hydraulic representation of the
core. Since this representation is dependent upon thermal-hydraulic design
parameters, revised representations must be considered in the event of any
subsequent design changes. In general, the hydraulic model remains relatively
fixed since it is affgcted only by changes in the mechanical design of the
fuel. However, the thermal model can be significantly affected by changing
any one of the previously mentioned design parameters. Two such changes have
occurred since the original design of the Surry units. These design changes
afe discussed in Section 4.2. Sections 4.3 through 4.6 then describe the
thermal model which Has been formulated based upon current Surry design para-
meters. (The thermal models which are based upon earlier designs are de-

scribed in detail in Section 6.)

4.2 General Description of the Thermal-Hydraulic Design of the Surry Core
The Surry Units No. 1 and 2 are Westinghouse designed, three loop
(8)

pressurized water reactors with thermal ratings of 2441 MWt . The thermal

design flow rate is 265,500 gpm which is based upon three reactor coolant
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pumps each rated at a design capacity of 88,500 gpm at 543 °F. The assumed
fraction of flow effective for heat removal from the core is 0.955 (i.e., 4.5%
core bypass). The nominal inlet temperature is 543 oF, and the nominal
operating pressure is 2250 psia. The fuel rods have a nominal active length
of 144.,0", and the fraction of heat generated in the fuel is 0.974. 1In the

original design of the Surry units, FN was 1.58, and a chopped cosine with

AH

a 1.72 peak was used as the reference axial power distribution.
Several revisions to the above parameters have been required since

the publication of the original FSAR. In December, 1972, the design peaking

: : . e . . N
factors were revised in the densification reana1y51s.(9) AR

1.58 to 1.55, and the reference axial power distributionm for DNB analysis was

changed to a chopped cosine with a 1.55 peak. Due to the phenomenon of fuel.

densification, the active  length was reduced from 144.0 inches to 142.3 inches.

In August, 1977, the thermal design flow rate was reduced to 238,950

(12)

gpm at 543 °F which is 90% of the original thermal design flow rate. This

reduction in flow was a result of conservative assumptions concerning increased

flow resistance .associated with a limiting steam generator tube plugging level.

Based upon revised fuel parameters, the active length of the fuel was assumed

to be 143.6 inches.

4.3 Inlet Flow Distribution

The inlet flow distribution used with the 53 channel model is shown
in Figure 4-1, and the inlet flow distribution used with the 19 channel model
is shown in Figure 4-2. 'These distributions were used in all the DNB analyses

described within this report. As shown in the figures, the hot assembly

(i.e., the subchannel array) is given an inlet flow fraction of 0.95, while the

peripheral assemblies are given flow fractions slightly greater than 1.0. The

average of all the flow fractions is approximately equal to 1.0.

F was reduced from -




4.4 Power Distribution

The design radial power distribution which has been formulated by
VEPCO for the current thermal model is shown in Figures 4-3 through 4-6.
(Since this thermal model is based upon the reducéd thermal design flow
rate,(12) it is referred to as the Low Flow Assumption Reanalysis.) Figure
4-3 shows the assembly power distribution which is applicable to the 53
channel model. As shown, a perr gradient egists which peaks around the hot
assembly located at the center of the core. The hot assembly as well as the
adjacent assemblies are given relative powers of 1.475, while lower relative
powers are assigned to the remaining assemblies. The average of all the
assembly relative powers is 1.0. The assembly power distribution for the 19
channel model is derived from that of the 53 channel model by averaging all
but the three central assembly relative powers. Figure 4-4 shows the result-
ing assembly power distribution ﬁsed with the 19 channel model.

Figure 4-5 shows the subchannel portion of the radial power distri-
bution applicable to the 53 chamnel model. Within the subchannel array, a
second powér gradient exists, and it peaks around the hot channel which is a
thimble cell. As shown in Figure 4-5, the three fuel rods surrounding the
hot thimble cell are each given relative powers of 1.55, while lower relative
powers are assigned to the remaining fuel rods. The average of all the fuel
rod. relative powers is equal to the hot assémbly relative power, or 1.475.
The subchannel power distribution for the 19 channel model is derived from |
that of the 53 channel model by averaging the relative powers of the fuel
rods located within the lumped subchannel. Figure 4-6 shows the resulting
subchannel power distribution used with the 19 channel model.

The same axial power distribution is used in both the 19 and 53

channel models. For the current thermal model, the reference axial flux



shape is a 1.55 chopped cosine which is based upon an active length of 143.6
inches. Values of relative flux as a function of axial position are obtained
by using the following equation,

F(z') = 1.55 cos %5—
e

where F(z') = relative axial flux
z' = distance from the core center, feet
He = extrapolated length, feet

In determining the extrapolated length, He’ the integral of the
above equation is averaged over the active length and set equal to 1.0. An
iterative process is then used in order to determine the value of He which
satisfies the resulting equation. Table 4-1 lists axial flux values which

define the axial power distribution used in the current thermal model.

