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UNITED STATES 
NUCLEAR REGULATORY COMMISSION 

WASHINGTON, D. C. 20555 

, Mr. R. H. Leasburg, Vice President 
iuclear Operat;ons · 
Virginia Electric & Power Company 
R~~hmond, Virg;nia 23261 

Dear Mr. Leasburg: 

AUG 2 6 1983 

Subject: Acceptance for Referencing of Licensing Topical Report 
YEP-FRD-33, •vEPCO Reactor Core Thennal-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 th;s report is acceptable for referencing in license 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 involved. Our acceptance applies only to the matters described 
in the report. 
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. In accordance wit~ procedures established in NUREG-0390, it is 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. 

Enclosure: 
As stated 

Sincerely, 

Cecil O. Thomas. Chief 
Standardization I Special 

Projects Branch 
Division of Licensing 

.. 
•;• 
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Report Title: 

_ Report Number: 
Report Date: 
Responsible Branch: 
OSI Branch Involved: 

Introduction 

TOPICAL REPORT EVALUATION 

Virginia Electric & Power Company Reactor Core Therma1-
Hydrau1ic Analysis Using the COBRA IIIC/MIT Computer Code 
VEP-FRD-33 
August 1979 
Standardization and Special Projects 
Core Perfonnance Branch 

This report describes the Virginia Electric & Power Company (VEPCO) thenna1-
hydraulic model and its application to VEPCO's pressurized water reactor 
cores (i.e., North Anna, Sur~y). 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 ca1cu1ati·ons, to further demonstrate 
the accuracy of their model. 

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

1. The capability to do the thennal 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 liquid densities. 

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

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. 

8. Up to six different axial heat flux shapes could be input and 
applied to different fuel rods. 

9. All 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. 

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

Description 
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 fonnulating the model 
one-dimensional, two-phase, separated, slip-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 velocity pro­
pagation effects are not included. Within a channel, the diversion 
crossflow velocity is assumed to be small compared to the axial velocity 1: 

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 perfonning a 
steady state calculation and then transient calculation is perfonned. 
Time dependent forcing functions consisting of inlet 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 soluti'on 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 Smi.th 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 predicti.ng the non-unifonn 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 Lattes 
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 adjacen~ channels is calculated 
using the following relationship, 

w' = e sG 

:where w• is the turbulent transverse fluctuating flow rate per axial 
length, G is the average mass velocity of the adjacent channels, sis 
the co1T111on gap, and e is the mixing coefficient. The above relationship 
is used to predict both single and two-phase mixing. 

Hydraulic Model Description 
Eighth core SYITJ11etry fs 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 lumped assembly channels 
and 28 subchannels. The 19 channel model consisted of 4 lumped channels 
and 15 subchannels. 

~ Thermal Model Description 

I 

I 

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, inlet flow, in1et temperature, and core average heat flux are 
also specified. 
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Thermal hydraulic design parameters fonn the basis of the model. The 
radial power distribution fs based upon the design value of F:H' and the 
axial power distribution is based on the reference axial shape. The 
thermal design flow rate fs used in determining the core average mass 
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 represen~ation is dependent upon thermal-hydraulic 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 
assemblies have a flow fraction slightly greater than 1.0. Therefore, 
the average of all the fractions fs approximately 1.0. 

Power Distribution 
The hot assembly as well as the adjacent assemblies are given relative 
powers of. 1.475; while lower relative powers are assigned to the re-. 
maining assemblies. The average_ of al 1 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 relative 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 representation of the 
core, engineering uncertainties are then 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 factors consist of a pitch reduction, an engineering factor on the 
enthalpy rise {F!H>' and an engineering factor on the heat flux (F6). 
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 
loss across the spacer grids, this effect is taken into account by using 
increased grid loss coefficients. Table 1 lists the hydraulic data 
which was used in modeling the hot channel. 

The engineering factor of the enthalpy rise {F!H) takes into account the 
effect of enrichment and dens1ty variations which may occur in as-built; 
fuel rods. This factor 1s 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 

BO'I CHANNEL HYDRAULIC DATA 

Bot 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) 

---·-----·---------~- ·-·-· - . ··, .. -.. -------
. . 

'. --- ... -· --- ··---···,,---. ----·-·· -- -------·. ······ ·---. ···-··- . 

Bot Unit Cell 

Pitch Reduction (inches) 

Reduced Flow Area (square inches) 

Reduced Fuel Rod to Fuel Rod Gap (inches) 

0.0065 

0.1463 

0.1345 

0.0725 

--.· •• - ..... J - • - ••• -

0.0065 

0.1698 

0.1345 

i 
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The engineering factor on the heat flux (F~} 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 thennal 
analysis must first be performed 1n 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 detennined position. The spike flux shape is included in a second 
thennal analysis from which the. final results are obtained. 

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

Thermal-Hydraulic Model Verification 
VEPCO perfonned three steady state and six transient DNB analyses to 
verify the calculational ·accuracy of their thennal-hydraulic model. 
These analyses are listed in Table 2, and are representative of those 
contained in the original Surry FSAR and fn 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 
licensing documents. 

