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Several special component and constitutive models are included 

within RELAPS/MOD2-B&W which will not be used for evaluation 

model calculations. These models include: reflood heat 

transfer, noncondensible gas heat transfer degradation, the 

original INEL simple gap conductance model, jet mixing, and the 

turbine component. These sections will not be described within 

this report; however, a reference back to the original INEL 

release of RELAP5/MOD2 code manual 1  will be given for 

completeness.  

The reflood heat transfer option will not be used in the RELAP5 

evaluation model calculations. It is described in sections 

3.1.3.6, 3.2.8, and 3.2.9 of Reference 1. The reflood portion of 

the LBLOCA transient will be performed by the BEACH code 1 2 3 , a 

derivative of RELAPS/MOD2.  

Two noncondensible gas heat transfer degradation models are 

K> - available within RELAP5/MOD2-B&W. An original INEL model and a 

new mechanistic model option added by B&W are formulated within 

the code. A complete description of the INEL model can be found 

in Reference 1.  

A new detailed gap conductance model which included clad swell 

and rupture calculations as well as metal water reaction 

calculations was added for evaluation model calculations. The 

original simple gap conductance model described in section 3.2.10 

of Reference 1 will therefore not be used.  

The turbine and jet mixer special component models will not be 

used for licensing calculations. A complete description of these 

models is found in Reference 1 sections 3.1.5.5 and 3.1.5.3.
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(Variables which are not dimensioned have SI units)

A Cross-sectional area (m2 ), coefficient matrix in 

hydrodynamics, coefficient in pressure and 

velocity equations 

A1  Coefficient in heat conduction equation at 

boundaries 

AL Surge line cross sectional area (m2 ) 

At Throat area (m2 ) 

a Speed of sound (m/s), interfacial area per unit 

volume (m- ), coefficient in gap conductance, 
coefficient in heat conduction equation, 
absorption coefficient 

B coefficient matrix, drag coefficient, coefficient 
in pressure and velocity equations 

B1  Coefficient in heat conduction equation at 
boundaries 

b Coefficient in heat conduction equation, source 

vector in hydrodynamics 

Bx Body force in x-coordinate direction (m/s 2 ) 

By Body force in y-coordinate direction (7n/s 2 ) 

C Coefficient of virtual mass, general vector 

function, coefficient in pressure, and velocity 
equations, delay neutron precursors in reactor 

kinetics, concentration



Co. Coefficient in noncondensible energy equation k) 
(J/kg-K) 

Cd Drag coefficient 

Cg Dimensional constant in correlation for rg 

Cp Specific heat at constant pressure (J/kg-K) 

Cv Specific heat at constant volume (3/kg-K) 

c Coefficient in heat conduction equation, 
coefficient in new time volume-average velocity 
equation.  

D Coefficient of relative Mach number, diffusivity, 
diameter (m), heat conduction boundary condition 

matrix, coefficient in pressure and velocity 
equations 

Do Coefficient in noncondensible energy equation 
(J/kg-K2 ) 

D1 Coefficient of heat conduction equation at 
boundaries 

d Coefficient in heat conduction equation, droplet 
diameter (m) 

DISS Energy dissipation function (w/m3 ) 

E Total energy (U + v 2 /2) (J/kg), emissivity, 
Young's modulus,, term in iterative heat conduction 

algorithm, coefficient in pressure equation
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Interfacial roughness

Eu Euler number 

F Term in iterative heat conduction algorithm, 

gray-body factor with subscript, frictional loss 

coefficient, vertical stratification factor 

FIF, FIG Interphase drag coefficients (liquid, vapor) (s-1 

Fl Interphase drag coefficient (m3 /kg-s) 

FWF, FWG Wall drag coefficients (liquid, vapor) (s-1) 

f Interphase friction factor, vector for liquid 

velocities in hydrodynamics, delayed neutron 

fraction 

Ghead Pressure drop across valve due to gravity (Pa) 

G Mass velocity (kg/s), shear stress, gradient, 
coefficient in heat conduction, vector quantity, 

fraction of delayed neutrons in reactor kinetics 

Gc Dynamic pressure for valve (Pa) 

Gr Grashof number 

g Gravitational constant (m/s 2 ), temperature jump 

distance (m), vector for vapor velocities in 
hydrodynamics 

Acceleration due to gravity (m/s 2 ) gzKg

B-4

e



H Elevation (m), volumetric heat transfer 
coefficient (w/K-m.), head (m), clad non

dimensional heating ramp rate 

HLOSSF Form or frictional losses (liquid) (m/s) 

HLOSSG Form or frictional losses (vapor) (m/s) 

h Specific enthalpy (J/kg), heat transfer 
coefficient (w/m2 -K), energy transfer coefficient 
for rg, head ratio 

hL Dynamic head loss (m) 

I Identity matrix, moment of inertia (N-m-s 2 ) 

J Junction velocity (m/s) 

K Energy form loss coefficient, metal-water rate 

constant (g2 /cm4 -'s) 

k Thermal conductivity (w/m-K) 

kB Boltzmann constant 

ks Spring constant 

L Length, limit function 

LL Surge line length (m) 

22 Liquid level (m) 

M Mach number, molecular weight, pump two-phase 

multiplier, mass transfer rate, mass (kg) 
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N 

Nu 

n 

PBr 

P

PO 

p 

PCV 

Pr 

Q 

QD 

Qf 

Cq

Number of system nodes,, number density (#/m 3 ), 

-pump speed (rad/s) 

Nusselt number 

Unit vector, order of equation system, moles of 

gap gas (kg mole) 

Valve closing back pressure (Pa) 

Pressure (Pa), reactor power (w), channel 

perimeter (z), turbine power (J/s) 

Nitrogen pressure in dome (Pa) 

Relates reactor power to heat generation rate in 

heat structures, immediate fission power (MeV/s) 

Atmospheric pressure (Pa) 

Wetted perimeter (m), particle probability 

function 

Specified pressure required to close a valve (Pa) 

Prandtl number 

Volumetric heat addition rate (w/m3 ), space 

dependent function, volumetric flow rate (m3 /s) 

Total heat transfer to vapor dome (w) 

Immediate fission energy per fission (MeV) 

Heat transfer rate (w), heat flux (w/m2 ) 
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qt Specified time dependent, space dependent factor K) 
in the source term of heat conduction 

R Reynolds number, radius (m),,surface roughness in 

gap conductance, radiation resistance term, gas 

constant (cal/gmole-K) 

Re Reynolds number 

Rep The particle Reynolds number 

Rn, Rs Universal gas constants (noncondensible, steam) (U......-K 

r Reaction fraction for turbine 

S Chen's boiling suppression factor, stress 

"gradient, specific'entropy (J/kg-K), shape factor, 
real constant, source term in heat conduction or 
reactor kinetics (w) 

s Surface, Laplace transform variable 

T Temperature (K), trip 

Tc Critical temperature (K) 

TR Reduced temperature (K) 

Tt Specified time dependent function in heat 
conduction 

t Time (s)
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U 

u 

V 

Vv

VFDP, VGDP 

VIS 

VISF, VISG

VUNDER, VOVER

v

W

Specific internal energy (J/kg), vector of 

dependent variables 

Radial displacement in gap conductance (m) 

Volume (m3 ), specific volume (m3 /kg), control 

quantity 

Volume of noncondensible in accumulator dome (0 3 ) 

Coefficient for pressure change in momentum 

equations (liquid, vapor) (m/s-Pa) 

Numerical viscosity terms in momentum equations 

(m2 /s 2 ) 

Numerical viscosity .terms in momentum equations 

(liquid, vapor) (m2 /s 2 ) 

Separator model parameters (liquid, vapor) 

Mixture velocity (m/s), phasic velocity (m/s), 

flow ratio, liquid surge line velocity (m/s)

Choking velocity (m/s)

Weight of valve disk, weighting function in 

reactor kinetics, relaxation parameter in heat 

conduction, shaft work per unit mass flow rate

Wcrit

We

critical Weber number

Weber number

K>
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w Humidity ratio 

X Static quality, mass fraction, conversion from 

MeV/s to watts 

x Spatial coordinate (m),- vector 6f hydrodynamic 

variables 

Y Control variable 

z Two-phase friction correlation factor, function .in 

reactor kinetics 

z Elevation change coordinate (m) 

Symbols 

Void fraction, subscripted volume fraction,, 
angular acceleration-(rad/s 2 ), coefficient for 

least squares fit, speed ratio 

Coefficient of isobaric thermal expansion (K-1 ), 

effective delayed neutron fraction in reactor 

kinetics 

r Volumetric mass exchange rate (kg/m3 -s) 

APf Dynamic pressure loss (Pa) 

APs Increment in steam pressure (Pa) 

AVs Increment in specific volume of steam (m3/kg) 

At Increment in time variable (s) 
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-&At Courant time step (s) 

Ax Increment in spatial variable (m) 

Area ratio, truncation error measure, film 

thickness (m), impulse function, Deryagin number 

Coefficient, strain function, emissivity, tabular 

function of area ratio, surface roughness, wall 

vapor generation/condensation flag 

Diffusion coefficient, multiplier or horizontal 

stratification terms the right side of heat 

conduction equation in finite difference form 

Efficiency, bulk/saturation enthalpy flag 

e Relaxation time in correlation for Q, angular 

position (rad) 

Coefficient of isothermal compressibility (Pa-) 

A Prompt neutron generation time, Baroczy 

dimensionless property index 

A Eigenvalue, interface velocity parameter, friction 

factor, decay constant in reactor kinetics 

Viscosity (kg/m-s) 

Kinematic viscosity (m2 /s), Poisson's ratio 

Exponential function, RMS precision 

K>• 3.141592654
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Density (kg/m 3 ), reactivity in reactor kinetics 
(dollars) 

Ef Fission cross section 

E' Depressurization rate (Pa/s) 

u surface tension (j/m 2 ), stress, flag used in heat 
conduction equations to indicate transient or 
steady state 

Shear stresses (N), torque (N-m), fuel-clad gap 
(M) 

Donored property, Lockhart-Martinelli two-phase 
parameter, neutron flux in reactor kinetics, angle 
of inclination of valve assembly 

x Lockhart-Martinelli parameter 

Coefficient, fission rate (#/s) 

Angular velocity (rad/s), function variable in 

reactor kinetics 

Subscripts 

a Average value 

B Boron, dissolved solid 

b Bubble 

CHF Value at critical heat flux
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c Vena contracta, continuous phase, 'cladding, 
critical property, cross section 

cm Cladding midpoint 

con Condensation 

cr Critical property or condition 

D Drive line, vapor dome 

d Droplet, delay in control component 

e Thermodynamic equilibrium, equivalent quality in 

hydraulic volumes, value ring exit, elastic 

deformation 

K.•o exp Used to indicate explicit velocities in choking 

F Wall friction, fuel 

FB, FBB Film boiling, Bromley film boiling 

f Liquid phase 

fg Phasic difference (i.e., vapor term-liquid term) 

fp , Onset of vapor pull-through 

fr Frictional 

g Vapor phase, gap 

ge Incipient liquid entrainment
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H 

HE 

HF 

hy 

I 

IB 

i 

K 

L 

I 

M 

m 

NB 

n 

0 

R

Head 

Homogeneous equilibrium 

Homogeneous frozen 

Hydraulic 

Interface, delayed neutron group index 

Incipience of boiling 

Inlet, interface 

Spatial noding indices, junctions 

Spatial noding indices, volumes 

Spatial noding index, volumes, laminar 

Left boundary in heat conduction 

Rightmost boundary in heat conduction 

Mixture property, motor, mesh point 

Nucleate boiling 

Noncondensible component of vapor phase 

Reference value 

Rated values

K-)
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r Relative Mach number, right boundary in heat 

conduction 

S Suction region 

s Steam component of vapor phase 

sat Saturated quantity 

T Point of minimum area, turbulent 

TB Transition film boiling 

t Turbulent, tangential 

tt Fully turbulent 

up Upstream quantity 

v Mass mean Mach number, vapor quantity, valve 

w Wall, water 

wall Wall of tank 

wg, wf Wall to vapor, wall to liquid 

1 Upstream station, multiple junction index, 

vector index 

Single-phase value 

2 Downstream station, multiple junction index, 

vector index
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Two-phase value 

Torque 

Vector 

Matrix

Superscripts 

b 

exp 

I 

M-l, m, 'i-i 

n, n+1 

n + 1/2 

0 

R 

r 

v

Boundary gradient weight fact6r in heat 
conduction, vector quantities 

Old time terms in velocity equation 

Imaginary part of complex number 

Mesh points in heat conduction finite difference 
equation or mean value 

Time level index 

An average of quantities with superscripts n and n 
+1 

Initial value 

Real part of complex number 

Right boundary in heat conduction 

Saturation property, space gradient weight factor 
in heat conduction 

Volume gradient weight factor in heat conduction
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S w Wall 

1 Vector index, coefficient in velocity equation 

2 Vector index 

, Total derivative of a saturation property with 

respect to pressure, local variable, 

bulk/saturation property 

Derivative 

Vector, average quantity 

Donored quantity 

Unit momentum for mass exchange, intermediate time 

variable 

Linearized quantity, quality based on total 

mixture mass
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The new evaluation model choked flow tables are listed in tabular 

form in this Appendix. They are listed in the following 

sections: 

C.1 Moody Critical Flow Table.  

C.2 Extended Henry-Fauske Critical Flow Table.  

C.3 Homogeneous Equilibrium Critical Flow Table.  

C.4 Murdock-Bauman Critical Flow Table..
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C.1 MOODY CRITICAL FLOW TABLE

- STAGNATIOli PRESSURE (PSIA) . 1 
- MAXIMUM FLOW RATE (LBM/FT**2-SZC) 
- STAGNATION ENTHALPY (BTU/LB)

GXX (1) 
GXX (EVEN) 
GXX (ODD)

NG = NUMBER OF PAIRS OF FLOW AND ENTHALPY VALUES PER PRESSURE 
NPI = NUMBER OF PRESSURE VALUES 

DATA NG, NPI / 17, 21

DATA GOI / I.OEOs, 
I 10.95EO, 276.94SE0, 
2 4.65EO, 587.771E0, 
3 2.96E0, 898.593EO, 
4 2.50E0,1112.678E0, 
5 1.60EO,1507.606EOI 

DATA G02 / 5.oEo,, 
I 50.86EOr 330.376EO, 
2 - 22.09EO, 630.64SE0, 
3 14-13EO, 936-913E0, 
4 11.70EO,1142.56SE0, 
5 7.70EO,1521.800EO, 

DATA G03 / 10.OEO, 
I 97.76EOo, 357..67BEOr 
2 43.09BO, 652.305EOI 
3 27.67EO, 946.931E0, 
4 22.90EO,1157-466EOI 
5 15.40EO,1529.045EOI 

DATA G04 / 14.7EOf 
1 140.17EO, 374. , 240EO, 
2 62.40EO, 665.331EOI 
3 40.19E0, 956.421EO, 
.4 33-10E0,1166.3770E0, 
5 22.60EO,1533.437EOI 

DATA G05 / 50.OEO, 
I 432.14E0, 434.98SE0, 
2 201.24BO, 712.153EO, 
3 131.40E0, 989.317EO, 
4 107.50E0fll96.581E0, 
5 76.OOEO,1548.789EO, 

DATA G06 / 100.OEOp 
1 802.83EO, 476.264EO, 
2 388.73EO, 742.852EO, 
3 256.92EO,1009.440EOI 
4 209.20EO,1214.890EO, 

5 151.IOEO,1558.489EO,

214.71EO, 69.733EO, 
7.54E0, 380.55SE0, 
3.91EOt 691.37SE0, 
2.64EO,1002.201BO, 
2.00E0,1238.828E0, 
1.40EO,1652.162EO, 

I 
527.49EO, 130.196EOr 
35.44EOr 430.46SE0, 
18.60EO, 730.734EOI 
12.62EO,1031.003EOr 
9.80E0,1264-479E0, 
7.l0E0,1659.584E0o 

767.75EO, 161.261EO, 
68.64EOI 455.887EO, 
36.34EO,750.513EOI 

24.73EO,1045.140EOt 
19.30E0rl277.542E0,
14.2OEOtl663.351EO, 

943.01E0, 180.179EOI 
98.93EO, 471.270EO, 
52.69EO, 762.361EO, 
35.93EO,1053.452EO, 
28.20EO,1258.449E6, 
20.80E0,1665.624EOt 

1787.76EO, 250.212EO, 
312.25EOt 527.376EOt 
170.93EO, 804.541EOt 
117.79EO,1081.705EO, 
92.90EO,1312.998EO, 
70.40EO,1673.45SE0, 

2546.50EOt 298.538EO, 
591.90EO, 565.127EO, 
331.92EO, 831.715EO, 
230.86EO,1098.303EOI 
182.30EO,1330.371EO, 
140.30EO,1678.24SEOt

20.11EC, 173.340EOf 
5.76EOr' 484-163EO, 
3.37EO, 794.986EO, 
2.38BO11105.809EO, 
1-.80E0jl369.999E0, 
1.30EO,1803.545EO/ 

90.72EO, 230.28GEO, 
27.21EO, 530.55SE0, 
16.06EO, 830.824EO, 
11.39EOtII31.093EO, 
8.60BOO1390-263EO, 
6.60EO,1803.492EO/ 

171.18tO, 259-470EO, 
52.93E0, 554-096EO, 
31.42EO, 848.722EOr 
22.35EO,1143-348EO, 
17.10EO,1400.619EO, 
13.IOEO,1803.42SEO/ 

242.34EOt 277.210EO, 
76.51EOr 568.300EO, 
45.60BOt $59.391EO, 
32.49EO,1150.482EO, 
24.90EO,2406.903EO, 
19.30EO,1803.363ED/ 

706.24EO, 342.600EO, 
244.68E0, 619.764EO, 
148.58BO, 896-929EOo 
106.74EO,1174.093EO, 
83.20EO,1428.913EO, 
65.80E0,1802.893EO/ 

1252.95EOo 387.401EOI 
469.15E0, 653.989BO, 
289.63EO, 920-57SE0, 
209.60EO,2187.166BOt 
164.50EO,1442.897EOt 
131.60E0jl802.229E0/
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3608.16EO, 355.506EO, 
1108.91Eot 608.354EOr 
643.27EO, 861.202EO, 
453.44EOIII14.051EOt 
357.60BOI1349.174EOI 
279.90EO,1683-135EO# 

5084'*SSEO, 424.167EO, 
2044.87BO, 658.294EOt 
1244.89'EO, 892.421EOI 
895.23EO,1126.54SE0, 
701.2OEOll368.603EO, 
558.SOEO,1687.509EO, 

6192.24EOI 471.697EO, 
2897.01EOI 691.285EO, 
1831.53BO, 910.873EO, 
1338.95EO,1130.461EOI 
1040.80EO,1379.241EO, 
837.OOEO,1689.262EOI 

7103.30EOI 509.811EOt 
3689.49EO, 716.684EOe 
2409.78EO, 923.557EO, 
1788.OSEO,1130.429EOI 
1378.50EO,1386.128EO, 
1115.70EO,1689.882EO, 

7883.70EOI-542.551EO,, 
4434.96ED, 737.666BO, 
2983.26EO, 932.782EO, 
2244.95EO,1127.89SE0, 
1715.SOEO,1390.601BO, 
1394.80EO, JL689 .784EO, 

8566.61EDt 57l.B53EOI 
5141.21EOo 755.741EOI 
3554.43EO, 939.629EO, 
2711.61EO,1123.517EO, 
2052.90EO,1393.811ED, 
1674.40EO,1689.289EO,

2153.39EO, 439.789EO, 
893.OSEOI 692.637BO, 
564.45EO, 945.485BO, 
412.87EO,1198.334EOi 
325.OOEO,1458.103EOt 
263030EO,1800.900EO/ 

3560-62EOI 502.210EO, 
1683.97EO, 736.337EO, 
1101.42EO, 970.464EOI 
818.64EO,1204.5glEOg 

527..30EO,1798.245EO/ 

4682.13EO, 544.893EO, 
2426:85EOI 764.481EO, 
1631.43EO, 984.069EO, 
1228.83EO,1203.657EO, .956.20EO,1482.588EO, 

792.DDED,1795.591BO/ 

5630.54EOt 578.769EO, 
3135.77EOi 785.641EO, 
2159.53EO, 992.514BO, 
1646.48EO,1199.387EO, 
1269.40EO,1488.245EO, 
1057.40EOtl792.940EO/ 

6458.25EOI 607.589EO,
3818.11ZO, 802.705EOI 
2688.66EOt 997.820EO, 
2073.79EO,1192.936EO, 
1582.30EO,1491-960EO, 
1323.60EO,1790.290EO/ 

7194.59EO 633.3.49EO, 
4478.45EG: 817.037EO, 
3221.OIEO,1000.925EOt 
2512.78EO,1184i8l3EO, 
1895.20EO 1494.624EO, 
1590.60EO,17871.642EO/

DIATA G07 200.OEO, 

I 1463.65EO, 524.071EO, 
2 747.78EO, 776.920EO, 

3 502.8SE0,1029.76BEO, 
4 407.OOEO,1234.IOIEO, 
5 300.OOEO,1568.929EO, 

DATA G08 400-OEOr 

I 2601.91BOr 580.252EO, 

2 1413.45EO, 814.379EO, 

3 987.66EO,1048.506EOI 
4 792.40EO,1253.154EO, 
5 595.90EO,1579.509ED, 

DATA G09 600.OEO, 

I 3588.84EO? 618.089EOI 

2 2087.61BO, 837.677EO* 
3 1470-77EO,1057.265EOe 
4 1172.40EO,1262.'896EO, 
5 890.60EO,1585.09SE0, 

DATA G10 SOO.OEO, 
I 4472-42EOt 647.726EO, 
2 2725-47EO, 854.599EO, 
3 1956-33EO,1061.472EO, 
4 1550.IOEO,1268.622EO, 
5 '1184.90EO,1588.533EO, 

.DATA Gll / 1000 OEOI 

I 5277.33EO, 672.62BEO, 
2 3349.91EO, 867.743EOi 
3 2446.89EO,1062.859EOI 
4 1928.OOEO,1272.lt9EOj 
5 1479.30EO,1590.602EOI 

DATA G12 1200.OEO, 
1 6018.53BO, 694-445EO, 
2 -3964.OSEO, 878-333EO, 
3 2944.SIEO,1062.221EO, 
4 2306.OOEO,1274.362F.0, 
5 1173.90EO,1591.920EO, 

D -AT-A G13 / 1400.OEO, 
I 6705.77EO, 714.125EO, 
2 4569.95EOI 887.068EO, 
3 3450.98EO,1060.011EO, 
4 2684.BOEO,1275.682EO, 
5 2068.SOEO,1592.681BO,

9171-02ED, 598-830EO,. 7857..52EO, 656.477EO, 

5813.30EOt 771:773F.0, 53-19.72EO, 829.420EOI 

4125.04EO, 944.716EO, 3758.28EO,1002.364EO, 
3189.90EO,1117.659EOI '2965.42EO,1175.307EO, 
-2390.20EO,1396.083EOI 2208.30EO,1496.504EOI 
1954.SOEO,1688.499EOI '1858.30EO,1784.994EO/ 

9708.52EO, 624.202BO, 8458.62EO, 678.235EOI 

6454.71EOI 786-300BO, 5743.98EOI 840.333BO, 

4696.66EO, 948.399EO, 4302.13EO,1002.431EO,

DATA G 14 / 
I 7345.72EO, 
2 5169.19EO,

1600. OEO I 
732.268EO, 
894.366EO,
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3 3968.12EOIO56.464EO, 3681-89BOIlIO.497EOI 3433.97EO,1164.530EO, 
4 3067.IOEO,12754712EO, 2729.OOEO#1397.285EOI 2522.30EO,1497.542EO, 
5.2364.SOEO,1592.855EO, 2235.4OEOel687.403EO, 2126.SOEO,1782.347EO/ 

DATA Gis 1800.OEO,10186.24EO, 648-490EOr 9005.71EO, 698-87SEOt 
1,7943.45EO 749.258EOt 7068.47EOI 799.642EO,-6353.40EOt 850-027EOr 
2 57630-77EO, 900.411EO, 5271.40EOI 95'0.795EOr 4855.02EO,1001.179EOl' 
3 4498.77EO,1051.564EO, 4190.73EOIIIOI.94SEOr 3921-87EO,1152-332EO, 
4 3448.60EO,1275.99SE0, 3067.70EO,1398.372EO? 2836:40EO,1498-413EO, 
5 2660.50EO,1592.891BO, 2516.90EO,1686.22SEOr 2396.OOEGll779.701EO/ 

DATA'G16:/ý 2000.OEO,10608.22EOI 672.111EOf 9504.17EOO 718.734EO,.  
1 8503.14BOF 765.3S6EOl 7657.68ED, SII.979EOr 6950.77BOl SSS.601EO, 
2 6356.68BO, 905.224EO, 5852.74ED,951.846EO, 5420.97EDj. 998.46SEDI 
3 5047.45EDlIO45.091BO, 4721.42EO,1091.713EO, 4434'.55EOJ"II38.336ED, 
4 3833-BOED,1257.411EO, 3408.30EO,1398.751BOt.3151.70EO,1498.72SEOr 
5 2957.50EO,1592;53$EO, 2799.20EO,1684.851EO, 2666.IOEO,1777.056ED/ 

DATA'tGIT/ 2200.OEOF10975.67EOI.695.462EOt'9956.BDEO,, 738.132EO,ý 
I 9027.41EOAI 780.802EO, 8224.65EOi 823.471EO, 7538.67EO, 866.'141EO, 
2 6951.18EO, 908.811EO, 6444.80EOI 951.481EOI 6004.98EO,'994.150EO, 
3 5620.04EO,1036.820EO, 5280-64EO,1079.490EO, 4979.37EO,1122.159EO, 
4 4220.10EO,1274-.756EO, 3749.SOED,1398.911EO,,3467.SOEO,1498.821EO, 
5 3255.10.EO,1592.023BO, 3082o3OEOl683.386EO, 2937.IOEO,1774.411EO/ 

DATA G18 2400.OEO,11209.60EO,ý718.953EO,10316.18E 1 0, 757.432.EO, 
1,9486.43EO,,795.909EO, 8750.33EO, 834.387EO, 8105.54EO, 872-866EO, 
2 7541.38EO, 911.344EO, 7046.15EO, 949.822EO, 6609.24EO, 988.300EO, 
3 6221-66EO,1026.779EO, 5875.90EO,1065.257EO,'5565.81EO,1103.73SE0, 
4 4619.20EO,1271.79SE0, 4096o7OEOl397.651EO, 3767.OOEO,1497.913EO, 
5 3554.70EO,1590.843EO, 3366.60EO,1681.584EO, 3208.BOEO,177lo765EO/ 

DATA G19 2600.OEO,11428.29EOI 744.47SE0,10644.57EO,'778.2132EO,
I 9914.50EO, 811.988BOo 9254.60BO, 845o74SEOl 8664.25EO, 879.502EOI 
2 8137.27BOP 913.259EO, 7666018EO, 947.016EO,, 7243.77EO, 980.772BOO, 
3 6863.58EO,1014.529BO, 6520.03EO,1048.286EO, 6208o34EOjlO82.043EO, 
4 5022.4DE0,1270.621EO, 4441.80EO,1397.239EO, 4105.40ED,1497o5l5EO, 
5 3854.20EO,1589.972EO,, 365lo4OEOtl679.930EOj 3481.5OEOtl769.120EO/ 

DATA.G20 2800.OEO,11589.07EO, 770.686EO,,10931.29EO, 799.200EO, 
120314.45EO",, 827.71SEOr 9746.45EO,, 856.230EOI 9227.42EOI 884.745EO, 
2 8754.35EO,913.260EOt 8323.15EO, 941.774EOt-7929.53EO, 970.289EO, 
3 7569.46EOI 998.804EO, 7239.24EOtlO27..319EOI 6935.60EOtIO55.834EO, 
4 5411.OOEO,12690067EO,,4789.20EO,1396.501EOI,4425.40EO,1496.853EO, 
5 4154.90EO,1588-.914EO, 3937.lOEDtl678-0177EO, 375S.OOEO,1766.,475EO/ 

DATA G21 7 3000.OEO,11604.42EO, 801.845EO,11109.,66.EO, 823.687EO, 
220640.97EO, 845ý.529E0,10200.60EO-j, 867.371EO, 9788.61EO, $89.213EO, 
2 9403.93EOp. 911.055EO, 9044.98EO, 932.898EO,ý8709.95EO, 954..7140EOI 
3 8397.01EO, 976.582EO, 8104.38EO, 998.424EO, 7830.38EO,1020.266EO; 
4-ý5816.40EO,1267.043EO,-5139.50EO,1395.404EO, 4747.IOEO,1495-;90SEG, 
5 4456.BOEOI1587-.660EOI 4223.SOEO,1676.323ED, 4029.40EOi,1763.636BO/ 

C-5



C.2 EXTENDED HENRY-FAUSKE CRITICAL FLOW TABLE 

PE( 1,1) = STAGNATION PRESSURE (PSIA) 
PE(EVEN,I) -' MAXIMUM FLOW RATE (LB/FT**2-SEC) 
PE( ODD,I) = STAGNATION ENTHALPY (BTU/LB)'

NPHE - NUMBER OF PRESSURE VALUES 
NHHE - NUMBER OF PAIRS OF ENTHALPY AND 

PRESSURE

FLOW VALUES PER

DATA NHHENPHE / 11,16 /

DATA PEO0 
1 2204.0, 
2 1955.0, 
3 1415.0, 

DATA PE02 
1 26.84.0, 
2 2388.0, 
3 1735.0, 

DATA PE03 
2 4989.0, 
2 4449.0, 
3 3273.0, 

DATA PE04 
1 7059.0, 
2 6304.0, 
3 4691.0, 

DATA PE05 
1 9940.0, 
2 8846.0, 
3 6567.0, 

DATA PE06 
1 13967.0, 
2 12377.0, 
3 9199.0, 

DATA PE07 
1 17020.0, 
2 15027.0, 
3 11153.0, 

DATA PEO8 
1 19544.0, 
2 17231.0, 
3 12758.0,

/ 10.0, 
83.914, 

112.866, 
141.871, 

/ 14.7, 
95.190, 

126.981, 
158.852, 

/ 50.0, 
136.686, 
178.996, 
221.585, 

/ 100.0, 
164.470, 
213.922, 
263.917, 

/ 200.0, 
197.788, 
255.958, 
315.174, 

/ 400.0, 
236.367, 
304.892, 
375.416, 

/ 600.0, 
262.216, 
337.865, 
416.489, 

/ 800.0, 
282.295, 
363.591, 
448.894

2293.0, 
2140.0, 
1820.0, 
1108.0, 

2788.0, 
2609.0, 
2227.0, 
1369.0, 

5174.0, 
4853.0, 
4156.0, 
2646.0, 

7314.0, 
6870.0, 
5895.0, 
3853.0,

10316.0, 
9668.0, 
8256.0, 
5460.0, 

14530.0, 
,13556.0, 

11537.0, 
7708.0, 

17719.0, 
16499.0, 
13996.0, 
9378.0, 

20397.0, 
18943.0, 
16028.0, 
10734.0,

64.630, 
93.560, 

122.527, 
151.556,, 

74.023, 
105.780, 
137.594, 
169.501, 

108.576, 
150.766, 
193.154, 
235.869, 

131.690, 
180.909, 
230.515, 
280.749, 

159.379, 
217.089, 
275.557, 
335.236, 

191.387, 
259.042, 
328.128, 
399.574, 

212.798, 
287.192, 
363.658, 
443.724, 

229.413, 
309.081, 
391.452, 
478.793, 
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2255. 0, 
2059.0, 
1647.0, 
768.0,' 

2744.0, 
2512.0,1 
2014.0,.  