4.5 Reactor Operating Conditions

Reactor conditions. consist of a power level, a core flow rate, a
core inlet temperature, and a system pressure. As previously discussed in
Section 4.2, the Surry units are rated at 2441 MWt, the reactor thermal
design flow rate is currently 238,950 gpm, the nominal inlet temperature is
543 oF, and the nominal system pressure is 2250 psia. When performing tran-
sient analysis, maximum steady state instrumentation errors are applied to

these rated values so that the initial reactor conditions obtained are the

most adverse with respect to thermal margin to DNB. This 1s accomplished by
increasing the power by 2% to 2490 MWt, by increasing the temperature by 4 °F

to 547 oF, and by decreasing the pressure by 30 psi to 2220 psia.



o LR

The power level is input as a core average heat flux which is calcu-

lated using the following equation,

Q" = (FRAC) (POWER) (3413 x 10> Btu/hr,
(4P) (ACTIVE LENGTH) MW
where Q" = core average heat flux, Btu/hr—ft2
FRAC = fraction of rated power
POWER = nominal thermal power, MW

HP = total core heated perimeter, feet

ACTIVE
LENGTH

core active length, feet

The core average heat flux is based upon the total heat generafion
rate because it is used within the COBRA IIIC/MIT code to determine the total.
heat added to the coolant. Modifications have been added to the code by VEPCO
in order to account for the fraction of the heat which is actuallj generated
within the fuel (See Appendix A).

The core flow rate is input to the COBRA IIIC/MIT code as a core
average mass velocity. -The core average mass velocity is calculated using

the following equation,

3

_ (FRAC)(Q) (p) 60 min 1 ft
¢ = triow akem). X Tar 0 * Szsos gal)
where G = core average mass velocity, lbm/hr—ft2

FRAC = fraction of reactor flow effective for
heat removal from the core (i.e., 0.955)

Q = reactor volumetric flow rate, gpm
p = fluid density at inlet, 1bm/ft3

FLOW

AREA total core flow area, ft2

46




4.6 TForcing Functions for Transient Analysis

When performing a transient analysis, forcing functions are applied
to the initial reactor conditions in order to obtain subsequent reactor con-
ditions. For each reactor parameter that is changing with time, a forcing
function is input as a table set with each entry consisting of the ratio of
the transient condition to the initial condition and a corresponding time.

The COBRA ITIC/MIT computer code has the capability of handling four different
forcing functions, e.g., core average heat flux versus time, inlet flow versus
time, inlet temperature versus time, and system pressure versus time.

For the Surry transient analyses described within this geport, the
forcing functions were obtained from the FSAR and other licensing documents.
It has also been demonstrated that the forcing functions can be obtained from
transient analyses performed using a system thermal-hydraulic code such as

RETRAN.(24) | : .

4-7




TABLE 4-1

AXTAL POWER DISTRIBUTION
(LOW FLOW ASSUMPTION REANALYSIS)

Tz' )

"y = L R
F(z') 1.55 cos (12‘12993429

Axial Flux Shape: 1.55 Cosine (143.6" Active Length)

z z
Axial Position Fuel Position z/156.0 F(z')
(inches) (feet) Relative Position Relative Flux
0.0 - 0.0000 0.0000
2.96 - 0.0190 0.0000
3.0 -5.98333333 0.0192 0.0328
10.0 -5.4 0.0641 0.2656
17.2 -4.8 0.1103 0.4988
24.4 -4.2 0.1564 0.7199
31.6 -3.6 0.2026 0.9237
38.8 -3.0 0.2487 1.1052
46.0 -2.4 0.2949 1.2601
53.2 -1.8 0.3410 1.3846
60.4 -1.2 0.3872 1.4757
67.6 -0.6 0.4333 1.5313
74.8 0.0 0.4795 1.5500
82.0 0.6 0.5256 1.5313
89.2 1.2 0.5718 1.4757
96.4 1.8 0.6179 1.3846
103.6 2.4 0.6641 1.2601
110.8 3.0 0.7103 1.1052
118.0 3.6 0.7564 0.9237
125.2 4.2 0.8026 0.7199
132.4 4,8 0.8487 0.4988
139.6 5.4 0.8949 0.2656
146.6 5.98333333 0.9397 0.0328
146.64 - 0.9400 0.0000
156.0 - 1.0000 0.0000

-l s
T
oo




l .  FIGURE 4-1
INLET FLOW DISTRIBUTION OF 53 CHANNEL MODEL
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FIGURE 4-3 .

" ASSEMBLY POWER DISTRIBUTION, 53 CHANNEL MODEL
(LOW FLOW ASSUMPTION REANALYSIS)
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FIGURE 4-4

Assembly Relative Power
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ASSEMBLY POWER DISTRIBUTION, 19 CHANNEL MODEL
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FIGURE 4-6

SUBCHANNEL POWER DISTRIBUTION, 19 CHANNEL MODEL
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SECTION 5 - ENGINEERING UNCERTAINTIES

5.1 Introduction

After formulating the overall thermal-hydraulic representation of
the core (see Sections 3 and 4), engineering uncertainties are then applied
to account for manufacturing tolerances used in the fabrication of the fuel.
These fabrication tolerances are assumed to occur in the hot channel, and they
are therefore called hot channel factors. These factors and their application

are discussed in detail in Section 5.2.