Staff Evaluation 
Although VEPCO's original analyses 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. 
Jn 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 100% Power 

Excessive Load Increase Transient 

Uncontrolled Control Rod Assembly Withdrawal at Power.Transient 

Complete Loss of Reactor Coolant Flow Transient 

D ·.f. . (g)/P . . Md T • C ff .. 't(lO,ll) R 1 ens1 1cat1on os1t1ve o erator emperature oe 1c1en eana yses 

Steady State at 112% Power 

Uncontrolled Control Rod Assembly 'Withdrawal At Power Transient 

Complete Loss of Reacto~ Coolant Flow Transient 

Low Flow Assumption(l 2) Reanalyses 

Steady State at 102% Power 

Complete Loss of Reactor Coolant Flow Transient 
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FSAR 

SS@ 100% Power 

Excessive Load Increase 
Transient 

Uncontrolled Control Rod 
Assembly Withdrawal . 

Complete Loss of RC Flow 

Ref. 10 

SS @ 112% Power 

Uncontrolled 

Complete loss of RC Flow 

Low Flow Assumption 
Reanallsis Ref. 12 

SS@ 102% Power 

Complete Loss of RC Flow 
Transient 

-10-

TABLE 3 

MDNBR 
Surry Channel 
FSAR VEPCO Hodel 

1.97 1.94 53 
1.94 19 

1.55 1.53 19 

1.36 1.24 19 

1.46 1.48 

, Ref. 10 VEPCo 

1.30 1.30 53 
1.27 19 

1.32 1.36 19 

1.54 1.54 

1.50 1.49 53 
1.49 19 

1.33 1.35 -
,: 
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TABLE 4 

•an;e of ~•Y Test 1a:amete:• 

. ,~essu:e 
(psia> 

Xnlet Ave:age 
ftass Velocity 
(tllbm/h:-ftZ) 

Inlet !empe:atu:e 
<•r> 

?.ocal Heat Flux 
(ftBTU/h:-itZ) 

lange• 

11191-21133 

1.os-3.66 

1133.0-617.0 

0.563-1.063 

' - I 
I 
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Co:z::z:elation Ho. 

W-3 1,Z 

l'-:acto:z: 1, :. 

Coll!wall 1,Z 
· l'acto:z: 3, II 

. Space:z: 3' .. 
· Facto: 
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TABLE 5 

W-3 Co::elation J.iaits 

"··· .Equiv. J.ocal &xial %nlet 

Velocity Diamete:z: Quality Height ~emp 

(psia> Cftlb/h-:Z> (in> Cin> 

1000- 1.0- o.z- S0.15 10- )400 
2400 5.0 0.7 144 

1000- 1.0- o.z- S0.15 10-
21100 3.0 o., 11111 

1000- 1.0- so .15 >10 
21100 5.0 

1490- 1.5- so .15 96- 1104-

24110 3. '7 168 6211 
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TABLE 6 

SUMMARY OF COMPARISONS WITH THINC-I 

Flow I 'fin I F2t I lxial 

r.:-:_-~!~~~~-·---~~~--·---~~!-:_-~:~~-·-----·-~==~=~--
I · . I 

,: I 2200. 112. 100. I 5Slf. 1.24 :ze::co 
I . I 
I zqoo. 118. 100. I S63. 1.03 ze::co 

I I I 13 I 2400. 101. 100. I S63. 1.03 la%ge 
I positive 

I I 
21100. a 1 • ., 100. I 618.lf 1.03 la.r:ge 

I negative 
I I 

,: 1855. 112. 9.0. I 515. 1.03 :zez:o 
I 

2220. 100.S 76.51 5117. I 1.03 zez:o ,, I I 
2400. 101. . 1- 100. I 563. I 1.03 laxge 

I I I positive 
I I I I 

~ I I I 

I 
I 
I 

I 

'1inimum DHB:R 
COBRA ITHIHC- X --------- --------
1.27 1. 30 

1.30 1. 33 

1.32 1. 39 

-1.30 1 .• 33 

t.lf7 , ... ., 
1.32 1. 32 

1.112 1.50 

:' 
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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 licensed 
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 thennal limit 
line 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 Hmit 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 large positive axial 
offset power distribution instead of the nonnal 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-1 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 o·n the existing Surry 1855 psia 
core thennal limit 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 limit line generation. 

i 
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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 land 7 to perfonn audit 
calculations of VEPCO methodology using COBRA-IV. Our analyses were 
performed in two steps. First, an eighth core syrrmetric core-wide 
calculation was perfonned to detennine 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 
limiting 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 operating 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. 

i 
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Power Peak 
Shape Value 

Cosine 1.550 
Upskew l. 748 

TABLE 7 

OPERATING CONDITIONS 

Pressure TIN Average 911 Mass Velocity 
(Psia) (OF) (MBTU/hr-ft2) (MLBM/hr-ft2) 

2200.0 554.0 0 .22231 2.273 
2400.0 563.0 0.20000 2 .251 
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TABLE 8 

CALCULATIONAL RESULTS 

VEPCo THINC-I NRC 
COBRA-IIIC/MIT COBRA-IV 

1.27 1.30 1.33 

1.42 1.50 1.53 

-i 
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Sumnary 
In order to verify the calculational accuracy of their thennal-hydraulic 
model, VEPCO initially perfonned 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 

: licensing 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 perfonned by VEPCO and the staff, the 
staff finds reference 1 to be acceptable for referencing by VEPCO in 
future reload licensing submittals for North Anna, Surry and future 
plants of the same design. 