943.0, 

5094.0, 
4679.-0, 
3771.0, 
1787.8, 

7203.0, 
6624.0, 
5361.0, 
2546.5,

10157.0, 
9303.0, 
7513.0, 
3608.2, 

14278.0, 
13043.0, 
10496.0, 

5084.6, 

17412.0, 
15845.0, 
12730.0, 
6192.2, 

20026.0, 
18176.0, 
14557.0, 
7103.3,

74.271, 
103.210, 
132.195, 
161.261/ 

84.605, 
116.377, 
148.217, 
180.179/ 

122.624, 
164.868, 
207.349, 
250.212/ 

148.066, 
197.390, 
247.176, 
298.538/

178.555, 
236.474, 
295.289, 
355.506/ 

213.823, 
281.874, 
351.621, 
424.167/ 

237.429, 
312.394, 
389.838, 
471.697/ 

255.753, 
336.159, 
419.842, 
509.811/
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DATA PE09 
1 21779.0, 
2 19140.0, 
3 14147.0, 

DATA PEIO 
1 23760.0, 
2 20839.0, 
3 15369.0,

/ 1000.0, 
298.941, 
384.982, 
476.119, 

/ 1200.0, 
313.263, 
403.484t 
499.957,

DATA PEll/t1400.0, 
1 25596.0, 326.069, 
2 22400.0, - 420.065, 
3 16460.0, 521.548, 

DATA PE12 / 1600.0, 
1 27278.0,. 337.529, 
2 23832.0, 434.945, 
3 17468.0, 541.136, 

DATA PE13 / 1800.0, 
1 28856.0, 347.990, 
2 25180.0, .448.564, 
3 18388.0, 559.264,

DATA PE14 
1 30358.0, 
2 26436.0, 
3 19264.0,

/ 2000.0, 
357.598, 
461.098, 
576.119,

DATA PEIS / 2200.0, 
1 31782.0, 366.495, 
2 27643.0,'472.715, 
3 20073.0, 591.888, 

DATA PE16/ 2400.0, 
1 33104.0, 374.792, 
2 28787.0, 483.557, 
3 20862.0, 606.736,

22751.0, 243.188, 22316.0, 270.943 
21080.0, 327.236, .20219.0, 355.890, 
17782.0, 414.616, 16138.0, 444.930, 
11891.0, 508.470, 7883.7, 542.551/

24864.0, 
23001.0, 
19364.0, 
12891.0, 

26793.0, 
24745.0, 
20806.0, 
13753.0, 

28582.0, 
26357.0, 
22100.0, 
14547.0, 

30263.0, 
27868.0, 
23329.0, 
15234.0, 

31856.0, 
29294.0, 
24486.0, 
15855.0, 

33369.0, 
30655.0, 
25603.0, 
16430.0, 

34803.0, 
31947.0, 
26642.0, 
16975.0,

255.011, 
342.879, 
434.707, 
534.672,

24372.0, 
22039.0, 
17546.0, 
8566.6,

265.587, 26256.0, 
356.869, 23706.0, 
452.751, 18847.0, 
558.615, 9171.0,

275.051, 
369.396, 
468.978, 
580.548, 

283.684, 
380.836, 
483.862, 
601.066, 

291.617, 
391.347, 
497.583, 
620.360, 

298.970, 
401.079, 
510.319, 
638.625,

28009.0,: 
25230.0, 
20014.0, 
9708.5, 

29633.0, 
26676.0, 
21090.0, 
10186.3, 

31201.0, 
28034.0, 
22124.0, 
10608.2, 

32664.0, 
29295.0, 
23115.0, 
10975.7,

305.833,.34045.0, 
410.154, 30531.0, 
522.220, 24030.0, 
656.028, 11209.6,
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283.995, 
372.919, 
466.775, 
571.853/ 

295.666, 
388.160, 
486.459, 
598.830/ 

306.109, 
401.819, 
504.219, 
624.202/ 

315.637, 
414.304, 
520.563, 
648.990/ 

324.390, 
425'.781, 
535.676, 
672.111/ 

332.498, 
436.411, 
549.741, 
695.462/ 

340.062, 
446.326, 
562.918, 
718.953/
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,ýý'C.3 HOMOGENEOUS EQUILIBRIUM MODEL 
CRITICAL FLOW TABLES

= STAGNATION PRESSURE 
= CRITICAL FLOW RATE 
- STAGNATION ENTHALPY

,(PSIA) 
(LBH/SýEC-FT2) 
(BTU/LBM)

TXX(l) 
TXX(EVEN) 
TXX (ODD)

NGHT = NUMBER OF PAIRS OF FLOW RATE AND ENTHALPY VALUES PER 

PRESSURE 
NPT = NUMBER OF PRESSURE VALUES 

DATA NGHT, NPT / 27,21 /

. 1. OEO, 
658.45EO, 28-062EO, 

.447.12EO, 58-019EO, 
6.75EO, 173.340EO, 
3.65EO, 484.163EO, 
2080E0, 794.986EO, 
2.35EO,1105.809EO, 
I .97EO,1260.427EO, 
1'.55EO,1514.346ED, 
1.31E_0,1603.545EO/ 

ý.OEO, 
1579.07EOr 68-020EOl 
652o83EOl 117.953EO, 
31.49EOt 230.286EOf 
17.36EO, 530.555EO, 
3.3.35F.0, 836.824F.0, 

.9.53EO,1288.228EO, 

.7o7lE0,1524.467E0, 
6.56F,0.tl803.492E0/ 

10.OEO, 
2047.90EO, 107.967EO, 
1192-82BO, 148.006ED, 

60.84EO, 259.470EO, 
3 3. 92EO I'. ý 5 54. 09 6EO, 
26ol3EO, 848.722EO$ 
22.04EO,1143.34SE0, 
18;.86EO,1297.280EO, 
15.32EO,1534.604EO, 
13ol2E0,1803o425E0/ 

14.7EO, 
2495.47EOI:.117.977EO, 
1384.01EO, 168o094E0, 

87.60F.01 277.21CE0, 
49ol9EDI 568.300EO, 
37.95ED, 859o391EO,

DATA T01 / 
1 716.13EO,. B.030BOt
2 681.49EO, 38.054EO, 
3 442.29EOI 67.999EO, 
4 5.02EO, 276.94SE0, 
5 3.29EO, 597.771BO, 
6 2.62EO, 898.594EO, 
7 2.35EO,1114.029EOo 
8 I.SIEO,1336.13SE0, 
9 1.46EO,1607.840EO, 

DATA T02 
I 1681.25EO, 8.042E0, 

12 1378.69EOI 87.975BO, 
3 385.75EO, 127.958E0, 
4- 23.69EO, 330.376EOt 
5 15.65EOt 630.645BO, 
6 12.52E0, 930.914BOp 
7 T 11.22EO,1139.325EO, 
8 8.80E0,1364.831E0, 
9. 7.30BO,1607.74?ED, 

DATA T03 
I 2391.40EO, 8.057EO, 
2 1724.77ED, 127.970ED, 
3, 659.3.2ED, 158-038EO, 
4 46.07EOf 357.678EO, 

..5 30.60EO, 652.30SE0, 

6 24.53F.Ot :946-931EOi, 
7 22.01EO,1146-574EOO 
8 17.44EO,1374 -284EOt 
9 14.SOEO,1618.20SEOr

711.91EOo 18.057EOo, 
535.31EO, 48'038EO, 
20.41E0, 69:733EO, 
4.17E0, 380.555BO, 
3.01E0, 691.37BEO, 
2.48E0,11002.201E0, 
2.1SE0,1186.541E0, 
1.67E0,1423.81DE0, 
1.38EO,1704.2BOEO, 

1665.45EO,,,'38.065EO, 
1162.01E0, 107.955BO, 

83.89EO, 130.196EOI 
19.80E0, 430.465EO, 
14.36BO, 730.734ED, 
11.83EO,1031.003EOI 
10.47EO,1213.33SE0, 
8.20EO,1443.519EO, 
6.90EO,2.704.209BO, 

2236.70EO, 78.004EO, 
1505.41EO, 137.983BO, 
151.52EOr 161.261EOp 
38.62E0, 455.867EOI 
28.10EO, 750.513EOI 
23.18B0,1045.140E04? 
20.69EO,1221.805EOO 
16.28EO,1453.321EO, 
13.80EOo,1704.121BO, 

2774 .33E0, 78.016ED, 
1750.08E0, 158.049EOI 
209.49BO, 180.179BOt 
.55.94EOt 471.270EOo 
40.80E0, 762.361EOt

DATA T04 / 
I 2904-72EOr 
2 2216.69ED, 
3 789.99EO* 
4 66.61ED, 
5 44-41E0,

8 071EO 
137:99BEO', 
178.152E0, 
374-24DEO 
665-0331EO,
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ý32:63EO,1150.482EO, 
I 27*ý45E0#1306-438EO'\'j 

22.36EO,1544.795EO, 
19.28EO,1803.363EO/ 

so.OEO.' 
4775.18EO, 158.130EO, 
2105.91EO, 238.966EO, 
389-44EOI, 277.92SE0, 
159.83EO-ol 619.764EO, 
124.11EO, 896.929EO, 
-105.03EOo,1174-093EO, 
91.70EO,1323.151EO, 
76.llEOlS43.804EO, 
65.6OEOsl8O2.S94EO/ 

100.OEO, 
6764.11EO, 188 413EO, 
3474.36EO, 280:07SE0, 
721.04EO, 325.197EO, 
329.23EO,- 609.558EO,
242.80EO, 920.57BEO, 
205.95EO,1187.166EO,
180.35EO,1339.551EO, 
151.30EO,1552.83SE0, 
131.25EO,1802.229EO/ 

200.OEOl 
9241-84EO, -239.264EO, 
3688.74EO, 342-949EO, 
1515.39EO,1ý363-934EO,
.778.11EO,, 532-BOOZO, 

945.48SE0, 
.334EO, 

355-73EO,1353.710EO, 
298-97EO,1571.261EO, 
262.69EO,1800.900EO/

35.63EOe 956.421EO, 
31.98EOtII54.345EO, 
25.40EOolý83-8*09EO, 
21:18M1628.719EO,

33.68EO,1053.452EO, 
30.06EO,1230.480EO, 
23.74EO,1463.184EOI 
20.17EO,1714.939EOI 

5190.51EO, 108.067EO, 
3318.63EO, 218.632EO, 
-571.57EO, 250.212EOI 
192.22EOI 490.421EO, 
133.23EO, 804.541EO, 
110.38EO,1081.70SE0, 
99.07EO,1254.716EO, 
80.85EO,1461.887EO, 
68'.62EO,1714.-337EO, 

7337 38EO,.-128.187EO, 
4208:59BO, 269.774EOI 
989.42EO, 298.538EO, 
412.34EO, 476.264EOI 
260-32EO, 831.715EOI 
216:31EO,1098.303EO, 
194.62EO,1269.141EO, 
159.42EO,1480.449EOI 
137.31EO,1713.484EO,

6 
7 
8 
9

.DATA T05 / 
I 5371.63EOI . 8.175E6, 
2 4009.67EOI 198 393EO, 
3 703.71EOr 249:174E;O, 
4 267.62EO, 351.839EO, 
5 144.72EOI 712.153EO, 
6 116.64EO, 989-317EO, 
7 104.66EO,1184.119BO, 
8 85.78EO,1391.904EO, 
9 .72.09EO,1627.948EO, 

,DATA T06 
I 7600.63EO,, 8.324EO, 
2 5606.26EO, 239.06SE0, 
3 2333.70EO, 290-420EO, 
4 564.01EO, 369.629EO, 
5 282.31EO, 742.852EO, 
6 228.4..IEO,1009.440EO, 
7 205.33EO,1194-192EO, 
8 168.93EO,1409.519EO, 
9. 144.28EO,1626.855EO,

DATA T07 
110751-.06EO, 8 , .620EO,10327.76EO,.158.476EO, 
2 8058.31EOAI 280-257EO, 5812.39r-O, 321-858F.0, 
3 1759.SSEO, 353.581EO, 1685.31EO, 355.506EO, 
4 1139.95EO,ý406-075EO, 940.63EO, 456.645EO, 
5 631.88EOf 658-924EO, 528.S4EO, 819.061EO, 
.6 448.14EO,1029.76SE0, 424.86EO,1114.051EO, 

7 402.87EO,1210.131EO, 384.IOEO,1280.034EO, 
8 -333.37EO,1425.503EO, 314.79EO,1497.762EO, 
9- 285.28EO,1646.255EO, 273.29EO,1722.810EO,

DATA T08 / 400.OEO, 
115203.90EO, 9.212EO,14540.28EO, 189.071EO,13309.29EO, 270.329EO, 
211259.93EOo 332.672EO, 8740.94EO, 375.266EOII, 5255.00E0,407.962E0, 

419.039EO, 2818.39EO, 424.168EOI 2475.99EOt 439 * ý776EO,'_ 
4.2091.97EO, 470.993EO,.1858.15EO, 502-110EO, 1539.99EO,'572*44SED, 
5 1347.66EO, 642.686EO, 1155.65EO, 751.945EO, 1013.44EOt 876:813EO, 

ý6 935.86EOI 970.464EO, 860.17EO,1087.527EOo, 800.37EO,1204.591EO,, 
7 795.86EO,12i6.493EO, 775.13EO,1271-230BO, 720 21EO'1341.43SE0, 

.8 672.03EO,1417.029EO, 633.OSEO,1491.300EO, 600:27EO',1566.139EO, 
9 ý572.15EOjI642-145EO, 547.66EO,1719.505EO, 526.llEOtl798.245EO/ 

DATA T09 600.OEOI.  
118618-.66EOI 9.803EO,18103.35EO, 169.421EO,16833.40EO,. 270 700EO, 
214751-27EO, 343.512EOjll2O4-Z4EO, 408.123EO-, 7987.71EO, 441:582EO.
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3 4173.67EO, 464.480EO, 3768.85EO, 411.697EO, 3048.55FO, 508.295EO, 

4 2660.54EO, 544.893EO, 2206.12EO, 618.089EO, 1847.98EO, 720.564EO, 
5.1598.54EOt 837.677EO, 1486.45EOo 910.873EO, 1395.25EO, 984.069EOI 

6 1319.13EO,1057.265EO, -1254.32EO,1130.461EO, 1198.26EO,1203.657EO, 

7 1190.77EO,1215.92SEOg 1173.16EO,1262.896EO, 1082.18EO,1340.030EO, 

8 1016.37EO,1408.262EO, 954.91EO,1484.762EO, 903.95EO,1560.997EO, 

9 460.60EO,1638.031EO, 823.13EO,1716.199EO, 790.29EO,1795-591EO/ 

DATA TIO SOO.OEO, 

121495.90EO, 10.393EO,20695.34EO, 200.012EO,19081.41ED, 301.983EO, 

226623.91EO, 375.727EO,13495.09EO, 430.431EO, 9141.10EO, 476.09SED, 

b 5199.07ED, 499.841EO, 4606.04EO, 509.811EO, 4101.00ED, 530.499ED, 

4 3572.38EO,- 564.977EO, 3163.63BO, 606.352ED, 2724.61EO, 675.310EO, 

5 2320.01EO, 778.746EO, 1974.80EO, 923.557EOI 1857.32EO, 992.514EO 

6 1758.77EO,1061.472EO* 1674.52EO,1130.429EO, 1601.39EO,1199.387EO: 
7 1599.58EO,1201.250EO, 1575.19EO,1255.513EO, 1444.57EO,1339.ZSSEO, 

8-1353.25E6,3.43.0-638EO, 1280.53EO,1478.126EO, 1210.09EO,1555.829EO, 

9 1150.71EO,1633.910EO, 1099.71EO,1712.893EO, 1055.23EO,1792.940EO/ 

DATA Tll 1000.OEO, 

124029.48EO, 10.981EO,23096.OOEO, 210.517EO,20845-04EO, 333.571EO, 

217336.14EO, 419.454EO,13305.23EO, 476.061EO, 9253.32EO, 511.794EO, 

3 5593.07BO, 536.693EO, 5360.70EO, 542.551EO, 4399.43EO, 588.07SE0, 

4 3734.83EO, 646.612EO, 3169.41EO, 731.162BO, 2854.64EO, 802.705EO$ 
5 -2638-BIEOr 867.743EO, 2466.26EO, 932.782EO, 2324.-07EO, 997.821EO, 

6 2204-17BOtIO62.859EO, 2101.26EO,1127-898EO, 2011-64EO,1192.936EO, 

ýý-1992.55EO,1210.394F.(), 1947.82EO,1266-456EO, 1784:28EO,1352.309EO, 

8 1671.66EG,1425.265EO, 1582.13EO,1494.115EO, 1507.04EO,1561-913EO, 

9 1442.48EO,1629.779EO, 1377.37EO,'1709.586EO, 1320-92EO,1790.290EO/ 

DATA T12 1200.OEO, 

126318.85EO, 11.569EO,25241.12EO, 221.027EO,23173.53EO, 333.87SE0, 

220471.70EO, 408.632EO,16445.88EO, 476.03SE0,11934.79EO, 523.846EO, 

3 6472.79EO, 562.204EO, 6049.68EO, 571.853EO, 5568.88EO,- 590.242EO, 

4 5097.52EO, 614.760EO, 4519.SSEO, 657.667EO, 4112.88EO, 700.575EO, 

5 3622.62EO, 774.130BO, 3230.02EO, 859.944EO,. 2926.91EO, 951.SSSEO, 

6 2724.25EO,1031.573EO,. 2536.ISEO,1123.517EOI 2430.66EO,1184.813EO 

7.2407.37EO,1201.318BO, 23.47.06EO,1263.089BO, 2139.70EO,1353.651EO: 
8 2001.03EO,1428.978EO, 2892.11EO,1499.36SE0, 1801.41EO,1568.314EO, 

9 1723.77EO,1637.122BO, 1656.18EO,1706.277EO, 158?.34EO,1787.642EO/ 

DATA T13 1400 -OEO, 

128423.09EO, 12.156EO,27421.06EO, 211.368EO,25287.74EO, 334.181EO, 

222242-52EO, 419.757EO,17361.SOEO, 499.447EO,12557.47EO, 548.676EO, 

3 7095.83EO, 588.776EO, 6683.12EO, 598.830EO, 5658.27EO, 644.94SE0, 

4 4962.20EO, 696.831BO, 4439.64EO, 754.478EO, 3963.13EO, 829.421EO, 

5 3688.03EO, 887.068EO, 3464.35EO, 944.716EO, 3277.60EO,1002.364EO, 
6 3118.52EO,-1060.011EOI- 2980.82EO,1117.659EOi.286O.'05EO 1175.307EO, 

7 2827.79EO,1194.-086EO, 2787.21EO,1241.299EOI 2526.46EO:1341.691EO, 

8 2352.IOEO,1420.820EO, 2218.97EO,1493.200EOI-2109.54EO,1563.395EO, 
9 2016.60EO,1633.103EO, 1936.14EO,1702.966EOI' 1854.'56EO,1784.994EO/
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DATA T14 / 1600.OEO, 
130380 6SE0, 12.741EO,29111-17EO, 231.954EO,26342-.19EO, 366.0513EG,ý,ý 
222067:79EO, 464.563EO,15699.63EOrý548.276EOr 8599.02EO,ý60.2.066EO, 
3 7531 4SEOl-616.772EO,.7267.39EO, 624.202EO, 6283.48EO, 667.42SE01 
4 5642.15EO, 710.654EOt.4937.82EOI 780.897EOI 4517.75EO, 840.333EO, 
5 4218 70EO, 894.366EO, 3973.36EOf 948.399EO, 3767.13EO,1002.431EO, 
6 3590:46EO,1056.464EO, 3436.84EO,1110.497EOI 3301.60EO,1164.530EO, 
7 32S2.42EO,1189.014EO, 3203.28EO,1239'.587EO-- 2882.68E0,1344.071M.  
8 2679.74EO"1425-221EO, 2526.ISEOI1498.984EO, 2400.68EO,1570.241EO, 
9 2294.SOEO,1640.826EO, 2202.SSEO,1711.43SE0, 2122.55EO,1782.348EO/ 

DATA TIS 1800.OEO, 
132218.38EO, 13.-326EO,30781.42EO,.242 .471EO,27490.19EO, 387.61SE0, 
222773.30EO, 487.-560EO,15821.59EO,.573.-754EO, 8589.41EO, 630.734EO, 
3,7857.19EG, 646.795EOOI- 7806.53EO, 648.490EO,, 6876.29EG, 688.707EO, 
4 6044.93EO, 744.220EO, 5470.07EO, 799.642EO, 5073 59EO, 850.027EO, 
5 4754.88EO, 900.411EO, 4490.93EO, 950.795EO, 4'267:42EO,1001.179EO, 
6 40740-BIEO,1051.564EO, 3906.50EO,1101.94BEO, 3757.71EO,1152.332EO, 
7 368 0, SOED,1186.21SE0, 3618.59EO,1239.460EO, 3 ' 394.22EO,1298.836EO, 
8 3109.78EO,1390.193EO, 2912.11EO,1468.170EO, 2756.26EO,1541.440EO, 
9 2626.84EO,1613.133EO, 2499.56EO,1696.332EO, 2391.32EO,1779.701EO/ 

DATA T16 2000.OEO, 
133955.66EO, 13-909EO,32613.64EG, 232.777EO,29236-62EO,.337.847EO, 
224722'20BO, 487.530EO,18371.14EOI 573.194EO, 9715.11EO, 645.003EO, 
3 8655:25EO, 66i.733EO, 8302.92EO, 672.111EO, 7264.52EO, 718.73 -4EO, 
4,6562.68EC, 765.356EO, 6041.26EO, 811.979BO, 5631.87EO, 858.601EOI 
.5 5298.39EO, 905.224EO,- 5019.40EO, 951.846EO, 4781.25EO, 998..469EO,, 
6 4574.70EO,1045.091EO, 4393.22EO,1091.713EO, 4232.05EO,1138.336EO,(,J 
7 4201.IOEC,1148.283EO, 4112.19EO,1185.706EG, 4021.18EO,1240-893EO, 
8 3584.17EO,1351.059EO, 3324.89EO,1435.455EO, 3102.61EO,1523.952EO,
9 2927.42EO,1608.933EO, 2783.04EO,1693.009EO, 2660.89EO,1777.056EG/ 

DATA T17 2200.OEO, 
135607.:23EO, 14.492EO,34096.21EO, 243.279EO,30883.91EO, 388-082EO, 
226527.79EO, 487.510EO,19443.82EO, 585.859EO,10853.33EO,ý 659.615EO, 
3 9433.73EO, 677.129EO, 8756.94EO, 695.462EO, 7803,.37EO, 738-132EO, 
4 7126 * -33EO, 780.802EO-l 6608.61EO, 823.471EO, 6194.12EO, 866.141EO, 
5..5851 ' 6CEO, 908.811EO, 5561.87EO,ý951.481EO, 5312.35EO, 994 .150EO, 
6 5094.36EO,1036.820EO, 4901.66EO,1079.490EOI 4729.64EO,1122 .159EO, 
7.4637.43EO,1149.41SE0, 4548.59EO,1187.522EO, 4510.73EO,1218.025EO, 
8 3988.37EG,1339.694EO, 3683.13EO,1427.787EO, 3428.1ýEO,1518.459EO, 
9 3229.88EO,1604.716EO, 3067.72EO,1689.682EO, 2931.24EO,1774.411EO/ 

DATA T18 2400.OEO, 
137184.51M 15-073EOr35898.96EO, 223 .. .542EO,32783.IOEOI 377.694EO,' 
226889.76EO, 510.759EO,19090.97EOO 612.528EO,,10166.01EO, 693.052EOP' 
3 9303. , 3SE0, 714.054EG, 9076.25BO, .718.953EO, 8262.73EO, 757.431EO, 
47645.11EO, 795.909EOF 7153.80EOt 834.387EO, 6749.'. 86EO,' 872.866EO, 
5 6409.-55EO, 911.-344EO, 6117.39EO,,.949.S22EO, 5862.79EO, 98S.-300EO, 
6 -5638.20EOI!026.779EO, 5438.06F.0,1065.257EO, 5258.18EO$1103.735EO, 
7 507S.'29EO,1153-449EO, 4935.95EO,1222.206EOI 4672-.68EO,'1270.727EO,
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4333.-ISE0,1344.672E0, 3999.72EO,1433.843EO, 3756.82EO,1512.909EO, 
9 3S34.24EO,1600.ASOEO, 3353.62EO,1686.350EO, 3202.40EO,1771.765EO/ 

DATA T19 2600.OEO, 
138696.59EO,. 15.653EO,36813.83EO, 264.310EO,33210.24EO, 409.968EO, 
227825.36EO, 522.481EO,19896-25EO, 625.813EO,10829.86EO, 709.590EO, 
3 9699.24EOt 733.410EOt 9407.96EO,'744.475ED,-8710.29EOI 778.232EO, 