5.2 Hot Channel Factors

Three hot channel factors were used in all the DNB analyses described

within this report. These factors consist of a pitch reduction, an engineering

E

factor on the enthalpy rise (FAH

), and an engineering factor on the heat flux
(Fg). The pitch reduction takes into account fuel rod spacing variations
which may occur within the as-built fuel assembly. This reduced pitch is
accounted for by modeling the hot channel with reduced gap spacings and a
reduced flow area. Since a reduced flow area causes a greater pressure loss
across the spacer grids,(ZS) this effect is taken into account by using in-
creased grid loss coefficients. Table 5-1 lists the hydraulic data which was
used in modéling the hot channel.

The engineering factor on the enthalpy rise (FEH) takes into account
the effect of enrichment and density variations which may occur in as-built
fuel rods. This factor.is accounted for by increasing the relative power of

the hot fuel rod. For all the DNB analyses described within this report, the

relative power of the hot fuel rod was multiplied by a factor of 1.02.



The engineering factor on the heat flux (Fg) takes into account the
effect of enrichment, density, diameter, and eccentricity variations which’
may occur in as-built fuel pellets. This factor is accounted for by applying
a heat flux spike on the hot fuel rod at the position of MDNBR. Before the
heat flux spike can be applied, however, a thermal analysis must first be

performed in order to determine the axial position of MDNBR. Based upon these

results, the axial heat flux shape for the hot fuel rod is then adjusted to

include a heat flux spike at the determined position. The spiked flux shape

is included in a second thermal analysis from which the final results are
obtained.
An engineering factor on the heat flux was applied to all the DNB

analyses described within this report. However, it should be noted that recent

spike DNB tests have shown that the actual spike effect on DNB is very small.(26)

E
Q

in DNB evaluations since its effect could be adequately accounted for in the

Based upon these tests, it was concluded that F, no longer had to be considered

DNBR design limit.



TABLE 5-1

HOT CHANNEL HYDRAULIC DATA

Hot Thimble Cell

Pitch Reduction (inches)

Reduced Flow Area (square inches)

Reduced Fuel Rod to Fuel Rod Gap (inches)
Reduced Fuel Rod to Thimble Tube Gap (inches)
Increased Non-mixing Vane Grid Loss Coefficient

Increased Mixing Vane Grid Loss Coefficient

Hot Unit Cell

Pitch Reduction (inches)
Reduced Flow Area (square inches)
Reduced Fuel Rod to Fuel Rod Gap (inches) .

Increased Non-mixing Vane Grid Loss Coefficient

‘Increased Mixing Vane Grid Loss Coefficient

5-3

.0065
.1463
.1345
.0725
.9866

.2280

.0065
.1698
.1345
.7321

.9110



SECTION 6 - THERMAL-HYDRAULIC MODEL VERIFICATION

6.1 Introduction

Three steady state and six transient DNB analyses were performed
by VEPCO using the models and methods described in the preceeding sections.
These analyses are listed in Table 6-1, and they are representative of those

(8)

contained in the original Surry FSAR and in subsequent licensing docu—-

(9,10,11,12) The later reanalyses update the FSAR and reflect the

ments.
thermal-hydraulic design changes which were discussed in Section 4.2.

The analyses were performed in order to verify the calculational
accuracy of the VEPCO Thermal-Hydraulic Model. For this reason, they were
formulated to duplicate as closely as possible the original analyses contained
in the above mentioned documents. Verification was obtained by éomparing
minimum DNBRs calculated using the VEPCO methods with those given in the licensing

documents. These comparisons along with detailed descriptions of the analyses

themselves are given in the following subsections.
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TABLE 6-1

LISTING OF VEPCO VERIFICATION ANALYSES

(8)

FSAR Analyses

Steady State at 100% Power
Excessive Load Increase Transient
Uncontrolled Control Rod Assembly Withdrawal at Power Transient

Complete Loss of Reactor Coolant Flow Transient

(10,11)

Densification(9)/Positive Moderator Temperature Coefficient Reanalyses

Steady State at 112% Power
Uncontrolled Control Rod Assembly Withdrawal At Power Transient

Complete Loss of Reactor Coolant Flow Transient
/

(12)

Low Flow Assumption Reanalyses

Steady State at 102% Power

Complete Loss of Reactor Coolant Flow Tramsient



6.2 FSAR Analyses

6.2.1 Introduction

The original FSAR analyses, which were performed using the VEPCO
methods, consist of a steady state analysis at 100% power and three transient
analyses. The radial power distributions for both the 53 and 19 channel models
are shown in Figures 6-1 through 6-4. Relative flux values composing the axial
power distribution are listed in Table 6-2. Reactor conditions and parameters
which are applicable to.Fhe FSAR analyses are listed in Tables 6-3 and 6-4,
respectively.