. I -
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FIGURE 1 

COMPARISON OF I>NB DATA WITH COBRA PR.ED1CTI0NS 
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WARRANTY BE DEEMED TO ARISE FROM COURSE OF DEALING OR USAGE OF TRADE, with 
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authorize its use by others, and any such use is expressly forbidden except 
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claimers of warranties provided herein. In no event shall.the Company be 
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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 !!IC/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 1n 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 comparisons 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 constituting 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 established and is expressed in terms of a minimum departure from 

nucleate boiling ratio (MDNBR). DNBR is the ratio 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 flow 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 
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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 consider 

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 core. 

Traditionally, the problem has been solved by using a multistage method in-

(1 2 3 4) 
valving at least two analyses ' ' ' . In general, a core analysis is first 

performed to provide crossflow boundary conditions which are used in the sub­

sequent subchannel analysis. In the core anaiysis, 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 

recent development of the COBRA IIIC/MIT computer code( 7) 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 

R ( AR) (8) d · b 1· . d (9,10,11,12) eport FS an in su sequent icensing ocuments. 

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 

Introduction 

(7) 
The COBRA IIIC/MIT computer code , developed at the Massachusetts 

Institute of Technology for the Electric Power Research Institute, is a modi­

(13) 
fied version of the more generally known COBRA IIIC computer code . Both 

codes have the same basic organization, use the same conservation equations, 

and use essentially the same method of solution. COBRA IIIC/MIT will therefore 

yield essentially identical results to 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 geometries. 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 

I 
correct several shortcomings and to provide additional user oriented flexibil-

1 ity. These modifications are summarized in Appendix A. A discussion of the 

I 
I 
I 

I 

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 
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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, separated, slip-flow was assumed 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 

were not,included. Within a channel, the diversion crossflow velocity was 

assumed to be smal.l compared to the axial velocity. This assumption allowed 

the use of a simplified equation for the conservation of transverse momentum. 

The 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 

value solution is obtained by assuming a uniform exit pressure distribution. 

(The equations do not require actual pressures since only pressure differences 

. I are used.) When performing a computation, the code iterates over the length 

I 
I 

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 equations are used for both steady state 

I and transient computations. For steady state calculations, the time step, 

I 
I 

I 

6t, 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 first 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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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 

I 

I 
I 
I 
I 
I 
I 

and correlations which have been selected for use in the VEPCO Thermal-Hydraulic 

Model are described in the following subsection. 

2.3 Models and Correlations 

2.3.1 Void Fraction 

Void fractions are 

. (14) . . . . h tion in conJunction wit 

predic.ted using the Smith void fraction correla­

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 regions. 

2.3.2 Single 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, £ISO' is calculated using the following correla-

t
. (16) 
ion, 
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-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,Cl 7) 

= Heated 
1.0 + 

Wetted 
Per:meter ( wa ) _ l.O . [ µ 11 0.6 J 
Perimeter µbulk 

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

the bulk fluid temperature, andµ is the viscosity evaluated at the wall 
wall 

temperature. The wall temperature, Twall' is calculated using the following 

relationship, 

T 
wall 

q ll 

= T + -
bulk h · 

where qll is the surface heat flux and Tbulk is the bulk fluid temperature. 

The heat transfer coefficient, h, is calculated from the Dittus-Boelter corre-

1 . (lS) . b lk fl 'd . ation using u ui properties. In the two-phase flow region, the 

B 1 · (lg) · d 1 1 h f . . 1 . 1· . aroczy corre ation is use to ca cu ate two-p ase riction mu tip iers 

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' = SsG 

where w' is the turbulent transverse fluctuating flow rate per axial length, 

G is the average mass velocity of the adjacent channels, sis the connnon gap, 

and Sis 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-

t . (ZO) . d . . . . h h F f 1 . ( 20) I d ion is use in conJunction wit t e - actor corre ation. n eter-

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

tion(2l) is used to predict the axial position where nucleate boiling begins. 

When appropriate, the coldwall factor( 20) and the L-grid or R-grid spacer 

(22) 
factor 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. 

I 
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 

I 
I 
1. 