4 8155.16EO, 811.98SE0, 7698.71EO, 845.74SE0, 7314.08EO, 879.502EO,.  
5 6983.79EOI 913.259ED, 6695.85EO, 947.016EO, 6441.74EO, 980.772EO, 
6 6215.19EO,1014.529EOt 6011.47EO,1048.286EC, 5826.93EO,1082.043EOt 
7 5703.57EO,1107.711EO, 5518.77EO,1160.241EO, 5446.62EO,1197.675EO, 
8 5320.20EO,1227.844EO, 4834.OSEO,1315.521EO, 4474-94EO,1397.239EO, 
9 4129.57EOrl494.237EO, 3750.08EO,1ý33.563EO, 3474.36EO,1769.120EO/ 

DATA T20 2800.OEO, 
140150.85EO, 16.232EO,38230.31EO, 264.699EO,34648.04EO, 410.174EO, 
228674.42EO, 534.279EO,20589-SOEO, 639.301EO,11213.02EO, 727-621EO, 
310138-64EO, 753.572EO, 9699.30EO, 770.686EO 9126-99EO, 799.200EO, 
4 8649-96EO, 827-71SE0, 8243.83EO, 856.230EO: '7892.;20EO, 884.745EO, 
5 7583.59EO, 913.260EO, 7309.70EO, 941.774EO, 7064.33EO,'970.289EO, 
6 6842.75EO, 998.804EO, 6641.28EO,1027.319EO, 6457.OOEO,1055.834-EO, 
7 6124.36EO,1121.221EO, 5885.61EO11205.299EO, 5392.81',EO',1282.213EO, 
8 4929.99EO,1372.70EOt 4567.09EO,1461.125EO,''4297.59EO,1540.859EO, 
9 4081.41EO,1617.173EO, 3901.13EO,1692.106EO, 3747".IJEO,1766.475EO/ 

DATA T21 j 3000.OEC, 
ýý.)43.5,53.34EO, 16.811E0,39752.96BO, 254.984EO,36393.30EO, 399.685EO, 

230895.16EO, 522.232EO,22518.30EO, 63S.147EO,11703.BSEO, 745.797EO, 
310519.37EO, 775.147EO, 9873.87EO, 801.845EO, 9458.94EO, 823.687EO, 
4 9094.64EO, 845.529EO, 8771.22EO, $67-371EO, 8481.36EO, 889.213EO, 
5.8219.52EO, 911.055EO, 7981.34EO, 932.89SE0, 7763.38EO, 954.740EO, 
6 7562.87EO, 976.582EOI 7377.56EO, 998.424EO, 7205.SSEO,1020.266EO, 
7 6928.IBEO,1060.464EO, 6563.23EO,1135.614EO, 6448.04EO,-1179.BISEO, 
8 5515.02EO,1328.31DEO, 5042.64EO,1425.647EO, 4714.22EO,1509.351EO, 
9 4459.17EO,1587.660EO, 4218.SIEO,1676.323EO, 4020.72EO,1763.830EO/
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\IJC.4 MURDOCK-BAUMANCRITICAL FLOWTABLE FOR.SUPERHEATED VAPOR 

GXX(l) - STAGNATION PRESSURE (PSIA) 
GXX(EVEN) - CRITICAL FLOW RATE (LB/FT**2-SEC) 
GXX(ODD) = STAGNATION ENTRALPY (BTU/LB) 

NHB = NUMBER OFPAIRS OF-ENTHALPY AND FLOW VALUES PER PRESSURE 
NPB = NUMBER OF PRESSURE VALUES 

DATA,.NHBNPB /7121/

DATA G01 / - 1.oEo, 
I 1.97EO,1262.297EO, 
2 1.42EO,1658.914EO, 
DATA G02,/ -. 5.oEo, 
1 9.79EO,1265.26SE0, 
2 7.08E0,1659.809E0, 
DATA-G03ý/ ý 10.OEO, 

1 19.50EO,1269.014BO, 
2 14.15EO,1660.929EO, 
DATA G04 / -- 14.7EO, 
1, 28.54EO,1272.574EO, 
2 20.78EO,1661.983EO, 
DATA G05 / 50.OEO, 

l.- 94.06EO,1300.260EO, 
2 -' 70.36EO,1669.933EO, 
DATA G06 / 100.OEO, 

1 180.06EO,1341.546EO, 
2 139.82EO,1681.289BO, 
DATA G07 /, 200.OEO, 
1 357.56EO,1349.071EO, 
2 279.41EO,1683.108EO, 
DATA-G08 /. 400.OEO, 
I 703.94EO,1366.109EO, 
2 557.86EO,1686.873EO, 
DATA G09 / 600.OEO, 
I 1045.74EO,1376.982EO, 
2 836.07EO,1688.703EO, 
DATA GIO / 800.0n, 

1 1390.36EO,1380.495EO, 
2 1114.88E0,1688.525E0, 
DATA Gll / 1000.OEO, 

1-1731.88E0,1384.776E0, 
2 1393.68EO,1688.413EO, 
DATA G12 / 1200.OEO, 

I 2082.OSEO,1383.259EOI 
2 1674.23EO,1686.86SE0, 
DATA G13 / 1400.0E0, 
1 2432.47EO,1382.074EOI 
2 1955.33EOtl685.352EOt

2.38EO,1105.809EO, 
1.72EO,1388.407EO, 
1.31EO,1803.546EO/ 

11.39EO,1131.093EO, 
8.59EO,1390.877EO, 
6.55EO,1803.492EO/ 

22.35EO,1143.348EO, 
17-14EOtl393.97SE0, 
-13.IIEO,1803.426EO/ 
32.49E0,1150.482E0f, 

.25.13EO,1396. -898EO, 
19.27EO,1803.363EO/ 

106.74EO,1174.093EO, 
83.80EO,1419.13SE0, 
65.55EG,1802.894EO/ 

209.60EO,1187.166EO, 
163.13EO,1451.412EOI" 
131.ISEO,1802.229EO/ 
.412.87EO,1198.334EO, 

324.65EO,1458.026EO, 
262.51EO,1800.901EO/ 
818.64EO,1204.591EO, 
642-58EO,1472.057EO, 
525.85F.0,1798.245EO/ 

1228.83EO,1203.657EO, 
957.72ED,1480.95SE0, 
789.92EO,1795.592EO/ 

1646.48EO,1199.387BO, 
1274-14EO,1484.244EO, 
1054.63EO,1792.941EO/ 
2073.79EO,1192.936EO, 
1588.70EO,1487.87SE0, 
1320.03EO,1790.291EO/ 
2512.78EO,1184.813EO, 
1907.73EO,1487.326BO, 
1586.33EO,1787.642EO/ 
2965.42EO,1175.307EO, 
2226.80E0,1489.933E0, 
1853.38ED,1784.995EO/

2.35EO,1141.101EO, 
1.55EO,152.0.487EO, 

11.24EO,1166.-67SE0, 
7.73EO,1522.229EO, 

22.03EO,1179.286EO, 
15.44EO,1524.411EOI 

31.99EO,'11-86-845EO, 
22.67EO,1526.466EOI 

104-68EO,1213.137EO,
76.25EO,1542.013EO, 

204.53EO,1230.033EO,ý,ý 
150.18F.0,1564.36GEO, 

401.31EO,1244.107EO, 
299.54EO,1568.876EO, 

790.41EO,1256.322EO, 
595.71EO,1578.26SE0, 

1178.21EO,1261.308EO, 
890.56EO,1584.001EO, 

1567.52EO,1262.925BO, 
1186.07EO,1585.860EO, 

1960.40EO,1262.293EO, 
1480.61EO,1587.889EO, 

2357.14EOtl260.85SE0, 
1778.05EO,1587.107EO, 

2760.30BO, 1257.989F.0, 
2075.80EO,1586.409EO,
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3170.87EO,1253.837EO 
I 2375.82ED,1585.793ED, 

3591.34EO,1246.253EOI 
2672 .07EO,1585.26OLO, 

4025-84EO,1240.864EO, 
29ý70.49EOp1584-810EO, 

4471.88E0,1233-89SE0, 
3271.12EO,1583.219EO; 

4921.76EO,1227.612EO, 
3572.20EO,1581.681EO, 

5373.43EO,1222.124EO, 
3873.69EO,1580.196EO, 

5824.61EO,1217.519EO, 
4175.53EO,1578-765EO, 

6273.03EO,1213.85SE0, 
4477-62EO,1577.390EO,

3433.97EO,1164.530EO, 
2545.77EO,1486.701ED, 
2121 .17EO,1782.34SEO/ 
3921.87EO,1152.332BO, 
2864.44EO11486.632F.0, 
2389.71EO11779.702EO/ 
4434.55EO,1138.336EO, 
3182 .73MI486-729EOs 
2658.99EO,1777-056EO/ 
4979.37EO,1122.159EO, 
3505.97EO,1485.OSOEO, 
293O.l8EOfl774.411EO/ 
5565.81EO,1203.735EO, 
3829.65EO,148j.534EO, 
3202.31EO,1771.766EO/ 
6208.34EO,1082.043EOI 
4153.64EO,1482.096EOI 
3475.38EO,1769.121EO/ 
6935.60EO,1055.834EO, 
4477.81EO,1480.770EO, 
3749.39EO,1766.476EO/ 
7830.3$EO,1020.266EO, 
4802.02EO,1479.560EO, 
4024.33EO,1763.831EO/

DATA G14 / 1600.OEO, 
1 2782.86EO,1381.242EO, 
2 2236.96EO ' 1683.87ý!EO, 
DATA G15 / 1800-OBO, 
I 3132.78EO,13801.77SEOt 
2 2519.OSEO,1682.426EO, 
DATA G16 / 2000 OEO, 

I 3481.81EO,1380.692EO, 
2 2801.69EO,1681.012EOI 

DATA G17 / 2200.OEO, 
1 3840.73EO,1378.03SE0, 
2 3085.68EO,1679.026EO, 
DATA CIS / 2400.OEO, 

I 4200.33EO,1375.616EO, 
2 3370.29EO,1677.062EO, 
DATA G19 / 2600.OEO, 
I 4560.22EO,1373.439EOI 
2 3655.SIEO,1675.119EO, 
DATA G20 / 2800.OEO, 
I 4919.99EO,1371.516BO, 
2 3941.31EO,1673..198EO, 
DATA G21 / 3000.OEO, 

I 5279.13F.0,1369.856EO, 
2 4227.69EO,1671.299EO,
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DATA PM(25ol7 I PM(26'117) IPH (27,17) oPM(28fl7),PM(29,17) ,PX(30ol7) i 
1 PM (3 1r17), PM(3 2117) , PM (33,,17)rPM (34 117)rPM (3 5,17)rPM (3 6,r17) , 
2 PM(37,17),PM(38,1l7),PM(39,17),PM(40,l7),PI{(4l,17),PM(42,1l7), 
3 PM(43,17),P?!(44,17),P?4(45,17),.PM(46,17),PX(47,17),PM(48,17)/ 
4 0.68143584E 03, -0.11157809E 05, 0.68609809E 03,r 0.10765562E 05, 
5 0.69076033E 03, 0.10467344E 05, 0.69542258E 03, 0.10284563E 05,' 
6 0.70008482E 03, 0.10275959E 05, 0.70474707H 03, 0.3.0180133,E 05, 
7 0.70940931E 03, 0.10112706E 05, 0.71407156E 03, 0.10047270E 05j, 
8 0.71873380E 03, 0.89878104E 04l 0.76535625E 03, 0.78172752E 04, 
9 0.81197870E 03, 0.69030697E 04, 0.85860115E 03, 0.62502254E,04/ 

DATA PM(49,,17),PM(50,17),PX(51,17),PM(52,17),PI((53,17),PM(54,17), 
1 PM(55,17),P14(56,17),PM(57,17),PH(58,17),PM(59,17)/ 
2 0.90522360E 03, 0.57611957E 04l 0.95184605E 03.p 0.53897722E 04, 
3 0.99846850E 03, 0.50810573E 04, 0.10450909E 04', 0..48154370E 04s, 
4 0.10917134E 040, 0.45892802E 04, 0.11378696E 04/ 

DATA PM(,1,18),PM( 2,18),PZ{( 3,18),,PM( 4o,18),PI(( 5,1B),PM( 6,'18)," 
1 PI4( 7,18),PX( B,18),PM( 9,18),PM(10,18),PI{(l1,18),PM(12,18), 
2 PM(13,18),PM(14,18),PM.(15,18),PM(16,18),PM(17,18),PM(18,18), 
3 PM.(19,18),PHM(20,18),PM(21,18),PM(22,18),PlI(23,18),P14(24,18)/ 
4 0.22000000E 04, 0.12813458E 05,--0.69546232E 03, 0.12797706E 05, 
5 0:69588902E 03, 0.12737513E 05, 0.69631572E 03, 0.12703856E,05, 
6 0.69674241E 03f 0.12670456E 05, 0.69716911E 03, 0.12612354E.05, 
7 0.69759581E 03, 0.12579734E 05, 0.69802250E 03, 0.12547358E 05, 
8 0.69844920E 03, 0.12515223E 05, 0.69887590E 03, 0.12459599E 05, 
9 0.69930260E 03,70.12428195E 05, 0.69972929E 03, 0.12063798E 05/ 

DATA P?4(25,18),PM(26,18),PM(27,18),PM(28,18),P?4(29,18),PM'(30,18), 
1 PM(31,18),PMl(32,18),PX((33,18),PM(34,.18),PM(35,18),PM(36,18), 
2 PM(37,18),PM(38,18),P!{(39,1B),P14(40,18),PR.(41,18),PM(42,18), 
3 PM(43,18),PM(44,18),PX(45,18),P14(46,18),PM(47,18),PM4(48,18)/ 
4 0.70399626E 03, .0.11751453E 05, 0.70826323E 03,. 0.11464110E 05, 
5 0.71253020E 03, 0.11375772E 05, 0.71679717E 03, 0.11364155E 05, 
6 0.72106414E 03, 0.11429088E 05, 0.72533111E 03, 0.11397517E 05, 
7 0.72959808E 03, 0.11351836E 05, 0.73386505E 03, 0.11291398E. 05, 
8 0.73813202E 03, 0.10144490E 05f 0.78080172E 03, 0.84951054E 04, 
9 0.82347142E 03, 0.74811964E 04, 0.86614112E 031 0.68680311E 04/ 

DATA PM(49,18),PM(50,18),PI((Si,18),PM(52,18),.PM(53,18),PM(54,18),, 

2 0.90881083E 03, 0.64129876E 04, 0.95148053E 03, 0.60360975E 04, 
3 0.99415023B 03, 0.57181600E 04, 0.10368199E 04, 0.54250196E 04, 
4 0.10794896E 04, 0.51763832E 04, 0.11217326E 04/
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C.3 HOMOGENEOUS EQUILIBRIUM MODEL CRITICAL FLOW TABLES

= STAGNATION PRESSURE- (PSIA) 
- CRITICAL FLOW RATE (LBM/SEC-FT2) 
- STAGNATION ENTHALPY (BTU/LBM)

TXX f 1) 
TXX (EVEN) 
TXX (ODD)

NGHT - NUMBER OF PAIRS OF FLOW RATE AND ENTRALPY VALUES PER 
PRESSURE 

NPT - NUMBER OF PRESSURE VALUES, 

DATA NGHTj, NPT / 27,21

I-0E0s 
28.062E01 

447.-12EO, 58.019EO, 
6.75EOgl 173.340EOr 

;3.65EO, 484.163EO,, 
2.80EO,' 794.986EOI, 
2.35EO, 1105.809EO, 
1.97EOtl260.427EOl 
.1.55EO,1514.346EO, 
1.31EO,1803.54SEO/ 

5.0E0t 
2579.07E01 68.010E0, 
852.83EO, 117.953EO, 
31.49EOt 230.286EOg 
17036EOI 530.555EO, 
13.35EO, 830.824EO, 
11.25EO,1131.093EO, 
9.53EO,1288.2-28BO, 
7.71EO,1524.467EO, 
6.56EO,1803.492ED/ 

10.OED, 
2047.90ED, 107.967EDo 
1192.82BO, 148.006ED, 

60.84E01 259-470EDF 
33.92ED, 554.096EO, 
26.13EOi B48.722EOF 

18.86BOI1297.280EO, 

i3.12E011803.425EO/ 

14.7EO, 
2495.47EO, 117.977EO; 
1384.01E01 168.094EO, 
87.60EO,.277.210EO, 
49.19E01 568.300EOr 
37.95E01 859.391EO,

DATA* T01 / 
I 716.13E01 8.030EOo 
2 681.49EO, 38.054EO, 
3 442.29EO, 67.999EO, 
4 5.02E01 276.94SE0, 
5 3.29EO, 587.771EO, 
6 2.62EO, 898.594EOe 
7 2.35EOflll4.029EO, 
a 1.8lE0,1336..135E0j 
9 

DATA T02 
I 1681.25EO, 8.042E01 
2 1378.69EOI 87.975EO, 
3 385.75EO, 127.95SE0, 
4 23.69EO, 330.376E01 
5 15.65EO, 630.645E01 
6 12.52EO, 930-914EOI 
7 11.22EO,1139.32SE0, 
a 8.80E0,1364.831E0, 
9 7.30EO,1607.747EO, 

DATA T03 / 
I 2391.40EO, 8.057BO, 
2 1724.77EOI 127.970F.0, 
3 659.12BO, 158.03SEOr 
4 46.07EOI 357.678E0, 
5 30.60EO.,- 652.305EOr 
6 24.53BO...946.931F.0, 
7 22.01E011146.574E0, 
a 17.44EO,1374.284EO, 
9 14.50EO,1618.20SE0,

711.91EO, 18.057EOt 
535.31EO, 48.038EO, 
20.41EO, 69.733EOt 
4.17EO, 380.55SE00 
3.01EO, 691.378EO, 
2.48EOII002.201EO, 
2.18EO,1186.541EOI 
1.67E0,1423.810E0, 
1.38EO,1704.280BO, 

1665.45EO, 38.06SEOF 
1162.01E0, 107.95SE0, 

83.89EO, 130.196EOI 
19.SOEO,'430.46SE01 
14.36E01 730.734EOl 
11-83EO,1031.003EO, 
10.47E0tl2l3.338E0, 
8.20EO,1443.519EOI 
6.90EO,1704.209EOI 

2236.70EOI 78.004EOi 
1505.41EO, 137.983EOo 
151.52EO, 161.261E01 
38.62EOo 455 887E0, 
28.10BO, .750:513F.01 
23.l$E0,l045.140E0j 
20. ' 69EO,1221.805EOt 
16.28EO,1453!323.EOF 
13.80E0,1704.121E0f 

2774.33EOI 78.016EOt 
1750.08E01 158.049EOI 
209.49EOo 180.179EOo 
55.94EOl.471.270EO, 
40.80E0, 762.361EOl

DATA T04 / 
2904.72EOt 

2 2216.69EO, 
3 789.99EO, 
4 66.61EO, 
5 44.41EO,

8 0'071EO, 
137.99SE0, 
178.152EO, 
374.240EO, 
665.332EO,
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33.68EO,1053.452EO, 
.30.O6EOjl23O.4SOEOj 
23.74EO,1463.184BOt 
20.17EOtl7l4.939EOr 

5190.51EOt 108-067EOI' 
3318.03EOO,,ý218.632EO, 
571.57BO, 250.212EOI 
192.22EG, 490.421EO, 
133.23EO, 804.541EOt 
110.38EO,1081.70SE0, 
99.07EO,1254.716EOI 
80.85EO,1461.887EOI 
68.62EOr1714.337EOt 

7337.38BO, 128.187EG, 
4208.59EO, 269.774EO, 
989.42EO, 298.53SEO, 
412.34EO,,476.264EO-,, 
266 32ED, 831.715EO, 
216:31EOlIO98.303EO-, 
194.62EO,1269'.141EOo 
159.42EO,1480.449EO, 
137.31EO,1713.484EO,

32.03EOIIISO.4B2EOI 
27.45EO01306.438EOt 
22.36EO,1544.79SE0, 
19.28EO,1803.363BO/ 

4775.18EOI 158.230EOF 
2105 .91EO, 238.966EOI 
389.44EO,, .277.928EO,, 

619.764EOo 
124.11EO, 896.929EOI 
105.03EO,1174.093EO, 
91ý70EO,1323.151EOr 
76.11EO,15.43.804EOt 
05.60EO,1802.894EO/ 

100.OEof 
6764*.11EGl 
3474.36EO, 280.078EO, 
721.04EO, 325.197EO, 
329.23EO, 609.55SE0, 
242.BOEO, 920-.578EO-, 
205.95EO,1187.16GEOR 
180.35EOil339*'.551EO# 
151.30EO,1552.838EO, 
131.25EO,1802.229BO/ 

20O.OEO, 
9241.84EO,'239.264EOf
3688.74BO,-342.949EO, 
1515.39EOI 363.934EOI 
778.11EOI. 532.5OOEOf 
475.74EO, 945.48SEO, 

355.73EO,1353-.710EOI 
298.97EO,1571.261EO, 
262.69EO,1800'.900EO/ 

4009OEO, 
13309.29EO, 270.329EO, 
5255.OOEO,-i4O7'.962EO,, 
2475.99EOr 439.776EO-t 
3.539.99EO, 1572'. -448'EO, 
1013.44EO, 876.813EOt 
800.37EO,1204-.591EOt 
720.21EO,1341.438EO, 
600.27EO,1566.139EO, 
526.IIF.011798.24SEO/

6 
7 
a 
9

35.63EOI 956.421EOr 
31.98BOpllý4.345EOt 
25.40EO,1383.809EOt 
21.18EO,1628.719EO,

DATA TOS*/ 
1 5371.63EOI 8.175EOI 
2 4009.67EO, 198.393EO,, 
3 703.71EOt 249.174EO, 
4 267.62EOI 351-839EOt 
5 144.72EO, 712.153EOt 
6 116.64EO, 989 317BO, 
7 104.66EO,1184:119EO, 
a 85.78EO,1391.904EO, 
9 72-09EO,1627.94BEO, 

DATA TO 6 
1-7600.63EO,- 8.324F.Oj, 
.2 5606.26EOt 239.06SEO, 
3 2333.70EOt 290.42OEO, 
4 564.01EO, 369.629EO, 
5 282.31'Ed, 742.852F.O, 
6 228.41EO,1009.440EO, 
7 205.33EO,1194.192EOt 
8 168.93EO,1409.519EO, 
9- 144.28EO,1626.855EO,

DATA T07 / 
110751.0GEO, 8.620EO,10327.76BOt-158.476EOI 
2 8058.31EO,.280.257EO,- 5812.39BO, -321.85SEO,, 
3 1759.85EG, 353.581EO, 1685-31EO, 355.506EOj.  
4 1239.95EOI 406.07SEO, 940.63EOt,456.645EOt 
5- 631.88EO, 658.924EO,, 528.84EO, 819.061EO, 
6 448.14EO,1029.768EOI 424.86EO,1114. ' 051EOI 
7 402.87EO,1210.131EO, 384.10EO,12BO.034EO,' 

333.37EO,1425.503EO, 314.79EO,1497.762EO, 
9 285.28EO,1646.255EO, 273.29EO,1722.810EOl 

DATA TOB 
115203.90EO 9.212EO,14540.28EOt 189.071EO, 
211259.93EO:1.332.672EO,,8740.94EOr 375-266EOI, 
3 3105.55EOt 419.039EO,.2818.39EO, 424.168EO,, 
4 2091.97BO, 470.993BOj,:'1858.15EO,.502.210EO,, 
5 1347.66EOI 642-686EOt,1155.65EOj. 751-945EO, 
6 935. 86EOt 970.464EOI 860.17EO,1087.527EOIý 
7 795 86BO11216.493EOI 775.13EOtl271.230EOI 
8-- 6-72:03EO,1417.029BO, 633.05EO,1491.300EOI 
9 572..15EO.,rl642.145EO,, 547.66EO,1719.505EO,,,

DATA T04 600. OEOJv 
118618.66EO, 9.803EO,181.03.35EO, .169 1 421EO,16833.40 EO r 270.70OEO, 
214751-27EO,1343-512EO,11204.24EO, 408._123EOt 7987.711E0, 441.582EO,
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/OaV66-V8LT'Oa9SqVS8T 'O3996*ZOLT'O3VT'9C6T 'O3COToCC9T'OaO9*9T0Z 6 
loas6c.c9sTo0avs-ý60TE '.O2OOZ-E6VTjO3464STZZ 'OaOZ9-OZVTJO30T-ZGCZý 9 

'GaT69 0 TVCT "029t -9ZSZ 'Oa6 6Z'T-VZT. 'OZTZ' Lgt.Z- 'Oa98O - V6TT 'Oa6L' I.ZSZ L 

'O31.OC-SLTT'O3SO'O9SZ ý'02699 * LCTC'03Z8 &006Z '03TIO7090T 103ZG' STTC 9 
lO3vqc*zoOTl021Oq-LLZC 'Oa9TL,'Vt,6 'Oa5C"V9VC '03990-Lee 'Oaeo-Ssgc s 

'03TZV%6Z9 'OSEVE96C *O28LV*VSL 'O3V9#6CVV,'O3TC9*969 'O3OZ'Z96V V 
'ORSV6*VV9 'OUZ-8S9S "OaOCS*869 'O3ZT*C899 'M94LOSSS '03CS'960t. C 

'OaqL9*8ý9 'OUVoLGSZT'Oa4VV*66V 'O3O8*T9CLT'OaLSV6TV 'OHZS*ZVZZZZ 
lOaTST'VCC 'O2V4-LSZ5Z'Oa99C*TTZ 'O39O'TZV4Z'Oa9ST*ZT 
loaolooovT Eim YLva 

/O2ZV9oL84T'O3VCoLSS'E' 'OaLLZ'.904T'OHST'9S9T 'OaZZT*LC9T'OaLL*CZLT 6 
'O2VTC'89ST'OaTVTO8"C 'Oa99C*66%,T'O3TT"Z6eT 'O3S/-6'8ZV'C'OaCO-TO0Z 9 
'03TS9'CSCT'OaOL*.6CTC 'Oa68O'C9ZT'Oa9O*LVCZ '0381C -*TO ZT'OaLC' LOýVZ 'L, 
lOaCT8'k8TT'Oa99*OCVZ,'OHLTS'CZTT'O2ST'9CSZ 'O.7Cl.S'TCOT'OaGZ'VZLZ 9 

lOa8sqTS6.'O3T6*9Z6Z 'OaVV6*6GS.'Oa4O'OCZC 'OaOET*VLL 'OaZ9*ZZ9C S 

'039LVOOL. 'OaSS'Z-ETV, '03L99*LS9 'OaSS*6-ES'v '0a09/-*VT9 'OHZS*4.60S V 

'02EZ-VZ-069 'OaSS'S9S9 loacss-Us loa8g*6tog loatozzgs 'oa6l-,zLvq c 
'Oa9v-S'CZg "OH64*VC6TT'OaSCO*9/-t 'OaS8*9VV9T'OaZE9'SOt 'OaOL*TLVOZZ 

'03SI.S'CCC,'OaCS*CLI:CZ'Oal-ZOOTZZ '02ZT*TVZSZ'Oa699*TT loasosicgz-r 
'OaOOOOZ'E zTL vLva 

/OaO6Z*06LT*03Z6*OZCT 'Oa98S-*6O4T'Oa4C*LLCT 'Oa644'6Z91'O28V'ZVVT 6 
lO3CT6,TqGTO3vO*LOGT oas-c-E*t6vToaE"E*zest-loaggz*szvcloaggxLgI a 
'O36OC'ZSCT'OR8Z*VSLT 'Oa9SV*99ZT'OaZS*LV6T- 'OaV6C#OTZT'O3SS*Z66T L 
'Oa9C6*Z6TT'OaV9'TTOZ 'Oa86S*4ZTVO39Z*TOTZ 'Oa6S8#Z9OT'OaLT*VOZZ 9 

'OaTZS*L66 'OUO*VZCZ 'O3Z9VZC6 'Oa9Z*99VZ 'OaCVVL98 'OaTS'SC9Z 9 
'OZSOI.*ZOS 'D:ll?9*VSBZ 'OaZ9'EQECL *OaTV'69-EC '0:IZT9'9V9 '10aEVVELE V 

'Oa84.O*8SS "OaCV'66CV 'OaT.SS*ZPS 'OaO4."09CS 'OaC69'9CS 'Oa4.0'C69S C.  