As identified in Table 6~4, the original Surry design included a
high pressure DNB penalty. At the time, this penalty was applied for con-
servatism because of the relatively small amount of DNB data then available
at higher operating pressures. DNBRs calculated using the VEPCO methods were
thus adjusted so that they could be compared to those given in the FSAR. A
DNBR divisor based upon the system pressure was calculated using the following

relationship,

DNBR Divisor = 1.0 + 0.05 (—P—;—O(%—Q—QQ)

where P = system pressure, psia (P>2000)

It should also be noted that the models developed by VEPCO for the
FSAR group of analyses incorporate a unit cell as the hot chanﬁel (see Figures
6-3 and 6-4). These models reflect the fact that the unit cell had been assumed
to be the limiting channel when the Surfy units were first designed. All MDNBRs
pertaining to this group of analyses are therefore based upon a hot unit cell.

6.2.2 Steady State Analysis at 1007 Power

The Surry FSAR gives a MDNBR at nominal operating conditions of 1.97.

Using the VEPCO methods along with the 53 channel model, a MDNBR of 1.94 was
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calculated. A MDNBR of 1.94 was also calculated using the VEPCO methods along
with the 19 channel model.

6.2.3 Excessive Load Increase Transient

An Excessive Load Increase transient is'defined as a rapid increase
in the steam generator steam flow that causes a power mismatch between the
reactor core power and the steam generator load demand. The transient could
result from either an administrative violation such as excessive loading by
the operator or an equipment malfunction in the steam bypass control or turbine
speed control, Sinée the Reactor Control System is designed to accommodate
a 10 percent step load increase without a reactor trip, analyses are performed
to demonstratevthat in such cases the MDNBR does not fall below the design
limit.

The case analyzed is a 10 percent step increase at EOL with the
reactor at full power under manual control. Forcing functions of nucléar
power, system pressure, and inlet temperature were obtained from the Surry
FSAR. The inlet flow was assumed to be cdnstant throughout the transient.

(It should be noted that by using'nuclear power instead of heat flux, the
thermal lag of the fuel was neglected. This approximation is reasonable,
however, since the nuclear power is changing slowly.) DNBR results, which
were obtained using the 19 channel model, are shown in Figure 6-5. The FSAR
shows a MDNBR -of 1.55 while Vepco results show.a MDNBR of 1.53.

"6.2.4 Uncontrolled Control Rod Assembly Withdrawal at Power Transient

An Uncontrolled Control Rod Assembly Withdrawal at Power transient
results in an increase in core heat flux. Since the heat extraction from the
steam generator remains constant, there is a net increase in the reactor coolant
temperature. Unless terminated by manual or automatic action, the power mis-

match and resulting coolant temperature rise would eventually result in DNB.

6~4



The case analyzed is a slow control rod assembly withdrawal (2.0
X 10_5 AK/sec) from full power. Forcing functions of nuclear power, system
pressure, and inlet temperature were obtained from the Surry FSAR. The inlet
flow was assumed to be constant throughout the transient. Reactor trip on
overtemperature AT occurs after apprdximately 48 seconds. DNBR results, which
were obtained using the 19 channel model, are shown in Figure 6-6. The FSAR
shows a MDNBR of 1.36 while VEPCO results show a MDNBR of 1.34.

6.2.5 Complete Loss of Reactor Coolant Flow Transient

A complete loss of forced reactor coolant flow may result from a
simultaneous loss of electrical supplies to all reactor coolant pumps. If
the reactor is at power at the time of the accident, the immediate effect of
loss of coolant flow is a rapid increase in the coolant temperature. Unless
terminated by reactor trip, the coolant temperature rise would result in DNB.

The case analyzed is a complete Loss of Reactor Coolant Flow tran-—
sient with three pumps operating and the reactor at full power. Forcing func-
tions of core average heat flux and core flow were obtained from the Surry FSAR.
System pressure and inlet temperature were assumed constant throughout the
transient. DNBR results, which were obtained using the 19 channel model, are
shown in Figure 6-7. The FSAR shows a MDNBR of 1.46 while VEPCO results show

a MDNBR of 1.48.




TABLE 6-2

AXIAL POWER DISTRIBUTION
FSAR ANALYSIS

s mz'(1.56523) - cos 7(1.56523)
12 2
m(1.56523)
1 - cos —

F(z') = 1.72

Axial Flux Shape: 1.72 Cosine (144.0" Active Length)

z z
Axial Position Fuel Position z/156.0 F(z'")
(inches) (feet) Relative Position Relative Flux
0.0 - 0.00600 0.0000
3.0 -6.0 0.0192 0.0000
10.2 ~5.4 0.0654 0.1714
17.4 -4.8 0.1115 0.3776
24.6 -4.2 0.1577 0.6064
31.8 -3.6 0.2038 0.8438
39.0 -3.0 0.2500 1.0757
46.2 -2.4 0.2962 1.2881
53.4 -1.8 0.3423 1.4682
60.6 -1.2 0.3885 1.6052
67.8 -0.6 0.4346. 1.6909
75.0 0.0 0.4808 1.7200
82.2 0.6 0.5269 1.6909
89.4 1.2 0.5731 1.6052
96.6 1.8 0.6192 1.4682
103.8 2.4 0.6654 1.2881
111.0 3.0 0.7115 1.0757
118.2 3.6 0.7577 0.8438
125.4 4.2 0.8038 0.6064
132.6 4.8 0.8500 - 0.3776
139.8 5.4 0.8962 0.1714
147.0 6.0 0.9423 0.0000
156.0 - 1.0000 0.0000
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TABLE 6-3.