I 
I 

I 

analyses, 156 axial intervals were specified (l" 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. 
(13) 
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TABLE 2-1 

COMPUTATIONAL INPUT PARAMETERS 

Number of Axial Intervals, Steady State .Analysis 

Number of Axial Intervals, Transient .Analysis 

Fraction of Heat Generated in the Fuel 

Convergence Criteria 

Crossflow Resistance Coefficient, k 

Mixing Coefficient, S 

Turbulent Momentum Factor, ft 

Transverse Momentum Factor, s/i 

2-6 

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 pressurized 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 analysis 

to be performed without excessive expeditures of computer .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 

I 

~ 
I 

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 

~1 



~ of the fuel assemblies is shown in Figure 3-1. Each fuel assembly is hydrau­

I 
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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 hydraulic 

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. The internal straps of the 

two end grids do not contain mixing vanes, 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 in 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 analysis, a 53 channel 

model was developed representing a 1/8 core segment. This 53 channel model 

consisted of 25 lumped assembly channels and 28 subchannels. The assembly 

radial geometry 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 

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

the flow solution. 
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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 diameter). 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 types of subchannels 

were modeled. As shown in Figure 3-5, these subchannel types consist 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 formed 

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 cell 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 

the 53 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. 
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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 Diameter (inches) 

Fuel Rod Pitch (inches) 

Fuel Assembly Pitch (inches) 

3-4 

204 

20 

1 

0.422 

0.546 

0.546 

0.563 

8.466 
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TABLE 3-2 

AXIAL POSITIONS OF ASSEMBLY COMPONENTS 

Description 

Start of Assembly 

Start of Rodded Region 

Start of Active Fuel 

Non-mixing Vane-Grid 

Mixing Vane Grid··· 

Mixing Vane Grid 

Mixing Vane Grid 

Mixing Vane Grid 

Mixing Vane Grid 

End of Active Fuel * 

Non-mixing Vane Grid 

End of Rodded Region 

End of Assembly 

* Based upon an active fuel length of 143.60 inches 

3-5 

Position 
(inches) 

0.00 

2.30 

3.00 

4.42 · 

28.62 

54.81 

81.00 

107~19 

133.38 

146.60 

152.06 

154.10 

156.00 
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TABLE 3-3 ASSEMBLY HYDRAULIC DATA 

Fuel Assembly Flow Area (square inches) 

Fuel Assembly Wetted Perimeter (inches) 

Fuel Assembly Heated Perimeter (inches) 

Fuel Assembly Effective Gap (inches) 

Fuel Assembly Non-mixing Vane Grid Loss Coefficient 

Fuel Assembly Mixing Vane Grid Loss Coefficient 

TABLE 3-4 UNIT CELL HYDRAULIC DATA 

Unit Cell Flow Area (square inches) 

Unit Cell Wetted Perimeter (inches) 

Unit Cell Heated Perimeter (inches) 

Fuel Rod to Fuel Rod Gap (inches) 

Unit Cell Non-mixing Vane Grid Loss Coefficient 

Unit 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 
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38.22 

306.5 

270.5 

2 .136 

0.7378 

0.9182 

0.1771 

1.326 

1.326 

0.141 

0.6732 

0. 8377 

0.2716 

1.989 

1.989 

0.141 

0.6732 

0.8377 
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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 (inches) 

Thimble Cell Heated Perimeter (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 
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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 
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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 Perimeter (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 Grtd Loss Coefficient 

Mixing Vane Grid Loss Coefficient 

3-9 

2.729 

21.06 

19-. 55 

1.068 

0.7099 

0.8833 . 
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FIGURE 3-1 

FUEL ASSEMBLY ARRANGEMENT OF SURRY CORE 
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FIGURE J-2 

CROSS SECTIONAL VIEW OF SURRY FUEL ASSEMBLY 
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FIGURE 3-3 

SIDE VIEW OF SURRY FUEL ASSEMBLY 
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FIGURE 3:-5 

SUBCHANNEL GEOMETRY OF $3 CHANNEL MODEL 

PERIMETER CELL CORNER CELL 

THIMBLE CELL 

CENTER OF THE CORE 

3-14 



I 
·1 

I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 

1 

2 

3 

.. 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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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 dependent 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, the radial power d~stribution is based.upon the design .value of F:H, and 

the axial power. dist'ribution is based upon the. reference axial flux shape. The 

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

and thermal-hydraulic design values for inlet temperature, system pressure, and 

power level are used as operating conditions. 

In formulating the inlet flow 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 slightly greater than 1. 0. The average of all the flow frac­

tions is forced to equal 1.0. 

In formulating the subchannel portion of the radial power distribu­

tion1 the fuel rods which form the hot channel are given relative powers equal 

to the design value of F:H. Lower relative powers for the remaining fuel rods 

. 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 
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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 F:H 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 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 previously mentioned design parameters. Two such changes have 

occurred since the original design of the Surry units. These design changes 

are 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 

pressurized water reactors with thermal ratings of 2441 MWt(S). The thermal 

design flow rate is 265,500 gpm which is based upon three reactor coolant 
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0 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 °F, 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. In the 

N 
original design of the Surry units, F~H was 1.58, and a chopped cosine with 

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 

factors were revised in the densification reanalysis. ( 9) N 
F~H was reduced from 

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

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 

o . (12) 
gpm at 543 F which is 90% of the original thermal design flow rate. This 

I reduction in flow was a result of conservative assumptions concerning increased 

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

I 
I 

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

to be 143.6 inches. 