'OaV6L*TTS '02ZC*CGZ6 'OaT9009tt 'OaCZ'SOCCT'OaVSV*6TV 'OaVT'9CCLTZ 
'03TLS'CCE 'OaVO*SVSOZ'OaLTS*OTZ.'OaOO*96OCZ'OaTS6*01 'OaBV'6ZOVZT 
10304000T, Tim Ylva 

/OaOV6*Z64TlOaCZ'S9OT 'OaC6S*ZTLt'Oa7rL*66O7C .'OaO7C6*CC9E'OaTt-*OST.E 6 

'Oa6Z8.'SSST'Oa6O*OTZT 'Oa9ZT'BLVT'03CS*08ZT 'OaSC9*OTV-C'OaSZ*CSCT 9 
'Oa98V6CCT'ORLS'VVVT 'OaCTS*SSZT'O36T*SLST 'OaO5Z*TOZ-C'O9SS*66G*C L 
'OaLeC'66TT'Oa6C*TO9T '036ZD,,*O ' CTT'OSZS'VL9T 'OqZ4V*T9OT'O94LoSSLT 9 
'OaVTS*Z66 'OZZC'LSST 'O3LGS:'CIZ6 '0308'VL6T 'Oq9V4'8LL '03TO*OZCý 9 
loaotc*SL9 I OaE 9 .,o z LIC 'OaZSC*909 'O3C9'E9'CC '0UL6*V9S " OaS C *, Z I-S C V 
'Oa667*OEG 'OaOO*TOT'V 'OTET80609 'OaVO*qOqV 'OaTV8*66V lOaLO*66TS C 

'03960*9LV 'OaOT'TVT6 'OaTCV*OCV 'OS6O'G6tCT'O3LZ4*5LC lOaT6'CZ99TZ 
'OaCS6*7COC 'Oalt*T806VOM0ý60OZ 'O:aVC'969OZ'O3C6C-OT lOaO6*S6tTZ-c 
loaoooos o is. YLva 

1Oal:69*G6LT'OR6Z-O6L 'O366Ts9TLT'O2CTCZS 'O2TCO'SC9*T'OaO9*O99 6 
'OaL66*O9ST'OaS6,CO6 'OHZ9Vt8VT'O3T60ýS6 'O3Z9Z'8OVVO3,LC'9-CO7C 9 

'OaOCO'QVCT'Oa8TeZ8OT, 'Oa968.*Z9ZT'OR9't : CIAT 'OaSZ6 * STZV03LL s 06TT L 
loaLS90COZT'039Z*86TT,"Oa'C9toOETToazc VSZT 'OaS9Z*.4SOT'O2CT'6TCT 9 
'Oa690'VS6 'OaSZO96CT '03ELS*OT6 '03.SV.*99DIT 'Oa449*LCS 'Oa'kg'86ST 9 

'O3t9S*OZL '0386*LVBT lOa68O*8l9 ý'03ZT090ZZ 'Oat:69'VPS.loavsooqqz v 

loaswsos loassestoc lonwiLt'loass'sne loaosvetgv longecLiv c



DATA. T14 1600.OEOI 
130380.68EOI 12.742EO,29111.17BOt 231.954EO-126342.19BO, 3660053EOr 

222067.79EjOe. 464.563EO,15699.63BO, 548.276EO,, 8599.02EOP. 6020066BO, 

3 3531-45EOr 616.772EOt 7267.39EO, 624.202EO,, 6283.48EO-?,.667-42SE0, 

4 5642:15EO, 710.654EO, 4937'.82BO, 780 .897EOr 4517.75EO,-840.333BO, 

5 4218.70BO, 894.366EOI 3973-36BOt 948.399EOI 3767.13EO11002.431EOt 

6 3590.46EO,1056.464BOt 3436.84EO,1110.497EOr 3301.60EOII164.53OZO; 

7 3252.42EOyl-189.014EOo 3203.28EO,1239-.587EO'f 2882.68EO,1344.071EOr 

8 2679.74EO,1425.221EO, 2526.l8EOpl498.984EOs 2400.68EO,1570.241EOr 

9 2294.5OEQjl640.826EO, 2202.85EO,1711.435EOI,2122.55EO,1782.34SEO/ 

DATA T15 ý1800.OEOI 

132218.38EOt 13.326Edl3O78l.42EOI.242.471EO,,27490.19EO,,- 3870615EG,, 

222773.30EOt 487.560EO,15821.59EGI 573.754EOr 8589.41EO".630.734EO, 

3 7857.19EO, 646.79SE0, 7806.53E61,648-490EOIý6876.29EO I t 688-.797EG, 

4 6044.93BO, 744.220EOt 5470.07EOI 799.642EOI' 5073.59M, 850.027ED" 
5 4754.88EO, 900.411EO, 4490.93EOt 950.79SE0, 4267.42BOtlOO1.179BO-8 
6 4074.81EO,1051.564ED, 3906.50EO,1101.948EOI,3757.71BO-11152.332EOI, 
7 368O.5OEOjliS6.215EO,, 3618.59E0,1230.460E0, 3394'.22EO-,3.298-0836ED, 

ý8 3109.78EO,1390.193EO, 2912.11EO,1468.170EO, 2756.26EO,1541.440EO, 
9 2626.84EO,1613.133EO, 2499.56EO,1696.332EO,ý2391.32tOl779.701EO/.  

,DATA T16 2000.OEO, 
133955.,66EO, 13ý909EO,32613.64EO, 232.777EO,29236.62EO-, 387'.847EO, 

224722.20EO, 487.530EO,18371.14EO, 573.194EO,.'9715.11EO, 645.003E01' 

ý3 8655.25EOt 661.733EOI 8302-92EO, 672.111EO,,- 7264-.52Wl' 718.734EO, 

14 6562. ' 68EO,. 765.356EO, 6041.26EO, 811.979EO,- 5631'.87BO, 
858.601EOI 

5 5298 39EOI 905.224EO, 5019.46EO, 951.846EOt 4781.25EOI 998.469EOt 

6 4574:70EO,1045.091EO, 4393.22EO,1091.713EO,' 4232.05EO,1138.336EO, 
7 4201.IOEO,1148.283EO, 4112.19EO,1185.706EO, 4021.18EO,1240.893EOt 
8 3584-17EO,1351.059EO, 3324.89EO,1435.455EOI 3102.61EO,1523.952EO, 
9 2927..42EO,1608.933EO, 2783.04EOll693.009EO, 2660.89EO,1777.056EO/ 

DATA T17 2200.OEOI 
135607.23EO,, 14.492EO,34096.21EO, 243.279EO,30883.91EOI 388.082EO" 
226527-79EO, 487.510EO,19443.82EO, 5S5.859EOrlO853.33EO, 659.-GISEO, 

3"9433-73EO, 677.1ý9EO, 8756.94EOo 695'.462EOr 7803.37EO?.t73s.132Eoj 
4 7126.33EO, 780.802EOr ý608.61EO, 823.471EOI 6194.12EO,,866A4lF.0, 
5 5851.60ED, 908.811BO, 5561.87BO, 951.481EOI 5312.35EOI.994.150EO, 
6,5094.36EO,1036.820EO, 4901.66EO,1079-490EOI,'4729. 64E0,1122.159ED, 

7 4637-43EO,1149.415BO, 4548.59EO,1187.522EOI 4510.73EO,,1218'.025EOt 
8 3988.37EO,1339.694BO, 3683.13EO,1427.787EO, 3428.14EO,1518.459EOI 
9.-3229.88EOtl6O4.716EOr 3067.72EOll689.682EO,,.2931.24EO,17714.411EO/ 

ýDATA TIS 2400.OEOI 
137184.51EOI 15.073EO,35898.96EOf 223.542EO,32783.10EO", 377;694EOI 

226889.7 -Me 510.759EO,19090.97EOt 612.528EO,10166.01EOt 693.052EOI 

.319303.38BO, 714.054EO, 9076'25EO 718.953EOe 8262.73EO, 757.431EO, 

14 -7645011EO, 795.909EO, 7153:80EO: 834.387EOt.-6749.8'6EO, 872.86.GEOI 
5-64090'55EOI 911.344EOI 6117.39EOi' 949.822EO, 5862.79EOe: 988.30OE08 

'.6-5638.2OEOtlO26.779EO? 5438.06EO,1065.257EO,-5258.18EOollO3.73SE0, 
7 5075.29EOtlIS3-449EOj 4935.95EO,1222.206EO, 4672.68EO,1270.727EOI
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8 4333.15EOtl344.672EO, 3999.72ED11433.843EO, 3756.82EO,1512.909EOI 
9'3534.24EO,1600.4$OF.0, 3353-62BOt-1686-350RO, 3202.40EO:11771.765EO/ 

DATA T19 2600.OEOI 
138696.59EO, 15.653EO,36813.83BO, 264.310ED,33210.2-4BOt 409.916SE0, 
227825.36EOI 522.48lEOtl9896.25EOt 625.813EO,10829.86EOI 709.590EO, 
3 9699-24EO, 733.410EO, 9407.96EO, 744.475EO, 8710.29EO,- 77.8.232EOI 
4 8155.16EOI 811.988EO, 7698.71EOI 845.745EO, 731-4.OBEO, 879.502EO, 
5 6983.79EO, 913.259EOI 6695.85EOo 9470-016EO, 6441.74EO, 980.772EOt 
6 6215.19EO,1014.529EO, 6011.47EO,3.048.286EO, 5826.93EO,1082.043EO, 
7 5703.57EOrlIO7,.711EO, 5518.77ED,1160.241EO, 5446.62EO,1197.67SE0, 
8 5320.2OEOtl227.844BO, 4834.OSEO,1315.521EO, 4474.94EO,1397.239EDt 
9 4129.57EO,1494.237EO, 3750.08EO,2633.563EO, 3474.36EO,1769.120EO/ 

DATA T20 2800.OEOr 
140:L50.85EO, .16.232EO,38230.31EO, 264.699EOr34648.04EO 410.174EOt 
228674.42EO, 534.279EOt2O589.8OEO, 639.301EO,11213.02EO: 727.621EO, 
310138.64EOt 753.572EO, 9699.30EOfý770.686EO, 9126.99EOI 799.200EOt 
4 8649.96EO, 627.715EO, 8243.83EO, 856.230EOI 7892.20EOI 884.745BO, 
5 7583.59EO, 913.260EO, 7309..70EO, 941.774EO, 7064.33EOi 970.289EO, 
6 6842.75EOr 998.804EO,.6641.28EO,1027.33.9EOI. 6457.OOEO,1055.834EO" 
7 6124.36EOtll2l.221EO, 5885.61EO,1205.299EO, 5392.81EO,1282.213EO, 
8 4929.99EO,1372.797EOI 4567.09EOtl46l.l25EOI,,4297.59EO,1540.859EOI 
9 4081.41ED,1617.173EOI 3901.13EO,1692.106EO, 3747.13EO,1766.475EO/ 

DATA T21 3000.OEO, 
-141553.34BO, 16.811EO,39752.96EO, 254.984EO,36393 .30EO, 399.68SEOt 
230895.16BO, 522.232EO,22518.30SO, 638.147EO,11703'.SSEOIF 745.'797BO, 
310519.37EO, 775.147EO,. 9873.87EOI-801.845EO, 9458.94EO, 823.687EO, 
4 9094.64EO, 845.529EO, 8771.22EO, 867-371EO, 8481.36EO, 889.213BO, 
5 8219.52EO, 911.055EO, 7981.34EO, 932.89SE0, 7763.38EO, 954.740EO, 
6 7562i87EO, 976.582EO; 7377..56EO, 998.424EOF 7205.58EO,1020.266EO, 
7 6928.15E0,1060.464E0, 6563.23EO,1135.614EO, 6448.04EO,1179.SISEOI 
8 5515.02F,0,1328.31DEO, 5042.64EO,1425.647ED, 4714.22EO,1509*-351EO, 
9 4459.17EO,1587.660EO, 4218.81EO,1676.323EO, 4020.72EO,1763.830EO/
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DATA G14 / 1600-OEO, 
I 2782.86EO,1381.242EO, 
2 2236.96EOol683.872EOt 
DATA GIB / 1800.QEOI 

I 3132.78EO,1380.77SE0, 
2 2519.OSEO,1682.426EO, 
DATA G16 / 2000.OEO, 
I 3481.81EO,1380.692EDi 
2 2801.69EO,1681.012EO, 
DATA G17 / 2200.DED, 
1 3840.73EOtl378.038EOt 
2 3085.68EO,1679.026EO, 
DATA GIB / 2400.OEO, 

1 4200.33EO,1375.616EO, 
2 3370.29EO,1677.062EOt 
DATA G19 / 2600.OEO, 

I 4560.22EO,1373.439EOt 
2 3655.51EO,1675.119EO, 
DATA G20 / 2800.OEOI 

1 4919.99EOtl371.516EOF 
2 3941.31EO,1673.19SE0, 
DATA G21 / 3000.OEO, 

I 5279.13EO,1369.856EO, 
2 4227.69EO,1671.299EOt

3170.87EC,1253.837EO, 
2375-82EOrl585.793EO# 

3591.34EO,2248.253EO, 
2672.07EO,1585.260EO, 

4025.84EO,2240.864EO, 
2970.49EOol584.8lOEO, 

4471.BSBO,1233.89SED# 
3271-12BO11583.219EOt 

4921.76EO,1227.612EO, 
3572.20EO,1581.681EOO 

5373.43EO,1222.124EO, 
3873.69EO,1580.196EOe 

5824.61EO,1217.519EOI 
4175-53EO,1578.765EOg 

6273-03EO,1213.858EO, 
4477.62EO,1577.390EO,

3433.97EO,1164.530EOl 
2545.77EO,2486.701BO, 
2121.17EO,1782.34SEO/ 
3921.87EOII52.332ED, 
2864.44EO,1486.632EO, 
2389.71EO,1779.702EO/ 
4434.55EO,1138.336EO, 
3182.73EO,1486.729EO, 
2658.99EO,1777.056EO/ 
4979.37EO,1122.159EO, 
3505.97EO,1485.080EOl 
2930.ISEO,1774.411ED/ 
556S.BlEO,1103.73SE0, 
3829.65EO,1483.534EC, 
3202.31EO,1771.766EO/ 
6208.34EO,1082.'043EO, 
4153.64EO,1482.096EOI 
3475.38EO,1769.121EO/ 
6935.60EO,1055.834Eb, 
4477.81EO,1480.770EO, 
3749.39EO,1766.476EO/ 
7830.38EO,1020.266EOe 
4802.02EO,1479.560EO, 
4024.33EO,1763.831EO/
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D-2

The thermodynamic state variables used by RELAP5/MOD2 are 

contained in tabular form within a controlled library. This 

library was generated by the STH2X water property subroutines 

transmitted with the base RELAP code release. RELAP5 attaches 

this library during each execution. Through interpolation the 

values of pressure, temperature, specific volume, internal 

energy, entropy, enthalpy, thermal expansion, compressibility, 

and heat capacity are acquired using a subset of this list and 

the phase as the independent variables. Single-phase values are 

stored for 57 temperatures and 36 pressure points. Saturation 

values for 47 temperatures and 27 pressures are also included in 

this file.
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RELAP5/MOD2 has the thermal conductivity and volumetric heat 

) capacity stored internally for gap gas, carbon steel, stainless 

steel, uranium dioxide, and zirconium. These values may be 

selected by the user for use in the heat structure heat 

conduction calculations. If chosen the following values or 

tables are used.

Temperature (F)

1. Gap Gas (constant value) 

2. Carbon Steel (constant 
value)

3. stainless Steel 

4. Uranium Dioxide 

5. Zirconium

32.  
1700.  

500.  
650.  
800.  
950.  
1100.  
1250.  
1400.  
1500.  
1700.  
1850.  
2000.  
2150.  
2300.  
2450.  
2600.  
3100.  
3600.  
4100.  
4600.  
5100.  

392.  
752.  

1112.  
1472.  
1832.  
2192.  
2552.  
2912.  
3272.  
3632.  
3992.

E-2

Thermal Conductivity 
(Btu/hr-ft-F) 

0.41562 

26.607 

7.5 
14.506 

3.341 
2.671 
2.677 
2.439 
2.242 
2.078 
1.940 
1.823 
1.724 
1.639 
1.568 
1.507 
1.457 
1.415 
1.382 
1.323 
1.333 
1.406 
1.538 
1.730 

6.936 
8.092 
9.827 

10.983 
12.717 
14.451 
17.341 
20.809 
25.433 
31.792 
39.306
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Temperature
?4aterial

1. Gap Gas (constant value) 

2. Carbon Steel (constant 
value)

3. Stainless Steel

4. Uranium Dioxide 

5. Zirconium

200.  
300.  
400.  
500.  
600.  
700.  
800.  

1000.  
2000.  

32.  
122.  
212.  
392.  
752.  

2012.  
2732.  
3092.  
3452.  
3812.  
4352.  
4532.  
4712.  
4892.  
5144.  
8000.  

0.  
1480.  
1675.  
1787.5 
3500.

Volumetriý Heat 
Btu/ft -F

7.5 10-5 

57.816 

57.114 
59.118 
61.122 
63.126 
64.629 
66'130 
67.134 
69.138 
80.160

34.45 
38.35 
40.95" 
43.55 
46.80 
51.35 
52.65 
56.55 
63.05 
72.80 
89.70 
94.25 
98.15 

100.1 
101.4 
101.4 

28.392 
34.476 
85.176 
34.470 
34.476
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The heat transfer mode, heat transfer correlations, and CHF1-j 
correlations are identified by a set of flags, and these flags 
are printed out in the heat slab section of the major edit as 
MODE. The values of these flags and the corresponding 

mode/correlations are described below.

Heat Transfer Mod 

Mode 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

30-31

Description 

Single-phase liquid convection at critical and 
super critical pressure 

Single-phase liquid convection at subcritical 
pressure 

Subcooled nucleate boiling (Tf < Tsat - 0.05) 

Saturated nucleate boiling (Tf k Tsat - 0.05) 

Subcooled transition film boiling 

Saturated transition film boiling 

Subcooled film boiling 

Saturated film boiling 

Single-phase vapor convection 

Condensation when void equals one 

Condensation when void is less than one 

Air-water mixture heat transfer 

High AFW spray heat transfer 

Interpolation between AFW and normal heat slab 
transfer mode 

NCG condensation degradation

K)
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IK>_ Heat Transfer Correlation Flaa

A three digit code, IJK is used to identify the heat transfer 

correlation. If IJK = 0, EM heat transfer is not used. The 

first digit, I, represents CHFLCK and FMLOCK; 1=0 if CHF has not 

been exceeded, 1=1 if CHF has been exceeded (CHFLCK-T) and 1=2 if 

CHF has been exceeded and ATsat > 166.667 K (300 F)(FMLOCK=T).  

UK represents the heat transfer correlations. In major edits IJK 

is identified under the heading of EM-MODE-HT. The values of JK 

and the corresponding correlations are given below.  

JK EM-MODE-HT Correlation 

- Single-phase liquid 

1 Dittus-Boelter 

2 Rohsenow-Choi 

- Nucleate Boiling 

3 Dittus-Boelter 

4 Thorn 

5 Thom/Schrock & Grossman interpolation 

6 Schrock & Grossman 

7 Schrock & Grossman/McEligot (steam) 

interpolation 

8 Schrock & Grossman/Rohsenow-Choi (steam) 

interpolation 

9' Chen 

10 Chen/McEligot (steam) interpolation 

11 Chen/Rohsenow-Choi (steam) interpolation 

12 Thom/Chen interpolation 

13 Thom/Schrock & Grossman to Chen 

interpolation 

F-3
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14 Schrock & Grossman to Chen interpolation 

15 chen/Schrock & Grossman combination to McEligot 

(steam) interpolation 

16 Chen/Schrock & Grossman combination to Rohsenow

Choi (steam) interpolation 

Single-Phase Steam 

17 McEligot & Radiation 

18 Rohsenow-Choi & Radiation 

Transition Boiling 

19 McDonough, Milich and King 

Film Boiling 

20 Temporary film boiling - CSO/Condie-Bengston IV 

23 Film boiling - CSO/Condie-Bengston IV 

Condensation 

31 Dittus-Boelter 

CUF Correlation Flag 

A three digit code, LMN, is used to identify the CHF correlation.  

In major edits, it is identified under EM-MODE-CHF. The values of 

LMN and corresponding correlations are given below.  

EM-MODE-CHF correlation 

Higb EQ - High Pressure 

100 B&W-2 

200 BWC 

300 BWCMV 

400 BWUMV 

Rev.  
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SHigh-Flow - Low Pressure 

10 Interpolation between high pressure and 

Barnett 

20 Barnett 

30 Barnett-Modified Barnett Interpolation 

40 Modified Barnett 

Low Flow 

I High flow - low flow interpolation 

2 Low flow (MacBeth) 

(MacBeth > Griffith) 

3 Low flow ( Griffith ) 

4 Minimum value for qcrit 

(90,000 Btu/hr-ft 2 ) is used 

Note: For all flow conditions the CHF value is taken from the 

transition boiling correlation for ag > 0.8. This 

condition is identified by adding 50 to the appropriate 

value of EM-MODE-CHF in the above table. If the 

transition value of CHF is less than the minimum value of 

90,000 Btu/hr-ft 2 , the minimum value is used and 55 is 

added to EM-MODE-CHF.  
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Two benchmarks are included with this report to verify theK-) 
RELAP5/MOD2-B&W formulation and implementation. A LBLOCA 
benchmark, Semiscale MODI test S-04-6, and a SBLOCA benchmark, 

LOFT test L3-5, were performed and are documented in this 

appendix.  

G.I. LBLOCA Benchmark of Semiscale MOD1 Experiment S-04-6 

G.1.1. Introduction 

Test S-04-6 was one of the 200 percent offset shear double-ended 
cold leg break tests conducted in the Semiscale MOD1 test 
facility. ,RELAPS/MOD2-B&W was used to predict the test, first 
using the INEL Cycle 36.04 options (base case) and second using 
the B&W installed evaluation model (EM) options. Both cases 
predicted higher break mass flow rates than shown by the data, 
and, as a result, the predicted depressurization rates were 
higher than the data. The predicted cladding temperature at the 
peak power location of the high powered rod using the EM optior 
was higher than the Cycle 36.04 prediction. Both cases predicted-.) 
higher cladding temperatures than measured. From this study it 
is concluded that the EM option would properly predict the system 
behavior during the blowdown phase of a PWR large break loss of 
coolant accident (LBLOCA).  

G.1.2. Description of Experiment 

An isometric view of the Semiscale MODI test facility used for 
the cold leg break tests is shown in Figure G.1-1. It is a small 
scale model of a typical four-loop recirculating steam generator 
PWR. It consists of the following major PWR components: a 
pressure vessel with the core simulator, lower and upper plenums, 
and downcomer; an intact loop with a steam generator, a pump and 
"a pressurizer; a broken loop with a simulated steam generator and 
"a simulated pump; emergency coolant systems (ECC) in both loops 

that included an accumulator, and high and low pressure injection 

pumps; and a pressure suppression system with a suppression tank,
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The configuration of the electrically-heated 40-rod bundle, shown 

in Figure G.1-2, is typical of a 15 by 15 fuel assembly (0.422 

inch rod outside diameter and 0.563-inch pitch) except that the 

heated. length of the test rods is 5.5 -feet compared with .12 feet 

for commercial rods. The bundle has an inlet peaked axial power 

profile (peak at 26 inches from the bottom of the heated 

section)% Three of the four center rods have a- peak power 

density of 12 kw/ft and the fourth rod is unpowered. Of the 

remaining 36 rods, 33 rods have a peak power density of 11.46 

kw/ft and three rods are unpowered.  

The transient was initiated after the system reached steady-state 

by breaking two rupture assemblies that' allowed the flow of the 

primary fluid into the suppression tank through two blowdown 

nozzles, each having a break area of 0.00262 ft 2 . The 

suppression system was maintained at a constant pressure of 34.8 

psia. At blowdown initiation, the power tothe primary coolant 

pump was reduced and the pump was allowed to coast down to a 

speed of 1500 rpm, which was then maintained for the duration of 

the test. During the transient, the power to the core was 

automatically controlled to simulate the thermal response of 

nuclear rods. The measurements made during the transient 

included pressure, flow, density, and fluid temperatures at 

different locations in the primary and secondary systems, and 

surface temperatures at different elevations of the selected 

heated rods. The sequence of events relative to the transient 

initiation is given in Table G.1-1.  

G.1.3. RELAP5 Input Model, 

The nodalization of the RELAP5 input model for the Semiscale MODM 

test facility is shown in Figure G.1-32. The nodalization of the 

primary system is very similar to the RELAP4 model given in 

Reference 7. The geometry and other needed input information for 

the primary system was obtained from this RELAP4 model. 7  The 

geometry and other input information for the secondary side of
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the steam generator were obtained from the RELAPS/MODO input 

.model given in Reference 8. The input information obtained from 

the RELAP4 and the RELAPS/MODO input models were verified using 

the geometry values given in Reference 6.  

The RELAP5 base input model consisted of 89 volumes, 98 
junctions, and 50 heat- structures. Some of the important 

features of the model are given below.  

1. The core was modeled with two channels to account for the 
radially peaked power profile. The fluid volumes associated 

with the three high powered rods were modeled as a hot 
channel. The remaining core fluid volumes were modeled as 

an average channel. Each channel was axially divided into 
six volumes in order to make the model consistent with the 
EM plant model. The axial division coincided with selected 

axial steps in the power shape curve. Crossflow junctions 
were used to connect the hot and average channel volumes.  

2. The active heater rods in each channel were modeled using 
ten heat slabs, that is, one heat slab per power step.  

3. The pressurizer was modeled using an eight-equal-volume pipe 

component.  

4. The accumulator was modeled using the accumulator component.  

5. The high and low pressure pumps were simulated using time
dependent volumes and junctions.  

6. The suppression system was modeled as a time-dependent 

volume.  

7. Break nozzles were modeled as trip valves.
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8. The homologous curves for the intact loop pump were obtained 

from the RELAP4 input model. 7  The measured pump speed 

versus time data were input to simulate the pump coast down 

during the transient.  

9. The measured power versus time data were input to simulate 

the electrical power supplied to the heater rods during the 

transient.  

10. The moisture separator on the secondary side of the steam 

generator was simulated using the separator component.  

11. Nonequilibrium and nonhomogeneous options were selected for 

each volume and junction.  

12. The break junctions and the pressurizer surge line junction 

were treated as choked flow junctions using a discharge 

coefficient of one.  

G.1.3.1. EM Inplut Options 

The following modifications to the base model were made to select 

the EM options. These options are the same as those used in the 

EM plant model.  

1. The equilibrium option was selected for the core inlet, 

outlet, and core volumes.  

2. The homogeneous option was selected for the core inlet, 

outlet, and the normal (vertical) core junctions.  

3. The EM heat transfer option with the B&W high pressure CHF 

correlation (B&W-2) was selected for all the core heat 

slabs. The post-CHF lock-in option was selected that would 

force permanent film boiling if CHF is exceeded and 

conditions would permit a return to nucleate boiling.
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4. The 90/10 weighting factor was used in the underrelaxation\J 

of the interphase heat transfer.  

5. Choked Flow Models 

Subdooled: Extended Henry-Fauske.  

Two-phase and superheated region: Moody/Murdock-Bauman.  

Static properties.  

Homogeneous option (slip ratio = 1.0).  

Quality switching for the subcooled to two-phase transition.  

6. The break junctions in the base model were selected as EM 

choked flow junctions. An additional junction and a time

dependent volume were added at each break plane. These 

junctions were used to switch the flow from choked flow to a 

flow calculated by the RELAP5 momentum equations when the 

system pressure was close to the suppression tank pressuie 

and choked flow was no longer appropriate. The non-choking> 

option was selected for these junctions. When the velocity 

calculated using the orifice equation is less than the 

choked junction velocity, the choked junction is closed and 

the second junction is opened, and will remain open during 

the remainder of the transient.  