REACTOR CONDITIONS, FSAR ANALYSIS

Steady State Analysis

Power (% of nominal 2441 MWt)

Core Average Heat Flux (106 Btu/hr-ftz)
Inlet Temperature (°F)

System Pressure (psia)

Core Average Mass Velocity (106 1bm/hr—ft2)

Transient Analysis (Initial Conditions)

Power (% of nominal 2441 MWt)

Core Average Heat Flux (106 Btu/hr—ftg)
Inlet Temperature'(oF)

System Pressure (psia)

Core Average Mass Velocity (106 lbm/hr-ftz)

6-7

100

0.196206

543

2250

2.308

102

0.200130

547

2220

2.295



TABLE 6-4

PARAMETERS FOR FSAR ANALYSIS

FAH (Hot Unit Cell)

Hot Assembly Relative Power
Active Fuel Length (inches)

Reactor Flow (gpm at 5439F)

Pitch Reduction (inches)

CHF Correlation

High Pressure DNB Penalty

1.58

1.72

1.432

144.0

265,500

1.03

1.02

0.0065

W-3 with F-Factor

1.05 per 200 psi
above 2000 psia
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FIGURE 6-4

SUBCHANNEL POWER DISTRIBUTION, 19 CHANNEL MODEL
: FSAR ANALYSIS
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FIGURE 6-5

DNBR vs TIME
EXCESSIVE LOAD INCREASE TRANSIENT
FSAR ANALYSTS .
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FIGURE 6-6

| DNBR vs TIME _
UNCONTROLLED CONTROL ROD ASSEMBLY WITHDRAWAL AT POWER TRANSIENT
FSAR ANALYSIS -

DNBR

. TIME, SECONDS
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FIGURE 6-7
DNBR vs TIME
COMPLETE LOSS OF REACTOR COOLANT FLOW TRANSIENT
FSAR ANALYSIS
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6.3 Densification/Positive Moderator Temperature Coefficient Reanalyses

6.3.1 Introduction

The densification and positive moderator temperature coefficient
reanalyses, which were performed using the VEPCO methods, consist of a steady
state anaiysis at 112% power and two transient analyses. The radial power
distributions for both the 53 and 19 channel models are shown in Figures 6-8
through 6-~11. Relative flux values composing the axial power distribution
are listed in Table 6-5. Reactor conditions and parameters which are applica-
ble to this group of reanalyses are listed in Tables 6-6 and 6-7, respectively.

As shown in Table 6-7, the parameters used in this group of reanaly-
ses changed considerably when compared to the parameters used in the original
FSAR analyses. Significant chénges include the identification of the thimble
cell as the limiting channel, the reduction of the radial and axial peaking
factors, and the application of the coldwall and L-grid spacer factors to the

W-3 CHF correlation. The fuel demsification phenomenon was taken into account

by reducing the active fuel length, increasing the magnitude of Fg, and by
applying a densification heat flux spike. For this group of reanalyses, Fg

and the densification heat flux spike were combined to form a single spike
with a magnitude of approximately 1.244.

6.3.2 Steady State Analysis at 1127 Power

t

The steady state analysis perfofmed by VEPCO was based upon the safety
limit curves which were revised to include the effects of fuel densification.(g)
The safety limit curve for 2200 psia is shown in Figure 6-12. The horizontal
segment of the curve, showing a constant average temperature, is an arbitrary
(but conservative) upper limit such that the hot-leg temperature is less than

the saturation temperature. The sloping segment of the curve represents the

loci of points of thermal power, system pressure, and average temperature for
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which the MDNBR is approximately 1.30. The reactor operating conditions for
the steady state analysis were thus derived by choosing a point on the sloping
segment of the curve. As depicted on the figure, at 112% power and 2200 psia,
the average temperature is 588°F. This average temperature corresponds to
an inlet temperature of approximately 554°F,

Using the VEPCO methods along with the 53 channel model, a MDNBR
of 1.30 was calculated. Using the VEPCO methods along with the 19 chammel
model, a MDNBR of 1.27 was calculated. It should be noted that these two
steady state analyses demonstrate the conservatism of the 19 channel model
when reactor conditions are such that the resulting MDNBR approaches the design
limit of 1.30. Under these conditions, a 19 channel steady state analysis
will prédict a MDNBR which is 2-3% lower than that predicted by a 53 channel
analysis.