~ 4.3 Inlet Flow Distribution 

I 
I 

I 

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. 
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I 
I 

I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 

I 

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 reduced thermal design flow 

(12) 
rate, 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 power gradient exists 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 used with the 19 channel model. 

Figure 4-5 shows the subchannel portion of the radial power distri­

bution applicable to the 53 channel model. Within the subchannel array, a 

second power 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 assembly relative power, or l.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 
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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') 

where 

1TZ I 

= 1.ss cos H 
e 

F(z') = relative axial flux 

z' 

H 
e 

= distance from the core center, feet 

= extrapolated length, feet 

In determining the extrapolated length, H, the integral of the 
e 

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 H which 
e 

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 °F, 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 is accomplished by 

increasing the power by 2% to 2490 MWt, by increasing the temperature by 4 °F 

to 547 °F 
' 

and by decreasing the pressure by 30 psi to 2220 psia. 
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The power level is input as a core average heat flux which is calcu­

lated using the following equation, 

Q" = 

where 

(FRAC) (POWER) 3 
(3413 x 10 Btu/hr) 

MW X (HP)(ACTIVE LENGTH) 

2 
Q" = core average heat flux, Btu/hr-ft 

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 generation 

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 actually 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, 

G = (FRAC)(Q)(p) 
(FLOW AREA) 

X 
(60 min) 

hr 
X 

3 
( 1 ft ) 
7.4805 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, lbm/ft3 

FLOW 2 
AREA= total core flow area, ft 
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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 IIIC/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 report, 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. (Z4) 
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TABLE 4-1 

AXIAL POWER DISTRIBUTION 
(LOW FLOW ASSUMPTION REANALYSIS) 

F(z') 
7TZ I 

= 1· 55 cos (12.12993429) 

Axial Flux Shape: 1.55 Cosine (143.6 11 Active Length) 

z 
Axial Position 

(inches) 

0.0 
2.96 
3.0 

10.0 
17.2 
24.4 
31. 6 
38.8 
46.0 
53.2 
60.4 
67.6 
74.8 
82.0 
89.2 
96.4 

103. 6 
110. 8 
118.0 
125.2 
132.4 
139.6 
146.6 
146.64 
156.0 

z' 
Fuel Position 

( feet) 

-5.98333333 
-5.4 
-4.8 
-4.2 
-3.6 
-3.0 
-2.4 
.-1. 8 
-1.2 
-0.6 
0.0 
0.6 
1.2 
1. 8 
2.4 
3.0 
3.6 
4.2 
4.8 
5.4 
5.98333333 

z/156.0 
Relative Position 

4-8 

0.0000 
0.0190 
0.0192 
0.0641 
0 .1103 
0.1564 
0.2026 
0.2487 
0.2949 
0.3410 
O. 3872 
0.4333 
0.4795 
0.5256 
0. 5718 
0.6179 
0.6641 
o. 7103 
o. 7564 
0.8026 
0.8487 
0.8949 
0.9397 
0.9400 
1.0000 

F(z') 
Relative Flux 

0.0000 
0.0000 
0.0328 
0.2656 
0.4988 
0. 7199 
0. 9237 
1.1052 
1.2601 
1.3846 
1.4757 
1. 5313 
1.5500 
1. 5313 
1.4757 
1.3846 
1.2601 
1.1052 
0. 9237 
0. 7199 
0~.4988 
0.2656 
0.0328 
0.0000 
O·. 0000 
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FIGURE 4-1 

INLET FLOW DISTRIBUTION OF 53 CHANNEL MODEL 
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FIGURE 4-2· 

INLEI' FLOW DISTRIBUTION OF 19 CHANNEL MODEL 
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·I FIGURE 4-3 

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

ASSEMBLY POWER DISTRIBUTION, 19 CHANNEL MODEL 
(LOW FLOW ASSUMPTION REANALYSIS) 
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FIGURE 4-_5 

SUBCHANNEL POWER DISTRIBUTION, .53 CHANNEL MODEL 
(LOW-FLOW ASSUMPTION REANALYSIS) 

--~Fuel Rod Relative 
Power· 
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FIGURE 4-6 

SUBCHANNEL POWER DISTRIBUTION, 19 CHANNEL MODEL 
. (LOW FLOW ASSUMPTION REANALYSIS) .. 
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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 fabrica.tion 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 

I 
I 
I 
I 
I 
I 

I 

factor on the enthal~y rise (F!H), and an engineering factor on the heat flux 

E (FQ). 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 

· <25 ) h" ff . k . b . across the spacer grids, tis e ect is ta en into account y using in-

creased grid loss coefficients. Table 5-1 lists the hydraulic data which was 

used in modeling the hot channel. 

The engineering factor on the enthalpy rise (F:H) 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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I The engineering factor on the heat flux (F~) 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 

I 
I 

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 

. h h 1 'k ff DN . ' 11 (Z 6) spike DNB tests have shown tat t e actua spi e e ect on Bis very sma . 

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

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

I DNBR design limit. 