G.1.4, Transient Simulation 

The base case and the EM case were run with constant boundary 

conditions to obtain steady-state test conditions. The steam 

generator secondary side pressure was adjusted to obtain the 

desired primary system conditions. Once the system reached 

steady-state, a steady-state post processor was used to replace 

the assumed initial conditions with the correct steady-state 

conditions in the input files. The measured and the predicted 

steady-state conditions are given in Table G.1-2. Trips were 

used to initiate the sequence of events, given? in Table G.1-1, 

during the transient.
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G.l.5. Results and Discussion

The measured and the predicted pressure variations near the 

vessel side break are shown in Figure G.1-3, Both-Cycle 36.04 

and the EM predicted lower pressures than the data during the 

entire transient. The EM calculated a faster depressurization 

rate than Cycle 36.04. As a result, the pressure near the break 

location reached the suppression tank pressure at about 18 

seconds in the EM case, and at 25.7 seconds in the base case as 

compared to 37 seconds in the test. The depressurization rate in 

both cases could be adjusted to match the data by varying the 

discharge coefficients. However, in the present'study no attempt 

was made to adjust the discharge coefficients.  

The pressure response near the pump side break is shown in Figure 

G.1-4. The predicted pressure response near this break location, 

using the EM option, was similar to the prediction near the' 

vessel side break. Between 1.0 and 8.0 seconds, the base case 

predicted a higher pressure than the data. The difference 

between the measured and the input values of the HPI flow rates 

near this break location is the cause of this difference. The 

break plane pressure reached the suppression tank pressure at 

15.8 seconds in the EM test case, and 25.6 seconds in the base 

case as compared to 27.0 seconds in the test.  

The pressure responses at other locations in the primary system 

are shown in Figures G.1-5 through G.1-9. From these figures it 

can be concluded that the pressure response in the primary system 

is similar to the pressure response near the vessel side break 

shown in Figure G.1-3. The Cycle 36.04 pressure response near 

the broken loop simulated pump suction side, as shown in Figure 

G.1-6, supports the conclusion made from Figure G.1-4 that the 

HPI flow rate difference is the cause for the prediction of 

higher pressure than the data in the 1.0 to 8.0 second time 

period.
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The pressure responses in the .intact and the broken loopK
accumulators, shown in Figures G.l-10 and G.1-11 respectively, 
are consistent with the primary system pressure response. The 
sudden-drop in measured pressure in the;broken loop accumulator 
at about 2.5-seconds was caused by the opening of a valve in the 
surge line before the onset of injection. 7 _ In the present model, 
the initial pressure in this accumulator was set to 520 psia as 
was done in the RELAPk model given in Reference 7.  

The mass flow rates at different locations in the primary system 
are shown in Figures G.1-12 through G.1-18. In the test, the 

mass flow rate was estimated from the measured density and the 
volume flow rate. The mass flow rates given in the data report 5 

were digitized to generate the comparison plots. During the 
digitalization the oscillations in the original data plots were 

smoothened out.  

Figure G.1-12 shows that, near the vessel side break, both Cycle _ 
36.04 and the EM predicted higher flow rates than the data. Both 
cases correctly predicted the transition from single-phase 
conditions to two-phase conditions which occurred-at about 2.8 
seconds. When the system pressure was close to the suppression 
tank pressure large spikes were observed in the data as well as 
in the prediction. These spikes were caused by the movement of 
liquid slugs from the accumulator injection location to the 
break. In the EM case, downflow of liquid into the downcomer 
occurred at about 19.2 seconds. This liquid flashes, thereby, 
resulting in a large vapor upflow that pushes fluid from the 
downcomer to the cold legs. The positive spike in the break flow 
rate (Figure G.1-12) and the negative spike in the flow from the 
intact loop cold leg to the downcomer, as shown in Figure G.1-17, 
at about 19.2 seconds were caused by this flashing of liquid in 
the downcomer.
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K) The data as well as the prediction show that the core.inlet flow 
remains negative during the entire blowdown period as shown in 

Figure G.1-18. For the first second after the initiation of the 

transient, both cases predicted higher values than the measured 

negative flow rate. From 7 to 12 seconds the EM predicted higher 

negative flow rates than the data and the Cycle 36.04 prediction.  

The flow rates from the intact and the broken loop accumulators 

are shown in Figures G.1-19 and G.1-20, respectively. The 

starting points for the accumulator injection as well as the flow 

rates are consistent with the pressure response near the 

injection location. The spike in the broken loop accumulator 

flow data was caused by the opening of a' valve7 and therefore the 

actual flow did not start until about 3 seconds after transient 

initiation. The oscillations in the Cycle 36.04 prediction of 

this accumulator flow were due to the time -steps taken by the 

code. They were larger than those allowed by the Courant limit.  

Similar oscillations were observed in an EM case when the code 

used the same time step as in the Cycle 36.04 case. The EM case 

discussed here was run using time steps which were smaller than 

that allowed by the Courant limit and it calculated a smooth flow 

rate as shown in Figure G.1-20.  

The density variations near the vessel side and the pump side 

breaks and near the core inlet are shown in Figures G.1-21, G.1

22, and G.1-23, respectively. The underprediction of density 

near the vessel side break was due to the prediction of a faster 

depressurization rate. The spikes in the data as well as in the 

predictions, during the later part of the transient, were caused 

by movement of liquid slugs from the ECC injection location to 

the break. Near the pump side break, the EM underpredicted the 

density during the entire transient. Cycle 36.04 overpredicted 

the density from 1.5 to 6.0 seconds and underpredicted it during 

the remainder of the transient which is consistent with the 
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pressure prediction shown in Figure G.1-4. Both Cycle 36.04 an&\) 

the EM overpredicted.the density near the core inlet as shown in 

Figure G.1-23. Higher predicted flows from the core during the 

early *part of the transient and- lower predicted core heat 

transfer are the causes of the high density fluid near the core 

inlet (Figure G.1-23).  

Fluid temperature variations at different locations in the 

primary system are shown in Figures G.1-24 through G.1-29. The 

calculated liquid and vapor temperatures are shown- in these 

figures. These figures show that, once the system fluid 

condition has switched from subcooled liquid to two-phase 

mixture, the liquid and vapor temperatures generally remain near 

saturation during the major portion of the blowdown period.  

During the accumulator injection period, the data as well as the 

prediction show subcooled liquid and saturated steam at the 

injection location (Figure G.I-27). As the liquid slugs move 

toward the break, the fluid conditions along the path change fro,,< 

a saturation condition to saturated steam and subcooled liquid 

(Figures G.1-25 and G.1-26). The effect of lower core heat 
transfer during the later part of the transient can be observed 

in the fluid conditions near the core inlet (Figure G.1-28) and 

exit (Figure G.1-29).  

The cladding temperature variations at the peak power location in 

the average and the high powered rods are shown in-Figures G.1-30 

and G.1-31, respectively. From an examination of the data given 

in Reference 5, it was observed that the cladding temperatures of 

the rods near the vessel wall were much higher than those of 

other rods' (data D8-27 in Figure G.1-30). The unpowered rods in 

the bundle could reduce the temperatures of the* nearby heated 

rods. However, test S-04-5, which is the counterpart of test 

S-04-6 (with all rods powered) showed a similar trend in the 

results. For most of the inner rods, both tests gave about the 

same temperatures at the peak power locations. Therefore, only
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the cladding temperatures for 'the 4nner rods should be used for 

comparipg the data with predictions.  

The predicted cladding surface temperatures are shown in Figures 

G.1-30 and G.1-31. In the test, the thermocouples were located 

in the creases of the inner sheath. In the model, the cladding 

was modeled using two radial nodes. Therefore, the inner node 

temperature would and should be closer to the data. However, in 

RELAP5 only surface temperatures are stored in the plot file. At 

steady-state, the calculated temperature of the inner node, in 

both cases, was found to be close to the data. During the 

transient the difference between the surface temperature and the 

inner node temperature was about 10 F. Hence, the surface 

temperature is sufficient for comparison purposes.  

The EM CHF correlations- were found to be conservative in 

predicting DNB. Cycle 36.04 predicted DNB early by about 1 

second for the average powered rods and correctly predicted DNB 

for the high powered rods. The EM predicted DUB early by about 2 

seconds for the average powered rods and for the high powered 

rods the EM predicted DUB within 0.1 seconds after the initiation 

of the transient whereas DNB in the test occurred at about 3 

seconds after the initiation of the transient.  

cycle 36.04 and the EM predicted higher cladding temperatures 

than the data during the entire transient period. For the high 

powered rods the EM calculated cladding temperature was much 

higher than the data as well as that calculated by Cycle 36.04.  

For the average powered rods the EM calculated cladding 

temperature was lower than that calculated by Cycle 36.04 after 

about 11 seconds. The higher core heat transfer predicted by the 

EM was due to the higher core flow rate prediction.
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G.-.6. Summary and Conclusion K)
Semiscale MODI large break LOCA test S-04-6 was simulated using 

RELAP5/MOD2-B&W with one case using the Cycle 36.04 options and 

the other using the EM options. In both cases a discharge 

coefficient of 1.0 was used for both the subcooled and two-phase 

break flow regimes.- The EM options selected in this study are 

the same as those selected for actual plant modeling. As 

expected, both cases predicted higher: break flow rates, faster 

system depressurization rates, and higher cladding temperatures 

than the data; the EM generally predicted higher values for these 

parameters than Cycle 36.04.  

The consistency between the transient behavior predicted by the 
RELAPS/MOD2-B&W evaluation model version and the test data, given 

allowances for the effects of the EM discharge and core heat 

transfer models, supports application of B&W's EM version for 

conservative calculations of blowdown during large LOCA 

transients. When applied according to Appendix K requirements' 

using a spectrum of effective break area-discharge coefficient 
combinations, RELAP5/MOD2-B&W should prove effective in defining 

limiting end-of-blowdown conditions.  

(
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Table G.1-1. Sequence of Events During Test S-04-6.

Event 

Blowdown Initiated 

ECC Accumulators Initiated 

HPI Pumps Started 

Steam Generator Feedwater 
and Discharge Valves Closed 

LPI Started

Time (sec0 

0.0 

0.0 
0.0 

1.0 
30.0

Table G.1-2. Conditions at Blowdown Initiation.

Parameter 

Core Power, kw (Btu/s) 

Cold Leg Fluid Temperature, F 

Hot Leg Fluid Temperature, F 

Pressurizer Pressure, psia 

Pump Speed, RPM 

ICL Flow Rate, ibm/s 

Steam Generator Pressure, psia 

Pressure Suppression Tank 
Pressure, psia

Data 
1.44 

(1364.86) 

543.0 

610.0 

2252.0 

2400.0 

15.5 

850.0 

34.8

Cycle 36.04 
1.44 

543.5 

610.3 

2253.3 

2400.0 

15.4 

809.5 

34.8
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FEM 
1.44 

543.0 

609.5 

2252.6 

2400.0 

15.4 

803.5 
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Figure G.1- 1. Semiscale MODI Test Facility - Cold Leg 
Break Configuration.
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FIGURE G. 1-3. SEMSCALE MODI TEST S-04-6: PRESSURE NEAR THE 
VESSEL SIDE BREAK.  
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FIGURE G. 1- 4. SEMISCALE MOD I TEST S-04-6. PRESSURE NEAR THE 
PUMP SIDE BREAK.  
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FIGURE G. 1- 5. SESCALE MOD 1 TEST S-04-6; PRESSURE NEAR THE 
?NTACT LOOP PUMP EXIT.  
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FIGURE G. 1- 6. SEMISCALE MOD1 TEST S-04-6; PRESSURE IN THE 
BROKEN LOOP NEAR THE PUMP SIMULATOR ,ILET.  
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FIGURE G. 1- 7. SEMISCALE MOD1 TEST S-04-6 PRESSURE IN THE 
LOWER PLENUM.  
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FIGURE G. 1-9. SEMSCALE MODI1 TEST S-04-6; PRESSURE NEAR TI-HE 
TOP OF THE PRESSU.IZER.
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FIGURE G. 1-10. SEMISCALE MODI TEST S-04-6; PRESSURE IN THE 
INTACT LOOP ACCUMULATOR.
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FIGURE G. 1-11. SEMISCALE MO"l TEST 3-04-6; PRESSURE IN THE 
BROKEN LOOP ACCUMLATOR.
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FIGURE G. 1-12. SEMSCALE MODI TEST S-04-6: MASS FLOW RATE NEAR 
THE VESSEL SIDE BREAK.
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FIGURE G. 1-13. SENSCALE MODI TEST S-04-6;.MASS FLOW RATE NEAR PLWP 
SiDE BREAK (BEFORE ECC NJECTION POT).
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RGURE G. 1-14. SEMISCALE MOD1 TEST S-04--6; MASS FLOW RATE IN 
THE INTACT LOOP HOT LEG..
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FIGURE G.1-15. SEMISCALE MODI TEST S-04-6; MASS FLOW RATE NEAR 
THE PUMP SAJLATOR tNLET.

12

10 

a 

a 

4 

2 

0

-2 

-4 

-8
0 10 20 30 40 

TIM. SEC

FIGURE G.1-16. SEMISCALE MODI TEST S-04-6: MASS FLOW RATE IN INTACT 
LOOP COLD LEG (BEFORE ACCUMULATOR INJECTION PONT).
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FIGURE Q. 1-17. SEMSCALE MOD 1 TEST S-04-6; DQWNCOMER tiET FLOW 
RATE FROM THE NTACT LOOP.
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FIGURE G. 1-18. SEMISCALE MOD 1 TEST S-04-6: MASS FLOW RATE AT 

THE CORE NLET.
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FIGURE 0. 1-19. SEMISCALE MOD1 TEST S-04-6. MASS FLOW RATE FROM 
THE NTACT LOOP ACCUMU.ATO,_.  
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FIGURE G. 1-20. SEMISCALE MODI TEST S-04-6: MASS FLOW RATE FROM 
THE BROKEN LOOP ACCUvUATOR.  
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FIGURE G. 1-21. SEMISCALE MODI TEST S-04-6: DENSITY NEAR THE 
VESSEL SIDE BREAK./
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FIGURE G. 1-22. SEMISCALE MODM TEST S-04-6; DENSITY NEAR THE PUMP 
SIDE BREAK (BEFORE THE ECC INJECTION LOCATION).
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RGLiE G. 1-23. SEhtSCALE MODI TEST S-04-&; DENSITY NEAR THE 
CORE NLET.
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FIGURE G. 1-24. SEMISCALE MOD I TEST S-04-6; FLUD TEMPERATURE NEAR 
THE VESSEL SIDE BREAK.
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FIGURE G. 1-25. SEMISCALE MOD1 TEST S-04-6: FLU) TEMPERATURE NEAH 
vPUMP SIDE BREAK (BEFORE ECO #4JECTION LOCATION).
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FIGURE G. 1-26. SEMISCALE MOD1 TEST S-04-6: FLUID TEMPERATURE 

IN THE INTACT LOOP HOTLEG.
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FIGURE G. 1-27. SEMISCALE MOD1 TEST S-04-6: FLUWD i t.w-'A, unm n 
INTACT LOOP COLD LEG (NEAR ECC ?4JECTKON PONT).
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FIGURE G. 1-29. SEMISCALE MOD1 TEST S-04-6: FLUID TEMPERATURE HN 
UPPER PLENUM.
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FiGURE G. 1-31. SEMISCALE MODI TEST 8-04-e. HM PoweR ROD C.-LAUt4mt 
TEM4ERATURE NEAR PEAK POWER LOCATION.  
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G.2. SBLOCA Benchmark of LOFT EXperiment L3-5 "

Small break LOCA (SBLOCA) events are challenging to predict due 
to the variety of scenarios which may evolve during a transient.  
Particularly key to SBLOCA mitigation is continuous core energy 
removal via the break, steam generator, and absorption through 
ECCS fluid heating, while maintaining adequate vessel liquid 
inventory such that clad temperature excursions remain below 2200 
F.  

Vessel inventory is determined by system boundary flows (HPIS and 
break) and the liquid distribution within the reactor coolant 
system. In terms of code models, the systemnheat transfer, two
phase flow, and choked flow models predominately determine this 
behavior. Demonstration that these code models are adequate is 
provided through benchmark calculations. In particular, 
prediction of integral system transient tests from prototypical 
PWR scaled facilities provide a good measure of a code's ability 
to calculate SBLOCA phenomena.  

G.2.1. Introduction 

LOFT experiment L3-5 4 was designed to investigate the response of 
the primary system to a SBLOCA. This experiment addresses the 4
inch diameter equivalent (2.5%) small break transient. The break 
was located in the intact loop cold leg pipe between the RC pumps 
and the reactor vessel inlet nozzle. The-RC pumps were tripped 
immediately following leak initiation. This experiment was 
selected to benchmark the RELAP5/M4OD2-B&W computer code because a 
4-inch diameter break is characterized by a leak flow exceeding 
HPIS flow and by a relatively slow system depressurization since 
the steam generator becomes ineffective in removing decay heat, 
thereby resulting in a severe system inventory depletion.  

The B&W version of RELAP5/MOD2 was benchmarked against the L3-5 
experiment to demonstrate the analytical capability of the code
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in predicting the various modes of a SBLOCA transient. The 

RELAP5 model for the L3-5 experiment was obtained from Appendix B 

of the report EGG-LOFT-5480. 2 The model was verified against the 

system design data provided in NUREG/CR-0247 3 " (LOFT System and 

Test Description).  

Section G.2.2 presents a description of the LOFT L3-5 experiment.  

The RELAP5 model is provided in section G.2.3 along with minor 

input changes that are required to achieve stable initial 

conditions. Section G.2.4 discusses the results of the analysis 

and compares the test data with the RELAP5 prediction.  

Conclusions are presented in section G.2.5.  

G.2.2. Description of Experiment 

The LOFT integral test facility was designed to simulate the 

major components of a four-loop PWR, thereby producing, data on 

the thermal, hydraulic, nuclear and structural processes expected 

to occur during a LOCA. As shown in Figure G.2-1, the 

experimental facility consists of the reactor vessel, intact loop 

(scaled to represent three operational loops), ECC system, broken 

loop, and blowdown suppression system. The reactor vessel 

contains 1300 66-inch long nuclear fuel rods with a total power 

output of 50 MWt. The intact loop includes a hot leg, a steam 

generator, the pressurizer, two parallel RC pumps and a cold leg.  

The broken loop is primarily used for large LOCA experiments and 

contains a hot leg, a steam generator, pump simulators,, a cold 

leg, and isolation values. The ECCS is comprised 'of the 

accumulator system, the LPIS and the HPIS.  

The L3-5 experiment simulates a small break depressurization with 

a 0.6374-inch diameter break orifice in the intact loop cold leg 

between the RC pump and the. reactor vessel. The RC pump is 

tripped at leak initiation.. The HPIS is injected into the 

reactor vessel downcomer, while the accumulator is isolated from 

the intact loop. The reactor was scrammed approximately 5
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seconds before blowdown initiation. When the control rods were 

fully inserted, the intact cold leg blowdown was initiated. The 

RC pumps were manually tripped at 0.8 seconds after blowdown 

initiation. The sequence of events for the experiment is 

presented in Table G.2-2. HPIS flow was initiated automatically 

when the primary system pressure dropped to 1900 psia. The leak.  
was isolated at 2309 seconds. The secondary system auxiliary 

feed pump was started at approximately 2 minutes after scram and 

was operated for about 30 minutes.- The initial plant operating 

conditions are provided in Table G.2-1.  

G.2.3. BELAP5 Model of LOFT L3-5 

The RELAPS/MOD2-B&W computer code was used .to perform the 

benchmark analysis of experiment L3-5. This code is based on a 

one-dimensional, two fluid, nonequilibrium hydrodynamic 

formulation and uses a finite difference scheme for both fluid 

paths and heated paths. Inputs for the basic RELAP5 model show7 

in Figure G.2-2 are contained in Appendix B of the LOFT report,-) 

As indicated in the report, this model was used in the post-test 

analysis of LOFT experiments L3-1, L3-5 and L3-6 by EG&G. The 

results of the post-test analysis demonstrated that this model 
can accurately simulate the overall system response to a SBLOCA, 
including the primary system pressure and inventory.  

The nodalization used for the benchmark analysis is shown in 
Figure G.2-3. It is basically the same as that shown in Figure 
G.2-2 except minor changes made to the steam generator separator 

component and the HPIS. In the original nodalization, the 

separator arrangement shown in Figure G.2-2 is incorrect and 
results in an elevation discrepancy between the downcomer and the 
boiler sections. The revised separator model shown in Figure 

G.2-3 consists of a separator volume (500) and a bypass volume 

(503). Volume 503 will permit a direct path from the steam dome 
to the downcomer. The HPIS was injected via the ECCS pipinc¶ 

(600) to the RV downcomer in the original model. Volume 6C,_•
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caused flow instability due. to steam backflow from the downcomer.  

This volume and junction 630 were removed from the original model 

including the LPIS, which was not used in the experiment. The 

revised model as shown inrFigure G.2-3 permits HPIS injection 

directly into the downcomer.  

The revised model for the L3-5 benchmark analysis consists of 116 

volumes, 124 junctions and 120 heat structures. Inputs for the 

major components have been verified against the design data 

'presented in the LOFT System and Test Description Report 

(NUREG/CR-0247) to assure that the model closely represents the 

LOFT system. A steady-state calculation was made to achieve the 

desired 'initial conditions. A comparison of the measured initial 

conditions with the calculated values is presented in Table G.2

I. Considering the discrete nature of steam generator heat 

transfer in RELAP5, the initialized primary system pressures and 

temperatures are acceptable for the benchmark analysis.  

The transient analysis was performed using the basic Best 

Estimate (BE) option, INEL's RELAP5/MOD2 version 36.04. The 

Ransom-Trapp choked flow model with a discharge coefficient of 

1.0, nonhomogeneous and nonequilibrium hydrodynamic modeling, and 

the original system CHF, heat transfer, and fuel pin models were 

used. The core heat generation was simulated with a tabular 

input of power versus time. An additional change was made during 

a restart at 200 seconds. The break nozzle volume, 181 in Figure 

G.2-2, caused severe leak flow oscillations. This volume is 

approximately 3.6% of the cold leg volume (180) and was removed 

at the restart to prevent flow instability. Volume 180 was used 

as the leak node for the remainder of the analysis.  

G,2.4. Transient Calculation 

The blowdown was initiated 4.B seconds after the reactor scram as 

shown in Table G.2-2, and the RC pumps were tripped 0.8 seconds 

after the blowdown initiation. The main feedwater flow was 
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terminated immediately following' the reactor trip, and the<) 

auxiliary feedwater flow was started 67.8 seconds later. HPIS 

flow was initiated"automatically when the primary system pressure 

dropped to 1900 psia. The calculated and measured core pressures 

are shown in Figure G.2-4. The calculated depressurization rate 

is slower than actually occurred during the. initial subcooled 

phase of the blowdown, but exceeded the experiment thereafter as 

the primary system approached saturation. The post-test analysis 

in EGG-LOFT-5480 seems to confirm that RELAP5's Ransom-Trapp 

model underpredicts leak flow. In addition, the model tends to 

overpredict low quality two-phase flow, but underpredict high 

"quality mixture flow as it occurred after 150 seconds. This flow 

characteristic has been verified by hand calculation using the 

HEM choked flow model with the same inlet conditions. Figure 

G.2-10 shows the calculated and measured leak node pressures.  

This figure demonstrates that the leak flowrate has a significant 

impact on the primary system depressurization rate for the 4-inch 

diameter equivalent break (2.5%). The short-term and long-term, 

secondary side pressure responses are presented in Figures G.2-5K 

and G.2-11 respectively. It can be seen that RELAP5 predicted 

the secondary side pressure response quite well. The pressurizer 

liquid level is shown in Figure G.2-6. Again, this plot reflects 

the slower depressurization predicted by RELAP5. The pump 

coastdown and the loop flow degradation are shown in Figures G.2

7 and G.2-8 respectively. The measured loop flow does not seem 

to agree with the pump coastdown. This is probably caused by 

errors in flow measurement that were not quantified during the 

test.  

In the RELAP5 calculation, the pumps coasted down in 

approximately 29 seconds. Natural circulation was calculated to 

occur thereafter, and reflux mode circulation was calculated at 

about 440 seconds. In this mode of cooling,, vapor from the 

-reactor core flows upward into the steam generator tubes where it 

is condensed. The condensate returns via the hot leg pipe to the 

reactor vessel. The reflux mode continued for. the remainder of 
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the transient because the primary system pressure never dropped 

below the secondary side pressure due to the benchmarks slower 

primary system depressurization shown in Figure G.2-10.  

Injecting the HPIS directly into the primary system instead of 

the ECC piping resulted in good agreement between the calculated 

and measured flow rates as shown in Figure G.2-9.  

G.2.5. Conclusion 

The L3-5 experiment confirmed the dominance of the breakflow as 

the prime decay heat removal mechanism. Although there is a 

discrepancy between calculated and measured primary system 

depressurization as noted previously, the RELAP5 prediction of 

the L3-5 experiment is quite good. The code predicted the 

overall system response, including primary and secondary system 

pressure, pump coastdown, natural circulation, and long term core 

cooling. Correct, characterization of the primary coolant pumps 

is not imperative to the proper simulation of the test because 

the pumps coasted down rapidly following the trip. But event 

times and depressurization rates are dependent upon proper 

characterization of the leak flow. The experimental data (Figure 

35-7 in NUREG/CR-1695) shows a distinct liquid level in the cold 

leg piping 130 seconds after blowdown initiation. Thus, 

calculation of this stratification is important for accurate 

break mass flow calculation.  

There are two core bypass flow paths as shown in Figure G.2-2.  

one is from the inlet annulus to thd upper plenum and the other 

is the reflood assist bypass valve in the broken loop. These 

paths mitigate the differential pressure that can be developed 

across the reactor vessel as a result of steam generation in the 

core, and allow steam venting through the inlet annulus to the 

break without clearing the loop seal. Continuous primary system 

depressurization was observed in both the calculation and the 

test as shown in Figure G.2-10.

G-3 7



The comparison plots provided in the later part of this appendix 
demonstrate that the RELAP5 code 'is acceptable for SBLOCA 
simulation. The overall prediction was quite good confirming the 
code's predictive ability, which various other RELUP5 users have 
also observed through integral system SBLOCA. calculations of 
tests from the OTIS, MIST,. LOFT, and Semiscale test facilities.  
Numerous full size PWR plant transient calculations have also 
confirmed the predictive capabilities of the code. Based on 
these observations, the code has .been demonstrated to be 
acceptable and reliable in predicting SBLOCA transient behavior 
for PWR geometries.
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Table G.2-1. Initial Conditions for LOFT L3-5.

Parameter 

Primary System Mass Flow Rate (Kg/s) 

Hot Leg Temperature (K) 

Cold Leg Temperature (K) 

Core Power Level (MW) 

Pressurizer Water Volume (m3 ) 

Pressurizer Pressure (Pa) 

Hot Leg Pressure (Pa) 

SG secondary Side Flow Rate (Kg/s) 

SG Secondary Side Pressure (Pa)

Measured 

476.4 

576.  

558.  

49.  

- 0.68 

14.88E6 

14.86E6 

26.4 

5.58E6

SG Secondary Side Water Level (m) 3.14

REIAP5 Model 

484.9 

579.4 

560.9 

48.9 

0.66 

14.959E6 

14.945E6 
(Vio5) 

26.4 

5.56E6 
(V53 0) 

2.758

*Based on Nominal values in Table 2-2 of NUREG/CR-1695.
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Table G.2-2. Sequence of Events for LOFT L3-5.

Event

Reactor Scrammed 

LOCA Initiated 

RC Pump Tripped 

HPIS Initiated 

Pressurizer Emptied 

RC Pump Coastdown 

SG Auxiliary Feedwater Initiated 

Secondary Side Pressure Exceeded 
Primary Side 

SG Auxiliary Feedwater Terminated 

Leak Isolation

-Time (sec)
Experiment* 

0.0 

4.8 

5.6 

8.8 

27.0 

35.0"* 

67.8 

749. 8 

1804.8 

2313.9

REEAAP_ 

0.0 

4.8 

5.6 

10.6 

40.8 

20.0 

67.8 

1500.(•

*Based on data in Table 2-1 of NUREG/CR-1695.  
**From Figure 35-45 in NUREG/CR-1695.
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FIGURE G. 2- 4. LOFT TEST L-3-5; CORE PRESSURE.
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FIGURE G. 2- 6. LOFT TEST L-3-5; PRESSURIZER WATER LEVEL.
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FIGURE G.2- 8. LOFT TEST L-3--5: HOT LEG MASS FLOW RATE.
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FIGURE G(.2-10. LOFT TEST L-3-5: LEAK NODE PRESSURE.  
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G.3. Conclusion - Larae and Small LOCA Benchmark K)J

The B&W benchmark analyses of the large and small LOCA 

experiments (S-04-6 and L-3-5) show .that the B&W RELAP5 code 

correctly calculates the major system variables during the 

blowdown, such as the primary and secondary system pressures, 

leak flows, and ECC injection. These parameters determine the 

system blowdown rate and mass inventory that significantly affect 

the fuel cladding temperature behavior during and after the 

blowdown. With accurately predicted blowdown hydraulic data an 

overall agreement in the cladding temperature between the 

calculation and the experiment can be assured. The results of 

the benchmark presented in the preceding pages have demonstrated 

that the RELAP5 code is adequate and reliable in predicting 

overall system thermal hydraulic responses to a LOCA.  