6.3.3 Uncontrolled Control Rod Assembly Withdrawal at Power Transient

As described in References 10 and 11, this transient was reanalyzed
with an assumed positive moderator temperature coefficient. Margin to DNB
was of concern since a positive moderator temperature coefficient would augment
the mismatch in steam flow and core power. The particular case analyzed using
the VEPCO methods is a slow rod withdrawal (2.3 x 10—5 AK/sec) from full power.
Forcing functions'of heat flux, inlet temperature, and system pressure were
obtained from Reference 11. The inlet flow was assumed to be constant through-
out the transient. DNBR results, which were obtained using the 19 channel
model, are shown in Figure 6-13. Reference 11 gives a MDNBR of 1.32 while
VEPCO results show a MDNBR of 1.36.

6.3.4 Complete Loss of Reactor Coolant Flow Transient

As described in Reference 10, this transient was reanalyzed to deter-

mine the effect of an assumed positive moderator temperature coefficient on
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the nuclear power and the resultant effect on DNBR. The case analyzed using
the VEPCO metﬁods is a complete Loss of Reactor Coolant Flow transient with
three pumps operating and the reactor at full power. . Forcing functions of
core average heat flux and flow were obtained from Reference 10. System pres-—
sure and inlet temperature were assumed constant throughout the transient.
Reference 10 states that the densification power spike penalty was removed
when the reanalysis of this transient was performed (as justified in Reference
26). Accordingly, the densification heat flux spike was not included in the
VEPCO analysis. DNBR results, which were obtained using the 19 channei model,
are shown in Figure 6-14. Reference 10 gives a MDNBR of 1.54 wﬁile VEPCO

results also show a MDNBR of 1.54.
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TABLE 6-5

AXTAL POWER DISTRIBUTION
DENSIFICATION/POSITIVE MODERATOR TEMPERATURE COEFFICIENT REANALYSIS

mz'

' t— e ————————
F(z") 1.55 cos (12‘0201229

)

Axial Flux Shape: 1.55 Cosine (142.3" Active Length)
g

z z -
Axial Position Fuel Position z/156.0 F(z')
(incheés) (feet) Relative Position Relative Flux
0.00 - 0.0000 0.0000
2.98 - 0.0191 0.0000
3.00 -5.92916667 0.0192 0.0328
9.35 =5.4 0.0599 0.2461
16.55 -4.8 0.1061 0.4821
23.75 -4.2 0.1522 0.7062
30.95 -3.6 0.1984 0.9130
38.15 -3.0 0.2446 1.0975
45,35 -2.4 0.2907 1.2549
52.55 -1.8 0.3369 1.3816
59.75 -1.2 0.3830 1.4744
66.95 -0.6 0.4292 1.5310
74.15 0.0 0.4753 1.5500
81.35 0.6 0.5215 1.5310
88.55 1.2 0.5676 1.4744
95.75 1.8 0.6138 1.3816
102.95 2.4 0.6599 1.2549
110.15 3.0 0.7061 1.0975
117.35 3.6 0.7522 0.9130
124.55 4.2 0.7984 0.7062
131.75 4.8 0. 8446 0.4821
138.95 5.4 0.8907 0.2461
145,30 5.92916667 0.9314 0.0328
145,31 - 0.9315 0.0000
156.00 - 1.0000 0.0000
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TABLE 6-6

REACTOR CONDITIONS
DENSIFICATION/POSITIVE MODERATOR TEMPERATURE COEFFICLENT REANALYSIS

Steady State Analysis

Power (% of nominal 2441 MWt) _ 112

Core Average Heat Flux (106 Btu/hr—ftz) 0.222376
Inlet Temperature (°F) . 554
System Pressure (psia) 2200
Core Average Mass Velocity (106 1bm/hr—ft2) 2.273

Transient Analysis (Initial Conditions)

Power (% of nominal 2441 MWt) -102

Core Average Heat Flux (106 Btu/hr-ftz) 0.202521
Inlet Temperature (°F) , a 547
System Pressure (psia) 2220
Core Average Mass Velocity (106 1bm/hr—ft2) 2.295

mEEEETYTTTTTTE T
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TABLE 6-7

PARAMETERS FOR DENSIFICATION/POSITIVE MODERATOR

TEMPERATURE COEFFICIENT REANALYSIS

FAH (Hot Thimble Cell)

Hot Assembly Relative Power
Active Fuel Length (inches)

Reactor Flow (gpm at 543°F)

Pitch Reduction (inches)

CHF Correlation

Densification Heat Flux Spike

6-21

1.55
1.55

1.476
142.3

265,500

1.05

1.02

0.0065

W-3 with F-Factor,
Coldwall Factor, and
L-Grid Spacer Factor

(kS = 0.046)
(TDC =-0.019)

1.185 Applied at
the Axial Location
of MDNBR
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FIGURE 6-9

ASSEMBLY POWER DISTRIBUTION, 19 CHANNEL MODEL
DENSIFICATION/POSITIVE MODERATOR TEMPERATURE COEFFICIENT REANALYSIS
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FIGURE 6-10 - |

- SUBCHANNEL POWER DISTRIBUTION,
DENSIFICATION/POSITIVE MODERATOR TEMPERATURE COEFFICIENT REANALYSIS

53 CHANNEL MODEL

.386

n0j

<

Lo

N AL

AWay

“
1.54 ‘

Hot Thimble Cell

Hot Fuel Rod

e

6-24

1.50

\1.48/\1.46/*46 /\1.46

ANV VAN VANV

NTANTAN ANTA

NNV VAN

N 7

N
%

DOPOPOP

VN

— [ - - - - I l'l -



- - - __\_ -—-9~-"" - - “-§ "