I 
I 
I 
I 
I 
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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 

0.0065 

0 .1463 

0 .1345 

0. 0725 

0.9866 

1.2280 

0.0065 

0.1698 

0.1345 

0.7321 

0. 9110 
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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 

contained in the original Surry FSAR(S) and in subsequent licensing docu-

(9 10 11 12) ments. ' ' ' The later reanalyses update the FSAR and reflect the 

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 comparing 

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 

FSAR(S) 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 

D 0 f 0 
• (g)/P . . Md T C ff. . t(lO,ll) R 1 ensi ication ositive o erator emperature oe icien eana yses 

Steady State at 112% Power 

Uncontrolled Control Rod Assembly Withdrawal At Power Transient 

Complete Loss of Reactor Coolant Flow Transient 
.J 

· . (12) 
Low Flow Assumption Reanalyses 

~teady State at 102% Power 

Complete Loss of Reactor Coolant Flow Transient 
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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 the 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, 

P - 2000 DNBR Divisor= 1.0 + 0.05 ( 200 ) 

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

It should also be noted that the models developed by VEPCO for the 

FSAR group of analyses in~orporate a unit cell as the hot channel (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 Surry 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 100% 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. Since the Reactor Control System is designed to accommodate 

a 10 percent step load increase without a reactor trip, analyses are performed 

to demonstrate that 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 nuclear 

power, system pressure, and inlet temperature were obtained from the Surry 

FSAR. The inlet flow was assumed·to be constant througho~t 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 cooiant temperature rise would eventually result in DNB. 
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The case analyzed is a slow control rod assembly withdrawal (2.0 

-5 
x 10 ~K/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 ~T occurs after approximately 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. 
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'F(z') = 

TABLE 6-2 

AXIAL POWER DISTRIBUTION 
FSAR ANALYSIS 

nz'(l.56523) n(l.56523) 
12 - cos 2 

1.72 ~~~-1~--c-o-s~n~(-1-.5~6~5-2-3~)~~~-

2 

cos 

Axial Flux Shape: 1. 72 Cosine (144.0" Active Length) 

z z' 
Axial Position Fuel Position z/156.0 

(inches) ( feet) Relative Position 

0.0 0.0000 
3.0 -6.0 0.0192 

10. 2 -5.4 0.0654 
17.4 -4.8 0 .1115 
24.6 -4.2 0.1577 
31. 8 -3.6 0.2038 
39.0 -3.0 0.2500 
46.2 -2.4 0.2962 
53.4 -1. 8 0.3423 
60.6 -1.2 0.3885 
67.8 -0.6 0.4346 
75.0 0.0 0.4808 
82.2 0.6 0.5269 
89.4 1. 2 0.5731 
96.6 1. 8 0.6192 

103.8 2.4 0.6654 
111.0 3.0 o. 7115 
118.2 3.6 0. 7577 
125.4 4.2 0.8038 
132.6 4.8 0.8500 
139.8 5.4 0.8962 
147.0 6.0 0.9423 
156.0 1.0000 
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F(z') 
Relative Flux 

0.0000 
0.0000 
0.1714 
0. 3776 
0.6064 
0.8438 
1.0757 
1.2881 
1.4682 
1.6052 
1. 6909 
1. 7200 
1. 6909 
1. 6052 
1.4682 
1. 2881 
1.0757 
0.8438 
0.6064 
o. 3776 
0.1714 
0.0000 
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 (10
6 

Btu/hr-ft
2

) 

Inlet Temperature (°F) 

System Pressure (psia) 

6 2 Core Average Mass Velocity (10 lbm/hr-ft ) 

Transient Analysis (Initial Conditions) 

Power(% of nominal 2441 MWt) 

Core Average Heat Flux (106 Btu/hr-ft
2

) 

I 1 T ( OF) net emperature 

System Pressure (psia) 

6 2 
Core Average Mass Velocity (10 lbm/hr-ft) 
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100 

0.196206 

543 

2250 

2.308 

102 

0. 200130 

547 

2220 

2.295 
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TABLE 6-4 

PARAMETERS FOR FSAR ANALYSIS 

F~H (Hot Unit Cell) 

Hot Assembly Relative Power 

Active Fuel Length (inches) 

Reactor Flow (gpm at 543°F) 

E 
FLlH 

Pitch Reduction (inches) 

CHF Correlation 

High Pressure DNB Penalty 

6-8 

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 6-1 

ASSEMBLY POWER·DISTRIBUTION, 53 CHANNEL MODEL 
FSAR ANALYSIS 
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FIGURE 6-2 

ASSEMBLY POWER DISTRIBUTION, 19 CHANNEL MODEL 
FSAR ANALYSIS 
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FIGURE 6-3 

SUBCHA.NNEL POWER DISTRIBUTION, 53 CHANNEL MODEL . 
. FSAR ANALYSIS 

--~Fuel Rod Relative 
Power 

6-11 



I 
I 

,, 
,. 
I 
I 
I 
I 

I 
.I 
I 
I 
I 
I 

FIGURE 6-4 

SUBCHANNEL POWER DISTRIBUTION, 19 CHANNEL·MODEL 
FSAR ANALYSIS 

I - - - - -
I 

I . 