Furthermore, the results of the S-04-6 benchmark with the EM 

option indicate that the licensing model predicted a 

substantially higher cladding temperature and is conservative.  

The modeling techniques, such as nodalization and time step used<J 

in the benchmark analyses are .consistent with those used in the 

PWR plant model. Thus, the benchmark analyses confirm that 

RELAP5 is adequate and conservative for application to the LOCA 

simulation in a PWR.
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APPENDIX H

WILSON DRAG MODEL BENCHMARKS 

Note: This appendix was originally added in its entirety in Revision 2 of BAW-10164, August, 1992.
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In this appendix, Wilson drag benchmarks are compared with the K) 
NRC-approved code FOAM2 and with small break LOCA experiments 

performed at the Thermal-Hydraulic Test Facility (THTF), Oak 

Ridge National Laboratory (ORNL). The Wilson drag model is 

explained in -section 2.1.3 of this topical report. The 

RELAP5/mOD2-B&W results for steady-state conditions are compared 

with FOAM2 calculations in Section H.1 and with Oak Ridge THTF 

data in section H.2; conclusions are given in-section H.3.  

Comparison of RELAP5/MOD2-B&W with FOAM24Results 

The NRC-approved computer code FOAM2140 aids in analysis of small 

break loss-of-coolant accidents (SBLOCA). Itsimain objective is 

to determine, based on core void distribution, whether at any 
time during an SBLOCA transient the water content of the reactor 

core (as calculated by an appropriate LOCA code, such as RELAP5) 
is sufficient to cover the entire heated core with a combination 

of water and steam-water froth. If it determines that the core 
is uncovered, it calculates the swell level and steaming rate 
corresponding to the input core water content. If no core 
uncovery occurs, it will, at the user's .option, calculate the 

mass flow and steaming rates.  

RELAP5/MOD2-B&W estimates slug drag using the Wilson bubble rise 
correlation, whereas FOAM2 uses the Wilson bubble rise 
correlation135 to directly calculate the core void distribution.  

FOAM2 does not include the B&W modification for the flow regime 
above a = 6.526. Therefore, the core void distribution 

g 
calculated by RELAPS/MOD2-B&W should be similar to FOAM2 results 
with potential for deviations at higher void fractions (that is, 
for j=3 in Equation 2.1.3-30.5).  

A hypothetical reactor core was modeled as shown in Figure H.I.  

Low power steady-state RELAP5/MOD2-B&W cases were run for a 

variety of reactor powers (1.5 to 5.0% of full power) and 

Rev. 2 H-2 8/92



pressures (100 to 1600 psia); void. profiles were compared with 

FOAM2 cases with the same water levels as were. calculated by 

RELAP5. A listing of the RELAP5 cases is presented in Table H-1 

and- compared in Figures H.2 through H.13. RELAP5 data are 

plotted at the midpoint of each node because RELAP5 calculates an 

average void fraction for each node. It is assumed that void 

fraction changes linearly within all nodes, except the first node 

in which it is assumed that the inlet void fraction is zero.  

Figures H.2 through H.13 demonstrate that, for equal core liquid 

inventories, RELAP5/MOD2-B&W acceptably predicts the void 

distributions and mixture levels calculated by FOAM2.  

Differences in mixture level for low pressure cases are caused 

partly by greater depletion of liquid inventory by RELAP5 at 

lower elevations, as compared to FOAM2, for which compensation is 

made at higher elevations.  

Comparis6n with ORNL THTF Experiments
1 4 1 

The Thermal-Hydraulics Test Facility (THTF) is a large high 

pressure non-nuclear thermal-hydraulics loop. The facility was 

designed to simulate the thermal-hydraulics of a small-break 

loss-of-coolant accident (SBLOCA). The facility configuration is 

shown in Figure H.14.  

The test section bundle contained 60 electrically-heated rods and 

four unheated rods which simulated control rod guide tubes. Rod 

diameter and pitch were typical of a 17 x 17 fuel assembly.  

Further details on the facility configuration and instrumentation 

is found in Reference 141.  

The RELAP5 model for the THTF test loop is shown in Figure H.15.  

THTF runs 3.09.10i through 3.09.10n and 3.09.10aa through 

3.09.10141 were simulated using RELAPS/MOD2-B&W. The test 

conditions, which were also used as input to RELAPS, are given in 

Rev. 2 
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Table H.2. The axial power distribution of the test bundle was 
uniform.  

Comparison of void distributions for all tests are shown in 
Figure H.16 z through H.27. RELAP5/MOD2-B&W tends to predict 
slightly higher void fractions below the mixture level than the 
ORNL data. An adjustment has been made of the plots of ORNL data 
for which dryout occurred (which was true in all cases except 
3.09.10i, cc, and ee). In Reference 141,.the ORNL data was given 
at the centerline of intervals between pressure taps. This is 
appropriate for intervals: in which there is a quasi-linear 
increase in void fraction within the interval, but not 
appropriate for dryout intervals. Near the dryout point, it is 
assumed that the void fraction within the dryout interval 
continued to increase at the same rate as the pre-dryout 
interval; the mixture level was calculated by determining the 
point along the extended slope at which the total area under the 
curve in the dryout interval would match the average void 
fraction. After making this adjustment, mixture level is quite 
well predicted.  

Figures H.28 through H.33 compare RELAP5 calculated core vapor 
and cladding temperatures with ORNL THTF data. These figures 
show that RELAP5 is quite accurate, but slightly conservative in 
predicting the ORNL temperatures. The dip in the ORNL data at 
11.0 ft is caused by grid effects on the. heat transfer rate 141, 
which is not accounted for in the RELAP5 model. In case 
3.09.10i, an anomolous surface temperature- occcurs at an 
elevation of 2.7 meters; this is caused by: the overly 
conservative temperature prediction of the Condie-Bengston IV 
film boiling correlation used at this point compared to the less 
conservative predictions of the McEligot single-phase vapor 
convection correlation applied at higher elevations. Given the 
overall complexity of the ORNL tests, RELAP5/MOD2-B&W achieved 
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excellent comparability of mixture level and clad temperature 

response.  

conclusions 

Comparison of RELAP5/MOD2-B&W benchmark cases with equivalent 

runs using the NRC-approved code FOAM2 and with ORNL THTF small 

break LOCA experiments shows good agreement between results. It 

is concluded that the Wilson drag option used to calculate 

interfacial drag in RELAP5-B&W, does a good job of matching void 

distributions and mixture levels calculated by the NRC-approved 

code FOAM2 and measured by ORNL small break LOCA experiments.  

Table H.I. FOAM2 Comparison Benchmark Cases.

Rev. 2 
8/92H-5

I

Case Power Pressure Equivalent Water 

(percent) (psia) Level (ft) 

1 5.0 100 2.77303 

2 5.0 200 3.68117 

3 5.0 400 3.74587 

4 5.0 600 5.15504 

5 5.0 800 4.32935 

6 5.0 1200 3.95712 

7 2.5 100 3.82168 

8 2.5 400 4.51021 

9 2.5 800 6.38204 

10 2.5 1200 6.33372 

11 1.5 1200 7.99433 

12 1.5 1600 7.34294



Table H.2. ORNL Thermohydraulics Test Facility (THTF) 
Benchmark Cases.  

.16.~ps t 2)~,J.1_ '2 .13 .,, 0o ý 0.68 6o5o ,eý 1 4.9• 

14 3.09.ý 0.33 610 933\3•0.4 
15 10k.'-, 0.10 2306•.5 

7 3.09.10mf 0.31 1010 93513.1=

Revised Table H.2 shown on page 5-260 per �ER instructiOn on
Table 2 (page 5-364).
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Figure H.1. RELAP5 Model of Hypothetical Reactor Core.  
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Figure H.2. Comparison of RELAP5 and FOAM2 Predictions: 
5% Decay Power, 100 Psia.

CORE ELEVATION. FEET

Figure H.3. Comparison of RELAPS and FOAM2 Predictions: 
5% Decay Power, 200 Psia.
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Figure H.4. -Comparison of RELAPS and FOAM2 Predictions: 
5% Decay Power, 400 Psia.
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Figure H.5. Comparison of RELAP5 and FOAM2 Predictions: 
5% Decay Power, 600 Psia.
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Figure H.6. Comparison of RELAPS and FOAM2 Predictions: 
5% Decay Power, 800 Psia.
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Figure H.7. Comparison of RELAP5 and FOAM2 Predictions: 
5% Decay Power, 1200 Psia.
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Figure H.8. Comparison of RELAP5 and FOAM2 Predictions: 
2.5% Decay Power, 100 Psia.
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Figure H.9. Comparison of RELAP5 and FOAM2 Precdictions: 
2.5% Decay Power, 400 Psia.
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Figure H.10. Comparison of RELAP5 and FOAM2 Predictiohs: 
2.5% Decay Power, 800 Psia.
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Figure H.11. Comparison of RELAP5 and FOAM2 Predictions: 
2.5% Decay Power, 1200 Psia.
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Figure H.12. Comparison of RELAPS and FOAM2 Predictions: 
1.5% Decay Power,-1200 Psia.
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Figure H.13. Comparison of RELAPS and FOAM2 Predictions: 
1.5% Decay Power, 1600 Psia.
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Figure H.14 ,-THTF in small break test configuration 
(Reference 141).  
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Figure H.15. RELAP Model of ORNL Thermal-Hydraulic Test Facility (THTF).  
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Figure H.16. Comparison Between RELAPS Prediction 
and ORNL Test Data: 0.68 Kw/ft, 650 Psia.
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Figure H.17. Comparison Between RELAP5 Prediction 
and ORNL Test Data: 0.33 Kw/ft, 610 Psia.
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Figure H.18. Comparison Between RELAP5 Prediction 
and ORNL Test Data: 0.10 Kwlft. 580 Psia.
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Figure H.19. Comparison Between RELAPS Prediction 

and ORNL Test Data: 0.66 Kw/ft, 1090 Psia.
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K)jFigure H.20. Comparison Between RELAP5 Prediction 
and ORNL Test Data: 0.31 Kw/ft, 1010 Psia.
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Figure H.21. Comparison Between RELAP5 Prediction 
and ORNL Test Data: 0.14 Kw/ft, 1030 Psia.
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Figure H.22. Comparison Between RELAP5 Prediction 
and ORNL Test Data: 0.39 Kw/ft, 590 Psia.

1.0 

0.8

oa 0.0 

0.4

0.2 

0.0

CORE ELEVATION. METERS

K-I.

Figure H.23. Comparison Between RELAP5 Prediction and ORNL 
Sand ORNL Test Data: 0.20 Kwlft, 560 Psia.
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Figure H.24. Comparison Between RELAP5 Prediction 
and ORNL Test Data: 0.10 Kw/ft, 520 Psia.
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Figure H.25. Comparison Between RELAP5 Prediction 
and ORNL Test Data: 0.39 Kw/ft, 1170 Psia.
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Figure H.26. Comparison Between RELAP5 Prediction 
and ORNL Test Data: 0.19 Kwlft, 1120 Psia.
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Figure H.27. Comparison Between RELAP5 Prediction 
and ORNL Test Data: 0.08 Kw/ft, 1090 Psia.
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'igure H.28. Comparison Between RELAP5 Prediction 
and ORNL Test Data: 0.68 Kwft, 650 Psia.
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Figure H.29. Comparison Between RELAP5 Prediction 
and ORNL Test Data: 0.33 Kw/ft, 610 Psia.
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Figure H.30. Comparison Between RELAP5 Prediction 
and ORNL Test Data: 0.10 Kwlft, 580 Psia.
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Figure H.31. Comparison Between RELAPS Prediction 
and ORNL Test Data: 0.66 Kw/ft, 1090 Psia.
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Figure H.32. Comparison Between RELAP5 Prediction 
and ORNL Test Data: 0.31 Kw/ft, 1010 Psia.
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APPENDIX I

BWUMV CRITICAL HEAT FLUX CORRELATION 

Note: This appendix was originally added in 
its entirety in Revision 2 of BAW-10164, 
August, 1992.
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BWNT has developed the BWUMV (B&W Universal - Mixing Vane) CHF 
correlation for use in SBLOCA analysis. The correlation was 
generated using the NRC-approved methods in the BWCMV topical 139 
report, BAW-10159. BWUMV is based on the BWCMV database 
extended to encompass additional data in the mid-flow regime.  
The correlation is for use with mixing grids.  

A brief explanation of the CHF experiments conducted to measure 
BWUMV data are presented in section I.1, data reduction and 
derivation of the correlation in section 1.2, and conclusions in 
section 1.3.  

1,1. Critical Heat Flux Tests 

BWUIV is based on published Westinghouse-sponsored CHF 
experimental data from the Columbia University Heat Transfer 
Research Facility (HTRF) with supplemental data from tests at the 
same facility sponsored by Nuclear Fuel Industries (NFI) of 
Japan. A description of this facility is-provided in Reference 
140. The Columbia University Heat Transfer Research Facility 
data (as given in Reference 140) has been used as the basis of 
other correlations in the past.  

In the HTRF- tests, the first indication of departure from 
nucleate boiling (DNB) was used as the one experimentally noted.  
This practice has been previously found acceptable and 
conservative by the NRC staff.  

Most of the data used to develop BWUMV was previously used to 
develop BWCMV. The BWCMV database consisted of 70 tests 
performed for Westinghouse and 4 tests performed for NFI. From 
the Westinghouse sets only 22 tests (included mixing vane grid 
cores) qualified for this correlation. All the NFl tests 
qualified, yielding a total of 26 sets of tests with nearly 1,500 
data points. They included six axial flux shapes, three heated 
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K_> lengths, six grid spacings, six hydraulic diameters, three 

different grid designs, and both unit and guide tube geometries.  

For the local thermal-hydraulic conditions, pressure ranged from 

1500 to 2400 psia, mass velocity from 1.0 to 3.5 million 

Ibm/hr/ft2 , and CHF hydrodynamic qualities from -22 to +22 

percent. This extensive database fully covers PWR operating 

ranges for both local and bundle (global) conditions. Further 

information on the development of BWCMV may be found in Reference 

140.  

BWUMV used all the BWCMV data plus mid-flow regime data from 

three additional Westinghouse tests; 

1.2. Derivation of correlation 

Because phenomenological models of CHF are not yet sufficiently 

accurate for most geometries, CHF is measured empirically using 

experimental facilities approximating reactor geometries. From 

these experimental measurements, a CHF correlation is derived; 

this correlation is an empirical regression of the experiments' 

independent variables. Four steps were used in the derivation of 

BWUMV: 

1. A form of the correlation was chosen that accurately 

described the CHF data. The database used to derive 

BWUMV included a wide variety of bundle geometries, 

tested over a range of conditions (pressure, flow 

rates, and temperatures) which represent reactor 

conditions.  

2. The level or magnitude of each independent variable for 

each run of the database was established. Independent 

variables were classified in two categories: local 

thermo-hydraulic conditions (such as velocity and 

quality) and bundle global conditions (such as heated 
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length and grid position). While global conditions 
were known, local conditions were calculated based on 
measured bundle values of flow, power, and system 
pressure. This was accomplished using the LYNX2 
thermal-hydraulic computer code (Reference 141).  

3. The correlation was developed; this included sorting of 
data by flow regime and optimization of the correlation 
coefficients. BWUMV coefficients were derived by 
sequential optimization, and verified using the final 
database.  

4. Since BWUMV is an empirical correlation, there is a 
finite uncertainty associated with it. This uncertainty 
was quantified in a departure from nucleate boiling 
ratio (DNBR) design limit, consistent with the 
specified acceptable fuel design limit of Standard 
Review Plan 4.4 (NUREG 0800). DNBR is defined as: 

DNBR = calculated CHF at a given location 
qI actual actual heat flux at that location 

A DXBR value of 1.0 implies transition to film boiling 
at that location. The higher the. DNBR, the .greater the 
margin to film boiling. Calculation of a DNBR value 
greater than this design limit provides assurance that 
there is at least a 95% probability at the 95% 
confidence level that a departure from nucleate boiling 
will not occur (95/95 design limit). As the final step 
in the derivation of the correlation, the 95/95 design 
limit was calculated and used to verify that the 
correlation describes CHF accurately and without bias.  
Verification included visual and numerical checks for 
bias with respect to all the independent variables.  
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1.2.1. Correlation Form

The critical heat flux was assumed to depend on three parameters: 

SI = exp[P / (1000*Clp)], 

*2 = G/ (10 6 *CI.MF), and 

x3 = Xeth.  

where P is the system pressure in Pa, G is the mass flux in 

kg/s/l 2 , Xeth is the quality at CHF, and Clp and CIF, are the t 

English-to-metric conversion factors for pressure and mass flux, 

respectively.  

142 
Based on the work of Farnsworth1, a general polynomial 

form was assumed

2 2 
CR- + a X +ax ax + aa x + aax + a X 

22 33 41 633 

a 7 xIx 2 +a 8 x 1 x 3 +a 3 a 10x I+a 

- Revised NEqation 1-I. shown on 

3 x1 x 2 X3 ) / F Page 5-260 per SER instruction 
On Table 2 (page 5-364).  

where FLS is the bundle specific multiplier used in BWCMV and is 

.defined by 

I'LZ C ei ef3i e Q L 2  9- 5 I
1 2 3 -4- -5 ,

Revised Equation X-2 shown on page 5-261 per SER instruction on t 

Table 2 (page 5-364).  

in which L = heated length, 

S = spacer grid spacing, and 

Ci = empirically determined coefficients.  
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V is the non-uniform (Tong) factor which is set equal to one in \) 
the RELAP5/MOD2-B&W implementation of BWUMV.  

From the BWCMV correlation1 3 9 , the empirical coefficients are: 

b,c,d,,e 

1.2.2. Subchannel Analysis 

Data reduction was required for the three Westinghouse tests 
which were not used in BWCMV. The experimental conditions for 
each of the tests (tests number 121, 160, and 164) are given in 140 
Table I.1. Local conditions in each assembly subchannel were 

calculated using the thermo-hydraulic code LYNX2.141 LYNX2 
applies conservation relations at successive axial increments 
beginning at the channel inlet; downstream increments are 
considered singly and successively up to the channel exit. The 
conservation relations used include crossflow between adjacent 
subchannels. LYNX2 iterates over each axial increment until the 
differences between current and previous diversion crossflows 
meet a set convergence criteria. Within each iteration the code 
solves the conservation and crossflow relations of each 
subchannel and crossflow boundary.  

For the three supplemental tests analyzed, one-eighth of the 
bundle was analyzed. Westinghouse Test 121 was performed on a 
4x4 assembly and was divided into six subchannels as shown in 
Figure 1.1. Westinghouse Tests 160 and 164 were performed with 
Sx5 assemblies and were divided into six subchannels as shown in 
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Figure 1.2. The dimensions and parameters associated with each 

assembly are provided in Table 1.2.  

Based on the axial and radial heat profiles and input of bundle 

pressure, flow, power, and inlet temperature for each point, 

local conditions were determined for each assembly as given in 

Table 1.3.  

1.2.3 Data Sorting and Coefficient Optimization 

When the data points contained in Table 1.3 are added to the data 

points in Reference 139, there are 1527 data points. These data 

points were used to obtain the coefficients a0 through a 1 3 in 

Equation I-i using the methods given in Reference 141. The data 

points cover the following ranges:

Quality 
Mass Flux (mlbm/hr-ft 2) 

Pressure (psia)

-0.2160 to 0.6653 
0.405 to 3.871 

745 to 2455

The following coefficients were determined: 

b,c,d,e 

T.2.4. Calculation of Desian Limit and Verification

The statistical distribution of the mixing vane CHF data is shown 

in Figure 1.3. Four data points were found to have measured-to-
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predicted ratios which exceeded three standard" deviations and 
were rejected from the database. The statistics of the remaining 
1523 data points were: 

Number of data 1523 
Mean 1.0018 
Standard Deviation 0.1016 
Coefficient of Variation 0.1014 

The 95/95 departure from nucleate boiling (DNP) design limit was 
calculated as 1.22.  

Figures 1.4, 1.5, and 1.6 show the measured-to-predicted ratios 
using BWUMV plotted against quality, pressure, and mass velocity, 
respectively. These figures show no bias of the correlation with 
respect to the independent variables.  

1.3. conclusions 

A new wide-range critical heat flux correlation has been 
developed based on 70 Westinghouse-sponsored and 4 NFI-sponsored 
mixing vane-type assembly experiments performed at the Columbia 
University Heat Transfer Test. Facility. The new correlation, 
called BWUMV, has been demonstrated to have a favorable 
statistical distribution and to be unbiased relative to quality, 
pressure, and mass velocity. Based on the data used, BWUMV is 
applicable to CHF calculations of mixing vane rod assemblies for 
pressures and flow rates at or above 750 psia, and greater than 
4.•Oxl0 5 Ibm/hr-ft 2 , respectively.  
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Table I.1. Geometry of Westinghouse Bundles 121, 160, and 164.  

Bundle Number 

121 160 164 

Total Number of Rods 16 25 25 

Number of Heated Rods 16 25 25 

Rod Pitch (inches) 0.555 0.496 0.496 

Rod Diameter (inches) 0.422 0.374 0.374 

Heated Length (inches) 96.0 96.0 168.0 

Rod-to-Wall Gap (inches) 0.153 0.100 0.100 

Flow Area (square inches) 3.489 3.796 3.796

K-A
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Table 1.2. Local Condition Analysis: Subchannel Parameters.

Subchannel No.  

1 2 3 4 5 6 

Test No. 121 

Subchannel Type Corner Wall Unit Wall Unit Unit 

Flow Area (sq. in.) 0.04877 0.13209 0.08408 0.06605 0.08408 0.02102 

Wetted Perimeter (in.) 0.52970 1.21788 0.66288 0.60894 0.66288 0.16572 

Heated Perimeter (in.) 0.16572 0.66288 0.66288 0.33144 0.66288 0.16572 

Test No. 160 

Subchannel Type Corner Wall Unit Wall Unit Unit 

Flow Area (sq. in.) 0.02745 0.08742 0.06808 0.08742 0.13616 0.06808 

Wetted Perimeter (in.) 0.43387 1.08347 0.58748 1.08347 1.17495 0.58748 

Heated Perimeter (in.) 0.14687 0.58748 0.58748 0.58748 1.17495 0.58748 

Test No. 164 

Subchannel Type Corner Wall Unit . Wall= Unit Unit 

Flow Area (sq. in.) 0.02745 0.08742 0.06808 0.08742 0.13616 0.06808 

Wetted Perimeter (in.) 0.43387 1.08347 0.58748 1.'08347 1.17495 0.58748 

Heated Perimeter (in.) 0.14687 0.58748 0.58748 0.58748 1.17495 0.58748 
_~. -1 o
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Calculated Local Condition Values.

Point Pressure Mass Flux Heat Flux Quality 

psia ibm/hr/ft
2 btu/hr/ft

2 

Test 121 ... ..  

430 2015 405308 ... 370043 0.2556 

431 2015 721925 461763 0.0969 

432 2015 704141 521065 0.0664 

_ 433 2015 _916371 521065 "0.0664 

Test 160 ._...... .. _.  

786 2115 527956 287300 0.3641 

787 2385 531861 282880 0.3157 

788 1805 541406 311610 0.3265 

789 1515 519832 373490 0.5620 

Duplicate. ... .. I... ___....____ 3739493 3.e Z3 - t 

790 2115 532879 335920 0.3127 

791 2405 519639 329290 0.2604 

792 1800 531920 370175 0.4239 

793 1815 516979 397800 0.4586 

794 2075 508498 349180 0.3110 

Test 164 

2055 1000 2554047 601121 0.2000 

2056 1000 3018628 682772 0.1931 

2057 1000 1588414 363385 0.3162 

2058 1000 2035850 647578 0.2044 

2059 1005 2518548 709520 0.1634 

2060 1005 3030165 751754 0.1683 

Duplicate. 2 (""() ±005 30502i4 _______ 0.!986 t 

2061 1005 1103392 348591 0,4161 

2062 1010 1575738 404069 0.3199, 

2063 760 1879028 372631 0.3371 

2064 760 2634649 444754 0.2812 

2065 765 3096974 713744 0.2090
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Table 1.3 (continued). Calculated Local Condition Values.  

Point .Pressure Mass Flux Heat Flux Quality 

Spsia Ibm/hr/ft 2 . btu/hr/ft 2 

Test 164 (continued ) 
_ _ _ _ __________ 

Duplicate 2865  7_5 46e794 

2066 755 1617322 374481 0.3567 

2067 750 2115662 392049' 6.33122 

2068 750 1627688 338420 0.3935 

2069 745 1026514 327324 0.4569 

2070 750 1049376 347666 0.4291 

2071 1005 2120543 578597, 0.2326 

2072 995 1044837 307906 0.4731 

2073 1005 558151 281092 0.6404 

2074 1000 547973 239483 0.5657 

2075 760 538561 378692 0.4393 

_ 2076 755 545706 232086 0.6060
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Figure I.1. subchannel Model for Westinghouse Test 121.

Figure 1.2. Subchannel Model for Westinghouse Test 160 and 164.  
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FIGURE 1.3. FREQUENCY DISTRIBUTION OF MIXING 
VANE CHF DATA.
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FIGURE 1.4. MEASURED-TO-PREDICTED RATIOS OF 
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FIGURE 1.5. MEASURED-TO-PREDICTED RATIOS OF 

BWUMV DATA: PRESSURE.

FIGURE 1.6. MEASURED-TO-PREDICTED RATIOS OF 

BWUMV DATA: MASS FLUX.
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APPENDIX J

SBLOCA EM BENCHMARK 

Note: This appendix was originally added in 
its entirety in Revision 2 of BAW-10164, 
August 1992.
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Test SB-CL-18 was one of the SBLOCA experiments conducted in the 

ROSA-IV Large Scale Test Facility (LSTF) in 1988. This test was 

selected for International Standard Problem 26 (ISP-26) for 

benchmarking various system computer codes including RELAPS/MOD2 
by participating organizations. BWNT also selected this test for 
benchmarking BWNT's version of RELAPS/HOD2 because it provides 
the various modes of a small break LOCA transient, from an 
initial system depressurization followed by pump coastdown and 
loss of two-phase circulation, reflux boiling, loop seal clearing 
and core level depression, core boiloff, and finally to 
accumulator injection and core recovering. This test simulates 
the break area equivalent to 5 percent of the cross sectional 
area of the pump discharge pipe with no pumped ECC injection.  

The RELAPS model for the ISP-26 program was obtained from EG&G.  

The model was verified against the system design data provided in 
Reference 142, and subsequently modified to implement the BWNT 
SBLOCA EM technology. The BWNT version of RELAP5/MOD2 was 
benchmarked with the revised model (BAW-10168, Revision 2) to 
demonstrate the analytical capability of the code in predicting 
the various modes of a SBLOCA transient. The following sections 
present a description of the ROSA-IV LSTF test facility, test 
conditions and calculational model, and a summary of results of 
the benchmark.  

Test Facility 

ROSA-IV LSTF, as shown in Figure J.l, is a scaled model 
representation of a Westinghouse 4-loop PWR plant, with a fluid 
volume scaling ratio of 1 to 48. The 1 to 1 elevation scaling of 
the system is preserved because it has a first-order effect on 

SBLOCA transients. The core is simulated by 1064 electrically 

heated rods. A comparison of major design parameters of the LSTF 
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K> with the PWR is presented in Table J.1. The ROSA-IV system 

consists of a pressure vessel with two symmetrical loops, each 

representing two loops of the PWR plant. The pressurizer is 

connected to the intact loop. A brief description of the major 

components is provided below.  