FIGURE 6-11

' SUBCHANNEL POWER DISTRIBUTION, 19 CHANNEL MODEL
DENSIFICATION/POSITIVE MODERATOR TEMPERATURE COEFFICIENT REANALYSIS.
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FIGURE 6-13

_ _ DNBR vs TIME
UNCONTROLLED CONTROL ROD ASSEMBLY WITHDRAWAL AT POWER TRANSIENT
POSITIVE MODERATOR TEMPERATURE COEFFICIENT REANALYSIS

® VEPCO 3
— FSAR UPDATE

DNBR

TIME, SECONDS
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FIGURE 6-14

. DNBR vs TIME
COMPLETE 10SS OF REACTOR COOLANT FLOW TRANSIENT
POSITIVE MODERATOR TEMPERATURE COEFFICIENT REANALYSIS

© VEPCO
— FSAR UPDATE

DNBR

TIME, SECONDS
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6.4 Low Flow Assumption Reanalyses

6.4,1 Introduction

The low flow assumption reanalyses, which were performed using the
VEPCO methods, consist of a steady state analysis at 1027 power and a complete
Loss of Reactor Coolant Flow transient. The radial power distributiomns for
both the 53 and 19 channel models have been previously described in Section &
and are shown in Figures 4-3 through 4-6. The relative flux values.composing
the axial power distribution are listed in Table 4-1. Reactor conditions and
parameters which are applicable to these reaﬁalyses are listed in Tables 6-8
and 6-9, respectively. |

As shown in Table 6-9, several parameters used in the low flow
assumption reanalyses have again changed when compared to the parameters used
in the densification reanalyses. Significant changes include the reduction
in reactor flow to 90% of thermal design and the use of a revised densification
model. The revised densification model is reflected in the active fuel length,
in the engineering factor on the heat flux; Fg, and in the elimination of the
densification heat flux spike. It should be noted, however, that the effect
of the densification heat flux spike for the Surry units was identified as
a 7% DNB margin which was subsequently taken to partially offset the effects
of fuel rod bowing on DNB.(27) Thus, DNBRs need to be reduced by 7% if they
are obtained from analyses in which the densification heat flux spike has been
eliminated.

6.4,2 Steady State Analysis at 102% Power

The steady state analysis performed by VEPCO was a state point analy-
sis based upon the initial conditiomns of the complete Loss of Reactor Coolant
Flow transient described in Reference 12. At the start of this transient,

Reference 12 shows a MDNBR of approximately 1.50. Using the VEPCO methods
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along with the 53 channel model a MDNBR of 1.49 was calculated. A MDNBR of
1.49 was also calculated using the VEPCO methods along with the 19 channel
model. (Since thé‘densification heat flux spike was not included in these
analyses, all DNBRs were reduced by a factor of 1.07.)

6.4.3 Complete Loss of Reactor Coolant Flow Transient

The case analyzed using the VEPCO methods is a complete Loss of
Reactor Coqiant Flow transient with three pumﬁs operating and the reactor at
full power. Forcing fﬁnctions of core average heat flux and core flow were
obtained from Referencé 12. System pressure and inlet temperature were assumed
constant throughout the transient. Since the densification heat flux spike
was not included in this analysis, all DNBRs were reduced by a factor of 1.07.
DNBR results, which were obtained using the 19 channel model, are shown in
Figure 6—15; Reference 12 gives a MDNBR‘of 1.33 while VEPCO results show a

MDNBR of 1.35.
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TABLE 6-8

REACTOR CONDITIONS
LOW FLOW ASSUMPTION REANALYSIS

Steady State Analysis

Power (% of nominal 2441 MWt)

Core Average Heat Flux (106 Btu/hr—ftz)
Inlet Temperature (?F)

System Pressure (psia)

Core Average Mass Velocity (106 lbm/hr-ftz)

Transient Analysis (Initial Conditioms)

Power (% of nominal 2441 MWt )

Core Average Heat Flux (106 Btu/hr—ftz)
Inlet Temperature (°F)

System Pressure (psia)

Core Average Mass Velocity (106 1bm/hr—ft2)

102

0.200687

547

2220

2.065

102

0.200687

547

2220

2.065



TABLE 6-9

PARAMETERS FOR LOW FLOW ASSUMPTION REANALYSIS

FAH (Hot Thimble Cell)

Hot Assembly Relative Power
Active Fuel Length (inches)

Reactor Flow (gpm at 543°F)

Pitch Reduction (inches)

CHF Correlation

Penalty to Partially Offset Rod
Bow Effects on DNB

6-32

1.55
1.55

1.475
143.6

238,950

1.03

1.02

0.0065

W~3 with F-Factor
Coldwall Factor, and

1L-Grid Spacer Factor
(k, = 0.046)

(TDC = 0.019)