I 

I 1.350 
I _ _ _ I_ _ _ _I _ 

---~Fuel Rod Relative 
Power 

6-12 



I 
I 

I 
I 
I 
I 
I 
I 

I 
I 
I 
I. 
I 
I 

I 

FIGURE 6-5 

DNJ3R vs TIME 
EXCESSIVE LOAD INCREASE TRANSIENT 

FSAR ANALYSIS . 
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FIGURE 6-6 

DNBR vs TIME 
UNCONTROLLED CONTROL ROD ASSEMBLY WITHDRAWAL AT POWER TRANSIENT 

FSAR ANALY~IS 
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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 analysis 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 changes 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 densification phenomenon was taken into account 

by reducing the active fuel length, increasing the magnitude 

applying a densification heat flux spike. For this group of 

E 
of FQ, and by 

E 
reanalyses, FQ 

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 112% Power 

The steady state analysis performed by VEPCO was based upon the safety 

. . . . ' 1 d h ff f f 1 d . f · . ( 9 ) limit curves which were revised to inc u et e e ects o ue ensi ication. 

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 channel 

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 predict 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 

-5 
the VEPCO methods 1s a slow rod withdrawal (2.3 x 10 ~K/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

IIll.ne 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 methods 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 channel model, 

are shown in Figure 6-14. Reference 10 gives a MDNBR of 1.54 while VEPCO 

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

AXIAL POWER DISTRIBUTION 
DENSIFICATION/POSITIVE MODERATOR TEMPERATURE COEFFICIENT REANALYSIS 

F(z') 
1TZ I 

= 1· 55 cos <12.0201229) 

Axial Flux Shape: 1. 55 Cosine ( 142. 3" Active Length) 

z 
Axial Position 

(inches)· 

0.00 
2.98 
3.00 
9.35 

16.55 
23.75 
30. 95 
38.15 
45.35 
52.55 
59. 75 
66.95 
74.15 
81. 35 
88.55 
95. 75 

102.95 
llO .15 
ll7.35 
124.55 
131. 75 
138.95 
145.30 
145.31 
156.00 

z' 
Fuel Position 

( feet) 

-5.92916667 
-5.4 
-4.8 
-4.2 
-3.6 
-3.0 
-2.4 
-1. 8 
-1. 2 
-0.6 
0.0 
0.6 
1. 2 
1. 8 
2.4 
3.0 
3.6 
4.2 
4.8 
5.4 
5.92916667 

z/156.0 
Relative Position 

6-19 

0.0000 
0.0191 
0.0192 
0.0599 
0.1061 
0.1522 
0.1984 
0.2446 
0.2907 
0.3369 
0.3830 
0.4292 
0.4753 
0.5215 
0.5676 
0.6138 
0.6599 
0. 7061 
o. 7522 
0. 7984 
0.8446 
0.8907 
0.9314 
0.9315 
1.0000 

F(z') 
Relative Flux 

0.0000 
0.0000 
0.0328 
0.2461 
0.4821 
0. 7062 
0.9130 
1. 0975 
1. 2549 
1.3816 
1. 4744 
1. 5310 
1.5500 
1. 5310 
1. 4744 
1. 3816 
1.2549 
1.0975 
0.9130 
0. 7062 
0.4821 
0.2461 
0.0328 
0.0000 
0.0000 
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TABLE 6-6 

REACTOR CONDITIONS 
DENSIFICATION/POSITIVE MODERATOR TEMPERATURE COEFFICIENT RE.ANALYSIS 

Steady State Analysis 

Power(% of nominal 2441 MWt) 

Core Average Heat Flux (106 Btu/hr-ft2) 

Inlet Temperature (°F) 

System Pressure (psia.) 

6 2 Core Average Mass Velocity (10 lbm/hr-ft) 

Transient Analysis (Initial Conditions) 

Power(% of nominal 2441 MWt) 

Core Average Heat Flux (10
6 

Btu/hr-ft
2

) 

I 1 T ( OF) net emperature 

System Pressure (psia) 

6 2 
Core Average Mass Velocity (10 lbm/hr-ft) 
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112 

0.222376 

554 

2200 

2.273 

102 

0.202521 

547 

2220 

2.295 
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TABLE 6-7 

PARAMETERS FOR DENSIFICATION/POSITIVE MODERATOR 
TEMPERATURE COEFFICIENT REANALYSIS 

F~H (Hot Thimble Cell) 

Hot Assembly Relative Power 

Active Fuel Length (inches) 

0 
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 

(k = 0.046) 
s 

(TDC =0.019) 

1.185 Applied at 
the Axial Location 
of MDNBR 
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FIGURE 6-8 

ASSEMBLY POWER DISTRIBUTION, 53 CHANNEL MODEL 
DENSIFICATION/POSITIVE MODERATOR TEMPERATURE COEFFICIENT REANALYSIS 

0.50 0.60 

0.70 0,70 0.70 
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FIGURE 6-9 

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

SUBCHANNEL POWER DISTRIBUTION, 53 CHANNEL MODEL . 
DENSIFICATION/POSITIVE MODERATOR TEMPERATURE COEFFICIENT REANALYSIS 
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FIGURE 6-11 