Pressure vessel: 

The pressure vessel consists of an annular downcomer, lower 

plenum, simulated core with 16-7x7 bundles and 8 semi-crescent 

bundles on the periphery, and simulated upper plenum and upper 

head with 8 control rod guide tubes and 10 upper core support 

columns. Eight 3.4 mm holes are provided in the top flange of 

the core support barrel to simulate the downcomer-to-upper head 

bypass flow. An external pipe (1 inch, schedule 160) is used to 

connect the hot leg pipe to the upper downcomer for simulating 

hot leg nozzle leakage.  

The core consists of 1064 electrically heated rods (9.5 mm OD) 

and 104 unheated rods (12.2 mm OD) with 9 spacer grids. The 

active heated length is 3660 mm (i2 feet). The axial power 

distribution is a cosine profile with a 1.5 peak at the midplane.  

Steam generator: 

The primary side of the steam generator consists of inlet and 

outlet plenums, tube sheet, and 141 inverted U-tubes (1/48 of the 

PWR) with an inside diameter of 19.6 mm and a wall thickness of 

2.9 mm. There are 9 groups of tubes with various lengths, and 

the average length is 19.7 m. In the secondary side, feedwater 

enters at the bottom of the boiler section, and two steam 

separators above the boiler section are used for moisture 

separation. The major components outside the steam generator 

vessel are main and auxiliary feedwater pumps and associated 
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piping, steam line and steam isolation valves,. and steam 
condensation system.  

Pressurizer: 
The pressurizer is a 600 mm ID x 4200 mm height cylindrical 
vessel with a fluid volume of about 1/48 of the PWR. The 
pressurizer vessel is connected to the intact loop hot leg pipe 
by a surgeline (3 inch, schedule 160 pipe). The PORV and safety 
valves, heater, and spray system were installed to simulate those 
of the PWR, but they werenot activated during the test.  

Primary Coolant Pump: 

The primary coolant pump is a canned-type centrifugal design.  
The impeller, casing, and suction and discharge configuration are 
similar to those of the PWR pump. The pump homologous head and 
torque curves are presented in Figures 5*.2.43 and 5.2.44 of 
'Reference 141.  

Primary Coolant Pipe: 

The primary loop is a 2x2 equal loop arrangement. Both the hot 
leg and cold leg pump discharge pipes have an inside diameter of 
207 mm, and the inside diameter of the pump suction pipe is 168 

Emergency Core Cooling System: 

The ECCS consists of CCI, HPI, RHR and accumulator injection.  
The pumped ECCS was not activated in this test. The accumulator 

:3 tank has a volume of 4.8 m which is 50 percent larger than the 
scaled volume of 4 accumulator tanks in the. PWR plant. The 
Initial pressure of the cover gas was set at 4.51 MPa (654 psi) 
consistent with the value used in a PWR plant. There are two 
accumulator tanks, one each connected via a surgeline (4 inch, 
schedule 80 pipe) to the pump discharge piping.  
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SModel Descritlion 

The ROSA RELAP5 base model was originally developed by EG&G for 

the ISP-26 program. The model, shown in Figures J.2 and J.3, 

consists of 166 hydrodynamic volumes, 174 junctions, and 166 heat 

structures. Volume and junction parameters are calculated with 

non-equilibrium and non-homogeneous models. Steam generator 

secondaries, ECC injection, and system environmental heat losses 

are modelled in detail. The core axial power profile is modelled 

with six stacked heat structures over six 610 mm long axial fluid 

volumes. The upper head region is nodalized to allow for 

junctions to be connected at the elevations of the top of the 

control rod guide tube and at the elevation of the holes in the 

guide tube below the upper core support plate. This model was 

verified against the design data provided in Reference J-1.  

For this benchmark the EG&G model was revised to implement the 

provision of the BWNT SBLOCA calculation model to be proposed in 

K>j. revision 2 of BAW-10168 (The BWNT SBLOCA evaluation model was 

under revision at the time of this benchmark. The planned 

release date for the evaluation model was about a month after the 

release of BAW-10164, Revision 2). Alterations were primarily in 

primary system nodalization in selected regions. The required 

changes are discussed below, and the resulting EM nodalization is 

presented in Figures a.4 and J.5.  

The downcomer, component 108, is reduced from 9 to 6 volumes.  

Volume 1 of component 108 extends from the top of the original 

volume to the elevation corresponding to the top of the core.  

Volumes 2, 3, and 4 extend from the top of the core to the bottom 

of the core, similar to the core baffle region nodalization in a 

PWR plant model. Volumes 5 and 6 are made equal to the volume 

lengths of the lower plenum volumes, 120 and 116, respectively.  

The upper downcbmer volumes, 100 and 104.remain unchanged.  
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The core, component 124, is increased from 6 to 20 volumes, and 
the original core heat structure is divided into two heat 
structure groups, one representing. 360 high power rods and the 
other 704 low power rods. Each heat structure is divided into 20 
stacked heat structures, with axial length equal to the 
corresponding fluid volume lengths. The core is divided into 20 
unequal axial lengths such that each grid is located at the node 
boundary, and. the axial power distribution is modified 
accordingly. No separate fluid channel is modelled for the high 
power heat structure because the core ;fluid temperature 
measurements indicate good mixing between the high power and low 
power bundles.  

The upper plenum region, components 128, 132 and 136 in the 
original model, is increased from 3 to 6 volumes, and the heat 
structure is redistributed in-accordance with the volume length.  

The steam generator inlet nozzles (components 208-2 and 408-2) 
are 50 degrees inclined from horizontal (typical of the PWR 
design). In order to utilize the horizontal flow stratification 
model, these components are changed from the 50 degree vertical* 
orientation to a 14 degree horizontal orientation to provide 
adequate draining of water from the steam generator inlet plenum 
through the hot leg to the pressure vessel.  

The two volume nodalization in the steam generator plenum region 
in the original model is maintained instead of one volume in the 
plant model, because the LSTF plenum volume is oversized (1/24 of 
a PWR). The steam generator tubesheet is combined with the upper 
volume of the plenum region on both inlet and outlet sides. In 
order to simulate the differential draining of fluid in the steam 
generator tubes observed in the experiment, the steam generator 
tube volume is divided into two parallel channels, one 
representing 78 short tubes (types 1 through 4 in Figure 5.3.4b 
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K>• of Reference 142), and the other 63 long tubes (types 5 through 9 

in Figure 5.3.4b of Reference 142). Each channel contains 16 

volumes, eight volumes each on the upflow and downflow sides.  

The tube heat structures are revised in accordance with the 

corresponding fluid volume lengths.  

The pump suction piping is increased from 9 to 10 volumes (6 for 

the downflow and 4 for the upflow). The noding changes are 

primarily in the downflow side (components 232 and 432 for broken 

and intact loops respectively) including horizontal section of 

the U-bend to improve spatial representation that affects fluid 

conditions and timing of the pump suction seal clearing. Volume 

I represents the steam generator outlet nozzle (40 degree bend), 

and volumes 2 through 5 represent the vertical section of the 

downflow side with the bottom volume substantially smaller than 

the. others. Volume 6 models the horizontal section of the U

bend. The upflow side (components 236 and 436 for broken and 

intact loops respectively) is represented by 4 volumes similar to 

the original model. Heat structures are redistributed 

accordingly.  

The intact loop pump discharge piping is- increased from 3 to 4 

volumes, and the heat structure is revised accordingly.  

The pressurizer surgeline volume is reduced from 3 Volumes to 1 

volume.. The elevation change from the pressurizer outlet to the 

hot leg is conserved.  

The revised model consists of 223 volumes, 233 junctions, and 280 

heat structures. Volume and junction parameters are calculated 

with non-equilibrium and non-homogeneous models similar to the 

base model except for the core region where equilibrium modeling 

is used. In addition, the Wilson drag model is applied to 

vertical volumes in the pressure vessel and primary loops* 
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Counter current flow limiting (CCFL) is applied to the junctions 
at the steam generator plenum and tube inlets.- The Wallis 
correlation from Reference 145 is used in the steam generator 
tube inlet junction, and the CCFL correlation based on the UPTF 
data from- Reference 146 is used in the steam generator plenum 
inlet junction. The results of the CCFL calculation will be 
discussed later. The SBLOCA EX heat transfer model is used for 
the core heat, transfer calculation. This model uses the BWUMV 
CHF correlation to calculate DNB, and permits return to nucleate 
boiling when .rewetting is calculated during the post-DNB'period.  

A discharge coefficient of 1.1 is used for subcooled flow and 
two-phase flow up to 70 percent void fraction, and the two-phase 
coefficient is reduced to 0.77 for void fraction greater than 70 
percent. These relative values were used to match a measured 
flow,- and are consistent with -the relationship of discharge 
coefficients with respect to void fraction discussed in Volume 2 
Section 4.3.2.3 of BAW-10168, Revision 2.  

Results-of the Benchmark 

The steady-state initial conditions for the benchmark are 
presented along with the test conditions in Table J.2. To t 
demonstrate model stability relative to time advancement, the EM 
model. was run with a time step advancement of .0.05 seconds (base 
case) and with a reduced time step of 0.005 seconds. Figures 6 
through 10 show the results of the time step study, and confirm 
that the reduced time step advancement does not change the 
results. A comparison of the results of the base case 
(RELAP5/MOD2 EM) with the experimental data identified with 
instrumentation tag names listed in Reference 142 is presented in 
Table J.3 and Figures J.11 through J.36 below.  

The calculated sequence of major events are presented along with 
the test data in Table X.3. Due to a facility power limitation, 
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K the initial core power is only 14 percent of the scaled PWR 

power. To compensate for the power deficiency during the early 

phase of the transient, the initial core power was maintained for 

approximately 38 seconds after the reactor scram (8.3 seconds) 

until it matched the decay power rate based on the initial core 

power equivalent to the scaled PWR power. Thereafter, the power 

was reduced in accordance with the decay power curve. The 

calculation was forced to model this simulation.  

The transient was initiated at time zero by opening the leak, and 

thereby causing a flow of subcooled fluid out the break, 

resulting in a rapid system depressurization followed by pump 

coastdown and loss of two-phase circulation. Then, the system 

enters the refluxe cooling mode until clearing of the pump 

suction seals. The loop seal clearing was accompanied by changes 

in discharge flow characteristics and system depressurization.  

Reflux cooling was lost as the primary system depressurized 

rapidly below the secondary side pressure. Figures J.ll, J.12 

and J.13 show the leak flow rate, the primary system pressure 

response, and pressurizer liquid level, respectively. The 

figures show that the predictions are in good agreement with the 

experimental results. The secondary system pressure responses 

are presented in Figures J.14 and J.15. These figures also 

demonstrate good agreement between the calculations and the 

experimental results. The pressure perturbation durinig the early 

phase of the transient is caused by actuation of relief valves.  

The differential pressures for the pump suction downflow and 

upflow sides in Figures J.16 through J.19 show good agreement in 

loop seal responses between the calculations and the experimental 

results. The calculations show that the broken loop seal cleared 

slightly ahead of the intact loop seal because of its proximity 

to the leak. But the experimental data seemed to indicate that 

the both loop seals cleared almost simultaneously. The predicted 
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time of loop seal clearing is about 16 seconds 'later than the K> 
experiment due to under-prediction of the" leak flow. Note that 
the measured initial differential pressure in the downflow side 
is approximately 5 KPa higher than that of the calculations.  
This could be caused by the lower tap instrumentation pipe, for 
the differential pressure measurement (DPE070/DPE210 in Figure 
6.11c of Reference 142), extending• below the bottom of the 
horizontal pipe in the pump suction U-bend. This would be 
sufficient to produce the additional required static head; but no 
detailed instrumentation, design information is available to 
confirm the hypothesis.  

Figures J.20 and J.21 show differential pressures in the core and 
downcomer, respectively. The system' hydrostatic head balance 
caused the first core depression during clearing of the pump 
suction seals. Because of liquid holdup in the steam generator 
upflow sides, the core level decreased below the level 
corresponding to the bottom of the pump suction pipe (1.86 m 
above the bottom of the core). Prior to clearing of the pump 
suction seals, the remaining fluid in the primary system for core 
cooling was centered in the pressure vessel and steam generator 
upflow sides. Following loop seal clearing, the core was 
reflooded from the bottom by downcomer fluid and from the top by 
draining of the steam generator upflow side fluid. The second 
core depression was predicted at 320 seconds, appr6ximately 80 
seconds earlier than the experiment.  

Since both the experiment and calculation have the same core 
level depression and downcomer level at their respective time of 
loop seal' clearing (140 seconds for the experiment and 156 
seconds for the calculation), and the bottom flooding was not 
sufficient to match core boil-off, the second core'depression was 
greatly influenced by the top flooding. Figures 7.22 through 
J.25 show differential pressures in the steam generator plenums 
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K.>J and tubes for the upflow side. These plots show the differential 

pressure in the inlet plenum for the experiment is greater than 

that for the calculation, and vice-a-versa for the tubes as a 

result of the system hydrostatic balance. The cross-sectional 

area of the inlet plenum is approximately four times larger than 

that of the tubes. Thus, water in the inlet plenums. became a 

major source of coolant for the top flooding. Furthermore, 

Figures J.22 and J.23, and the differential pressure in the 

vessel upper plenum in Figure J.26 also show a prolong draining 

period in the experiment that resulted in delaying the second 

core depression for approximately 80 seconds.- Because the 

calculated second core depression occurred earlier, and 

continuous core depression reduced steam generation, this 

resulted in a faster system depressurization between 350 and 420 

seconds as shown in Figure J.12.  

Figures J.27 and J.28 show the differential pressures in the 

steam generator long and short tube groups for the downflow 

K> sides. The downflow side drained faster than the upflow side 

following pump coastdown. Figures J.29 and J.30 show the 

accumulator flow rates. As a result of the larger 

depressurization rate calculated during the second core 

depression (discussed above), the accumulator pressure set point 

was reached earlier in the calculation than in the experiment.  

The calculated flow rate is conservatively less than that of the 

experiment. The increase in accumulator flow after 500 seconds 

for both the calculation and experiment is caused by a faster 

system depressurization following quenching of the upper core 

that reduced steam production.  

The temperature responses for various thermocouple locations are 

presented in Figures J.31 through J.36. Two major core liquid 

level depressions cause core heater rod temperature excursions.  

The first of these depressions occurs as a result of loop seal 
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clearing. Depletion of the core inventory occurs rapidly with 
water remaining in the steam generator inlet plenum and tubes.  
That leads to a highly voided core region but not to complete 
voiding. The retained water prevents superheating within the 
RELAP control. volumes resulting in an underprediction of both 
vapor and cladding temperatures. Although observable as 
potentially nonconservative, the underprediction Of cladding 
temperatures at loop seal clearing is not of significant 
consequence. This phase of SBLOCA has been studied in numerous 
experiments and consistently found to be of short duration and 
limited temperature excursion. The more important aspect of core 
liquid depletion during loop seal clearing, is that the inventory 
during and after the excursion provides the initial liquid 
inventory for the core boildown phase. Because cladding 
temperature excursions can only occur at relatively high void 
fractions, approximately 0.95 or greater, the fact that 
excursions were calculated demonstrates that the core inventory 
during and after loop seal clearing was reasonably well K> 
predicted. This is further evidenced by the timing of the second 
temperature excursion.  

The second temperature excursion occurred during the core 
boildown phase. Because this excursion is not limited in 
duration or extent and is highly dependent on ECCS design and 
capacity, it is appropriate and significant that the cladding 
temperature and other controlling parameters be conservatively 
predicted. Although 'the temperatures during the experiment were 
not significant relative to LOCA acceptance criteria, it is 
evident that the modelling successfully and conservatively 
established conditions under which the cladding temperature was 
overpredicted. The heatup period was longer and the temperature 
excursion higher than the experiment; thereby, confirming the 
conservatism of the modelling.  
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-The CCFL model was applied to junctions at the steam generator 

plenum and tube inlets. Figures J.37 through J.39 show the 

calculated values of Jf , J* , and the Wallis constant, C, 

respectively, at the broken loop steam generator tube inlet.  

Figures U.40 through J.42 show the CCFL parameters at the broken 

loop steam generator plenum inlet. In Figures J.39 and J.42, the 

value for C is set to zero when the flow is co-current. When the 

flow is counter current, the maximum value for the liquid 

ownfow s liite bythe CCFL correlation.  

Ldo~low s lmite by b,c,dre b 
From these figures it can b 

*observed that, during the counter current flow period, the RELAP5 

calculated flow satisfies the CCFL correlation. In Figure U.39, 

the calculated constant C exceeds the input value only when the 

liquid velocity is near zero. Figure J.37 also shows that, from 

100 to 140 seconds, the flow in the short tube is co-current and 

the flow in the long tube is counter current.  

Conglusion~s 

RELAP5/MOD2-B&W calculated the major events of the ROSA-IV SB-CL

18 experiment; blowdown, two-phase natural circulation, reflux 

boiling and liquid holdup, pump suction seal clearing, core 

liquid level depression, and accumulator injection and core 

recovery in the proper sequence. The benchmark calculated the 

overall system responses in good agreement with the experimental 

data. The code also conservatively predicted heater rod surface 

temperature during the boil-off phase of the transient.  

The SBLOCA EM features and nodalization described in Volume 2 of 

BAW-10168, Revision 2 are sufficient to meet the calculational 

needs for the benchmark analysis. The results of the analysis 

demonstrate that the BWHT version of RELAP5/14OD2 can adequately 

predict system thermal-hydraulic responses during SBLOCA.  
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Table J.l. Major Design Parameters of LSTF and PWR. ) 

Pressure, MPa 16 16 1 

Hot Leg Temp, K 598 598 1 

Cold Leg Temp, K 562 562 1 

No. of Fuel Rods 1064 50952 48 

Core Height, m 3.66 3.66 1 
* * 

Core Power, MW 10 3423 NA 
3 Fluid Volume, m. 7.23 347 48 

Power/Volume, MW/mr 1.4 9." NA 

Core Inlet Flow, Kg/s 48.8 16700 NA 

Downcomer Width, m 0.053 0.26 4.91 

Hot Leg Pipe ID, m 0.207 0.737 3.56 

No. of Loops 2 4 2 

No. of Tubes/SG 141 3382 24 

Ave Length of Tubes, m 19.7 20.2' 1 

CL PS Pipe ID, m 0.168 0.787 4.69 

CL PD Pipe ID, m 0.207 0.699 3.37 

Acc Pressure, MPa 4.51 4.24 1 

* Initial core power is limited to 14 percent of the scaled 
PWR power. To compensate for the power deficiency during.  
the early phase of the transient, the initial core power" 
was maintained for 47 seconds before power reduction in 
accordance with the decay power curve.  
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Table U.2. Initial Test Conditions.

items 

Pressurizer Pressure, MPa 

Hot Leg Fluid Temp. K 

cold Leg Fluid Temp. K 

Core Power, MW 

Core Inlet Flow, Kg/s 

Pressurizer Water Level, m 

Primary Coolant Pump Speed (IL/BL) 
RPM 

SG Secondary side Pressure, MPa 

Steam Flow, Kg/s 

SG Secondary Side Level, m

Test143

15.5 

599 

563 

10 

48.7 

2.7 

769/796 

7.3 

2.7 

10.8

J-15

TRELAPk 

15.5 

600 

564 

10 

48.2 

2.7 

828/828 

7.3 

2.8 

9.0 
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K)J

Event

Table J.3. Sequence of Events.

Tfm� �

143 
Test.

Break Initiation 

Reactor Scram 

ESFAS Signal 

Main Steam Line Isolation 

Main Feedwater Isolation 

Pressurizer Empty 

Loss of Two.-Phase Circulation 

Loop Seal Clearing 

Accumulator injection 

Core Recovered

J-16

0.0 

9.0 

12.0 

14.0 

16.0 

25.0 

75.0 

140.0 

455.0 

540.0

RELIAP

0.0 

8.3 

12.6 

14.0 

16.0 

60.0 

107.0 

156.0 

430.0 

560.0

K>
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Figure I. RoSA Large Scale Test Facility Configuration.  
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FIGURE J.2. ROSA NODING DIAGRAM FOR PRESSURE VESSEL
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FIGURE J.4. ROSA SBLOCA EM NODING DIAGRAM FOR PRESSURE VESSEL
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FIGURE J.5. ROSA SBLOCA EM NODING DIAGRAM FOR PRIMARY LOOPS.  
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FIGURE J.6. LEAK FLOW RATE.
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FIGURE J.8. CORE DIFFERENTIAL PRESSURE.

500200 
TTIF, S
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FIGURE J.i0. BROKEN LOOP PUMP SUCTION SEAL DOWNFLOW DIFFERENTIAL PRESSURE>,-.)
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FIGUREJ.11. LEAK FLOW RATE.
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FIGURE J.12. PRIMARY SYSTEM PRESSURE.
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FIGURE J.1 4. INTACT LOOP STEAM GENERATOR PRESSURE.
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FIGURE J.15. BROKEN LOOP STEAM GENERATOR PRESSURE.

200 400 660
6 5

& 8o0
-nME, S 

J-26

K)j

STEST DATA(PE430 
--RELAP!/MOO2 EM

10 

9

8

7

6

5

4

3

2

1

a

0.U

0
0 1000

In

9

8-

7-1'

TEST OATA(PE450) 
--------- RELAPSIMO02 EM

6-

uF
5

4

3

2

1-

0 1000

Rev.  
8/92

2

VJ I



K. - FIGURE J.16. INTACT LOOP PUMP SUCTION SEAL DOWNFLOW DIFFERENTIAL PRESSURE.
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FIGURE J.17. INTACT LOOP PUMP SUCTION SEAL UPFLOW DIFFERENTIAL PRESSURE.
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FIGURE J.18. BROKEN LOOP PUMP SUCTION SEAL DOWNFLOW DIFFERENTtAL .PRESSURE.
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FIGURE J.19. BROKEN LOOP PUMP SUCTION SEAL UPFLOW DIFFERENTIAL PRESSURE.
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FIGURE J20. CORE- DIFFERENTIAL PRESSURE.

TIMEý S

FIGURE J.21. DOWNCOMER DIFFERENTIAL PRESSURE.
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FIGURE J.22. INTACT, LOOP STEAM GEN. INLET. PLENUM DIFFERENTIAL PRESSURE.  
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FIGURE J.23. BROKEN LOOP STEAM GEN. INLET PLENUM DIFFERENTIAL PRESSURE.  
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FIGURE J.24. INTACT LOOP STEAM GEN, TUBE UPFLOW DIFFERENTIAL PRESSURE.  
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FIGURE J.25. BROKEN LOOP STEAM GEN. TUBE UPFLOW DIFFERENTIAL PRESSURE.
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FIGURE J.26. UPPER PLENUM DIFFERENTIAL PRESSURE.
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FIGURE J.27. INTACT LOOP STEAM GEN. TUBE DOWNFLOW DIFFERENTIAL PRESSURE.
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FIGURE J.28. BROKEN LOOP STEAM GEN. TUBE DOWNFLOW D1FFERENTIAL PRESSURE.
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FIGURE J.29. INTACT LOOP ACCUMULATOR FLOW RATE.

10 

8

6 

4
U.

2 

0
1000

"iMF., S 

J-33 Rev. 2 8/92

K>

ur 

E 

uj 
'A
IL

K-, ,



FIGURE J.30. BROKEN LOOP ACCUMULATOR FLOW RATE.
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FIGURE J.32. HOT ROD SURFACE TEMPERATURE - ELEV 1.018M.  
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FIGURE J.33. HOT ROD SURFACE TEMPERATURE - ELEV 1.83 M.  
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FIGUREJ.34. HOT ROD SURFACE TEMPERATURE - ELEV 2.236 M.  
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1000

200 400 W00 800 

"-nME, S 

J-36

K)j

1000

1000 

Rev. 2 
8/92

900 

800 

700 

600

W 

u" 

U.

500 

400

x 
L6 C, 

5r.

900 

800 

700 

600 

500 

400



FIGURE J.36. HOT ROD SURFACE TEMPERATURE - ELEV 3.61 M.  
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FIGURE J.37. DIMENSIONLESS LIQUID VELOCITY AT STEAM GENERATOR TUBE INLET.  
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FIGURE J.38. DIMENSIONLESS VAPOR VELOCITY AT STEAM GENERATOR TUBE INLET.
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FIGURE J.39. WALUS CONSTANT AT STEAM GENERATOR TUBE INLET.
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FIGURE J.40. DIMENSIONLESS UQUID VELOCITY AT STEAM GEN. 'PLENUM INLET.  
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FIGURE J.41. DIMENSIONLESS VAPOR VELOCITY AT STEAM GEN. PLENUM INLET.
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FIGURE J.42. WALUS CONSTANT AT STEAM GENERATOR PLENUM INLET.  
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APPENDIX K

19-TUBE OTSG BENCHMARKS 

Note: This Appendix was originally added in 
its entirety in Revision 3 of BAW-10164, 
October, 1992.
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Various benchmarks of the RELAP5/MOD2-B&W code or models have 
been presented: in Appendices G, H, I, and J to verify the code 

formulation and implementation. They were included to support a 
variety of licensing applications in nuclear steam supply systems 
(NSSSs) with U-tube steam generators. These benchmarks 
demonstrate a general thermal-hydraulic adequacy, for both stand
alone tests and integral system tests, that is applicable to 
other NSSS designs as well. This appendix is added to include an 

additional benchmark to augment the existing calculational 

results, specifically to support licensing analyses of B&W

designed NSSSs.  

One of the unique features of the B&W-designedINSSS is the once
through steam generator (OTSG). Accurate prediction of the OTSG 
performance is required to demonstrate the adequacy of the 
methods used. This benchmark, against B&W-proprietary data for a 
19-tube OTSG, is included to show that the RELAPS/MOD2-B&W 
formulation and input modeling techniques used to model OTSGs are 

"-acceptable for the licensing applications.  

X.I. Introduction 

Babcock & Wilcox performed numerous tests on model 19-tube and 
37-tube once-through steam generators at the Alliance Research 

Center (ARC) Nuclear Steam Generator Test Facility (NSGTF). The 
objectives of these tests were to demonstrate the characteristics 
of B&MW-designed steam generators and to provide data for computer 

code development. BWNT simulated two sets of model 19-tube tests 
with RELAP51MOD2-B&W. The first set of benchmarks are to steady
state tests to show the ability of the code to predict the shell 
side nucleate boiling length at various power levels. The second 
benchmark is a comparison to a loss-of-feedwater (LOFW) flow test 
to demonstrate the ability of the code to predict boil-down and 
refill of a once-through steam generator.  
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K-> VZ.2, Facility Description 

The ARC NSGTF (Figure X-1) provided the capability of testing 

steam generators at full system pressure and temperature 

conditions using water as.the test fluid. The primary system of 

the NSGTF was a closed circuit test loop consisting of a natural 

gas-fired furnace (simulating reactor heat input to the primary 

fluid), a pressurizer, flow control valves, flow measuring 

elements, and a water conditioning system.  

The secondary system of the NSGTF was a closed circuit test loop 

consisting of steam flow control valves, steam flow measuring 

elements, feedwater heaters, back pressure control valves, a 

flash tank, circulating pumps, feedwater control valves, 

feedwater flow measuring elements, feedwater'bypass valves, and a 

water conditioning system.  

The model steam generator was a single pass, counterflow, tube 

and shell heat exchanger (Figure K-2). It consisted of 19 full

length tubes 5/8-inch in diameter spaced on a triangular pitch on 

7/8-inch centers. The tube bundle was enclosed in a hexagonal 

shell 3.935 inches across flats and was held in place by 16 tube 

support plates spaced at approximately 3-foot intervals. The 

tube support plates were drilled in a manner to simulate the 

broached pattern of a full-size tube support plate.  