1.07




FIGURE 6-15

DNBR vs TIME
COMPLETE 1OSS OF REACTOR COOLANT FLOW TRANSIENT-
LOW FLOW ASSUMPTION REANALYSIS

© VEPCO
— FSAR UPDATE
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SECTION 7 -~ SUMMARY AND CONCLUSIONS

The Virginia Electric and Power Company (VEPCO) has developed the
capability to perform core thermal-hydraulic analysis using the COBRA IIIC/MIT
computer code. The basié models and methods have been documented in this
report, and the accuracy of the capability has been established through compari--
sons with analyses which were used in the design and licensing of the Surry
Nuclear Power Station. These comparisons, summarized in Table 7-1, show that
the steady state and transient MDNBRs calculated using the VEPCO methods are
in excellent agreement with those presented in the licensing documents. This
agreement indicates that the capability can be used to provide design and

licensing support for VEPCO reactor operatioms.
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TABLE 7-1

SUMMARY OF COMPARISONS

FSAR Analyses

Steady State at 100% Power
Excessive Load Increase
Uncontrolled Control Rod Assembly Withdrawal at Power

Complete Loss of Reactor Coolant Flow

Densification/Positive Moderator

Temperature Coefficient Reanalyses

Steady State at 1127 Power
Uncontrolled Control Rod Assembly Withdrawal at Power

Complete Loss of Reactor Coolant Flow

Low Flow Assumption Reanalyses

Steady State at 102% Power

Complete Loss of Reactor Coolant Flow

7-2

MINIMUM DNBR

FSAR

1.97

1.55

1.36

1.46

1.

1

VEPCO

94

.53
.34

.48

.30
.36

.54

.49

.35
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APPENDIX A

VEPCO MODIFICATIONS ADDED TO THE
COBRA IIIC/MIT COMPUTER CODE




The following list is a summary of the VEPCO modifications which were added

to the original version of the COBRA IITC/MIT computer code.

l 1.
l 2.
i

L,

The code was modified so that the axial heat fluxes listed in the output
were indicative of the corresponding axial positions. In the unmodified
version of the code, the heat flux calculated for a particular axial
position was éctually the heat flux at the midpoint of the preceding
axial interval. The code was further modified so that the heat added to
the coolant over an axial interval was based upon the average of the heat

fluxes at the beginning and the end of the interval.

The code was modified so that the calculation of the two-phase density
in the subcooled void region was based upon the saturated vapor density
and the subcooled liquid density. Analyses performed using the unmodi-
fied version of the code showed that the coolant density decreased
abruptly at the axial posiﬁion where suﬁcooled voids were first formed.
This discontinuity occurred because the two-phase density was calculated
using the saturated liquid density when in reality the liquid was still
subcooled. When the subcooled liquid density was used in the calcula-
tion, the discontinuity was eliminated. The code was further modified

so that the subcooled void fractions could ke retained for printout.
The code was double precisioned.
In order to better understand how the flow solution was progressing, the

code was modified so that the largest convergence error was printed .

after each iteration.
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The code was modified so that DNBRs were printed out by channel numbér
instead of by rod number. Thus, minimum DNBRs and corresponding rod

numbers were printed for each channel.

In order to perform more current DNB analyses, the W-3 L-grid and R-grid

spacer factor correlations(zz) were added to the code as options.

The code was modified to take into account the fraction of heat generated

:'-in the fuel and cladding. Because the heat fluxes calculated within the

o

O

10.

code are used for determining the heat added to the coélant, they are
bééed upon the total heat generation rate (i.e., they include direct
gamma heating of the coolant). These psuedo heat fluxes were therefore
multiplied by the fraction of heat generated in the fuel and cladding in
order to.obtain actual heat fluxes, This adjustment was applied in the
calculation of DNBRs, in the Jens and Lottes correlation(ZI) for deter-
mining the start of nucleate boiling, and in the Levy subcooled void

model.(l5)

The format of the DNBR data section was expanded so that at each axial
position the actual heat flux, the fuel rod number, the F-factor, the cold-
wall factor, the spacer grid factor, the critical heat flux, and .the DNBR

would be printed out for each channel.

The code was modified so that the calculation had to iterate at least

twice before a converged solution would be accepted for printout.

The code was modified so that a variable damping factor could be input.

The damping factor is used to obtain more rapid convergence.,
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The option was added so that different crossflow resistance coefficients

and different mixing coefficients could be input and applied to the rod

gaps.

The calculation using the Jens and Lottes correlation(21) for determining

the start of nucleate boiling was corrected.

The code was modified so that from one to six different axial heat flux

shapes could be input and applied to different fuel rods.

~The code was modified to correct the calculation of the true (non-equilib-

rium) quality within the Levy subcooled void model.(l5) Levy's paper
states that the empirical constants used in developing the model were
calculated using saturated ligquid properties. Thus, to be consistent with
the model, the code was modified so that the saturated liquid properties

were used in calculating the true quality.

The code was modified so that all water properties (enthalpy, specific

volume, viscosity, conductivity, and specific heat) were calculated using

the HOH routines which were obtained from the PDQ7VZ computer code.(23)