SUBCHANNEL POWER DISTRIBUTION, 19 CHANNEL MODEL 
DENSIFICATION/POSITIVE MODERATOR TEMPERATURE COEFFICIENT REANALYSIS 
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FIGURE 6-12 

REACTOR CORE THERMAL AND HYDRAULIC SAFETY LIMIT 
CURVE AT 2200 PSIA, THREE LOOP OPERATION, 100% FLOW 
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FIGURE 6-13 

DNBR vs TIME 
UNCONTROLLED CONTROL ROD ASSEMBLY WITHDRAWAL AT POWER TRANSIENT 

POSITIVE MODERATOR TEMPERATURE COEFFICIENT REANALYSIS 
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FIGURE 6-14 

DNJ3R VS TIME 
COMPLETE LOSS OF REACTOR COOLANT FLOW TRANSIENT· 

POSITIVE MODERATOR TEMPERATURE COEFFICIENT REANALYSIS 
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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 102% power and a complete 

Loss of Reactor Coolant Flow transient. The radial power distributions for 

both the 53 and 19 channel models have been previously described in Section 4 

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 reanalyses 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, 
. E 

in the engineering factor on the heat flux, FQ' and in the elimination of the 

densification heat flux spike. It should be noted, however, that the effect 

of the densification heat flux spik~ 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-

I 

sis based upon the initial conditions 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 MDN~R of 

1.49 was also calculated using the VEPCO methods along with the 19 channel 

model. (Since the 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 Coolant Flow transient with three pumps operating and the reactor at 

full power. Forcing functions of core average heat flux and core flow were 

obtained from Reference 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 re~ults, 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) 

6 2 
Core Average Heat Flux (10 Btu/hr-ft) 

Inlet Temperature (°F) 

System Pressure (psia) 

6 2 
Core Average Mass Velocity (10 lbm/hr-ft) 

Transient Analysis (Initial Conditions) 

Power(% of nominal 2441 MWt) 

6 2 
Core Average Heat Flux (10 Btu/hr-ft) 

I 1 T ( OF) net emperature 

System Pressure (psia) 

6 2 
Core Average Mass Velocity (10 lbm/hr-ft) 
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102 

0.200687 

547 

2220 

2.065 

102 

0.200687 

547 

2220 

2.065 
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TABLE 6-9 

PARAMETERS FOR LOW FLOW ASSUMPTION REANALYSIS 

F~H (Hot Thimble Cell) 

F' z 

Hot Assembly Relative Power 

Active Fuel Length (inches) 

0 
Reactor Flow (gpm at 543 F) 

E 
F~H 

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 
L-Grid Spacer Factor 

(k = 0.046) 
s 

(TDC= 0.019) 

1.07 
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FIGURE 6-15 

DNJ3R vs TIME 
COMPLETE LOSS OF REACTOR COOLANT FLOW TRANSIENT· 

LOW FLOW ASSUMPTION REANALYSIS 
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SECTION 7 - SlJ}'ThfARY 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 basic 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 operations. 
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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 112% 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 VEPCO 

1.97 

1.55 

1.36 

1.46 

1.30 

1.32 

1.54 

1.50 

1.33 

1.94 

1.53 

1.34 

1.48 . 

1.30 

1.36 

1.54 

1.49 

1.35 
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APPENDIX A 

VEPCO MODIFICATIONS ADDED TO THE 
COBRA IIIC/MIT COMPUTER CODE 



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

I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 

I 

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

1. The code was modified so that the axial heat fluxes listed in the output 

were indicative of the corresp9nding axial positions. In the unmodified 

version of the co4e, the heat flux calculated for a particular axial 

position was actually 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. 

2. 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 position where subcooled 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 be retained for printout. 

J. The code was double precisioned. 

4. 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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I 
I 5. The code was modified so that DNBRs were printed out by channel number 

I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 

I 

instead of by rod number. Thus, minimum DNBRs and corresponding rod 

numbers were printed for each channel. 

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

spacer factor correlations(22 ) were added to the code as options. 

7~ 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 

code are used for determining the heat added to the coolant, they are 

based upon the total heat generation rate (i.e., they include direct 

gamma heating of the coolant). T0ese 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(2l) for deter­

mining the start of nucleate boiling, and in the Levy subcooled void 

model. (l5) 

8. 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. 

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

twice before a converged solution would be accepted for printout. 

10. 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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I 
I 11. The option was added so that different crossflow resistance coefficients 

I 
I 
I 
I 
I 

• I 
I 
I 
I 
I 
I 

I 

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

gaps. 

12. The calculation using the Jens and Lottes correlation(Zl) for determining 

the start of nucleate boiling was corrected. 

13. 

14. 

15. 

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 sub~ooled void model. (l5) Levy's paper 

states that the empirical constants used in developing the model were 

calculated using saturated liquid 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 Pr::Q7.V2 computer code. (Z3) 
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