Primary flow entered at the top of the steam generator, flowed 

downward through the tubes, and exited at the bottom. The 

secondary fluid was introduced via an external downcomer, entered 

the tube bundle at the bottom, boiled on the outside of the 

tubes, and exited at the top. When run in the standard once

through steam generator mode, the feedwater was raised to 

saturation by mixing it with steam from the tube region via a 

steam bleed pipe. This bleed pipe simulated the aspirator port 

in the full size prototype.  
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K.3. RELAP5/MOD2-B&W Model Description
K)

The 19-tube OTSG was represented with eleven axial control 
volumes in the primary tube region and the secondary shell region 
(Figure K-3). Similarlyi eleven heat structures simulated the 19 
inconel 600 tubes to provide primary-to-secondary heat transfer.  
The external downcomer was modeled with five axial control 

volumes that represented the piping from the steam/feedwater 
mixer region to the tube bundle inlet. Feedwater aspiration was 
provided by a single junction component that connected the tube 
bundle region to the external downcomer. Feedwater flow, 
feedwater temperature, secondary pressure, primary inlet flow, 
primary inlet temperature, and primary pressure were input as 
boundary conditions using time-dependent volume and time
dependent junction components.  

Special features, available in RELAP5/MOD2-B&W, were employed in 
the 19-tube OTSG model. First, the Becker critical heat flux 
correlation was used on the shell side of the tube heat structure 
to provide a better prediction of the dryout point in the OTSG. <2 
Second, the interphase drag in the slug and annular-mist flow 
regimes was reduced by use of the default multipliers developed 
for regions of small hydraulic diameters. This model produces 
results similar to the Wilson bubble rise model for pressures 
above 200 psia and provides a better prediction of liquid mass in 
the tube region. Finally, a linear ramp was applied to the Chen 
boiling suppression factor, Sf, such that it was reduced from the 
calculated value to zero over a void fraction of 0.99 to 1.0.  
This prevented the Chen heat transfer coefficient from becoming 
unrealistically large as thq void fraction approached 1.0 on the 

shell side of the OTSG.  

X.4. Comparison to Steady-State Boiling Length Tests 

In '1969 the Alliance Research Center performed a series of 
steady-state tests on the model 19-tube OTSG to determine the 

nucleate boiling length as a function of scaled power level. 1 5 2 
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Each test was performed with primary pressure, primary inlet 

conditions, feedwater conditions, and secondary pressure held 

constant. The nucleate boiling length (dryout location) was 

determined from primary tube and secondary'side thermocouples.  

The boundary conditions for five, 2700 MWt plant-scaled tests are 

shown in Table K.I. Using these boundary conditions, a steady

state calculation of each test was performed using RELAPS/MOD2

B&W. Also, for comparison purposes, each test was simulated with 

RELAPS/MOD2 Cycle 36.05. The calculated boiling lengths are 

compared to the measured values in Table K.2. and Figure K-4.  

The results show that the boiling lengths predicted. by 

RELAP5/MOD2-B&W are in good agreement with the data over the 

range of simulated power levels. Furthermore, the RELAP5/MOD2

B&W predictions represent a significant improvement over the base 

RELAP5/MOD2 results at power levels less than 80 percent of 

"-' scaled full power. This is primarily due to use of the Becker 

critical heat flux correlation in the RELAP5/MOD2-B&W simulation.  

That correlation, developed from heated rod bundle dryout data, 

provides a higher CHF value at reduced feedwater flow rates; 

whereas, the Biasi-Zuber CHF correlation combination used in 

RELAPS/MOD2 predicts early dryout in an OTSG as the feedwater 

flow (power level) decreases.  

K,5. Comparison to OTSG LOFW Test 

ARC performed several loss-of-feeawater tests on the 19-tube 

model OTSG. 1 5 3  One LOFW test, Run 29, performed on December 16, 

1977, was benchmarked with RELAP5/MOD2-B&W. This test was a 

loss-of-feedwater from scaled full power conditions consistent 

with a 2772 MWt plant.  

The model OTSG was initialized to full scaled power consistent 

with a 2772 MWt plant. The test was initiated by the 

simultaneous trip of the feedwater pump. and closure of the 
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feedwater isolation valve. The OTSG was allowed to boil dry.  
After the OTSG boiled dry, feedwater was turned on by starting 
the feedwater pump and by opening the feedwater isolation valve.  

An attempt was made to hold the primary inlet temperature, 
primary flow and secondary pressure constant during the test.  
Primary outlet temperature, secondary steam flow, and secondary 
steam temperature were measured andrecorded during the test.  

The RELAPS/XOD2-B&W model was initialized to the test initial 
conditions shown in Table X.3. The predicted primary and 
secondary fluid temperatures are compared in Figures K-5 and K-6, 
resp~ectively, to the measured values just, prior to test 
initiation. The, feedwater flow, primary inlet temperature, 
primary flow, and secondary pressure values that were measured
during the test were input as boundary conditions. The 
calculated steam flow and primary outlet temperature are compared 
to the measured data in Figures K-7 and K-8, respectively. The 
code predictions are in good agreement with data, indicating that .,)l 
the calculated heat transfer is similar to that observed during 
the test.  

The differences between observed and calculated results are 
primarily due to the sudden changes in heat transfer as the 
control volumes in the tube region systematically -dryout and, 
later, refill. The addition of control volumes in the boiling 
region would decrease the magnitude of the step changes, but the 
number of steps. would increase. The resulting prediction of 
primary outlet temperature would be approximately the same as the 
current prediction.  

X.6. Summary and Conclusions 

Steady-state performance tests performed on a model 19-tube OTSG 
were benchmarked with RZLAP5/MOD2-B&W and RELAPS/MOD2- Cycle 
36.05. Those benchmarks demonstrate that the BWNT slug-drag 
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model and the Becker critical heat flux correlation properly 

predict the nucleate boiling length in the OTSG over a wide range 

of power levels and transient conditions. Furthermore, 

"RELAP5/MOD2-B&W provides a significantly improved prediction of 

the nucleate boiling length than does RELAP5/MOD2 Cycle 36.05 at 

power levels less than eighty percent full power.  

In addition, a loss-of-feedwater test performed on a model 19

tube OTSG from scaled full power conditions was benchmarked with 

RELAPS/MOD2-B&W. The code calculation was in good agreement with 

the measured values of primary outlet temperature and steam flow 

during the dryout and refill phases of the test.  

Therefore, the 19-tube OTSG benchmarks serve two main purposes.  

First, they validate the OTSG application of the Becker 

correlation and the BWNT slug and annular-mist drag models.  

Secondly, they demonstrate that the methods used with 

RELAP5/MOD2-B&W properly predict the steady-state and transient 

heat transfer behavior in an OTSG. Together with the other 

benchmarks they confirm that RELAPS/MOD2-B&W is acceptable for 

multi-purpose licensing applications in NSSSs with either U-tube 

or once-through steam generators.  
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Table K.I. Model 19-Tube OTSG Conditions for Steady-State 

Boiling Length Tests.

Power 
Level 

(Percent)

Feedwater 
Temperature (F)

Feedwater 
Flow 

JIbm/hr

Prim. Iniet 
Temperature

Prim. Exit 
Temperature 
_. (F)_

b,c,d,e

Table K.2 Comparison of Predicted and Measured Boiling 
Lengths for a 19-Tube Model OTSG.

Power 
Level 

(Percent)

Boiling Length, ft.
CELeP./MOD2 C~cle 36.05

RELAP5/MOD2-B&W Test -Data4

b,c,d,e
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Table X.3. Initial Conditions for 19-Tube Model OTSG LOFW Test.  

Parameter _ odel OTSG RELAP5jMOD2-B&W 

Primary System Pressure, psia 

Primary Inlet Temperature, F 

Primary Exit Temperature, F 

Primary System Flow, lbm/hr 

Secondary System Pressure, psia b,c,d,e 

Feedwater Temperature, F 

Steam Discharge Temperature, F 

Feedwater Flow, Ibm/hr 

Heat Transfer Rate, Btu/s 

"Input values.  

"Rev. 3 
X-9 10/92

J



Figure X-1. Schematic Diagram of the Nuclear Steam Generator Test Facility.
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Figure X-2. 19-Tube Once-Through Steam Generator and Downcomer.  
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FIGURE K-3. RELAP5/MOD2-B&W MODEL OF 19-TUBE OTSG.  
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* K.' FIGURE K-4. COMPARISON OF MEASURED AND PREDICTED BOIUNG LENGTHS IN A 
MODEL 19-TUBE OTSG.
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FIGURE K-6. COMPARISON OF MEASURED AND PREDICTED INITIAL SECONDARY 
SYSTEM FLUID TEMPERATURES FOR 19-TUBE OTSG LOFW TEST.
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FIGURE K-7. COMPARISON OF MEASURED AND PREDICTED STEAM FLOW DURING 
19-TUBE OTSG LOFW TEST.
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FIGURE K-8. COMPARISON OF MEASURED AND PREDICTED PRIMARY OUTLET 
TEMPERATURES DURING 19-TUBE OTSG LOFW TEST.  
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APPENDIX L 

MIST BENCHMARK WITH RELAP5/MOD2-B&W 

Note: This Appendix was originally added in 
its entirety in Revision 3 of BAW-10164, 
October 1992.
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This appendix was added to provide an integral system benchmark 

of a simulated' small break loss-of-coolant accident in a nuclear 
steam supply system (NSSS) with once-through steam generators 

(OTSGs). This benchmark of RELAP5/MOD2-B&W code, with the 

support Appendices G, H, I, J and K, is used to verify the code 

formulation and implementation. These benchmarks collectively 

demonstrate a general thermal-hydraulic adequacy, for both stand

alone tests and integral system tests, that is applicable to NSSS 

designs containing U-tube steam generators or OTSGs.  

This benchmark was performed against Multi-Loop Integral System 
Test facility data. The facility was chosen because it contains 
all of the unique features of a B&W-designed NSSS. The specific 

test benchmarked with RELAP5/MOD2-B&W was chosen because the 
scaled break size corresponds to the worst small break size for 
B&W-designed plants. The benchmark is included to show that the 

code formulation and input modeling techniques used to model a 

scale-model B&W-plant are acceptable for licensing application 

use. < 

L.J. Introduction 

The Multi-Loop Integral System Test (MIST) facility is a scale 

model of a Babcock & Wilcox lowered-loop 177 fuel assembly 

pressurized water reactor. Design, fabrication and testing of 

the facility was sponsored by Babcock & Wilcox, the Babcock & 
Wilcox Owners Group (BWOG), the Nuclear Regulatory Commission, 

and the Electric Power Research Institute. The facility was 
fabricated to provide data on the transient response of B&W PWRs 

during small-break loss-of-coolant accidents (CBLOCA), steam 
generator tube ruptures (SGTRs) and feed-and-bleed cooling. The 

data generated by MIST testing is used to determine the adequacy 

of thermal-hydraulic computer codes to predict the phenomena 

exhibited during these events.  
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* K>To demonstrate that RELAP5/MOD2 adequately predicts the dominant 

phenomena, the'MIST program management group sponsored three pre

test and five post-test predictions. 1 54 Similarly, the BWOG 

sponsored several additional RELAP5/MOD2 post-test predictions of 

MIST tests.155-1 6 0  These benchmarks clearly show that 

RELAPS/MOD2 properly predicts the phenomena exhibited during 

SBLOCA and SGTR events. However, in many of the benchmarks the 

code underpredicted collapsed- liquid level in the core region 

because the code underpredicted the phase slip in the slug flow 

regime.  

Consequently, BWNT modified the RELAP5/MOD2 interphase drag 

models to reduce the interphase drag forces in the slug and 

annular-mist flow regimes. The revised models were verified by 

comparisons to separate effects tests and to core level 

predictions by the FOAM2 computer code. 1 6 1  As further 

justification of this code modification, MIST test 320201 was re

analyzed. The prediction of this scaled 50 cm2 pump discharge 

"•-" break test with the revised version of RELAP5/MOD2-B&W is 

discussed in this Appendix. Section L.2 provides a simple 

description of the MIST facility. A detailed description is 

provided in Reference 162. The RELAP5/MOD2-B&W input model is 

discussed in Section L.3. The results of the revised benchmark 

are compared to 'MIST data and to the original RELAP5/MOD2 

prediction in Section L.4. A summary and conclusions are 

provided in Section L.5. References are listed in section 4 of 

the main text.  

L.2. MIST Facility Description 

The MIST facility was a scaled, two-by-four (two hot legs and 

four cold legs) model of a B&W, lowered-loop, nuclear- steam 

supply system. MIST was designed to operate at plant-typical 

pressures and temperatures. Experimental data obtained from this 

facility during post-SBLOCA testing are used for computer code 

benchmarking.  
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MIST consisted of two 19-tube once-through steam generators; a 
reactor vessel with heated core and external downcomer; 
pressurizer; two hot legs; and four cold legs, each with a scaled 
reactor coolant pump. Other loop components in MIST included a 
closed secondary system, four simulated reactor vessel vent 
valves (RVVVs), a pressurizer power-operated relief valve, hot 
leg vents and reactor vessel upper-head vents, high pressure 
injection (HPI), core flood system, and critical flow orifices 

for scaled leak simulation. The system was also capable of 
noncondensible gas addition at selected loop sites. The MIST 

facility is illustrated in Figure L-1.  

The reactor coolant system of MIST was scaled according to the 
following criteria, listed in order of decreasing priority: 
elevation, post-SBLOCA flow phenomena, component volume, and 
irrecoverable pressure drop. Consequently, MIST retained full 
plant elevations throughout the primary system and the steam 
generator secondaries. Rey interfaces were maintained including 
the hot leg spillover, upper and lower tube sheets of the steam 
generators, cold leg low point, pump discharge spillover, cold 

and hot leg nozzle centerlines, core, and points of emergency 
core cooling system injection. Only the elevations of several 
non-flow regions were compromised, primarily to optimize power
to-volume scaling. Also, the MIST hot legs and cold legs were 

oversized. with respect to ideal power-to-volume scaling 
(plant/MIST power ratio is 817). This atypicality was necessary 
to preserve prototypical two-phase flow characteristics, match 
irrecoverable pressure losses in the piping, and preserve 
prototypical cold leg Froude number.  

As with any scaled facility, the metal surface area-to-fluid 
volume ratio of MIST was considerably greater than the plant 
value. As a result, guard heaters were used, in conjunction with 
passive insulation, on the steam generator secondaries and on all 

primary coolant components to minimize model heat losses.  
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However, the guard heaters did not compensate for all the loop 

heat losses. Therefore, core power was increased to offset these 

uncompensated heat losses.  

MIST instrumentation was selected and distributed based on input 

from experimenters and code analysts. This instrument selection 

process considered the needs of code benchmarking, indications of 

thermal-hydraulic phenomena, and system closure. MIST 

instrumentation consisted of measurements of . temperature, 

pressure, and differential pressure. Fluid level and phase 

indications were provided by optical viewports, gamma 

densitometers, conductivity probes, and differential pressures.  

Mass flow rates in the circulation loop were measured using 

venturis and a cooled thermocouple, and at the system boundaries 

using Coriolis flowmeters and weigh scales. Approximately 850 

MIST instruments were interfaced to a computer-controlled, high

speed data acquisition system.  

K>• L-3. RELAP5/MOD2-B&W Model Description 

The base RELAP5/MOD2-B&W input model is identical to that used in 

the original post-test prediction155 and is discussed in detail 

in Reference 163. The model simulates all of the MIST primiary 

reactor coolant system piping, active components and ancillary 

systems. specifically, the complete model represents the reactor 

vessel, an external annular downcomer, two hot legs, a 

pressurizer, two once-through steam generators, four cold legs, 

four reactor coolant pumps, reactor vessel vent valves, a core 

flood tank, high point vents, high- and low-pressure emergency 

core cooling system injection, high elevation auxiliary 

feedwater, primary and secondary metal mass, and guard heaters.  

Special features of the model include the reactor vessel noding 

arrangement, the cold leg-to-downcomer connections, and the two

radial region steam generators. The reactor vessel noding 

arrangement models the full height core region and the vessel 
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exit region noding scheme preserves the two-phase flow splits K) 
during boiling pot mode.  

The cold legs utilize a double flow path connection to the 
external reactor vessel downcomer so that counter-current two
phase flow can be predicted. In other words, this connection 
scheme allows steam from the upper downcomer to enter the cold 
leg while liquid drains from the cold leg into the lower 
downcomer.  

The final model feature represents the primary steam generator 
(SG) tube region with two radial regions. One region (three 
tubes) represents the tubes directly wetted by auxiliary 
feedwater (AFW) injection on the shell side of the SG. The other 
region (16 tubes) represents the tubes in contact with secondary 
steam (dry tubes).  

The base RELAP5/MOD2-B&W model was modified for this re-analysis.  
Most notably, the revised slug drag model was implemented in the 
core and the shell side of the steam generator. The revised slug 
drag modml is designed for use in these regions where the 
hydraulic diameters are small and boiling takes place.  

In addition to the revised slug drag model, the reactor vessel 
and downcomer models were modified-slightly. The core region was 
modified so that twenty control volumes represent the full height 
core instead of the three control volumes used in the original 
prediction. This increase in core detail is required to maintain 
consistency with the models used to develop the revised slug drag 
model.' Furthermore, the outer annulus region in the vessel 
outlet was revised to include three control volumes rather than 
one so that the mixture level would properly reside below the 
RVVV during the loop draining period.- Also, the RVVV junction 
was modified to enter the bottom of the upper downcomer control 
volume to better predict the steam condensation there.• This last 
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modification is consistent with latest MIST benchmark models. A 

schematic of the RELAP5/MOD2-B&W model of MIST is shown in Figure 

L-2.  

L.4. prediction of MIST Test 320201 with Revised RELAP.5/MOD2-B&W 

The original post-test prediction of MIST test 320201 with 

Version 5.0 of RELAP5/MOD2-B&W is discussed in detail in 

Reference 155. The models used in this simulation with that code 

version are identical to those described in Revision 0 of this 

code topical report. A simple summary of the re-analysis with 

Version 14.0 is provided here and a comparison is made between 

the original and revised predictions. The Version 14.0 models 

used in this simulation are identical to those contained in 

Revision 3 of this code topical.  

L.4.1. M1ST Initialization 

Q>'The MIST facility was capable of only ten percent full-scaled 

power. Therefore, the facility was initialized to the conditions 

existing approximately 145 seconds after trip. Consequently, 

MIST was initialized in natural circulation with the core power 

equal to 3.5 percent scaled power plus an additional 0.4 percent 

scaled power for uncompensated heat losses. Other initial 

conditions were: 

1. Primary system pressure corresponding to 22 F core exit 
subcooling.  

2. Pressurizer level five feet above the bottom of the 

pressurizer.  

3. Steam generator pressure of 1010 psia.  

4. Steam generator secondary level controlled to five feet 

above the lower tube.sheet by throttling high elevation 
AFW injection.  

The MIST initial conditions for Test 320201 are shown in Table 

L.1 with the calculated values from the RELAP5/MOD2-B&W model.  
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L.4.2. Summary of Results

The test was initiated by turning off the pressurizer heaters and 
opening the leak. When the pressurizer level reached one foot, 
full HPI flow was started, steam generator secondary refill using 
full capacity AFW was initiated,- the core decay heat ramp was 
activated, and the RVVV control was.placed in automatic.  

When the leak was opened the system began a subcooled blowdown.  
The hot leg and core exit fluid saturated' and the primary 
depressurization rate decreased as the hot fluid flashed. The 
primary system depressurization continued !until the steam 
produced from flashing of the hot leg fluid interrupted natural 
circulation at approximately one minute.  

The interruption of natural circulation stopped the primary 
system depressurization because the onset of gross boiling in the 
core exceeded the volumetric discharge of the break. Steam that -2 
was formed in the core collected in. the reactor vessel upper head 
and displaced the mixture level below the RVVV elevation. Steam 
passed through the RVVVs into the reactor vessel downcomer. As 
the steam collected in the downcomeri. it depressed the liquid 
level to the cold leg nozzle elevation. With the cold leg 
nozzles partially uncovered, the rate of condensation of the core 
steam on the cold HPI liquid in the cold legs increased.  
Consequently, the primary system depressurization resumed.  
Shortly thereafter, the depressurization rate increased as the 
trapped hot leg steam bubble depressed the liquid levels in the 
SG tubes below the tube sheets, establishing high-elevation 
boiler-condenser mode (BCM) heat transfer.. The depressurization 
was further augmented as the leak site saturated.  

upon . re-establishment of SG heat transfer at three minutes, the 
primary system depressurization resumed and continued as long as 
the AFW was flowing. When the secondary levels reached the <) 
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control setpoint at eight minutes, AFW flow stopped. Without 

significant primary-to-secondary heat transfer, the primary 

system depressurization slowed as the only mode of energy removal 

was leak-HPI cooling.  

The prinary system depressurized slowly because of leak-HPI 

cooling while the SG secondary pressures remained relatively 

constant. The residual primary-to-secondary heat transfer was 

offset by steam line heat losses to ambient. Therefore, the SG 

pressures remained constant. Approximately, twenty-eight minutes 

after test initiation, the primary system depressurized below the 

secondary system pressure. At that time, SG secondary side 

blowdown was initiated. AFW injection reactivated as flashing 

and boil-off reduced the secondary level blow the control 

setpoint. Consequently, the reactivation of AFW injection re

initiated high elevation BCM heat transfer and the primary system 

depressurization rate increased. The increase in de

•-' pressurization rate caused flashing within the primary system.  

Also, the dramatic increase in primary system steam condensation 

in the SG tubes caused liquid to relocate from the vessel into 

the hot legs. Consequently, these two effects caused a decrease 

in core collapsed liquid level.  

As the secondary system blowdown continued, the secondary 

depressurization rate decreased to a rate limited by the facility 

condenser. The blowdown rate was sufficient to maintain a 

primary-to-secondary temperature differential. The resulting 

primary-to-secondary heat transfer, in combination with leak-HPI 

cooling, sustained a primary system depressurization for the 

duration of the event. Reactor vessel collapsed liquid levels 

increased as flashing decreased and as core flood tank flow 

suppressed core boiling and aided system refill.  

The RELAP5/MOD2-B&W Version 14.0 prediction of primary system 

pressure is in good agreement with the data (Figure L-3). The 
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predictions of interruption of natural circulation, high.  
elevation BCM cooling, and leak-HPI cooling are consistent with 
the observation. The final depressurization caused by SG 
blowdown is calculated to occur earlier than observed because the 
MIST operator opened the blowdown valve 2.5 minutes after the 
primary pressure equalized with the secondary pressure (Table 
L.2). The SG blowdown was automatically initiated in the 
simulation when the primary and secondary system pressures 
equalized.  

The response predicted by Version 14.0 was similar to the Version 
5.0 prediction. As expected, the change in the interphase drag 
had little impact on the primary system pressure response.  
However, the Version 14.0 prediction showed a later actuation of 
the SG blowdown and a better primary system pressure prediction 
during the blowdown. The delayed blowdown occurred because the 
Version 14.0 prediction of the "A" SG pressure was lower than the 
Version 5.0 prediction when AFW was terminated (Figure L-4). The 

-pressure was lower because the revised MIST model used in the \1, 
Version 14.0 prediction had subcooled liquid in the pressurizer 
surge line and lower head. Since the fluid entering the hot leg 
was colder, less flashing occurred, reducing two-phase natural 
circulation. The net result was less heat transfer to the 
secondary system. The Version 5.0 prediction exhibited a lower 
primary pressure during the blowdown because the secondary level 
swell was overpredicted, providing more primary-to-secondary heat 
transfer than was observed in the test.  

The reactor vessel collapsed liquid level predicted by Version 
14.0 was also in good agreement with MIST data (Figure L-5).  
During the test, the reactor vessel mixture level quickly fell 
below the RVVVs and stabilized above the hot leg nozzles. This 
nixture level translated to a collapsed liquid level of 
approximately 19 feet above the upper face of the lower SG tube 
sheet. Both pose-test predictions showed the same behavior.  
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However, the Version 5.0 simulation underpredicted the collapsed 

liquid level because it overpredicted .the void fractions in the 

mixture region. The Version 14.0 prediction, with the revised 

slug drag model and finer core noding, provided an excellent 

calculation of collapsed liquid level for the same approximate 

mixture level. Furthermore, the revised prediction properly 

calculated reactor vessel collapsed liquid level during the SG 

blowdown phase of the transient. The collapsed liquid level 

decreased during this phase as flashing in the reactor vessel 

increased the void fraction in the mixture region.  

In addition to an improved reactor vessel liquid level 

prediction, the Version 14.0 post-test prediction also displayed 

an improved SG secondary collapsed liquid level prediction 

(Figure L-6). RELAP5/MOD2-B&W Version 5.0 overpredicted the 

secondary level swell during the SG blowdown, resulting in 

)significant carryout of liquid. The Version 14.0 prediction 

incorporated the revised slug drag model in the SG tube region.  

The revised slug drag model significantly reduced the level swell 

and produced a collapsed liquid level calculation that was in 

good agreement with the data. Furthermore, the accurate 

calculation of mixture level by Version 14.0 during the SG 

blowdown provided an accurate calculation of primary-to-secondary 

heat transfer and gave an improved primary pressure prediction as 

compared to the Version 5.0 results.  

L.5. Summary and Conclusions 

A post-test prediction of MIST test 320201, a scaled 50 cm2 cold 

leg pump discharge break, was performed with Version 14.0 of the 

3RELAP5/MOD2-B&W computer code. The models employed in that 

prediction are identical to those contained in Version 19.0, and 

described in this revision to the code topical. The calculation 

included the BWNT modified interphase drag modeling in the 

reactor vessel and steam generator secondary components to reduce 

the calculated interphase drag force in the slug flow regime.  
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The results were compared to the MIST test data and the original 

post-test prediction* that was performed with Version 5.0 of K) 

- RELAP5/MOD2-B&W.  

That comparison showed the calculated primary and secondary 

pressure responses were in good .agreement with the data and were 

similar to the original predictions. However, the reduced 

interphase drag forces predicted by Version 14.0 provided a 

significant improvement in calculated collapsed liquid levels in 

the reactor vessel and the steam generator secondary as compared 

to the Version 5.0 calculations. Furthermore, the collapsed 

liquid levels predicted by Version 14.0 are in excellent 

agreement with the MIST data. Therefore, it is concluded that 

the revised slug drag model is appropriate for use in regions of 

small hydraulic diameter.  

This benchmark demonstrates the accuracy and adequacy of the 

RELAP5/MOD2-B&W code for prediction of the phenomena expected to 

- occur during a postulated SBLOCA in a- plant with OTSGs. In 
combination with the other benchmark cases, it confirms that' the 

RELAPS/MOD2-B&W code is appropriate for licensing applications of 

B&W-designed NSSSs.  
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Table L.I. Comparison of M14ST Initial Conditions to RELAP5/MOD2
B&W Values.

Revised Table L.1 shown on page 5-285 per SER instructiOn on 

Table 2 (page 5-364).-

Table L.2. Sequence of Events.  

MIST Ver 5.0 Ver 14 
Observation Prediction Pred ion 

Event Seconds Seconds conds 

Leak op d 0 0 0 

Primary satu tes 12 3 34 

Pzr level reache one 30-42 60 57 
foot (HPI, AFW, an 
DH ramp started) 

Hot leg U-bend voiding 54/42 85/130 130/90 

interrupts natural circ.  
(Loop A/Loop B) 

High elev BCM begins 180/185 180/180 
(Loop A/Loop B) 

Break saturates 190 13 140 

Secondary refille and 480/480 49 0 480/480 
AFW shutoff (S /SG B) 

Primary an secondary 1560 1500 1650 
pressur equalize 

Sec dary blowdown 1710 1500 650 

T injection begins 1920 1680 -18 

Revised Table L.2 shown on page 5-288 jer SER ins t ructfion on
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-ameter, Units MIST value M:ý 

Primary Pr re, psia 1730.0 1726.5 

secondary PreSsur , sia10 . 000 

Core Exit Temperature, 5 9.  

SG Exit Temperature, F 551.0 550.3 

Core Exit Subcooling, F 2 22.0 

Core Power, Btu/S 117.0 19.  

Pressurizer L ft 5.0 .  

SG Seco ry Level, ft 48 .  

e Flow Rate, _ibm/s 18

t

t

I

.Table 2 (pagQe 5-364).



Figure L-1. MIST Facility
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c (7.  
FIGURE L-2. RELAP5/MOD2-B&W MODEL OF THE MIST FACILITY.  
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FIGURE L-3.
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FIGURE L-5. COMPARISON OF PREDICTED AND OBSERVED REACTOR VESSEL UQUID 

LEVELS FOR MIST TEST 320201.
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FIGURE L-6. COMPARISON OF PREDICTED AND OBSERVED SG SECONDARY LIQUID 
LEVELS FOR MIST TEST 320201.
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